
A REVIEW

Ventilator and Metabolic Compensation in
Dogs With Acid-Base Disturbances

Helio S. Autran de Morais, MV, MS
Department of Veterinary Clinical Sciences
The Ohio State University
1935 Coffey Road
Columbus, Ohio 4321 O; and
Departamento de Clfnicas Veterim%ias
Universidade Estadual de Londrina
Campus Perobal
Londrina, PR 86051, Brazil

Stephen P. DiBartola, DVM
Department of Veterinary Clinical Sciences
The Ohio State University
1935 Coffey Road
Columbus, Ohio 43210

Address reprint requests to Helio S. Autran de
Morais at The Ohio State University address.

SummaW

Ventilatoty and metabolic compensation to acid-base disturbances is reviewed. The mechanisms for
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Ac
compensation as weli as the values obtained from several studies using normal dogs and dogs with
experimentally induced diseases are provided. Compensation is not the same in dogs and human
beings. Dogs have abetter ability to adapt to most respiratory disorders, and human beings adapt better
to metabolic acidosis. In metabolic alkalosis and chronic respiratory acidosis there is no difference in
compensation between these species. Ventilatofy compensation for metabolic disorders in dogs is the
same whether they have metabolic acidosis or metabolic alkalosis, whereas metabolic compensation
in respiratotydisturbances is less effective in acidosis. Values for the expected changes in PC02 in dogs
with metabolic acidosis and metabolic alkalosis, and for bicarbonate concentration (HCO+ in dogs
with acute and chronic respiratory alkalosis and acidosis are presented.

Words: dogs, respiratory acidosis, respiratory alkalosis, metabolic acidosis, and metabolic alkalosis

duction
cording to one hypothesis of acid-base regula-

cipal ions involved in acid-base physiology are ex-
pressed in this equation. Organic strong anions, how-
ever, are not included in this formula, and therefore, it
tion, the body maintains acid-base balance by induc-
ing changes in strong ion difference (SID) and carbon
dioxide pressure (PCOJ.’-3 Strong ions are substances
that are completely dissociated at body pH. The most
impottant strong ions in plasma are Na+, K+, Ca2+,
Mg2+, Cl-, lactate, #hydroxybutyrate, acetoacetate,
and S042–. The influence of strong ions on pH and
the HC03– concentration (HC03–) can always be ex-
pressed in terms of the difference between strong ca-
tions and strong anions.’+ Strong ion difference can
be estimated clinically by: Na+ + K+ - Cl-. The prin-

VETERINARY
has been called the inorganic SID (SIDi).2
Three independent variables exist in acid base phys-

iology. Independent variables in any system are those
that can be directly altered from outside the system,
without affecting one another. In arterial blood plasma,
PCOZ can be independently changed from outside the
system by changes in alveolar ventilation.4 The SID
also can be changed independently from outside the
system (by reabsorption of Cl- in the renal tubules).
The third independent variable in plasma is the total
concentration of nonvolatile weak acids, the sum of
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FIG. 1 – Determinants of SID, PC02, and ATOT,and the dePendent
variables H+, HC03-, and A-.

the dissociated and nondissociated forms (ATOT= A-
+ HA). The main components of ATOTin plasma are
plasma proteins (> 95% of ATOT)and inorganic phos-
phate (piT~~ = p032– + kipod?– + ti2p04– +
H3POJ. All other variables, H+, pH, HCOS-, and total
concentration of nonvolatile weak acids in a dissoci-
ated form (A-), are dependent variables and can only
change when one or more of the independent vari-
ables change. The principal determinants of the inde-
pendent variables are presented in Figure 1.

Each primary acid-base disturbance is accompanied
by a secondary change in the opposing component
of the system and this change returns the pH toward
normal. This compensation is due to changes in al-
veolar ventilation (and consequently PCOZ) in metabo-
lic acid-base disturbances, and by transmembrane
changes in strong ions in erythrocytes and renal tub-
ular cells changing plasma SID (and consequently
HC03-) during respiratory acid-base disturbances
(Fig. 2). The anticipated compensation in primary acid-
base disorders is presented in Table 1. The lungs con-
trol PCOZ by alveolar ventilation and by changing
PCOZ may alter H+ within minutes to prevent poten-
tially detrimental pH changes in metabolic acidosis.
The kidneys control SID by epithelial transport of
strong ions, primarily Na+ and Cl-. The response of
the kidneys is relatively slow compared to that of the
lungs, requiring 2 to 5 days for maximal effect. The
gastrointestinal (Gl) tract also may alter plasma SID
both in physiologic and pathologic states. Gastrointes-
tinal alterations in SID, however, are a consequence
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FIG. 2 – Principalorgans involvedin long-term regulationof acid-
base status.Kidneysregulate SID whereaslungs regulate PC02.

