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   Introduction:   Hyperbaria-induced diuresis is accompanied by de-
creased basal and stimulated release of arginine vasopressin (AVP) and 
decreased blood volume possibly contributing to the reported ortho-
static intolerance. Since hyperosmolality is not a consistent fi nding, the 
explanation of blood volume reduction at hyperbaria must involve an 
osmotic component to the diuresis. Investigations of a possible involve-
ment of atrial natriuretic peptide (ANP) to the hyperbaric diuresis have 
revealed mixed results.     Methods:   Urinary excretion of electrolytes, AVP, 
and aldosterone were measured in four male subjects studied at 1 atmo-
sphere absolute (ATA) and at 46 and 37 ATA (0.5 atmospheres pressure 
O 2 : 5% N 2 : remainder He) during a 35-d saturation dive. Also, the su-
pine and 90° tilt-stimulated plasma levels of AVP, plasma renin activity 
(PRA), and aldosterone, and the suppressed responses of ANP and the 
cardiovascular responses to tilt were determined at these pressures.  
   Results:   Tilt-stimulated levels of PRA were increased two- to threefold 
and the AVP response was eliminated throughout hyperbaria, except in 
two episodes of tilt-induced syncope where AVP was elevated 10- to 
20-fold. This pattern supports most previous reports. Contrary to some 
reports, both supine and tilt-suppressed levels of ANP were reduced by 
about 50% at all three tilt experiments conducted at hyperbaria com-
pared to predive control values.     Discussion:   These results suggest an al-
tered ANP response at pressures of 37 ATA or greater, which is consistent 
with an appropriate ANP response to blood volume reduction and fur-
ther suggest that the hyperbaric diuresis is not dependent on increased 
ANP.   
 Keywords:    hyperbaric diuresis  ,   aldosterone  ,   atrial natriuretic peptide  , 
  plasma renin activity  ,   vasopressin  ,   orthostatic hypotension.         

 EXPOSURE TO A hyperbaric environment results in 
reduced plasma volume ( 3,26 ) and evidence of 

orthostatic intolerance ( 1,12,14 ). The cause of the re-
duced plasma volume has often been linked to the 
well- documented diuresis that is apparent during expo-
sure to atmospheric pressures of about 3 or more atmo-
spheres absolute (ATA) ( 9 ). Although a reduced plasma 
level of arginine vasopressin (AVP) is a probable con-
tributor to the dilute urine and diuresis ( 4 ), it may not be 
the whole explanation for the reduced plasma volume 
since plasma osmolality is not consistently increased ( 9 ). 
There must, therefore, be an associated loss of osmotic 
substances, resulting in an overall isosmotic volume re-
duction. Thus there has been a long-standing interest in 
the responses of salt regulating hormones to hyperbaria. 
Plasma renin activity (PRA) and aldosterone generally 
exhibit enhanced basal values during hyperbaric pres-
sures of 18 to 31 ATA ( 2,9,15 ), and the head-up tilt (HUT)-

stimulated release of PRA was greatly enhanced at 31 
ATA ( 15 ). Therefore, the renin-angiotensin-aldosterone 
system has been thought to be responsive to the volume 
reduction rather than causal. 

 In support of a role for elevated levels of atrial natri-
uretic peptide (ANP) contributing to a natriuresis, the 
nocturnal urinary excretion of ANP has been reported to 
be increased during hyperbaric exposures to 16 and 21 
ATA ( 16 ) and 26 and 31 ATA ( 28 ), and plasma levels of 
ANP have been reported to be increased sixfold with ex-
posure to 3 ATA ( 21 ). However, ANP is also sensitive to 
central blood volume changes via atrial stretch ( 11 ). 
From this perspective, one would expect ANP to be de-
creased unless it was causal in the diuresis. In support of 
this view are the observations of lowered basal and 
exercise-stimulated release of ANP at 37 ATA ( 2 ). Other 
reports are inconsistent or demonstrate no response of 
ANP to hyperbaria during exposure to 61 and 46 ATA 
( 17 ). Since orthostatic hypotension poses a potential 
danger in some individuals at hyperbaria, further infor-
mation regarding its cause could be useful in appreciat-
ing the extent of the problem and developing strategies 
to safeguard against episodes. Among the proposed 
causes are the decreased plasma volume and the de-
creased AVP response to a change in posture to the up-
right position ( 1 ). 

 The present experiments were conducted nearly 16 yr 
ago at the GUSI (German Underwater Simulator) cham-
bers at the Institut für Anlagentechnik in Geesthacht, 
Germany. The primary mission of that institute was to 
collaborate with private industry in the development 

 From the Department of Clinical Investigation, Tripler Army Medi-
cal Center, Tripler AMC, HI (J. R. Claybaugh); the Department of Phys-
iology, John A. Burns School of Medicine, University of Hawaii, Hono-
lulu, HI (J. R. Claybaugh, Y-C. Lin); the GUSI – Underwater Simulator, 
GKSS-Forschungszentrum, Geesthacht, Germany (H. G. Schafstall); 
and the Hyperbaric Center, Duke University Medical Center, Durham, 
NC (P. B. Bennett). 

   This manuscript was received for review in   November     2006    . It was 
accepted for publication in   August     2007 .    

