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A 35-year-old man comes to the emergency
room with a chief complaint of several days of
abdominal pain and vomiting, secondary fo
chronic pancreatitis related to a long history of
alcohol abuse. This condition has also caused
chronic diarrhea from malabsorption and dia-
betes mellitus from insulin deficiency. He has
been prescribed insulin, but admits to noncom-
pliance. He denies intake of alcohol for several
days.

On physical examination he was an ill-
appearing, mildly confused male who was
breathing heavily. The BP was 80/60 mm Hg,
and the pulse was 100 bpm. There was an
orthostatic drop of the systolic blood pressure to
60 mm Hg with an increase of the pulse to 120
bpm. The respiration rate was 24/min, and the
temperature was 97.0°F  Diffuse abdominal
pain was present without guarding or rebound;
bowel sounds were absent. The cardiopulmo-
nary examination was normal. He had no
edema. The stool guaiac was negative.

Laboratory values revealed sodium 136
mEq/L, potassium 4.8 mEgq/L, chloride 90
mEq/l., and bicarbonate 18 mEq/L. The blood
glucose was 360 mg/dl, blood urea nitrogen
(BUN) 11 mg/dl, and the creatinine 0.8 mg/dl.
The amylase and lipase were both three fimes
normal levels. An arterial blood gas demon-
strated a pH of 7.44, Paco, 27 mm Hg, Pao, 98
mm Hg, and HCO; 18 mEq/L. A serum osmolal-
ity by freeze point depression was 306 mosm/kg.
Ethanol was undetectable in his blood. The blood
lactate level was not elevated. The urinalysis was
normal except for the presence of a large amount
of ketones.

The primary objective of this chapter is to

present a systematic approach to the evaluation
of acid-base disorders that should allow the
reader to quickly and easily determine a pa-
tient’s acid-base status. This is done with the aid
of multiple examples based on fundamental
physiologic principles. This chapter will not list
all of the causes or treatments of each metabolic
or respiratory disorder, to do so would triple its
length and limit its usefulness. Metabolic acidosis
will be discussed to a disproportionate degree
because it appears to be more common and puts
the patient at a greater risk than the other
acid-base disorders. '

QUESTION ! What is the relationship of the
HCO,; and Paco, to the pH?

The pH of the blood is maintained within
relatively narrow limits in the human body. This is
necessary for the optimal function of most of our
enzymatic systems. The pH of the blood can be
estimated from the following equation where
HCO; is in mEq/L and Paco, is in mm Hg:

« pH=6.10 +log (HCO, /0.03 Paco,)

The utility of this equation is limited by the need
for transforming the quantity (HCO;/0.03
Paco,) into its logarithm. For purposes of ex-
amples and calculations, this equation can be
converted to the simplified form where H' is in
nancequivaients/L, HCO; is in mEq/L, and Paco,
is in mm Hg:

* H* =24 Paco, /HCO,

By definition, the pH is the negative logarithm of
the hydrogen ion concentration [H']. Therefore
this equation also requires a familiarity with, and
access to, logarithms. However, since there are a
finite number of [H"] values compatible with life,
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TABLE 9-3-1 pH Values that Correspond to H* in Nanoequivalents/L
pH H* pH H* pH H* pH H*
8.00 10 7.64 pxi 7.29 51 6.94 15
7.99 10 7.63 pii 7.28 52 6.93 H7
798 10 7.62 24 7.27 54 692 120
797 I 7.61 25 7.26 55 6.91 123
7.96 H 7.60 25 7.25 56 6.90 126
7.95 L 759 26 7.24 58 6.89 129
7.94 ] 7.58 2 723 59 6.88 132
793 12 7.57 27 722 60 6.87 135
792 12 7.56 28 721 62 6.86 138
7.91 12 7.55 28 720 63 6.85 14|
7.90 13 7.54 29 7.19 65 6.84 145
7.89 13 7.53 30 7.18 66 683 148
7.88 13 752 30 717 é8 682 51
7.87 13 7.51 31 7.16 &9 6.81 155
7.86 14 7.50 32 7.15 71 6.80 159
7.85 14 749 32 7.14 72 679 162
7.84 14 7.48 33 7.13 74 6.78 166
7.83 15 747 34 7.12 78 677 170
782 15 746 35 7.11 78 676 174
78l 15 745 35 7.10 79 6.75 178
7.80 16 7.44 36 7.09 8l 6.74 182
7.79 16 743 37 7.08 83 6.73 186
7.78 17 742 38 7.07 85 6.72 191
7.77 17 7.41 39 7.06 87 6.7 196
7.76 i7 7.40 40 7.05 89 6.70 200
7.75 i8 7.39 4 7.04 9l 6.69 204
7.74 18 7.38 42 7.03 93 6.68 209
7.73 19 737 43 7.02 95 6.67 214
7.72 9 7.36 44 7.01 98 6.66 219
7.70 20 7.35 45 7.00 100 6.65 224
7.69 20 7.34 46 699 102 6.64 29
7.68 21 7.33 47 6.98 105 6.63 234
767 21 7.32 48 697 107 6.62 240
7.66 ps] 731 49 7.96 1o 661 245
7.65 22 7.30 50 7.95 12 6.60 251
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these can be presented with their corresponding
pH values in a table (Table 9-3-1) that allows the
easy determination of pH from [H']. Using this
table and the equation: [H'] = 24 Paco, / [HCO,],
one can predict the pH that would result from
various levels of Paco, and HCO; in the blood and
can be used to see how the pH would be affected
by a change in either or both of these values.
The unit of H" measurement that is determined
from this equation is nanoequivalents/L, or 107°
equivalents/L. This is about one hundred thou-
sandth the concentration of potassium in our
blood, which is in mEq/L (107°)! The normal
Paco, of blood is 40 mm Hg, and the normal HCO;
is 24 mEq/L. Therefore the normal H" = 24 x 40/
24 = 40 (% 107%). This value of the H', at 40 x 10~°
is equal to 4 % 107%, This number, 4 x 1075, is
between 1 x 1077 and 1 x 1075, The negative log
(pH) of 107 is 7.0 and that of 107® is 8.0.
Therefore, the negative log (pH) of the normal H"
at 40 x 1077 represents a pH between 7.0 and 8.0.
Table 9-3-1 demonstrates that a H® of 40
nanoequivalents/L corresponds to a pH of 7.40.

QUESTION 2 Whatare the mechanisms by which
the body maintains acid base homeostasis!

The body must be able to perform 3 “tasks” to
maintain normal HCO, and Paco, concentrations,
and therefore a normal pH. '

Task #1

As the kidney filters the blood, it must be able to
reabsorb all of the filtered HCO; (bicarbonate) as
Task #1. With a normal HCO; concentration of 24
mEq/L, and a normal glomerular filtration rate of
120 ml/min (173 L/day), the kidney filters over
4000 mEq of HCO,/day. It must reabsorb all of this
filtered bicarbonate to avoid a metabolic acidosis.
This is done by the proximal tubule, by secreting
hydrogen ions into the urine and thereby gener-
ating bicarbonate ions that enter the blood at the
same rate that they are being filtered (>4000
mEq/day). If a defect in this ability to maximally
reabsorb HCO, is present, bicarbonate will spill
into the urine, the urine will be alkalotic, the
serum HCO, will drop, and the filtered load of

HCO, will decrease. For example, if an inadequate
proximal reabsorption of HCO; causes the HCO,
concentration to decrease to 18 mEq/L, then the
daily filtered load becomes 18 mEq/L X 173
L/day = 3114 mEq/day. Thisis a 25% reductionin
the filtered load, and the kidney may now be able -
to reabsorb all of the HCO, at this lower serum
HCO, level. A new steady state is reached, and
there is no bicarbonate spillage into the urine. The
urine pHis no longer alkaline and should be acidic
as the distal tubule performs its normal function of
urinary acidification (see Task #2). This is the basis
for a proximal renal tubular acidosis (RTA). The
proximal tubule cannot maximally reabsorb
HCO,, and the HCO, level falls until a new steady
state at the lower HCO; level is reached. The urine
pH should be <5.5 under most circumstances. The
anion gap is normal (discussion to follow). Hy-
pokalemia usually accompanies this nonanion
gap acidosis. Other proximal tubular defects may
coexist: phosphate wasting, glycosuria with a
normal serum glucose, hypouricemia, and ami-
noaciduria. When present this is termed Fanconi’s
kidney.