Primary Disorder Compensatory Response

MetabolicAcidosis RespiratoryAikaiosis
U HC03- U PC02

MetaboiicAikalosis RespiratoryAcidosis
~ HCO.- fl PC02

RespiratoryAcidosis MetaboiicAlkalosis
t PC02 fi HCOS-

RespiratoryAlkalosis MetaboiicAcidosis
# PC02 U HC03-

of primary GI functions or disease states and are not
directly concerned with acid-base regulation.

Knowledge of the normal compensatory response
is impottant in clinical assessment of patients with
acid-base disorders. In many situations, the distinction
between a simple and mixed acid-base disorder can-
not be made without this knowfedge, and important
complications of the primary disease process can be
overlooked. Unfortunately, compensatory responses in
dogs with respiratory and metabolic acid-base disor-
ders often are predicted based on values used clini-
cally in human medicine and based on the assumption
that the “response curves of man and dogs are sim-
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Acid-Base Compensation in Oogs
ilar.”5 Recently, an expected range of compensation for

dogs with acid-base disorders was proposed based

on review of a limited number of reports.e The purpose
of this review is to further evaluate the expected range
of compensation for acid-base disorders in normal dogs
with experimentally induced acid-base disturbances.

Metabolic Disorders

METABOLICACIDOSIS

The kidneys increase net acid excretion (primarily
by enhanced NH4 + Cl- excretion) in metabolic
acidosis, beginning on Day 1 of the disturbance and
reaching a maximal response after 5 to 6 days.’ An
increase in Cl- excretion without an increase in Na+
excretion increases plasma SID and returns HCOa–
and H+ toward normal. A compensatory decrease in
PCOZ will occur because the resulting increase in H+
will stimulate the respiratory centers in the central
nervous system to increase ventilation. The initial
response is mediated by peripheral chemoreceptors,
whereas the complete response must await an in-
crease in H+ in the cerebrospinal fluid (CSF) (H ‘C2F).8

Complete respiratory compensation will not occur until
Cl- is exchanged across the blood brain barrier, thus
altering SID in the CSFg This exchange is not com-
plete before 14 to 17 hours.g

Metabolic acidosis has been produced experimen-
tally in dogs by supplementation of the diet with strong
anions (e.g., NH4CI, HCI, H2S04) or administration of
acetazolamide, which causes Cl- retention.

lfC/ and IVILCI /l#ode/s. Addition of HCI to the diet
is a well-recognized method of promoting metabolic
acidosis in dogs. Despite a wide range of dosages,
the results are very consistent. The amount of HCI
added to the diet has varied from 2.0 mEq/kglO’ll to
10.0 mEq/kg12 daily. The most commonly used dose
has been 7.0 mEq/kg, 13-21 With some stUdieS U.Sing

more than one dose. 10’11’14
Metabolic acidosis also has been produced exper-

imentally by administering NHACI at a dosage of 10
mEq/kg dail~2-24 or 186 mEq daily (an average of 6.6
mEq/kg). 25 Apparently, no difference exists between
the degree of metabolic acidosis obtained using NHQCI

m and results obtained usingor HCI in human beings,
NHACI can be compared with those obtained using
HCI.

Chronic studies in dogs fed a diet containing HCI
suggest a variable decrease in PCO* for each 1 mEq/L
fall in HCOS–. The decrement in PCOZ ranged from
0.511 to 1.1,14 with most authors reporting values be-
tween () 6 and r3.8.1°,1*21127-mWhen NH4CI was used to

produce metabolic acidosis instead of HCI, PC02 de-
VETERINARY
creased 0.5W to 0.624 mm Hg for each mEq/L decrease
in HC03–.24 Based on this data, the expected decrease

in PC02 in dogs with metabolic acidosis may be es-
timated as 0.7 mm Hg for each 1 mEq/L decrease in
HC03–.

The H+ increased 1.25 to 2.2 nEq/L for each mEq/L
decrease in HC03- in dogs with metabolic acidosis
produced by HC11011*21’27-2gor NHACI.24’WThe change
in H+ fell outside of this range in only one study in
which HCI was used. ”

Other Models. Chronic hyperchloremic acidosis
has been induced in dogs using acetazolamide.3”32
The PCOZ decreased 0.9 mm Hg for each 1 mEq/L
decrease in HCOS– when acetazolamide was given in-
tramuscularly every 8 hours to dogs at a dosage of
10 mg/kg,32 but decreased 0.6 mm Hg when ace-
tazolamide was given orally at a dosage of 7.1 mg/kg
every 8 hours.3’ The H+ increased 1.632to 2.031 nEq/L
for each 1 mEq/L decrease in HC03–.

