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I'r t-L~S LONe BEEN KNOWr~ that intemaittent positive pressure breathing (n,PB) 
decreases cardiac output because the pumping effect of normal inspiration, 
which augments venous return, is lost when im'B increases mean intrathoraeie 
pressure? In addition, if IPPB produces hyperventilation, the resultant fall in 
Paco., (arterial carbon dioxide tension) will further reduce cardiac output ~,~ and 
facilitate the induction of cardiac arrhythmias. 4-~ These latter effects of acute 
respiratory alkalosis are magnified in the digitalized patient because of acute 
secondary hypokalaemia with production of digitalis toxicity. ~-~ Hypocarbia also 
decreases cerebral blood flow x~ and shifts the oxygen dissociation curve to the 
left, impairing release of oxygen from haemoglobin to all tissues. These effects of 
hyperventilation, although potentially serious in all patients, are most threatening 
in patients with limited cardiac reserve and enhanced myocardial irritability who 
are undergoing cardiac surgery. 

However, it is in just these patients that hyperventilation is often necessary to 
maintain adequate oxygenation because of the association of ventilation-perfusion 
imbalance and intrinsic pulmonary pathology, secondary to the underlying car- 
diae disease. This investigation was initiated to seek a simple empirical solution 
to the problem. 

METHOD 

This study was carried out in 110 consecutive patients undergoing open or 
closed heart surgery for acquired cardiac disease. They varied in age from 17 to 
78 years and in weight from 39 to 92 kg. 

All were premedieated with intramuscular injections of secobarbital and a 
belladonna drug 1~6 hours prior to induction of anaesthesia. They were placed in 
semi-Fowler's position on the operating table and arterial and venous cut-downs 
were performed under local analgesia. Either the brachial or radial artery was 
used for blood sampling and direct recording of blood pressures. Arterial blood 
samples were drawn prior to induction of anaesthesia and one hour thereafter. 
Pao,_,, pH, bicarbonate, Paco2 and base deficit or base excess were determined 
by the Astrup method. 1~ 

Following a sleep dose of thiamylal sodium (200 to 400 mg) and oxygen by 
mask, a single dose of sueeinylcholine (40 to 100 mg) was given to facilitate 
endotraeheal intubation, Anaesthesia was maintained with a 6-liter flow of nit- 

~ the Department of Anaesthesiology and the Depar~ent of Medicine, Mount Sinai 
School of Medicine, New York City. 
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rOus oxide and oxygen supplemented by intravenous |nnovar* morphine sulfate, 
or halothane, 0.25 to 1 per cent. A succinylcholine drip (0.4 per cent) was 
administered as needed. Controlled ventilation was established using a Bird Mark 
4 and Mark 8 ventilator attached to a standard circle absorber anaesthetic 
machine. Tidal and minute volumes were monitored at the endotraeheal tube 
on expiration by a recently calibrated Wright respirometer. Periodic hyperinfla- 
tion was not employed. Tidal volumes were empirically set by adiusting the pressure 
on the Bird ventilator as had been done clinically in the past, i.e., by observing 
the patient's thoracic movement. The respiratory rates varied from 8 to 15 per 
minute. 

The patients were divided into three groups, in which the management varied 
as follows: 

Group a (48 patients) - ventilated as indicated above with the carbon dioxide 
absorber in place and no carbon dioxide added to the breathing mixture. 

Group n (27 patients) - identical to Group A but the carbon dioxide absorber 
was eliminated from the circuit. 

Group c (35 patients) - identical to Group A but the carbon dioxide absorber 
was eliminated from the circuit and 2.5 per cent carbon dioxide was added to the 
breathing mixture. 

In all patients peak inspiratory pressure, inspiratory flow rate, and preoperative 
pulmonary artery and left atrial or wedge pressures were recorded. Evidence of 
obstructive lung disease and the degree of lung compression by surgical packs 
and manipulation were also noted. Patients who developed moderate to severe 
hypotension were eliminated from the study. 

