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Abstract: The “respiratory” (Pa~o2 ) and “metabolic” (Base Excess ,

±BE) cc*nponents of acid-base homeostasis are defined . A quantitative

empirical description of the (incomplete) mutual compensations in steady

acid-base disturbances primarily occurring in either of the two components

is presented , based upon data compiled from the literature. Respiratory

adaptations in steady acid-base disturbances of metabolic origin (hyper-

ventilation with hypocapnia in primary metabolic acidosis, and hypo-

ventilation with hypercapnia in metabolic alkalosis) are analyzed as a

function of the acidity of the cerebral fluids (cerebrospinal and cerebral

interstitial fluid).
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FENCL and GABEL 2

Acid-base balance is an integrated home~s:atic system in which

two “independent variables”1 are used by the ccn:roller: P~~, in arte-

rial blood- - the “respiratory component”- - and the “strong- ion difference”

( [S.I.D.], the difference between the str.s of the fully dissociated

cations and anions in blood plasma) fo~ the “n~n-resp iratory” or “rieta-

bolic component” [19]. Deviations fro:i the normal value of [S.I.D. ]

(about 42 im ’Vl) are reflected as base excess (-B~ , n tM/ l) or base deficit

(-BE , rn’1/l) [18]. The normal acid-base ~ aiance in a resting person ,

breathing air at normal barometric press~;re i~ characterized by Pacc- =

40 torr (5.33 kPa) , and BE = 0 ([S.I .D.~] = 42 -~~‘1) , p11 being 7.40 .

Primary disturbances in the “metabolic” “non- respiratory”) component

are characterized by changes in BE : +~E (increase in [S.I.D.]) is meta-

bolic alkalosis , and -BE (decrease in 5.I .D.] ’, is metabolic acidosis.

