Doppler-echocardiography study of cardiac function
during a 36 atm (3,650 kPa) human dive
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Lafay V, Boussuges A, Ambrosi P, Barthelemy P, Frances Y, Gardette B, Jammes Y. Doppler-echocardiographic study of
cardiac fiunction during a 36 atm (3,650 kPa) human dive. Undersea Hyperbaric Med 1997, 24(2):67-71.—To determine the
influence of a saturation dive on cardiac funetion, Doppler-echocardiographic measurements were compared at sea level and
during a 36 atm (3,650 kPa) He—0O, dive (gas density: 7 g/liter) in four healthy men. Left ventricular systolic function was
studied from time-motion measurements. Transmitral flow (&:A ratio) and isovolumetric relaxation time were used to assess
left ventricular diastolic function, Cardiac output was derived from systolic pulmenary and aortic valvular flows. Cardiac output
decreased 4.4 + 0.8 vs. 5.9 £ 1.2 liter/min at sea level) whereas stroke volume, left ventricular cjection fraction, atria and
ventricular diameters remained unchenged. Thus, the decrease in cardiac cutput was attributed to bradycardia (56 + 8 vs. 73
+ 9 beats/min at sca level) which probably resulted from the slight hyperaxia (Pig,, 0.4 atm). We found no evidence of left
ventricular diastolic dysfunction. nor did we find valvular regurgitation or pulmonary hypertension. We conclude that Doppler-
echocardiography can be used safely to investigate cardiac funetion during human saturation dives. Our results suggest thata
36 atm He—O, dive does not modify cardiac or systolic and diastolic function except for a slight decrease in cardiac output
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Few hemodynamic data have been reported during deep
saturation dives. They mainly concerned animal models
(rat) (1-6) and used the radioactive-labeled microspheres
method which does not give any information about dy-
namic changes throughout the dive. Two recent studies
(7.8) have used the Doppler method to evaluate the varia-
tions of aortic and regional blood flows. The aforemen-
tioned observations, during normoxic dives (4,5), have
shown no change in cardiac output, systemic blood pres-
swre or peripheral resistance, and that myocardial perfusion
tended to increase. Some authors have shown an increase
in myocardium contractility (9) which was not antagonized
by beta-blockers (6}, and others have reported a positive
correlation between the myocardium and the gas density
(1). By contrast, other investigators reported an alteration
of cardiac excitation—contraction coupling during hyper-
baric exposure (10). During hyperoxic dives (2,3,5), a
decrease in cardiac output and an increase in systemic
resistance were coincident to bradycardia. Moreover,
increased hydrostatic pressure involved bradycardia (11)
which could be antagonized by nitrogen (12), and induced
alterations of myocardial conduction (11,13} or arthyth-
mias (14).

Most hemodynamic studies in humans consisted of
measurements of cardiac output using the thoracic bio-
impedance method or the thermodilution method during

Copyright © 1997 Undersea and Hyperbaric Medical Society, Inc.

stays at low pressure (3 atm) (15-17). They showed a
stability of the stroke volume and the systemic resistance
under normoxic conditions (15); furthermore, a decrease in
cardiac output and an increase in systemic resistance was
found under hyperoxia (16,17). Observations based on bio-
impedance measurements during deep, human saturation
dives (18-20), including breathing a slight hyperoxic gas
mixture (Pl;, = 0.4 atm), have shown no change in the
systolic stroke volume. However, this method does not
measure the changes in ventricular diameters and left
ventricular shortening fraction, which are good markers of
cardiac contractility. In addition, changes in diastolic
cardiac function, resulting from loaded ventilation, have
never been studied. Doppler-echocardiography (DE) is a
useful method to describe both heart anatormy and cardiac
function. Except for bubble detection (21,22), it has not
been used for evaluation of cardiac function during human
deep dives.

The aim of the present human study was to estimate both
systolic and diastolic cardiac functions using DE method
during a saturation dive at 36 atm (3,650 kPa) using
He-0, gas mixture, with incursions in He—H,—0, mixture.

METHODS
This experiment was conducted during the “helium
in-hydrogen out” human dive (11 January to 4 February
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1994) which took place in the hyperbaric center of
COMEX i Marseilles. Four healthy professional divers
(D1 toD4), 26, 29, 30, and 28 yr old, respectively, volun-
teered to participate. The protocol was approved by the
ethical committee of the establishment.

Diving protocol was a 3-day compression in He-0.,
followed by a $-day bottom stay at 36 atm in He—O,, then
a 12~ day decompression. Gas density varied from 1.18
g/liter, pg (sea level) to 7 glliter,pg (36 atm). During the
stay at maximum pressure, eight H,~He-O, incursions
were performed. The chamber temperature was maintained
at an optimum level of 31°C. Pi;, value was 0.4 atm
throughout the experirent.