The Radford nomogram 14 was utilized retrospectively to calculate a predicted 
"ideal" tidal volume for each patient in this series in order to determine if the 
nomogram can be adapted for use in this group of patients. 

RESULTS 

All patients were ventilated with tidal volumes which were 1.5 to 3.4 times as 
great as that recommended by Radford. .4 The "tidal volume ratios" (actual tidal 
volume/predicted tidal volume) for the three groups of patients were similar 
(Table I )  and indicated a significant degree of "hyperventilation." Of the 110 
patients, 103 received 50 per cent oxygen in the input gas mixture, 5 received 
40-49 per cent and 2 received 33 per cent oxygen. 

Arterial Oxygen Tension (Pace) 
The combined hyperventilation and increased oxygen resulted in satisfactory 

arterial oxygenation in all patients in all groups (Table I, Figure 1A, B, C). Mean 
Pao., after one hour of anaesthesia for Groups x, B, and c was 215, 213, and 203 
mm Hg respectively, with no significant difference between the groups (Table 
I ) .  Although the similarity of the groups is apparent, the marked variability in 
the Pao., of individual patients is of greater importance. The correlations between 
the Pao-, and the "tidal volume ratio" were minimal and not significant (Figures 
1A, B, C) ( Groups A, B, and c; r = 0.18, 0.18, and 0.13 respectively ). 

*Innovar is a 50:1 mixture of droperidol and fentanyl (McNeil Laboratories, Ine., Fort 
Washington, Pa. ) 
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FmvaE 1. The relationship between Pao~ and tidal volume is shown. Adequate oxygenation 
was attained in all patientsbut the marked scatter and lack of intra-group correlation is apparent. 

The frequent occurrence of relatively low Pao~ values in many patients receiv- 
ing 50 per cent oxygen and "hyperventilation" was a result both of ventilation 
peffusion imbalance consequent to thoracic surgery with manipulation, collapse 
and packing of lung and intrinsic lung disease secondary to the cardiac pathology, 

Arterial Pco~ and pH 
The Paco2 and pH after approximately one hour of anaesthesia were signifi- 

cantly different for the three groups (Table I). The mean Paco.~ for Groups A, 
~, and c were 30.6, 36.1, and 44.7 mm Hg respectively with similar intra-group 
distribution ( standard deviation + 6.8, 9.6 and 5.5 mm Hg).  In all three groups a 
significant correlation existed between the Pacoe and "tidal volume ratio" (Fig- 
ures 2A, B, C) (r  = --0.47, --0.53, and -0.41 for Groups A, B, and c respactiveIy 
In Groups B and c, in which the carbon dioxide absorber was removed, the Paco2 
was significantly less dependent on ventilation after 2.5 per cent carbon dioxide 
was added to the breathing mixture (Group c). This can be appreciated from an 
examination of Figures 2B and 2c. The slope of the regression of these two vari- 
ables, i.e., ventilation and Paco~, is twice as great in Group B (b~  = -13.2)  as in 
Group c (bv~ = -7 ,4) .  This suggests that a greater latitude in ventilatory volume 
is permissible in the Group c patients to attain a homogeneous result within a 
desired range of Pacoz values. 

The mean arterial pH paralleled the Paco~ ( 7.50, 7.41 and 7.36 units for Groups 
A, B, and c) since the buffering capacity of each group was not appreciably dif- 
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F~cu~ ~, The relationship between Paco~ and tidal volumes is shown. A significant corre]ation 
exists in each group between these parameters. The frequent occurrence of significant hypocarbia 
in Groups A and B is apparent. This contrasts with the relative homogeneity of Group c. 

