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Neuere Fortschritte bei der
Säure-Basen-Physiologie
als Teil der Intensivmedizin

Zusammenfassung Eine grundle-
gende Änderung in unserer Betrach-
tung der Sa¨ure-Basen-Homeostase
zeichnet sich seit la¨ngerer Zeit ab.
Neuere Fortschritte in der Zellbiolo-
gie und Physiologie lassen uns nun
die Ungereimtheiten der traditionel-
len Säure-Base-Anschauung, welche

durch physikalische Chemie seit
Jahrzehnten identifiziert wurden,
erklären. Weiter machte die breite
Verfügbarkeit von Computern die
Anwendung dieser Prinzipien in der
klinischen Medizin mo¨glich. Auf der
Intensivstation zeigen die Patienten
oft extreme Beispiele eines gesto¨rten
Säure-Basen-Haushaltes. Die Er-
kenntnisse der Ursachen vieler dieser
Abnormalitäten sowie der Behand-
lungsmethoden werden durch dieses
neue Paradigma stark beeinflusst.
Häufigere Sto¨rungen wie Aspira-
tionsalkalose, Verdu¨nnungsazidose
und laktische Azidose za¨hlen dies-
bezüglich zu den besten Beispielen.

Schlüsselwörter Säure-Basen-
Störung – metabolische Azidose

Summary A fundamental change
in the way we think about acid-base
homeostasis has been on the horizon

for some time. Modern advances in
cell biology and physiology now
permit us to explain the inconsisten-
cies in the traditional approaches to
acid-base that have been identified
by physical chemistry for decades.
Furthermore, the widespread avail-
ability of personal computers has
permitted the application of these
principles to clinical medicine. In
the ICU, patients frequently mani-
fest extreme examples of acid-base
imbalance. The understanding of the
genesis of many these abnormalities
as well as the approach to treatment
are profoundly affected by this new
paradigm. Common disorders such
as suction alkalosis, dilutional
acidosis, and lactic acidosis are
among the best examples.

Key words Acid-base balance –
metabolic acidosis – strong ion
difference – lactate

Introduction

Approximately 15 years ago Peter Stewart published a
“new” approach to acid-base physiology that empha-
sized the physical chemical analysis (1, 2). This
approach has generated a fair amount of controversy
(3, 4) but little real interest until quite recently (5–18).
It appears that the lack of interest has been due to the
fact that the approach, while conceptually simple and
elegant, is operationally complicated and unwieldy.
Most clinicians retreat from the sight of complex poly-
nomial equations and few can be easily convinced that

“relearning” acid-base physiology is worth while when
the traditional approach “works so well”.

It is this last issue that deserves closer scrutiny, par-
ticularly in the critically ill. For patients in the intensive
care unit (ICU), extreme derangements in physiology
are common and traditional methods are often inade-
quate to explain the severe acid-base disorders present
in some of these patients. Although the Stewart
approach is based on the same physical chemical princi-
ples that more traditional approaches are based, this
new approach is vastly different. The most important
difference is that in this view, hydrogen ions (H+) and



bicarbonateions (HCO3
–) are not independentvariables

but are insteaddeterminedby other factors.Changesin
pH are not the result of the generationor removal of
theseions per se, but rather are the result changesin
other variables.This point cannotbe overemphasized.
Traditionally, we havelookedto the removalor genera-
tion of H+ and/orHCO3

– as the control mechanismsof
metabolicacid-basebalance.Metabolicacid-basedisor-
dersare describedin termsof H+ productionor HCO3

–

loss or regeneration.However, as we shall see, these
mechanismsareinconsequential.

