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Background Inhalation of a gas mixture containing 50% nitrous 
oxide in oxygen (N20/02)  is widely used for pain relief in emer- 
gency situations, which may also be associated with blood loss. 
The aim of this study was to evaluate the haemodynamic effects 
of this gas mixture in normo- and hypovolaemic subjects. 
Methods: Six healthy males were studied during inhalation of 
N20/02 before and after withdrawal of 900 ml of blood. On 
each occasion, we measured systemic and pulmonary arterial 
pressures, cardiac output, blood gases, extravascular lung water, 
and the blood flow and oxygen consumption in the whole body, 
liver and kidneys. 
Results: Inhalation of N 2 0 / 0 2  reduced the stroke volume and 
increased peripheral resistance. Oxygen uptake decreased in the 
liver (-30%) and in the whole body (-23%). Blood withdrawal 
reduced the pulmonary arterial and central venous pressures 
(-30 to -50%) and further decreased stroke volume and the 

blood flows to the liver and the kidney (- 15%). The extravascu- 
lar lung water tended to increase both during inhalation of 
N20 / O2 and during hypovolaemia. 
Conclusion: N20/ O2 aggravated the hypokinetic circulation in- 
duced by hypovolaemia. However, the oxygen consumption de- 
creased only during inhalation of N20/02. This opens up the 
possibility that the cardiodepression associated with N 2 0 /  O2 is 
caused by a change in metabolic demands. 
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NHALATION of a gas mixture containing equal I amounts of nitrous oxide and oxygen (50% / 50% of 
N20/02)  is often used for pain relief in emergency 
situations and during ambulance transport. The 
prompt onset of analgesic action, low risk of overdose 
and the fact that administration is non-invasive and 
can be carried out by paramedics have contributed to 
the popularity of this treatment. 

The haemodynamic effects of N20/  O2 have been 
studied during other forms of anaesthesia. They com- 
prise a reduction of cardiac output and an increase in 
the peripheral resistance (1, 2). However, little is 
known about the haemodynamic effects of N20/02  
in awake subjects. In particular, it is unclear whether 
the possible cardiodepression due to N20 / O2 would 
make this mixture unsuitable during hypovolaemia, 
which is common in emergency situations. 

In the present report, we investigate the effects of 
N 2 0 / 0 2  on the central and regional haemodynamics 
and on oxygen consumption in awake human volun- 
teers. We also study how these effects are altered by 
hypovolaemia. Special attention is paid to the 
splanchnic and renal blood flows, which are sites of 

potential interactions between N 2 0  / O2 and hypovo- 
laemia. Splanchnic vasoconstriction has been reported 
after blood loss (3) and inhalation of N 2 0 / 0 2  (4, 5). 
The renal blood flow is probably well maintained dur- 
ing moderate bleeding (6), but a reduction occurs dur- 
ing inhalation of N 2 0 / 0 2  (5, 7). 

Material and methods 
We studied 6 healthy and athletic male firemen who 
fulfilled the criteria for blood donors in our hospital. 
Their mean age was 26 years (range 21-34), mean 
height 186 cm (range 183-192) and weight 79 kg 
(range 72-87) and all were experienced “paid volun- 
teers” at the Department of Physiology at Huddinge 
University Hospital. They had given their informed 
consent to participate in the study, which was ap- 
proved by the Local Ethics Committee. The purpose, 
extent and risks involved in the study were explained. 
Those who agreed to participate were further in- 
formed both orally and in writing about the study. It 
was pointed out that a volunteer could withdraw 
from participation at any time without giving any rea- 
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son for doing so. The study was performed at the De- 
partment of Physiology with full emergency equip- 
ment available and always in the presence of at least 
one anaesthesiologist. The entire experiment, includ- 
ing catheterizations and measurements, required 
about 4 hours. Blood sampling volumes were kept to 
a minimum but required about 150 ml of blood for 
each experiment. 