Metabolic acidosis induced by chronic administra-
tion of amiloride in nonadrenalectomized dogs and in
adrenalectomized dogs supplemented with glucocor-
ticoids and mineralocorticoids has been studied.33 The
administration of 2 mg/kg of amiloride for 9 days in
nonadrenalectomized dogs caused hyperchloremic
acidosis. The compensatory response in this setting
was characterized by a 0.8 mm Hg decrease in PCOZ
for each 1 mEq/L decrease in HCOS-.33 The H+ in-
creased 1.4 nEq/L for each 1 mEq/L decrease in
HC03-.33

Both HN03’4’2’ and H2S04’4’2’ have been used to
produce metabolic acidosis in dogs. Hydrogen ion
concentration and HCOS– did not change significantly
when HNOS was used at 7.0 mEq/kg/day in dogs.14
Renal net acid excretion, however, was increased.14 In
a subsequent study, however, HN03 caused a signi-
ficant decrease in HCOS– and H+ 3 hours after feed-
ing. These parameters gradually returned to baseline
within 24 hours.21 Experimental metabolic acidosis in-

duced by feeding 5 to 7 mEq/kg/day of H*SOQ caused
a decrease in PC02 of 1.8 mm Hg for each 1 mEq/L
decrease in HCOS– in one stud~ and no change in
PCOZ in another study where dogs also were fed a
NaCldeficient diet.14

Metabolic acidosis also has been induced in adren-
alectomized dogs supplemented with glucocorticoids,
but not with mineralocorticoids.34’35 In both studies,
PC02 decreased 0.7 mm Hg and the H+ increased 1.3
nEq/L for each 1 mEq/L decrease in HCOS–.

METABOLIC ALKALOSIS

The normal response of the body is to decrease SID
and increase PC02 during metabolic alkalosis.a The

C.nltilnmd
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FIG. 3 – Compensationfor acute respiratoryalkalosis.

cellular response is limited because intracellular Cl- is
Iowa A decrease in ventilation is observed in patients
with hypochloremic aikaiosis and is believed to result
from an adjustment in the ionic composition of CSF with
a consequent decrease in H ‘W.4@’eThe time course for
the development of respiratory compensation in plasma
following the onset of hypochloremic alkalosis and the
time course of its disappearance after correction cor-
responds to the turnover rate of cerebral fluids.4’g

The most commonly used methods for creating me-
tabolic alkalosis in dogs are induction of Cl- depletion
(increase in SID) by administering a low Cl- diet,
loop 10’11‘le’m’*-3gor thiazide diuretics, 1e or by gastric
drainage.19’27’40’41Chloride ion depietion caused by iso-
volumetric hemofiltration also has been attempted.~
Alternatively, SID can be increased by increasing Na+
following the administration of desoxycorticosterone
acetate (DOCA). 1e14s

Diuretic-induced metabolic alkalosis causes an in-
crease in PCO* of 0.5 to 0.9 mm Hg for each 1 mEq/L
increase in HCOS–,10’1’’19SW’=-mwhereas gastric
dminage19’27’40’41and DOCA administration cause com-
pensatory increase in PCOZ of 0.55 to 1.3 mm Hg and
0.8 to 1.1 mm Hg, respectively, for each 1 mEq/L in-
crease in HC03–. in a study comparing several
methods for inducing metabolic alkalosis in dogs,le no
significant difference was found between PC02 values,
and it was conctuded that an increase in PCOZ of 0.7
mm Hg occurred for each 1 mEq/L increase in HCOS–.
Interestingly, this also was the midpoint for the
respiratory compensation in the diuretic-induced
alkalosis studies.

Hydrogen ion concentration decreased 0.54 to 0.8
nEq/L for each 1 mEq/L increase in HC03– in the ma-
jority of these studies. 10,1l,le,z’,w-a when chlorothiaztie

was used to induce metabolic alkalosis and in one
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study with gastricdrainage-induced alkalosis,41 H+ de-
creased below the 0.54 nEq/L limit,le whereas in one
study with furosemidew and one with DOCA,lS H+ in-
creased above the 0.8 nEq/L limit.

Respiratory Disorders

Changes in PC02 will cause secondary changes in
SID. In acute respiratory disturbances, SID wiil be
changed by strong ion shifts across cell membranes
(particularly erythrocytes), whereas in chronic distur-
bances SID will be changed mainly by differential reab-
sorption of Na+ and Cl_ in the Ktineys.