Task #2

In the metabolism of proteins (cationic and
sulphur-containing amino acids), phospholipids
and phosphoproteins (that yield phosphoric acid
when hydrolyzed), hydrogen ions are produced.
This does not occur with the metabolism of car-
boliydrates and other fats since they yield only
CO, and H,0, (see Task #3). For example, the
metabolism by the liver of sulphur-containing
amino acids results in the production of sulfuric
acid (H,S0,), a very strong acid. The total amount
of daily H produced as a result of metabolism of
these substances approximates 1 mEq/kg body
weight/day. For a 70 kg person this is equal to 70
mEq of H' ions/day. The bicarbonate buffer sys-
tem in our blood prevents these strong acids from
changing the blood pH significantly. For example,
if a buffer system were not available, the addition
of 70 mEq of a strong acid to the 42 L of body water
ina 70 kg person (70 kg x 60% body water = 421L)
would result in a new H' of 1.7 mEq/L (70/
42=1.7). A H' of 1.7x 10~ represents a pH



between 2.0 and 3.0! Therefore, without a buffer
system, our pH would drop to lethal levels within
minutes, just related to normal daily metabolism
and the production of H" as a bypreduct. The
bicarbonate system prevents this strong acid from

- releasing its hydrogen ions by the following buffer
reaction:

» Strong acid (HA) + NaHCO, — NaA + H,CO,

For each mEq of acid that is produced and
buffered, 1 mEq of NaHCO, is utilized, 1 mEq of
the salt of that acid is formed (NaA), and 1 mEq of
carbonic acid (H,CO, is formed. The NaA is easily
filtered and excreted by the kidney. The carbonic
acid breaks down into CO, and H,0 (H,CO; —
H,0 + C0O,), and the CO, is rapidly excreted
through the lungs. It is the job of the distal tubule
to regenerate the HCQ; that has been utilized in
this reaction and represents the role of Task #2.

A buffer works best at a pH that it is close to its
pKa. The pKa of the bicarbonate buffer system is
6.1, not very close to our physiologic pH of 7.4.
This would limit the effectiveness of this buffer
system. It is the ability to rapidly excrete the CO,
produced (as a result of the buffering of acids) that
allows this buffer system to work so well. For
example, let us determine the pH that would
result from the addition of the 70 mEq of daily acid
to a hypothetical 70 kg patient if the CO, that is
produced as a result of this reaction were not
excreted. The addition of this acid utilizes 70 mEqg
of HCO,. Using the total body water as the volume
of distribution of HCO,, 70 mEq of acid/42 L of
total body water would add 1.7 mEq/L of acid to
the body. Since each mEq of hydrogen ions
utilizes 1 mEq of HCQO;, the serum HCO, would
decrease by 1.7 mEq/L. This would create a new
HCO, of 22.3 mEq/L (24-1.7=22.3). At the
sarme time this reaction leads to the production of
CQ, via the reaction:

« HA +NaHCO, — NaA + H,CO; — H,0 + CO,,
which would increase the Paco, to 97 mm Hg (sec
Appendix 1). The new H" would now reflect the
lowered HCO; and the raised Pco,:

» H'=24 Paco,/HCO; =24 x97/22.3= 104
This corresponds to a pH of 6.98 (from Table
9-3-1).
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This new pH is certainly better than the pH 2.0
to 3.0 predicted if we did not have the bicarbonate
buffer system, yet still would be at a life-
threatening level within a day. However, the CO,
produced as a result of the buffering reaction is not
retained since it is easily and rapidly excreted by
the lungs. The Paco, therefore remains at 40 mm
Hg, and the actual H" would be:

« H*"=24 Paco,/HCO, = 24 x 40/22.3 = 43
This corresponds to a pH of 7.37 (from Table
9-3-1).

