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Strong Ion Approach to Acid-Base
Disorders
Helio Autran de Morais and Peter D. Constable

“Assumptions can be dangerous, especially in science. They usually start as the most plausible or comfortable
interpretation of the available facts. But when their truth cannot be immediately tested and their flaws are not
obvious, assumptions often graduate to articles of faith, and new observations are forced to fit them. Eventually,
if the volume of troublesome information becomes unsustainable, the orthodoxy must collapse.”

John S. Mattick, Scientific American, October 2004
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Figure 13-1 Determinants of plasma pH at 37� C as assessed by
the simplified strong ion model. Both [SIDþ] and [Atot] provide
independent measures of the nonrespiratory (metabolic)
component of plasma pH. (From Stämpfli HR, Constable PD.
Experimental determination of net protein charge and Atot and Ka of
nonvolatile buffers in human plasma. J Appl Physiol 2003;95:620–630.)
Determination of the mechanisms underlying acid-base
disturbances has been an important clinical goal for more
than 100 years. Landmark advancements in the clinical
diagnosis and treatment of acid-base disturbances have
included the Henderson-Hasselbalch equation (1916),
the base excess (BE) concept (1960), calculation of
the anion gap (AG) (1970s),41 introduction of the
strong ion approach,50 and the simplified strong ion
approach,5 and development of the strong ion gap
(SIG) concept.6,30,32

The two main goals of acid-base assessment are to
identify and quantify the magnitude of an acid-base dis-
turbance and to determine the mechanism for the acid-
base disturbance by identifying changes in variables that
independently alter acid-base balance.5,14 Independent
variables influence a system from the outside and cannot
be affected by changes within the system or by changes in
other independent variables. In contrast, dependent
variables are influenced directly and predictably by
changes in the independent variables. Singer and
Hastings proposed in 194847 that plasma pH was deter-
mined by two independent factors, PCO2 and net strong
ion charge, equivalent to the strong ion difference (SID,
or the difference in charge between fully dissociated
strong cations and anions in plasma). Stewart suggested
in 1983 that a third variable, [Atot] or the total plasma
concentration of nonvolatile weak buffers (e.g., albumin,
globulins, and phosphate), also exerted an independent
effect on plasma pH.50 One of Stewart’s major
contributions to clinical acid-base physiology was his pro-
posal that plasma pH was determined by three indepen-
dent factors: PCO2, SID, and [Atot] (Figure 13-1). An
understanding of the three independent variables
(PCO2, SID, Atot) is required to apply the strong ion
approach to acid-base disorders in dogs and cats.
PCO2

Carbon dioxide tension can be changed by alveolar ven-
tilation, which has a profound effect on [HCO3

�] and
pH. Approximately 50% of the daily variability of
[HCO3

�] in normal dogs can be attributed to changes
in PCO2 alone. The dependent nature of the relationship
between [HCO3

�] and PCO2 is best appreciated by
rearrangement of the Henderson-Hasselbalch equation,
whereby:

HCO3
�½ � ¼ S � PCO2 � 10 pH�pK 0

að Þ

with pK0
a being the negative logarithm of the apparent

dissociation constant for carbonic acid (H2CO3) in
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Figure 13-2 Gamblegram of normal plasma showing cations:
sodium (Naþ), and other strong cations (SCþ) in one column, and
anions: chloride (Cl�), other strong anions (SA�), net charge of
nonvolatile buffers (A�), and bicarbonate (HCO3

�) in the
second column.

*References 5, 7, 15, 48, 50, 55.
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plasma, and S being the solubility of CO2 in plasma.
Because plasma pH is vigorously defended by animals
to maintain a homeostatic environment, and because
values for pK0

a and S are fixed at constant temperature
and ionic strength, the dependence of [HCO3

�] on
PCO2 is clearly appreciated.

Measurementof arterial PCO2 (PaCO2)provides the clini-
cianwith direct information about the adequacy of alveolar
ventilation because PaCO2 is inversely proportional to the
alveolar ventilation. Increase in PaCO2 or respiratory acido-
sis is caused by and synonymous with hypoventilation,
whereas adecrease inPaCO2or respiratory alkalosis is caused
by and synonymous with hyperventilation.

SID
Simple ions in plasma can be divided into two main types:
nonbuffer ions (strong ions or strong electrolytes) and
buffer ions. Strong ions are fully dissociated at physio-
logic pH and therefore exert no buffering effect. How-
ever, strong ions do exert an electrical effect because
the sum of completely dissociated cations does not equal
the sum of completely dissociated anions. Stewart termed
this difference the SID.50 Because strong ions do not par-
ticipate in chemical reactions in plasma at physiologic pH,
they act as a collective positive unit of charge (SID).5,50

The quantitatively most important strong ions in plasma
areNaþ, Kþ, Ca2þ,Mg2þ, Cl�, lactate, ß-hydroxybutyrate,
acetoacetate, and SO4

2�. The influence of strong ions on
pH and [HCO3

�] can always be summarized in terms of
the SID.Changes in SIDof amagnitude capable of altering
acid-base balance usually occur as a result of increasing
concentrations of Naþ, Cl�, SO4

2�, or organic anions or
decreasing concentrations of Naþ or Cl�. An increase in
SID (by decreasing [Cl�] or increasing [Naþ]) will cause
a strong ion (metabolic) alkalosis, whereas a decrease in
SID (by decreasing [Naþ] or increasing [Cl�], [SO4

2�],
ororganic anions)will cause a strong ion (metabolic) acido-
sis.5,50 A Gamblegram of normal plasma (Figure 13-2)
shows the relationship between strong cations, strong
anions, and buffer ions (HCO3

� and the nonvolatile weak
acids, A�).A graphic representationof SIDand theAGalso
is shown in Figure 13-2.

