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Abstract: The ''respiratory" (PaCOZ) and "metabolic'" (Base Excess,
+BE) components 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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Acid-base balance is an integratec homesstatic system in which

two "'independent variables'l

are used by the ccniroller: PCDp in arte-
rial blood--the "respiratory corponent'--and tae ''strong-ion difference"
({S.1.D.], the difference between the su-s of ths fully dissociated
cations and anions in blood plasma) for the "n:n-respiratory* or "meta-
bolic component" [19]. Deviations fro: the no:mal value of [S.I.D.]
(about 42 mM/1) are reflected as base =xcess (-BZ, m\/1) or base deficit
(-BE, m'//1) [18]. The normal acid-bases -alancs in a resting person,
breathing air at normal barometric pressure is characterized by Paco- =
40 torr (5.33 kPa), and BE = 0 ([S.I.D.] = 42 ='1), pH being 7.40.
Primary disturbances in the "hetabolic'f "'non-vespiratory'') component
are characterized by changes in BE: +ZE (increase in [S.I.D.}) is neta-
bolic alkalosis, and -BE (decrease in S.I.D.] :Is metabolic acidosis.
The value of PaCp,, at a given CO procuction 'V;o:, 1/min), is inversely

proportional to the effective alveolar ventilazicn (Vy, 1/min):

Footnotel

An "independent variable' is one that can be changed from outside of
.the system; change in one independent ‘ariable dces not affect the value
of another independent variable. ''Depencent variables" in the acid-base
balance in body [luids arc e.g. [lI*], [O7], [II(C3], dissociation of
weak electrolytes ('buffers'). The '"dependent variables'" can only
change (all simultancously) as a function of cianges in one or more cf

the independent variables [19].
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Paco, = K Vgp,/Va- ' (1)
Deviation from the normal Pacp, is a consequence of change in pulmonary
ventilation., Thus, the regulation of breathing, through its effect on
Pacop, 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 (0, 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 (i?igure 1), BE changes as a function of Pacp,.
Over the range of Pacp, values of 20 to 60 torr (2.67 to 8.00 kPa), the
plot fits a straight line: ‘

BE (mW/1) = 0.34 Pago, (torr) - 14 (2)
Thus, for instance, when Pa(p; is increased from its normal value of 40
torr (5.33 kPa) to 50 torr (6.67 kPa), BE increases from 0 to 3.4 mM/1.
This renal cormpensation for a primary respiratory acid-basc disturbance
is not complete, as indicated by the plot of "iso-pH' lines in Figure

1. In primary disturbances of 'metabolic' origin (Figure 2), PaCo,
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changes as a function of primary deviations in BE. Over the range c?
BE -20 to +20 mM/1 ([S.I.D.] approximately 22 - 62 r’i/1), the plot Zits
a straight line:

Pagp, (torr) = BE (m'l/1; + 40 (3
Thus, for instance, BE of +10 mM/1 prciuces an increase in PCDz to 0
+ 10 = 50 torr (6.67 kPa), and BE of -10 mM/1 elicits a Pagp, valus 5%
-10 + 40 = 30 torr (4.00 kPa). Again, as seen from the "iso-pl' lir.as
in Figure 2, the respiratory compensation for primary metabolic acic-
base disturbances is incomplete,

: Mechanisms responsible for thesc rutual compensations in the wo
types of primary acid-base disturbance: Lave not been fully clarifiez.
We shall not comment on the renal mechanisms tiat produce base exces:
or base deficit in response to chronic izpercajnia or hypocapnia (Fizuve
1), but shall concentrate on the respiratory acaptations that follow the
primary disturbances of "metabolic" origin, as empirically describec i-
Figure 2,

Changes in the resting pulmonar: ventiletion (with reciprocal

changes in Pacp», Equation 1) that occur in metabolic acidosis and a_ka-

"losis cannot be readily explained by cherical respiratory stimuli Id:inti-

fiable in arterial blood. ‘In stable metabolic acidosis with establiszhied
respiratory compensation, PacQ, is abnemmally low and the prevailing
arterial-blood pH is not acidotic enough to account fo.r the hyperven:i-
lation [6] (7] (14]. Analogous rcasoning pertcins to metabolic al:alosis,
It appears that it is a change in [H*] in ceretral fluids (cerebrospincl

fluid, CSF; and cerebral interstitial fluid, cISF), cetected by the
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""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 \"A (and
its reciprocal function, the arterial-blood POOZ) is proportional to the
[H*] in cerebral fluids [2] [3] [6] [7]. These fluids are separated
from blood by the blood-brain barrier, and their ionic composition is
different from that of the ultrafiltrate of blood plasma. As a result
of the (poorly understood) functioning‘of the blood brain barrier, changes
in [S.1I.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 [2] [3] [15]. However, in the normal acid-base
balance and during steady metabolic acidosis or alkalosis at normal baro-
metric pressure, the ionic composition (including [H*]) of cISF and CSF’
are the same [6]; thus, th.e variable ''centrogenic respiratory drive"
contributing to the respiratory adaptation in stealy "metabolic" acid-
base disturbances can be identified, and measured, as the [H*] in
cistermal CSF. j

Respiratory adaptations to prolonged stable metabolic acidosis
or alkalosis, by inducing changes in Pcp, in alveolar gas, arterial blood
and other body fluids, together with the blood-brain barrier, which at-

tenuates the reflection in cerebral fluids of the changes in [S.I.D.]
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existing in blood plasma, serve to reduce the variation of [H*] in the
cerebral extracellular fluids to a smell fraction of that occurring in

blood [7].
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Fig. 1. Changes in base excess and base deficit (#BE) obserwzc
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 Pamz. The slope (») indicates that BE changes by 0.34
mM/1 with a primary change in Pacg, of 1 torr. The thin lines are
"iso-pH" lines of the plot of BE vs Pagp, in blood: the renal corpen-

sation for respiratory alkalosis and acidosis is incomrlete. Basel on

data compiled from references [4] [5] [8] [10] [17] [2C] [21].

Fig. 2. Changes in Pagp, observed in stable acid-base distur>-
ances of 'metabolic'" origin. The heavy line is least-squares regrss»
sion of PaC0, as a function of px‘imr)"dxanges in base excess and bzse
deficit (#BE). The slope (%) indicates that Pagps changes by 1 torr
with primary change in BE of 1 mM/1. Comparison with the slopes o2
the thin "iso-plI' 1lines shows that the respiratory compensation of
stable metabolic acidosis and alkalosis is incomplete. Based on catz

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

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

Bent Brigham llospital, 721 Huntington .\ve., Boston, M\, 02115 (US:)
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In conducting the research described in this report, the investigators
adhered to the 'Guide for the Care and Use of Laboratery Animals,' as
promulgated by the Committee on Revision of the Guide for Laboratory
Animal Facilities and Care of the Institute of Laboratory Animal Resources,
National Research Council.

The views, opinions, gnd/or findings contained in this report are those
of the authors and should not be construed as an official Department of
the Army position, policy, or decision, unless so designated by other
official documentation.




