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Many aspects of the disorders of 
acid—base balance are being reinter
preted these last years. The main 
problems discussed are (i) the relation 
of clinical symptoms to  the degree of 
acidosis; (ii) the terminology, involv
ing also some basic principles; (iii) the 
param eters used for the evaluation of 
disorders; (iv) the treatm ent of choice 
of the various disturbances.

In this paper some aspects of the 
above problems will be discussed on 
the basis of the literature and of our 
own experience in the field of acido
sis in some paediatric conditions.

(г) R elation of Clinical 
Symptoms to Degree 

of Acidosis

Knowledge about the sym ptom 
atology and the pathologic significance 
of acidosis dates back to  more than 
ninety years when K ussmaul [12] 
described the “ term inal” dyspnoea 
arising in diabetic coma. A few years 
later, in 1877 Walter [25] studied 
acid intoxication in animals and discov
ered its relation to  the blood bicar
bonate, to  dyspnoea and to  the  te r
minal circulatory collapse. Stadel-

mann [23] in  1883 f irs t  em p h asized  
th e  a n a lo g y  betw een  e x p e rim e n ta l 
a c id  in to x ic a tio n  an d  d ia b e tic  com a, 
w hile  Cz e r n y  [4] in  1897 in te rp re te d  
“ a lim e n ta ry  tox ico sis” o f  in fa n ts  as 
an  a c id o tic  com a.

The extreme abnormal variations 
for plasm a pH  compatible w ith life 
ranges between 7 and 7.8 according to 
P eters and Van Slyke [17]. More 
recent reports describe, however, sur
vival a t lower values. K ety’s [11] pa
tien t exhibiting an arterial pH  of 6.8 
recovered, and so did our two patients 
with diabetic coma showing pH  values 
of 6.86 and 6.89, respectively, and 
half of our prematures exhibiting pH  
values between 6.9 and 7 also surviv
ed. The lowest value recorded in our 
m aterial was in a prem ature infant 
suffering from a mixed disturbance
i.e. diarrhoeic and respiratory acido
sis, who 31/)  hours preceding death 
exhibited a pH  of 6.46. The lowest 
pH  compatible with survival in acute 
experiments of short duration in dogs 
appears to  be 6.4 [3].

Were it  not for the “ respiratory 
com pensation” , the acid loads imposed 
on body buffers of the extent occur
ring in m any pathologic conditions
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270 E. Kerpel-Fronius : Acidosis

would frequently  depress the p H  be
low th e  dangerous threshold value of 
7. Fig. 1 visualizes the powerful effect 
on th e  p H  of this defense mechanism 
in d iabe tic  and in diarrhoeal acidosis 
of prem atures.

p H  values calculated under the 
assum ption  of an unchanged pC 0 2 of 
40 m m  H g, compared to the pH  values 
m easured  directly, indicate a compen
sation  o f 0.4 and 0.29 units, respective
ly. I n  th e  lack of this ad justm ent all 
th e  p H  values would have fallen below 
6.8 i.e. th e  lowest value recorded in 
surv ivors of acidosis. W ith th is  state  
of affa irs we are somewhat reluctan t 
to  jo in  th e  opinion of Singer and  Has
tings [21]: “ there is no evidence to  
suggest th a t  a state of norm al pH  and 
low p C 0 2 is better tolerated by the 
body th a n  one of low pH-s and  normal 
p C 0 2 a n d  hence that one s ta te  should 
be called  compensated and th e  other 
uncom pensated.” We feel th a t  the 
tim e-honoured term of “ respiratory 
com pensation” , though adm ittedly  of 
teleological by-flavour, should not 
d isappear from clinical medicine.

T he greatest danger of metabolic 
acidosis is the superimposition of res
p ira to ry  acidosis. Fig. 2. shows a case 
of th e  mixed type of acidosis, i.e. 
d iarrhoeal acidosis complicated by 
C 0 2 reten tion  due to bronchiolitis.