The ability to excrete the CO, produced from
the reaction:

* HA + NaHCO, — NaA + H,CO, — H,0 +CO,
allows the bicarbonate buffer system to be so
effective despite working at a pH significantly
different from its pKa. This buffer system allows us
to metabolize cationic amino acids, sulphur con-
taining amino acids and phospholipids without
becoming profoundly acidotic in a relatively short
time. It also helps us tolerate a lactic acidosis from
normal physiologic processes such as anaerobic
physical exertion, in addition to pathologic aci-
dotic conditions such as ketoacidosis.

In the above example, 70 mEq of HCO; were
utilized in 1 day as a result of normal metabolic
processes. This resulted in the HCO; decreasing
from 24 mEq/L to 22.3 mEq/L in that same time
period. In actuality, this does not occur since the
kidney is regenerating the HCO, at the same rate
that it is being used. If this lost bicarbonate were
not regenerated, we would eventually deplete our
bicarbonate stores and become profoundly aci-
dotic, just from the acid load of daily living. It isthe

tole of the distal tubule to regenerate HCO;, and

represents Task #2. The distal tubule must be able
to excrete approximately 1 mEq/kg body weight/
day of hydrogen ions, thereby regenerating the
same amount of HCO; to the blood, to maintain
normal acid-base status.

About one third of the hydrogen ions that are
secreted into the distal tubule combine with fil-
tered inorganic acids and are termed titratable
acids. The other hydrogen ions are excreted as
ammonium (NH,), and it is this system that can
be increased or decreased depending on the acid
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load of the individual. The renal tubular cells
create ammonia (NH,), which diffuses freely into
the tubular lumen. Hydrogen ions are secreted by
the distal tubule and combine with the NH; in the
tubular lumen to form NH,*. This charged mol-
ecule of NH," is lipid insoluble and becomes
“trapped” in the urine, and therefore excreted. If
the daily acid load increases (e.g., as a result of a
high protein diet or ketoacidosis), NH," excretion
increases. With each mEq of H' that gets excreted
either as titratable acid or NH,", 1 milliequivalent
of HCQ, reenters the blood.

In the presence of an acidemia, the distal tubule
should maximally acidify the urine to a pH of 4.5
to 5.3. In a distal RTA, distal urinary acidification
is impaired as indicated by the inability to create a
urine with a pH of less than 5.5, The patient is in
a positive net hydrogen ion balance since the
HCO, that is utilized for daily metabolic needs is
not being generated at the same rate that it is being
utilized. This will eventually result in a severe
metabolic acidosis. A distal RTA is diagnosed in
the acidemic patient in which the urine pH is
greater than or equal to 5.5. This condition is
usually accompanied by hypokalemia and a nor-
mal anion gap.

Task #3

As was poinied out in Task #2, the lungs must be
able to excrete large amounts of CO, to maintain
a normal systemic pH. This is the role of Task #3.
In the example in Task #2, the daily CO, produc-
tion from the buffering of metabolically produced
acids would result in the production of 70 mmol of
CO,. The ability to excrete that CO, was the
difference between a pH of 6.98 and 7.37. Carbon
dioxide is also produced as a result of the metabo-
lism of fats and carbohydrates. The amount of CO,
that is produced through this mechanism (15,000
mmol/day) is vastly greater than that from the
metabolism of proteins. This CO, has the potential
of becoming an acid load because it can combine
with H,O to form carbonic acid (H,CO,). There-
fore, the lungs are a crucial organ in maintaining
acid-base balance. Pulmonary disorders may re-
suit in an increase in the steady state Paco, and the
potential for an acidemia, and when present is
termed a respiratory acidosis.

QUESTION 3 How do alterations in the HCO,
and Paco, produce and compensate for acid-base
disorders?