Experimental procedure 
After an overnight fast, the subjects were investigated 
in the morning lying comfortably on a bed. They were 
catheterized and, after a resting period of 30 min to 
achieve physiological steady state, they inhaled a mix- 
ture of 50% nitrous oxide and 50% oxygen during 30 
min via a non-rebreathing anaesthesia circuit with a 
fresh gas flow of 7 1 min-l. Excess gas was evacuated 
from the room. Measurements were performed at the 
end of this 30-min period. Thereafter, they inhaled 
100% O2 during 5 min to prevent diffusion hypoxia. 
After that, 900 ml of blood (about 15% of the blood 
volume) were withdrawn using conventional blood 
donor equipment, which required about 20 min. The 
subject was then breathing either room air (n=3) or 
N 2 0 / 0 2  (n=3) in the hypovolaemic state during an- 
other 30 min before the next measurement was per- 
formed. Finally, the subjects who had breathed nor- 
mal air were given N 2 0 / 0 ,  during 30 min, and air 
was supplied to those who had breathed N 2 0 / 0 2  
(Fig. 1). The final measurement was performed, and 
the withdrawn red blood cells were returned. 

The purpose of using a double protocol was to elim- 
inate any time dependence of the pooled results. 
Thus, significant changes in the parameters could be 
disclosed only if the change occurred regardless of 
whether bleeding preceded the breathing of N20 / O2 
or the opposite order of events was studied. 

Measurements of haemodynamics were done at the 
end of the initial resting period and after each combi- 
nation of N 2 0 / 0 2  and blood withdrawal. The 30-min 
period with each treatment before measurements 
were performed was considered sufficient for physio- 
logical steady state to be established. 

bleeding bleeding 

Fig. 1 .  Experimental design. Measurements were done at the end of 
each 30-min period, which is illustrated by a box. 

Catheterization 
A triple-lumen thermistor-tipped balloon catheter 
(Swan-Ganz@', Edwards Laboratories, Santa Ana, CA, 
USA) was introduced percutaneously using a sleeve 
technique into a medial cubital vein and was ad- 
vanced under fluoroscopy to the pulmonary artery. 
This catheter was used for the measurement of cardiac 
output and pulmonary artery pressures. The femoral 
vein was punctured using a sleeve technique and a 7F 
Cournand catheter was advanced to the left renal vein 
under fluoroscopic guidance. By the same technique 
an 8F Cournand catheter was inserted from a femoral 
vein into the right hepatic vein. 

Blood samples were collected from these catheters 
to measure the blood flows and the oxygen uptake 
in the kidneys and in the liver. A thermistor-tipped, 
fibreoptic catheter (Pulsion AG, Munich, Germany) 
was introduced percutaneously using a sleeve tech- 
nique into the femoral artery and was advanced to the 
thoracic aorta under fluoroscopic control. It was used 
for the recording of extravascular lung water and cen- 
tral blood volume. The left brachial artery was also 
catheterized, as was a peripheral vein, for the continu- 
ous infusion of indocyanine green (8, 9) and para- 
amino hippuric acid (10, ll), which are standard 
methods for measurement of the splanchnic (liver) 
and renal blood flows. 

Blood flow determinations 
Cardiac output (CO) was measured by thermodilu- 
tion (Edwards Laboratory model 5720) with injection 
of 10 ml cold (0 to +4"C) 5% glucose solution. The 
splanchnic (liver) and renal blood flows were deter- 
mined by continuous indicator techniques, using 
indocyanine green and para-amino hippuric acid, re- 
spectively. The concentration of these indicators was 
1.05 g 1-' and 15 g 1-*, respectively, and both were 
infused intravenously at a rate of 0.764 ml min-' 
(0.802 mg min-I). Forty-five minutes of continuous 
infusion were allowed for equilibration in the awake 
state. Blood flow was calculated by the Fick principle 
from the infusion rate of these indicators and the dif- 
ference in their concentration between arterial blood 
and the blood in the hepatic and renal veins. Each 
reported blood flow determination used in the stat- 
istics was the mean of 3 to 5 measurements (8-11). 

Pressure measurements 
The pulmonary arterial pressure was recorded and, 
by inflating the balloon at the tip of the catheter, the 
vessel was occluded so as to allow measurement of 
pulmonary capillary wedge pressure. The central ve- 
nous pressure was measured in the right atrium via a 
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side-hole in the catheter. The systemic arterial press- 
ure was measured by means of the brachial artery 
catheter. 