W hen the case was first studied, the 
m etabolic  acidosis was compensated 
by  a  fall of pC02 to 18.4 mm Hg. 
Subsequently  metabolic acidosis in
creased, and pC02 rose to  70 mm Hg 
resu lting  preterminally in a  pH  6.46, 
th e  lowest j)H recorded in our m ate
rial. I f  pC 02 could have been m ain

tained a t the previous level of 18.4 
mm Hg, pH  would have fallen only 
to 7.0.

The correlation of the clinical sym p
toms with the degree of acidosis is 
difficult since acidosis in m ost clinical 
cases is bu t one of the m any sim ulta
neous changes in body fluid homeo
stasis. The relationship between hy- 
perpnoea and pH, although complex, 
appears to  be the most convincing. 
H yperventilation begins according to  
K ety [ 11 ] a t a threshold of about pH  
7.2, it  has its maximum in the region 
of p H  7.0, and falls off a t lower values. 
Following treatm ent, however, res
p ira tory  response lags behind the re
sponse of pH , and hyperpnoea m ay 
continue for a time after the  correc
tion of the  pH.

Unconsciousness and decrease in 
cerebral 0 2 consumption in diabetic 
coma appears to  be in closer relation 
to  the  concentration of ketoacids than  
to  pH  [11]. In  diarrhoeal dehydration 
of infants unconsciousness m ay arise 
a t any pH  value since it appears to  be 
more dependent on the degree of ce
rebral hypoxia than on acidosis [10]. 
In  our m aterial contact could be estab
lished with patients exhibiting pH  val
ues down to 7.04, while below 7, all 
patien ts were unconscious.

In  the electroencephalogram the 
potentials become depressed w ith the 
severity of acidosis. In  the dog if the 
arterial pH  falls to  6.6 the recordable 
potential falls to zero. No anim al sur
vived if the brain waves were absent 
for more than  tw enty m inutes [3].

One im portant factor lim iting sur
vival seems to  be myocardial failure:
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F ig . 1. T he  effect o f  re s p ira to ry  com pensation  on  p H  in  d ia b e tic  an d  in  d ia rrh o ea l acidosis. 
T he  le f t side o f each p a ir  o f  co lu m n s rep resen ts v a lu es fo u n d  in  d iab e tic , th e  r ig h t in  d ia r 
rhoea l acidosis. T he v e rtica l lin e  betw een  “p H  m easu red ”  a n d  “ p H  ca lc u la ted ” rep resen ts 
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272 E. Kerpel-F ronius : Acidosis

Using an  isolated rat-heart p repara
tion О pie  [15] found no detectable 
effects on the amplitude of left ven
tricu la r contraction, the ECG, and  the 
glucose metabolism of the heart in the 
pH  range 7.1 to  8.0. At pH  6.9, how
ever, gross impairment of cardiac con- 
raction  set in. The human m yocar
dium  m ay, according to  Clo w es  [3] 
survive a t  a pH  of 6.8.

In  an  im portant work on asphyxia t
ed im m ature  lambs D aw es [5] show
ed th a t  anaerobic glycolysis results in 
the accum ulation of lactic acid while 
the  consequential fall in pH  inhibits 
glycolysis. A high rate of glycolysis 
can, however, be maintained and  sur
vival prolonged by infusing glucose 
and base simultaneously. A further 
po ten tia l danger of acidosis is the  rise 
in p lasm a potassium concentration.

A lthough immediate danger to  life 
appears to  arise only a t p H  values 
below 7, the activity of some enzymes 
m ay be affected by smaller changes. 
The duration  of acidosis is also of 
obvious importance.

Chronic acidosis m ay interfere with 
grow th and development, and  seems 
to  have an aetiologic role in the  gene
sis of renal dwarfism [26].