From the equation H' = 24 Paco, / HCO;, it can
be seen that an increase in the Paco, or a decrease
in the HCO, will increase the H" and decrease the
pH. Similarly, a decrease in the Paco, or an
increase in the HCO, will decrease the H*, and
increase the pH. Confusion can arise in terminol-
ogy of acid-base disorders if strict rules are not
followed. The final acid-base status of the bleod
should be termed acidotic if an acidemia is present
(pH <7.38), and alkaloticif an alkalernia is present
(pH >7.42), or normal when the pH is in the
normal range (pH 7.38 to 7.42). When the terms
metabolic and respiratory precede acidosis or alkalo-
sis, it refers only to the level of HCO; and Paco, and
not to the presence of an acidemia or alkalemia.
For instance, a metabolic acidosis can be present
with an acidemia or an alkalemia, depending on
the level of Paco,. Metabolic acidosis can also be
called hypobicarbonatemia; metabolic alkalosis:
hyperbicarbonatemia; respiratory alkalosis: hy-
pocapnia; and respiratory acidosis: hypercapnia.
When defining the acid-base status of a patient,
one has to first determine whether or not an
acidemia or alkalemia is present, and if so, what
combination of metabolic or respiratory acidoses
or alkaloses are responsible for the abnormal pH.
The abnormalities in pH, Paco,, and HCO, that
determine each of the four primary acid-base
disorders are presented in Table 9-3-2.

The relationship of pH to both the Paco, and
HCO, allows the regulation of pH through two
mechanisms, the kidney’s regulation of HCO,
and the brain/lung’s regulation of Paco,. There-
fore, if a primary disorder occurs that increases
or decreases one of these parameters, the other
parameter can be altered in an attempt to “com-
pensate,” and thereby limit the change in pH. For
instance, if the HCO, is lowered by a metabolic
acidosis, the brain will sense this acidosis and
send messages to the lungs (diaphragm) to in-

«crease ventilation, thereby decreasing the Paco,

and attenuating the decrease in pH. This is the
basis for compensation:
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The Primary Acid Base Disorders

Primary Disorder pH Primary Alteration Compensatory Response
Metabolic acidosis L Decrease in HCO, Decrease in Paco,: Hyperventilation
Metabolic alkalosis T Increase in HCO;, Increase in Paco,: Hypoventilation
Respiratory acidosis { Increase in Paco, Increase in HCO;, through an in-
crease in renal H™ excretion and in-
crease in renal HCO; reabsorption
Respiratory alkalosis T Decrease in Paco, Decrease in HCO; through a de-

crease in renal HCO, reabsorption
and suppression of H* excretion

« For any primary process that changes either the
Paco, or the HCO,, the normal response is to
compensate by changing the other parameter in the
same direction, to limit the change in pH that would
occur by the primary acid-base abnormality alone.

Compensation for the metabolic acid-base disor-
ders occurs aftnost rapidly since the level of Paco,
can be easily increased (metabolic alkalosis) or
decreased (metabolic acidosis} by changing mi-
nute ventilation. Since it takes only minutes to
increase or decrease the Paco,, the only lag time in
compensation for the metabolic disorders is in the
time it takes for the brain’s pH to change. As the
systemic pH changes, the H" of the cerebral
interstitial fluid is similarly affected, leading to the
previously described changes in ventilation. How-
ever, this may take several hours since HCO, does
not cross the blood brain barrier easily, and
changes in the systemic HCO; are not immedi-
ately reflected in the HCO; concentration of the
brain. Compensation for the respiratory acid-base
disorders is less rapid since they require either a
loss of HCO, (respiratory alkalosis) or generation
of new HCO, (respiratory acidosis), processes that
may take days to completely accomplish.

QUESTION 4 What degree of compensation is
appropriate for each of the primary acid-base
disorders?