[Atot]
In contrast to strong ions, buffer ions are derived from
plasma weak acids and bases that are not fully dissociated
at physiologic pH. The conventional dissociation reaction
for a weak acid (HA) and its conjugated base (A�) pair is
HA$HþþA�. At equilibrium, an apparent dissociation
constant (Ka) can be calculated.5,50 For a weak acid to act
as an effective buffer, its pKa (defined as the negative log-
arithm of the weak acid dissociation constant Ka) lies
within the range of pH � 1.5. Because normal plasma
pH is approximately 7.4, substances with a pKa between
5.9 and 8.9 can act as buffers. The main nonvolatile
plasma buffers act as weak acids at physiologic pH
(e.g., phosphate, imidazole [histidine] groups on plasma
proteins). Also known as the non-HCO3

� buffer system,
they form a closed system containing a fixed quantity of
buffer. The non-HCO3

� buffer system consists of a
diverse and heterogeneous group of plasma buffers that
can be modeled as a single buffer pair (HA and A�).
An assumption in Stewart’s strong ion model is that
HA and A� do not take part in plasma reactions that result
in the net destruction or creation of HA or A�. WhenHA
dissociates, it ceases to be HA (therefore decreasing
plasma [HA]) and becomes A� (therefore increasing
plasma [A�]). The total amount of A, or Atot, is the
sum of A in dissociated [A�] and undissociated [HA]
forms, which remain constant according to the law of
conservation of mass.5,50

The great advantage of Stewart’s strong ion approach
is that it provides a mechanistic view as to why pH is
changing and fully integrates electrolyte and acid-base
physiology. However, his approach is heavily mathemati-
cal and states that pH is a function of eight factors50 (for
comparison, the Henderson-Hasselbalch equation is
mathematically simpler, stating that pH is a function of
four factors, whereas Constable’s simplified strong ion
equation states that pH is a function of six factors).5 With
that in mind, this chapter will focus on the concepts
behind the strong ion approach, emphasizing the
relationship between weak and strong ions and acid-base
balance and developing an understanding of why pH and
[HCO3

�] are changing. Frameworks adapting the strong
ion approach to clinical uses also will be reviewed. The
mathematical and physicochemical background of this
approach is described in detail elsewhere.* A comparison
of diagnostic approaches using routine screening (total
CO2), the Henderson-Hasselbalch approach, and the
simplified strong ion approach is shown in Table 13-1.



TABLE 13-1 Diagnostic Approaches to Acid-Base Disturbances*

Diagnostic
Approach Parameters Measured

Type of
Disorder

Abnormal
Parameter Acidosis Alkalosis

Routine
screening

Total CO2 Metabolic Abnormal total
CO2

#total CO2 "total CO2

Henderson-
Hasselbalch

pH, PCO2; calculate BEECF
{ Respiratory Abnormal PCO2 "PCO2 #PCO2

Metabolic Abnormal
BEECF

#BEECF

(preferred) or
#HCO3

�

"BEECF

(preferred) or
"HCO3

�

Simplified
strong ion

pH, PCO2, Naþ, Kþ, Cl�, lactate,
albumin and inorganic phosphate{

Respiratory Abnormal PCO2 "PCO2 #PCO2

Metabolic
(SID)

Abnormal
SID*

#SIDþ "SIDþ

Metabolic
(Atot)

Abnormal Atot " [phosphate] # [albumin]

Adapted from Constable PD. Clinical assessment of acid-base status: comparison of the Henderson-Hasselbalch and strong ion approaches. Vet Clin Pathol
2000;29:115–128.
*BEECF indicates extracellular base excess; SID, strong ion difference; Atot, total plasma concentration of nonvolatile weak buffers.
{The anion gap is calculated to determine whether unmeasured anions are present (requires measurement of three other parameters: Naþ

þ
, Kþ, Cl�).

{The strong ion gap is calculated to determine if unmeasured strong ions are present.
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Figure 13-3 Mechanisms leading to alkalosis and acidosis.
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Because clinically important acid-base derangements
result from changes in PCO2, SID, or Atot, the strong
ion approach distinguishes six primary acid-base
disturbances (respiratory, strong ion, or nonvolatile
buffer ion acidosis and alkalosis; Figure 13-3) instead
of the traditional four primary acid-base disturbances
(respiratory or metabolic acidosis and alkalosis)
characterized by the Henderson-Hasselbalch equa-
tion.5,7,8,13 Acidemia (decrease in plasma pH) results
from an increase in PCO2 and nonvolatile buffer
concentrations (albumin, globulin, phosphate) or from
a decrease in SID. Alkalemia (increase in plasma pH)
results from a decrease in PCO2 and nonvolatile buffer
concentration or from an increase in SID.
DISORDERS OF PCO2

Increases inPCO2 are associatedwith respiratory acidosis,
whereas decreases in PCO2 lead to respiratory alkalosis.
There are no differences between the Henderson-
Hasselbalch approach and the strong ion approach in
relation to PCO2. See Chapter 11 for further discussion
of respiratory acid-base disorders.

DISORDERS OF [ATOT]
Albumin, globulins, and inorganic phosphate are nonvol-
atile weak acids and collectively are the major
contributors to [Atot]. Consequently, changes in their
concentrations will directly change pH, and this
represents a major philosophical difference between the
strong ion and Henderson-Hasselbalch approaches.
There are two general mechanisms by which Atot can
change: (1) an increase in plasma albumin, phosphate,
or globulin concentrations; and (2) a decrease in plasma
albumin, phosphate, or globulin concentrations.
Changes in plasma albumin, phosphate, or globulin
concentrations can occur in response to a change in the
distribution volume for the three factors (denominator
effect; clinically equivalent to changes in plasma free water
for albumin and globulin, and changes in extracellular
fluid volume for phosphate). Changes in plasma albumin,
phosphate, or globulin concentrations and therefore the
value for Atot can also occur due to increases or decreases
in the total number of moles in plasma or extracellular
fluidwithnochange in thedistribution volume (numerator
effect).
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Values for the total plasma concentration of nonvola-
tile weak acids and the effective dissociation constant (Ka)
for plasma nonvolatile buffers are species specific. Values
for Atot and Ka have been experimentally determined in
the plasma of humans,49 cats,37 and dogs12 and theoreti-
cally determined for the plasma of humans.8 Canine and
feline plasma proteins have a greater net negative charge
than human plasma proteins because their albumin
contributes proportionally more to net protein charge,
has a different amino acid composition, and carries a
greater net negative charge at physiologic pH. These
characteristics explain the higher AG in dogs and cats
because the AG in healthy dogs and cats essentially
reflects the total protein concentration. Atot in dogs is
17.4 mmol/L (equivalent to 0.27 mmol/g of total pro-
tein or 0.47 mmol/g of albumin), whereas Ka is 0.17 �
10�7 (pKa¼ 7.77).12 Atot in cats is 24.3 mmol/L (equiv-
alent to 0.35 mmol/g of total protein or 0.76mmol/g of
albumin), whereas Ka is 0.67 � 10�7 (pKa ¼ 7.17).37

The contribution of proteins to Atot has been deter-
mined in vitro for dogs.12 The net protein charge of canine
plasma at pH ¼ 7.40 is approximately 16 mEq/L,
equivalent to 0.25 mEq/g of total protein or
0.42 mEq/g of albumin. The overall effect of a 1-g/dL
increase in total protein concentration is a decrease in
pH of 0.047.

