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Lafay V, Barttiekiny P, Cornet B, Frances Y, Jammcs Y. ECG changes during the experi-
mental human dive HYDRA IQ (71 atm/7,200 kPa). Undersea Hyperbaric Med 1995:
22(1):51-60.—Electrocardiogram (ECG) analysis was performed in threchuinan divers during

a 71 atm (7,200 kPa) satumtion dive (COMEX HYDRA 10 cxpcrirneac). The inhaled gas mix-
ture was slightly hyperoxic: its coinposicicm was basically helium aud oxygen. Hydrogen was
introduced during compression and its partial pressure reached 20 atm. ECG changes were
the same in the three divers. Marked bradycardia rapidly appeared at the beginning of com-
pression, then this response adapted throughout the dive. P-R. QRS, aud Q-T intervals and

the S-T segoaent did not change significantly. The QRS axis remained stable. However, a
rightward shift occurred in P and T vector angles. These changes were correlaced with time

and gas dertsity, respectively. The modifications ofventricular repolarization during compres-
sion are similar Cc) those we observed during the HYDRA 9 COMEX dive. They inay corre-
spond co changes in duration of myocardial cell repolarization due to increased inrrathoracic

pressure changes with dense-gas breaching. A marked global diminution of voltage occurred
during the decompression period. This suggests that accumuMon of micro bubbles in tissues

xnay influcnce che impeduice, causing an artifacC in the amplitude of ECG complexes.

electroaudiogram, deep diving, saturation dive, hyperbaria, hydrQgen

Few data on electrocardiograph (ECG) changes in humans during experimental deep
dives have been published. Most reports focused OIl the changes in heart rate, and
described hyperbaric bradycardia (1-7) with postdive tachycardia (2,8). However, the car-
diac response was inconsiscent in other works (9,10). Variations in ECG complexes under
high ambient pressure are not well known. Wilson el al. (7) first reported ECG changes
in 10 divers during four N,-0, saturation dives. These authors observed hyperbaric brady-
cardia in all subjects, and in sorne individuals they described transient alterations in wyo-
cardial repolarizatioti with decreased Q-T interval and peaked T waves. Decreased P wave
amplitude and nodal rhythm combined with reduced right intraventricular conduction
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mental human dive HYDRA 10 (71 atrn/7,200 ltPa). Undersea l-lyperbztric Med 1995;
22(1) :51 -60 .—Electrocardiogram (ECG) analysis was performed in three human divers during
a 71 atm (7,200 kPa) sanitation dive (COMEX HYDRA 10 experiment). The inhaled gas mix-
ture was slightly hyperoxic; its composition was basically helium and oxygen. Hydrogen was
introduced during compression and its pztrtiztl pressure reached 20 atrn. ECG changes were
the same in the three divers. Marked bradycardia rapidly appeared at the beginning of com-
pression, then this response adapted throughout the dive. P—R, QRS. and Q—T intervals and
the S-T segment did not change significantly. The QRS axis remained stable. However, a
rightward shift occurred in P and T vector angles. These changes were correlated with time
and gas density, respectively. The modifications of ventricular repolarization during compres-
sion are similar to those we observed during the HYDRA 9 COMEX dive. They may corre-
spond to changes in duration of myocardial cell repolarization due to increased intrathoracic
pressure changes with dense-gas breathing. A marked global diminution of voltage occurred
during the decompression period. This suggests that accumulation of micro bubbles in tissues
may influence the impedance, causing an artifact in the amplitude of ECG C0mplCX(:S.
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Few data on electrocardiograph (ECG) changes in humans during experimental deep
dives have been published. Most reports focused on the changes in heart rate, and
described hyperbaric bradycardia (1-7) with postdive tachycardia (2,8). However, the car-
diac response was inconsistent in other works (9, 10). Variations in ECG complexes under
high ambient pressure are not well known. Wilson ct al. (7) first reported ECG changes
in 10 divers during four N1-02 saturation dives. These authors observed hyperbaric brandy-
cardia in all subjects, and in some individuals they described transient alterations in myo-
cardial repolarization with decreased Q—T interval and peaked T waves Decreased P wave
amplitude and nodal rhythm combined with reduced right intraventricular conduction
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velocity were observed in one subject, and premature ventricular contractions occurred in
another diver. Normalization of ECG recordings was observed after inspired O, partial
pressure was elevated, suggesting the involvement of rnyocardial hypoxia. Eckenhoff and
Knight (2) reviewed data on ECG changes reported in 81 divers during eight air saturation
dives (1.06-5.4 atjn). Besides bradycardia, they described supraventricular arrhythmias
attributed to a high level of parasympathetic tone.

Recently, we reported ECG changes in three divers during the COMEX HYDRA 9
experiment (23.5 atin) (IQ). We found an increase in amplitude of the T wave, which was
correlated with che gas density but independent of the composition of the inspired gas rnix-
ture containing heliurn or a mixture of helium and hydrogen. In one diver we also found
a decrease in atrioventricular conduction velocity, correlated with gas density. Heart rate,
QRS duration, and Q-T interval did not vary during this dive. In awake dogs, the same
alterations in T waves were reported during hyperbaric experiments conducted up to 91
atni (IQ). In addition, peaked T waves were also present in these animal experiments.