Though“newer”, the Stewartapproachhasnow been
validatedin a wide variety of patient types (5–8, 11)
and experimentalconditions (12–15). Recently, it has
beenshownthat the SID is quantitativelyvery closeto
the standardbaseexcessin that later describesthe nec-
essarychangein the former to restoreplasmapH to
7.40, given a PCO2 of 40mmHg (16,17). The differ-
encethat this approachcarriesis not in the quantifica-
tion of acid-basedisordersbut ratherin the understand-
ing of why thesedisordersoccurandhow to treatthem.
In this review, I will explainthe fundamentalaspectsof
the Stewartapproach,review the implicationsfor clini-
cal medicine, particularly in the ICU, and consider
someof the more practical aspectsof acid-baseman-
agementfrom this prospective.Severalmore detailed
treatmentsof the Stewartapproachare availablein the
literature(1, 2, 8, 18). The purposeof this discussionis
to provide the readerwith a generalunderstandingof
the approachand its implications. However, the inter-
estedreaderis advisedto seekout theseother sources
aswell.

Fundamental principles of hydrogen ion regulation

Large living organismsseek to maintain plasma pH
within strict limits. In fact, H+ concentrationis main-
tained within the nmol/L range (36–43nmol/L). By
contrast,most other ions are regulatedin the mmol/L
range.One reasonH+ concentrationis so closely regu-
lated is that theseions havevery high charge densities
and, consequently, very large electric fields. Further-
more, the strengthof H+ bonds(ubiquitousin biologic
systems)are very sensitiveto local H+ concentration.
Biochemical reactionsas well as interactionsof hor-
monesand drugswith plasmaproteinsand cell surface
receptorsarealso influencedby changesin H+ concen-
tration. In addition,fluctuationsin intracellularH+ con-
centrationhave major effects on cellular performance
presumablyby alteringproteincharge, therebyaffecting
structureand enzymaticfunction. Thus, in order to un-
derstandhow the body regulatesplasmaH+ concentra-
tion, we mustfirst understandthe physical-chemical de-
terminantsof H+ concentration.

Biochemistryof aqueoussolutions

Virtually all solutionsin humanbiology contain water
and aqueoussolutionsprovide a virtually inexhaustible
sourceof H+. In thesesolutions,H+ concentrationis de-
terminedby the dissociation of water into H+ and OH–

ions.Saidanotherway, changesin H+ concentrationoc-
cur not as a result of how much H+ is addedor re-
movedbut as a consequenceof waterdissociation.The
factorsthat determinethe dissociationof water are the
laws of physical chemistry. Two in particular apply
here, electroneutrality (which dictatesthat, in aqueous
solutions,the sum of all positively charged ions must
equal the sum of all negativelycharged ions) and con-
servationof mass(which meansthat the amountof a
substanceremainsconstantunlessit is addedor gener-
ated,or removedor destroyed).In purewater, according
to the principle of electroneutrality, the concentrationof
H+ must always equal the concentrationof OH–. In
more complexsolutions,we haveto considerother de-
terminantsof waterdissociation,but, still, the sourceof
H+ remainswater. Fortunately, even in a solution as
complexas blood plasma,the determinantsof H+ con-
centrationcanbe reducedto three.If we know the val-
ue of thesethreedeterminants,the H+ concentrationcan
be predictedunderany condition.Thesethreedetermi-
nantsarethe strong ion difference(SID), pCO2, and to-
tal weakacid concentration (ATOT).

SID, pCO2, andATOT

TheSID is thenet charge balanceof all strongions pre-
sentwherea “strong” ion is one that is completely(or
near-completely)dissociated.For practicalpurposesthis
means (Na++K++Ca+++Mg++)–(CI–+lactate–). This is
often referredto as the “apparent”SID (SIDa) with the
understandingthat some“unmeasured”ions might also
be present(12). In healthy humans,this value is 40–
42mEq/L, although it is often quite different in criti-
cally ill patients.Of note, neither H+ nor HCO3

– are
strong ions. Theseions can associatethemselveswith
other ions (e.g., H+ with OH– to form water, HCO3

