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Abstract.  We designed a ventilation-perfusion index 
(VQI) to estimate venous admixture (Qsp/Qt) in a 
real-time fashion by simultaneous pulse and pul- 
monary artery oximetry in 17 patients with acute re- 
spiratory failure. Changes in Qsp/Qt were produced by 
altering the level of continuous positive airway 
pressure. VQI correlated well with Qsp/Qt (r = 0.78). 
This contrasts with the poor correlation found be- 
tween Qsp/Qt and the commonly used oxygen tension 
based indices such as PaO2/FIO 2 ( r = - 0 . 5 1 ) ,  
PaOa/PAO 2 (r = -0.47),  and PAO2-PaO 2 ( r =  0.23). 
The use of  dual oximetry to derive a VQI appears to 
be a reliable and accurate method for real-time assess- 
ment of  pulmonary gas exchange in patients with 
acute respiratory failure. 
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Calculation of venous admixture (Qsp/Qt) currently is 
the best method available to accurately assess pul- 
monary gas exchange in critically ill patients. How- 
ever, the complexity of  the calculation, the necessity 
for frequent sampling of  arterial and mixed venous 
blood, and the time delay associated with blood gas 
analysis have led to the development of  a number of  
bedside estimates of  Qsp/Qt such as arterial blood 
oxygen tension to inspired oxygen concentration ratio 
(PFI), arterial to alveolar oxygen tension ratio (AAI), 
and alveolar-arterial oxygen tension difference (AAD) 
[1]. The accuracy of these indices as estimates of 
Qsp/Qt ,  however, is reduced by the nonlinear relation- 
ship between oxygen tension and oxygen content, and 
by the fact that they do not account for changes in 
mixed venous oxygenation [2-4] .  Therefore, we de- 
rived a new estimate of  Qsp/Qt, the ventilation-perfu- 

sion index (VQI), by simplifying the intrapulmonary 
shunt equation: 

Qsp/Qt  = 100 
(I .32- S c ' O  2" Hgb + 0.003 t" PAO2)- 

(1.32. Sc 'O  2 • Hgb + 0.0031" PAO2) - 

(1.32" SaO 2 • Hgb + 0.0031" PaO2) 

(i .32- S v O  2 • Hgb + 0.0031- P~?O2) 

(A = alveolar, a = arterial, ~ = mixed venous, and c' = 
pulmonary end-capillary blood, and Hgb = blood 
hemoglobin concentration). If  oxygen dissolved in 
arterial, and mixed venous blood is discounted: 

Qsp/Qt ~ 100 
(1.32- S c ' O  2" Hgb + 0.0031. PAO2) - 

(1.32- S c ' O  2" Hgb + 0.0031- PAO2) - 

(1.32- S~'O 2" Hgb) 

(1.32" SaO 2-Hgb) 

Assuming that pulmonary end-capillary blood is fully 
saturated with oxygen, i.e. Sc'O2 = 1.0, an estimate of  
Qsp/Qt may be calculated using arterial and mixed 
venous oxygen saturations: 

1.32" Hgb. (1 - SaO z) + 0.0031" PAO2 
QspQt ~- 100" = VQI 

1.32" Hgb. (1 - S~O2) + 0.0031" PAO2 

VQI can be expected to be related to Qsp/Qt in a 
linear fashion when SaO2 is less than 100%. More- 
over, it will account for changes in peripheral circula- 
tion, since S'~O2 is included in the calculation. 

Simultaneous pulse and pulmonary artery oxi- 
metry (dual oximetry) provides real-time values for 
arterial and mixed venous blood oxygen saturations. 
These values can be fed into a microcomputer which, 
when updated for changes in inspired oxygen concen- 
tration (F~O2) and hemoglobin concentration, allows 
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continuous, real-time monitoring of VQI. The pur- 
pose of  this investigation was to determine the 
reliability of  real-time VQI as an estimate of Qsp/Qt 
in patients with acute respiratory failure. 