The effects of the hyperbaric environment on ECG were interpreted as the consequences
of intrathoracic pressure changes due to breathing dense gas. Indeed, during the ENTEX
11 (46 atin) human dive, our group measured a marked pleural pressure shift toward nega-
tive values during euprieic ventilation (11). This condition, similar to an inSpiratory thresh- .
old load, may induce hemodynamic and ECG changes. Moreover, the hydrostatic pressure
and the chemical composition of inspired gas mixture may also influence the electrical
cardiac activity, as demonstrated by (Jrnhagen and coworkers in in vivo and in vitro
experiments (12).

The aim Qf the present study was the description and analysis of cardiac rhythm and the
characteristics of ECG complexes in three divers participating in a 71 atm saturation dive
using He-O, and H,-HC-O, gas mixtures (COMEX HYDRA 10 experiment).

MATERIALS AND METHODS

HYDRA 10 is the deepest experimental human dive carried out sq far. It was conducted
in the hyperbaric center of COMEX in Marseilles, between 2 November and 14 December
1992. Three professional divers (DI, D2, D3), all 39 yr old, volunteered to participate.
They were healthy and flee of any cardiovascular and pulmonary abnormalities. The pro-
tocol was approved by the ethical committee of the establishment.

The dive lasted 42 days: 15 days of compression, a 3-day stay at about 68 atm with one
excursion to 71 atm for one diver (D2), and 24 days Qt" decompression (Fig I). Table 1
shows the experimental conditions: the gas density varied from 1.18 g/liter atps (sea
level) to 11 g/iiter AlPS (71 am). The chamber temperature, depending on the gas den-
sity, was inaintained at an optimum level of 31°C. PjQ, value was 400 nibar throughout
the compression, 500 utbar during lllOSt of the decompression period, and 600 uibar for
the last 5 days of the hyperbaric experiment. The inhaled gas mixture was basically
He-O,, and H, was introduced at 21 am. Maximal PIj,, value was 20 aun (Fig I).

Fifteen ECG recordings were performed in each diver. Control data at sea level (I atm)
were obtained 2 days before the dive, and sea level measurements were repeated 24 days
after the end of decompression (Table I). ECG was recorded in resting supine subjects
with a digital ECG (Marquette MAC PC 12 SI.). Twelve ECG leads (DI, DII, DILL aVR,
aVL, aVF, and Vl-V6) were recorded with silver electrodes plus saline gel. A large
thoracic rubber strap supported silver electrodes for Vl-V6 ECG leads.

Elecuocardiograph activities were automatically analyzed by a computer-assisted method
for consecutive lO-s periods and systematically controlled by a qualified physician. Total
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velocity were observed in one subject, and premature ventricular contractions occurred in
another diver. Normalization of ECG recordings was observed after inspired O; partial
pressure was elevated, suggesting the involvement of myocardial hypoxia. Eckenhoff and
Knight (2) reviewed data on ECG changes reported in 81 divers during eight air saturation
dives (1.06-5.4 arm). Besides bradycardia, they described supmvenn-icular arrhythmias
attributed to a high level of parasympathetic tone.

Recently, we reported ECG changes in three divers during the COMEX HYDRA 9
experiment (23.5 arm) (10). We found an increase in amplitude of the T wave, which was
correlated with the gas density but independent of the composition of the inspired gas mix-
ture containing helium or a mixture of helium and hydrogen. In one diver we also found
a decrease in atrioventzricular conduction velocity. correlated with gas density. Heart rate,
QRS duration, and Q-T interval did not vary during this dive. In awake dogs, the same
alterations in T waves were reported during hyperbaric experiments conducted up to 91
arm (10). In addition, peaked T waves were also present in these animal experiments.

The etfecrs of the hyperbaric environment on ECG were interpreted as the consequences
of intrathotacic pressure changes due to breathing dense gas. Indeed, during the ENTEX
11 (46 arm) human dive, our group measured a marked pleural pressure shift toward nega-
tive values dnring eupneic ventilation (11). This condition, similar to an inspiratory thresh-
old load, may induce hemodynzmlic and ECG changes. Moreover, the hydrostatic pressure
and the chemical composition of inspired gas mixture may also influence the electrical
cardiac activity, as demonstrated by Ornhagen and coworkers in in vivo and in vitro
experiments (12).

The aim of the present study was the description and analysis of cardiac rhythm and the
characteristics of ECG complexes in three divers participating in a 71 arm saturation dive
using He-O; and H2-He-O2 gas mixtures (COMEX HYDRA 10 experiment).