–

changedto CO2, etc.).By contrast,thepCO2 is an inde-
pendentvariableassumingthat the systemis open(i.e.,
ventilation is present).Finally, the weak acids (A–),
which are mostly proteins and phosphates,contribute
the remainingchargesto satisfythe principleof electro-
neutrality (Fig. 1). A–, however, is not an independent
variablebecauseit changeswith alterationsin SID and
pCO2. ATOT, (AH+A–) is the third independentvariable
becauseits value is not determinedby any other. The
essenceof the Stewartapproach(andindeedwhat is re-
volutionary) is the understandingthat only thesethree
variables are important. Neither H+ nor HCO3

– can
change unless one or more of these three variables
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change.The principle of conservation of massmakes
this point more than semantics.Strong ions cannotbe
createdor destroyedto satisfyelectroneutrality but H+’s
are generatedor consumed by changesin water disso-
ciation. Hence, in order to understandhow the body
regulatespH, we needonly ask how it regulatesthese
three independentvariables (SID, pCO2, and ATOT).
The traditional approachignores these variables,and
while it is possibleto describean acid-basedisorderin
terms of H+ or HCO3

– concentrationsit is incorrect to
analyzethe pathologyor to plan treatmenton the basis
of alteringH+ or HCO3

–.

Clinical implications

This “new” approachchangesnothing about the mea-
surementor classificationof acid-basedisorders.All of
the careful observationsthat have beenmadeover the
yearsare no lessvalid underthis approach.What does
changeis the interpretation of these observations.In
this review, I shall discusssomeof the more common
clinical implicationsof this approachbut therearemany
otherswhich will becomeobvious as one pondersthe
variousaspectsof this approach.

Metabolicalkalosis

One of the most commonforms of metabolicalkalosis
seenin the ICU is causedby the loss of gastricsecre-
tions. The loss of HCl from the stomachresults in a
hypochloremic metabolic alkalosis sometimessevere
enoughto requiretherapy. Of coursethis is the loss of
H+, but H+ is alsolost with everymoleculeof waterre-

movedfrom the body. Moreover, gastricsecretionsmay
reacha pH of 1.0, or a H+ concentrationof 108 nmol/L.
If one liter of gastricfluid is lost, this would meanthat
108 nmol (0.1 moles!)of H+ would be removed.If one
considersthat plasmaH+ concentrationis 40nmol/L (or
4×108 mol/L, and if the majority of body fluids are at
or near this concentration,one seesthat the amountof
total body-free H+ is only about 1.6×10–7 moles. If
physiologywere just simple accounting,a patientwith
pyloric stenosiswould rapidly run out of H+. Of course
this is not what happensand in reality the H+ concen-
trationdecreasesby a muchsmalleramount.The reason
it decreasesat all is becausethe plasma SID is in-
creasedand this is becauseCl– (a stronganion) is lost
without loss of a strong cation. This increasedSID
forces a decrease in the amountof water dissociation
and hencea decreasein the plasmaH+ concentration.
WhenH+ is “lost” aswaterratherthanHCl, thereis no
changein the SID and henceno changein the plasma
H+ concentration. Next, considerthe treatmentof a hy-
pochloremicmetabolicalkalosis.Aside from preventing
further Cl– loss, the therapyis to give back Cl–. Saline
works in this regardbecauseeventhoughone is giving
equalamountsof Na+ and Cl–, the plasmaCl– concen-
tration is alwaysmuch lower than the plasmaNa+ con-
centrationand thus Cl– increasesmore than Na+ when
large amountsof saline are administered.KCl works
betterfor this indicationbecause,with a metabolicalka-
losis, much of the K+ goes intracellular leaving much
of the Cl– in the plasmato decreasethe SID. From this
vantagepoint, one seesno need to invoke complex
renal tubular or hormonal mechanisms to accountfor
the restorationof normal plasmapH. The principlesof
physical chemistryare quite sufficient. Moreover, one
realizesthat intact renal function is not necessaryto
producethesechanges.Indeed,the useof renalreplace-
ment therapyto alter the Cl– concentrationwill be just
as effective. Failure to understandtheseprincipleswill
lead to the faulty assumptionthat H+ or HCO3

– ions
must be directly addedor removedfrom the body to
affect the necessarychangesin pH.