Volume measurements 
The blood volume before the experiments was meas- 
ured by the radio-albumin method (1311-RIHSA) and 
the changes were estimated from the dilution of the 
blood haemoglobin concentration (B-Hb) after con- 
sidering any loss of Hb (1513). The total thermal vol- 
ume (TTV) (distribution volume for temperature be- 
tween the injection point and sampling point, right 
atrium-thoracic aorta), central blood volume (CBV) 
(distribution volume for dye) and “extravascular lung 
water” (EVLW) were measured using a lung water 
computer system (Partig, System Cold, Munich, Ger- 
many). An indicator bolus of dye was dissolved in 10 
ml glucose 5% (0-2°C) and injected within 1 s by a 
temperature-controlled syringe into the right atrium. 
The dilution curves for dye and temperature were ob- 
tained from the aorta with the thermistor-tipped 
fibreoptic catheter and recorded as a function of time 
by the computer, which calculated the mean transit 
times (MTT) for the indicators (14). The variables TTV, 
CBV and EVLW were then calculated as follows: 

TTV=COXMTT thermo; CBV=COXMTT dye; 
EVLW =TTV - CBV 

The temperature of the injected solutions used in the 
calculations was corrected for catheter dead space, 
taking into consideration the different proportions of 
the catheter that lay intravascularly and in room air. 
All measurements were made 5 times, the injections 
being distributed randomly over the respiratory cycle. 

Oxygen content of blood and oxygen uptake 
The acid-base balance, blood gases, oxygen saturation 
and haemoglobin concentration of arterial and mixed 
venous blood were determined by spectrophotometry 
(OSM-2, Radiometer, Copenhagen, Denmark). Total 
body oxygen uptake was calculated as the product of 
cardiac output and the arterial-mixed venous oxygen 
content difference, and the splanchnic and renal oxy- 
gen uptakes were deduced from their blood flows and 
the arterial-hepatic venous and arterial renal-venous 
oxygen content differences. 

Stat is tics 
The results are presented as the mean and standard 
error of the mean (SEM). The changes from baseline 
were studied by repeated-measures analysis of vari- 
ance (ANOVA), followed by Dunnett’s test. Two-way 
factorial ANOVA was used to evaluate the separate 
effects of N20/0,  and hypovolaemia on the meas- 

ured physiological parameters. This test also detects 
interactions between N20 / O2 and hypovolaemia that 
increase or decrease their respective effects when 
combined. PC0.05 was considered statistically sig- 
nificant. 

Results 
Subjective effects 
Inhalation of N,0/O2 caused a moderate sedation 
that was enhanced by hypovolaemia. One volunteer 
experienced euphoria from N20/0 ,  and 2 reported 
transient nausea when hypovolaemia was induced. 
After the experiment, none of the volunteers con- 
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Fig. 2. Central haemodynamics (upper), stroke volume and blood 
flows (middle) and oxygen uptake (lower) during experiments with 
N2O/O2 with and without hypovolaemia in healthy men. Data are 
mean+SEM. A significant change from baseline is indicated as fol- 
lows: * P<0.05. 
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Table 1 

Central haemodynamics, extravascular lung water and blood volume in experiments with inhalation of a N20/02 mixture and with blood 
withdrawal in 6 healthy males (mean, SEM). 

N20/02 and 
Baseline NzO/Oz Hypovolaemia hypovolaemia 

Systemic arterial pressure (mmHg) 
Systolic 
Diastolic 
Mean 

Heart rate (bpm) 
Cardiac output (l/min) 
Stroke volume (ml) 
Central venous pressure (mmHg) 
Pulmonary artery pressure (mmHg) 

Systolic 
Diastolic 
Mean 
Wedge 

Pulm. vasc. resistance (mmHg.min/l) 
Syst. vasc. resistance (mmHg.min/l) 
Extravascular lung water (mllkg) 
Central blood volume (I) 
Arterial B-Hb concentration (@I) 
Total blood volume (I) 

11223 
6622 
8322 
5222 

7.920.6 
151 27  
5.350.4 

19.720.9 
10.220.6 
13.720.7 
10.020.6 
0.4720.03 
10.0?0.7 
5.720.2 

2.19?0.31 
14924 

6.7520.19 

11623 
692 1 
8924 
5325 

6.920.4' 
131 27' 
6.320.5 

20.320.8 
10.320.4 
14.820.4 
10.720.6 
0.6020.08 
12.321 .O' 
7.320.8' 

2.45 20.47 
151 ?4* 

6.6420.20 

11324 
6524 
8424 
6024 

7.220.3 
124'9' 
2.7+0.9' 