ACUTE RESPIRATORYALKALOSIS

A decrease in PC02 occurs, as well as a conse-
quent decrease in dissolved CO* concentration in-
side cells in acute respiratory alkalosis. This de-
crease in C02 will cause dehydration of HZ.C03 in the
erythrocyte. This reaction is accelerated by the en-
zyme carbonic anhydrase during normal gas ex-
change in the lungs.44 Chloride ions leave red blood
cells in exchange for HCO~, increasing intracellular
SID and decreasing plasma SID (Fig. 3). Although usu-
ally ignored, Na+ and K+ also move in this setting.2’45
Lactate, another strong ion in blood, also has been
shown to increase during acute respiratory alkalosi~
but returns to baseline within 6 to 8 hours.46’47In one
study using nephrectomized dogs with acute re-
spiratory alkalosis induced by hyperventilation, the ex-
tracellular buffer decrease was 90% due to HC03- and
10”A due to HP04 = .45 The changes in HC03– were
caused by changes in SID and can be broken down
as follows:

● 37°4 due to an increase in Cl-;
● SSYO due tO an inCreaSe in laCtate;
● 16% due to a decrease in Na+; and
● 4% due to a decrease in K+ (total = 92%).
Acute respiratory alkalosis has been induced by in-

creasing the respiratory rate in anesthetized dogs48’@51
or by exposing awake dogs to barometric chambers
in which the inspired pressure of 02 (PIOJ was de-
creased by a decrease in barometric pressure.47’W
Compensation for acute respiratory alkalosis in anes-
thetized dogs is characterized by a decrease in plas-
ma HCOS– of approximately 0.14 to 0.36 mEq/L for
each 1 mm Hg decrease in PCOz.46’4e-51Hydrogen ion
concentration decreases 0.5 to 1.0 nEq/L for each 1
mm Hg decrease in PCOZm!48”61Changing the fraction
of inspired Oa (FIOJ to 40°A from 10% did not change
these results.4g Bicarbonate concentration decreased
0.2 to 0.3 mEq/L for each 1 mm Hg decrease in PCO*
in conscious dogs exposed to low barometric pres-
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sure.47’52The H+ decreased 0.7 nEq/L for each 1 mm
Hg decrease in PCOZ.47’52

The acute response to superimposed hypocapnia is
a decrease of 0.11 to 0.18 mEq/L of HCOS– for each
1 mm Hg decrease in PCOZ in dogs chronically fed
HCI and maintained eucapnic (PCOZ = 36 mm Hg).le
The response to a superimposed respiratory alkalosis
is a decrease of 0.47 mEq/L in HC03– for each 1 mm
Hg decrease in PCOZ in eucapnic dogs with chronic
metabolic alkalosis.18137Based on these data, a 0.25
mEq/L decrease in HC03– for each 1 mm Hg decrease
in PCOZ has been proposed for dogs.53’54

ACUTE RESPIRATORY ACIDOSIS

An increase in PCOZ causes COZ to diffuse into cells
during acute respiratory acidosis. Carbonic anhydrase
will catalyse the formation of HZCOS,which in turn will
dissociate into H+ and HC03- within red blood cells
and renal tubular cells. The increase in H+ within cells
is buffered by intracellular buffers and the exchange
of strong ions (mainly Cl-, but also Na+ and K+) will
cause plasma HCOS– to increase (Fig. 4). A classic
study by Giebisch and colleagues in nephrectomized
dogs showed that during acute respiratory acidosis,
86% of the increase in the extracellular buffer is due
to an increase in HCOS–, and 14% is due to an in-
crease in HPOA= .45 The changes in HC03– were
caused by changes in SID and can be broken down
as follows:

● 37% due to an increase in Na+;
● 2990 due to a decrease in Cl-;
● 14’?40due to an increase in K+; and
● 6°A due to a decrease in lactate- (total = 86Yo).
Acute respiratory acidosis has been produced by

increasing the fraction of inspired COZ (FICOZ), with@’55
or without4e’50’5e-e2hypoxemia. In one study FIOZ also
Veterinary
was increased.4e Although an attempt has been made
to produce hypocapnia in awake dogs by exposure
to heat, this method is not effective.m Bicarbonate
concentration increased 0.04 to 0.19 mEq/L for each
mm Hg increase in PCOZ in anesthetized nonhypoxic
dogs. ‘150157in one study, however, a lower degree of

compensation was achieved.% Hydrogen ion concen-
tration increases 0.53 to 1.1 nEq/L for each mm Hg
increase in PCOZ in anesthetized nonhypoxic
dogs. ~’50’=’57An increase in FIOZto 40°A or a decrease
to 10OAdid not change these responses.4g

