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Disturbances of acid-base homeostasis are common clinical problems that will be
dlgcugsed in detail in Chaps. 18 to 21. This chapter will first review the basic
principles of acid-base physiology, the general mechanisms by which abnormal-

ities can -occur, and an approach to evaluating patients with simple and mixed
acid-base disorders.

ACID-BASE PHYSIOLOGY

Free H* ions are present in the body fluids in extremely low concentrations. The
normal H*Y concentration in the extracellular fluid is roughly 40 nanoeq/L,
approximately one-millionth the milliequivalent-per-liter concentrations of Na™,
K*, CI™, and HCO3* However, H* ions are small and highly reactive, allowing
them to bind more strongly to negatively charged portions of molecules than Na™+
or K*. As a result, maintenance of a stable H* ion level is required for normal
cellular function, since small fluctuations in the H* concentration have important

* These concentrations can also be expressed in terms of molarity. Since the valence of H* is 1+,
40 nanoeq/L equals 40 nanomol/L.
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. . el
effects on the activity of cellular enzymes (seej Fig. 10—_1). There '1ts)1a rgltziltnllief g
narrow range of extracellular H* concentration that is compatible wi )
.80).
X to 160 nanoeq/L (pH equals 7.80 to 6.8 ) o
g OmUlnéde: normal conditions, the H' concentration varies httle.frorr.l tl}e n;)rtmal
value of 40 nanoeq/L. The body buffers play anjrpportant role ;1; this (r;ii?l ;e:g
) ble to take up or release H™ ions to prevent large
D o eoetratia i in the extracellular and
i ty of buffers in the _
the H' concentration. There are a varie ' ' 1 o
i i i k acids (which can release
intracellular fluids, most of which are wea i case L one)
ir ioni i H™ ions) (see Chap. 10).
d their ionized salts (which can take up | . _ R o
?nriportant extracellular buffer is HCO7, which combines with H" according to

the following reaction:

HY +HCO; < H,CO; < H0+CO, (17-1)

salt weak acid

In most circumstances, the concentration of H,COj is very low in relatxcin to ths;
of HCO3 and CO,. As a result, the law of mass actlfr)n for E_q. (13— (): C():an(see
expressed solely in terms of the concentrations of HY, HCOj3, an 2
page 308):

Kz: X 0'03PC02 (17_2)

where K/ is the dissociation constant for this reactiop an'd 0.03Pco, r'epresents tlt::
solubilit; of CO, in the plasma. If the H* concentration is measured in na?tf)gllf) s
per liter (nanomol/L), the value of K. is approximately 800 nanomol/L. is
substituted in Eq. (17-2), then

Peo, (17-3)
[H*] =24 x HCO: ]

Equation (17-2) can also be expressed in logarithmic terms as the Henderson-
Hasselbalch equation:

[HCO;3] (17-4)
pH = 6.10 + 10g0-03Pc02

where pH equals —log [H*] (the H' concentration lg)eing measured in molei Ip&ei
liter) and 6.10 equals —logpK, (or —log 8(_)9 x 10" mol/L). At the norma
concentration of 40 nanomol/L (or 40 x 107" mol/L),

pH = —log (40 x 107°)
— —(log40 + log 107°)
Since log40 equals 1.6 and log 10~° equals -9,
pH=—(1.6-9)
=740
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Although the acidity of the extracellular fluid is measured as the pH, it is
frequently easier to think in terms of the H* concentration and Eq. (17-3). As a
result, the following chapters will use both the pH and H" concentration to permit
the reader to become familiar with these concepts. It is important to recognize the
inverse relationship between the pH and the H* concentration. An increase in the

H* concentration reduces the pH, and a decrease in the H* concentration raises
the pH (Table 17-1).

Measurement of pH

The pH and Pcg, are determined on blood drawn anaerobically (to prevent the
loss of CO, from the blood into the air) into a heparinized syringe."? The pH is
measured by an electrode permeable only to H* ions (see page 302) and the Pco,
by a CO, electrode. The HCO3 concentration can then be calculated from the
Henderson-Hasselbalch equation or measured directly. The latter procedure
involves the addition of a strong acid to the plasma sample and measurement
by a colorimetric reaction of the amount of CO, generated.! The added H*
ions will combine with plasma HCO;, leading to the formation of H,CO;4 and
then CO, as Eq. (17-1) is driven to the right. Thus, this method measures the fotal
CO; content, since it also includes the dissolved CO, (equals to 0.03P¢,, which in
the physiologic range adds 1 to 2 meq/L to the HCO3 concentration). For the
sake of simplicity, the following discussion will refer only to the HCO3 concen-
tration, since it is this parameter that is directly affected by changes in renal H*
secretion and by the addition of acid or alkaline loads to the extracellular fuid.
Although the calculated and measured values for the plasma HCOj3 concen-
tration are generally similar, they may occasionally differ by as much as 7 to
8 meq/L. Some observers have suggested that the measured value is likely to be