 Address reprint requests to: John R. Claybaugh, Department of Clin-
ical Investigation, MCHK-CI (Dr. Claybaugh), 1 Jarrett White Road, 
Tripler AMC, HI 96859-5000;  john.r.claybaugh@us.army.mil . 

Reprint & Copyright © by Aerospace Medical Association, Alexan-
dria, VA.

 DOI:   10.3357/ASEM.2014.2007 



Delivered by Ingenta to: NATIONAL DEFENSE MEDICAL CENTER
IP: 61.216.62.63 On: Fri, 17 Feb 2017 02:43:31

Copyright: Aerospace Medical Association

Aviation, Space, and Environmental Medicine x Vol. 78, No. 11 x November 2007 1043

RESPONSES TO TILT AT PRESSURE — CLAYBAUGH ET AL.

and advancement of high-pressure technology and pat-
entable products. We were allowed to use some of the 
professional divers who were also participating in those 
endeavors to do the experiments described in this man-
uscript. With the closure of highly productive hyperbaric 
research programs involving human experimentation in 
Germany and Japan, the likelihood that similar experi-
ments would be conducted soon appeared remote. We, 
therefore, provide the data in this report in an attempt to 
extend and clarify the understanding of potential factors 
contributing to the hyperbaric diuresis and reduced 
plasma volume and, therefore, possibly to the orthostatic 
hypotension that develops at hyperbaria. The cardiovas-
cular responses and the responses of the salt and water 
regulating hormonal systems to a 90° HUT were as-
sessed in environments of 1, 46, and 37 ATA in order to 
determine if the orthostatic hypotension was exacer-
bated at the greater pressures of these experiments, and 
if there were more pronounced cardiovascular and en-
docrine differences in response to body fl uid shifts.  

 METHODS     

 Subjects 

 Four male professional saturation divers volunteered 
to participate in the study. The studies described were 
approved by the Clinical Investigation Committee and 
the Human Use Committee at Tripler Army Medical 
Center, HI. The investigators adhered to all federal 
policies for the protection of human subjects. All sub-
jects were informed and trained in the procedures and 
gave consent for participation. The studies were per-
formed in the GUSI (German Underwater Simulator) 
chambers at the Institut für Anlagentechnik at the 
GKSS-Forschungszentrum in Geesthacht, Germany. 

 The subjects ranged in age from 34 to 39 yr, height 
from 173 to 191 cm, and weight from 77 to 94 kg. Their 
maximum heart rates ranged from 173 to 190 bpm and 
the maximum work load achieved on a bicycle ergome-
ter was 300 to 400 W. Respiratory measurements were 
not available.   

 Dive Profi le 

 Compression was begun on Dive Day (DD) 1 at 0800 
reaching 46 ATA at 2000 on DD 2 (       Fig. 1    ). The environ-
mental gas was 0.5 ATA O 2 , 5% N 2 , and the balance He. 
The chamber remained at 46 ATA (gas density 10.3 kg  z  
m −3 ) until 2100 on DD 10, followed by a linear decom-
pression to 37 ATA (gas density 8.4 kg  z  m −3 ) reached at 
1800 on DD 14. On DD 18 decompression recommenced 
reaching 1 ATA on DD 35. There were 24-h urine collec-
tions (day, 0700 – 1900; night, 1900 – 0700) done on DD 
−2 and −1 while at 1 ATA, DD 3 and 10 while at 46 ATA, 
DD 16 at 37 ATA, and DD 32 and 33 while near sea 
level (NSL, 48-h linear decompression from 8 to 3 ATA). 
Tilt table experiments were performed during the 
mornings of DD −1, 0, 3, 11, 15, 32, and 33 at pressures 
corresponding to the days of urine collections, except 
day 11, which was a day of decompression from about 
45 to 43 ATA.   

 Experiments 

 The tilt table experiments were conducted in the 
same manner as previously conducted at 31 ATA ( 15 ) in 
order to provide some comparability of the responses. 
The subjects inserted intravenous catheters into one 
another’s arm veins while in the seated position prior 
to the experiments. The catheters were fi lled with hep-
arinized saline and affi xed with a three-way stopcock 
to aid in obtaining blood samples and avoid the pain of 
venipuncture during the experiment. On the opposite 
arm, a blood pressure cuff was positioned over the ra-
dial artery for measurement of pulse rate and arterial 
blood pressure. One at a time, the subjects laid quietly 
on the tilt table in the supine position with their bodies 
strapped to the platform and their feet positioned on a 
footrest at a right angle from the table. After 10 min in 
this position, systolic and diastolic arterial blood pres-
sures and pulse rate were recorded and 22 ml of blood 
was withdrawn and distributed to a heparinized vacu-
tainer (12 ml) and a sodium EDTA-containing vacu-
tainer (10 ml) and placed on ice. The table was then 
manually tilted to 90° within 5 s, placing the subject in 
the upright position. The subject remained motionless 
while resting his feet on the footrest and strapped to 
the table. The strapping was provided to aid the subject 
in remaining motionless and as a precaution in the 
event of a fainting episode, but also suspended the sub-
jects to minimize leg muscle contraction and venous 
return. Subjects were closely observed throughout. 
After 15 min in the upright position, a second set of 
measurements and blood samples were obtained. When 
subject experienced syncope, that is, lost conscious-
ness, the subject was immediately returned to the 
supine position, and the blood sample taken in that 
position. All of the experiments were conducted in the 
morning. 