MATERIALS AND METHODS

HYDRA 10 is the deepest experimental human dive carried out so far. It was conducted
in the hyperbaric center of COMEX in Marseilles, between 2 November and 14 December
1992. Three professional divers (Di, D2, D3), all 39 yr old, volrmreered to participate.
They were healthy and free of any cardiovascular and pulmonary abnormalities. The pro-
tocol was approved by the ethical committee of the establishment.

The dive lasted 42 days: 15 days of compression, a 3-day stay at about 68 atrn with one
excursion to 71 arm for one diver (D2), and 24 days of decompression (Fig 1). Table 1
shows the experimental conditions: the gas density varied from 1.18 g/liter ATPS (sea
level) to 11 g/liter ATPS (71 arm). The chamber temperature, depending on the gas den-
sity, was maintained at an optimum level of 31°C. P192 value was 400 mbar throughout
the compression. 500 mhar during most of the decompression period, and 600 mbar for
the last 5 days of the hyperbaric experiment. The inhaled gas mixture was basically
I-ie—O1, and H1 was introduced at 21 arm. Maximal PIHZ value was 20 arm (Fig 1).

Fifteen ECG recordings were performed in each diver. Control data at sea level (1 arm)
were obtained 2 days before the dive, and sea level measurements were repeated 24 days
after the end of decompression (Table 1). ECG was recorded in resting supine subjects
with a digital ECG (Marquette MAC PC 12 SL). Twelve ECG leads (DI, DII, DIH, aVR,
a\/"L, aVF, and V1-V6) were recorded with silver electrodes plus saline gel. A large
thoracic rubber strap supported silver electrodes for V1-V6 ECG leads.

Electrocardiograph activities were automatically analyzed by a computer~assisted method
for consecutive 10-s periods and systematically controlled by a qualified physician. Total
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FIG. l—Compression profile and hydrogen partial pressure during HYDRA IQ.

Table I: Experimental Conditions Associated with the Periods of ECG Recordings During the

. HYDRA 10 COMEX Experiment

Total Pressure, Density,
Days of Dive attn abs g/liter atps Gas Mixture Pkt, Pi,,, Pb,

Day -2 1.0 1.18 Air 0.21
Day 2 2.0 1.54 He-O, 10.0 20.6 QA
Day 4 31.0 5.39 H,-Hc-O, 20.0 23.1 0.4
Day 6 43.5 6.60 H,-He-C1, 20.0 25.6 0.4
Day 7 46.0 7.00 H:-He-O, 20.0 30.6 0.4
Day 9 51.0 7.80 HmHCC-O, 20.0 35.6 0.4
Day ll 56.0 8.60 H:-He-O, 20.0 42.4 0.4
Day 13 62.8 9.70 H,-He-O, 20.0 48.1 0.4
Day 15 68.5 10.61 H,-He-O, 20.0 50.6 QA
Day 16 71.0 10.99 H,-He-O, 19.3 46.2 0.4
Day 17 66.0 10.21 H,-Hc-O, 19.0 45.5 0.5
Day 20 65.0 10.10 H,-Hc-O, 16.0 38.5 0.5
Day 23 55.0 8.62 H,-Hc-O, 13.5 32.9 0.5
Day 26 46.4 7.35 H,-He-Ch 20.5 0.5
Day 35 2!.0 4.40 " He-O: 5.4 Q.5
Day 40 6.0 2.21 He-O, 0.6
Day 66 1.0 1.18 Air 0.21

AP!

.-

:-

PRESSURE

Z5
2.0

9.5

0,0

11.0

7.5

T."

5.5

5.0

5.5

Pf!"=01:

9'.“cam

ECG CHANGES DURING HUMAN DEEP DIVING 53

” _. * _ .
,__..__i

" "r " uvsamo _-—-
--- . _—~_ ..... 1ee2 -\ ..

H'YDRO_GEN'

1.5 1»---— ~----—---~—-~---—---._.._.-~ W \__ ._.
1.0 1 57 ; 11"“? " y 5”“ 5 ” “mm” *5” \ ‘-

_\
Cl 2 4 6 8 10 12 1% 16 13

DAYS

FIG. 1—C0mprcs$i0n profile and hydrogen partial pressure during HYDRA 10

Table 1: Experimental Conditions Associated with the Periods of ECG Recordings During the
HYDRA 10 COMEX Experiment
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duration of ECG recording in each individual and each saturation was 60 s. Analysis was

conducted in terms of:

I. QRS, P-R, S-T, and Q-T segments durations (in ulS). Q-T was normalized with
respect to R-R value, and called Q-TC.

2. P, QRS, and T wave amplitudes and S-T segment position (in µV). Wave amplitudes
were corrected considering the variations of P, T, and QRS vector &onta1 angles.
Trigonometric computation of the true value of the amplitude of waves was performed
firoin two to three ECG leads. Reported data corresponded Co the maximal amplitudes
of P, T, and QRS waves.