Table 17-1 Relationship between the arterial
pH and H* concentration in the physiologic
range

PH [H*], nanomol/L

7.80 16
7.70 20
7.60 2
7.50 12
7.40 40
7.30 50
7.20 63
7.10 30
7.00 100
6.90 125
6.80 160
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rate in this setting, since calculation of' t.he HCO75 level ascsgmesf, (I))%r;l?;e

more aCcF that the pK, of 6.10 and the solubility constant for 2 of 0. e

e e )cli,' eallcute aci(;—base disturbances.” On the oth_er hancl_, other 1nvesa gbe

unChan'ge tkllnt the calculated value is usually a better estimate, since there n:4 3; oe

;’;S):sl aiﬁntheaautornated test used to directly r;leasulre thcz1 fgﬁﬁ%ﬁfﬁ:ﬁe and

i i st clinical con .

et i it:gl Sligr::lrfgtéi;t,letlll: g;?ference is usuglly small, ancll the (;2133’
Pf'es.ent u{lrte)fom m.ay occur with calculation of the anion gap, where accélha

(czih?elsilligt(i)o; of the plasma bicarbonate concentration is important (see p.

e

4 . i i i i d venous
\19)‘ The normal values for the major acid-base variables in arterial an:
blood are
pH [H*], nanoeq/L.  Pco,, mmHg  [HCO3], meq/L
3644 22-26
i 7.37-1.43 3743 .
f‘/rte“al 7.32-7.38 42-48 42-50
enous .

ion) i blood is due to
in pH (and increase in H* coqcentratlog) in ve.n.ous .

e det(;rli: S§f mgtab(olically produced CO, in the .caplllary cuculatlortll.1e tracel.
e -al, arterial rather than venous blood is used to measure oo
o genel'a ,"arl blood allows concurrent measurement qf arterial oxygena (1)?1 i
IUIaf_PH- Alte'n?iuenced by local changes in tissue perfusion. I.{ow.ever.,fvctian us

?)Illd (lis ir;O;aZise;nto obtain and just as accurate for pH determination it dra

00

without a tourniquet from a well-perfused area.

' g when the

Pitfalls There are several pitfalls that can lead to .maccxé)ratle SISG?ES e oy

xtracellular pH is measured. In additiog tol preventmg C i (; e A C
Zrawing the blood sample anaerobically,” rapid measurement o

) . ) d
At room temperature, continued anaerobic glycolysis by red cells an

reauired, duce small reduc-

white cells leads to the production of_organic acid§ thlat can in
tions in the pH and the plasma HCOj concentration. ¢ the blood volume in the
If air bubbles occupy more than 1 to 2 percent od ‘e blood volume I e
syringe, an artifactually high artel.‘ijal PQz ancg glrészngaesl:: mation o e e
i may result from equlhbratl_on of th ouobles
artgnt;taf;cgéimeg 6 The magnitude of this error is greatest when tl:;af gglf)% once
. as tengons between blood and air are hi_gh, when the sur fgce e;re;touection o
max ized by agitation, and when the time between specime
maxim ,
7,8
is is prolonged.” . ‘ ' . For
analyDSillsultioI; of th% blood specimen with heparin 1s anothgll potelrjltlfﬁ érscl)l‘t;; oy
i i i i Y it often have their p '
nts in an intensive care unit o : : . g
exam'p}ei)lrc,)i)t:ie drawn from an indwelling intraarterial catheter that 1lse r(t);llelﬁr S){
grtseliii with heparin. To minimize contamination of the blﬁ'o?l Srir;lgly’ the s
8uto 10 mL should be discarded. Use of the first 2 mL (whic
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heparin) can lead to erroneous values for pH and Pco, as low as 6.50 and
3.5 mmHg, respectively.’

A similar error can occur with the use of a heparinized syringe.!® There should
be enough heparin to coat the sides of the syringe, but the volume of anticoagulant
solution should be less than 5 percent of the volume of the blood sample.

Lastly, it is not always correct to assume that the arterial pH reflects the pH at
the tissue level. This is a particular problem in patients with seve
failure or cardiac arrest, in whom pulmonary blood flow is often substantially
reduced. In this setting, blood that is delivered to the lungs may be adequately
cleared of CO,, resulting in a relatively normal or even diminished arterial Pco,.
However, the low cardiac output slows the return of CO,-containing blood from
the periphery. As a result, the nixed venous Peo,, which represents blood that has
not yet entered the pulmonary circulation, may be markedly higher than the Pco,
in arterial blood.""'2 In one study, for example, patients with a mean arterial pH
of 7.42 and Pco, of 32 mmHg during cardiopulmonary resuscitation had respec-
tive mixed venous values of 7.14 and 74 mmHg." If the latter results more closely

reflect the pH at the cellular level, then arterial measurements can lead to the
misleading assumption that acid-base balance is being maintained.

