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ABSTRACT

Comprehension of physiological consequences arising from acid-base
disturbances, together with manageable factors such as ventilation
and perfusion that rapidly affect acid-base balance, is essential for
anesthesiologists. The application of the Stewart acid-base model has
advanced the mechanistic understanding of acid-base physiology. This
model incorporates shifts in ions, including Cl-, K+, Na+, and PO43-, as
well as the buftering capacity of albumin, to detect acid-base disorders.
The Stewart approach is superior for identifying subtle and otherwise
undetectable metabolic changes. It is founded on three core principles:
electroneutrality, dissociation equilibria of incompletely dissociated
substances, and mass conservation. In the Stewart method, [HCOS-
7 and pH in body fluids represent dependent variables determined by
three independent variables: total CO2, strong ion difference (SID), and
total weak non-volatile acid concentration (ATOT), which is primarily
governed by albumin and phosphate levels.
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INTRODUCTION

Physiological pH is sustained by maintaining
anoptimalHCO3-: PaCOz2ratio of 20:1, regulated
by the lungs (PaCO2) and kidneys (HCO3-).
Maintenance of [H*] within normal range is
essential for organism viability. In humans,
this regulation is achieved primarily through
respiratory PCO2 control and renal electrolyte
and water excretion; however, physicochemical
properties of body fluids also play a critical role
in sustaining [H+].*

Acid-base disturbances with reduced
HCO3- induce increasing alveolar ventilation
to preserve the ratio. All acid-base imbalances
are corrected through buffer systems and renal
compensation. Nevertheless, the Henderson-
Hasselbalch equation addresses respiratory
effects on pH more clearly than metabolic
effects, because in vivo [HCO3-] is highly
dependent on pCO2. Consequently, standard
bicarbonate and standard base excess (BE) were
developed to quantify metabolic influences on
pH3.

Mechanistic understanding of acid-base
physiology has advanced with the Stewart
acid-base balance model, which resolves
uncertainties in traditional models. The
conventional Henderson (bicarbonate-based)
approach regards HCO3- as the primary
determinant of [H+]?, emphasising its buffering
capacity. In contrast, the Stewart model
additionally considers shifts in Cl-, K+, Na+,
and POg43- ions together with albumin buffering
capacity. The Stewart approach is superior for
detecting subtle, difficult-to-identify metabolic
changes.3#

Arterial Blood Gas Analysis

Arterial blood gas (ABG) analysis is
performed to evaluate systemic oxygenation
and acid-base status. The results yield pH, partial
pressure of oxygen (pO2), partial pressure
of carbon dioxide (pCO2), and bicarbonate
(HCO3-). Base excess (BE) is also reported and
frequently utilised by clinicians. Arterial oxygen
saturation (SaO2) is measured by co-oximetry
or estimated from pO2.5 The pH component
reflects blood acidity or alkalinity. Acidemia
denotes decreased blood pH, whereas alkalemia

indicates elevated blood pH. Accumulation of
acid or depletion of alkali reserves (represented
by bicarbonate) produces acidosis. Conversely,
alkalosis arises from base accumulation or
disproportionate acid loss. Typically, acidosis
results in acidemia and alkalosis in alkalemia;
however, this relationship may not hold in mixed
acid-base disorders, where final pH depends on
the net balance of coexisting disturbances.’

pH measurement indirectly quantifies
hydrogenion concentration [H+]. In extracellular
fluid, normal [H+] is tightly regulated at
approximately 40 nmol/L (range 38—42 nmol/L)
through interactions of body buffers, lungs, and
kidneys.5 The kidneys preserve pH homeostasis
by reabsorbing filtered bicarbonate and
generating new bicarbonate via H+ secretion;
for each H+ secreted, one HCO3- is formed
intracellularly and returned to plasma.®