 Changes in plasma volume in response to tilt were de-
termined using the changes in hematocrit according to 
the calculation determined by van Beaumont ( 31 ) as 
follows:

% PV = ( ) ( )( )100 100 1001 1 2 2/ /Hct Hct Hct Hctz z

   Fig. 1.     Pressure profi le and experimental schedule of the GUSI XVIII 
saturation dive to 46 ATA. Two urine collections were made from 0700 
to 1900 and then from 1900 to 0700 on the Dive Days designated by a 
 “ u. ”  Tilt table studies were on the days designated by a  “ t. ”      
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 Where % � PV is the % change in plasma volume, Hct 1  is 
the hematocrit in the supine position, and Hct 2  is the he-
matocrit in the upright passive standing position. Or-
thostatic tolerance was assessed grossly by the incidence 
of syncope. 

 At the conclusion of all experiments, requiring approx-
imately 3 h, all blood samples kept on ice were locked 
out of the chamber and slowly decompressed to 1 ATA 
over a period of approximately 45 min. The slow decom-
pression was done to eliminate foaming and hemolysis 
( 26 ). The blood in the heparinized sample tubes was gen-
tly mixed to redistribute the erythrocytes, and a sample 
was removed for determination of hemoglobin and he-
matocrit at a commercial clinical laboratory by Coulter 
counter methodology. The remainder of the blood was 
centrifuged at 1500 g for 20 min, and the plasma sepa-
rated. The heparinized plasma was used for AVP, aldo-
sterone, electrolyte, and osmolality determinations, and 
the EDTA plasma was used for PRA and ANP assays. 

 Each day of collection, 12-h urine collections were 
locked out soon after 0700 and 1900. However, intakes 
of calories, electrolytes, and fl uids were not obtained. 
Furthermore, the total urine volumes were not recorded 
on the fi rst 2 d of collection and, therefore, urine fl ow 
was not measured throughout, and all urinary values 
are expressed as a function of creatinine excretion. 

 Plasma and urine samples were frozen at −20°C until 
the study was completed, and transported on dry ice to 
Tripler Army Medical Center where they were kept at 
−20°C until analyses were completed. Plasma and uri-
nary sodium and potassium concentrations were mea-
sured by fl ame photometry (Instrument Laboratory, 
model 643, Lexington, MA), osmolality by freezing point 
depression (Advanced, Model 3D2, Needham, MA), and 
creatinine by the Jaffe reaction (Beckman Astra-4 Autoan-
alyzer, Brea, CA). All plasma hormonal assays were done 
by radioimmunoassay as previously described ( 2,5 ).   

 Statistics 

 The number of subjects was not established through a 
statistical power analysis. Rather, the intent was to de-

tect changes, if they occurred, between different stages 
of the study among the four subjects, with predive and 
NSL periods control periods. Power to detect such dif-
ferences is improved by the addition of more measure-
ment times. The power of detecting a change of 30% in 
any mean value over the three time periods at hyper-
baria, assuming a 30% SD about each of the seven means, 
with four subjects, was calculated to be 95% using a one-
way analysis of variance with repeated measures over 
the seven time periods. In order to determine differences 
between individual means, a post hoc Student’s  t  least 
signifi cant difference test was used. In addition, orthog-
onal comparisons were used to compare the multiple 
values in the predive period with the multiple values in 
other periods. The AVP values and cardiovascular re-
sponses associated with syncope were not included in 
the statistical analysis, nor in the means of the tables or 
fi gures, and the degrees of freedom were decreased ac-
cordingly. The data were analyzed using JMP statistical 
software (version 4, SAS Institute, Cary, NC).     

 RESULTS 

 Daytime and nighttime excretion of AVP was equiva-
lent throughout the dive, but the daytime excretion of 
the hormone was decreased at hyperbaria compared to 
the predive period, which continued through the NSL 
collection period (  Table I    ). The nighttime values showed 
a similar pattern, but the signifi cant decrease compared 
to the predive values did not occur until the NSL period. 
As expected, the decreased daytime AVP excretion was 
accompanied by decreased urine osmolality. The night-
time urine osmolality was lower than the daytime at 
predive, which we attribute to an unusual subject, who 
apparently drank excess fl uids on both nights during 
the predive period, resulting in a reduction in urine cre-
atinine values between daytime and nighttime collec-
tions of 80%. This would suggest an unusual fi vefold in-
crease in urine fl ow at night. Without fl uid intake values, 
this irregularity is without defi nitive explanation. Since 
the mean osmolality values were already low during the 
predive period, a further decrease at hyperbaria would 

  TABLE I.      MEAN ( �  SEM) URINARY EXCRETION OF ARGININE VASOPRESSIN (U AVP ), ALDOSTERONE (U ALDO ), SODIUM (U NA ), 
POTASSIUM (U K ), AND URINE OSMOLALITY (U OSM ).   

