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Peirce EC. Treating acidemia in carbon monoxide poisoning may be dangerous. J Hyper-
baric Med 1986; 1(2)87-97. —In addition to reducing the available hemoglobin (Hb) by
tightly combining with it, CO poisoning produces a substantial left shift in the oxyhemo-
globin dissociation curve. This reduces the usual ready O, release in the tissue and is a
major factor in the production of CNS hypoxia and damage. An acidemia, often present in
severe CO poisoning, especially if there are also burns, moderates the left curve shift and
may, therefore, facilitate tissue oxygenation. Usual emergency room regimens routinely
employ alkali in the treatment of acidemia, and there is a tendency to give large amounts
of sodium bicarbonate to a patient in coma with a substantial acidemia. This is potentially
avery dangerous practice in CO victims as an alkalemia, or even a reduction in an acidemia,
will further shift the O dissociation curve and may aggravate any hypoxia, perhaps ensuring
CNS damage. This paper gives the mathematical details of the curve shift produced by CO
and pH change, and explains how to combine the two so that their total magnitude and the
effect on available tissue O, can be known.

carbon monoxide poisoning, oxybemoglobin dissociation curve, acid base,
temperature, O, availability

Introduction

Patients severely poisoned with CO may develop very substantial metabolic
acidosis and a considerable drop in their arterial pH. Such patients generally
present in coma, respond poorly to therapy even when vigorously treated,
and are considered to have a poor prognosis. O, is utilized as a specific
therapy for the CO intoxication since it reduces hypoxia and hastens uncou-
pling of CO from hemoglobin and respiratory elimination of CO. Other
treatments are given in emergency rooms, frequently following standard
protocols, depending on the metabolic and cardiopulmonary status of the
patient. If the pH is depressed (acidemia), sodium bicarbonate (NaHCO;) is
commonly given, sometimes in large amounts. Although it has become clear
from experience in cardiopulmonary resuscitation that excessive alkali admin-
istration may jeopardize an otherwise successful effort, this is not widely
known. The purpose of this paper is to review the effect of CO and pH on the
oxyhemoglobin dissociation curve (O,Hb curve) and on O, transport and to
caution that raising the pHa may be dangerous.
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The Normal Oxyhemoglobin Dissociation Curve (1)

Po, and So, values to construct most of a normal O,Hb curve (Fig. 1) are
shown in the left of Table 1. The Py, is 26.6 mmHg. On the average, in the
normal subject at rest, the venous saturation and Po, do not fall below 70%
and 37 mmHg, respectively. O, exchange and transport are accomplished by
loading and unloading only about the top 25% of the hemoglobin. Since the
cellular Po, is at most a few millimeters of mercury, the O, gradient from the
capillary to the cell is substantial. This arrangement provides considerable O,
reserve. O, transport and exchange are readily enhanced. A severalfold increase
in cardiac output occurs on exercise even in sedentary people. In athletes this
may be as much as six- or sevenfold. (In severe anemia an increase in cardiac
output compensates for the decrease in Hb concentration). Venous Po, need
only fall from about 40 to 27 mmHg to double the O, extraction. Greater
alveolar ventilation increases the diffusion gradients for O, and carbon dioxide
so that arterial saturation is little reduced with exercise.

The Haldane Effect (Table 1) (2)

The combination of CO with hemoglobin shifts the O,Hb curve to the left
of the normal one (Fig. 1). This change is substantial even at a fairly low

O, DISSOCIATION CURVE

IOO_ g -0
; 50% o7
_ HbCO &
5 /
g /
el
k¢ 50- $ NORMAL
N ]
@ ] e
°. 1 A T.37°C
(@) J pH 7.40
1 d
O 2 I 1 1 T L Ll ! Ll T 1
0 50 100
PO, mm Hg

FIG. 1—The normal O, dissociation curve and the curve shift with 50% COHb (HbCO) are
shown. See text for details. (Reprinted from Surgery (7) by permission.)
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carboxyhemoglobin concentration (([COHb]). The effect is to increase the
tightness with which the hemoglobin (Hb) in the blood binds O.. For any
given O, saturation, the Po, will be lower than usual. Tissue hypoxia may be
produced by the increased affinity of the O, and the hemoglobin. This has
been named “affinity hypoxia.” The curve shift is most easily described by the
change in the P,

Construction of the shifted curve does not require any assumptions regard-
ing the mechanism of Hb and CO combination or the relative affinities of Hb
for CO and O, (2).

True Po, = Equivalent Po,/(1 + [COHb}[O,Hb]) (1)

where true Po, is the value on the shifted curve that corresponds to the
[O.Hb]. For this only the Hb available for O, binding is used (this is
[Hb]—[COHb]). Equivalent Po, is the value on the original O;Hb curve (nor-
mal or shifted by pH or temperature, etc.) that corresponds to the sum of the
[COHb] and the [O,HB]. For this the total Hb is used. [O,Hb] is the percent
concentration of O,Hb; [COHDb] is the percent concentration of COHb.