In addition to testing of mixed venous blood samples, the presence of dimin-
ished pulmonary blood flow may be suggested from measurement of the end-tidal
CO;, concentration."® A value above 1.5 percent suggests adequate pulmonary
perfusion and the likelihood that arterial and mixed venous blood have a similar

PH and Py, . A value below 1 percent, however, is often indicative of a significant
impairment in venous return.

Te circulatory

Regulation of Hydrogen Concentration

* The HCOj /CO, system is the principal buffer in the extracellular fluid, because of

both the high concentration of HCOj and the ability to control the plasma HCO3
concentration and the Pco, independently (see Chap. 11). The former is regulated
by changes in the rate of HY secretion Jrom the renal tubular cell into the tubular
lumen. Most of the secreted H* ions combine with filtered HCOg, so that the final
urine is virtually HCOj3 free. Reabsorption of the filtered HCO5 is essential if
acid-base balance is to be maintained, since loss of HCO3 in the urine is equivalent
to the retention of H* (both H™ and HCOj3 being derived from the dissociation of
H,CO5).

In addition, some secreted H* ions combine either with HPO3~ (to form
H,POy) or with NH; (to form NH). These processes play a central regulatory
role, since they result in the generation of new HCO3 ions in the extracellular fluid
(see Figs. 11-3 and 11-4). Thus, an increase in net H* secretion (as H,PO; and
NHY) leads to a rise in the plasma HCOj concentration, whereas a reduction in
net H* secretion results in H+ retention and a fall in the plasma HCO;3 concen-
tration.

CO,, on the other hand, is eliminated by the lungs. Thus, the Pco, is regulated
by the rate of alveolar ventilation. Hyperventilation enhances CO, excretion and
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lowers the Pco,; hypoventilation reduces COz excriti.on al_ud raises thea(fi’((ijoizri
Although CO, is not an acid, since it contains no H" ions, it acts as an
the body by combining with water to form H2CQ3 [Eq. (1'7—1)].  ncid-base
The kidneys and lungs play a central role in the rrllalntenance of aci bas
balance, because they can adjust the rate of acid exc¥etlon to meet hogleos atic
needs. Each day, approximately 15,000 mmol of. CO, is produced .by en qgfno;(s)
metabolism and then excreted by the lungs. Similarly, a normal du?t gen?a elsf
to 100 meq of HY per day, derived mostly from the metabohsm1 fls S'lll“h:;
containing amino acids and the subsequent generation of H,SO,. e
H' ions are initially buffered by HCO3 and the cellulgr and bone bu .ertsh 0
minimize the fall in extracellular pH (see page 315). Ac1d-baseL balan'ce tllf (133
restofed by urinary H* excretion, which regenerates the HCOj3' lost in the o
i i eaction. .
gmal\;l?efrt;e;i:rilg—{)ase disturbances do occur, renal and respiratqry function change
in an attempt to normalize the pH. From the law of mass action,

+ Pco,
H] =24 x [HCO:]
it can be seen that the H' concentration is related to the Ijrcoz /[HCO-B]"‘GU(;;
not to the absolute value of either compound. If the H concent1§t10.n s
increased, regardless of cause, it can be reduced towafd normal b_y a Beoczﬁaof
in the Pgo, and/or an elevation in the plgsn’la HCO;3 <.:onf:entrft10n. Both of
these changes occur, as both alveolar ventilation ar}d urinary H excare on are
enhanced in this setting. At least part of the S{gnal for thesse adap e;_Il)oriln
appears to be a parallel increase in H* concentration (or.reductlon 1ndpin o
the cerebral interst}%hgn surrounding the central respiratory centers an

r cells.”™ o .
renalcgfzfleizely, alveolar ventilation and H* secreti_on are diminished whfan the gl
concentration is reduced. The resultant increase in t_he Pco, and dechile in the
plasma HCOj concentration raise the H* concentration toward normal.

ACID-BASE DISORDERS

Definitions

A change in the extracellular pH may be seen when renal or respirato%‘y fu:c?{on 12
abnormal or when an acid or base load overwh.elms exc.retory cz:Lpamty. ci ?n11)
is defined as a decrease in the blood pH (or an increase in the H .conc_entrtalltloHnjL,
and alkalemia as an elevation in the blood pH (or a reduction in the
conc(?)rrlltrt;:i:&er hand, acidosis and alkalosis refer to processes that tend to 1((1)w§r
and raise the pH, respectively. In most conditions, an ac1d9t1c process lea. s to
acidemia and an alkalotic process to alkalemia. However, this may not be true in
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patients with mixed acid-base disturbances, in whom the final pH depends upon
the balance between the different disorders that are present (sec below).