The contribution of proteins to Atot has been deter-
mined in vitro for cats.37 The net protein charge of feline
plasma at pH ¼ 7.40 is approximately 14 mEq/L, equiv-
alent to 0.19 mEq/g of total protein or 0.41 mEq/g of
albumin. The overall effect of a 1-g/dL increase in total
protein concentration is a decrease in pH of 0.093.

The contribution of phosphate to Atot can be
estimated by first converting phosphate concentration
to mmol/L and then multiplying by its valence. One mil-
limole (atomic weight in milligrams) of phosphate has 31
mg of elemental phosphorus. Thus the phosphate con-
centration in mg/dL can be converted to mmol/L by
dividing by 3.1. The valence of phosphate changes with
pH, but at a pH of 7.4, it is 1.8. Thus a phosphorus con-
centration of 5 mg/dL is equivalent to 1.6 mmol/L and
2.88 mEq/L at a pH of 7.4.
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Figure 13-4 Gamblegram of normal plasma and change in ionic
strength of weak anions with increased (Atot acidosis) and decreased
(Atot alkalosis) concentration of nonvolatile weak acids. SID does
not change, but anion gap (AG) is increased in Atot acidosis and
decreased in Atot alkalosis. Na

þ, Sodium; SCþ, other strong cations;
Cl�, chloride; SA�, other strong anions; A�, net charge of nonvolatile
buffers; HCO3

�, bicarbonate.
NONVOLATILE BUFFER ION
ALKALOSIS
Hypoalbuminemia
The fact that hypoalbuminemia tends to increase pH and
cause metabolic alkalosis was first identified in people in
1986 by McAuliffe et al.36 Phosphate is quantitatively
the second most important component of [Atot] and nor-
mally is present in plasma at a low concentration (<4
mmol/L). Therefore hypophosphatemia is not a clinically
important cause of nonvolatile buffer ion (metabolic)
alkalosis. Globulin is quantitatively the third most impor-
tant component of [Atot]; however, decreases in plasma
globulin concentration usually accompany decreases in
plasma albumin concentration. In other words, nonvola-
tile buffer ion alkalosis in dogs and cats is usually due to
hypoalbuminemia.

The effects of a decrease in Atot (Atot alkalosis) on
[HCO3

�] are shown in a Gamblegram in Figure 13-4.
Hypoproteinemic alkalosis has been identified clinically
in dogs and cats.18,32,52 In vitro, a 1-g/dL decrease in
albumin concentration is associated with an increase in
pH of 0.093 in cats37 and 0.047 in dogs.12 The increase
in pH secondary to hypoalbuminemia should result in
ventilatory compensation (hypoventilation) or a decrease
in SID because plasma pH is vigorously defended and any
deviation in pH from the optimal range for a given core
temperature will be energetically inefficient. Data are not
currently available regarding the presence or absence of
ventilatory compensation for nonvolatile buffer ion alka-
losis in dogs or cats. However, compensatory
hypoventilation and increased PCO2 have been
documented in human patients with hypoalbuminemic
alkalosis.32,36 In contrast, hyperventilation and decreased
PCO2 were identified in humans with congestive heart fail-
ure and cirrhosis, although it is likely that hyperventila-
tion may have been induced by the underlying diseases
and not by the metabolic acid-base disorder.45 Metabolic
compensation with decreased SID caused by an increase
in chloride concentration occurs in human patients with
hypoproteinemic alkalosis.36,54

The most common causes of hypoproteinemic alkalo-
sis are shown in Box 13-1. Hypoalbuminemic alkalosis is
common in the critical care setting.22 Presence of
hypoalbuminemia complicates identification of increased
unmeasured anions (e.g., lactate, ketoanions) because
hypoproteinemia not only increases pH but also decreases



BOX 13-1 Principal Causes of
Nonvolatile Ion Buffer
([Atot]) Acid-Base
Abnormalities

Nonvolatile Ion Buffer Alkalosis (decreased
[Atot])

Hypoalbuminemia
Decreased production

Chronic liver disease
Acute phase response to inflammation
Malnutrition/starvation

Extracorporeal loss
Protein-losing nephropathy
Protein-losing enteropathy

Sequestration
Inflammatory effusions
Vasculitis

Nonvolatile Ion Buffer Acidosis (increased
[Atot])

Hyperalbuminemia
Water deprivation

Hyperphosphatemia
Translocation

Tumor cell lysis
Tissue trauma or rhabdomyolysis

Increased intake
Phosphate-containing enemas
Intravenous phosphate

Decreased loss
Renal failure
Urethral obstruction
Uroabdomen

320 ACID-BASE DISORDERS
AG.20,24,28 Thus the severity of the underlying disease
leading to metabolic acidosis may be underestimated if
the effects of hypoalbuminemia on pH, [HCO3

�], and
AG are not considered. Calculation of the SIG is there-
fore preferred in dogs and cats with hypoalbuminemia
because hypoproteinemia will not alter the SIG. Treat-
ment for hypoalbuminemic alkalosis should be directed
at the underlying cause and the decreased colloid oncotic
pressure.

NONVOLATILEBUFFER IONACIDOSIS
Hyperphosphatemia
Hyperphosphatemia, especially if severe, can cause a large
increase in [Atot], leading to metabolic acidosis (see Box
13-1). Although extremely rare, an increase in albumin
concentration also can lead to metabolic acidosis.46 A
Gamblegram representing Atot acidosis is shown in
Figure 13-4. The most important cause of hyperpho-
sphatemic acidosis is renal failure. Metabolic acidosis in
patients with renal failure is multifactorial but mostly is
caused by hyperphosphatemia and increases in unmea-
sured strong anions such as sulfate.40,44 Hyperpho-
sphatemic acidosis also has been observed after
hypertonic sodium phosphate enema administration in
cats.2 In experimental cats that have been given hyper-
tonic sodium phosphate enemas, serum phosphate con-
centration changed from a mean of 2.8 mEq to 8.1
mEq/L within 15 minutes after a 60-mL dose and from
2.3 mEq/L to 8.8 mEq/L within 30 minutes with a
120-mL dose.2 In both groups, the increase in [SID]
was enough to offset the increase in lactate concentration,
whereas protein concentration did not change. Because
PCO2 also did not change, the metabolic acidosis could
be caused by an increase in unmeasured anions or phos-
phate, but an increase in any organic acid other than lac-
tate would have been unlikely. Using the data from this
study, a strong correlation can be found between changes
in phosphate and changes in BE (r ¼ 0.95 with the
60-mL dose, and r ¼ 0.96 with the 120-mL dose). More
than 90% of the change in the AG in the first 4 hours can
be explained entirely by changes in lactate and phosphate.
Clinically, hyperphosphatemic acidosis also occurred in a
cat that received a phosphate-containing urinary acidi-
fier.26 Treatment for hyperphosphatemic acidosis should
be directed at the underlying cause. Sodium bicarbonate
administered intravenously may be used as adjunctive
therapy in patients with hyperphosphatemic acidosis3