Bicarbonate concentration increased 0.12 to 0.20
mEq/L for each mm Hg increase in PCOZ in conscious
dogs exposed to up to 11% FICOZ.5842Hydrogen ion
concentration increased 0.68 to 0.93 nEq/L for each
mm Hg increase in PCOZ 58-63Bicarbonate concentra-
tion increased only 0.9 mEq/L and H + increased 0.96
nEq/L for each mm Hg increase in PCOZ in dogs also
made hypoxemic. 55 An expected compensation of
0.15 mEq/L increase in the HCOS– for each mm Hg
increase in PCOZ has been proposed for dogs. e’53’54

CHRONIC RESPIRATORYALKALOSIS

Renal H+ excretion is decreased during chronic
hypocapnia, probably mediated by a decrease in in-
tracellular H ‘.7 The amount of NH4 + Cl- excreted in
the urine decreases and renal Cl- reabsorption in-
creases. The increase in Cl- reabsorption decreases
SID (and consequently HCOS-), and is responsible for
the hyperchloremia observed in human patients with
chronic respiratory alkalosis~ and in dogs with ex-
perimental chronic hypocapnia.e5

Chronic respiratory alkalosis has been induced in
dogs by exposure to a low P,OZ caused either by de-
creasing FIOZ1lSti’eeor decreasing barometric pres-
sure.52 Significant hypoxemia occurred in both
models.52’e5A gradual decrease in FIOZ to 9’% during
a 4-day period of time caused chronic respiratory alka-
Iosis. During the steady state, HCOS- decreased 0.53
to 0.56 mEq/L for each 1 mm Hg decrease in
PC02.11’E5 Dogs on electrolyte-restricted diets de-
veloped a compensatory decrease in HCOS– of 0.43
to 0.51 mEq/L for each 1 mm Hg decrease in PCOZ.W
Hydrogen ion concentration decreased 0.15 to 0.17
nEq/L for each 1 mm Hg decrease in PCOZ in dogs
on a normal diet,l 1’B5and 0.21 to 0.36 nEq/L in dogs
receiving an electrolyte-restricted diet.ee

Long-term monitoring of dogs in hypobaric cham-
bers exposed to a barometric pressure of 490 mm Hg
has been carried out.52 The decrease in HC03– for
each 1 mm Hg decrease in PCOZ was 0.67 and 0.76
mEq/L after 2 and 4 weeks, respectively, of exposure
to the low barometric pressure. The H+ decreased

Gxltrnued
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FIG.5 – Renalcompensationforchronic respirato~ acidosis.

0.34 to 0.39 nEq/L for each 1 mm Hg decrease in
PCOZ 52 The degree of adaptation using this model
was greater than that obtained by decreasing FIOZ to
9%. A potential explanation for these results may be
the observation that dogs at a barometric pressure of
490 mm Hg had a higher PaOz (PaO* = 52 mm Hg)52
than those exposed to an FIOZ of 9% (PaOZ = 40 mm
Hg).85 Results similar to those obtained in hypobaric
chambers have been obsewed in dogs with experi-
mentally induced hyperchloremic acidosis exposed to
a FIOZ of 16°A.13Although the PaOz was not reported
in this study, dogs were exposed to three different lev-
els of FIOZ (9%, 11.50A, and 16%), and the degree of
compensation was higher with higher levels of FiOZ.la

The superimposition of hypocapnia on eucapnic
metabolic acidosis causes a decrease in HCOS– of 0.5
mEq/L for each 1 mm Hg decrease in PCOZ.18Similar
results have been obtained with superimposition of
chronic respiratory alkalosis in dogs with experimen-
tally induced hyperchloremic acidosis.13 Induction of
chronic respiratory alkalosis in dogs with experimen-
tally induced metabolic alkalosis, however, results in a
decrease in HCOS- of 0.7 mEq/L for each 1 mm Hg
decrease in PC02.37 Although the compensatory re-
sponse in respiratory alkalosis may depend on the de-
gree of hypoxemia present, a 0.55 mEq/L decrease in
HCOS– for each 1 mm Hg decrease in PCOZ has been
suggested for use in dogs.8’53’54