ferent. The greatest percentage of patients were protected from alkalosis without 
producing severe acidosis when g.5 per cent carbon dioxide was administered 
with the absorber removed from the anaesthetic circuit (Figure 3, Group c).  An 
arteriaI pH of between 7.28 and 7.43 units was found in 14 per cent, 63 per cent 
and 88 per cent of the patients in Groups ^, B, and c respectively (Figure 3). 
More significant aeidaemia (ph 7.20--7,27 ) was observed in only 4 per cent of the 
Group B patients and 6 per cent of the Group c patients. ( In  a series of only 6 
patients in whom 5 per cent carbon dioxide was administered with the absorber 
removed, arterial pH was less than 7.27 in half and the use of this gas mixture 
was therefore discontinued. ) However, alkalosis was a frequent occurrence in the 
patients in Groups A and ~ but rare in the patients in Group c. An arterial pH 
greater than 7,44 was observed in 88 per cent of Group x and 33 per cent of 
Group B but in only 6 per cent of Group c patients ( Figure 3). This "protection" 
from alkalosis by the use of 2.5 per cent carbon dioxide in the breathing mixture 
is further emphasized by the fact that the highest pH in any Group c patient was 
7.48, a level which was exceeded by 65 per cent of the Group a patients and 15 
per cent of the Group r~ patients. 

DISCUSSION 

Even in a group of patients with normal cardiopulmonary function undergoing 
surgery of the abdomen and extremities, minute volume during WPB must be in- 
creased over spontaneous ventilation to achieve a Pao2 equal to that observed 
during spontaneous ventilation2 ~ This has been attributed to disturbed ventilation- 
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perfusion ratios. The problem is magnified in patients with cardiac disease who 
not only have a diminished cardiac output hut also secondary pulmonary changes 
resulting from long-standing ocdema and hypertension. Added to the inherent 
physiological problems are those of surgery of the thorax which enhances the 
ventilation-perfusion derangements. As noted in this study, in order to maintain 
the PuG2 at safe levels (above t00 mm Hg) during cardiac surgery, large minute 
volume ventilation is mandatory in many patients, even with 50 per ecnt oxygen. 
Since retention of carbon dioxide is uncommon in patients with acute impairment 
of pulmonary ventilation-perfusion relationships, alveolar and arterial carbon 
dioxide tensions are reduced, often to dangerously low levels. 

Respiratory alkatosis may have two unfavourable effects on the heart. A reduc- 
tion in cardiac output has been shown to occur ~ and myocardial irritability is 
enhanced with a propensity to arrhythmiasY ~ The digitalized patient is m o r e  

prone to develop a serious cardiac arrhythmia in the presence of acute respiratory 
alkalosis because of the rapid production of extraeellular hypokalaemia. 8 Respira- 
tory alkalosis impairs central nervous system function in at least two ways. It 
decreases cerebral blood flow n-~2 and shifts the oxyhaernoglobin dissociation 
curve to the left (Bohr effect), so limiting oxidative metabolism. Since patients 
undergoing cardiac surgery, particularly with the use of extracorporeal circulation, 
are prone to postoperative cerebral dysfunction, further potential impairment of 
cerebral metabolism should he avoided by minimizing the risk of respiratory 
alkalosis. 

It  has been shown that normal or slightly elevated carbon dioxide tension is 
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essential to the maintenance of adequate tissue perfusion in anaesthetized pa- 
tients, le I-Iuekabee lr has shown that respiratory alkalosis is accompanied by in- 
creased lactie:pyruvic acid ratios. Allan-Carson is has found that if respiratory 
alkalosis is produced, greater anaerobic metabolism occurs during hypothermia 
than in subjects maintained at normal ventilation and arterial pH. 

Radford 14 designed a nomograrn to predict the tidal volume and respiratory 
rate required to achieve normal alveolar ventilation in patients with normal res- 
piratory and circulatory function. In recent years the safety of IPPB from the 
standpoint of oxygenation has been questioned. 1~,2~ An increase in physiologic 
dead-space and ventilation-perfusion inequality have been demonstrated during 
n,l,s in both awake and anaesthetized subjects and the tidal volume as predicted 
with the Radford nomogram 14 has been discarded and much larger ventilatory 
volumes have been employed during rPPn. This eliminated the problems of hypox- 
aemia but introduced those of hypocarbia which were described above. 