because the increase in plasma sodium concentration
results in an increase in plasma SID (strong ion alkalosis)
expansion of the extracellular fluid volume (which is the
distribution space for phosphorus), and increased urine
production. The combined effect of these changes is to
decrease plasma phosphorus concentration.

DISORDERS OF SID
Changes in SID usually are recognized by changes in
[HCO3

�], BE, [Naþ], or [Cl�] from their reference
values. It is important to understand that the change in
SID from normal is equivalent to the change in
[HCO3

�] or BE from normal whenever the plasma
concentrations of nonvolatile buffer ions (albumin, phos-
phate, globulin) are normal.7 In other words, the
Henderson-Hasselbalch and strong ion approaches are
equivalent whenever plasma albumin, phosphate, and
globulin concentrations are within their reference ranges.
It is also important to realize that the sodium-chloride
difference ([Naþ] – [Cl�]) provides a clinically valuable
index of SID, particularly in animals that do not have
hyperlactatemia.

A decrease in SID results in a strong ion (metabolic)
acidosis, whereas an increase in SID results in a strong
ion (metabolic) alkalosis.5,7 There are three general
mechanisms by which SID can change (Table 13-2):
(1) an increase in strong anions relative to strong cations;



BOX 13-2 Principal Causes of SID
Alkalosis in Dogs and
Cats

Concentration Alkalosis ð* ½Naþ�Þ
Pure Water Loss
Inadequate access to water (water deprivation)
Diabetes insipidus

Hypotonic Fluid Loss
Vomiting
Nonoliguric renal failure
Postobstructive diuresis

Hypochloremic Alkalosis ð* ½Cl-�correctedÞ
Excessive Gain of Sodium Relative to Chloride
Isotonic or hypertonic sodium bicarbonate

administration

Excessive Loss of Chloride Relative to Sodium
Vomiting of stomach contents
Therapy with thiazides or loop diuretics

TABLE 13-2 Mechanisms for SID Changes

Disorder Mechanism Clinical Recognition

SID Acidosis
+ In strong cations * Free water (+ Sodium) Dilutional acidosis
* In strong anions * Chloride Hyperchloremic acidosis

* Unmeasured strong anions Organic acidosis
SID Alkalosis
* In strong cations + Free water (* Sodium) Concentration alkalosis
+ In strong anions + Chloride Hypochloremic alkalosis
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Figure 13-5 Gamblegram of normal plasma and change in ionic
strength of anions and cations secondary to a decrease in free water
content in plasma (concentration alkalosis). All anions and cations,
as well as SID and anion gap (AG), increase proportionally in patients
with concentration alkalosis. Naþ, Sodium; SCþ, other strong
cations; Cl�, chloride; SA�, other strong anions; A�, net charge of
nonvolatile buffers; HCO3

�, bicarbonate.
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(2) a decrease in strong anions relative to strong cations;
and (3) a change in the free water content of plasma
(change in extracellular fluid volume) with no change
in strong anions relative to strong cations.

SID ALKALOSIS
There are three general mechanisms by which SID can
increase, leading to metabolic alkalosis: an increase in
[Naþ], a decrease in [Cl�], or a decrease in plasma free
water, which occurs commonly in dehydration. Strong
cations other than sodium are tightly regulated, and
changes of a magnitude that could affect SID clinically
either are not compatible with life or do not occur. Con-
versely, chloride is the only strong anion present in suffi-
cient concentration to cause an increase in SID when its
concentration is decreased. Common causes of SID alka-
losis are presented in Box 13-2.
Concentration Alkalosis
Concentration alkalosis develops whenever a deficit of
free water in plasma occurs and is recognized clinically
by the presence of hypernatremia or hyperalbuminemia.
Solely decreasing the content of water increases the
plasma concentration of all strong cations and strong
anions and thus increases SID (Figure 13-5). This
decrease in water content also increases Atot, but the
increase in SID has a greater effect on pH.11 A decrease
in extracellular fluid (ECF) volume alone will not alter
acid-base status because such a decrease in volume does
not change any of the independent variables and there-
fore cannot change acid-base status (see Chapter 4 for
more information). However, if the decrease in ECF vol-
ume is associated with a relatively greater loss of free water
as in diabetes insipidus or hypotonic losses in animals with
diarrhea, vomiting, or osmotic diuresis, then an acid-base
change (concentration alkalosis) will result because of the
increase in SID. Hypernatremia and increased SID also
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can be associated with sodium gain in animals with
hyperadrenocorticism or in those treated with isotonic
or hypertonic NaHCO3 because the effective SID of
NaHCO3 solutions is high, whereas animals treated with
isotonic or hypertonic NaCl will have hypernatremia and
decreased SID because the effective SID of NaCl
solutions is 0 mEq/L.11 Hypernatremia is further
discussed in Chapter 3. Therapy for concentration alkalo-
sis should be directed at treating the underlying cause
responsible for the change in [Naþ]. If necessary,
[Naþ] and osmolality should be corrected (see
Chapter 3).