3. P, QRS, and T vector angles (in degrees).

Statistical analysis

Linear regression analysis was used. ECG changes were plotted against the ambient
pressure, or gas density, or time (duration of diving &om the beginning of compression
to the end of decompression). In each individual, one-way analysis of variance was per-
formed to assess the linearity of the population regression. The value of r was Cested
against zero. P values less than 0.05 were considered significant.

RESULTS

Heart rate

Bradycardia occurred at the beginning of compression. Heart rate (HR) increased pro-
gressively throughout the experiment and these changes were significantly correlated with
time in each subject: di: r = 0.672, p < 0.01; d2: r = 0.844, p < 0.001; d3: r =
0.739, P < 0.001 (Fig. 2). Control values of HR were returning toward normal during
the last days of the dive. No correlation was found between HR and auibient pressure or
gas density.
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duration of ECG recording in each individual and each saturation was 60 s. Analysis was
conducted in terms of:

1. QRS. P~R, S»T, and Q-T segments durations (in ms). Q-T was normalized with
respect to R-R value. and caUed Q—Tc.

2. P. QRS, and T wave amplitudes and S-T segment position (in ;lV). Wave amplitudes
were corrected considering the variations of P, T, and QRS vector frontal angles.
Trigonometxic computation of the true value of the amplitude of waves was performed
from two to three ECG leads. Reported data corresponded to the mzutimal amplitudes
of P. T, and QRS waves.

3. P, QRS, and T vector angles (in degrees).

Statistical analysis

Linear regression analysis was used. ECG changes were plotted against the ambient
pressure, or gas density, or time (duration of diving firorn the beginning of compression
to the end of decompression). In each individual. one-way analysis of variance was per-
formed to assess the linearity of the population regression. The value of r was tested
against zero. P values less than 0.05 were considered significant.

RESULTS

Heart rate

Bradycardia occurred at the beginning of compression. Heart rate (HR) increased pro-
gressively throughout the experiment and these changes were significantly correlated widi
time in each subject: D1: 1' = 0.672, P < 0.01; D2: r = 0.844, P < 0.001; D3: r =
0.739. P < 0.001 (Fig. 2). Control values of 1-[R were returning toward normal during
the last days of the dive. N0 correlation was found between HR and ambient pressare or
gas density.
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P-R, Q-TC intervals, and QRS duration

The QRS duration and Q-Tc interval did not change significantly during the dive. Only
the P-R interval was positively correlated with time in one diver (DI): P-R (ins) =
0.971.time (day) + 153 (r = 0.834, P < 0.001). No correlation was found between P-R
interval and ambient pressure or gas density.

P, QRS, and T vector angles

The QRS vector angle did not change significantly. A rightward shift of the T vector
was measured during compression in the three subjects, and these changes are significandy
correlated with gas density and not with time: DI: r = 0.603, P < 0.05; D2: r = 0.739,
P < 0.001; D3: r = 0.660, P < CZ01 (Fig. 3). A rightward shift of the P vector was
also measured, but these changes were highly correlated with time (DI: r = 0.814; D2:
r = 0.971; D3: r = 0.844; P < 0.001) and not with gas density (Fig 4).
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P-R, Q-Tc intervals, and QRS duration

The QRS duration and Q-Tc interval did not change significantly during the dive. Only
the P-R interval was positively correlated with time in one diver (D1): P-R (ms) =
0.97l.ti1ne (day) + 153 (r = 0.834, P < 0.001). No correlation was found between P-R
interval and ambient pressure or gas density.

P, QRS, and T vector angles

The QRS vector angle did not change significantly. A rightward shift of the T vector
was measured during compression in the three subjects, and these changes are significantly
correlated with gas density and not with time: D1: r = 0.603, P < 0.05; D2: r = 0.739.
P < 0.001; D3: r = 0.660, P < 0101 (Fig. 3). A rightward shift of the P vector was
also measured, but these changes were highly correlated with time (D1: r = 0.814; D2:
r = 0.971; D3; r = 0.844; P < 0.001) and not with gas density (Fig 4).
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QRS, P, and T wave amplitudes

Amplitude of the QRS ccmplex did not change significandy during compression (Fig.
5). However, the QRS amplitude decreased at the beginning of decompression, reaching
a plateau value (—40%) when the gas density ranged within 7-2 g/liter. Prohles of
changes in P and T wave amplitudes were similar during this dive. No significant change
occurred during compression despite the changes in composition of the breaching mixture.
During decompression, P and T wave ainplitudes decreased until che gas density reached
2 g/liter (last day of measurement during the dive). Thus, the end of decompression was
characterized by a marked diminution of voltage of QRS (-40%), P (-30%), and T
waves (—50 %).

S-T segment analysis

No significant modification of the S-T segment was found in any subject during the
experiment. Only weak changes, without any negative voltage. were measured in VI to
V4 leads. These alterations were not the same in the three divers.

Electrocardiograph changes obtained in one diver (D2) at 71 attn are not presented
because they did not differ frorn those observed in the same individual at 68.5 atnjt.