Optimal[H+]isessentialforcellularfunction;
deviation produces acidemia ([H+] >40 nmol/L)
or alkalemia ([H+] <40 nmol/L). Because [H+] is
too low for routine direct assay, it is expressed
as pH = -log[H+]. Cellular function ceases below
pH 6.8 or above 7.8. Normal arterial pH ranges
from 7.38 to 7.42 (equivalent to [H+] 38—42
nmol/L), with a mean of 7.40.5 pO, represents
the partial pressure of dissolved oxygen. Mean
adult pO2 is approximately 97 mmHg. Although
age-adjusted predictive formulae exist, a
practical approximation assumes 100 mmHg at
age 10 years and subtracts 5 mmHg per decade
thereafter.s pCO2 denotes the partial pressure
of dissolved carbon dioxide, reflecting alveolar
ventilation and the respiratory component of
ABG. Normal range is 35-46 mmHg (mean 40
mmHg).5 HCO3- is the calculated bicarbonate
concentration in the ABG sample, derived
from the Henderson-Hasselbalch equation.
Calculated [HCO3-]is1—2 mEqg/L lowerthan total
CO2 measured in chemistry panels. Total CO2
comprises HCO3-, dissolved CO2, and carbonic
acid; hence it exceeds calculated HCO3-. Total
CO2, calculated HCO3-, and base excess serve
as metabolic indicators. Normal [HCO3-] range
is 22—26 mEq/L.5

Standard ABG interpretation proceeds in
six sequential steps: patient condition review,
oxygenation assessment, pH evaluation,
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identification of respiratory and metabolic
disorders, and determination of compensatory
versus mixed disturbances.®

Stewart Approach

In 1983 Peter Stewart introduced
three physiologically equivalent acid-base
frameworks: HCO3- (within pCO2 context),
standard base excess (SBE), and strong ion
difference (SID). All are mathematically
accurate.? Physicochemical (Stewart)
methods outperform traditional approaches in
diagnosing metabolic acid-base disorders, yet
both frameworks exhibit comparable efficacy
for respiratory disorders, which are governed by
critical pCO2 shifts.* Although comprehensive,
the original Stewart model gained limited clinical
acceptance because of its complex equations.
Subsequent modifications have rendered the
approach practical for daily use while preserving
accuracy.lt

The Stewart framework rests on three
fundamental  principles:  electroneutrality,
dissociation  equilibrium  of incompletely
dissociated substances, and mass
conservation.””  Electroneutrality  requires
equality of total positive and negative ion
charges (Figure 1). Dissociation equilibrium,
governed by the law of mass action, must be
satisfied at all times. Mass conservation dictates
that the total amount of each substance remains
constant unless externally added, removed,
formed, or destroyed; thus, total concentration
of incompletely dissociated species equals
the sum of its dissociated and undissociated
forms.=

The Stewart approach elucidates the
interactions among  acid-base  balance,

Water dissociation equilibrium

Weak acid dissociation equilibrium
Conservation of mass for *A°
Bicarbonate ion formation equilibrium
Carbonate ion formation equilibrium

Electrical neutrality equation

I Cations = I Anions

o J

404

10—

Cations Anions
Figure 1. Electroneutrality Principle11

electrolyte physiology, and fluid effects on
acid-base status. It asserts that bicarbonate
plays no causal role in acid-base disorders.
Instead, acid-base and electrolyte equilibria are
governed by physicochemical equations derived
from fundamental principles of physics and
chemistry. These equations (Figure 2) must be
satisfied simultaneously.?

Two core concepts define the Stewart
method.Thefirstistheabundance of body water,
which provides a virtually inexhaustible source
for [H+] formation or consumption, as described
by the water dissociation equilibrium equation.
The second is that, because all equations
must be fulfilled concurrently, only three
independent parameters ultimately determine
the final equilibrium of water dissociation and
thus [H*] or pH. This relationship is expressed
mathematically as®:

[H'] % [OH] = Ky
Ky % [HA] = [HY] % [A7]
Aror = [A7] + [HA]

[PCO;] % K = [H*] % [HCO; )
[Ka] % [HCO: ] =[H"] % [E{}f ]
SID + H*] - [HCO; ] = [A] = [CO5™ ] = [OH] =0

Figure 2. Physicochemical Equations Used in the Stewart Approach
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The Stewart approach conceptualizes
acid-base balance from a physicochemical
perspective. According to Stewart, bicarbonate
concentration [HCO3-] and pH are dependent