Hypochloremic Alkalosis
If there is no change in thewater content of plasma, plasma
[Naþ] will be normal. Other strong cations (e.g., Mg2þ,
Ca2þ, Kþ) are regulated for purposes other than acid-base
balance, and their concentrationsnever change sufficiently
to substantially affect SID. Consequently, when water
content is normal, SID changes only as a result of changes
in strong anions. If [Naþ] remains constant, decreases in
[Cl�] can increase SID (so-calledhypochloremic alkalosis;
Figure 13-6). Primary decreases in [Cl�] unrelated to
increases in plasma water content are recognized by the
presence of a low corrected chloride concentration (see
Chapter 4). Hypochloremic alkalosis may be caused by
an excessive loss of chloride relative to sodium or by
administration of substances containing more sodium
than chloride as comparedwith normalECF composition.
Excessive loss of chloride relative to sodium as compared
with normal ECF composition can occur in the urine after
administration of diuretics that cause chloride wasting
(e.g., furosemide) or when the fluid lost has a low or nega-
tive SID as in the case of vomiting of stomach contents.
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Figure 13-6 Gamblegram of normal plasma and change in ionic
strength of anions secondary to increases (hyperchloremic acidosis)
or decrease (hypochloremic alkalosis) in chloride (Cl�) content in
plasma. SID is decreased in hyperchloremic acidosis and increased in
hypochloremic alkalosis, whereas anion gap (AG) remains constant
during primary chloride changes. Naþ, Sodium; SCþ, other strong
cations; SA�, other strong anions; A�, net charge of nonvolatile
buffers; HCO3

�, bicarbonate.
The administrationof substances containingmore sodium
than chloride (e.g., NaHCO3) also increases SID, causing
metabolic alkalosis.

A particular type of hypochloremic alkalosis that does
not respond to chloride administration alone (as NaCl) is
called chloride-resistant metabolic alkalosis and usually is
caused by hyperadrenocorticism or hyperaldosteronism.
Increased concentrations of cortisol or aldosterone cause
sodium retention by activating the type I renal mineralo-
corticoid receptors.53 Experimentally, administration of
desoxycorticosterone acetate (DOCA) twice daily in
sodium-supplemented dogs caused a significant increase
in [Naþ] and [HCO3

�] with no change in [Cl�].35When
NaHCO3 was added to the diet instead of NaCl, [Naþ]
and [HCO3

�] increased significantly, but [Cl�]
decreased.35 Approximately 30% of dogs with hyperadre-
nocorticism have mild hypernatremia.34,38 In a study of
117 dogs with hyperadrenocorticism,34 only 12 had
[Cl�] less than 105 mEq/L. However, 25 of these dogs
had hypernatremia, and the [Cl�], although within the
normal range, could have been low relative to the
[Naþ] (i.e., corrected hypochloremia). The mean
[Naþ] was 150 mEq/L; the mean [Cl�] was 108
mEq/L; and the mean [Cl�] after correcting for changes
in free water was 105 mEq/L. The corrected
hypochloremia that occurs in the presence of high miner-
alocorticoid or glucocorticoid concentrations likely is
responsible for the mild metabolic alkalosis observed in
these patients. The lack of response to NaCl can be
explained by a resetting of the regulatory mechanism
and associated increased urinary loss of chloride.29 Thus
in so-called chloride-resistant metabolic alkalosis, some-
thing (e.g., excessive mineralocorticoid activity) prevents
chloride retention, and consequently SID cannot be
lowered by chloride administration.

Therapy of chloride-responsive hypochloremic alkalo-
sis is directed at correcting the SID with a solution
containing chloride (e.g., 0.9% NaCl, lactated Ringer’s
solution, K Cl�supplemented fluids). In cases in which
expansion of extracellular volume is desired, intravenous
infusion of 0.9% NaCl is the treatment of choice.
Corrected hypochloremia and hypochloremic alkalosis
are discussed more in Chapters 4 and 10.

SID ACIDOSIS
Three general mechanisms can cause SID to decrease,
resulting in SID (metabolic) acidosis: (1) a decrease in
[Naþ]; (2) an increase in [Cl�]; and (3) an increased con-
centration of other strong anions (e.g., L-lactate in lactic
acidosis, ß-hydroxybutyrate in diabetic ketoacidosis, sul-
fate in uremic acidosis). Common causes of SID acidosis
are presented in Box 13-3.

Dilutional Acidosis
Dilutional acidosis occurs whenever there is an excess of
water in plasma and is recognized clinically by the



BOX 13-3 Principal Causes of SID Acidosis in Dogs and Cats

Dilution Acidosis ð+ ½Naþ�Þ
With Hypervolemia (gain of hypotonic fluid)
Severe liver disease
Congestive heart failure
Nephrotic syndrome

With Normovolemia (gain of water)
Psychogenic polydipsia
Hypotonic fluid infusion

With Hypovolemia (loss of hypertonic fluid)
Vomiting
Diarrhea
Hypoadrenocorticism
Third space loss
Diuretic administration

Hyperchloremic Acidosis ð* ½Cl-�correctedÞ

Excessive Loss of Sodium Relative to Chloride
Diarrhea

Excessive Gain of Chloride Relative to Sodium
Fluid therapy (e.g., 0.9% NaCl, 7.2% NaCl, KCl–

supplemented fluids)
Total parenteral nutrition

Chloride Retention
Renal failure
Hypoadrenocorticism

Organic Acidosis (*unmeasured strong anions)
Uremic Acidosis
Diabetic Ketoacidosis
Lactic Acidosis

Toxicities
Ethylene glycol
Salicylate
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Figure 13-7 Gamblegram of normal plasma and change in ionic
strength of anions and cations secondary to an increase in free water
content in plasma (dilution acidosis). All anions and cations, as well
as SID and anion gap (AG), decrease proportionally in patients with
dilution acidosis. Naþ, Sodium; SCþ, other strong cations; Cl�,
chloride; SA�, other strong anions; A�, net charge of nonvolatile
buffers; HCO3

�, bicarbonate.
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presence of hyponatremia. Increasing the water content
of plasma decreases the concentration of all strong cations
and strong anions, and thus SID (Figure 13-7).
The increase in water content also decreases Atot, but
the decrease in SID has a greater effect on pH.11 An
increase in ECF volume alone will not alter acid-base sta-
tus because such an increase in volume does not change
any of the independent variables (see Chapter 4).
However, if the increase in ECF volume is associated with
a relatively greater addition of free water, then an acid-
base change (dilutional acidosis) will result primarily
because of the decrease in SID.

Large increases in free water are necessary to cause an
appreciable decrease in SID. It has been estimated that in
dogs and cats, a decrease in [Naþ] by 20 mEq/L is
associated with a 5-mEq/L decrease in BE.15 Dilutional
acidosis has been associated with congestive heart failure,
hypoadrenocorticism, third space loss of sodium, and
hypotonic fluid administration. However, hyponatremia
in dogs most commonly is caused by gastrointestinal loss
of sodium. Hyponatremia is further discussed in
Chapter 3. Therapy for dilutional acidosis should be
directed at the underlying cause of the change in
[Naþ]. If necessary, [Naþ] and osmolality should be
corrected (see Chapter 3).

