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The normal pH of plasma is indicated as 7.40, which corresponds to a [H+] of 40
nEq/L.

Features of the pH
@ it is a dimensionless number, which has no relevance in chemical or
physiological events,
@ it varies in the opposite direction fo changes in [H+],

@ changes in pH are[not linearly|related to changes in [H+].
Note that as the pH decreases,

the changes in [H+] become gradually larger with each change in pH. This means
that changes in pH will have different implications for acid-base balance

At different points along the pH spectrum.

Although it is unlikely that the pH will be abandoned, it is not a
measure of the acid-base events in the body.



Inspection of the curve reveals that,

As the pH decreases from 7.60, the slope of the curve
essively increases, which means there is a progressively

larger change in [H+] for a given change in pH.

The numbers above the curve indicate the change in [H+]
associated with each change of Q.1 pH units.




The Henderson-Hasselbalch equation

The Henderson-Hasselbalch equation describes the relaﬂ'onship of pHas a
~ Mmeasure of acidity with the acid dissociation constant (pKa), in biological and
~ chemical systems,
~ Theequation is especially useful for estimating the pH of q buffer i
5 el er so
and finding the equilibrium PH in acid-base reactions. it




Hydrogen Ions as a Trace Element

[H+] is expressed asnanoequivalents per liter (nEq/L).

One nanoequivalent isfone-millionth/of a milliequivalent (1 nEq = 1x106 mEq),

so hydrogen ions are about a million times less dense than the principal ions
in extracellular fluid (sodium and chloride), whose concentration is expressed
in mEq/L.

This gives hydrogen ions the status of a trace element.

Other trace elements certainly have important biological effects,

but it is also possible that changes in the [H+] are just one of several
physicochemical changes that are taking place in the extracellular fluid.
This would explain why the same degree of acidosis is more life-threatening
in lactic acidosis than in ketoacidosis.

The reference ranges for arterial pH, PCO 2, and HCO3
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(pca,) and the concentration

primary acid-base disorders and

T The PQ@;/HCO; ratio identifies the
~ secondary responses,




condition is called a respiratory acid-base m g
@ increase in PCO, is a respiratory acidosis
& decrease in PCO, isareq:imfydhdusls. -

Whenachlgl in HCO, is responsible for a change in [H#l. % %
the condition is called a metabolic acid-base disorder: 5 :

© decrease in HCO; is a metabolic acidosis
& increase in HCO; is a metabolic alkalosis.
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Secondary Responses

Secondary responses are designed to limit the change in [H+] produced by the
primary acid-base disorder, and this is occomphsi?:d by cll'\:ngmg theb‘;fher
component of the PaCO,/HCO, ratio in the same di rection.

/secondary responses are always in the same direction as the
~_primary change.

For example, if the primary problem is an increase in PaCO, (respiratory
acidosis), the secondary response will involve an increase in HCO;, and this mll
limit the change in [_Hf] pr‘oduced by the increase in PaCO,.
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; responses should.be called "compensatory responses” bec
ot nﬁplé,: ‘  change in [H+] produced by



nvolves a change in ir
tors located in the

5dylat the caratid bifurcation in the neck.

: response GPpears m 30—120 minutes, and can take 12 fo. 24 hours to complete.
The magnitude of the response is defined by the equation.
APaCO, = 1.2 x AHCO;

Usmg a normal PaCO2 of 40 mm Hg and a normal HCO3 of 24 mEq/L, the

above equation can be rewritten as follows:

Expected PacO, = 40 - [1.2 x (24 - Current HCO5)]

Example Mess |

For a metabolic acidosis with a
plasma HCO; of 14 mEq/L, the HCO; is 24 - 14 = 10 mEq/L, the
PaCO, is 1.2x10 = 12 mm Hg, and the

Expected PaCO, is 40 - 12 = 28 mm Hg.
s

If the PaCO, is >28 mm Hg, there is a
secondary respiratory acidosis.

If the PaCO, is <28 mm Hg, there is a
secondary respiratory alkalosis.
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This Wﬁseasmtus wgorousas ﬂ'reresponse to mmﬁcamdaﬁs

beewse the peripheral chemoreceptors are not very active under normal
] ns, so they are easier to stimulate than inhibit.

| The magnitude of the response to metabolic alknlosis is defimd;%%
APaCO, = 0.7 x AHCO, N &

Using a normal PaCO, of 40 mm Hg and a normal HCO3 of 24 mEq/L, 'rhe abov %
e equation can be rewritten as follows:

Expected PaCO, = 40 + [0.7 x (Current HCO, - 24y

Example

For a metabolic alkalesis with a plasma G

HCO; of 40 mEq/L, 0°

HCO, is 40 - 24 = 16 mEq/L, N
PaCO, is 0.7x16 = 11 mm Hg,

Expected PaCO is 40 +/11 = 51 mm Hg.

rline elevaflon in PaCO,, and it demonsfra‘r%

S fﬁge r'esponse to membohc aIkalosns



Acute Respiratory Disorders

Acute changes in PaCO, have a small effect on the plasma HCO,, as indicated
in the following two equations.