DISCUSSION

The rnain results of the present study are:

1. A rightward shift of the T vector axis, correlated with the density of inspired gas.
2. A progressive rightward shift of the P vector axis, correlated with the duration of the

dive, including the decompression period.
3. A diminution of voltage of all ECG complexes during decompression.

These ECG alterations seemed not to be significantly correlated with hydrogen partial
pressure and were no longer observed 24 days after the end of decompression. Except for
the diminution of voltage, all ECG changes were found after automatic analysis and so
could not be assessed by clinical inµpretation.
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QRS, P, and T wave amplitudes

Amplitude of the QRS complex did not change significantly during compression (Fig.
5). However. the QRS amplitude decreased at the beginning of decompression. reaching
a plateau value (—40%) when the gas density ranged within 7-2 gfliter. Profiles of
changes in P and T wave amplitudes were similar during this dive. No significant change
occurred during compression despite the changes in composition of the breathing mixture.
During decompression, P and T wave amplitudes decreased until the gas density reached
2 gilitcr (last day of measurement during the dive). Thus, the end of decompression was
characterized by a marked diminution of voltage of QRS (-40%), P (-30%). and T
waves (—50%).

S-T segment analysis

No significant modification of the S-T segment was found in any subject dtu"ing the
experiment. Only weak changes, without any negative voltage. were meamred in V1 to
V4 leads. These alterations were not the same in the three divers.

Electrocardiograph changes obtained in one diver (D2) at 71 atm are not presented
because they did not differ from those observed in the same individual at 68.5 aun.

DISCUSSION

The main results of the present study are:

1.
2.

A rightward shift of the T vector axis, correlated with the density of inspired gas.
A progressive rightward shift of the P vector axis, correlated with the duration of the
dive, including the decompression period.

3. A diminution of voltage of all ECG complexes during decompression.

These ECG alterations seemed not to be significantly correlated with hydrogen partial
pressure and were no longer observed 24 days after the end of decompression. Except for
the diminution of voltage, all ECG changes were found after automatic analysis and so
could not be assessed by clinical interpretation.
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We found no correlation between ECG changes and eventual high pressure nervous syn-
drome (which will be described in a subsequent publication).

A marked bradycardia was only present at the beginning of the dive, corroborating other
human observations (13-15). Meanwhile, control values rnay be considered high for
healthy professional divers and were probably due to some anxiety before the dive. As we

have reported, during the HYDRA 9 COMEX experiment, hyperbaric bradycardia was
noc related to the ambient pressure nor to the composition of inhaled gas mixture. Flynn
et al. (14) also reported that heart race depression was independent of pressure and density
for deep dives. In fact, bradycardia was not detected when in vivo and in vitro hyperbaric
studies were performed under nonnoxic or slightly hyperoxic conditions (16-18). Adapta-

tion of HR changes throughout the dive including decompression may correspond to an
adaptive cardiac response to chronic hyperoxia, the sole parameter that did not vary under
these circurnstances.

No alteration in intraventricular conduction velocity and ventricular repolarization tirne
were found. These results suggest an absence of marked changes in electrolyte balance
(namely, calcium and potassium concentrations). The progressive increase in atrioventri-

cular conduction time with time, reported in one diver, was not correlated with the density
or the gas mixture composition. This observation differs from that reported previously in
hurnans (7,10) or animals (IQ). This suggests the possible interaction of hyperbaric and
hyperoxic conditions on atrioventricular conduction velocity, which is partially regulated
by parasympathetic tone and reveals marked interindividual variations m the cardiac
response to these extreme environments.

The absence of changes m QRS vector angle during hyperbaric exposure cQu=as pre-
vious data (2,10). This demonstrates that elevation of ambient pressure or the changes in
intrathoracic pressure, or both, did not affect the incraventricular conduction velocity or
induce marked variation in the anatomical position of the heart in the thorax. This negative

result also allows one to exclude the existence of severe ventricular ischernia or marked
ventricular overload.

Isolated rightward uioMn of the t vector, correlated to gas density, is similar to the dc-
synchronization of changes in T and QRS vectors already observed during the HYDRA
9 experiment (IQ). This could be related to mechanical factors, mmely, the modifications
of intrathoracic pressure which could involve changes in duration of myocardial cell
repolarization.

The progressive changes in P vector angle during the stay under high pressure, including
compression and decompression periods, have never been reported before. Anacomic
variations, atrial ischernia, intra-atrial alteration of conduction velocity, or a wandering
pacemaker do not seem to be involved. We speculate the existence of a right atrial over-
load. Two explanations are proposed which may combine:

1. Pressuure4ependent overload. This was suspected by Hebden et aj.(19) and Tao et al.
(20). These authors reported an increase in urinary excretion of atrial nauiuretic factor
(ANF) during hyperbaric human studies. This xnay partly explain the hyperdiuresis
often observed under hyperbaric condicions. Pressure-dependent atrial overload cOuld
result &om a rise in right preload as a consequence of increased negative intrathoracic
pressure associated with breathing high density gas (16). This explanation is supported
by the variations in gas density with elevated ambient pressure, but it canncjt explain
the persistence of a rightward shift in P vector during decompression.