Changes in the plasma H" concentration and pH can be induced by altera-
tions in the Pco, or plasma HCO3 concentration [Egs. (17-3) and (17-4)]. Since the
Pco, is regulated by respiration, primary abnormalities in the Pco, are called
respiratory acidosis (high Pco,) and respiratory alkalosis (low Pco,). In contrast,
primary changes in the plasma HCOj concentration are referred to as metabolic
acidosis (low HCO3) and metabolic alkalosis (high HCO?).

In each of these disorders, compensatory renal or respiratory responses act
to minimize the change in H* concentration by minimizing the alteration in
the Pco,/[HCO3] ratio (Table 17-2). To achieve this, the compensatory response
always changes in the same direction as the primary disturbance. Thus, a high Pco,
in respiratory acidosis results in enhanced renal H" excretion and an appropriate
elevation in the plasma HCOj3 concentration.

Table 17-2 also demonstrates that the diagnosis of an acid-base disorder
requires measurement of the extracellular PH. Simply looking at the plasma
HCOj concentration (which is routinely measured with the plasma Nat, K™,
and CI” concentrations) is not sufficient. A high value, for example, can be seen
both in metabolic alkalosis (where it is the primary problem) and in respiratory

acidosis (where it represents the appropriate renal compensation). These disorders
can be differentiated by measurement of the pH.

Metabolic Acidosis

Metabolic acidosis is characterized by a fall in the plasma HCOj3 concentration
and a low pH (or high H* concentration). It can be induced either by HCO73 loss
(as with diarrhea) or by the buffering of a noncarbonic acid, such as lactic acid or
retained diet-generated sulfuric acid (as occurs in renal failure):

H2S04 + 2NaHC03 —> N32SO4 + 2H2CO3 — 2C02 + 2H2O

The reduction in pH stimulates ventilation, resulting in a compensatory decrease
in the PCO2.19'2° Ultimate restoration of the pH usually depends upon renal excre-
tion of the excess acid, a process that takes several days.

Table 17-2 Characteristics of the primary acid-base disturbances

Disorder pH [H*] Primary disturbance Compensatory response
Metabolic acidosis d 0 4 [HCO3] { Pco,
Metabolic alkalosis 4 J 1+ [HCO3] 1 Pco,
Respiratory acidosis d 1 1 Pco, 1 [HCO3]
Respiratory alkalosis 1 J 1 Pco, 4 [HCO73]
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Metabolic Alkalosis

ion i 3 entration
Metabolic alkalosis results from an elevation in the p.las.ma I:I[‘(;li(:Sd ic;(:;(cler raton
d is associated with a high pH (or low Hf concent1at10n).b s disorder o o
ar.loduced by HCO; administration or, more commonly, by ConSiStS,of A
sgmiting or the use of diuretics. The resgliratory compensation
g d an elevation in the Pco, ™ . et the
ventlIlifrll(a)l?eir::retion of the excess HCO;3 (as NaH.Ct(l)3) S?%lgﬁcr?al{illi Sci(sntr)zz e
i i tients with meta
ever, this does not occur in pa osis bedie
%%Olllci'\gabsorptive capacity is enhanced, usually because of concomitan
3 .
depletion and chloride (see Chap. 18).

Knowledge of the extent of the renal and respiratory compensations allows
more complex disturbances to be diagnosed.* The responses listed in Table 17-3
have been empirically derived from observations in humans with different acid-
base disorders.!*26 A simple example can illustrate how this information can be

utilized. A patient with a salicylate overdose is found to have the following arterial
blood values:

Pco, = 20 mmHg

[HCO3] =13 meq/L
Evaluation of acid-base status begins with the PH. The slightly high pH indi-
. Acidosis cates that the patient is alkalemic. This can be due to a high HCO3 concentration
Respiratory or a low Pcg,. Since only the latter is present, the primary diagnosis is respiratory
alkalosis, most likely acute given the history. In this disorder, the body buffers will
reduce the plasma HCO3 concentration by 2 meq/L for every 10 mmHg decrease
in the Peo, (Table 17-3).”% Thus, the [HCO7] should fall from 24 to 20 megq/L as
the Pco, drops acutely from 40 to 20 mmHg. The actual [HCO37] of 13 meq/L is
lower than expected, suggesting that the patient has a combined respiratory alka-
losis and metabolic acidosis, a common finding with salicylate intoxication.?’