 Measurement 
 Collection

  Period 

 Pre-Dive  Dive  NSL 
 Pre vs.
  3–16† 

 Pre vs.
  32–33 

 Pre vs.
  3–33  DD  � 2  DD  � 1  DD 3  DD 10  DD 16  DD 32  DD 33 

 UAVP 
  (mU z mg � 1 Cr) 

 Day  30  �  14  21  �  2  12  �  1  9  �  2 �   12  �  5 �   7  �  1 �   10  �  1 �   0.0292  0.0132  0.01 
 Night  17  �  3  18  �  3  22  �  12  8  �  1  10  �  2  6  �  1  7  �  1  0.0367 

 UALDO
  (ng z mg � 1 Cr) 

 Day  11  �  3  11  �  4  8  �  2  5  �  1 �   13  �  4  11  �  2  9  �  1 
 Night  4  �  1*  4  �  1*  4  �  1  3  �  1  5  �  2*  5  �  1*  4  �  1 

 UOSM 
  (mOsm z kg � 1) 

 Day  829  �  82  853  �  107  613  �  79 �   526  �  48 �   654  �  154  548  �  148 �   472  �  94 �   0.0009  0.0002  0.0001 
 Night  542  �  94*  642  �  144  595  �  139  666  �  114  591  �  126  526  �  70  530  �  33 

 UNa
  (mEq z mg � 1 Cr) 

 Day  88  �  32  95  �  21  75  �  32  80  �  17  31  �  5 �   49  �  6 �   92  �  12 
 Night  107  �  32  103  �  12  88  �  19  96  �  15  76  �  12  63  �  11  66  �  7  .0311 

 UK
  (mEq z mg−1 Cr) 

 Day  68  �  3  77  �  6  61  �  6  36  �  4 �   29  �  4 �   44  �  6 �   55  �  7  0.0001  0.0001  0.0001 
 Night  37  �  7*  27  �  6*  46  �  2  34  �  5  47  �  4*  26  �  4*  25  �  3*  0.0144 

   NSL  �  near sea level.   
  †       �  Orthogonal comparisons of predive days −2 and −1 with the block of dive days indicated; values in these columns are probability ( P ) values rela-
tive to the indicated period of the corresponding row; only  P -values less than 0.1 are shown.   
 *    �   P  , 0.05 compared to corresponding Day value. +  �   P  , 0.05 compared to either Dive Day (DD) −2 or −1 of the corresponding row.   
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  TABLE II.        MEAN ( �  SEM) VALUES OF PLASMA OSMOLALITY (P OSM ), SODIUM (P NA ), AND POTASSIUM CONCENTRATION (P K ), AND 
HEMATOCRIT (HCT) IN SUPINE (S) AND 90° HEAD-UP TILT (HUT) POSITIONS, AND CHANGE IN PLASMA VOLUME ( � PV) 

IN RESPONSE TO HUT AT PREDIVE, DIVE, AND NEAR SEA LEVEL (NSL).   

 Measurement  Position 

 Pre-Dive  Dive  NSL 
 Pre vs.
  3–15 

 Pre vs. 
  32–33 

 Pre vs.
  3–33  DD  � 1  DD 0  DD 3  DD 11  DD 15  DD 32  DD 33 

 POSM 
  (mOsm z kg � 1) 

 S  300  �  2  298  �  2  306  �  2 �   302  �  3  312  �  2 �   300  �  2  300  �  3  0.0009  0.0109 
 HUT  303  �  1  298  �  1  311  �  2 �   306  �  2 �   312  �  1 �   301  �  2  303  �  3  0.0001  0.0001 

 PNa
  (mEq z L � 1) 

 S  147  �  1  145  �  1  147  �  1  146  �  1  151  �  1 �   146  �  1  146  �  1  0.035 
 HUT  148  �  1  146  �  1  148  �  1  147  �  1  152  �  1 �   146  �  1  146  �  1  0.0034  0.0901 

 PK
  (mEq z L � 1) 

 S  3.9  �  0.1  4.0  �  0.1  3.6  �  0.2  4.6  �  0.4 �   3.7  �  0.4  3.8  �  0.1  3.8  �  0.1 
 HUT  4.2  �  0.2  4.1  �  0.1  4.0  �  0.3  3.9  �  0.4*  3.6  �  0.1  4.0  �  0.1  4.0  �  1 

 Hct
  (% RBC)† 

 S  45  �  1  45  �  1  48  �  1 �   45  �  1  46  �  1  43  �  1  42  �  1  0.0104  0.0207 
 HUT  47  �  1*  48  �  1*  53  �  2*  48  �  1*  51  �  1* �   45  �  1*  46  �  2*  0.001  0.0712 

 DPV (%)   � 11  �  2   � 11  �  1   � 19  �  1 �    � 14  �  3   � 19  �  2   � 10  �  2   � 14  �  4  0.227  0.813 

  †       �  % blood volume composed of erythrocytes determined by Coulter counter. Orthogonal comparisons are as described for  Table I   .   
 *      �   P  < 0.05 compared to corresponding Supine value. +  �   P  < 0.05 compared to either Dive Day (DD) −2 or −1 of corresponding row.   

be less likely and probably accounts for the atypical 
response.   