[H+]4 + [H+]3 x ([KA] + [SID]) + [H+]2 x (([KA] x
([SID] — [ATOT] — (KC x PCO2 + K'W))) + [H+] x
(KA x (KCx PCO2 + K'W) + K3 x KCx PCO2) — KA
x K3 xKCxPCO2=0

variables determined by three independent
factors: total CO2, strong ion difference (SID),
and total nonvolatile weak acids (ATOT), which
are largely influenced by albumin and phosphate
concentrations  (Figure 3). For clinical
application, it is sufficient to recall that [H+] =
f(PCO2, SID, ATOT).® Within this framework,
PaCO2 defines the respiratory component of
acid—base balance, whereas SID and ATOT
determine the metabolic component.*

INDEPENDENT VARIABLES DEPENDENT VARIABLES

STRONG IONS
DIFFERENCE

PROTEIN
CONCENTRATION

Figure 3. Independent and Dependent Variables in
The Stewart Approach®

Factors Influencing
Strong lons Difference (SID)

Strong ions are fully dissociated substances
in solution. Strong ion difference (SID) is defined
as the sum of routinely measured plasma strong
cations (Na*, K*, Ca?*, Mg?*) minus routinely
measured strong anions (principally Cl-)
(apparent SID).11

SID = ([Na+] + [K+] + [Ca2+] + [Mg2+]) — [Cl-]

Under physiological conditions, the gap
between strong cations and anions (SID) is filled

mainly by [HCO3-] and total non-volatile weak
acid anions ([A_TOT], predominantly [Alb-] and
minor [Pi-]). Thus SID is calculated as [HCO3-] +
[A_TOT] (effective SID).11

SID = [HCO3-]1 + [A_TOT]

Alterations in SID or A_TOT modify the
dissociation equilibrium of plasma weak acids
(including water), thereby shifting the [H+]/[OH-
] balance. Relative increase or decrease in [H+]
produces acidosis or alkalosis according to the
Arrhenius definition.11

SID decreases when unmeasured strong
anions rise (e.g., B-hydroxybutyrate, lactate)
without equivalent cation increase, or when [Cl-
] and [Na+] converge due to excess free water
(diluting Na+) or Cl- elevation.

Reduced SID narrows the space between
strong cations and anions, lowering [HCO3-
]. The fall in [HCO;™] observed in metabolic
acidosis is therefore an effect, not the cause.
Conversely, increased SID generates metabolic
alkalosis through elevated [Na*] (water deficit)
or reduced [C|-].12

Total Non-volatile Weak Acids (ATOT)

Increased [ATOT] produces metabolic
acidosis and decreased [HCO;] without
SID change. Decreased [ATOT] (commonly
hypoalbuminaemia in critically ill patients)
produces metabolic alkalosis and increased
[HCO3-1.1

Total CO2

The Stewartapproachemphasises[H2CO3]/
[HCO3-] equilibrium yet underscores that total
CO2 is the dominant factor, provided sufficient
carbonic anhydrase, intact circulation for CO2
transport from tissues to lungs, and normally
functioning lungs that regulate PaCO2.11

Fluid-Related Acid-Base Pathophysiology
Fluid-induced  acid-base  disturbances
are explained mechanistically. Infusate SID
differs from plasma SID. Rapid large-volume
intravenous fluid administration shifts plasma
SID toward the infusate SID, inducing acid-
base imbalance.” Infusion rate and volume
determine the magnitude of post-infusion SID
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change. Strong ions in the infusate occupy the
extracellular compartment and alter plasma ion
balance. Haemodilution changes SID linearly.
In saline-induced hyperchloraemic acidosis,
the mechanism is narrowing of plasma SID
after dilution with zero-SID fluid, not direct
bicarbonate dilution; the observed [HCO3-]
reduction is merely a consequence.*

Concurrent volume expansion dilutes
ATOT, exerting an alkalotic effect. When
accompanied by SID increase, alkalosis is
amplified. Conversely, SID narrowing corrects
acidosis. Fluids containing weak acids (albumin,
phosphate, gelatin) exert acidotic potential
through A_TOT activity. Experimental studies
show that infusate SID of 24 mEg/L is neutral
in healthy subjects. Infusate SID should equal
patient [HCO3-] to prevent pH change upon
mixing. Lower SID predisposes to acidosis;
higher SID predisposes to alkalosis.*s

