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Characteristics of the response to exercise in
professional saturation divers
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Thorsen E, Segadal K, Kambestad BK. Characteristics of the response to exercise in profes-
sional saturation divers. Undersea Biomed Res 1991; 18(2):93-101.—Exercise testing with
measurements of expired minute ventilation (VE), oxygen uptake (V0,), and carbon dioxide
elimination (VC0,) was done in 63 professional saturation divers, in the screening programs
for selection of divers, to 10 different experimental and operational saturation dives. Their
experience as divers averaged 9.8 yr (range 1-20), and they averaged 276 days (range 5-900)
in saturation. The maximal pressure they had ever been exposed to averaged 2.01 MPa (range
0.8-5.1). The divers were compared with a control group of 47 offshore workers and policemen
matched for age, height, and smoking habits and with reference values for the general healthy
population, There were no significant differences in peak work load achieved, Vo, and
Vcoz,,,,K VE at Vo,mk and the corresponding ventilatory equivalents for oxygen uptake
(VE i/ VO,eq) and carbon dioxide elimination (VE,,,,,JVcozm,) were significantly higher
in diveljs (P < 0.05), but VE, VE/V0, and VE/VCO, were not different at lower work loads.

VE ./ V€O, corTelated positively with years of diving experience when corrected for age
(P < 0.01). Divers had higher tidal volumes and lower breathing frequencies at ventilations
lower than 40% of VE,., but maximal tidal volumes were not different. Tidal volume at a
VE of 30 liter + min ' correlated negatively with FEV, (P<0.05). The results are in agreement
with the transient changes in pulmonary function and exercise tolerance demonstrated after
a single saturation dive, and indicate that these changes may not be completely reversible.

oxygen update pulmonary function
diving

The cross-sectional studies of divers’ lung function by Watt (1), Davey et al. (2),

and Crosbie et al. (3) showed larger than predicted vital capacity in divers. The ratio
of forced expired volume in 1 s and forced vital capacity (FEV,/FVC) was lower than
predicted, and in the study of Davey et al. (2) maximal expiratory flow rates at low
lung volumes were reduced. In some cases a transient increase in vital capacity after
a single saturation dive has been reported (4-6) and attributed to a training effect of
respiratory muscles. The characteristics of divers’ lung function could then be a result
of the selection of subjects as divers, or adaptation to the hyperbaric environment,
as there is a negative correlation between FVC and FEV,:FVC ratio (3, 7). However,
the results may also indicate the development of airflow limitation in divers. We were
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not able to demonstrate an increase in vital capacity in 43 divers after a deep dive
series to pressures of 3.1-4.6 MPa, but total lung capacity, residual volume, and
closing volume were increased, and transfer factor for carbon monoxide (Tl.) and
maximal oxygen uptake were reduced (8, 9). In a cross-sectional survey of saturation
divers, reductions in forced expiratory volumes and flows and Tl., were demon-
strated, and reductions in lung function variables correlated with cumulative diving
exposure (10). In this paper, the characteristics of the response to exercise testing in
a subgroup of the divers in this cross-sectional study (10) are described.

SUBJECTS AND METHODS

Divers

Seventy-six professional saturation divers had their pulmonary function tested in
the screening programs for selection of divers for 10 different saturation dives to
pressures of 1.55-4.6 MPa. They were all included in the cross-sectional study of
divers’ lung function (10) and their pulmonary function was not different from satura-
tion divers examined outside the screening programs. Sixty-three of the 76 divers
had an exercise test on a cycle ergometer with direct measurements of gas exchange.
Their experience as divers averaged 9.8 yr (range 1-20), and they averaged 276 days
in saturation (range 5-900). The maximal pressure they had ever been exposed to
averaged 2.01 MPa (range 0.8-5.1). The other 13 divers had maximal oxygen uptake
estimated indirectly or by treadmill exercise and are not included in this study. Table
1 shows the subjects’ characteristics compared with controls and with the 152 divers in
the cross-sectional study with respect to age, height, smoking habits, and pulmonary
function. At the time of this study, at least 4 wk had elapsed since their last saturation
dive.