Doppler-echocardiography was performed in each diver
at Day 1 (T1) and Day 9 (T2) at maximum pressure. Data
were compared to sea-level measurements performed
before (C1) and after (C2) the dive. A Diasonics CFM 750
echocardiograph was localized out of the diving chamber
and connected to the 2.5 MHZ probe through the hull. The
transducer was positioned by the divers themselves who
were trained in this method by cardiologists for 1 wk. They
could adjust the position of the DE probe by looking at the
DE pictures through a chamber porthole. The pictures were
displayed on a video-screen placed outside the chamber. A
cardiologist supervised examinations.

According to clinical practice, examinations were
performed at rest in left lateral decubitus (long and short
axis views) and supine (apical and subcostal views). The
following data were available:

1. Time—motion echography (TM):

*Diameters of left atrium and aorta, systolic (LVDs)
and diastolic (LVDd) diameters of left ventricle.
Stroke volume (Sv), left ventricular shortening
(LVSF), and ejection (LVEF) fractions were calcu-
lated as follows:

-SV=LVDd* - LVDs®

- LVSF = (LVDd - LVDs) / LVDd

- LVEF = (LVDd® - LVDs*) / LVD{&®
* gystolic and diastolic thickness of left ventricle
walls: left ventricle contractility was calculated from
these parameters.

2. Bidimensional echography, estimating fractional
ventricle motion.

3. Doppler and color Doppler, which allowed us to
assess valvular regurgitation and to estimate pulmo-
nary artery pressure and left and right cardiac output
(CO) from aortic and pulmonary artery flows,
respectively.

CO = Heart rate x annular area x integral value of
pulsed Doppler signal. Moreover, transmitral flow
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allowed to obtain:

» proto- and end-diastolic peak flows (peak E and peak A,
respectively): value of peak E to peak A ratio less than or
equal to 1 suggests the existence of altered diastolic
function,

- isovolumetric relaxation time (IVRT) (ie. the time
between closing of aortic valve and opening of mitral
valve): increased IVRT indicates alterations in diastolic
function.

All aforementioned measurements were ECG-triggered
(frontal leads).

Means and standard deviations of TM values were
calculated, but due to the small number of subjects it was
not possible to perform a statistical comparison of these
data.

RESULTS

» Heart rate (Fig 1.4) decreased at T1 in all divers (56 +
8 beats/min vs. 73 + 9 beats/min at sea level). Bradycar-
dia was less marked but persisted at T2 (61 + 8 bpm).

» Left ventricle diameters, wall thickness, left atrial and
aortic diameters did not change (Table 1).

» Sea level measurements of LVSF (Fig. 24) as well as
left ventricle contractility were in normal range and did
not change at T1 and T2.

« Left and right cardiac outputs (Fig. 1B) were equivalent
at sea level and both decreased at T1 in the four subjects
(mean: 4.4 + 0.8 liter/min) and in three at T2 (mean: 5.1
+ 1 liter/min) compared to sea level (mean: 5.9 + |
liter/min). Thus, the decrease in cardiac output was less
marked at T2 (- 14%) than T! (-25%) and was propor-
tional to HR variations.

+ Stroke volume did not change (Fig. 28).

» Diastolic function indexes: peak E/peak A ratio (Fig.
2D) remained in normal value range (>1), whereas a
slight increase in IRVT was measured at T1 and T2 in
all subjects (Fig. 2C).

- No significant tricuspid regurgitation was found.

+ No valvular dysfunction was observed.

DISCUSSION

This study shows that reproducible echocardiographic
measurements can be obtained during deep experimental
human dives. The divers were able to perform adequate
examinations after 1 wk of training.

One methodological limitation is the possibility of
echocardiograph dysfunction under high pressure. How-
ever, if the transducer was exposed to high pressure, the
echocardiograph remained at sea-level pressure. Moreover,
no alterations were observed in echographic pictures ot
Doppler signal. Another limitation was that the small
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FIG. 1—Individual values: 4, heart rate; B, left and right ventricular
outputs. C1 and C2 = control data before and after the dive; Tt and T2
= test data at 36 atm on Days 1 and 9 of stay.

number of subjects which did not allow any statistical
analysis. In consequence, our data are purely descriptive.
Our study confirms that HR decreases during human
dives (23-25). This effect was already present on Day 1 of
compression and was slightly accentuated when divers
reached 36 atm. Then, HR changes adapted to new condi-
tions, and the decrease in HR. was only 16% after 9 days of
stay at maximum depth. This time course of HR changes
during 2 deep dive agrees with previous data (19,25-28),
which showed that slowing of HR was mainly due to
hyperoxia (P1,, = 0.4 atm) and ambient pressure change,
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and tended to disappear throughout the dive.