idosis i ; ive alveolar ventilation, resulting in
RCSPil'amfyl aCld;)slS ::i(il;fi(t)cr)x doefc 1(63233 daigezﬂvfncrease in the fxtracel'lular I}’foﬁ
o o rnO"rliheyrenal compensation consists of enhanced H excretlon(,iw 1(;0
(hypercapm?). a HCO3 concentration.”?* This response takes 3 to 5 jdys ©
e o pl ats'mn B As ;result two different acid-base disorde'rs may occur.]a‘cu ¢
feach COH?P . 1'cc)io.sis in which ,there may be a dramatic fall in pH, :ftndlcnfo?h ¢
reSp%ratOIy ac'1d sis’ in which the pH is relatively well protected as a resu t' ? )
o compon: (t)ion, (see Chap. 20). Similar considerations apply to respira or)f
e C?“;)Petnszt to metabolic acidosis or alkalosis, since the respiratory complt:;rtle
2;111?01;)15;; t;lxesrel: disorders is rapid, beginning within minutes and being comp

Table 17-3 Renal and respiratory compensation to primary acid-base disturbances
within 12 to 24 h.%°

in humans

Disorder Primary change

Respiratory Alkalosis

Compensatory response

Metabolic acidosis 4 [HCO3]
- — ) oina
The primary disturbance in respiratory alkalosis 18 hyperventilation, resulting

i i i reduction in
fall in the extracellular Pco, (hypocapnia) and an increase }nd;i)nl—lli IS)SL reduction
H* concentration). The compensatory response consists of di shed o e

tion, producing HCOj3 loss in the urine and an ap.propn.ate decrease B o
Sizrsfnla I—iCO; concentration. As with respiratory acidosis, the renal comp
P

25-27

1.2 mmHg decrease in Pco, for every
I'meq/L fall in [HCO3]

0.7 mmHg elevation in Pco, for every
1 meq/L rise in [HCO5]

Metabolic atkalosis 1+ [HCOj3]

Respiratory acidosis + Pco,

Acute 1 megq/L increases in [HCO7] for every
10mmHg rise in Pco,

Chronic 3.5 meq/L elevation in [HCOj3] for every

10 mmHg rise in PcoZ
Respiratory alkalosis | Pco,

Acute
Mixed Acid-Base Disorders

i common for more than one of the above .primary dlsorc'lsrs t((:) t;z
o eont, L a patient has a low arterial pH and is theref(_)re acidemi .d "
Prflsent-_ SUPP;)SG 1§sma HCO; concentration indicates metabolic a01d(?51s zﬁl !
ﬂ}IS e Ecllicoe::eg respiratory acidosis. If both are present, thgn the pameéltto altshe
tcl(l)i?bl;fe(c); ;rlletabolic and respiratory agidosig ?im;lii'kzzss?snilgga?;i;i ot
i i combined metabolic and respiralor
g;:\%;zsgspilf,aa high plasma HCOj3 concentration, and a low Pco,.

2 meq/L reduction in [HCO3] for every
10mmHg fall in P,
Chronic 4 meq/L decrease in [HCO;3] for every
10 mmHg reduction in P,

* Calculation of the anion gap and the ratio of the rise in the anion gap to the fall in the plasma
HCO3 concentration also may be diagnostically important in patients with metabolic acidosis (see
Chap. 19).
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i var ly to
The renal and respiratory compensations return the pH ton;nd b;; dra;fazma
normal. Thus, a normal pH in the presence of (}hange's mdthe F(c)gzexample ma
HCO3 ‘concentration immediately suggests a mixed disorder. ,
following arterial blood values:

pH = 7.40
Pco, = 60mmHg
[HCO3]1=36 meq/L

due to a combination of respiratory acidosis. (elfavated Pcoz) a;ndftzftglt;:l;g
Ziliélosis (high plasma HCO3 concentration). This dlsqrder is most o
diuretic therapy in a patient with severe chronic lung cliisgaos?concentration o

Finally, an arterial Pco, of 40 mmHg'or a plasmg 'd3 o e e pervon.

eq/L is not always normal. A patient with metabolic acidost R (e

rtl?lactle to minimize the reduction in pH. On t_he average, Fhe gc%hus A ié_meq/L
for every 1 meq/L fall in the plasma HCO3 concentration. v , o Momedlt
oduetion the plasma HCOj concentration from 24 to 8 meq/L shou N
re(mcnon‘tl>nut 15 mmHg (16 x 1.2), from 40 to 21 mmHg. In this setting, the ne(\:;‘
Plc—f)zw?ﬁ ?)607.20. If, however, the P, remains at 40 mmHg, then the degree
Ecidemia will be more severe,

8

=692

J i ient has a
Since the Pco, of 40 mmHg is inappropriately high by 19 mmHg, this patient ha
combined meztabolic and respiratory acidosis.