(гг) Terminology

The well-known diagram of Gam ble  
[7] had  for forty years an alm ost un 
paralleled  influence on the teaching 
and th e  conceptions of clinical physi
ologists working in the field of acid— 
base disturbances. The basis of his 
conception was the principle of elec
trica l neutrality. The value of bicarbon

ate, the “ adjustable anion” , emerges 
from his diagram as the result of the 
interplay of the sum of the  cations 
versus the sum of anions of the blood 
plasma. The former he called “ fixed 
bases” , the latter, accord:ng to  con
tem porary usage, “ acid radicles” 
( =  “ Säurerest” ). From  the  diagram 
it could be deduced th a t chloride ex
cess can displace bicarbonate while 
hypochloraemia has an opposite effect. 
However, the diagram, th is didactic 
masterpiece, was not constructed to 
imply directly acting biochemical 
mechanisms, i.e. a reduction or expan
sion of bicarbonate by chloride, but 
simply to  indicate obligatory rela
tionships in term s of electroneutrality.

This conception as p a rt of Gam ble’s 
brilliant work on dehydration certain
ly was the starting point of great 
discoveries and also served as guide 
in the planning of the trea tm en t of 
disturbances. His nom enclature, how
ever, is not in keeping w ith actual 
biochemical terminology. I t  is now 
generally agreed th a t an acid should 
be defined according to  B ronstedt 
[2] and L owry [13] as a  substance 
th a t can lose a hydrogen ion, thus 
forming a base, while, conversely, a 
base is a substance which can gain a 
proton thus forming an acid. An acid 
(HA) dissociating in w ater forms the 
anion A, which as a proton acceptor is 
to  be considered a base, while H 2OH 
is to  be considered a base, while 
H 2OH+ is the proton donor or acid: 
HA +  H 20  Î5  H 2OH+ +  A “ . Thus, 
sodium and potassium ions should not 
be called bases nor chloride an acid, 
but simply kations and anion, respec-
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tively. Furtherm ore, it is clear th a t  
changes in acid—base param eters are 
the immediate effects of balances of 
H-ions, while changes of chloride 
concentration relative to  sodium do 
not affect directly the value of b icar
bonate. Loss of H- and Cl-ions in 
gastric juice is accompanied by a  si
multaneous “ infusion” of HCO3 in the 
blood, while in diarrhoea loss of b icar
bonate occurs with a simultaneous deliv
ery of H-ions to  the extracellular fluid.

While fully acknowledging the im 
m ediate and central role of H-ion in 
actuating changes in acidity, the de
scription of these events exclusively in 
term s of hydrogen ion leaves us with 
an incomplete picture. The principle 
of electroneutrality still holds true. 
To quote Darrow, “ sodium, chloride 
and bicarbonate of extracellular fluids 
have obligatory relationships th a t can 
be described in term s of volume and 
concentration ’ ’.

The role of chloride, the leading 
structural anion of the extracellular 
fluid, which has almost been forgotten 
w ith the attention focussed now on 
the  hydrogen ion, is being reestablish
ed in a series of brilliant works by 
Sch w a rtz  et al. [19, 8]. They have 
shown th a t chloride as well as other 
anions play an im portant role in acid — 
base regulation not by directly d is
placing or raising bicarbonate bu t by 
altering renal hydrogen ion secretion.

The mere fact th a t  chloride plays a 
critical role in the correction of p rac ti
cally all types of hypochloraemic a l
kalosis [8] shows th a t to  think in 
term s of hydrogen ions alone exclud
ing the classical kations and anions

does not satisfy the needs of either the 
clinician or the physiologist.

( in )  P a r a m eter s  u s e d  
in  t h e  E v a luation  
o r  D istu r b a n c es

The ideal parameters for the evalua
tion of acid — base disturbances should 
comply with the following require
ments.

1. Provide a clear separation of the 
respiratory and metabolic factors in 
complex clinical states, thus to  distin
guish “ simple” disturbances in which 
there is a single prim ary aetiological 
factor with or without compensatory 
phenomena, from “ mixed” d istu r
bances in which two prim ary i.e. 
aetiological factors are present simul
taneously.