Quantification of Fluid Effects on Acid-Base
Balance

Before the Stewart model, standard
bicarbonate, base excess, and standard
base excess (SBE) were developed to isolate
the metabolic component from respiratory
compensation. SBE remains the most clinically
utilised parameter. SBE is defined as the
amount of acid or base required to restore 1 L
of extracellular fluid in vitro to pH 7.40 under
standard conditions (37 °C, PaCO2 40 mmHg).
Normal range is —3 to +3 mEq/L.*

Abnormal negative SBE indicates acidosis;
positive SBE indicates alkalosis. An SBE of -8
mEq/L signifies 8 mEq excess acid per litre of
extracellular fluid, requiring 8 mEq sodium
bicarbonate per litre for neutralisation. Because
extracellular fluid constitutes 30 % of total body
water, total bicarbonate dose can be estimated
accordingly. The same principle applies
conceptually for hydrochloric acid dosing in
alkalosis with SBE +8 mEq/L.*s SBE quantifies the
magnitude of metabolic acid-base disturbance
but does not identify the underlying cause.
Stewart principles simplify the analysis so that
each component’s quantitative contribution
becomes visible.*s

SBE components and their quantitative

effects are:*

1. Chronic respiratory change contributes
(PaCO2 - 40) x 0.4 mEg/L; acute
respiratory change exerts no effect on
SBE.

2. Change in Na+-Cl- difference
contributes (Na - Cl)—38 mEq/L.

3. Change in A_TOT, mainly albumin,
contributes (4 — albumin in g/dL) x 2.5
mEq/L.

4. Lactate change contributes (1 - lactate)
mEq/L.

5. Strongion gap (SIG) effect in mEq/L.

BE and SBE were introduced by Siggaard-
Andersen to provide quantitative metabolic
assessmentindependentofrespiratoryinfluence.
To eliminate haemoglobin effects, SBE assumes
extracellular haemoglobin concentration of
5 g/L. Both BE and SBE are readily obtained
from arterial blood gas analysis.}* BE serves
as a single variable quantifying the overall
metabolic acid-base component. Changes in
Stewart independent variables (SID and ATOT)
also affect BE. Simplified Stewart-derived
approaches utilise BE to quantify unmeasured
anions.’ Ghosh derived clinically applicable
formulae for the effects of free water/sodium
concentration (“Sodium Effect”), chloride
concentration (“*Chloride Effect”), and albumin
(“Albumin Effect”) on BE. Sodium and chloride
effects are combined into a simplified SID effect
(*Sodium-Chloride Effect”). Finally, SBE minus
(Sodium-Chloride Effect + Albumin Effect)
quantifies the contribution of unidentified
anions (*Unmeasured lon Effect”):

e Sodium Effect (mEq/L) = 0.3 x [Na+] —

140

e  Chloride Effect (mEqg/L) = 102 — ([Cl-] x
140/ [Na+])

e Sodium-Chloride Effect (mEg/L) =
Sodium Effect + Chloride Effect or ([Na
+]+[Cl-]-38

e Albumin Effect (mEg/L) = 0.25 x (42 —
albuminin g/L)

e Unmeasured lon Effect (mEqg/L) = SBE
— (Sodium-Chloride Effect + Albumin
Effect)

Advantages and Limitations
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Metabolic

Aonvolate #oc02
. Weak Acids

»4) mmHg

Water Imbalance of Strong
Excess Anions

AUnidentified Anion
(UA)

-

Figure 4. Acidosis classification*

The Stewart model is superior to
bicarbonate-based approaches. Bicarbonate-
centred methods represent an oversimplified
subset of the Stewart framework and may lead
to explanatory errors and incorrect conclusions.2
Advantages of the Stewart approach include its
mechanistic insight into the cause of metabolic
acid-base disorders and the superiority of SIG
over anion gap (AG) for detecting unmeasured
anions such as ketones. Furthermore, HCO3- is
not the primary determinant of pH, because
[HCO3-] changes occur in both metabolic and
respiratory disorders. H+ arises from water
dissociation to preserve electroneutrality;
SID and ATOT govern metabolic acid-base
disturbances.s