“Dilutional” acidosis

From the exampleabove,onecaneasilyunderstandnot
only how administrationof 0.9% saline can correct a
hypochloremic metabolicalkalosisbut also how mas-
sive amountswould lead to a decreasedplasmaSID
andthusa hyperchloremicmetabolicacidosis.Although
dilutional acidosiswasfirst describedover 40 yearsago
(19, 20), it has more recently been likened to Lewis
Carroll’s Cheshirecat in that it is more imaginarythan
real (21). In healthyanimals,large dosesof NaCl have
been demonstratedto produce only a minor hyper-
chloremicacidosis(22). Thesestudieshavebeeninter-
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Fig. 1 Total charge balancein blood plasma.The strong ion differ-
ence(SID) is always positive (in plasma)and SID–SIDe (effective)
mustequalzero.The SID apparent(SIDa) andSIDe shouldbe equal;
any differenceis referredto as the strong ion gap (SIG) and must
representunmeasuredanions.A– refersto the ionizedweakacids(pri-
marily albuminandphosphates).CO2 includes:HCO3

– andCO3
2–



preted to show that if dilutional acidosisoccurs it is
only in the extremecaseand eventhen it is only mild.
This line of reasoningcannotbe appliedto many criti-
cally ill patientsfor two reasons.First, large volumere-
suscitationis commonlyrequiredin patientswith sepsis,
trauma,andsurgery. Thesepatientsmay receivecrystal-
loid infusionsof 5–10times their plasmavolumesin a
singleday. Thesecondproblemwith this line of reason-
ing is that it fails to considerthe fact that critically ill
patientsare frequentlynot in normal acid-basebalance
to begin with. Thesepatientsmay have lactic acidosis
or renal insufficiency. Furthermore,critically ill patients
might not be ableto compensatenormallyby increasing
ventilationand may haveabnormalbuffer capacityow-
ing to hypoalbuminemia(23). In patients(5, 24) aswell
as in animalswith experimentalsepsis(25), dilutional
acidosisdoes occur and can producesignificant acid-
basederangements.

From the precedingdiscussion,it is obvioushow so-
called “dilutional” acidosisoccurs.However, it may be
lessobviouswhy critically ill patientsaremoresuscep-
tible. What appearsto happenis that manycritically ill
patientshavea significantly lower SID than to healthy
individualsevenwhen they haveno evidenceof a me-
tabolic acid-basederangement(28). This is not surpris-
ing given that the positive charge of the SID is bal-
anced by the negativecharges of A– and total CO2
(Fig. 1). Sincemany critically ill patientsarehypoalbu-
minemic,A– tendsto be reduced.Becausethe body de-
fends pCO2 for other reasons,a reductionin A– leads
to a reductionin SID by the body in order to maintain
normal pH. Thus a typical ICU patient might have a
SID of 30mEq/L ratherthan40–42mEq/L. If this same
patient then developeda metabolicacidosis(e.g., lac-
tate)the SID would decreasefurther. If we thenresusci-
tatedthis patientwith a large volume of normal saline
we would find that it producesa significant metabolic
acidosis.The effects of hypoalbuminemia are demon-
stratedby examplein Table1. Note that as the SID de-
creases,so doesthe pH despitethe “compensatory” hy-
perventilation. Also, note that the differentialeffects of
severehypoalbuminemia are not significant without a
severe metabolic acidosis. Even moderatemetabolic
acidosis (equivalent to 15mmol/L of lactic acid) is
handled quite well. However the differencesbecome
striking once the acid load is increasedto 25mmol/L.
Such an increasewould be difficult to producewith
saline alone but the cumulativeeffects of endogenous
acidosisandsalinemay be significant.