CHRONIC RESPIRATORY ACIDOSIS

The increase in PCOZ during chronic respiratory
acidosis causes intracellular H+ to increase in renal
tubular cells, increasing net acid excretion (primarily
as NH4 + CI-).7 The Cl- lost in the urine is not accom-
panied by Na+ and will decrease urine SID, while in-
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creasing plasma SID and HCOS– (Fig. 5). Hypo-
chloremia is a common finding in human patients with
chronic respiratory acidosis” and in dogs with exper-
imentally induced chronic hypercapnia.a’57’58’87-egNet
acid excretion returns to normal in dogs with respira-
tory acidosis afler the initial phase of adaptation but
not in dogs with metabolic acidosis.’” The decrease
in net acid excretion is due to a decrease in titratable
acidity and to persistent bicarbonaturia. Renal ammon-
iagenesis, however, remains enhanced during chronic
acidosis in dogs.’”

Chronic respiratory acidosis has been induced in
dogs by increasing FICOZ without changing F1OZ.
Values for FICOZ of 5%,63’71’726%,20 7%,W 8.5 to
8.8%,27’62 109.,5570 11 Yo,11,88and 12Y057167,69have been

studied. The HCOS– increased 0.29 to 0.39 mEq/L for
each 1 mm Hg increase in PCOZ.llsN’27’57’m’=’70’7
Hydrogen ion concentration increased 0.23 to 0.5
nEq/L for each 1 mm Hg increase in
p(-02, I l,a,27,5’,58)62,~,’0,72,73 Although a ().37 mEq/L itl-

crease in HCOS– for each 1 mm Hg increase in PCOZ
has been suggested as the expected compensation
for dogs,e analysis of a larger number of reports sug-
gests that (as in human beings) the midpoint may be
0.35. Dogs with experimentally induced hyperchlore-
mic acidosis (H+ = 55 nEq/L, HCOS- = 14.7 mEq/L,
and PCOZ = 32 mm Hg) when exposecf to a FICOZ
of 6% showed an increase in the HC03–of 0.43 mEq/L
for each 1 mm Hg increase in PCOZ.m

Discussion

Compensation for acid-base disorders in dogs dif-
fers from that observed in human beings.8 A summary
of the compensatory responses expected in dogs for
the various acid-base disorders is presented in Table
2; however, the time course of the illness must be con-
sidered when using the table. Sufficient time must
have elapsed for full compensation to occur. Other-
wise, compensatory values cannot be used to estimate
the magnitude of expected compensation. Twelve to
24 hours are required to reach maximal respiratory
compensation in humans with metabolic acidosis.74
Renal adaptation for chronic respiratory disorders may
take 2 to 5 days to reach a chronic steady state in
dogs.”’e7’e8A steady state in dogs with experimentally
induced chronic respiratory alkalosis was not reached
until 4 weeks in at least one special situation, a high
altitude adaptation.52

It is interesting to note that in metabolic disturbances,
the expected compensation is approximately the same
whether metabolic alkalosis or metabolic acidosis is
considered. This observation also has been made ex-

Conrimed
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Disturbance Ciinicei Guide for Compensation

Metaboiicacidosis Each lmEq/Lu HC03- PCOZ $ by 0.7 mm Hg
H+ ~ 1.25to 2.1 nEq/L

Metabolicalkaiosis Each 1 mEq/L ff HC03- PCOZ ~ by 0.7 mm Hg
H+ $0.55 to 0.80 nEq/L

Respiratoryacidosis
acute Each 1 mm Hg t PCOZ HC03- t by 0.15 mEq/L

H+ ff 0.53 to 1.1 nEq/L

chronic Each 1 mm Hg fl PC& HCOS- 1) by 0.35 mEq/L
H+ ff 0.23 to 0.47 nEq/L

Respiratoryalkaiosis
acute Each 1 mm Hg # PC02 HC03- $ by 0.25 mEq/L

H+ u 0.5to 1 nEq/L

chronic Each 1 mm Hg U PC02 HCOy J by 0.55 mEq/L
H+ # 0.15to 0.39 nEq/L
petirnentally in dogs.l’ On the other hand, normal com-
pensation for respiratory disorders of acid-base balance
is more effective during alkalosis than acidosis. Compen-
sation for respiratory acidosis in dogs is only 60°A of that
achieved with respinatoty alkalosis in either acute or
chronic disorders. Chronic respiratory alkalosis is the
only primary disturbance in which compensation is so
effective that the compensated pH usually falls within
the normal range for dogs.w

The dependence of normal plasma HCOS– on
PaCOZ has been studied in dogs.75 The observed plas-
ma HCOa– is highly dependent on the prevailing
PaCOZ. Approximately 50% of the normal variation in
plasma HCOS– can be explained simply by variation
in PCOZ. The relationship is such that a 1 mm Hg
change in PCOZ will change HCOS– by 0.35 rnEq/L.75
This value coincides with that found for dogs with
chronic respiratory acidosis.