Patients and methods 

The study protocol was approved by the Human Sub- 
jects Review Committee of the Ohio State University. 
Informed consent was obtained from the families of 
17 patients who were treated in the Surgical Intensive 
Care Unit. All patients had acute lung injury that 
responded to change in continuous positive airway 
pressure (CPAP) with a change in Qsp/Qt. The pa- 
tients were hemodynamically stable, they were not 
bleeding actively, and were not receiving blood 
transfusions or rapid fluid infusions at the time of the 
study. Variables reflecting the cardiopulmonary func- 
tion of  the patients at the time of data collection are 
summarized in Table 1. 

All patient's tracheas had been intubated before 
the study and they were receiving positive airway 
pressure with either a ventilator or a venturi powered 
CPAP apparatus, as part of their treatment. Previous- 
ly placed indwelling arterial catheters allowed sam- 
pling of  blood and measurement of  systemic blood 
pressure. A pulmonary artery catheter equipped with 
a fiberoptic cable (American Edwards Laboratories, 
Santa Ana, CA, USA) was inserted using standard 
technique and connected to an oximetric mixed 
venous saturation monitor (Sat-l, American Edwards 
Laboratories) which also was used for thermodilution 
cardiac output measurements. The saturation monitor  
was calibrated prior to catheter insertion using in-vivo 
calibration method suggested by the manufacturer. A 
pulse oximeter finger probe (Nellcor Inc., Hayward, 
CA, USA) was attached to an appropriate finger. 

After instrumentation, CPAP was changed in steps 
of  2.5 cmH20 to cover a range of  +7.5 cmH20 from 

Table 1. Variables ref lect ing in i t ia l  ca rd ioresp i ra tory  func t ion  of  the 
17 pa t i en t s  wi th  resp i ra tory  fai lure 

Var iab le  M e a n  +_ SD Range  

C P A P  ( c m H 2 0 )  14 _+ 5 5 - 20 
FIO 2 0.38 + 0.08 0 . 3 0 -  0.60 
P a O  2 ( m m H g )  78 +_ 18 5 4 - 1 1 4  
P a C O  2 ( m m H g )  37 +_ 6 30 - 50 
Qsp/Qt  (07o) 24 _+ 10 8 - 45 
p H a  7.42 _+ 0.05 7 . 3 0 -  7.52 
Ca rd i ac  o u t p u t  (1/min) 6.9 + 2.4 2.7 - 11.4 
C (a - ?)O 2 (ml /d l )  4.0 _+ 1.3 2.4 - 6.8 
SrJO2 (%)  69 _+ 9 56 - 83 

the previously selected level. Inspired oxygen concen- 
tration initially was adjusted to produce arterial blood 
oxygen saturation between 94-96°7o and was not 
changed during data collection. After at least 5 min of 
equilibration at each level of  CPAP, vascular 
pressures, cardiac output, heart rate, respiratory rate, 
pulmonary artery temperature, and oximeter readings 
were obtained. Immediately after recording the ox- 
imetric saturations, arterial and mixed venous blood 
were sampled. Progressive change of  CPAP in a given 
direction was discontinued if any of  the following con- 
ditions was met: SaO 2 less than 90o7o, increase in 
PaCO 2 by 15%, spontaneous respiratory rate greater 
than 35 cycles/min, decrease in left ventricular stroke 
volume or tissue oxygen delivery by 15O7o. 

Arterial and mixed venous blood samples were 
analyzed for blood gases and pH within 5 rain of sam- 
pling. Oxygen saturations, oxygen contents, and 
Qsp/Qt were calculated as described by Ruiz [5]. The 
conventional, oxygen tension based gas exchange in- 
dices were calculated using the following formulae: 

PFI = PaOz/FIO 2 
AAI = PaO2/PAO 2 
AAD = PAO 2 - PaO 2 

The ventilation-perfusion index was calculated from 
fractional saturations obtained by oximetry as de- 
scribed earlier. 