The clinical implication for managementof patients
in the ICU is that when large volumesof fluid areused
for resuscitationthey should be more physiologic than
saline.Onealternativeis lactatedRingerssolution.This
fluid containsa more physiologic differencebetween
Na+ and Cl– and thus the SID is closer to normal
(roughly 28mEq/L comparedto salinewhich has SID

of 0 mEq/L). Of coursethis assumesthat the lactatein
lactatedRingersis metabolized,which as we will dis-
cussbelow is almostalwaysthe case.

Lactateandlactic acidosis

Lactateis a strongion by virtue of the fact that, at pH
within thephysiologicrange,it is almostcompletelydis-
sociated(i.e.,thepK of lactateis 3.9;atapH of 7.4,3162
ionsaredissociatedfor everyonethatis not).Becausethe
body canproduceanddisposeof lactaterapidly, it func-
tionsasoneof themostdynamiccomponentsof theSID.
Lactic acid thereforecan producesignificant acidemia.
However, oftencritically ill patientshavehyperlactatemia
that is much greaterthan the amountof acidosisseen.
Physicalchemistryalsoallowsus to understandhow hy-
perlactatemiamayexistwithoutmetabolicacidosis.First,
acid is not being “generated” apartfrom lactatesuchas
through“unreversed ATP hydrolysis”assomehavesug-
gested(27). Phosphateis a weakacidanddoesnot con-
tributesubstantiallyto metabolicacidosisevenunderex-
tremecircumstances.Furthermore,the H+ concentration
is not determinedby how much H+ is producedor re-
movedfrom the plasmabut ratherby changesin oneof
thethreeindependentvariables(SID,pCO2 or ATOT). Vir-
tually anywherein thebody, pH is above6.0 andlactate
behavesasa strongion. Its generationwill thendecrease
the SID and result in increasedwater dissociationand
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Table1 Effectsof metabolicacidosisgiven varyingdegreesof hypo-
albuminemia

SID
(mEq/l)

pH pCO2
(mmHg)

SBE
(mEq/L)

Albumin45 g/L
Baseline 40 7.40 40 0
Moderatemetabolic

acidosis
25 7.32 20 –15

Severemetabolicacidosis 15 7.00 10 –25

Albumin20 g/L
Baseline 33 7.40 40 0
Moderatemetabolic

acidosis
18 7.31 20 –15

Severemetabolicacidosis 8 6.84 10 –28

Albumin5 g/L
Baseline 29 7.40 40 0
Moderatemetabolic

acidosis
14 7.30 20 –15

Severemetabolicacidosis 4 6.69 10 –32

Resultsof moderateand severeacidosis(equivalentof 15 and 25
mmol/L of lactic acid respectively)in a hypothetical70kg man with
no urine output and beforeany changein lactateconcentration.As-
sumesa constantserum phosphorusof 1 mmol/L. SID=strong ion
difference,SBE=standardbaseexcess.Note that the calculatedSBE
is differentamongthe threelevelsof albuminin the severemetabolic
acidosisrows.This is an artifactof the SBE calculation,which looses
accuracyoutsideof the “physiologic range”



thus increasedH+ concentration.How then might the
plasmalactateconcentrationbeincreasedandtheH+ con-
centrationnot?Therearetwo possibleanswers.First, if
lactateis addedto theplasma,notaslacticacidbut rather
asthesaltof astrongacid(i.e.,sodiumlactate),therewill
belittle changein theSID. This is becauseastrongcation
(Na+) is beingaddedalongwith astronganion.In fact,as
lactateis thenremovedby metabolism,theremainingNa+