Although changes in the total concentration of non-
volatile weak acids can cause metabolic acid-base dis-
orders such as hypoproteinemic alkalosis, hyperprotein-
emic acidosis, and hyperphosphatemic acidosis,14’a’7E
no data are available in dogs regarding compensation
for these disturbances. If there is a respiratory com-
pensation in human patients with hypoproteinemic
alkalosis, it is not well documented.77’78 Compensatory
changes in inorganic SID in response to acute and
chronic respirato~ acidosis and compensatory changes
in PCOZ during primary disturbances of SID in dogs
have been reviewed elsewhere.’e
Veterinary
The respiratory response in human patients with me-
tabolic alkalosis is not as predictable as that observed
in metabolic acidosis. Many patients with stable
chronic metabolic alkalosis demonstrate a variable in-
crement in PC02.64 The PCOZ increases by 0.5 to 1.0
mm Hg for each 1 mEq/L increase in HCOS–.7BAs a
result of this variation, some authors do not use spe-
cific formulas for calculation of the respiratory com-
pensation, but rather suggest that one would expect
“some increase in PCOZ” in patients with metabolic
alkalosis.64 A PC02 less than normal would indicate
concomitant respiratory alkalosis (i.e., a mixed disor-
der). A normal or slightly increased PCOZ in a patient
with a substantial increase in serum HCOS– also sug-
gests a less than expected compensation. A careful
search for potential causes of respiratory alkalosis is
warranted in both situations.w On the other hand, it is
unusual for human patients to have PCOZ values
greater than 55 mm Hg without primary respiratory
acidosis, even in the presence of severe metabolic al-
kalosis.w This issue was not addressed in clinical
reviews of dogs with metabolic alkalosis,a’ ’82and it is
not known whether dogs show the same clinical varia-
tion suggested to occur in human beings.

It has been suggested that patients with lactic acid-
osis may hyperventilate to a greater extent than pa-
tients with other forms of metabolic acidosis, leading
to suspicion of a mixed disorder.w Unfortunately, no
systematic observations on the magnitude of the ven-
tilator adaptation to lactic acidosis are available.”3
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Uremia
Diabeticketoacidosis
Shock
Hypoadrenocorticism
Diarrhea
Ethyleneglycol toxicity >

Gastric-originvomiting
Diureticadministration
NaHCOstreatment

*

Neuromusculardiseases
Severe pulmonaryedema
Drug-inducedrespiratorydepression
Airwayobstruction x
Advancedpulmonarydisease

Hypoxemia
Anemia
Pulmonaryedema
Corticosteroidadministration
Sepsis/fever
Pulmonarydisease
Primarycentralnervous
systemdiseases

>

Metabolicacidosis
withcompensatory
respirato~ alkalosis

Metabolicalkalosis
with compensatory
respiratoryacidosis

Respiratoryacidosis
with compensatory
metabolic alkalosis

Respiratoryalkalosis
withcompensatory
metabolicacidosis
Since lactic acidosis usually is associated with other
processes that can stimulate ventilation (e.g., hypox-
emia, hypotension, sepsis, pulmonary disease, hepatic
failure, and exercise), PCOZ can be expected to be
lower in these settings than in other forms of metabolic
acidosis.

No cases of mixed respiratory alkalosis and meta-
bolic alkalosis were identified in a retrospective study
in dogs with alkalemia. ‘2 Induction of chronic res-
piratory alkalosis in dogs with experimentally induced
metabolic alkalosis has been shown to cause a
decrease in HC03- that not only prevents develop-
ment of significant alkalemia but also entirely offsets
the effect of hypocapnia on plasma H+ .37

L~le clinical data exist on normal compensation for
acid-base disorders in dogs, but some data are avail-
able for dogs with experimentally induced diseases.
Metabolic acidosis resulting from hypokalemia has
been studied in dogs. ‘-*6 Dietary potassium restriction
was associated with a decrease of PCOZ of 0.76 mm
Hg and an increase in H+ of 1.2 nEq/L for each 1
mEq/L decrease in HCOS–.ae Distal renal tubular acid-
osis induced by amiloride administration In dogs
PAGE 46 ● Vol. 1, No, 2 ● VETERINARY EMERGENCY AND CRI
caused a respiratory compensations similar to that
found in other forms of experimental hyperchloremic
acidosis.

