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0 Pulmonary artery (PA) mixed venous saturation (SvOJ 
has become a crucial monitor in the adult intensive care unit, 
but is not used in neonates because of the difficulty in PA 
catheterization. We evaluated the possibility of utilizing the 
right atrial venous oxygen saturation (RAqOz), which is easily 
accessed in the neonate, as a monitor of the effects of 
mechanical ventilation and intravascular volume in an animal 
model selected to be the size of the human neonate. A 
continuous RAqO* monitoring catheter was placed into the 
right atrium of 16 normal rabbits (2.2 to 4.1 kg). Oxygen 
delivery was manipulated by alterations in peak inspiratory 
pressure (PIP) (n = 6). positive end-expiratory pressure (PEEP) 
(n = 6). or by progressive hypovolemia (n = 4). RAi702 de- 
creased with onset of mechanical ventilation alone from 
69% * 6% to 61% + 5% (P < .Ol). As the PIP was increased 
from 12 to 21 cm H20, the RAv02 progressively decreased 
from 59% + 4% to 49% f 6% (P < .05). As the PEEP was 
increased from 3 to 9 cm H20, the RAvO, progressively 
decreased from 64% f 5% to 33% ? 16% (P < .Ol). RAVO?: 
approached baseline after return to continuous positive 
airway pressure (CPAP) of 3 cm H20. Progressive phlebot- 
omy to a total of 10 mL/kg resulted in a decrease in RAvO, 
from 70% f 6% to 27% f 5% (P < .OOl). Volume resuscita- 
tion resulted in an increase in RAv02 to near baseline. 
Peripheral arterial oxygen saturation remained at a constant 
100% throughout each protocol. With oxygen consumption 
stable, the RAv02 is an excellent monitor of the effect of 
airway pressure or of hypovolemia on oxygen delivery. Use 
of the peripheral arterial oxygen saturation alone as a 
parameter for monitoring ventilator or intravascular volume 
effect is not adequate. RAqO* monitoring may be a powerful 
tool in the management of the critically il l neonate. 
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M OST NEWBORNS with respiratory failure are 
treated effectively with mechanical ventila- 

tion.‘-’ Evaluation of the overall physiologic effect of 
mechanical ventilation, however, is hindered in this 
age group because of an inability to evaluate the 
cardiac output and oxygen consumption. Positive- 
pressure ventilation (PPV) and positive end-expira- 
tory pressure (PEEP) are, therefore, applied in neo- 
nates without a means for evaluating their influence 
on oxygen delivery. In children and adults, both the 
cardiac output and the oxygen consumption may be 
routinely monitored and the oxygen delivery opti- 
mized in relation to oxygen consumption. In these 
patients, the pulmonary artery mixed venous oxygen 
saturation (SVOz) is a reliable and effective method of 
monitoring the relationship between oxygen delivery 
and oxygen consumption. As long as oxygen consump- 
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tion remains relatively constant, the SVO;! is used to 
titrate the effect of PEEP and PPV on oxygen 
delivery. Pulmonary artery measurement of venous 
saturation for these purposes is considered essential 
because of the variability of venous saturation in the 
superior vena cava, the inferior vena cava, and the 
coronary sinus, along with inadequate mixing in the 
right atrium. However, since bedside access to the 
pulmonary artery is difficult in neonates and since 
mixing in the small right atrium of the newborn might 
be better than in the adult, we considered whether 
the right atria1 venous oxygen saturation (RAv02) 
might provide information similar to that of the SVO,. 
Therefore, the purpose of this study was to evaluate 
the effectiveness of the right atria1 venous oxygen 
saturation as a monitor of the influence of PPV, 
PEEP, and intravascular volume on oxygen delivery 
in a neonatal-sized rabbit model. 