will increasethe SID resulting in metabolicalkalosis.
Henceit would be possibleto give enoughlactateto in-
creasethe plasma lactate concentrationwithout any
changein H+ concentration.However, the amount of
exogenouslactaterequiredwould be very large. This is
becausenormal metabolismresults in the turnover of
approximately1500–4500mmol of lactic acid per day.
Thus,only very large amountsof lactateinfusedrapidly
will result in appreciableincreasesin the plasmalactate
concentration.Levrautet al. (28) infused1 mmol/kg of
lactateover15min in 10 patientswith acuterenalfailure
on continuousrenal replacement therapy. Their mean
plasma lactate concentration increased from 1.4 to
4.8mmol/L aftertheinfusionbutnormalizedrapidly. Un-
der suchconditionsit is possible(if transiently)to pro-
duce hyperlactatemiawithout acidemia.Unfortunately,
theseauthorsdo not report the acid-basestatusof their
patients.However, in anotherrecentstudy, Morgera et
al. (29) showedthat lactate-basedhemofiltrationresulted
in increasedplasmaHCO3

– concentrationandpH aswell
ashyperlactatemia.

A more importantmechanismwherebyhyperlactate-
mia existswithout acidemia(or with lessacidemiathan
expected)is wheretheSID is correctedby theelimination
of anotherstronganionfrom theplasma.This wasdem-
onstratedby Madiusetal. (30).In thesettingof sustained
lactic acidosisinducedby lactic acid infusion, thesein-
vestigatorsfoundthatCl– movesout of theplasmaspace
to normalizepH. Undertheseconditions,hyperlactatemia
maypersistbut baseexcessmaybe normalizedby com-
pensatorymechanisms to restorethe SID.

Nonetheless,given that lactate is a strong ion and
that lactic acidosisis a marker for mortality in many
forms of critical illness, it is reasonableto searchfor
the anatomicsourcesand pathophysiologic mechanisms
that are responsiblefor increasesin plasmalactatecon-
centration.Conventionalwisdom suggeststhat the gut
and the musclearethe sourcesof this increasedlactate.
However, the resultsof a recentstudy suggestthat, in
sepsis,neither the muscle nor the gut releaselactate
(31). In fact, studiesin animalsaswell ashumanshave
shownthat the lung may be a prominent sourceof lac-
tate in the setting of acute lung injury (31–33). The
sourceof this lactateis not entirely understoodbut cor-
relateswith the extentof lung injury (33) and is likely
producedby inflammatory cells.

While studiessuch as thesedo not addressthe un-
derlying pathophysiologic mechanismsof hyperlactate-

mia in sepsis,they do suggestthat the conventional
wisdom regardinglactateas evidenceof tissuedysoxia
is an oversimplification at best. Indeed,many authors
havebegunto offer alternativeinterpretations of hyper-
lactatemiain this setting(33–36).First, metabolicdys-
function from mitochondrial to enzymaticderangements
can and do lead to lactic acidosis.In particular, pyru-
vate dehydrogenase(PDH), the enzymeresponsiblefor
moving pyruvateinto the Krebs cycle, is inhibited by
endotoxin(37). However, datafrom recentstudiessug-
gest that increasedaerobic metabolismmay be more
important than metabolicdefectsor anaerobicmetabo-
lism. Gore et al. (38) observedincreasedglucoseand
pyruvateproductionand oxidation in patientswith sep-
sis. Furthermore,when PDH was stimulated by di-
chloroacetate there was a further increasein oxygen
consumptionbut a decreasein glucose and pyruvate
production.Their resultssuggestthat hyperlactatemiain
sepsisoccursas a result of increasedaerobicmetabo-
lism rather than tissue hypoxia or PDH inhibition.
Finally, catecholamineuse,especiallyepinephrine, also
results in lactic acidosis presumably by stimulating
hepaticglycolysis(39, 40).