2. Modijications ofbody-fluid voliunes. Previous investigators (19-22) have suspected the
existence of hypovolmia as a result of increased ANF secretion and decreased blood
Pitressin concentration during prolonged hyperbaric stays. Furthermore, human obser-
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vations under clinical practice commonly attribute right atrial electrical overload as
"pulmonary P wave" changes to acute hypovolernia (23). Chronic hypovoleuUa could
induce shnilar changes that are generally classified as "electrical overload" and may
combine with pressure-dependant overload.

The most striking finding of the present study is the observation of marked diminution
of voltage during decompression. This phenomenon began early in decompression in the
QRS complex. Decreases in P and T wave amplitude occurred later. Decrease P wave
amplitude (—30%) was less than the changes in T and QRS waves (—SO and —45 %,
respectively). This discrepancy may be related to the persistence of atrial overload
throughout the decompression. Diminished voltage could result from depressed cardiac
electrogenesis or from altered ECG signal transmission. The Rrst hypothesis may be
rejected because of the absence of clinical manifestations associated with such marked
depression ofelectrogenesis. Altered intrathoracic ECG transmission is generally observed
under two clinical circumstances: pericardial effusion and pulmonary emphysema. How-
ever, the divers never showed symptomatic manifestations of pericardial effUsion, and if
increased intrathoracic volume can be suspected during compression (24), it probably did
not occur during decompression. Thus. these hypotheses are not satisfying and need
fiirther study during decompression in the next human saturation dives to determine
whether lung volume changes under these circumstances.

Another way to explain ECG signal transmission must be discussed. Helium or hydrogen
oversaturated tissues may not conduct an ECG signal in the same way as they do ac sea
level. Accumulation of microbubbles increases tissue resistivity for electric signal trans-
mission. This has been described in the works of Hills (25) and Searle and Hills (26), and
described in chronic preparations in rats and dogs by Jossinet el al.(27). Thus, the pattern
of change in ECG wave amplitude during decompression could be compared with the pro-
hie of tissue desaturation, which started at the beginning of decompression and lasted until
ambient gas pressure reached atmospheric values. If this hypothesis is correct, the measure
of bio-impedance should be a non-invasive method to evaluate the supersaturatioa and gas
formation level of biological tissues during decompression.

This study showed raodifications of the ECG during compression and decompression.
Right atrial overload, changes of myocardial cells repolarization durations may be sus-
pected. Alteration of ECG transmission due to oversaturated tissues may explain the

· marked diminution of voltage observed during decompression. These observations need
co be coUimed during future saturation dives.

This work was partly supported by a granc fwm COMEX SA.—Manuscript receivedNovember 1993: accepted

September 1994.
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to be confirmed during future saturation dives.

This work was partly suppo rtcd by a grant front COMEX SA.—il/Iarmscrip: received Na vember 1993.‘ dttcpled
September 1994.

REFERENCES

1. Bradley ME, Anthonisen NR. Vorosmarti J. Linaweaver PG. Respiratory and cardiac
responses to exercise in subjects breathing helium-oxygen mixtures at pressures from sea level
to 19.2 atmospheres. Ln: Lambertsen CJ , ed. Underwater physiology. Proceedings of the fourth
symposium on underwater physiology. New York: Academic Press, 197l:325-337.

2. Eckenhoff RG, Knight DR. Cardiac arrhythrnias and heart rate changes in prolonged hyper»
baric air exposures. Undersea Biomed Res 1984; 11:355—367.

3. Hamilton RW, Macinrtis IB. Noble AD. Schreincr l-IR. Saturation diving £0 650 fem-



ECG CHANGES DURING HUMAN DEEP DIVING 59

Tonawanda, NY: Ocean System, 1966:75-87 (Tech. Memo. 8411).
4. Raymond LW, Bell WH, Bondi KR. Lindberg CR. Body temperature and metabolism iii

hypcrbaric helium acinosphere. J Appl Physiol 1968; 24:678-684.
5. Salzano J, Rausch DC, Satunaii HA. Cardiorespiratory responses co exercise at a siinulated

seawater depth of 1000 feet. J AppI Physiol 1970: 28:34-41.
6. Smith RM. Hong SK, Dressendorfer RH. Dwyer HJ, Hayashi E, Yclverton C. Hana Kai II:

a I7-day dry saturation dive at 18.6 ATA; IV Cardiopulmonary functions. Undersea Biomed

Res 1977: 4:267-281.
7. Wilson JM. Kligfield PO, Adams GM, Harvey C, Schaefer KE. Human ECG changes during

prolonged hypcrbaric exposures breathing N,-0, mixtures. J Appl Physiol 1977: 42:614-623.
8. Matecv G, Djarova T, Ilkov A, Sachanska T, Klissurov L. Hormonal and cardiorespiratory

changes following simulated saturation dives Co 4 and 11 ATA. Undersea Biouied Res 1990;