MATERIALS AND METHODS 

Animal Preparation 
Sixteen normal rabbits 2.2 to 4.1 kg in weight (mean, 2.9 kg) were 

anesthetized with ketamine, 40 mgikg. Subsequent surgical levels 
of anesthesia were maintained by administration of a 10 mg/kg/h 
ketamine infusion. No paralyzing agents were used. Tracheostomy 
was performed with placement of a 35 to 4.0-mm inner diameter 
cuffed tracheostomy tube. A 5F catheter was introduced into the 
right carotid artery and used for blood pressure monitoring as well 
as for arterial blood gas analysis. A 4F Oximetrix (Mountainview, 
CA) fiber-optic venous oxygen saturation catheter was placed into 
the right internal jugular vein and advanced until right ventricular 
pressures and waveforms were noted on monitor. A right ventricu- 
lar blood sample was drawn. The catheter was withdrawn until 
right atrial pressures and waveforms were observed. A right atria1 
venous sample was analyzed and in vivo calibration of the fiberop- 
tic catheter performed. Location of the catheter tip was docu- 
mented by autopsy at conclusion of the protocol. 

Mechanical Ventilation Protocol 
Animals were first allowed to breathe spontaneously on a 

continuous positive airway pressure (CPAP) of 3 cm H20. They 
were then mechanically ventilated by one of two protocols: (I) in 6 
rabbits the PIP was progressively increased from 12 to 21 cm Hz0 
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in increments of 3 cm Hz0 while the PEEP was held constant at 3 
cm HzO; and (2) in 6 rabbits the PEEP was increased from 3 to 9 
cm Hz0 in increments of 2 cm Hz0 while the PIP was held constant 
at 15 cm HzO. 

All animals were then removed from mechanical ventilation and 
allowed to breathe spontaneously on a CPAP of 3 cm HzO. Other 
ventilatory parameters were held constant during periods of 
mechanical ventilation with a respiratory rate of 30 breaths/mitt, 
FiOz 40%, inspiratory time 0.5 seconds, and flow rate of 6 L/min. 
Mechanical ventilation was performed utilizing a Sechrist IVlOO-B 
ventilator (Sechrist Industries, Anaheim, CA) and airway pres- 
sures, including the mean, peak, and end-expiratory pressures were 
measured at the level of the tracheostomy tube via a Sechrist mean 
airway pressure monitor. 

Hypovolemia Protocol 

Four rabbits were mechanically ventilated at constant ventilator 
settings with PIP = 13, PEEP = 4, respiratory rate of 30 
breathsimin, FiOz 40%, inspiratoty time 0.5 seconds, and flow rate 
of 6 L/min. Sequential withdrawal of 2 mL/kg of whole blood from 
the right atria1 venous catheter was performed every 10 minutes 
until a total of 10 mL/kg had been evacuated into a heparinized 
syringe. Volume repletion of 10 mL/kg of crystalloid solution was 
then performed after an additional lo-minute waiting period. 

Oxygen Saturation Measurements 

Venous blood was analyzed for oxygen saturation independently 
by continuous venous fiber-optic oximetry and by an IL282 co- 
oximeter. Arterial blood samples underwent IL282 co-oximeter 
analysis for hemoglobin and oxygen saturation, as well as blood gas 
evaluation by an ABL blood gas analyzer (Radiometer, Copenha- 
gen, Denmark). 

Data Analysis 
At each point of CPAP, after each change in mechanical 

ventilation, and after each change in intravascular volume the 
animal was allowed to stabilize over a lo-minute period. Physio- 
logic data such as heart rate, respiratory rate, and blood pressure 
were then obtained. Blood was drawn for venous oxygen saturation 
analysis and arterial blood gas, hemoglobin, and oxygen saturation 
analysis. The Oximetrix catheter venous oxygen saturation was 
recorded. All data were averaged for each point of CPAP or 
mechanical ventilation and statistically analyzed by paired Stu- 
dent’s r test. All animals were cared for under the standards and 
practices of the University of Michigan Laboratory Animal Care 
facilities. 