Acid-Base Map

' + ati , and
If the relationship between the artenali pH (or 'H c?ngentl1;tt1:;1),t hicroésult <
HCO- concentration in the different acid-base disorders is p e ,res Tosult

3'a'—base map in Fig. 17-1. The stippled areas represe.nt the dp nses o
e o ormal subjects to metabolic and respiratory acidosis and alkalc eI;
cher(\;_’ o trtlle appropriate compensations that should be p¥esen.t. Thus., a gxzte
{HCIU i the P is associated with a greater redgctlon m'pH in ac thé
as com ellrrled to gﬁi‘onic, respiratory acidosis. This dlff.erence is dlile thor e
2cl(S)rr(lzl(a)fr:ﬁrs)atory elevation in the plasma HCOj3 concentration seen with ¢
hype\l;;?llj:slal;etween the stippled areas, on the other. hand, represegt ;gl)ée;;loié:;crlg
base disturbances. This can be appreciatefl by plotting the tl(lireeertl;{t))(oﬁc Y
described above: Point A lies between re§p1ra:o§gl?élzail£)élsll(s)Sailél(eg; e ek tho pH
i een respiratory acidosis and meta . ven |

POlr;trri;E):t‘an p0i111)t C between metabolic and resplratgry aledosclis.t e following
e A méntioned above, the diagnostic approach used in this and the owing
four cshapters is based upon the observed in vivo compensatory respon
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Figure 17-1 Acid-base map describing the relationships between the arterial pH, H* concentration,

Pcbz, and HCOj concentration. The dark area in the center represents the range of normal values for
these parameters; the stippled areas represent the different simple acid-base disturbances. Points A, B,
and C indicate the three mixed acid-base disorders discussed in the text. (From Harrington JT, Cohen

JJ, Kassirer JP, Mixed acid-base disturbances, in Cohen JJ, Kassirer JP (eds): Acid/Base. Little, Brown,
Boston, 1982, with permission.)

patients with the different acid-base disorders,
the base deficit, whole blood buffer base, a

advantages and frequently are confusing.’
in this text.

1926 14 vitro measurements such as
nd standard bicarbonate offer no
8 Consequently, they will not be used

CLINICAL USE OF HYDROGEN CONCENTRATION

Although the acidity of the blood is measured in terms of pH, it is somewhat
difficult to use logarithms at the bedside. In contrast, the calculation of the H
concentration is much easier. As stated in Eq. (17-3),
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Pco,
[H+] =24 x [I—I’C(ﬁ
- L eq/L,
If the normal arterial Pco, is 40 mmHg and the HCO;3 Concte}ilizl?:r(;;l u11sa24(1) Irlll g}/l ”
then the normal H' concentration is 40 nanoeq(L. To +1_Jse formul ,a e
how to convert the measured pH 1%0 H conce ,H process
'has tO'knowfew simple calculations (Table 17-1).”" If one beg1.ns atap " {he
mVOlVlIY:I%r aconcentration of 40 nanoeq/L, then for every 0.10 increase IIILlI pt hé o
Elfcincentration must be multiplied by 0.8; for every (l).10 decrease in pH,
concentration must be multiplied by 1.25. For example,

730 [HY] = 40 x 1.25=50nanoeq/L

pH
40 x 1.25 x 1.25 = 63 nanoeq/L

pH = 720 [H']
pH = 7.50 [H"] = 40x 0.8 =32nanoeq/L

Values at less than 0.10-unit steps can be estimated fro.m 1ntt;31i:pl(_}ljlt(l:(())lli;:eA:1 t};a-

7.27 is three-tenths of the way between 7.30 and 7.20. Since H Soncenire
O'f P eases by 13 nanoeq/L (from 50 to 63 nanoeq/L) as the pH falls
;100171 1ZIE)Crthe H™* concentration at a pH of 7.27 can be calgulated from

[H*] = 50 + (0.3 x 13) = 54nanoeq/L

i i ised in the clinical
The following example illustrates how this equ.atlo‘n ;al?ntzletlésic; ‘1/2 :hz clinical
i i icylate intoxication is fo :
ing. Suppose a patient with salicyla ' _ | to have ¢
?ﬁtgtl:;gteriafSalues, which are consistent with a mild metabolic acido

pH =732
Pco2 =30 Iang
[HCO;] = 15meq/L

important facet of therapy in this disorder is to alkalinize the bl;;)ld, “tllﬁécll:nv;l;}
o the concentration of salicylate in the tissues (see Chap. 19). Thus, e
d?crea: (:h -apy is to raise the arterial pH to 7.45 (H* concentration eqﬁla fo 36
a:illo(:eq/L;l Aps);uming that the P, remains constant, the level to which the pla
n .

iev i i from
HCO concentration has to be raised to achieve this goal can be estimated
3

Co,
+ P
[HY] =24 x 5

30

[HCO3] = 20 meq/L
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POTASSIUM BALANCE IN ACID-BASE DISORDERS

There are important interactions between potassium and acid-base balance that
involve both transcellular cation exchanges and alterations in renal function.