Hyperchloremic Acidosis
Increases in [Cl�] can substantially decrease SID, leading
to so-called hyperchloremic acidosis (see Figure 13-6).
Hyperchloremic acidosis may be caused by chloride
retention (e.g., early renal failure, renal tubular acidosis),
excessive loss of sodium relative to chloride (e.g., diar-
rhea), or by administration of substances containingmore
chloride than sodium as compared with normal ECF
composition (e.g., administration of 0.9%NaCl). Admin-
istration of 0.9% NaCl is a common cause of
hyperchloremic acidosis in hospitalized patients16 and is
the classic example of strong ion acidosis.10,11 Treatment
of hyperchloremic acidosis should be directed at correc-
tion of the underlying disease process. Special attention
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should be given to plasma pH. Sodium bicarbonate can
be administered whenever plasma pH is less than 7.20
because it has a high effective SID. Corrected
hyperchloremia and hyperchloremic acidosis are further
discussed in Chapters 4 and 10.

SID Acidosis Caused by an Increase in
Unmeasured Strong Anions (Organic
Acidosis)
Accumulation of metabolically produced organic anions
(e.g., L-lactate, acetoacetate, citrate, ß-hydroxybutyrate)
or addition of exogenous organic anions (e.g., salicylate,
glycolate from ethylene glycol poisoning, formate from
methanol poisoning)will causemetabolic acidosis because
these strong anions decrease SID (Figure 13-8). Accumu-
lation of some inorganic strong anions (e.g., SO4

2� in
renal failure) will resemble organic acidosis because these
substances decrease SID. The pK values for the clinically
most important organic anions are as follows: lactate ¼
3.9, acetoacetate ¼ 3.6, citrate ¼ 4.3, and ß-
hydroxybutyrate ¼ 4.4. Thus the pK values of these ions
are at least 3 pH units below normal plasma pH, and at a
pH of 7.4, the concentrations of their dissociated forms
are at least 1000 times greater than the concentrations
of the nondissociated forms. For example, at a pH of 7.4
for each molecule of lactic acid, there are approximately
3200 molecules of lactate. Thus it can be assumed that
these organic acids are completely dissociated within the
pH range of body fluids compatible with life and conse-
quently behave as strong ions. The most frequently
encountered causes of organic acidosis in dogs and cats
are renal failure (uremic acidosis), diabetic ketoacidosis,
lactic acidosis, and ethylene glycol toxicity. Management
of organic acidosis should be directed at stabilization of
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Figure 13-8 Gamblegram of normal plasma and change in ionic
strength of anions secondary to increases in unmeasured strong
anions (organic acidosis) in plasma. SID is decreased in organic
acidosis, whereas anion gap (AG) is increased because of increase in
unmeasured strong anions. Naþ, Sodium; SCþ, other strong cations;
SA�, other strong anions; A�, net charge of nonvolatile buffers;
HCO3

�, bicarbonate.
the patient and treatment of the primary disorder. Sodium
bicarbonatemay help patients in renal failure with acidosis
but its efficacy remains controversial in patients with lactic
acidosis or ketoacidosis. The efficacy of NaHCO3 therapy
in renal failure is because the increase in plasma sodium
concentration results in an increase in plasma SID (strong
ion alkalosis); expansion of the extracellular fluid volume,
which is the distribution space for phosphorus; and
increased urine production. The combined effect of these
changes is to decrease the plasma phosphorus concentra-
tion. The initial goal in acidemic patients with renal failure
is to increase systemic pH to more than 7.20. Sodium
bicarbonate should be used cautiously in lactic acidosis
or ketoacidosis because subsequent metabolism of
accumulated organic anions will further increase
[HCO3

�], potentially leading to excessive alkalinization.
Organic acidoses are further discussed in Chapter 10.

CLINICAL APPROACH
Three simplified approaches have been developed to
allow the clinical use of Stewart’s strong ion approach:
the effective SID method also known as the Stewart-
Figgemethodology,25 the BE approach, or Fencl-Stewart
algorithm,23 and Constable’s simplified strong ion equa-
tion.5 Clinical application of these approaches has been
helpful in identifying complex metabolic derangements
in critically ill humans,4 dogs,19 calves,13 and pigs43; how-
ever, the clinical utility of these approaches has not appear
to have been extensively investigated in cats.

EFFECTIVE SID MODEL
Figge et al25 developed and successfully tested in humans
a mathematical approach to evaluate metabolic acid-base
disorders. Unmeasured strong ions (XA�) are estimated
by subtracting the “effective SID” (SIDeff), an approxi-
mation of the “real” SID, from the “apparent SID”
(SIDapp) as XA

� ¼ SIDapp – SIDeff. The SIDapp is calcu-
lated using electrolytes measured in the serum (SIDapp ¼
[Naþ]þ [Kþ]þ [Mg2þ]þ [Ca2þ] – [Cl�]), and SIDeff is
a satisfactory approximation of the “real SID.” Despite
being a very promisingmodel for assessment of metabolic
acid-base disorders, Stewart-Figge’s model was devel-
oped using protein behavior based on human albumin
and has not been tested in dogs or cats. Moreover, calcu-
lation of SIDeff is not simple and may be clinically imprac-
tical, and the approach has been shown to be less accurate
in human plasma than calculating the SIG using
Constable’s simplified strong ion equation.49

BASE EXCESS ALGORITHM
BE has been used to assess changes in the metabolic com-
ponent because SID is synonymous with buffer base. BE is
a measurement of the deviation of buffer base (and there-
fore SID) from normal values, assuming nonvolatile buffer
ion concentrations (albumin, phosphate, globulin) are
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normal. However, it should be pointed out that Siggaard-
Andersen studied human blood with a constant protein
concentration. A BE nomogram has been developed for
dogs21 using Siggaard-Andersen’s approach. However,
the canine nomogram has rarely been used because blood
gas analyzers use the van Slyke equation to calculate BE
frommeasured values for pH, PCO2, and hemoglobin con-
centration.7 Because blood gas analyzers were developed
for the humanmedical market, the van Slyke equation uses
values that assume human blood is being analyzed.