RESULTS 

Comparison of the measurements of right ventricu- 
lar and right atria1 venous oxygen saturation is evalu- 
ated in Fig 1. Correlation was excellent (r = .98). The 
mean right atria1 venous oxygen saturation was 61% 
and the mean right ventricular oxygen saturation was 
59%. There was no significant difference between 
these values. 

Venous and arterial oxygen saturation data during 
periods of CPAP and mechanical ventilation are 
presented in Figs 2 and 3. While spontaneously 
breathing on CPAP of 3 cm HzO, the mean RAv02 in 
all 12 animals was 69% 5 6%. Onset of mechanical 
ventilation alone resulted in a significant decrease in 
mean RAvO* to 61% k 5% (P < .Ol). 
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Fig 1. Comparison of right atrial and right ventricular % oxygen 
saturation measured by co-oximetry. Correlation coefficient I = .98. 

As the PIP was sequentially increased from 12 to 21 
with the PEEP held constant, the RAv02 decreased 
progressively from 59% k 4% to 49% + 6% (P < .05). 
The measured mean airway pressure increased simul- 
taneously from 3.7 k 0.9 to 4.8 k 1.1 cm H20. 
Removal from mechanical ventilation and resump- 
tion of spontaneous breathing on CPAP of 3 cm Hz0 
resulted in a significant increase of the RAv02 to 
63% k 8% (Z’ < .Ol). The arterial oxygen saturation 
(SaO,) remained at 100% throughout. 

As the PEEP was increased sequentially from 3 to 9 
cm Hz0 with the PIP held constant, the RAv02 
progressively decreased from 64% + 5% to 33% k 
16% (P < .Ol). The measured mean airway pressure 
increased simultaneously from 4.3 of: 0.7 to 9.6 + 0.5 
cm H20. Removal of these animals from mechanical 

(ml HPO, 

Fig 2. Venous and arterial % oxygen saturation while on CPAP = 3 
cm Hz0 and with sequential increase in PIP from 12 to 21 cm HIO. l f < 
.05 from baseline; l *f c .Ol from baseline. 
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Fig 3. Venous and arterial % oxygen saturation while on CPAP = 3 
cm H20 and with sequential increase in PEEP from 3 to 9 cm H20. l P < 
.05 from baseline; **P < .Ol from baseline. 

ventilation resulted in a significant increase in RAv02 
to 63% * 12% (P < .601). Peripheral arterial oxygen 
saturation once again remained at 100%. 

The effect of sequential phlebotomy of 2 mL/kg at 
a time to a total of 10 mL/kg is demonstrated in Fig 4. 
A decrease in the RAv02 from an initial 70% ~fr 6% 
to 27% 2 5% (P < .OOl) was observed. The RAv02 
increased significantly to 65% ? 3% (P < .OOl) upon 
repletion of volume utilizing the evacuated blood. 
Peripheral arterial oxygen saturation was 100% 
throughout. 

Correlation of independent analysis of the RAv02 
by the Oximetrix fiberoptic catheter and the IL282 
co-oximeter is presented in Fig 5. The fiberoptic 
catheter values correlated well with the co-oximeter 
results (r = .92). 

DISCUSSION 

Since the 1960s the effects of mean airway pressure 
during PPV and PEEP on cardiac output have been 

Fig 4. Venous and arterial % oxygen saturation with induced 
hypovolemia by sequential removal of whole blood followed by 
replacement of evacuated volume. ‘P c .05 from baseline; **P < ,001 
from baseline. 
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Fig 5. Comparison of right atrial % venous oxygen saturation as 
measured by IL282 co-oximetry or by Oximetrix fiberoptic catheter 
oximetry. Correlation coefficient I = .92. 

studied extensively in the animal and adult human 
population.4,s Decrease in cardiac output and left 
ventricular end-diastolic diameter as well as increase 
in right atria1 pressure, inferior vena caval dimen- 
sions, and right ventricular end-diastolic diameter 
have been documented with increasing levels of 
PEEP.6-8 This may be caused by reduction in venous 
return, leftward displacement of the intraventricular 
septum, or reflex depression of myocardial func- 
tion.“-15 The deterioration in hemodynamics induced 
by application of PEEP is reversed by volume admin- 
istration.1hx’7 This would tend to suggest that the 
effects of PEEP on cardiac output are secondary to 
changes in volume and left ventricular preload.18 