14.0?0.9* 
6.020.7 
9.520.6' 
5.820.6' 

0.5520.08 
10.820.5 
6.520.6 

2.0821.21 
14324' 

*6.10+0.18' 

10823 
6324 
81 24 
5922 

6.620.4' 
114210' 
3.550.7 

14.720.6' 
5.821 .1' 
9.720.8' 
6.220.9' 

0.6220.15 
12.621.0' 
9.1 20.9' 

2.1 320.35 
14325' 

6.10+0.18* 

* Difference from baseline significant at R 0 . 0 5  by ANOVA, followed by Dunnett's test. 

sidered the N20/ O2 or the period of hypovolaemia to 
have been distressing. No complications occurred that 
could be related to the catheterizations. 

N2O/O2 breathing 
Inhalation of N20/ O2 alone reduced stroke volume 
(- 13%) and increased the calculated systemic vascu- 
lar resistance (+23%) but did not affect heart rate. 
Cardiac output and the splanchnic and renal blood 
flows decreased by between 13% and 16% (one subject 
with nausea had an increase in cardiac output). The 
systemic and pulmonary vascular pressures were 
essentially unaltered (Table 1, Fig. 2, upper and 
middle). 

There was also a decrease in oxygen uptake by 23% 
in the whole body and by 30% in the splanchnic re- 
gion. The mean oxygen uptake decreased by 29% in 
the kidney, but this was not significant (Fig. 2, lower). 
Arterial oxygenation was increased, as expected, dur- 
ing the breathing of N20/02.  The acid-base balance 
was not affected. 

Central blood volume increased in 5 of the 6 volun- 
teers, which was not significant, but the extravascular 
lung water increased in all the volunteers (Table 1). 

Hypovolaem ia 
The use of B-Hb as an indicator of dilution indicated 
that the withdrawal of 900 ml of blood decreased the 
blood volume by only 650 ml on average (- 10%). The 

central blood volume, however, decreased by only 
about 100 ml (-5%). 

Hypovolaemia was followed by a marked decrease 
in the pulmonary arterial pressure and the central ve- 
nous pressure (-30% to -50%), while there were no 
changes in systemic arterial pressure. Stroke volume 
and the blood flows in the splanchnic region and in 
the kidneys remained significantly reduced (-17% 
to -l8%), but the heart rate tended to rise (Table 1, 
2). 

Oxygen uptake was not significantly altered. Ar- 
terial oxygenation was as good as during baseline 
conditions, and there was no acidosis. 

The central blood volume was essentially unaf- 
fected by the removal of blood. The extravascular 
lung water tended to increase (Table 1, 2). 

N2O/O2 and hypovolaemia 
The combination of N 2 0  / O2 and hypovolaemia de- 
creased stroke volume more than N20/02  alone 
(P<0.05), the total change being -24%. This was not 
fully compensated for by an increase in heart rate. All 
blood flows remained low, even lower than during 
N20 / O2 breathing or hypovolaemia alone. The effect 
on vascular pressures was the same as for hypovolae- 
mia alone, and consisted in a reduction in pulmonary 
arterial and wedge pressures and essentially un- 
altered systemic arterial pressure. However, the sys- 

488 



t

Table 2 

Blood flow and oxygenation in experiments with inhalation of a N20/02 mixture and with blood withdrawal in 6 healthy males (mean, SEM). 

No+Oz and 
Baseline NzO+02 Hypovolaemia hypovolaemia 

Blood flow (Vmin) 
Splanchnicus 
Kidney 

Arterial blood gases and acid-base balance 
PO2 (kPa) 
so;! ("10) 
PCOZ (kPa) 
PH 
Standard HC03 (mmolll) 
Base excess 

Whole body 
Splanchnicus 
Kidney 

Whole body 
Splanchnicus 
Kidney 

A-V oxygen content difference (ml/l) 

Oxygen uptake (mllmin) 

1.4320.07 
1.5720.07 

13.720.6 
98.220.4 
5.420.2 

7.4020.01 
24.5t0.3 
0.220.3 

50.222.3 
50.524.5 
15.020.4 

400 2 37 
71 2 6  
2422 

1.2020.13' 
1.3320.08' 