For acute respiratory acidosis:
AHCO, = 0.1 x APaCO,

Expected HCO3 = 24 + [0.1 x (Current PaCO2 -




G MO 2%20 4 mEq/L for an
' acute resplm‘tory alkalosis.

Chronic Respiratory Disorders

The renal response to an increase in PaCQO, is an increase in HCO; reabsorption
in the groximal renal tubules, which raises the plasma HCO; concentration.

The response fo a decrease in PaCO, is a decrease in renal HCO; reabsorption,
which lowers the plasma HCO; concentration.




Example

For an increase in PaCO, to 60 mm Hg that persists for at
least a few days;

PaCO, is 60 - 40 = 20 mm Hg,
HCO, is 0.4%20 = 8 mEq/L,

the expected HCO, is 24 + 8 = 32 mEq/L.




Predictive equations for evnhntingbswondary responses to primary
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. Expected HCOs = 24 + [0.1
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Stepwise Approach to Acid-base Analysis

Stage I: Identify the Primary Acid-Base Disorder

The PCCOZ
and

pH

are used to identify the

primary acid-base disorder.






Rule 2b.

If the P 0602
and
pH

change in opposite directions,
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ule 3b.

If the pH
is abnormal,

the directional change in pH

gdcntifles the fypc of mfabolnc disorder




mﬂcholic disorder must be a metabolic alkalosis.

i idosis and metabolic
Therefore, this condition is a mixed respiratory acidos

alkalosis. is normal.
Both disorders are equivalent in severity because the pH

Stage II: Evaluate the Secondary Responses

The second stage of the approach is for cases where

a primary
acid-base disorder has been identified in Stage I.

If a mixed acid-base disorder was identified in Stage I, go directly
to Stage III.

The goal in Stage IT is to determine if there is an additional acid-
base disorder. A




Rule 4

For a primary metabolic disorder,
if the measured PaCO, is higher than expected,
there is a secondary respiratory acidosis,
and
if the measured PaCO, is less than expected,

there is a secondary respiratory alkalosis.

Example

Consider a case where the
PaCO, = 23 mm Hg, the
pH = 7.32, and the

HCO, = 16 mEq/L.

The pH and PCO, change in the same direction, indicating a
primary metabolic disorder.and the
pH is acidemic, so

the disorder is a primary metabolic acidosis.




For a




 Fora

primary respnrafory disorder

where the HCOs is abnormal,

determine

the expected HCO; for a chronic respiratory disofﬁh"

chronic respiratory acidosis,
 if the HCO; is lower than expected,

there is an incomplete renal response, and

is higher than exp‘ cted, »




xample

Consider a case where the
PaCO, = 23 mm Hg, the
pH = 7.54, and the

HCO;, = 17 mEq/L.

The PaCO, and pH change in opposite directions, indicating a




The HCO ; is abnormal, indicating that this is not an acute respiratory
alkalosis.

The PCO, is 40 - 23 = 17 mm Hg,

the HCO; is 0.4 = 17 = 7 mEq/L,

And the expected HCO; is 24 - 7 = 17 mEq/L.
The measured HCO; is the same as expected for

chronic respiratory alkalosis,

so this condition is a

chronic respiratory alkalosis
with an appropriate (completed) renal response.

If the measured HCO; was less than 17 mEq/L,

this condition would be a

chronic respiratory alkalosis

with a secondary metabolic acidosis, and

if the measured HCO; was higher than 17 mEq/L,
this would indicate an

incomplete renal response,
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uncover the underlying ¢
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The Gaps

The Anion Gap

The anion gap is a rough estimate of the relative abundance of unmeasured
anions.

Used to determine if a metabolic acidosis is due to an accumulation of

non-volatile acids (lactic acid) or a primary loss of bicarbonate (diarrhea) .

Determinants
To achieve electrochemical balance, the concentration of negatively charged
anions must equal the concentration of positively charged cations.

This electrochemical balance is expressed in the equation using electrolytes that
are routinely measured, including Na, CL, and HCO;, as well as the unmeasured

cations (UC) and unmeasured anions (UA).




Na+UC = (Cl+HCO,)-UA
Rearranging the terms in this equation yields the following relationships:
Na-(Cl+HcO,) = UA-UC
P‘ediffmﬁoe_(UA-UC)isaumnofﬂnenhﬁvcd:mdanof
fMeasured anions, and is called the anion gap (A6).
A6 = Na-(Cl+HCO,)

Reference Range:
The original reference range for the AG was {Z‘:Dnﬁqll- (8 to 16 mEq/L).
With subsequent improvements in automated systems that measure serum

electrolytes, the reference range for the AG has decreased to 74 mEq/L
(range = 3 to 11 mEq/L).