17:1-11.
9. Biitilmann AA, MaCthys H, Overrath G, Bennett PB. Elliott OH, Gray SP. Saturation expo-

sures at 31 ATA in an oxygen-helium atmosphere with excursions to 36 ATA. Acrosp Med

1970; 41:394-403.
10. Joulia F, Barthelemy P, Guerrero F, Jammes Y. T wave changes in humans and dogs experi-

mental dives. j Appl Physiol 1992: 73:1708-1712.
11. Lenoir P, Jainines Y, Giry P, et al. Electromyographic study of respiratory muscles during

human diving ac 46 ATA. Undersea Biorned Rcs 1990; 17:121-137.
12. Orrihagen HCh, Hogan PM. Hydrostatic pressure arid mammalian cardiac pacemaker function.

Undersea Bicmed Res 1977: 4:347-358.
13. Dripps RD, Coniroe JH. The effecc of the inhalation of high and low oxygen concentracions

on respiration, pulse rate. balliscocardiograxn and arterial oxygen saturation (oxymeter) of

normal individuals. Am J Physiol 1947; 149:277-291.
14. Flynn ET. Berghage TE, Coil EF. Influence of increased anibieiK pressure and gas density on

cardiac races in man. Panama City, FL: Naval Exp Diving Unit Rep 1972: 4:1-22.
15. Shida KK, Lin YC. Conuibution of environmental factors in development ofhyperbaiic brady-

cardia. J AppI Physiol 1981; 50:731-735.
16. Hordnes C, Tysscbotn I. EffecC of high ambient pressure and oxygen tension on organ blood

flow in conscious trained rats. Uudcrsea Biorned Res 1985; 12:115-128.
17. Risberg J, Tysseboui I. Hyperbaric exposure to a 5 ATA HC-N,-O2 atmosphere affects the

cardiac function and organ blood flow distribution in awake trained rats. Undersea Biomed Res

1986; 13:77-90.
18. Strornme SB, Kerern D. Eisser R. Diving bradycardia during rest and exercise and its relation

to physical fitness. J Appl Physiol 1970: 28:614-621.
19. Hebdcn RA, Freund BJ, Claybaugh JR. [chimura WM, Hashiro GM. Effect of inspira-

cory-phase negative pressure breaching OIl urine flow in man. Undersea Bionied Res 1992:

19:21-29.
20. Tao HY, Chen HJ, Zharig H, Guo j, Rong FK. Urinary ANP, ADEL and electrolyte excretion

during saturation-excursion diving to pressures equivalent to 250 and 300 Ill. Undersea Biorned

Res 1992; 19:159-169.
21. Claybaugh JR, Matsui N, Hong SK, Park YS, Nakayama H, Shiraki K. Seadragon VI: a 7-day

dry saturacion dive at 31 ATA III. Alterations m basal and circadian endocrinology. Undersea

Biorncd Res 1987; 14:401-411.
22. Goldinger JM. Hong SK, Claybaugh JR, cc al. Renal responses during a dry saturation dive

to 450 insw. Undersea Bioined Res 1992; 19:287;-293.
23. Harari A, Nitenbcrg G, Rapin M, Saxnii K, Leinaire F, Le Gall JR. Chocs hypovolCmiques

simuiaijt tine enibolie puhnonaire grave. Now Presse Med 1975: 4:153-157.
24. Vorosmarti j, Bradley ME, Anthonisen NR. The effects ofincrcascd gas density on puhnomry

mechanics. Undersea Bioined Res [975: 2: t-lO.
25. Hills BA. Concepts of inert gas exchange in tissues during decompression. In: Lainbensen CJ.

ed. Undermcer physiology. Proceedings of Che fourth symposium on underwater physiology.

New York: Academic Press, 1971:115-122.

4.

5.

6.

7.

8.