2. Define or reflect the changes th a t 
occur in the whole body and thus serve 
as a quantitative basis of treatm ent.

3. Be technically simple, easily su it
able for serial measurements to  con
trol in short intervals the results of 
treatm ent.

The classical param eters used in 
clinical physiology are the pC 02, ex
pressing the “ respiratory” , and H C 0’3 
the “m etabolic” component of acid— 
base balance, while pH  reflects the 
combined influence of both factors. 
Since the accumulation of acids or 
baseselicits secondary “com pensatory” 
changes in pCO,2 and H C 0 ’3 also 
varies with pC 02, new param eters 
have been proposed in order to  give 
a direct measure of the accum ulation 
of acids or bases in the organism.

The whole blood buffer base of S in 
g e r  et al. [21, 22] is the sum of the
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milliequivalents per liter blood of the 
buffer anions: bicarbonate, haemoglo
bin, protein and phosphate. The ad
vantage of this param eter lies in the 
exclusion of the effects of changes in 
pC 02. The same holds true  for the 
“ base excess” of A s t r u p  [1], which 
gives directly in mEq/1 of whole blood 
the pathologic surplus am ount of 
fixed acids or bases. As t r u p ’s “ stan
dard  bicarbonate” again excludes the 
influence of varying pC 0 2 on bicar
bonate. I t  measures the  concentration 
of bicarbonate in blood plasm a after 
oxygenated whole blood has been 
equilibrated with C 02 a t  the normal 
pC 02 of 40 mm Hg.

The advantage of these newer param 
eters over the classical ones has been 
challenged by Sc h w a rtz  and R e l - 
m an  [18]. Firstly  they  are not con
vinced th a t  titra tion  curves of whole 
blood w ith varying p C 0 2 in  vitro 
would correspond to  the conditions 
in vivo, in other words th a t  they  should 
be valid for the body as a whole. 
Secondly in chronic respiratory distur
bances compensatory changes of HC0’3 
induce changes in base excess and in 
s tandard  bicarbonate, exceeding val
ues predictable from changes measur
ed in vitro. Such phenom ena lead to 
some confusion in term inology since 
the compensatory increase in bicar
bonate occurring in respiratory acido
sis is called by some authors a compli
cating “ alkalosis” , while decrease in 
bicarbonate in respiratory alkalosis 
was referred to as a secondary “ m et
abolic” acidosis. W ere this term i
nology accepted a t its face value, it 
could lead to erroneous treatm ent of

the compensatory changes. The situa
tion would be even more complex if 
real “ prim ary” metabolic d istur
bances were superimposed on chronic 
compensated “prim ary” respiratory 
disturbances. Schw artz and R elm an  
concluded th a t “diagnosis of a com
plex disturbance does not follow auto
m atically from any one laboratory 
da tum ” . Every param eter has to  be 
appreciated and interpreted in the 
light of full knowledge of the patient 
and of the physiologic phenomena un
derlying the changes observed in the 
blood constants. This “physiologic 
approach” [18] requires a good deal 
of clinical experience and the knowl
edge of the physiological patterns of 
the л arious disturbances encountered 
in clinical situations.

The best parameters, no m atter 
whether the new or the classical ones, 
are those with which the person in 
charge of the patient has gained the 
widest clinical experience We now 
use A s t r u p ’s param eters since this 
m ethod perm its to  follow and control 
the effects of the treatm ent w ith ease.