The BE has been used clinically for more than a decade
to assess the metabolic acid-base status in human
patients54 and has been adapted for use in dogs and
cats.15,18 This approach attempts to take into account
the effect that changes in sodium (i.e., dilutional acidosis
andconcentrationalkalosis), chloride (i.e., hypochloremic
alkalosis and hyperchloremic acidosis), phosphate (i.e.,
hyperphosphatemic acidosis), and plasma protein (i.e.,
hypoproteinemic alkalosis andhyperproteinemic acidosis)
concentrations exert on plasma pH, purportedly
facilitating identification and quantification of unmea-
sured strong ions (i.e., organic acidosis) in plasma. Values
BOX 13-4 Estimation of Change in Base
[SID] and [Atot]

Changes in Base Excess Caused By Changes
in [Atot]
Albumin Contribution (D Albumin in mEq/L)

D Albumin ¼ 3:7 alb½ �normal � alb½ �patient
� �

Phosphate Contribution (D Phosphate in mEq/L)
If phosphate concentration is in mmol/L:

D Phosphate ¼ 1:8 Phosphate½ �patient
If phosphate concentration is in mg/dL:

D Phosphate ¼ 0:58 Phosphate½ �patient
Changes in Base Excess Caused By Changes
in [SID]

C
m

C

C
(

SID, Strong ion difference; [Atot], total plasma concentration of nonvolatile

in g/dL; [alb]patient, patient’s albumin concentration in g/dL; [Phosphate

mg/dL; [Naþ]patient, patient’s sodium concentration in mEq/L; [Naþ]norm
normal chloride concentration (midpoint) in mEq/L; [Cl�]corrected, patien
base excess in mEq/L. Reference values for the author’s laboratory: [alb]no
for dogs; [Cl�]normal, ¼ 120 mEq/L for cats and 110 mEq/L for dogs.

Adapted from de Morais HSA, Muir WW. Strong ions and acid-base disor

12th ed. Philadelphia: WB Saunders, 1995: 121–127.
less than �5 mmol/L are suggestive of an increase in
unmeasured strong anions.15 Formulas to estimate
changes in BE resulting from changes in SID and Atot

are presented in Box 13-4. A complete description of
thederivationof these formulas, aswell as their limitations,
canbe found elsewhere.7TheBEalgorithm is a useful clin-
ical tool despite a few shortcomings. These formulas were
helpful in understanding complex acid-base disorders in
dogs and cats.18,32,52Unfortunately, nocontrolled clinical
studies have been performed in dogs and cats with acid-
base disturbances to assess the accuracy of these formulas,
and there are theoretical limitations in extrapolating tradi-
tional BE calculations for use in dogs and cats.17 In addi-
tion, the influence of protein on BE is estimated based on
data for human albumin, which behaves differently than
canine and feline albumin.

SIMPLIFIED STRONG ION EQUATION
Constable’s simplified strong ion equation assumes that
plasma ions act as strong ions, volatile buffer ions
(HCO3

�), or nonvolatile buffer ions (A�).5 Therefore
plasma contains three types of charged entities: SID,
Excess Caused by Changes in

ontribution from Changes in Free Water in
Eq/L

D Free Water ¼ 0:25ð½Naþ�patient � ð½Naþ�normalÞ

hloride Contribution in (D Chloride in mEq/L)

D Chloride ¼ Cl�½ �normal � Cl�½ �corrected

ontribution from Unidentified Strong Anions
D [XA-] in mEq/L)

D XA�½ � ¼ BE½ �patient � DAlbuminþ DPhosphateð
þD Free waterþ D ChlorideÞ

weak buffers; [alb]normal, normal albumin concentration (midpoint)

]patient, patient’s inorganic phosphorus concentration in mmol/L or

al, normal sodium concentration (midpoint) in mEq/L; [Cl�]normal,

t’s corrected chloride concentration in mEq/L; [BE]patient, patient’s

rmal¼ 3.1 g/dL; [Naþ]normal¼ 156mEq/L for cats and 146mEq/L

ders. In: Bonagura JD, editor. Kirk’s current veterinary therapy XII,
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HCO3
�, and A�. The requirement for electroneutrality

dictates that at all times the SID equals the sum of bicar-
bonate buffer ion activity (HCO3

�) and nonvolatile
buffer ion activity (A�) such that SIDþ ¼ HCO3

� –
A�. This approach obviously assumes that all ionized
entities in plasma can be classified as a strong ion, a vola-
tile buffer ion, or a nonvolatile buffer ion (A�). This
assumption forms the basis for the simplified strong ion
equation. A complete description of the mathematical
background of the simplified strong ion model, as well
as its limitations, can be found elsewhere.5,7

The simplified strong ion approach is a quantitative,
mechanistic acid-base model. Unlike Stewart’s strong ion
equation, the simplified strong ion equation uses hydrogen
ion activity (pH) instead of concentration, provides a prac-
tical experimental method for determining species-specific
values for Ka and Atot (CO2 tonometry of plasma), and
simplifies to the Henderson-Hasselbalch equation when
applied to aqueous nonprotein solutions (where Atot ¼
0 mEq/L and SID¼ [HCO3

�]).5,7 The simplified strong
ion model also explains many of the anomalies of the
Henderson-Hasselbalch equation. It explains why the
apparent value for pK1

0 in plasma is dependent on pH, pro-
tein concentration, and sodium concentration and also
provides a mechanistic explanation for the temperature
dependence of plasma pH.5 The simplified strong ion
model shares two of the disadvantages of Stewarts strong
ion model: (1) difficulty in accurately determining SID,
and (2) mathematical complexity when compared with
the traditional Henderson-Hasselbalch equation. It is
unlikely that the simplified strong ion approachwill replace
the traditional Henderson-Hasselbalch approach clinically
and in descriptive experimental studies because two (pH
and PCO2) of the three (pH, PCO2, and [HCO3

�])
unknowns in the Henderson-Hasselbalch equation can
be measured accurately and easily in plasma, whereas only
two (pH and PCO2) of the four unknowns in the simplified
strong ion approach (pH, PCO2, SID, and Atot) can be
measured easily and accurately. However, in mechanistic
experimental studies, the simplified strong ionmodel ispre-
ferred because it conveys on a fundamental level the
mechanisms underlying acid-base disturbances.5,7
STRONG ION GAP
The SIG concept is a modification of the simplified strong
ion equation that overcomes one of the limitations of this
model, namely, algebraic complexity. SIG is the difference
in charge between all unmeasured strong anions and all
unmeasured strong cations.6 Because there are more
strong cations than strong anions, normal SIG is positive:

SIG ¼ ½UCstrong
þ� � ½UAstrong

��

where [UCstrong
þ] is the sum of all unmeasured strong

cations (e.g., ionized calcium, ionized magnesium),
whereas [UAstrong
�] is the sum of all unmeasured strong

anions (e.g., ketoanions, lactate, sulfate). The calculated
value of the SIGwill change depending on the strong ions
measured. The most important strong cations in plasma
based on their concentration are Naþ and Kþ, whereas
the most prevalent strong anion is Cl�. Thus SIG can
be defined in its simplest form when only these three
strong ions are measured as:

SIG ¼ ½Naþ� þ ½Kþ� � ½Cl�� ¼ ½UCstrong
þ� � ½UAstrong

��

where [UCstrong
þ] is the sum of all strong cations other

than [Naþ] and [Kþ], and [UAstrong
�] is the sum of all

strong anions other than [Cl�]. Electroneutrality must
be maintained in plasma, and the excess of positive
charges from the SIG is balanced by the negative charges
of HCO3

� and the nonvolatile buffers [A�]. Thus
electroneutrality can be expressed as:

SIGþ Naþ½ � þ Kþ½ � � Cl�½ � � HCO3
�½ � � A�½ � ¼ 0

because

AG ¼ Naþ½ � þ Kþ½ � � Cl�½ � � HCO3
�½ �,

SIGþ AG� A�½ � ¼ 0

or

SIG ¼ A�½ � � AG

Based on the relationship above, the SIG has been
simplified (SIGsimplified) so as to allow an estimation based
on [Atot] (the sum of [A�] and its weak acid pair [HA])
and AG.6 Albumin is used to estimate [Atot] in the
SIGsimplified because albumin is the most important buffer
in plasma. At a normal plasma pH of 7.4, SIGsimplified can
be calculated from the albumin concentration in g/dL
in dogs as:12

SIGsimplified ¼ alb½ � � 4:9ð Þ � AG

In cats, at a normal plasma pH of 7.35, SIGsimplified can be
calculated from the albumin concentration in g/dL as:37

SIGsimplified ¼ alb½ � � 7:4ð Þ � AG

An increase in unmeasured strong anions is suspected
whenever SIGsimplified is less than 5 mEq/L. In patients
with hyperphosphatemia, however, AG should be
corrected for the presence of hyperphosphatemia
{AGphosphate-adjusted¼ AGþ (2.52 – 0.58�[Phosphate])}
before calculating SIGsimplified. The SIGsimplified offers a
more accurate approach to identifying unmeasured
strong ions in plasma than does the AG. The critical
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difference between the AG and SIGsimplified is that the
SIGsimplified provides an estimate of the difference
between unmeasured strong cations and strong anions,
whereas AG provides an estimate of the difference
between unmeasured cations and anions (including
strong ions and nonvolatile buffer ions such as albumin,
globulins, and phosphate). Therefore a change in
SIGsimplified provides a more specific method for detecting
a change in unmeasured strong ions (such as lactate) than
does a change in AG. The SIGsimplified has not been ade-
quately tested in dogs and cats, but its derivation is sound,
and it is superior to the AG in detecting increases in
unmeasured strong anion concentration in horses,6 cat-
tle,9 and pigs.43 It remains to be determined whether
SIG or SIGsimplified provides a more clinically useful tool
for quantifying unidentified strong anions than the
corrected AG (AGc). The latter corrects the AG for
changes in the plasma albumin concentration by assigning
the net charge assigned to albumin at physiologic pH
(7.40) and the deviation in albumin concentration from
its normal value of 3.8 g/dl for the dog and 3.3 g/dL
for the cat. The corrected AG equation for the dog is:

AGcorr ¼ AGþ 0:42� 3:8� albumin g=dL½ �ð Þ,

and the corrected AG equation for the cat is:

AGcorr ¼ AGþ 0:41� 3:3� albumin g=dL½ �ð Þ:

CONCLUSION
Use of the traditional Henderson-Hasselbalch equation
for the evaluation of acid-base status using pH, PCO2,
and [HCO3

�] has several clinically relevant limitations.
TABLE 13-3 Comparison of the Traditiona
Acid-Base Disturbances to the

System Advantages Disadvanta

Henderson-Hasselbalch
approach ([HCO3

�] or
base excess and anion gap)

Widely and
routinely used

Descriptive
Anion gap lack
sensitivity an
specificity

Easy to calculate Does not acco
changes cau
protein and
phosphorus

Strong ion model Mechanistic True SID can
estimated

Explains effects of
protein and
phosphorus on
pH

Algebraic com
It does not give a complete assessment of the sources
of pathophysiologic changes in the metabolic component
([HCO3

�]); it may lead to the conclusion that changes in
electrolytes are only secondarily related to acid-base sta-
tus; and it does not recognize changes in pH caused by
changes in protein or inorganic phosphate
concentrations. The strong ion model is compared with
the traditional Henderson-Hasselbalch approach to
acid-base disturbances in Table 13-3. Using the strong
ion model, the relationship between electrolytes and
acid-base status becomes clear, and it becomes apparent
that they should no longer be viewed as separate entities.
The end result is a better understanding of how acid-base
disorders develop and how they should be treated. It is
hoped that improved patient care will follow enhanced
understanding of the pathophysiologic principles under-
lying acid-base disturbances.

It should be appreciated that the strong ion approach
to acid-base balance has been criticized and the bicarbon-
ate-centered acid-base approach provided by the
Henderson-Hasselbalch equation continues to be pre-
ferred by some investigators and clinicians.1,31,42 Clearly,
the strong ion approach is more time consuming than are
conventional methods, and therefore it is less convenient
in daily practice.39 This argument is particularly true in
patients with normal protein and phosphate
concentrations, in which the traditional Henderson-
Hasselbalch approach in conjunction with an estimation
of unmeasured anions works well as a first approximation
of a more complex system and is therefore the preferred
method. In critically ill patients or patients with multiple
problems, the Stewart approach provides a more compre-
hensive evaluation of acid-base status and greater insight
into their possible causes and most appropriate therapy.
l Henderson-Hasselbalch Approach to
Strong Ion Model

ges Errors and Limitations

Does not explain effects of temperature on pH
s
d

Does not explain dependence on pK1
0 on pH

unt for
sed by

States that there is a linear relationship between pH
and log PCO2

Can only accurately be applied to plasma at normal
temperature, pH, and protein and sodium
concentration

only be Uses hydrogen ion concentration instead of pH

plexity Stewart’ strong ion equation does not algebraically
simplify to the Henderson- Hasselbalch
equation in an aqueous solution with no
proteins
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