31.025.2' 
99.220.2' 
5.220.6 

7.41 20.02 
24.320.8 
-0.520.3 

45.523.9 
43.8k5.3 
11.923.7 

308222' 
5024' 
1726 

1.1920.09' 
1.3020.1 1' 

13.420.8 
97.520.6 
5.320.3 

7.40 2 0.02 
24.0k0.3 
-0.520.3 

53.521.6 
48.823.9 
16.82 1.4 

387221 
5928 
2223 

1.03t0.09* 
1.18?0.06* 

34.1 2 1.7' 
99.OkO.Y 
5.3t0.6 

7.3920.01 
23.7k0.3 
-0.520.5 

46.023.2 
52.327.2 
11.323.3 

304 2 27' 
52 2 6' 
1425 

Difference from baseline significant by R0 .05  by ANOVA followed by Dunnett's test. 

temic vascular resistance increased to the same level 
as during NzO/Oz breathing alone. 

Oxygen uptake was reduced in the whole body as 
well as in the splanchnic region. The oxygen uptake in 
the kidneys decreased in 5 of the 6 volunteers. These 
changes were similar to those observed during N20 / 
O2 breathing (Fig. 2, lower). Arterial oxygenation was 

Table 3 

Two-way analysis of variance for the sparate effects of N20/02 and 
hypovolaemia on physiological parameters. Although K 0 . 0 5  was 
considered significant in this study, effects having a significance level 
of between R0.10 and R 0 . 0 5  are also displayed. The significance 
level is shown and the direction of each change is indicated by an 
arrow. 

Heart rate 
Cardiac output 
Stroke volume 
Central venous pressure 
Pulmonary artery pressure 
Peripheral resistance 
Extravascular lung water 
Splanchnic blood flow 
Renal blood flow 
PO2 
SO2 
HC03- 
Oxygen uptale, whole body 
Oxygen uptake, liver 
Oxygen uptake, kidney 

0.07.1 
0.095 

0.03'? 
0.01 f 
0.06.1 
0.031 
0.001 7 
0.0037 

0.0051 
0.04.1 
0.09l 

0.08T 

0.02.1 
0.001 1 
0.001 1 

0.087 
0.04.1 
0.01 .1 

0.08& 

No interactions were found. 

also as good as during N20/Oz breathing alone, and 
there were no signs of acidosis. 

The central blood volume remained unchanged 
compared to baseline, but the extravascular lung- 
water volume increased significantly to become 
greater than during N20/02  breathing or hypovolae- 
mia alone (Table 1, 2). 

The separate effects of NzO/Oz and hypovolaemia 
on the haemodynamic parameters at all points in time 
were analysed by two-way analysis of variance. The 
results showed that both N20/OZ and hypovolaemia 
acted as independent predictors when reducing stroke 
volume and the blood flows to the the liver and kid- 
ney. No interactions between these parameters were 
found (Table 3). 

N20/02 Hypovolaemia 

Discussion 
N2O/O2 breathing 
The present study confirms that inhalation of NzO/ 
O2 decreases cardiac output (1, 2) and the blood flow 
to the splanchnic region and the kidneys (4, 5). How- 
ever, the decrease in the arteriovenous difference for 
oxygen content suggests that the decrease in blood 
flow was due to reduced oxygen consumption. 

This view constitutes an important adjunct to pre- 
vious reports, in which the haemodynamic effects of 
N20/OZ have usually been thought to reflect direct 
cardiodepression. Our data open up the possibility 
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that much of the cardiodepression associated with 
N 2 0 / 0 2  is secondary to a change in the metabolic rate 
which reduces the need for oxygenated blood in sev- 
eral important organs. 

The same metabolism-induced change of blood 
flow might also account for the increase in peripheral 
vascular resistance. Alternatively, it is associated with 
the mild sympathomimetic effect exerted by N20  
(15). 

Hypovolaem ia 
The haemodilution indicated that the blood volume 
decreased only by 2 /3  of the withdrawn volume, 
which suggests that capillary refilling operated as a 
physiological defence mechanism against hypovolae- 
mia. Diffusion of fluid from the interstitial compart- 
ment to the blood vessels is believed to occur very 
slowly in non-hypotensive bleeding (12). The rate of 
capillary refilling in the present study was much 
faster, however, and is more consistent with that pre- 
viously observed during hypotensive bleeding in the 
dog (16). 