Control group

Fifty-seven local offshore workers and 49 local policemen were examined. They
were recruited by advertising among the 270 policemen in the area and the 170
offshore workers in two companies. The prerequisites were that they had not had
any previous heart or lung disease that would have disqualified them from diving,
that their age was between 20 and 50 yr, and that they had never practiced any form
of diving. Four subjects were excluded because of symptoms of chronic obstructive
pulmonary disease and a FEV:FVC ratio below 70%. Exercise testing was done in
a subgroup of 47 subjects.

Exercise test

Exercise testing was done on an electrically braked cycle ergometer with 30 W
increase in workload every 3rd minute, starting with unloaded pedaling. Oxygen
uptake (V0,, liter - min~' STPD), carbon dioxide elimination (Vco,, liter - min~"
STPD), expired minute ventilation (VE, 1 - min~' BTPS), tidal volume (VT, liter BTPS),
breathing frequency (B,), and heart rate (HR) were measured with a Beckmann MMC
horizon computerized pulmonary gas analyzer (11). The ventilatory equivalents for
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oxygen uptake (VE/VO,) and carbon dioxide elimination (VE/VCo,) were calcu-
lated. Data were averaged over I-min intervals and the results from the last minute
on every workload were used for analysis. Peak oxygen uptake (Vo,mk) peak
carbon dioxide elimination (VCOz,,,ak) and peak expired minute ventilation (VEmk)
were calculated from the last 15 s of exercise. Tidal volume at a VE of 30 liter * min~'
(VT,,) was found by linear interpolation as described by Cotes (12). Exercise was
continued to the symptom-limited maximum. Electrocardiogram was continuously
monitored from the chest-head 5 position. Volume and gas calibration was done
before each test with a calibrated syringe and with calibration gases with certified
analyses for O, and CO, content (Norsk Hydro A/S, Rjukan Norway). Verification
of the calibration was done after each test. The drift of the gas analyzers was always
below 2%. The predicted values used for comparison were those of Jones et al. (13)
and Wasserman et al. (14). All subjects gave informed consent, and the protocol for
the study was approved by the Regional Ethical Review Committee.

Data processing and statistics

The lung function variables in divers and controls were compared with unpaired
Student’s ¢ tests. For comparison of exercise data, group intervals for the independent
variables were defined; for Vo, increments of 10% relative to VOypeu and for VE
increments of 10% relative to VE,,. All observations within each group interval
were pooled, and unpaired 7 tests were used for comparison of data within each group
interval. Linear regression analysis was used to find relevant correlations between
the exercise variables and the lung function variables. Multiple linear regression
analysis was used to find relevant correlations between the exercise variables and
age, height, body mass, years of diving experience, and days in saturation, with
smoking and diving included as interactive variables being present or absent. The
method selected was a forward stepwise procedure which at each step included the
explanatory variable with the highest partial correlation with the model. All data are
given as mean = 1 SD. A P value less than 0.05 was considered significant.

RESULTS

The subgroups of divers and controls having the exercise test were representative
for their respective groups in that there were no differences in the subjects’ character-
istics (Table 1). No differences were found between the groups in FVC, but FEV,
and Tl were significantly lower in divers, as previously reported (10).

No significant difference occurred in the peak workload achieved between divers
and controls, which corresponded to a maximal working time on the cycle ergometer
0f 28.9 + 4.3 min in divers and 29.3 + 3.9 min in controls, nor were there significant
differences in Vozm, Vcozmk, or HR, (Table 2). The relationships between Vo,
and workload, and between Vo, and HR were not different between the groups. The
relationships were Vo, = 0.356 + 0.011 workload (R* = 0.98) in divers and Vo,
= 0.343 + 0.011 W (R? = 0.97) in controls, and Vo, = —1.28 + 0.024 HR (R?* =
0.98) in divers and Vo2 = —1.40 + 0.025 HR (R? = 0.97) in controls. VEmk and
the corresponding VE ,k/Vozp,,,k and VE ak/VCOzm were significantly higher in
divers (P < 0.05), Table 2 and Fig. 1, but there were no differences at 90% of Vozmk
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or lower. \'/ozpeak was positively correlated with Tl (R* = 0.05, P < 0.05), and
VEpear/VCOspeax Was negatively correlated with Tl (R* = 0.05, P < 0.05). VE, ./
V€O, Was positively correlated with years of diving experience (R* = 0.13, P <
0.01) (Table 3). )

At workloads corresponding to minute ventilations less than 40% of VE,,,, the
breathing pattern was different in that divers had higher tidal volumes and lower
breathing frequencies than controls (P < 0.05) (Fig. 2). V13, was 1.68 = (.33 liter in
controls and 1.87 + 0.29 liter in divers (P < 0.05). At higher ventilations, no differ-
ences were seen in the breathing pattern. VT,,,, was 3.02 + (.38 liter in controls and
3.08 = 0.37 liter in divers. VT,, correlated negatively with FEV, (R* = 0.06, P <
0.02). There were no significant correlations between VT;, and diving exposure.