 The urinary excretion of aldosterone revealed a strong 
circadian pattern with daytime greater than nighttime, 
which disappeared during the two days of collection at 
46 ATA, but returned after decompression to 37 ATA. 
This loss in circadian rhythm was due to a signifi cant 
decrease in the daytime excretion of aldosterone at 46 
ATA compared to the predive ( P  , 0.05, orthogonal 
comparison not shown). 

 The excretion of sodium exhibited no circadian pat-
tern and tended to decrease throughout the study, being 
signifi cantly reduced during the NSL period in the 
nighttime collection ( Table I   ). Urinary excretion of po-
tassium, on the other hand, revealed a clear circadian 
pattern during the predive period, refl ecting urinary al-
dosterone excretion, with the daytime excretion greater 
than the nighttime. Subsequently both urinary excretory 
patterns disappeared during the early exposure to 46 
ATA, with a return of aldosterone to normal values at 37 
ATA, and the potassium pattern reversed at 37 ATA, but 
was restored to normal during the NSL urine collections 
with daytime excretion of potassium again greater than 
nighttime. Plasma osmolality was increased in both the 
supine and upright tilt positions during all three experi-
ments at hyperbaria, compared to values at predive 
(  Table II    ).   

 Similarly, plasma sodium concentration was increased 
during the experiments at 37 ATA. The supine value of 
plasma potassium was increased on the second tilt ex-
periment conducted at 46 ATA, which resulted in a dif-
ference between the supine and upright values. This 
was the highest value seen in three of the four subjects, 
and with no obvious physiological explanation, we can 
only ascribe the cause to an unknown technical problem 
such as a slightly extended storage on ice before centrif-
ugation or slight hemolysis undetectable from hemato-
crit values. 

 We observed two episodes of syncope. One occurred 
in response to HUT in the second set of tilt experiments 
conducted at 46 ATA, and the other occurred in the same 
subject in the experiments conducted at 37 ATA. The 

syncope was associated with plasma AVP levels of 7.4 
and 10.6  � U z ml −1 , which were many fold higher than 
the mean values of the remaining subjects (      Fig. 2    ). These 
values were not included in the statistical analysis of the 
AVP response.  

 HUT during predive was associated with an increase 
in hematocrit and decrease in plasma volume by about 
11% ( Table II   ). The percent decrease in plasma volume 
was 19% in response to HUT during the fi rst tilt experi-
ments at 46 ATA, when the supine hematocrit was high-
est and, therefore, the basal plasma volume was likely 
the lowest. The change in plasma volume in response to 
HUT tended to be greater during all periods at hyper-
baria ( P   �  0.0227,  Table II   ), but the response was nor-
malized in the NSL experiments. 

 The cardiovascular responses to HUT revealed an in-
creased heart rate, maintained systolic blood pressure, 
and increased diastolic pressure in all periods of the 
study (  Table III    ). Virtually all signifi cant changes in the 
tilt values at hyperbaria were in association with paral-
lel changes in the supine and HUT values and, therefore, 
the magnitude of changes was similar. Thus the calcu-
lated cardiovascular index of deconditioning did not 
change with exposure to hyperbaria (data not shown).   

 Vasopressin was stimulated by HUT during both pre-
dive tilt experiments, but this response was eliminated 
during hyperbaria (     Fig. 2   ). In contrast, the modest PRA 
response to HUT did not reach statistical signifi cance, 
but was greatly exaggerated as exposure to hyperbaria 
continued, with HUT-stimulated values greater than 
predive stimulated values at 37 ATA with 15 d exposure 
to higher pressures  . This exaggerated response of PRA 
to HUT continued through the fi rst tilt experiments 
conducted at NSL, but returned to predive response 
levels in the tilt experiments conducted the next day. 
The response of plasma aldosterone to HUT was slight 
and not statistically signifi cant in the predive experi-
ments and in those conducted at 46 and 37 ATA. Addi-
tionally, the values of aldosterone following HUT on 
the fi rst day at 46 ATA were signifi cantly reduced com-
pared to the predive responses, and were not signifi -
cantly enhanced with extended exposure to hyperbaria, 
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   Fig. 2.     The vertical histogram bars represent mean values, and the 
error bars are  6  1 SE of the mean. p[AVP]  5  plasma arginine vasopressin 
concentration (mU  z  ml 2 1; 1 mU  5  2.5 pg  5  2.3 fMole); PRA  5  plasma 
renin activity (ng angiotensin I generated per ml plasma per hour at 37°C 
at pH 5.6); p[aldo]  5  plasma aldosterone concentration (ng  z  dl 2 1); 
p [ANP]  5  plasma atrial natriuretic peptide concentration (pg  z  ml 2 1). 
*  5   P   ,  0.05 compared to supine value on the same day,  1   5   P   ,  0.05 
compared to either or both predive values.    

as was seen with the PRA response. This apparent un-
coupling between PRA and aldosterone responses is 
further evidenced during the NSL exposure period 
where the PRA response to HUT was becoming normal-

ized, but the plasma aldosterone response was the most 
pronounced. 

 The inhibition of ANP in response to HUT was statis-
tically signifi cant only during the second set of predive 
tilt experiments. Both supine and upright values of 
plasma ANP were signifi cantly reduced at all three ex-
periments conducted at 46 and 37 ATA. During the NSL 
period, the HUT-inhibited values were no longer signifi -
cantly lower than the predive values.   