Withdrawal of blood still resulted in a hypokinetic 
circulation but, as expected, the systemic vascular 
pressures remained normal. Pulmonary vascular 
pressures, on the other hand, were reduced, and there 
was no significant increase in pulmonary vascular re- 
sistance. The fall in renal blood flow induced by the 
withdrawal of blood is interesting because there 
is little comparable data on humans and most ani- 
mal studies indicate that this flow may be preserved 
(6). 

N 2 0 / 0 2  and hypovolaemia 
The design of the study is such that the haemodyn- 
amic responses to inhalation of N 2 0 / 0 2  and to blood 
loss can be studied separately, as well as in combi- 
nation. One important result of our statistical analyses 
is the lack of interactive effects between N20/02  and 
hypovolaemia. Thus, the influence of these par- 
ameters on haemodynamics can be regarded as the 
sum of them. 

This means that strong physiological effects may oc- 
cur only when the direction of the changes induced 
by N20/02  and hypovolaemia are the same. In par- 
ticular, inhalation of N 2 0 /  0, aggravates the hypoki- 
netic circulation induced by hypovolaemia. However, 
the oxygen uptake in the tissues was down-regulated 
by N,O/O, but not by blood loss. Therefore, blood 
loss imposes a risk of peripheral hypoxaemia whereas 
this is not the case with the reduction of blood flow 
caused by N,O/O,. On the other hand, the present 
results illustrate that a blood loss of 900 ml is not 
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enough to create hypoxaemia, as no metabolic aci- 
dosis became evident. 

Central blood volume 
The central blood volume increased slightly during 
the inhalation of N 2 0 / 0 2  in most volunteers, the av- 
erage change for the entire group being 0.26 1. This 
suggests that N20/02 does not contribute to the shift 
of blood from the thoracic cavity previously described 
during general anaesthesia with halothane and 
muscle paralysis (17). Bleeding was also followed by 
a marginal change in central blood volume, despite a 
decrease in the total blood volume of 10%. The net 
effect of NZ0/O2  and hypovolaemia combined on the 
central blood volume was preservation of the volume 
compared to baseline. Why the central blood volume 
is maintained or even increased under the different 
conditions in the present study is not clear. It may be 
due to either differences in vascular tone in different 
vascular beds or simply to a reduced cardiac output, 
promoting right-heart filling. 

Practical implications 
Our study gives little reason to withhold N 2 0 / 0 2  
from patients during transport to hospital. The reduc- 
tion of blood flow is probably beneficial during haem- 
orrhage; if the delivery of blood is also limited to the 
injured site, the total loss of blood should be reduced. 
In addition, hypoxia in vital organs is countered by 
the breathing of 50% 02. The reduced oxygen uptake 
from breathing N 2 0 / 0 2  may also have a protective 
effect on tissue oxygenation. Despite the reduced 
blood flows, the combination of N 2 0 / 0 2  and hypovo- 
laemia did not increase the arteriovenous difference 
in oxygen content above baseline values. 

One should note, however, that the present study 
-was performed in young men in good physical con- 
dition. Possible contraindications for N20/  O2 still in- 
clude patients with coronary arterial occlusions, who 
may show signs of a failing heart (18) and myocardial 
ischaemia (19) when used during general anaesthesia. 
Furthermore, the tendency for N20/  O2 to pool blood 
in central parts of the body and to increase the extra- 
vascular lung water might be unsuitable in patients 
with severe congestive heart disease. In addition, cau- 
tion is advisable in those with suspected brain oed- 
ema, since N20/02  is known to increase the cerebral 
blood flow (5, 20). 

Acknowledgements 
We are indebted to Dr Lennart Bergenwald and Dr Leif Tokics, 
Department of Anaesthesia, and Dr Bo Lantz, Department of 



Nitrous oxide and haemodynamics 

Transfusion Medicine, Huddinge University Hospital, Huddin- 
ge, Sweden, for their assistance during the experiments. 

References 
1. Eisele JH, Smith NT. Cardiovascular effects of 40 percent 

nitrous oxide in man. Anesth Analg 1972: 51: 956-962. 
2. McDermott R, Stanley TH. The cardiovascular effects of low 

concentrations of nitrous oxide during morphine anesthesia. 
Anesthesiology 1974: 41: 89-91. 