Unexplainedanions

Another importantapplicationof the Stewartapproach
is the investigationof unmeasuredanionsin the blood
of patientswith critical illness. As one can see from
Fig. 1, the principle of electroneutrality can be usedto
detectthe presenceof unmeasured anionsin the blood.
By definition the SID must be equal and oppositeto
the negativecharges contributedby A– and total CO2.
This latter value is termedSID effective (SIDe) (12).
Thus if SIDa>SIDe unmeasuredanionsmust exist and
if SIDa>SIDe, there must be unmeasured cationspre-
sent.This differencehasbeentermedthe strongion gap
(SIG) to distinguishit from theaniongap(AG) (8). Un-
like the AG, the SIG is normally zero and does not
changewith changeswith pH or albuminconcentration
as doesthe AG. Thus, the accuracyof the AG is ques-
tionablein certainclinical situations(41), particularlyin
critically ill patients who are frequently hypoalbu-
minemicand acidotic.This haspromptedsomeauthors
to adjustthe “normal range”for the AG by the patient’s
albumin (42) or even phosphate(26) concentration.
Each g/dL of albumin has a charge of 2.8mEq/L at
pH 7.4 (2.3mEq/L at 7.0 and 3.0mEq/L at 7.6) and
eachmg/dl of phosphatehasa charge of 0.59mEq/L at
pH 7.4 (0.55mEq/L at 7.0 and0.61mEq/L at 7.6). Ex-
cept in casesof abnormalparaproteins,globulin does
not contributeto the AG (12). Thus a convenientway
to estimatethe “normal” AG for a given patient is by
useof the following formula:
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“normal” AG=2(albuming/dl) + 0.5(phosphatemg/dl)

or for international units:

“normal” AG=2(albuming/L) +1.5(phosphatemmol/L).

However, Salemand Mujais (41) found routine reli-
anceon the traditionalAG to be fraughtwith numerous
other pitfalls in addition to those mentioned above.
Theseproblemsare largely omittedby the SIG calcula-
tion (8) and this is the preferredmethodfor quantifying
unexplainedanionswhenprecisionis required.In recent
years, unmeasured anions have been reported in the
blood of patientswith sepsis(7, 43) and liver disease
(8, 44). Theseanionsmay be the sourceof muchof the
unexplainedacidosisseenin patientswith critical illness
(45). The presenceof unexplainedanionsin the blood
of both patientswith sepsisandliver diseasewasinves-
tigatedfurther in an animalmodelof sepsisusingendo-
toxemia (14). In this study, it was found that, during
control conditions,the liver clearedunmeasuredanions
from the circulation (meanflux –0.34mEq/min). With
early endotoxemia,however, the liver switched to re-
leaseof anions (0.12mEq/min, p<0.005). Thesedata
suggestthat the liver has a role in systemicacid-base
balanceby way of regulatinganion fluxes apart from
metabolismof lactate.

Treatmentof metabolicacid-basedisorders

This physical chemical approachalso provides for a
more logical basisfor treatmentof metabolicacid-base
disorders.In metabolic acidosis the SID is narrowed
and thereis either an increasedstrongion suchas lac-
tate, or the normal differencebetweenNa+ concentra-
tion and Cl– concentrationis reduced.The AG is rea-
sonablescreeningtest to distinguishtheseprovidedthat
the patientsalbumin concentrationand phosphatecon-
centrationare near normal or one correctsthe AG as
describedabove.The distinctionis very importantsince
non-AG metabolicacidosesare the result of the bodys
inability to maintainthe normal Na+ concentrationand
Cl– concentration.Treatmentthereforemust include an
assessmentof the Na+ concentrationand Cl– concentra-
tion and the reasonsfor their abnormality must be
sought.If the disorderis characterizedby a decreased
(or at leastnormal)Na+ concentration,administrationof
NaHCO3 can prove effective. From the discussion
above,it shouldbe clearthat it is the Na+ concentration
we are trying to influencenot the HCO3

– concentration.
HCO3

– is not an independentvariable.Its concentration
is determinedby the three independentvariableswe
have discussed.Therefore,only by increasingthe Na+

concentrationrelativeto the Cl– concentrationcanNaH-
CO3

– repaira metabolicacidosis.Whenthe Na+ concen-
tration is already increased,there is no room for

NaHCO3
– therapy. In sucha condition it would be nec-

essaryto considerotheroptions.Theseincluderemoval
of Cl–>Na+ perhapsby useof renal replacementthera-
py (e.g., hemofiltration) or administrationof a weak
base such as THAM (tris-hydroxymethyl-amino-
methane).Theoretical,it would also be possibleto re-
move Cl– from the stomachvia a nasogastrictube,but
this is rarelydone.