Statistical analys& 

Pearson's correlation coefficients were used to assess 
the strength of correlations between the measured and 
calculated variables. Within patient correlations be- 
tween Qsp/Qt and its estimates were calculated only 
for the nine patients in whom CPAP produced a mini- 
mum change of  10o70 in Qsp/Qt. Inter-subject correla- 
tions were calculated using one randomly selected 
value for each patient in order to avoid the confoun- 
ding effect of repeated measures. The sample size for 
these correlations, therefore, was 17. 

Results 

The study group consisted of  11 males and six females 
with a mean age of  57+ 15 years (mean +_ SD). Eight 
patients had acute respiratory failure associated with 
abdominal sepsis, one had fat embolism syndrome, 
one had pulmonary contusion, and seven patients had 
postoperative pulmonary failure without apparent 
systemic cause. Seven levels of  CPAP were studied in 
11 patients, 6 levels in 2, 5 levels in 3, and 9 levels in 
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Fig. 1. Relationship betwen Qsp/Qt and oximetrically derived VQI 
in 17 patients with respiratory failure 
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Fig. 3. Relationship between Qsp/Qt and AAI (PaO2/PAO2) in 17 
patients with respiratory failure 
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Fig. 2. Relationship between Qsp/Qt and PFI (PaO2/F[O2) in 17 pa- 
tients with respiratory failure 
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Fig. 4. Relationship between Qsp/Qt and AAD (PAO 2 -PaOz) in 17 
patients with respiratory failure 

1 patient, a total of  113 data points. The study was 
completed within 90 min in all patients. No technical 
problems with pulse or pulmonary artery oximetry 
were encountered in any patient. 

Inter-subject comparisons of  Qsp/Qt and the con- 
ventional oxygen tension derived indices revealed poor  
correlations (PFI :r  = -0 .51,  AAI: r = -0 .47,  AAD: 
r =  0.23). In contrast, VQI correlated well with 
Qsp/Qt (r = 0.78). The relationship between Qsp/Qt 
and VQI appeared linear over the full range of  mea-  
sured values (Fig. 1), while the relationship between 
Qsp/Qt and the conventional indices demonstrated in- 
creasing scatter as Qsp/Qt increased (Figs. 2 - 4 ) .  
Within subject correlation coefficients for the nine pa- 
tients who responded to alteration in CPAP with a 
10% or greater change in Qsp/Qt, were similar for all 
indices (VQI: r =  0.94+_0.05, PFI: r = - 0 . 9 5 + _ 0 . 0 6 ,  
AAI: r = -0.95+_0.006, AAD: r = 0.94+0.05). 
Changes in peripheral circulation were small for in- 
dividual patients at different levels of  CPAP, but there 

was a large variation between subjects. Within patient 
change in arteriovenous oxygen content difference av- 
eraged 1.1 ml/dl with a range of 0 .5-2 .5  ml/dl, the 
total range of  arteriovenous oxygen content values was 
from 2.0 to 7.2 ml/dl. Inspired oxygen concentration 
was maintained constant for individual patients, and 
averaged 0.38_+0.08 (0.30-0.60) between patients. 

D i s c u s s i o n  

This investigation was designed to determine the utili- 
ty of  continuous measurement of  arterial and mixed 
venous oxygen saturations to assess pulmonary gas ex- 
change. The results demonstrate that Qsp/Qt can be 
monitored accurately on a real-time basis using dual 
oximetry. 