Acid-base disturbances associated with some
experimentally induced endocrine disorders also have
been studied in dogs. Despite some reports of metab-
olic alkalosis associated with hypoparathyroidism in
human patients, no acid-base disturbances have been
found in dogs with experimentally induced hypopara-
thyroidism. 07 An experimental model that simulated
hypoadrenocorticism has been studied in dogs.”’35
Metabolic acidosis was observed, and the respiratory
compensation was the same as that observed in hy-
perchloremic models of metabolic acidosis. Although
the Cl- decreased in these dogs, Na+ decreased to a
greater extent and caused a decrease in SID that
paralleled the observed change in HCOS-.34’35 The
respiratory compensation for metabolic acidosis and
metabolic alkalosis in alloxan-induced diabetes in
dogs was different from that observed in normal
dogs.30 Diabetic dogs compensated better for diuretic-
induced metabolic alkalosis. The PCO* increased 0.5
mm Hg in normal dogs, and 0.9 mm Hg in diabetic
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Diaaaae MatabollcDlaturbance(Cauae) RespiratoryDlaturbance(Cause)

Cardiopulmonary Metabolicacidosis
arrest (lacticacidosis)

Severepulmonary Metabolicacidosis
edema (lacticacidosis)

Metabolicalkalosis
(diureticadministration)

Heart failure Metabolicacidosis
(lacticacidosis)
Metabolicalkalosis
(diureticadministration)

Septicshock

Gastricdilation
Volvulus

Acutetumor Iysis
syndrome

Metabolicacidosis
(lacticacidosis)

Metabolicacidosis
(lacticacidosis)
Metabolicalkalosis
(sequestrationof gastric fluid)

Metabolicacidosis
(lacticacidosis)

Liverdisease Metabolicacidosis
(Type-Blacticacidosis,
renaltubularacidosis)
Metabolicalkalosis
(vomiting)

Respiratoryacidosis
(pulmonaryarrest)

Respiratoryalkalosis
(hyperventilation)
Respiratoryacidosis
(ventilation/perfusionmismatch)

Respiratoryalkalosis
(pulmonaryedema)
Respiratoryacidosis
(ventilation/perfusionmismatch)

Respiratoryalkalosis
(sepsis-causedhyperventilation)
Respiratoryacidosis
(ventilation/perfusionmismatch)

Respiratoryacidosis
(compressionof diaphragm)
Respiratoryalkalosis
(pain/sepsis)

Respiratoryalkalosis
(pulmonarydisease)
Respiratoryacidosis
(severepulmonary disease)

Respiratory alkalosis
(multifactorial)
dogs for each 1 mEq/L increase in HCOS-.W The op-
posite occurred during NHAC1-induced metabolic
acidosis. The PCOZ decreased 0.66 mm Hg for each
1 mEq/L decrease in HC03- in normal dogs, whereas
diabetic dogs had a decrease of only 0.47 mm Hg for
each 1 mEq/L decrease in HC03-.30 Both normal dogs
and diabetic dogs had similar blood gas values before
induction of metabolic acid-base disturbance.w No
explanation was given for the different compensa-
tion in dogs with alloxan-induced diabetes and nor-
mal dogs.

The common causes of simple acid-base disorders
in dogs and their expected compensation are pre-
sented in Table 3. In many situations, however, more
than one ‘primary acid-base disturbance may occur at
the same time, and these disorders are called mixed
acid-base disorders. Mixed acid-base disturbances
VETERINARY
should be suspected whenever the calculated ex-
pected compensation (using the values in Table 2) is
at least 2 to 3 mm Hg or 2 mEq/L greater or less than
the predicted value. Any time the PCOZ and HCOa-
are outside of the normal range, and changing in op-
posite directions, a mixed acid-base disturbance must
be present. Some examples of mixed-acid base dis-
orders in dogs are listed in Table 4.

Despite a lack of clinical data describing metabolic
and respiratory compensation in dogs with acid-base
disturbances, evaluation of experimental data from
normal dogs suggests that the compensatory rules of
thumb used in human medicine may not be applicable
to dogs. The compensatory response is the same in
both species during chronic respiratory acidosis and
metabolic alkalosis, whereas dogs compensate better
than human beings in the acute respiratory acid-base

Conrlnued
EMERGENCY AND CRITICAL CARE ● Vol. 1, No. 2 ● PAGE 47



Acid-Base Compensation in Dogs

a

D

H
a

disturbances and chronic respiratory alkalosis, and hu-
man beings compensate better than dogs during me-
tabolic acidosis. The expected compensatory values
proposed here should be considered clinical guide-
lines and be assessed together with complete history,
physical examination, and accompanying laboratory
work. ■
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