Example: In Fig. 1 the original curve is normal and the [COHb] is 50%. Only
50% of the original Hb is available for O, binding. At the Ps, on the new
(shifted) curve the Po, is calculated by Eq. 7. The equivalent Po, corresponds
to a saturation of 75% (the [COHb] = 50% and the [O,Hb] = 25% as only
half of the remaining Hb carries O,). Its value is 40 mmHg. The true Po; is,
therefore, 40/3 or 13.3 mmHg,

Others have derived correction factors for the Ps, when the O,Hb curve has
been shifted by the presence of COHb. A recent report gives the following
equation (3):

log Psge = log Psge — X 2)
where Ps,, = the P, at a [COHb] of X

Pso. = the Ps, of the blood containing no COHb
f = the correction factor (here 0.00848)
X = the COHb.

The correction factor (f) has been variously reported to be 0.006 (2, 4) and
0.007 (5, 6). These and the corresponding Ps, values for [COHb] = 50% are
shown in Table 2.

The Bohr Effect (Table 3, Fig. 2) (1)

The tightness of O, binding to Hb is modified by the pH. When blood is
more acid than 7.40, the O,Hb curve is shifted to the right. A greater Po, is
required to load the Hb in the lung but O, is released to the tissue at a higher
Po,. This may be a useful mechanism in shock, etc., because it facilitates better
tissue O, extraction. Conversely, a higher pH shifts the curve to the left and
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Table 2: Correction factors and Ps, values for blood containing COHb (3)

Source f P, mmHg
(2,4) 0.006 133
(5,6) 0.007 11.9

(3) 0.00848 10.0

causes O, to be bound more tightly. Although this somewhat facilitates the
uptake of O, in the lung, the effect is generally small as the O,Hb curve is
very flat at the top, and large changes in Po, produce only small changes in
saturation. In the tissue, however, O, release is impeded. If the shift is large,
hypoxia may result. Too zealous use of alkali in cardiopulmonary resuscitation
may enhance brain damage by increasing cerebral hypoxia.

The Combined Haldane and Bohr Effects

The shifts of the O,Hb curve produced by COHb (Haldane) and by pH
(Bohr) are additive. To determine the combined effect it is only necessary to
calculate sequentially. This is most easily appreciated by taking an example:

A 74-yr-old woman was removed in coma from a fire and rapidly transported
to a large metropolitan hospital. In the emergency room she was found to be
in deep coma and with severe burns including the airway. The arterial pH
was 6.90 and the COHb 57%. She was intubated and vigorous resuscitative
measures were taken including the administration of large amounts of NaHCO,
IV (perhaps 10 ampoules). Although given hyperbaric therapy 90 min after
reaching the hospital she did not respond and died soon afterwards. An
estimate of the maximum COHb level (at the time of removal from the fire)
is 70.2%.

The pH response to the alkali is not known, but for the purposes of this
calculation is assumed not to have exceeded 7.40. Figure 2 and Table 4 show
the following:

a. The normal O,Hb curve.

b. The predicted curve at pH 6.90 with no COHb.

¢. The curve at pH 6.90 and a [COHb] of 57%.

d. The curve for a [COHb] of 57% but with the pH returned to 7.40.

A vertical line is drawn for Po, = 15 mmHg. This represents a reasonable
value for the lowest predicted venous Po,. From this are calculated the cor-
responding O, consumptions (Vo,’s) assuming a [Hb] of 13.5 g percent (13.5
g/dl) and a cardiac output of 5 liters/min.

To determine the net effect of both pH and COHBb, the correction factor for
the appropriate pH should be multiplied by the correction factor for COHb.
For the case example just given Table 4 shows the Ps, values, the saturation at
a Po, of 15 mmHg, and the maximum available O, at that Po, for the curves
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OITHENOGLOBIN DISSOCIATION CURVE SHIFTS
IN & 74 TEAR OLD CARBON MONOXIDE VICTIN
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FIG. 2—Curves pertinent to the example showing the cumulative result of the Haldane (CO) and
Bohr effects (pH). (1), shows the “normal” O, dissociation curve. This means that the pH is 7.40,
there is no COHb in the blood, the temperature is 37°C, and no other factors would cause a shift
in the Ps,. (2), the curve from blood shown in (1) but after the pH has been decreased to 6.90 as
might occur with a severe metabolic acidosis with no COHb in the blood. (3), the curve from a
74-yr-old comatose woman with a [COHb] of 57% and an arterial pH of 6.9. (4), the predicted
curve for the same patient after administration of enough NaHCOj to bring the arterial pH to
7.40. See text and Table 4 for further details.