Until now, accurate assessment of  gas exchange 
has depended on complex and time consuming cal- 
culation of  Osp/Ot from arterial and mixed venous 
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Fig. 5. Continuous recording of  SaO2, SvO2, and VQI at various 
levels of CPAP (arrows) in a patient with respiratory failure. The 
rapid increase of venous admixture upon reducing CPAP to 
5 cmH20 can be appreciated by examining the VQI trace despite 
the baseline fluctuation 

blood samples. Even conventional bedside estimates 
of Qsp/Qt, PFI, AAD, and AAI, involve a delay. Fur- 
thermore, the conventional indices have been shown to 
be accurate only if FIO 2 is constant, SaO 2 is suffi- 
ciently high, and if peripheral oxygen utilization re- 
mains unchanged, because they do not account for the 
nonlinearity of the oxyhemoglobin dissociation curve 
or for changes in mixed venous oxygen content [1- 4, 
6]. In this study, change in CPAP produced little effect 
on peripheral oxygen utilization, and FIO 2 was not 
changed during data collection. Therefore, change in 
Qsp/Qt in individual patients mainly depended on 
changes of the oxygenation of arterial blood. As a 
result, within patient correlations between Qsp/Qt and 
the oxygen tension based indices were equally high as 
those between Qsp/Qt and VQI. Variations in FIO 2 
and arteriovenous oxygen content difference between 
patients, however, resulted in unacceptably low overall 
correlations between Qsp/Qt and the conventional in- 
dices, thus revealing their vulnerability to changes in 
peripheral circulation and oxygen therapy. Since VQI 
is calculated from arterial and mixed venous satura- 
tions, it responds linearly to changes in Qsp/Qt if 
SaO 2 is less than 100%, and it is relatively insensitive 
to changes of peripheral oxygen utilization and FIO 2. 
Thus, good correlation between Qsp/Qt and VQI was 
maintained, regardless of whether measurements 
made in different patients or sequential values from 
one patient were considered. If arterial blood is 100% 
saturated with oxygen, VQI will only be effected by 
changes in dissolved oxygen and S~O2, and will no 
longer reflect changes in Qsp/Qt. Thus, VQI is less 
useful in patients with a high PaO 2 and SaO 2. How- 

ever, in this situation, decrease in FIO 2 often is appro- 
priate, and with the subsequent decrease in SaO2, 
VQI will regain its accuracy. 

In the current investigation, appropriate oxygen 
therapy allowed VQI to remain in its accurate range at 
all times, thus producing a nearly linear relationship 
with Qsp/Qt. Therefore, VQI derived from oximetric 
saturations provided an accurate, real-time estimate of 
Qsp/Qt without the need for blood sampling. During 
data collection, we were able to study seven levels of 
CPAP within 90 min by primary commitment of a 
respiratory therapist and blood gas analyzer to blood 
sampling and analysis. Time, labor, and cost only rare- 
ly allows such assessment in clinical practice. Had we 
relied upon dual oximetry alone, the optimization of 
CPAP could have been accomplished in 30 min, the 
limiting factor then being the length of the equilibra- 
tion period. Once a fiberoptic pulmonary artery ca- 
theter and pulse oximeter probe are in place, the 
response of gas exchange to changes in respiratory 
support can be assessed instantly. Rapid titration of 
therapy may be repeated as necessary without addi- 
tional expense. Moreover, real-time monitoring of gas 
exchange possibly will reveal sudden changes in lung 
function that may not be detected, even by frequent, 
but of necessity, sporadic blood sampling. 

Oximetric data for the present analysis was record- 
ed intermittently, at the time of blood sampling. 
Therefore, we were unable to determine the variability 
of VQI resulting from fluctuation of the SaO 2 and 
$902 signals in this investigation. The magnitude of 
such fluctuation, however, is illustrated by a con- 
tinuous recording of SaO2, $902, and VQI (Fig. 5) in 
one patient, in whom automatic data aquisition was 
employed. It is currently not known to what extent 
these rapid alterations represent true changes in oxy- 
hemoglobin saturation as opposed to random 'noise' 
generated by measurement error. However, clinically 
significant change in gas exchange is discernible even 
with present equipment, and accuracy can be expected 
to improve with further development of oximetric 
monitoring techniques. 