 DISCUSSION 

 Upright tilt at hyperbaria in the present studies was 
associated with orthostatic intolerance, as evidenced by 
two episodes of syncope in the same individual on DD 
11 and 15. In an attempt to determine if there were gen-
eralized cardiovascular changes that could predict or-
thostatic intolerance, or cardiovascular deconditioning 
that takes place at hyperbaria, we calculated the cardio-
vascular index of deconditioning in the analysis of the 
present data (data not shown), but a signifi cant increase 
in this measurement could not be documented as previ-
ously demonstrated at 31 ATA ( 1,12 ). Our results, there-
fore, did not reveal a generalized pattern, but confi rm 
that hyperbaria increases the susceptibility of some indi-
viduals. The subject that experienced syncope in the 
present studies was of similar fi tness, as could be judged 
by a maximum power output of 300 W compared to a 
mean of 338 W for the group, and his height and weight 
were within range of the others. He was 3 to 4 yr older 
than the others, at 39 yr of age, and his resting hemato-
crit values in the supine position were always the high-
est of the four divers, with only one exception, suggest-
ing a relatively reduced plasma volume and possibly a 
lesser state of training. Similar to a previous study ( 1 ), 
the incidences of syncope only occurred at hyperbaria 
and, therefore, would not appear to be associated with 
extended periods of reduced activity or confi nement. 
The lack of evidence for worsening cardiovascular re-
sponses or plasma volume changes to the HUT maneu-
ver argues against greater orthostatic intolerance at the 
greater pressures studied in the present work. 

 The present studies were also conducted to further 
clarify the hormonal responses that could better explain 
the hyperbaric diuresis. A hyperbaric diuresis could not 
be documented in the present study; however, daytime 
urine osmolality and AVP excretion and plasma concen-
trations were decreased during hyperbaria as shown in 
previous dry saturation dives to 31 ATA ( 3,4,6,22,26 ). 
The decrease in urine osmolality, most likely due to the 
reduced AVP, appears to be decreased in a pressure-
dependent manner when data from several published 
studies were analyzed ( 8 ). The primary mechanism for 
the decreased AVP was initially thought to be a direct 
consequence of reduced insensible water loss, which, 
when coupled with a constant water intake, lead to a re-
duced plasma osmolality and decreased AVP, causing a 
free water diuresis ( 10 ). However, more recent studies 
have demonstrated that even with an acute 60-min ex-
posure to as little as 3 ATA in air, with gas density at 
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approximately 3.3 kg z m −3 , a decrease in plasma AVP 
will result, thus ruling out a requirement for extended 
periods of decreased insensible water loss and accumu-
lation of free water ( 29 ). 

 Gas density may also play a role in the diuresis by 
causing negative pressure breathing, consequent in-
crease in thoracic blood volume, and increased cardiac 
volume receptor stretch. The threshold of gas density 
that is able to cause a diuresis is about 3.8 kg z m −3 , above 
which a diuresis will occur ( 18,20 ). For instance, no di-
uresis occurred at 4 ATA in the He-O 2  environment at a 
gas density of 1.82 kg z m −3  ( 27 ), but did occur at 3 ATA 
in a N 2 -O 2  environment at 3.79 kg z m −3  ( 23 ), and a diure-
sis did not occur at 2.5 ATA in a N 2 -O 2  environment at 
3.16 kg z m −3  ( 18 ). In the present dive, the gas density at 
37 and 46 ATA was 8.4 and 10.3 kg z m −3 , respectively, 
well above the threshold. However, negative pressure 
breathing induced by placing a mechanical resistance on 
the inspiration phase of respiration to a similar degree of 
negative pressure, as would be caused by these gas den-
sities, also leads to reduced plasma renin activity and 
increased ANP ( 7 ). Therefore, the diuresis that is depen-
dent upon increased gas density at slightly elevated 
environmental pressures may involve a natriuretic com-
ponent caused by these hormonal responses, unlike the 
increased renin-angiotensin-aldosterone activity re-
ported at pressures greater than 18.6 ATA ( 9 ). 

 As a fi nal consideration for the mechanism of the re-
duced AVP release at hyperbaria, the direct effects of 
pressure or the partial pressure of one of the gases can-
not be ruled out. Experiments by Osaka et al. ( 19 ) dem-
onstrated that exposure of conscious rats to 7 ATA in air 
reversibly reduced the fi ring rate of approximately two-
thirds of the hypothalamic neurons, while most neurons 
in the prefrontal cortex and central medial thalamus re-
mained unaffected. Such fi ndings suggest more direct 
effects of hyperbaria, or perhaps increased partial pres-
sures of oxygen or nitrogen specifi cally, on vasopressin-
ergic responses. Thus, factors other than plasma osmo-
lality and the effects of increased gas density may play a 
role in the hyperbaric suppression of AVP release and 
the attendant diuresis. 