DISCUSSION

In previous cross-sectional studies (1-3), divers were compared with reference
values not specific for the group studied. The possibility of development of bronchial
obstruction in divers was raised, but selection of subjects or adaptation to the hyper-
baric environment could not be excluded. In the cross-sectional survey including the
divers in this study (10), divers in general had reduced pulmonary function consistent
with small airways dysfunction, and reductions in the pulmonary function variables

Fig. 2. Relationship between
VT and VE. Filled bars = divers,
open bars = controls. Means of
each group interval for the inde-
il pendent variable VE and its stan-
dard deviations are shown. Aster-
isk = P < 0.05.
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correlated with cumulative diving exposure. The control group did not differ from
submariners or healthy subsamples of the general population, giving no evidence for
the selection or adaptation mechanisms. Concerning exercise tolerance, our control
group does not differ from commonly used reference values for maximal oxygen
update on cycle ergometry. The reference values of Jones et al. (13) are based on a
sample of healthy men reflecting the general population with respect to height,
recreational exercise activity, and pulmonary function. The characteristics of that
reference group in the age range of 15-45 yr were a mean height of 180 cm, body
mass 79 kg, FEV, 4.8 liter, and FVC 5.8 liter, which are comparable with our divers
and controls. Our control group, as well as the specific reference values chosen,
should be adequate for comparison with divers.

Subjects who took part in exercise testing were representative for the groups of
divers and controls with respect to pulmonary function, age, height, body mass, and
smoking habits. There were no significant differences in Voz,,eak, VCOspeax, OF HR gy
VEmk and the corresponding VEM/VOZW“ and VEM/VCOZM were significantly
higher in divers. Maximal voluntary ventilation (MVV) was not measured, but MVV

-is related to FEV,. The predicted MVV is 161 liter - min~' in the divers and 168
liter  min~"' in the controls using the formula MVV = 35 - FEV, (15), indicating an
adequate breathing reserve in both groups and that pulmonary function is not limiting
exercise performance under ordinary conditions. When working at depth however,
the differences in lung function and VE are in the disfavor of the divers because
increased gas density, immersion, and breathing equipment already are limiting venti-
latory capacity.

The control group was, by its selection, a healthy worker group, but did not differ
from the general healthy population with respect to pulmonary function and exercise
tolerance. The group of divers was also influenced by a healthy-worker effect because
they were all active as professional divers having an annual medical certification, and
the diving companies usually did a preliminary screening of their divers before the
final screening programs for the dives. The prevalence of divers that have to stop
diving because of reduced pulmonary function is not known and they would not have
been available for this study. If our results are influenced by a healthy-worker effect,
it would be on the part of the divers, and the overall effect would be a reduction of
any differences between divers and controls.

Immediately after a single saturation dive, a reduction in maximal Vo, has been
demonstrated (9). VE/Vo, and VE/Vco, were increased over the whole range of
Vo, and the physiologic dead space was increased. Tl., was reduced. The reduction
in maximal Vo, correlated with accumulated bubble load during decompression.
Exposure to hyperoxia and detraining could have contributed to this effect. The
increased VEpe./VOspeax and VE;.,,/VCO,eq seen in this study are in agreement
with these changes. The difference from the controls appears when the demands of
the cardiopulmonary system are increased, and the correlation between VE,.,/
VO, and diving experience indicates that the immediate changes after a single
saturation dive may not be completely reversible. Effects of physical training, or
detrammg during long decompression periods, do not seem to play a significant role
since the relationship between Vo, and HR was not different between divers and
controls. In the study of Crosbie et al. (3), increased VE/Vo, was demonstrated at
maximal Vo, in a group of divers with reduced FEV,:FVC ratio, but where maximal
Vo, was not different from divers with a FEV,:FVC ratio within normal limits. Our
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results are in agreement with that study, and show that the changes are related to the
diving exposure.