3. Johnson JM. Skin, muscle and splanchnic circulations. In: 
Secher N, Pawelczyk J, Ludbrook J, eds. Blood loss and 
shock. London: Edward Arnold, 1994: 133-143. 

4. Cooperman LH, Warden JC, Price HL. Splanchnic circula- 
tion during nitrous oxide anesthesia and hypocarbia in nor- 
mal man. Anesthesiology 1968: 29: 254-258. 

5. Seyde WC, Ellis JE, Longnecker D. The addition of nitrous 
oxide to halothane decreases renal and splanchnic flow and 
increases cerebral blood flow in rats. Br J Anaesth 1986: 58: 
63-68. 

6. Anderson WP, Szknisi G. Regional blood flow - renal. In: 
Secher N, Pawelczyk J, Ludbrook J, eds. Blood loss and 
shock. London: Edward Arnold, 1994: 121-131. 

7. Yaster M, Koehler RC, Traystman RJ. Interaction of fentanyl 
and nitrous oxide on peripheral and cerebral haemodyn- 
amics in newborn lambs. Anesthesiology 1994: 80: 364-371. 

8. Bradley SE, Ingelfiunger FJ, Bradley GP, Curry JJ. The esti- 
mation of hepatic blood flow in man. J Clin Invest 1945: 24: 
890-897. 

9. Uusaro A, Raukonen E, Takala J. Estimation of splanchnic 
blood flow by the Fick principle in man and problems in the 
use of indocyanine green. Cardiovasc Res 1995: 30: 106-112. 

10. Smith HW, Finkelstein N, Aliminosa L, Crawford B, Graber 
M. The renal clearances of substituted hippuric acid deriva- 
tives and other aromatic acids in dog and man. Clin Invest 
1945: 2 4  388404. 

11. Bergstrom JH, Bucht H, Ek E, Josephson B, Sundell H, Wer- 
ko L. The renal extraction of para-aminohippurate in normal 
persons and patients with diseased kidneys. Scand J Clin Lab 
Invest 1959: 11: 361-375. 

12. Lister J, McNeill IF, Marshall VC, Plzak VC, Dagher FJ, 
Moore FD. Transcapillary refilling and dispersal of saline 
infusions following acute blood loss. Ann  Surg 1963: 158: 
698-712. 

13. Hahn RG. A haemoglobin dilution method (HDM) for esti- 
mation of blood volume variations during transurethral 
prostatic surgery. Acta Anaesthesiol Scand 1987 31: 572-578. 

14. Mihm FG, Feeley TW, Rosenthal MH, Lewis F. Measurement 
of extravascular lung water in dogs using the thermal-green 
dye indicator dilution method. Anesthesiology 1982: 57: 116- 
122. 

15. Ebert TJ. Differential effects of nitrous oxide on baroreflex 
control of heart rate and peripheral sympathetic nerve activ- 
ity in humans. Anesthesiology 1990: 72: 16-22. 

16. Swan H. Experimental acute hemorrhage. Arch Surg 1965: 
91: 390-406. 

17. Hedenstierna G, Strandberg A, Brismar 8, Lundqvist H, 
Svensson L, Tokics L. Functional residual capacity, thoraco- 
abdominal dimensions and central blood volume during 
general anaesthesia with muscle paralysis and mechanical 
ventilation. Anesthesiology 1985: 62 247-254. 

18. Stoelting RK, Gibbs PS. Hemodynamic effects of morphine 
and morphine-nitrous oxide in valvular heart disease and 
coronary-artery disease. Anesthesiology 1973: 38: 45-52. 

19. Hohner P, Backman C, Diamond G, Friedman A, Haggmark 
S, Johansson G, et al. Anaesthesia for abdominal aortic 
surgery in patients with coronary artery disease, part 11. Ef- 
fects of nitrous oxide on systemic and coronary haemodyn- 
amics, regional ventricular function and incidence of myo- 
cardial ischaemia. Acta Anaesthesiol Scand 1994: 38: 793-804. 

20. Algotsson L. Messeter K, Rosh  I, Holmin T. Effects of ni- 
trous oxide on cerebral heamodynamics and metabolism 
during isoflurane anesthesia in man. Acta Anaes thesiol Scand 
1992: 36: 46-52. 

Address: 
R. G. Hahn 
Dept. of Anaesthesia 
Soder Hospital 
S-118 83 Stockholm 
Sweden 

491 