 The AVP and PRA responses to HUT at 46 and 37 ATA 
in the present study were remarkably similar to re-

sponses previously observed at 31 ATA ( 15 ). That is, the 
AVP response was abolished during hyperbaria, and the 
PRA response, although similar to sea level responses in 
the early exposure period, became signifi cantly en-
hanced as the hyperbaria continued. Both the AVP and 
PRA responses returned toward predive values during 
the NSL period, which is also similar to the previous 
studies. The decreased basal AVP has been discussed 
above, and most likely explains the diminished response 
to HUT at hyperbaria. The enhanced PRA response seen 
in the present dive and others ( 4,15 ) is diffi cult to fully 
explain. On the one hand, plasma volume is reduced 
and may contribute to an exaggerated response, but this 
decrease in plasma volume has been shown to be tran-
sient with recovery after 7 d at 31 ATA ( 26 ). However, 
the PRA responses to HUT were greatest at that time 
( 15 ), similar to those responses in the present dive. The 
enhanced response is not likely due to enhanced sympa-
thetic stimulation of renin release because direct mea-
surements of sympathetic nerve activity in response to 
lower body negative pressure were reduced at 3 ATA, as 
well as basal sympathetic activity and plasma norepi-
nephrine levels ( 33 ). Furthermore, at 31 ATA, HUT was 
associated with a reduced increase in total peripheral 
resistance compared to the responses at 1 ATA, also sup-
porting a reduced sympathetic response to tilt at hyper-
baria. Since AVP is an effective inhibitor of renin release 
( 13,24 ), removal of the vasopressin inhibition probably 
contributes to the enhanced PRA response we observed 
in the present study. Also contributing to the increased 
PRA may be the reduced plasma levels of ANP we ob-
served throughout hyperbaria. Infusions of ANP, for in-
stance, have been shown to reduce PRA despite de-
creases in mean arterial blood pressure by 36 mmHg in 
spontaneously hypertensive monkeys ( 30 ); therefore, 
greatly reduced ANP levels would favor an enhance-
ment of renin release. 

 Unlike the AVP and PRA responses, the aldosterone 
responses in the present study were notably different 
than the previous studies. In the previous experiments 
performed at pressures between 18 and 31 ATA, the uri-
nary excretion of aldosterone as well as plasma levels of 
the hormone increased during hyperbaric exposure, cor-
responding to increased PRA ( 9 ). The increased urinary 

  TABLE III.        MEAN ( �  SEM) VALUES OF HEART RATE (HR), ARTERIAL SYSTOLIC BLOOD PRESSURE (SBP), ARTERIAL DIASTOLIC 
BLOOD PRESSURE (DBP), AND MEAN ARTERIAL BLOOD PRESSURE (MBP), IN RESPONSE TO SUPINE (S) AND 90° 

HEAD-UP TILT (HUT) AT PREDIVE, HYPERBARIA, AND NEAR SEA LEVEL (NSL).   

 Measurement  Position 

 Pre-Dive  Dive  NSL 
 Pre vs.
  3–15 

 Pre vs. 
  32–33 

 Pre vs.
  3–33  DD  � 1  DD 0  DD 3  DD 11  DD 15  DD 32  DD 33 

 HR
  (bpm) 

 S  61  �  2  64  �  2  54  �  3  66  �  2  62  �  4  71  �  4  67  �  3 
 HUT  74  �  5*  74  �  3  71  �  11*  73  �  4  69  �  5  91  �  6* �   83  �  4*  0.0481 

 SBP
  (mmHg) 

 S  120  �  4  121  �  5  115  �  2  144  �  4 �   126  �  4  120  �  4  118  �  3  0.0045  0.0641 
 HUT  118  �  4  119  �  4  118  �  4  143  �  3 �   125  �  1  117  �  4  113  �  3  0.0003  0.0326 

 DBP
  (mmHg) 

 S  76  �  1  74  �  1  73  �  4  90  �  7 �   85  �  3 �   76  �  1  74  �  2  0.0381 
 HUT  86  �  3*  84  �  3*  90  �  6*  94  �  3  91  �  3  85  �  2  83  �  4 

 MBP
  (mmHg) 

 S  90  �  2  89  �  2  87  �  3  108  �  5 �   98  �  3 �   91  �  2  89  �  2  0.0104  0.0726 
 HUT  97  �  4  96  �  2  99  �  5*  111  �  2 �   102  �  2  96  �  3  93  �  3  0.0146 

   The table arrangement and symbols are as described for  Table II   .   
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aldosterone excretion occurred during both daytime and 
nighttime ( 4 ). The present results are in contrast with 
those previous studies since daytime urinary excretion 
of aldosterone decreased during the 46 ATA exposure, 
and recovered to baseline values when the chamber 
pressure was reduced to 37 ATA, while nighttime values 
did not change over time. The plasma values of aldoste-
rone tended to be lower at 46 ATA and thus refl ected the 
daytime urinary excretion of the hormone, providing 
confi rmation of the daytime response. The decrease in 
daytime urinary excretion of aldosterone caused the 
typical circadian rhythm to be lost at 46 ATA, and in gen-
eral, periods of decreased aldosterone were accompa-
nied by decreased urinary potassium excretion, which is 
also contrary to most studies, which report an increased 
urinary potassium excretion at hyperbaria ( 9 ). 