Influence of Albumin

) Albumig is the principal unmeasured anion, and the principal determinant of
the anion gap.

Albumin is a weak acid that contributes about 3 mEq/L to the AG for each 1

g/dL of albumin in plasma (at a normal pH).

A low albumin level in plasma will lower the AG, and this could mask the
presence of an unmeasured anion (e.g., lactate) that is contributing to a

metabolic acidosis.

Since hypoalbuminemia is present in as many as 90% of ICU patients, the
corrected AG" (A6c) to include the contribution of albumin:

A6c = AG + (2.5 x (4.5 - [Albumin in g/dL])
(4.5 represents the normal concentration of albumin in plasma).

For a patient with an AG of 10 mEq/L and a plasma albumin of 2 g/dL, the
AGc is 10 + (2.5x2.5) = 16 mEq/L, which represents a 60% increase in the AG.




Using the Anion Gap

The AG can be used to identify the underlying
mechanism of a metabolic acidosis

Hclpsioidenﬁfyfhcmderlyingdmdcondﬂbn




tubules of the kidneys.

loss of He+ secretion in the distal
Alsomehded are toxic ingestions of =
 Methanol (which produces formic act ), '
~ Ethylene glycol (which produces oxalic acid),
dlicylates (which produce salicylic acid)

Normal A6

occurs when there is a primary loss of bicarbonate
(e.g., diarrhea).

There is loss of bicarbonate reabsorption in the proximal tubules.

The loss of HCO; is counter balanced by a gain of chloride ions to maintain
electﬁcddaagenaﬂmliﬁy;henceﬁ\emhyperdxlomnicufﬁoﬁc
acidosis is used for normal AG metabolic acidosis.
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Reliability

The AG has shown a limited ability to detect non-volatile acids, and
there are several reports where the AG was normal in patients with
lactic acidosis.

The poor performance of the AG may be due to the confounding
influence of albumin, which was not considered in early studies of
the AG.

Recent study shows that the albumin-corrected AG (AGc) provides
a more accurate assessment of metabolic acidosis than the AG.




G'ap-ch Ratio

In the presence of a high AG metabolic acidosis, it is possible to
detect another metabolic acid-base disorder (a normal AG
metabolic acidosis or a metabolic alkalosis)

AG Excess/HCO, Deficit = (A6 - 12)/24 - HCOy)

i it involves
This ratio is sometimes called the gap-gap rjafr:; because it invo
two gaps (the AG excess and the HCO; deficit).

Mixed Metabolic Acidoses

In metabolic acidosis caused by non-volatile acids (high AG metabolic acidosis),
the decrease in serum HCO, is equivalent to the increase in AG, and

the gap-gap (AG Excess/HCO; deficit) ratio is unity or 1.

However,

if there is asecond acidosis that has a normal AG, the

decrease in HCO; is greater than the increase in AG,
and the gap-gap ratio falls below unity (<1).

Therefore,

in the presence of a high AG metabolic acidosis, a gap-gap ratio <1

indicates the co-existence of a normal AG (hyperchloremic)
Metabolic acidosis.




(DKA) is associated with
: 5 ition of the patient,
1 1ycose and the tlinical condition OF B s

is ﬁérs|:fdsv anzo::uaaren asked what to do (more insulin, more

oacidosis

& e r lies in the gap-gop ratio: i.c.. DKA presents with a high AG

i ' infusi i ic saline duri
metabolic acidosis, but the aggressive infusion f’f |sofom|c AsGal)l ::efabo';igc
the initial management creat mic (norma

esa hyper'chlore
ids are cleared.
~ acidosis, which replaces the the ketoacid

high AG acidosis as

In this situation, s below 1 as the

" the serum bicarbonate remains low, prar
acidosis switches from a high AG to a normal AG acidosis.

Therefore, monitoring the serum HCO3 alone will create a false impression
that the DKA is not resolving, while the gap-gap ratio provides an accurate

measure of the acid-base status of the patient.

but the gap-gap ratio fall

Metabolic Acidosis and Alkalosis

When alkali is added in the presence of a high AG acidesis, the
decrease in serum bicarbonate is less than the increase in AG
and the gap-gap is greater than unity (>1). |

Therefore,

in the presence of a high AG metabolic acidosis e i
s the co-existence of a metabolic alkalosis. C9p-aipal

;I'gis is an important consideration because metabolic alkalosis is common in
U patients (from the frequent use of nasogastric suction and diuretics).
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