In the neonatal population, Gabriele et al demon- 
strated a 20% reduction in cardiac output in sponta- 
neously breathing newborn lambs after application of 
CPAP of 11 cm H20.‘” Maayan et al demonstrated 
that left ventricular (LV) dimensions, LV shortening 
fraction, LV stroke volume, and cardiac output de- 
creased significantly with onset of mechanical ventila- 
tion with a mean PEEP of 3.5 cm HZ0 and a mean 
peak inspiratory pressure of 20 cm HZ0 in premature 
newborns with respiratory distress syndrome.20 Vol- 
ume loading before onset of mechanical ventilation 
prevented the detrimental hemodynamic effects of 
PPV. In a similar group of patients, Hausdorf and 
Hellwege reported significant impairment in right 
ventricular and LV stroke volume with progressive 
increase in PEEP from 0 to 8 cm H20.“’ Despite these 
findings, normal systemic blood pressure and arterial 
oxygen saturation were maintained and these pa- 
tients demonstrated no observable clinical evidence 
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of deterioration of cardiac output or oxygen delivery 
with onset of mechanical ventilation. 

In the anesthetized animal or critically ill neonate, 
the metabolic rate, measured as oxygen consumption, 
remains relatively stable for hours at a time.22 There- 
fore, changes in oxygen delivery are reflected immedi- 
ately as changes in venous oxygen content, measured 
as the Sv02. Increasing airway pressures might in- 
crease delivery by increasing arterial oxygen satura- 
tion or decrease oxygen delivery by decreasing car- 
diac output. 23 Additionally, intravascular volume 
changes may alter the effect of ventilator pressure 
manipulations. One way to evaluate these effects is to 
measure cardiac output and arterial content at each 
incremental level of airway pressure.24 However, this 
is time-consuming in adults and impractical in infants 
because of difficulty in measuring cardiac output. A 
better way to evaluate the effect of airway pressure 
and intravascular volume manipulation is to measure 
the Sv02.25 This is standard practice in the adult 
intensive care unit, but cannot be accomplished in 
neonates because pulmonary artery catheterization is 
not routinely practical. Numerous studies have previ- 
ously demonstrated excellent correlation between the 
central venous blood oxygen saturation and the mixed 
venous oxygen saturation in animals during various 
levels of hypoxia, hemorrhage, and resuscitation.26-29 
Although the limitations of this closed-chest model 
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precluded pulmonary arterial access, our findings 
document that the values of the RAv02, which can be 
measured continuously, correlate well with the effect 
expected from elevated airway pressures, as well as 
decreased cardiac output secondary to induced hypo- 
volemia in rabbits the size of human neonates. 

The RAv02 appears to provide excellent monitor- 
ing of the effect of PPV, PEEP, and intravascular 
volume on overall oxygen delivery in normal rabbits. 
Use of the Sa02 alone as a parameter for evaluating 
the effect of airway pressures or intravascular volume 
status on oxygen delivery does not appear to be 
adequate. Utilization of the RAv02 as a monitor has 
yet to be investigated in neonates. One concern that is 
present is the potential for left-to-right blood shunt- 
ing through a patent foramen ovale. Although right- 
to-left blood shunting predominates in newborns with 
PPHN, bidirectional shunts through the foramen 
ovale have been documented. The presence of a 
left-to-right atria1 shunt might elevate the RAv02 and 
introduce error into the interpretation of the absolute 
RAv02 value. Whether this is an appropriate concern 
can only be determined through clinical evaluation. 
Based on the data from this study, however, the 
RAv02 appears to have the potential for being a 
powerful tool for the monitoring of effective oxygen- 
ation in the critically ill neonate. 
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