(iv) N o tes  on t h e  T r e a t m e n t  
of  Acid o sis

Calculations of the am ount of bicar
bonate required to  correct acidosis 
were already proposed by P alm er  
and V a n  Sl y k e  [16] in 1917. They 
recommended th a t deficits should be 
corrected by giving per kg body weight 
an am ount of acid or base, respec
tively, corresponding to  0.7 X Д  mEq 
to ta l —C 02 of plasma. In  other words
0.7 m Eq of bicarbonate should be in 
fused to  raise plasma bicarbonate by
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one mEq/!. Using these amounts sec
ondary alkalosis due to  overcorrec
tion is a frequent complication. M e l - 
lem gaard  and A s t r u p  [14] argue 
th a t  calculations of the initial dose 
should be based on the size of deficits 
or surpluses only in the extracellular 
space. They suggest the formula,
0.3 X base excess in mKq/1 blood per 
kg body weight. The subsequent doses 
depend on the result of treatm ent as 
controlled by frequent analyses. This 
am ount is about half of th a t used by 
P a lm er  and V an  Sl y k e  and is in 
keeping with the recommendations of 
S in g e r  et al. [22] who give an am ount 
of 0.35 m Eq of bicarbonate for each 
m Eq of bicarbonate deficit in blood 
plasma.

In applying these recommendations 
we have again to  emphasize the impor
tance of the “physiological approach” .

The am ount of pathologio acids re 
tained in the body m ay rapidly change 
with therapeutic procedures aimed 
a t improving circulation, renal func
tion and the oxydation of acids. In 
such cases less bicarbonate than  cal
culated will ultim ately suffice for 
neutralizing the negative base excess 
existing in the extracellular fluid. In  
other cases, more than  the expected 
am ounts of acid can be generated or 
retained. In young infants, especially 
in prem atures, we m ust also consider 
th a t extracellular fluid occupies a 
larger proportion of the body than 
in adults.

Fig. 3 shows the amounts of bicar
bonate needed in various acidotic 
conditions during the first 24 hours of 
treatm ent to  raise plasma pH  above

7.3 and to  decrease base excess to 
moderate values.

The corresponding values for s tan 
dard bicarbonate before trea tm en t and 
a t the end of the first 24 hours are 
shown in Table I.

In  the acute emergency of diabetic 
coma the amount of bicarbonate ad 
m inistered in 24 hours is somewhat 
higher than the “ initial” dose recom
mended by M ellem g a a r g  and A s 
t r u p , while, owing to  favourably pro
gressing oxidation and renal elimina
tion of acids, much less proved to  be 
sufficient in severe diabetic acidosis. 
In  the three hopeless cases of uraemia, 
exhibiting NPN values of about 200 
mg per 100 ml, no renal elimination 
or oxidation of acids was possible. In 
this “ closed system” , infusion of the 
prescribed “ initial dose” left us with 
a considerable base excess of 11.4 
mEq/1, and the pH  of 7.34 was in 
p a rt due to  persisting hyperventi
lation. In ketonaemic vom iting we 
used no bicarbonate a t all since sa
line-glucose solution by prom oting the 
oxidation of acids and by  correct
ing dehydration proved to  be suffi
cient for correcting the acidosis. I t  
should be noted th a t  in these con
ditions intensive bicarbonate tre a t
m ent, as practised in France, fre
quently leads to considerable ia tro 
genic alkalosis and hypokalaem ia 
[6, 9]. This effect can be predicted bv 
the use of a half forgotten param eter, 
the “ jiotential bicarbonate” [20], the- 
am ount of bicarbonate generated by 
the relative excess of sodium  over 
chloride when the retained acids 
depressing the bicarbonate are burned.
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F ig . 3. A m oun ts  o f  N a H C 0 3 needed  d u rin g  th e  f i r s t  24 h o u rs  o f  tre a tm e n t to  ra ise  th e  
p H  ab o v e  7.3 in  v a rio u s  ac id o tic  conditions. T he  le f t side o f  each  p a ir  o f colum ns show s 
th e  p re tre a tm e n t va lues , th e  r ig h t side th e  values m easu red  a t  th e  end  o f th e  f irs t 24 hours .