9.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

ZS

ECG CHANGES DURING HUMAN DEEP DIVING 59

Tonawanda, NY: Ocean System. 1966575-87 (Tech. Memo. B411).
Raymond LW, Bell WH, Bondi KR. Lindberg CR. Body temperature and metabolism in
hyperbaric helium atmosphere. J Appl Physiol 1968; 24:678-684.
Salzano J, Rausch DC, Satzrnan HA. Cardiorespiratory responses to exercise at a simulated
seawater depth of 1000 feet. I Appl Physiol 1970; 28:34-41.
Smith RM. I-long SK, Dressendorfer RH. Dwyer I-U. Hztyashi E, Yclverton C. Hana Kai II:
a 17-day dry saturation dive at 18.6 ATA; IV Cardiopulmonary functions. Undersea Biomed
Res 1977; 4:26’/-281.
Wilson JM. Kligfield PD, Adams GM. Harvey C. Schaefer KE. Human ECG changes during
prolonged hyperbaric exposures breathing N;-02 mixtures. I Appl Physiol 1977; 42:614-623.
Mateev G. Djarova T. Ilkov A, Saehansl-ta T, Klissurov L. Hormonal and cardiorespiratory
changes following simulated saturation dives to 4 and 11 ATA. Undersea Biomed Res 1990:
1711-11.
Buhlmann AA, Matthys I-I, Overtath G, Bennett PB. Elliott DH, Gray SP. Saturation expo-
sures at 31 ATA in an oxygen—helium atmosphere with excursions to 36 ATA. Aerosp Med
1970; 41:394-403.
Ioulia F . Barthelemy P, Guerrero F. Iammes Y. T wave changes in humans and dogs experi-
mental dives. I Appl Physiol 1992: 73:1"/08-1712.
Lenoir P. Jammes Y, Giry P, et al. Eleetrornyogrtphie study of respiratory muscles during
human diving at 46 ATA. Undersea Biomed Res 1990; 17:121-137.
Grnhagen HCh, Hogan PM. Hydrostatic pressure and mammalian cardiac pacemaker function.
Undersea Biomecl Res 1977; 4:347-358.
Dripps RD. Comroe II-I. The effect of the inhalation of high and low oxygen concentrations
on respiration. pulse rate. ballistocardiogram and arterial oxygen saturation (oxymeter) of
normal individuals. Am J Physiol 1947; 149277-291.
Flynn ET. Berghage TE, Coil EP. Influence of increased ambient pressure and gas density on
cardiac rates in man. Panama City, FL: Naval Exp Diving Unit Rep 1972: 4:1-22.
Shida IQK. Lin YC. Contribution of environmental factors in development of hyperbaric brady-
cardia. J Appl Physiol 1981; 50:731-735.
I-lordnes C, Tyssebotn 1. Effect of high ambient pressure and oxygen tension on organ blood
flow in conscious trained rats. Undersea Biomed Res 1985; 12:115-128.
Risberg J. Tyssebotn I. Hyperbarlc exposure to a 5 ATA He-N,-O2 atmosphere affects the
cardiac function and organ blood flow distribution in awake trained rats. Undersea Blamed Res
1986; 13:77-90.
Stromme SB, Kerem D. Eisscr R. Diving bradycardia during rest and exercise and its relation
to physical fitness. J Appl Physiol 1970: 28:614-621.
Hebden RA, Freund BI, Claybaugh IR, Ichirnura VVM, I-lashiro GM. Effect of inspira-
tory—phase negative pressure breathing on urine flow in man. Undersea Biomed Res 19922
19:21-29.
Tao HY, Chen HI, Zhztng H, Guo J, Rong FK. Urinary ANP. ADI-I. and electrolyte <1XCrBli01'1
during saturation-excursion diving to pressures equivalent to 250 and 300 tn. Undersea Biomed
Res 1992; 19:159-169.
Claybztugh JR, Matsui N, Hong SK, Park YS. Nakayarna H, Shiralti K. Seadragon VI: at '7-day
dry saturation dive at 31 ATA III. Alterations in basal and circadian endocrinology. Undersea
Biorned Res 1987; 14:401-411.
Golclinger IM, Hong SK. Claybaugh IR, et al. Renal responses during a dry sanitation dive
to 450 msw. Undersea Biomed Res 1992; 19:287-293.
Hztrari A, Nitenberg G, Rapin M, Samii K. Lemaire F , Le Gall JR. Chocs hypovolémiques
simulant une ernbolie pulmonaire grave. Nouv Presse Med 1975: 4:153—l57.
Vorosmarti J, Bradley ME, Anthonisen NR. The effects of increased gas density on pulmonary
mechanics. Undersea Biomed Res 1975; 2:1-10.
Hills BA. Concepts of inert gas exchange in tissues during decompression. In: Lambertsen CI .
ed. Underwater physiology. Proceedings of the fourth symposium on underwater physiology.
New York: Academic Press, 19711115-122.



60 LAFAY ET AL.

26. Searle JR, Hills BA. The remote detection of the gas pMse in tissues during decompression
froni high pressure. Freeport, Bahamas: Abstracts of the fifth symposiuui on underwater phys-
iology, 1972:52A.

27. Jossinet J, Gardeue B, Fourcade C. Essai dc d&ectkii dc bullies musculaires par njesure
d'impCdance bio-Cleccriquc: premiers rCsultats expCrimentaux chez le rat el le cbien chroniques.
Med Sub Hyp 1976; 15:263-266.

60

26

27

LAFAY ET AL.

Scarlc JR. Hills BA. The remote detection of the gas phase in tissues during decompression
from high pressure. Freeport. Bahamas: Abstracts oftho fifth symposium on underwater phys—
iology, l972:52A.
Jossincr J. Gardctte B, Fourcadc C. Essai dc décection dc bullcs mmculaircs par mcsurc
rfimpédance bio-électriquc: premiers résultats cxpérimcntau): chcz le rat ctle chicn chroniqucs.
Med Sub Hyp 1976; 15:263-266.