The differences in breathing pattern at low minute ventilations have also been
demonstrated in other studies (3, 16). Increased VT and lower B; may be an effect of
the increased breathing resistance in the mouthpiece and valves, and in divers an
effect of habituation to breathing on a mouthpiece (16-18). However, the difference
between divers and controls could also be a result of compensation for increased
airways resistance. VT3, was negatively correlated with FEV,. Loss of pulmonary
elastic tissue and peripheral airflow limitation will be compensated for by breathing
on a more favorable part of the pressure-volume curve and minimizing the work of
breathing (19).

We are grateful to the divers and the Police Force of Bergen, Stolt-Nielsen Seaway, Aker-Comex, Oceaneering and
SubSea Dolphin.

This work was supported by Norsk Hydro A/S, Statoil, and The Royal Norwegian Council for Scientific and Industrial
Research (NTNF).—Manuscript received May 1990; accepted January 1991.

References

. Watt SJ. Effect of commercial diving on ventilatory function. Br J Ind Med 1985; 42:59-62.
. Davey IS, Cotes JE, Reed JW. Relationship of ventilatory capacity to hyperbaric exposure in
divers. J Appl Physiol 1984; 56:1655-1658.

3. Crosbie WA, Reed JW, Clarke MC. Functional characteristics of the large lungs found in
commercial divers. J Appl Physiol 1979; 46:639-645.

4. Smith RM, Hong SK, Dressendorfer RH, Dwyer HJ, Hayashi E, Yelverton C. Hana Kai II: A
17-day dry saturation dive at 18.6 ATA. IV Cardiopulmonary functions. Undersea Biomed Res
1977; 4:267-281.

5. Yamasaki M, Taya Y, Fujiie K, Seki K, Sasaki T, Nakayama H. Effect of a simulated dive to
31 ATA on pulmonary function. Ann Physiol Anthropol 1986; 5:191-196.

6. Cotes JE, Davey IS, Reed JW, Rooks M. Respiratory effects of a single saturation dive to
300 m. BrJ Ind Med 1987; 44:76-82.

7. Bouhuys A, Beck GJ. Large lungs in divers? J Appl Physiol 1979; 47:1136.

8. Thorsen E, Segadal K, Myrseth E, Pasche A, Gulsvik A. Pulmonary mechanical function and
diffusion capacity after deep saturation dives. Br J Ind Med 1990; 47:242-247.

9. Thorsen E, Hjelle J, Segadal K, Gulsvik A. Exercise tolerance and pulmonary gas exchange
after deep saturation dives. J Appl Physiol 1990; 68:1809-1814.

10. Thorsen E, Segadal K, Kambestad B, Gulsvik A. Divers’ lung function: small airways disease?
Br J Ind Med 1990; 47:519-523.

11. Jones NL. Evaluation of a microprocessor controlled exercise testing system. J Appl Physiol
1984; 57:1312-1318.

12. Cotes JE. Response to progressive exercise: a three-index test. BrJ Dis Chest 1972; 66:169-184.

13. Jones NL, Makrides L, Hitchcock C, Chypchar T, McCartney N. Normal standards for an
incremental progressive cycle ergometer test. Am Rev Respir Dis 1985; 131:700-708.

14. Wasserman K, Hansen JE, Sue DY, Whipp BJ. Principles of exercise testing and interpretation.
Philadelphia, PA: Lea & Febiger, 1987:72-86.

15. Spiro SG, Hahn HL, Edwards RHT. An analysis of the physiological strain of submaximal
exercise in patients with chronic obstructive bronchitis. Thorax 1975; 30:415-425.

16. Florio JT, Morrison JB, Butt WS. Breathing pattern and ventilatory response to carbon dioxide
in divers. J Appl Physiol 1979; 46:1076—1080.

17. D’Urzo AD, Chapman KR, Rebuck AS. Effect of inspiratory resistive loading on control of
ventilation during progressive exercise. J Appl Physiol 1987; 62:134—140.

18. Smejkal V, VavraJ, Bartakova L, Kryl L, Palecek F. The pattern of breathing and the ventilatory
response to breathing through a tube and to physical exercise in sport divers. Eur J Appl Physiol
1989; 59:55-68.

19. Otis AB, Fenn WO, Rahn H. Mechanics of breathing in man. J Appl Physiol 1950; 2:592-607.

N =