 Most remarkable is the clear uncoupling between 
plasma aldosterone and PRA that occurred during the 
NSL tilt experiments in the present experiments. The 
modest tilt-induced stimulation of aldosterone at 1 ATA 
in the predive control period and during the entire dive 
period was not increased signifi cantly in any individual 
experiment, which is nearly identical to responses in 
previous experiments where plasma aldosterone was 
measured in response to tilt at 31 ATA. However, during 
the NSL experiments, the plasma levels of aldosterone 
were signifi cantly elevated in both tilt experiments de-
spite a reduced PRA response. Altered electrolyte re-
sponses to the tilt were not detected over the course of 
the study and are, therefore, not likely contributors to 
the heightened aldosterone response during the NSL 
experiments. 

 The present studies confi rm our earlier observations 
of decreased basal plasma ANP concentration at hyper-
baric exposures to 37 and 46 ATA, and further demon-
strate that not only the exercise-stimulated levels are 
decreased, as determined previously ( 2 ), but also the 
HUT-suppressed levels are decreased. The plasma lev-
els were consistently suppressed for all six samples 
taken at hyperbaria in the present study. Two studies 
have reported that exposure to hyperbaria ranging from 
16 to 31 ATA increased the urinary excretion of ANP 
and, importantly, the increase occurred only at night 
( 16,28 ), concurrent with the hyperbaria-induced diure-
sis which is most prevalent at night ( 9 ). In both of those 
studies, the daytime ANP excretion was decreased at 
hyperbaria, albeit not to a statistically signifi cant degree. 
We are unaware of any reports where plasma ANP has 
been measured at night, and none of the reports of day-
time plasma ANP measurements have shown a consis-
tent pattern of increased or decreased ANP levels at at-
mospheric pressures of 16 ATA or greater ( 16,17,22 ). 
Given the fact that the kidney is a major metabolism site 
of ANP ( 32 ) and that plasma levels and urinary levels 
can respond in opposite directions ( 25 ), assessment of 
urinary levels of the hormone to estimate integrated 
plasma levels is subject to pitfalls and must be inter-
preted cautiously. Nevertheless, there may be a diurnal 
pattern of ANP at hyperbaria, such that nighttime levels 
are exaggerated and daytime levels are suppressed, al-

though this will require confi rmation with analysis of 
plasma levels. At lesser hyperbaric pressures of 2 and 3 
ATA in air, and with brief 5-min exposures, a pressure-
dependent sixfold increase in ANP has also been re-
ported in human subjects, but the acute nature of the 
study precludes meaningful comparisons to the pro-
longed exposures of other studies, and is not in agree-
ment with one other study of prolonged exposure at 2.5 
ATA, where no change in plasma ANP was observed. 

 We currently have no explanation for the observed de-
creased ANP levels in this study and the previous study 
by our group ( 2 ). The Trimix gas mixture used in the 
present studies was similar to that used in the previous 
dives to 61 and 46 atm reported by Moon et al. ( 17 ), and 
not greatly different from the studies done at 16 and 21 
ATA ( 16 ). Differences in posture would not seem to be 
important because we have observed decreased ANP at 
hyperbaria in the supine and upright passive standing 
position in the present studies, and in the seated resting 
condition and exercise conditions previously ( 2 ); the de-
creased ANP persisted throughout the course of hyper-
baria in both studies. A decrease in ANP would be ex-
pected during a volume depleted state, which has been 
documented extensively in hyperbaric exposures to pres-
sures used in these studies and others ( 3,26 ). Lastly, the 
enhanced PRA response late in the hyperbaric exposure 
is consistent with decreased ANP levels and decreased 
vasopressin levels. Taken together, the ANP results are 
internally consistent and consistent with concurrent 
body fl uid and hormonal status, and consistent with an 
earlier study at a similar atmospheric pressure, but inex-
plicably not in agreement with other previous reports.     

 Conclusions 

 The present studies reveal a similar pattern of ortho-
static intolerance as previously reported during HUT at 
hyperbaric exposures, and although these tilt table ex-
periments were conducted at the greatest pressures to 
date, there was no evidence of a greater degree of ortho-
static tolerance. Similarly, the hormonal responses of 
AVP and PRA to the 90° HUT at 46 and 37 ATA in the 
present studies were remarkably similar to the results of 
identical studies conducted at 31 ATA ( 15 ), and the ANP 
response to hyperbaria was reduced as reported previ-
ously by our laboratory ( 2 ). The primary difference 
noted in these studies was the response of plasma con-
centrations of aldosterone. Plasma aldosterone revealed 
an atypical tendency for decreased levels at hyperbaria, 
and then an uncoupling with PRA and exaggerated tilt-
induced increase during the late decompression phase 
at NSL. It is hoped that further investigation into these 
salt-regulating hormones with superimposed stimuli 
such as exercise, or head up or head down tilt, or per-
haps immersion, will be studied to characterize the re-
sponse of these hormone systems at hyperbaria. 

 Lastly, as with most deep saturation dive studies, the 
number of subjects in the present study was limited. The 
statistics applied can only determine if a response over 
time among those limited subjects, in this case four, is 
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likely or not likely to be accounted for by chance; the 
statistical power is generated by taking several repeated 
samples in the same subjects in various phases of the 
dive. The risk of generalizing the data to the overall 
population becomes greater as the studied population 
deviates from the overall population, and with the pres-
ence of unaccounted for experimental factors that affect 
measured variables.      
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