The value of PacO, , at a given CO2 production t.:02, 1/ m m ) ,  is inversely

proportional to the effective alveolar ventila:icn (‘
~~~~~ , 

1/ m m ) :

Footnote’

An “independent variable” is one that ~~ be changed from outside of

the system; change in one independent variable dces not affect the value

of another independent variable. “Dependent variables” in the acid-base

balance in bod y fluids arc e.g. ~II ~ ], [~1:~ ], [J!cC~ ] , dissociation o1~
weak electrolytes (“buffers”). The “dependent variables” can only

change (al l simul taneously) as a function of changes in one or mere cf

the independent variables [19].
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Fi.~NCL and GABEL 3

~~CO2 = k ~‘CD2/’VA. (1)

Deviat ion from the normal PacO-, is a consequence of change in pulmonary

ventilation. Thus, the regulation of breathing, through its effect on

PaCO2 , is an integral part of the acid-base homeostatic system.

When primary disturbances in acid-base balance occur , a mutual

compensation develops within hours , and is fully established within a

few days : primary disturbances in the “respiratory” component are com-

pensated by an opposite deviation in the “metabolic” component, and.

vice versa. Primary respiratory acidosis (chronic CD-, retention) is

compensated for by renal production of +BE , and with primary respiratory

alkalosis (chronic hypocapnia, as e.g. , in adaptation to high altitude)

a -BE is produced. In an analogous way , primary metabolic alkalosis or

acidosis induces compensatory hypercapnia or hypocapnia , respectively.

Figures 1 and 2 , constructed from published data , describe the observed

quantitative interactions between the “respiratory” and “metabolic”

components of acid-base regulation in humans . In primary disturbances

of “respiratory” origin (Figure 1), BE changes as a function of PaCO2.

Over the range of PaCO2 values of 20 to 60 torr (2.67 to 8.00 kPa) , the

plot fits a straight line :

BE ( r r i ’4/ l)  0.34 PaCO2 (torr) - 14 (2)

Thus, for instance, i~hcn Pa~~2 is increased from its nonii~i1 va lue of 40

torr (5.33 kPa) to 50 torr (6.67 kPa) , BE increases from 0 to 3.4 nWl.

This renal compensation for a primary respiratory acid-base disturbance

is not complete, as indicated by the plot of “iso-pl-I” lines in Figure

1. In primary disturbances of “metabol ic” origin (Fi gure 2) ,  Pac~2
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FE\~CL and GABEL 4

changes as a function of primary deviations in BE. Over the range c f

BE -20 to +20 mM/i ( [S.I .D. ] approximately 22 - 62 n~/l) , the plot sits

a straight line:

Pa(J’)-, (tori-) = BE (~~Vl; — 40 (3)

Thus , for instance , BE of +10 ~~I/l prc iuces an increase in ~ ij2 to - )

+ 10 = 50 torr (6.67 kPa) , and BE of ~1O ~N/1 elicits a PaCD-, value f

-10 + 40 = 30 t~rr (4.00 kPa) . Again , as seen fron the “iso-pH” lir~ s

in Figure 2 , the respiratory compensation for primary metabolic acic-

base disturbances is incomplete.

~~chani sms responsible for these rmual compensations in the tw3

types of primary acid-base disturbances have n-~t been fully clarifie~ .

We shall not coi~ment on the renal mechanisms that prcduce base exces s

or base deficit in response to chronic hypercarnia or hypocapnia (Fip . re

1), but shall concentrate on the respirat ~ry adantations that fol1c~ the

primary disturbances of “metabolic” origin, as enpirically described in

Figure 2.

Changes in the resting pulmonary ventilation with reciprocal

changes in PaCO,, Equation 1) that occur in metabolic acidosis and a.ka-

losis cannot he readily explained by chei~ical respiratory stimuli id. n:i-

Liable in arterial blood. -In stable me:a~olic acidos is with estab .ish~J

respiratory compensation, PaCO-, is abncrmaily low and the prevailing

arterial-blood pH is not acidotic enoup to account for the hyperver.:i-

lation [6] [7] [14]. Analogous reasoning pertains to metabolic a1~:a Dsis.

It appears that it is a change in [l-i~ ] in cerebral fluids (cerebrospinal

fluid , CSF; and cerebral interstitial fluid , cISF) , detected by the
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FEN(.l and GP,BEL 5

“central chemoreceptors” in the medulla oblongata [13] [16), that pro-

vides a significant stimulus for resetting the resting pulmonary ventila-

tion in response to metabolic acidosis or alkalosis. Following the pio-

neering work of LEUSEN [11], it has been shown that the resting VA (and

its reciprocal function, the arterial-blood ~CD2) is proportional to the

[H~] in cerebral fluids [2] [3] [6] [7]. These fluids are separated

from blood by the blood-brain barrier, arid their ionic composition is

different from that of the ultra filtrate of blood plasma. As a result

of the (poorly understood) functioning of the blood brain barrier, changes

in [S. I. D.) (or BE) that occur in blood plasma during metabolic acidosis

or alkalosis are attenuated in the ionic composition of the cerebral

• fluids [12].

The “central chemoreceptors” appear to be located at some distance

from the ventro-lateral surface of the medulla, exposed to cISF and not

to the cisternal CSF [21 [31 [15]. However , in the normal acid-base

balance and during steady metabolic acidosis or alkalosis at non~al baro-

metric pressure, the ionic composition (including [II~]) of cISF and CSF

are the same [6]; thus, the variable “centrogenic respiratory drive”

contributing to the respiratory adaptation in stea.~y “metabolic” acid-

base disturbances can be identified, and measured, as the [l-1~) in

cisterna]. (SF.

Respiratory adaptations to prolonged stable metabolic acidosis

or alkalosi~, by inducing changes in ~~~~~~~ 
in alveolar gas , arterial blood

and other body fluids , together with the blood-brain barrier, ~hith at-

tenuates the reflection in cerebral fluids of the changes in [S. I. D. I

___________________________________________
- -~~~ ~~~~~~~~~~~~~~~~~~~
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existing in blood plasma, serve to reduce the variation of [Hf ] in the

cerebral extracellular fluids to a small fraction of that occurring in

blood [7].
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Fig. 1. Changes in base excess and base deficit (±BE ) observed

in stable acid-base disturbances of purely respiratory origin. The

heavy line is least-squares regression of BE as a function of prirar -’

changes in Pa(D,. The slope (?.) indicates that BE ch anges by 0.34

niM/l with a prima ry change in PaCO2 of 1 torr. The thin lines are

“iso-pH” lines of the plot of BE vs 
~~~~ 

in blood : t?~e renal cor~e~-

sation for respiratory alkalosis and acidosis is incomr”lete. Based n

data compiled from references [4] [5] [8] [10] [17] [201 [21].

Fig. 2. Changes in Pam, observed in stable acid-base dist~:r-:--
- - ances of “metabolic” origin. The hear- line is least-squares regre5~ 

F

siort of PaCO2 as a function of primary changes in base excess and 1ase

deficit (±BE). The slope (‘~) indicates that Pa~0-, changes 
by 1 torr

with primary change in BE of 1 m~Yl .  Cor~parison with the slopes of

the thin “iso-pIP ’ lines shows that the respiratory compensation of

stable metabolic acidosis and alkalosis is incomnlete. Based on dat a

compiled from references [1] [7] [9] [21].

V. FENCL , M.D. , Dept. of Anaesthesia , Harvard Hedical School , Peter
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