F o r  fu r th e r  d e ta ils  see te x t

T a b l e  I

Xo. of 
cases

Standard bicarbonate mEq/ 1
Bicarbonate
administered
mBq/kg/24hinitial

end of first 
24 hours

Diabetic coma ............................................... 2 5.5 16.1 9.6
Diabetic acidosis ........................................... 3 8.4 18.3 2.1
U raem ia.......................................................... 3 8.6 15.1 6 .1

Acetonaemic vomiting ................................. 13 14.4±2.6 20.3±2.6 0
Diarrhoea in infants, moderate ............... 5 13.5±2.6 18.4±2.5 0
Diarrhoea in infants, severe ..................... 8 8.6±2.3 16.6±3.4 5.8±1.4
Diarrhoea in prem atures............................. 10 9.7±2.4 18.2±3.0 15.0±5.8

In  such situations bicarbonate ad
m inistration inevitably  leads to 
alkalosis and potassium  loss since, to 
express events in m odern terminology,

low chloride relative to sodium should 
raise the renal threshold of bicarbon
ate [8, 9]. Bicarbonate treatm ent also 
proved to  be superfluous in diarrhoeal
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acidosis of moderato severity. Acido
sis in diarrhoea is complex in origin; 
enteral loss of bicarbonate, genera
tion of acids in the gut due to  fermen
tation of non-absorbed carbohydrates 
[24], and renal retention of acids 
due to  shock seem to  be the main 
aetiologic factors. These processes may 
favourably be influenced by  rehydra
tion and withholding food. Since these 
inechanisms operate slowly, more 
severe cases require an immediate 
neutralization of acids. The “ initial” 
dose recommended by Mellem g a a r d  
and A s t r u p  proved to  be sufficient 
for the first 24 hours in the  m ajority 
of older infants. P rem atures occupy 
a special position, requiring surpris
ingly high amounts of bicarbonate. 
The average dose was 15 mEq/kg, 
although base excess and standard 
bicarbonate were about th e  same as 
in severe diabetic acidosis or in severe 
diarrhoea of older infants. The maxi
mal am ount given in the first 24 hours 
was 24 mEq/kg, about four times the 
amount of the “ initial dose” calculated 
from the negative base excess. The 
reasons for this high bicarbonate re
quirement are not quite clear. Larger 
extracellular space appears to  be but 
one of the factors concerned. I t  should 
also be stressed th a t prem ature acido
sis shows a conspicuous tendency to 
relapse. Some cases needed large doses 
of bicarbonate for ten or more days.

S um m ary  and  Co n c l u sio n s

The correlation of the clinical symj)- 
toms with the degree of acidosis; the 
lowest values of pH compatible] with 
survival; and the choice of the  various

param eters serving as the  basis of 
trea tm ent have been reviewed. The 
am ounts of bicarbonate required to 
correct acidosis in various disturbances 
including diabetic coma and acido
sis, uraemia, ketonaemic vomiting, 
diarrhoea in older children and  in pre
m atures, were reported. I t  has been 
pointed out th a t bicarbonate require
m ents depend on the peculiarities 
nf the physiological basis of acidosis 
in the given case and not only on the 
extent of acid accumulation as meas
ured by  Д  plasma bicarbonate or the 
value of negative base excess. I f  there 
is a fair possibility th a t oxydation 
and/or diminution of acids can rapidly 
be enhanced by treating the  prim ary 
disturbance leading to  acidosis, bi
carbonate treatm ent is superfluous, 
provided the base excess does not 
exceed 12 mEq/1. In ketonaemic vom
iting it is even harmful for it  may 
cause secondary alkalosis and hvpo- 
potassaemia. I f  the base excess does 
not exceed 20 mb]q/l and p H  is not 
lower th an  7.1, the “ in itia l doses” 
recommended by Mellem g a a r d  and 
A s t r u p  mostly prove to  cover re
quirem ents for the first 24 hours in 
diarrhoeal as well as in diabetic acido
sis. P rem ature infants should, how
ever, never be treated w ithout bicar
bonate, and the doses should be three 
to four tim es higher than  those needed 
in any other acidotic condition of 
comparable severity.

The fundam ental requirem ent of a 
successful treatm ent of any acidotic 
condition is the frequent laboratory 
control of the sometimes unpredict
able post-therapeutic developments.
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