Pulse oximetry is noninvasive and causes no 
adverse effects to the patient. The complications of in- 
serting a fiberoptic pulmonary artery catheter are sim- 
ilar to those of routine pulmonary artery catheteriza- 
tion. The risk of dual oximetry, then, is no greater 
than that of routine monitoring with a pulmonary 
artery catheter. Adding oximetric monitoring capabili- 
ty to a pulmonary artery catheter currently involves an 
additional expense of $100, equivalent to charges for 
three blood gas analyses at our institution. Other com- 
ponents of the monitoring system are reusable. 
Therefore, we believe that considering the advantages 
of continuous monitoring of gas exchange, further de- 
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velopment of this method likely will result in improved 
quality and cost effectiveness of patient care. 
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Book reviews 

K. F. MacDonneil ,  P. J. Fahey, M. S. Segal. Respiratory Intensive 
Care. Edinburgh London New York: Churchill Livingstone 1987. 
478 pp, hardback. £50.00. ISBN 0-316-54193-1 

This book covers very thoroughly the topic o f  respiratory intensive 
care. It is written in a cohesive style with a mult iauthor  text. I have 
often found with Churchill Livingstone books the quality of  the 
text, diagrams and colour prints to be extemely high and the book 
is a pleasure to the eye, extremely readable and well referenced. This 
enables it to be used both as a reference text and for someone com- 
ing fresh to an intensive care unit  it is an introduction to the subject. 
Certain transatlantic topics do not  travel well. The difference in 
drug usage is often a problem and this is noted in the chapter on the 
management  of  asthma.  The chapter on legal implications makes 
interesting and alarming reading, but  at this present moment  in t ime 
is not  directly relevant to the UK practice of  medicine. In summary,  
this book can be recommended at £50 per copy for the book shelf 
of  any hospital library with an intensive care unit, if not  in the inten- 
sive care unit  itself. However, few individuals would wish to spend 
£50 themselves to have it on their own book she l l  

A. B. Millar (London) 

C. Hinds. Intensive Care - A Concise Textbook. Eastbourne: 
Balli~re-Tindall 1987. 99 Diag., 15 Tables. 378 pp., soft cover. ISBN 
0-7020-1150-9. 

In "Intensive Care - A Concise Textbook" Dr. Charles Hinds aims 
to "summarise  the important  theoretical aspects of  intensive care 

practice . . .  be comprehensive enough to provide sound working 
knowledge yet concise enough to read in its entirety?' At a glance it 
appears to be exactly what the junior doctor ordered, paperback, 
fits in a white coat pocket, less than an inch thick and costs less than  
£ 20. Flicking through,  it is more than a list but  less than  a reference; 
the chapters have all the right headings and include plenty of  
photographs, diagrams and tables. On  closer examination Dr. Hinds 
would seem to have achieved his aims. In 17 well-structured chapters 
all major  aspects of  intensive care are covered from cardiac and 
pulmonary  physiology to psychiatric disturbances. Accepting that  
you should not  be in a position to need such a book unless you al- 
ready understand basic physiology we are offered a brief reminder 
of  the theory, then allowed to concentrate on its practical applica- 
tion. Thankfully in only a few places, 'Respiratory Physiology' for 
example, does derivation get the upper hand and for me only the 
'Fluid and Electrolyte Balance' chapter contained far too little 
theoretical background, even for "a concise textbook". The prose is 
remarkably crisp and eloquent making it a pleasure to read from 
cover to cover and the use of  a single author  avoids repetition or 
confusion. However, with intensive care being such a controversial 
speciality it might be kinder to the newcomer to present things in 
more representative shades of  grey than quite so black and white. I 
suppose the latter is the price one must  pay for the former. All 
chapters are well referenced and good indexing allows rapid access 
to information if one is looking for moral support.  In conclusion, 
this is an ideal book for doctors or nurses embarking on a career in 
intensive care, good post-graduate revision material especially for 
the FFARCS and a valuable addition to the library of  anyone involv- 
ed in the care of  severely ill patients irrespective of  their environ- 
ment.  

M. Mythen (London) 