A number of methods have been suggested to maintain a normal Pac~ in the 
presence of large ventilatory volumes. These techniques are unsuitable for the 
type of patient in this study because they frequently produce respiratory alka- 
losis 21-24 or because of the huge dead-space needed. 2n 

This study shows that respiratory alkalosis can be avoided while maintaining 
suitable oxygenation without risk of respiratory acidaemia in patients undergoing 
cardiothoracie surgery. Empirically this can be predictably obtained by the use 
of at least 6 liters of fresh gas, tidal volumes 2.0 to 2.5 times that calculated from 
the Radford nomogram, 14 removal of the carbon dioxide absorber and the addition 
of 2.5 per cent carbon dioxide and 50 per cent oxygen to the inspired mixture. 
This technique is intended as a simple guide for initiating a reliable method of 
IPPB in patients undergoing surgery. It is not intended to replace arterial blood 
gas analysis. The virtues of our method are that no additional equipment is neces- 
sary and that oxygen homeostasis is regulated independently of carbon dioxide 
elimination. 

SUMMARY 

�9 Respiratory alkalosis produced by n, PB in patients undergoing cardiothoraeie 
surgery may reduce cardiac output, facilitate the induction of cardiac arrhyth- 
mias, induce digitalis toxicity, decrease cerebral blood flow and shift the oxy- 
haemoglobin dissociation curve to the left. These effects are most threatening in 
patients undergoing cardiac surgery whose cardiac reserve is poor and whose 
myocardial irritability is enhanced. This study was carried out in 110 patients who 
underwent either open or closed heart surgery for acquired cardiac disease. 
Three groups of patients were each managed in a different way. Group A (48 
patlents) was ventilated with the carbon dioxide absorber in place and no carbon 
dioxide added to the breathing mixture; Group B (27 patients) had the carbon 
dioxide absorber eliminated from the circuit; and Group c (35 patients) had the 
carbon dioxide absorber eliminated from the circuit and 2.5 per cent earbon 
dioxide added to the breathing mixture. All patients were ventilated with tidal 
volumes which were 1,5 to 3.4 times greater than those recommended by Radford. 
All had satisfactory Pao~. The Paco2 and pH were signifieantly different for the 
three groups. The mean Paco~ for Groups A, n, and c were 30.6, 36.7, and 44.7 
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mm Hg respectively. An arterial pH greater than 7.44 was observed in 88 per 
cent of Group A and 33 per cent of Group ~s, but in only 6 per cent of Group c 
patients. A greater latitude in ventilatory volume was permissible in Group c 
subiects to attain a homogeneous result within a desired range of Pacoc levels. 
Severe aeidaemia was not a problem. This study shows that respiratory alkalosit 
can be avoided while maintaining suitable oxygenation without risk of respiratory 
acidaemia in patients undergoing cardiac surgery. Empirically, this can be pre- 
dictably obtained by the use of at least 6 liters of fresh gas, tidal volumes 2.0 to 
2.5 times that calculated from the Radford nomogram, removal of the carbon 
dioxide absorber and addition of 9..5 per cent of carbon dioxide and 50 per cent 
of oxygen to the inspired mixture. 

L'alcalose respiratoire produite 
ehirurgie eardiothoraeique peut 

R ~ s u ~  

par la ~'P~ chez des malades soumis h de la 
diminuer le d&bit cardiaque, "pr~disposer ~t 