Metabolic Acid-Base Disorders

In metabolic acidosis, more than one-half of the excess hydrogen ions are buffered
in the cells. In this setting, electroneutrality is maintained in part by the movement
of intracellular potassium into the extracellular fluid. Thus, metabolic acidosis
results in a plasma potassium concentration that is elevated in relation to total
body stores. The net effect in some cases is overt hyperkalemia; in other patients,
who are potassium-depleted due to urinary or gastrointestinal losses, the plasma
potassium concentration is normal or even reduced.®® There is still relative hyper-
kalemia, however, as evidenced by a further fall in the plasma potassium concen-
tration if the acidemia is corrected.

On average, the plasma potassium concentration will rise by 0.6 meq/L (the
range is 0.2 to 1.7 meq/L) for every 0.1-unit reduction in extracellular pH.*! The
wide range, however, means that the degree to which the plasma potassium con-
centration will fall with treatment of the acidemia cannot be accurately predicted.
Thus, careful monitoring is required.

A fall in pH is much less likely to raise the plasma potassium concentration in
patients with lactic acidosis or ketoacidosis.>!"> The hyperkalemia that is com-
monly seen in diabetic ketoacidosis, for example, is more closely related to insulin
deficiency and hyperosmolality than to the degree of acidemia.’!3? Why this
occurs is not well understood.

. Just as metabolic acidosis can cause hyperkalemia, a rise in the plasma potas-
sium concentration can induce a mild metabolic acidosis. Two factors contribute
to this phenomenon. First, a transcellular exchange occurs, as the entry of most of
the excess potassium into the cells is balanced in part by intracellular hydrogen
ions moving into the extracellular fluid.*® The net effect is an extracellular acidosis
and an intracellular alkalosis. Second, the rise in cell pH within the renal tubular
cells reduces ammonium and therefore net acid excretion. In patients with hypo-
aldosteronism, for example, the mild metabolic acidosis is primarily due to the
associated hyperkalemia.

The net effect of these changes in cation distribution and renal function is that
metabolic acidosis and relative hyperkalemia are often seen together. For similar
reasons, when the above ionic changes are reversed, hypokalemia and metabolic
alkalosis are also a common combination, >13

Respiratory Acid-Base Disorders

Respiratory acidosis and alkalosis induce relatively small changes in potassium
balance. The reason for this minor effect is not well understood.
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Concurrent Disorders of Potassium Balance

i i istribu-
The preceding discussion has emphasized the effect of pH on pOt?'SSIi:;lSrril ::,Z ibu-
tion between the cells and extracellular fluid. However, sorn;:l pa 1e1 e
current disorders of potassium balance that can ;ffect t1 1;‘]1: t?ypel-kalehﬁa
icular ic acidosis typically produces rela . ,
ular, although metabolic acidosis ypice . . e,
giit;ts may be hypokalemic at presentation if there is a g)uxcf of t%ota;satl;gq o
- acidosi the other ,
inclu i d renal tubular acidosis. On : )
Examples include diarrhea an. ren db ) e orssent in
ia (i i ody potassium s
erkalemia (i.e., associated with increase Sium St i
gzgents with hypoaldosteronism (type 4 renal tubular acidosis) as a resu

i ired urinary potassium excretion. . . . . ‘ "
lmpjsillilhe situatioyn may be more complicated in patients with diabetic ketoaci

i i and
sis. These patients are often markedly potassu'lm?depleted 'because ofi rl:;lgell;yone-
aétrointestinal losses; however, hyperkalemia is found.m ap]pf_(zx nately one-
tghifd of patients at presentation because of the_élypeu:;gm adlrn%nistration "
i he metabolic acidosis. The a )
ficiency, not, as noted above, t . : n o
?Ifsulin tzpically leads to hypokalemia, unmasking the true state of potas

balance (see Chap. 25).

PROBLEMS
17-1 Convert the following values for arterial pH to H* concentration:

(a) 1.60

(b) 7.15

(c) 7.24 . N )
17-2 What acid-base disorders are represented by the following sets of arterial blood tests

pH Pco,, mmHg [HCO3], meq/L

(@) 7.32 28 i:

® 747 20 4

(¢) 7.08 49 .

(d) 7.51 49 3

17-3 A patient with severe diarrhea has the following laboratory tests:
Arterial pH = 6.98
Pco, = 13 mmHg
[HCO3] = 3 meq/L

(a) What is the acid-base disorder?

i incr 7.20 by the
To get the patient out of danger, the initial aim of therapy is to increase the pH to y

administration of NaHCOj;. Assuming that the Pco, remains constant.: i
(b) To what level must the plasma HCOj3 concentration be raised to reach a p .207

i V. i i imulus to
If the P increased to 18 mmHg with [herapy, due to partlal removal of the acidemic stir
€ r'co,

hyperventilation:

i i ieve a pH of
(c) To what level must the plasma HCOj3 concentration now be increased to achieve a p

7.20?