Table 4: Presentation of data from example: HbCO and pH corrections

(See Fig. 2)
Status
[HbCO] Sao, at Vo, ml/min
Curve No. pH % P mmHg 15 mmHg* at 15 mmHg
1 7.4 0 26.6 19 820
2 6.9 0 46.7 8 932
3 6.9 57 21.0 29 337
4 7.4 57 120 64 141

“Venous Po..



Rubicon Foundation Archive (http://rubicon-foundation.org)

E. CONVERSE PEIRCE, 11

94

-anea § ausodwod sy Aq p L Hd 18 %4 [BWIoU 31 SPIAIP PO “BHWW 997 = 0F'L ¥ POO[] [PULIOU 10 *d L,

¥s 9 69 Virg & 98 96 801 0el SpHwiw g
6% Ied 8¢ bhe 60'¢ 8LC 2 44 @t (00)p(Hd)y
T fard e A e e 7T raard (9%£S) (0D
Ice Yo'l €LT ST 6ET Tl It 001 (Hd)y
0rs 00'8 06'L 08°L 0L'L 09°L 0s'L or'L Hd

»%LS 3O ODGH 30§ sanfeA Hd JUIFIP 1€ **d JO UOREMOE) ¢ I[qEL



Rubicon Foundation Archive (http://rubicon-foundation.org)

ACIDEMIA IN CARBON MONOXIDE POISONING 95

shown in Fig. 2. Table 5 shows the manner in which the pH and O,Hb factors
are used to determine the Py, at different pH values.

Temperature effect (1)

The O,Hb curve is also shifted by temperature, the O,Hb bond becoming
tighter as the temperature is lowered from 37°C. If O, need is unchanged, an
“affinity hypoxia” could develop. However, as temperature falls there is usually
a drop in metabolic demand so that the curve shift is not very important
(Table 6). This is true in accidental hypothermia during alcoholic or barbi-
turate intoxication and in medical hypothermia under general anesthesia. If
the subject is fully responsive when exposed to cold, shivering may greatly
increase the O, demand but this also delays or prevents the temperature
change. To determine the net effect of the curve shift with temperature change,
the metabolic status of the subject must be known,

To correct for any two of the pH, [COHb], T°C or for all 3, multiply the
appropriate factors and divide the uncorrected P, by the composite factor.

Discussion

Carbon monoxide poisoning, unlike exercise, is not, in clinical situations,
reliably accompanied by much increase in cardiac output or ventilation (7).
Although CO may produce profound hypoxia, the usual mechanisms operative
in exercise, anemia, or stress are not strongly invoked. The more severe the
CO poisoning, the less the stimulation, Furthermore, the common mechanism
of increased O, extraction does not come into play; venous Po, and saturation
rise because, when COHDb is present, O,Hb has a much increased affinity for

O.. Increased extraction is simply not possible. “. .. The percent of CO is not
as important as the resultant Ps, in determining the cardiovascular response
to CO” (8).

A high pH, a low temperature, or COHb all shift the O,Hb curve to the left
and make it more difficult for O, to be extracted from the blood as it passes
through the tissue. Of these factors the shift caused by COHb is the most
serious since it is accompanied by a reduction in the available hemoglobin.
Severe hypoxia may be expected when [COHb] reaches about 50% (Table 1).
When the tissue Po, becomes very low, a point is reached where CO combines
with cytochrome oxidase a; and disrupts the O, transport chain. If the pH is
somewhat low (acidemia), the left shift caused by the [COHDb] is reduced and
the hypoxia may be moderated. Since the acidemia seems to be protective,
alkali should rarely be administered in CO poisoning. If alkali is given, the
pH should be carefully monitored to provide early warning of any elevation.
Because CO has a direct cardiac effect and may lead to circulatory failure, a
condition for which alkali is so commonly given, it requires special knowledge
and commitment to avoid the pitfall of automatic infusion of IV NaHCO;. The
combination of severe CO poisoning and an alkalemia (or even a moderation
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of an acidemia) may be followed by irreversible brain damage
or death from aggravated hypoxia. Physicians and others working in emergency
rooms should become very familiar with the large, and potentially dangerous,
O,Hb curve shifts that occur with CO poisoning and with resuscitation.

Conclusion

Carbon monoxide reduces the Hb available to carry O,, shifts the O.Hb
curve to the left producing “affinity hypoxia,” and directly poisons the tissue.
An increase in the pH further shifts the curve and increases the hypoxia. The
pH effect may be very large and dangerous. For this reason, the administration
ofalkali should rarely be undertaken in CO poisoning. Other usual emergency
measures should be carried out, but the only direct therapy is O, administra-
tion. In cases with CNS signs, 100% O, should be given continuously and
followed, if available, by hyperbaric O, at 2 to 3 ATA for several CO half
lives (7, 9).
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