When the acidosisis producedby an anion that can
be metabolized(e.g., lactate,ketones)the goal of thera-
py shouldbe to augmentmetabolicremovalandreduce
production.In the caseof lactate,hypoperfusionshould
be reversedwhen presentalthoughthereare numerous
other causes as detailed above and lactic acidosis
shouldnot be equatedwith hypoperfusion. Othermeta-
bolic triggers (e.g., epinephrine)should also be re-
moved. In ketoacidosis, insulin repairs the metabolic
defect and results in the metabolismof ketones. If
therapiesare given which increasethe SID by increas-
ing Na+ concentrationor decreasingCl– concentration,
the resultwill be overshootalkalosiswhenthe causative
anion is removed.Rarely, partial treatmentis necessary
in order to improvemetabolicremovalof the anionsor
to stabilizethe patientuntil metabolicremovalcan oc-
cur. Severeacidemiaimpairsnormalhepaticlactateme-
tabolism for example(46) and therapyto increasethe
pH aboveperhaps7.20may be usefulin somecases.

Whencorrectinga metabolicacid-basederangement,
the standard-basedexcess(SBE) canbe usedto quanti-
fy the amount of the abnormality. The SBE can be
thoughtof as the amountof changein the SID that is
required in order to restorethe pH to 7.40, given a
PCO2 of 40mmHg (a negative SBE refers to the
amount the SID must increase). This is becausethe
SID is essentiallyequalto the buffer baseof Singerand
Hastings (47) and base excess (BE) quantifies the
changein buffer base.SBE is superiorto BE because
the former has been“standardized” to accountfor the
differencebetweenCO2 equilibrationin vitro compared
to in vivo. Although SBE is not strictly comparableto
the changein SID becauseit dealswith whole blood as
opposedto plasma(48), the two aregenerallycloseen-
ough for most clinical circumstances (see Table1).
Thus,SBEprovidesan estimateof theamountof strong
anion that needsto be removedor strongcation added
in order to normalizethe pH. For example,in order to
changethe SBE from –20 to –10mEq/L by adding
NaHCO3, the serumNa+ concentrationwould needto
be increasedby 10mEq/L.

We have already examinedthe treatmentof meta-
bolic alkalosisand the principlesare the same.The re-
pair of the Cl– concentrationcan be achievedby NaCl,
KCl or HCl. In all cases,however, our goal is the same:
to increasethe Cl– concentrationrelative to the Na+

concentration.The HCO3
– concentrationwill thenbe re-

turnedto the point setby the SID, pCO2, andATOT.
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Conclusion

If we wish to understandthe causesof many of the
acid-basederangementsthat are common in the ICU,
we needonly look at threeindependentvariables(SID,
pCO2, and ATOT). Metabolic acidemiaresults from a
decreasein the plasmaSID usually brought about by
the addition of strong anions (lactate,Cl–, other “un-
known” anions). Conversely, metabolic alkalemia oc-
curswhenthe plasmaSID is increasedeitherasa result
of the addition of strongcationswithout stronganions

(e.g., NaHCO3) or by the removal of strong anions
without strongcations(e.g.,gastricsuctioning).

This “new” understandinghas considerableimpact
on how we think about gastric suction alkalosis,dilu-
tional acidosisand lactic acidosisas well as how we
approachthe treatmentof thesedisorders.Our under-
standingof many other medical conditions(e.g., renal
tubularacidosis)relieson a paradigmof acid-base regu-
lation that is inconsistentwith establishedphysical-
chemical principles. We will need to rethink our
approachto theseareasin light of this fact.
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