Limitations include the complexity of
the approach for routine clinical practice.
Calculation of SID and ATOT is time-consuming
before therapeutic decisions can be made.
Experimental evidence supporting in-vivo H+
production from water dissociation to maintain
electroneutrality remains limited. In addition,
Stewart states that the three independent
variables cannot be modified by plasma systems
but does not describe their behaviour in other
body-fluid compartments.s
Qlassification of Acid-Base Disorders
According to Stewart

Fencl and Leith simplified the Stewart

Alkalosis
Respiratory

Metabolic
|

Wionvolatile VPpCo?
Weak Acid <8 mmHg
Vpo4

Figure 5. Alkalosis classification**

Water Deficit

physicochemical concepts by quantifying
plasma independent variables, thereby
directly revealing the mechanisms of acid-
base abnormalities. Plasma acid-base status
is normal only when all independent variables
lie within normal ranges. Abnormality in any
independent variable produces an acid-base
disorder. Values of all independent variables
are obtained directly or calculated from arterial
blood gas and routine biochemical analyses.1t

1. Water deficit/excess: Deviation of [Na+]
from normal (140 + 2 mEq/L); low [Na+]
indicates water deficit, high [Na+]
indicates water excess.

2. Chloride deficit/fexcess:  Observed
[Cl-] is corrected for plasma dilution/
concentration using:

e Corrected [Cl-] = observed [Cl-] x
(normal [Na+] / observed [Na+])

e Chloride deficit/excess = normal [CI-] —
corrected [Cl-] (normal 102 mEq/L)

3. SID calculation: Plasma SID equals
[HCO3-] plus the negative charge contributed
by albumin [Alb-] and inorganic phosphate [Pi-
]. [HCO3-] is obtained from arterial blood gas or
routine biochemistry. [Alb-] and [Pi-] (mEg/L)
are calculated from measured albumin (g/L),
[Pi] (mmol/L), and pH according to Figge et al.
or Fencl et al. formulae:

e [Alb-] (mEg/lL) = (42 — measured

albumin) x (0.148 x pH —0.818) or [Alb-]
= 0.25 x albumin (g/L)
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e [Pi-](mEq/L)=0.309 x (pH —0.46) x (0.8
— measured phosphate) or [Pi-] = 0.6 x
phosphate (mg/dL)

e SID=[HCO3-] +[Alb-]+[Pi-](normal 39

+1mEg/L)

4. Unmeasured strong anions [UA-]:
Strong anions other than Cl- (included in the
differential diagnosis of high-AG metabolic
acidosis, e.g., lactate, ketoacids, organic anions,
sulphate). [UA] is calculated indirectly as:
Unmeasured anions = [Na+] + [K+] + [Ca2+] +
[Mg?+] — [CI-] — SID (normal 8 + 2 mEq/L) (for
daily use, [Mg2+] may be replaced by 1.7).

On the basis of these calculations, causes of
acidosis (pH < 7.38) and alkalosis (pH > 7.42) are
classified as shown in Figures 4 and 5 using the
Fencl-Stewart approach.1

CONCLUSION

The Stewartapproachenablesidentification
and quantification of individual components
in complex acid-base disorders. It uniquely
detects hidden acid—base disturbances that may
not be recognized using traditional methods or
base excess (BE). By clarifying the pathogenesis
of complex metabolic acid—base abnormalities,
the Stewart approach assists clinicians in
determining appropriate corrective strategies.

Unmeasured anions identified through the
Stewart approach serve as strong prognostic
indicators in critically ill patients. Acid-base
homeostasisinbodyfluidsisdetermined by three
independent variables: total carbon dioxide,
strong ion difference (SID), and total nonvolatile
weak acids (ATOT). These components can
be readily quantified in clinical practice using
the Fencl-modified Stewart approach. Direct
quantification of these independent variables
enhances understanding of the underlying
mechanisms of acid—base disorders, thereby
guiding targeted and appropriate therapeutic
interventions.
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