Cardiac output decreased during the dive in the four
subjects. Doppler proved to be highly reproducible for
ventricular output determination, and we found in each
subject equivalent values for right and left ventricular
output. Similarly, several authors using the bio-impedance
method found a decrease of cardiac output during human or
animal dives (3,17-19). However this was not confirmed by
Smith et al.(20). The reasons for these discrepancies are
not clear. Inasmuch as the stroke volume remained stable
during the dive, the decrease in cardiac output with an
unchanged stroke volume suggests that this change may
only result from the reduced HR. This hypothesis has been
proposed by Flynn et al. (18) and Ohta et al. (19), and
unchanged systolic function does not corroborate previous
results (1,6,9). The explanation may be the large differ-
ences between expertmental conditions. The aforemen-
tioned studies were done in in vitro conditions or during
acute animal experiments involving very short compression
phases, ie., in circumstances very far from a human
saturation dive.

Echo-Doppler seems to be an interesting tool to describe
heart-lung interactions during deep dives. Johnston et al.
(29) demonstrated that increasing the intrathoracic expira-
tory pressure could impair the left ventricular filling.
However, increasing the strength of diaphragmatic contrac-
tion in response to dense gas breathing enhanced the intra-
thoracic pressure toward negative value (30). This repro-
duces the consequences of inspiratory threshold load
breathing, which facilitates the heart filling.

No significant changes in left atrial and ventricular
diameters werc found. This corroborates previous animal
observations, which showed that the end-diastolic left
ventricular pressure is not modified in rats during a 30-atm
dive (6). Thus, breathing a high-density gas mixture did not
involve any marked variation in left ventricular diastolic
function, except an increase in isovolumetric relaxation
time, probably due to bradycardia.

During this dive there was no echocardiographic evi-
dence of pulmonary hypertension, as usually indicated by

Table 1: Mean and Standard Values, in Millimeters

C1, 0 msw T1,350 msw T2,350 msw C2,0 msw
Aaortic 327433 292445 323433 28.8+3.1
Left atrial 31.7£3.0 32.8+£58 312453 27.8x2.5
Diastolic left ventricular diameters 49.443.7 50.1£3.5 53.1+4.1 48.3+3.5
Systolic left ventricular diameters 35.1+1.8 33.5+28 33.7+1.3 31.0£2.1
Diastolic thickness of the interventricular septum 8.7x1.7 8.5+0.6 9.0£1.1 8.9+1.5
Systolic thickness of the interventricular septum 12.3£1.5 122410 12.320.9 12.1£0.6
Diastolic thickness of the left posterior wall 9.5+0.9 1.0+0.8 9.0+1.0 8.5+1.1
Systolic thickness of the left posterior wall 13.3+1.6 13.9+0.6 12.0+0.8 13.721.0
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FIG. 2—Individual values of the left ventricular systolic and diastolic funetions: 4, left ventricular shortening fraction; J, left ventricular stroke
volume; C, isovelumetric relaxation fime; D, transmitral flow E:A ratio. C1 and C2 = control data before and after the dive; T1 and T2 = test data

at 36 atm on Days 1 and 9 of stay.

dilation of the right ventricle or the supra-hepatic veins,
high-velocity tricuspid regurgitation, or abnormalities of
septal wall motion. However, this does not rule out the
possibility of a moderate elevatilon of pulmonary arterial
pressure (PAP ) . Previous human studies reported a slight
increase (+11%) of PAP during stays at relatively low
pressure (3 atm) (15), whereas, at the same pressure, PAP
decreased (~23%) under hyperoxic conditions (16). No
hemodynamic data on PAP changes during deep saturation
dives are available, and DE seems to be the sole non-
mmvasive method to assess pulmonary arterial pressure
during experimental dives. In a previous saturation dive at
1 atm (25), we reported a rightward shift of the electro-
cardiographic P-wave axis with increased P-wave ampli-
tude, suggesting an electric overload of the right atrium,
However, this ECG variation could be observed in the
absence of notable elevated pulmonary pressure.

In conclusion, DE can be used to assess cardiovascular
changes during experimental human dives. It can be
considered a good tool to evaluate heart~lung interactions
due to high-density gas breathing during hyperbaric stays.

Moanuscript received January 1996; accepted January 1997,
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