I'apparition ffarythmies, favoriser une intoxication digitalique, diminuer ]e d6bit 
sanguin c~r6bal et pousser vers la gauche le courbe de dissociation de roxy- 
h~moglobine. Ces effets sont plus p~nibles pour ]es rnalades sournis h la chlrurgie 
eardiaque dont la r~serve eardiaque est Iimit~e et dont rirritabilit~ cardiaque est 
accrue. Notre &ude a port~ sur 110 maladet toumis ~ de la chirurgie cardiaque 
eoeur ouvert ou ferm6 pour des maladies cardiaques acquises. Nous avont par- 
tag6 let malades en trois groupes et chacun de ces groupes a 6t~ trait6 de fa~on 
diff6rente. Le groupe A (48 malades) a ~t~ ventil~ alors que l'absorbant du CO~ 
~tait en place et nous n'avons pas aiout6 de CO., dans le m~lange intpir6; le 
groupe B (27 ma]ades) a ~t6 ventil6 sans absorbant de CO~ et nous avons aiout~ 
au m~lange inspir6 un taux de 2.5 pour cent de CO2. Nous avons ventil6 tous ]es 
malades avec un air courant qui ~tait de 1.5 ~ 3.4 lois plus grand clue ceux men- 
tionn6s par Radford. Tousles malades avaient une Pao._, satisfaisante. La Paco2 et 
le pH ~taient l~g~rement diff~rents d'un groupe h l'autre. Pour ehacun des grou- 
pet A.B.C., la Paco2 moyenne 6tait respectivement de 30.6, 36.7 et 44.7 mm Hg. 
Chez 88 pour cent des malades du groupe A, nous avons observ~ un pH au-dessus 
de 7.44; chez les malades du groupe B, la m~me observation a ~t~ faite chez 33 
pour cent des malades et chez les malades du groupe c, seulement ehez 8 pour 
cent. 

Chez les malades du groupe c, nous avons tol~r~ une plus grande latitude dans 
]e volume de ventilation pour obtenir un r6sultat hornog6ne en deva de limites 
d6sir~et des taux de Pac~2. L'aeidh6mie grave ffa pas 6t~ un probl~me. Cette 
6tude prouve que I'a]calose respiratoire peut &re ~vit6e tout en maintenant une 
oxyg6nation convenable sans risque d'aeidh~mie respiratoire chez des malades 
soumis ~ la chirurgie cardiaque. Empiriquement, ceci peut ~tre obtenu de fagon 
pr~visible en utilisant un d~bit d'au moins 6 litres de gaz frais, un air eourant de 
2 ~t 2.5 lois plus grand que cehi  mentionn6 dans le nomogramme de Radford, en 
enlevant rabsorbant du gaz earbonique (CO_~) et l'addition de 2.5 pour cent de 
CO_~ et 50 pour cent d'oxyg~ne dans ]'air inspire. 

ACKNOWLEDGEMENTS 

We wish to thank Dr Robert S. Litwak, Professor of Surgery and Chairman of 



LIPTON & KAHN: CAI~IAC SURGERY PATIENTS 59 

the Division of Cardiothoracic Surgery for al lowing us to conduct  this study in 
his operating room. 

REFERENCES 

1. CotmNxNv, A., MOTLEY, H. L ,  Wr, ar~, L., & Rxc~um3s, D. W.. Jn., Physiological studies o~ 
effects of intermittent positive pressure breathing on cardiac output in man. Am, J. 
Physiol., 152:162 ( 1948 ). 

2. TrmvE, R. A., MINDS, I. H,  & MICHENFELDER, J. D. Effect of hypocapnia on cardiac output 
during anesthesia. Anesthesiology, 72:778 (1966). 

3. PaYs-RoBEaTs, C., KELMAN, C. R., KAIN, M. L., GaEE~BAU~, R., & BAy, J. Cardiac output 
and blood carbon dioxide levels during halothane anesthesia in man. Brit. J. Anaesth., 
39:687 (1967), 

4. MO~.aAN, B. C., CIAAWFOBD, E. W., HOnNBEIN, T. F., MAnT1N, W. E,, & CLrNTHEROTI-I, W. G. 
Hemodynamic effects of changes in arterial carbon dioxide tension during intermittent 
positive pressure ventilation. Anesthesiology, 28:866 ( 1967 ). 

5. CULLEN, D. J., EGEn, E. I., 1t, & CnEcoav, C. A, The cardiovascular effects of carbon dioxide 
in man, conscious and during cyclopropane anesthesia. Anesthesiology, 31:407 (1969). 

6, WaICaT, B. D. & DIC, IoV^NNX, A. J. Respiratory a]kalosis, hypokalemia, and repeated ven- 
trlcular fibrillation associated with mechanical ventilation. Anest]t. & Aanlg., 48:467 
(1969). 