CHAPTER SEVENTEEN  INTRODUCT] ION TO SIMPLE AND MIXED ACID-BASE DISORDERS 549

REFERENCES

—

. Gennari FG, Cohen JJ, Kassirer JP. Measurement of acid-base status, in Cohen JJ, Kassirer

JP (eds): Acid/Base. Boston, Little Brown, 1982.

2. Biswas CK, Ramos JM, Agroyannis B, Kerr DNS. Blood gas analysis: Effect of air bubbles in
syringe and delay in estimation. Br Med J 1:923, 1982.

3. Hood I, Campbell EIM. Is pK. OK? N Engl J Med 306:864, 1982,

4. Mohler JG, Mohler PA, Pallivatchuval RG. Failure of the serum CO, determined by automa-
tion to estimate the plasma bicarbonate. Scand J Clin Lab Invest 47(suppl 188):61, 1987,

5. Kruse JA, Hukku P, Carlson RW. Relationship between apparent dissociation constant of
blood carbonic acid and disease severity. J Lab Clin Med 114:568, 1989.

6. Williams AJ, ABC of oxygen—Assessing and interpreting arterial blood gases and acid-base
balance. Br Med J 317:1213, 1998,

7. Harsten A, Berg B, Inerot S, Muth L. Importance of correct handling of samples for the
results of blood gas analysis. Acta Anaesthesiol Scand 32:365, 1988.

8. Mueller RG, Lang GE, Beam JM. Bubbles in samples for blood gas determinations: A poten-
tial source of error. Am J Clin Pathol 65:242, 1976.

9. Ng RH, Dennis RC, Yeston N, et al. Factitious cause of unexpected arterial blood-gas results
(letter). N Engi J Med 310:1 189, 1984,

10. Hutchison AD, Ralston SH, Dryburgh FI, et al. Too much heparin: Possible source of error
on blood gas analysis. Br Med J 287:1131, 1983.

11. Weil MH, Rackow EC, Trevino R, et al. Difference in acid-base state between venous and
arterial blood during cardiopulmonary resuscitation. N' Engl J Med 315:153, 1986.

12. Adrogué HJ, Rashad MN, Gorin AD, et al. Assessing acid-base status in circulatory failure:
Differences between arterial and central venous blood. N Engl J Med 320:1312, 1989,

13. Falk JL, Rackow EC, Weil MH. End-tidal carbon dioxide concentration during cardiopulmon-
ary resuscitation. N Engl J Med 318:607, 1988,

14. Lennon EJ, Lemann J Jr, Litzow JR. The effects of diet and stool composition on the net
external acid balance of normal subjects. J Clin Invest 45:1601, 1966.

15. Breslau NA, Brinkley L, Hill KD, Pak CYC, Relationship of animal protein-rich diet lo kid-
ney stone formation and calcium metabolism. J Clin Endocrinol Metab 66:140, 1988.

16. Berger AJ, Mitchell RA, Severinghaus JW. Regulation of respiration. N Engl J Med

- 297:92,138,194, 1977.

17. Coates EL, Li A, Nattie E. Widespread sites of brain stem ventilatory chemoreceptors, J Appl
Physiol 75:5, 1993.

18. Krapf R, Berry CA, Alpern RJ, Rector FC Jr. Regulation of cell pH by ambient bicarbonate,
carbon dioxide tension, and pH in rabbit proximal convoluted tubule. J Clin Invest 81:381,
1988.

19. Bushinsky DA, Coe FL, Katzenberg C, et al. Arterial Pco, in chronic metabolic acidosis,
Kidney Int 22:311, 1982.

20. Pierce NF, Fedson DS, Brigham KL, et al, The ventilatory response to acute base deficit in
humans. The time course during development and correction of metabolic acidosis. Ann Intern
Med 72:633, 1970,

21. Javaheri S, Kazemi H. Metabolic alkalosis and hypoventilation in humans. 4m Rev Respir Dis
136:1011, 1987.

22. Javaheri S, Shore NS, Rose BD, Kazemi H. Compensatory hyperventilation in metabolic alka-
losis. Chest 81:296, 1982,

23. Polak A, Haynie GD, Hays RM, Schwartz WB. Effects of chronic hypercapnia on electrolyte
and acid-base equilibrium. 1. Adaptation. J Clin Invest 40:1223, 1961.

24. van Ypersele de Strihou C, Brasseur L, de Coninck J. “Carbon dioxide response curve” for
chronic hypercapnia in man. N Engl J Med 275:117, 1966.

25. Arbus GS, Herbert LA, Levesque PR, et al. Characlerization and clinical application of the

“significance band” for acute respiratory alkalosis. N Engl J Med 280:117, 1969.