7. FLEMMA, R. J. & YOONC, W. C., JE. The metabolic effects of mechanical ventilation and 
respiratory a|kalosis in postoperative patients. Surgery, 56:36 ( 1964 ). 

8. SCam~EB, G. H., Fr~EMONT-SM1TH, K., & Bm~NELr,, J. M. The effect of acute respiratory 
acidosis on the internal equilibrium of potassium. J. Clin. Invest., 34:19.76 (1955), 

9. HALL, K. D. & VAnTAr~ZAN, V. Control of serum potassium levels in the hyperventilated 
postoperative cardiac patient. South. M. J., 61 : 416 ( 1958 ). 

10. SotoLorr, L. The action of drugs on the cerebral circtllation. Pharmaeoh Rev., 11 : 1 (1959). 
11. ALEXANDF2~, S. C., COHEN, P. J., WOLLMAN, H., SMITH, T. C., REIVlCH, M., & VAr,rVF_~ 

MOLEN, R. A. Cerebral carbohydrate metabolism during hypocarbia in man. Anes- 
thesiology, 26:624 (1965). 

12. FaoMaN, C. Adverse effects of low carbon dioxide tensions during mechanical over-ventila- 
tion of patients with combined head and chest injuries. Brit. J. Anaesth., 40:383 (1968). 

13. ANn~nSON, O. S. & EUCZL, K. A. A new acid-base nomogram. An improved method for the 
calculation of the relevant blood acid-base data. Scandinav. ]. Clin. & Lab. Invest., I2: 
177 (1960). 

14. RAVFOaO, E. P., JR. Ventilation standards for use in artificial respiration. ]. Appl. Physiol., 
7:451 (1955). 

15. GOLD, M. I. & HZLRmu, M. Ventilation and blood gases in anesthetized patients. Canad. 
Auaesth. See. J., 14:49,4 (1967). 

16. JOHNSTONE, M. Hypocapnic vasoconstriction during halothane anaesthesia in surgical 
patients. Brit. J. Anaesth,, 40:602 (1968). 

17, HUC~:At~EE, W. E. Relationship of pyruvate and lactate during anaerobic metabolism. Effects 
of infusion of pyruvate or glucose and of hyperventiLation. J, Clin. Invest., 37:244 (1958). 

18. ALLAN-C^RsON, S. A. & Meatus, L. E, Controlled acid-base status with eardiopulmonary 
bypass and hypothermia. Anesthesiology, 23:618 (1962). 

19. NvN~, J. F., BZaCMAN, N. A., & COL~M^N, A. J. Factors influencing the arterial oxygen ten- 
sion during anesthesia with artificial ventilation. Brit. J. Anaesth.., 37:898 (1965). 

20. BENI~IxEN, H. H,, HEDLEv-WHVTE, J., & LAVER, M. B. hnpaired oxygenation in surgical 
patients during general anesthesia with controlled ventilation. A concept of atelectasis. 
New England J. M., 269; 991 (196,3), 

21. BAnAKA, A., SMITH, C. O., & SHnOVF, P. E. Controlled normocarbia during IPPB with the 
Emerson anesthetic ventilator. Anesthesiology, 32:369 (1970). 

22. echo, E. M. & TzruaY, R. N. Proposed formula for ventilatory requirements in apneie anes- 
thetized patients. Anesth. & Analg., 48:455 (1969). 

23. KEEnI-SZANTO, M. Isokapnie ventilation during surgical operations: Description of equip- 
ment and ~st results. Anesth, & Analg., 49:406 (1970). 

~,4. SUWA, K. & YAI~.IAMURA, H. The effect of gas inflow on the regulation of CO 2 levels with 
hyperventilation during anesthesia. Anesthesiology, 33:440 (1970). 

25. Stay^, K., GEFFm, B., Po,nTOm'mm~, H., & BENmXEN, H. H, A Nomogram for deadspace 
requirement during prolonged artificial ventilation. Anesthesiology, 29:1206 (1968). 