The compensatory responses for each of the
primary acid-base disorders are summarized in
Table 9-3-3. A metabolic acidosis is defined by a
low HCO, concentration (<22 mEq/L) in the

blood. This does not mean that all patients with
a metabolic acidosis will be acidemic; that is
determined by the patient’s systemic pH. How-
ever, in patients with a decreased serum HCO,
level and an acidemic pH {<7.38), the normal
compensatory response is to lower the Paco, by
increasing ventilation, and this should occur
within hours of the development of the meta-
bolic acidosis. For instance, if a patient has a
metabolic acidosis with a HCO; 10 mEq/L with
a Paco, remaining at 40 mm Hg, the pH would
be H* = 24 X 40/10 = 96 = pH 7.02 (Table 9-3-1).
If on the other hand, ventilation increased, and
the Paco, were lowered to 26 mm Hg, the pH
would not be as depressed: H'=24x26/
10=62.4=pH 7.21.

For a metabolic acidosis, the expected respi-
ratory compensatory response can be quickly
and easily calculated. For every 1.0 mEq/L de-
crease in the level of HCO; (from the normal
value of 24 mEq/L}, there is an expected decrease
in the Paco, of 1.0 mm Hg (from the normal
value of 40 mmm Hg), although the range of 1.0
to 1.4 is more accurate (Table 9-3-3). In the
above example, the metabolic acidosis reduced
the HCO, by 14 to 10 mEq/L from a normal level
of 24 (24 — 14 =10). The expected reduction in
Paco, would also be 14, and therefore a normal
compensatory response would result in a Paco,
of 26 mm Hg (40 — 14 = 26), which is what was
present in the example. This one to one change
in HCO; and Paco, demonstrates that an appro-
priate compensation has occurred. If the Paco,
were lowered to a much greater degree, then it
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TABLE 9-3-3 Expected Compensatory
Responses to Acid

Base Disorders

Compensatory

Disorder Response*

Metabolic acidosis
Metabolic alkalosis

Acute respiratory acidosis

A Paco, = 1.0-1.4x A HCO,
A Paco, = 0.7 x A HCO,
AHCO;=0.1 xAPaco,
AHCO; =04 x A Paco,
AHCO,=02xAPaco,
AHCO,=05xA Paco,

Chronic respiratory acidosis
Acute respiratory alkalosis
Chronic respiratory alkalosis

*Paco, in mm Hg and HCO; in mEqg/L.

must be secondary to a process other than, and
independent from, the metabolic acidosis. For
instance in the same patient, if the Paco, were
reduced by 24 to 16 mm Hg (40 — 24 = 16), the
pH would be H' =24 x 16/10 = 38.4 = pH 7.42.
This degree of compensation is beyond what
would normally occur from the metabolic aci-
dosis alone (a decrease of 24 in the Paco, being
well beyond the 14 mEq decrease in HCOQ,).
Although the pH is normal, this case represents
a primary respiratory alkalosis in addition to the
primary metabolic acidosis. An example of this
may be the patient with a salicylate overdose,
where a primary metabolic acidosis is accompa-
nied by central stimulation of the ventilatory
center. Therefore, a simple clue to the presence
of two primary disorders is the presence of a
normal or near normal pH, since:

+ Compensation is meant to limit changes in pH but
never provides a normalization of pH, and a normal
pH in the presence of an abnormal HCO; or Paco,
always indicates two primary acid-base disorders.

Similarly, in metabolic acidosis the Paco, may not
be decreased enough for the level of HCO,, result-
ing in an inadequate or incomplete compensa-
tion. For example, if the Paco, in the above meta-
bolic acidosis were to compensate by only 4, to
36 (40-4=36), the resultant pH would be
H"=24x%x36/10=86.4=pH 7.06. This is only
mildly better than the totally uncompensated pH

of 7.02 that we saw when the Paco, remained at
40. This may occur, for example, in a patient with
a metabolic acidosis from diarrhea and an inad-
equate ventilatory response from narcotics. Fi-
nally, a patient with a metabolic acidosis may have
an elevated Paco,. This may occur, for example, in
a patient with chronic obstructive pulmonary dis-
ease (COPD) and lactic acidosis. If the same meta-
bolic acidosis were accompanied by CO, retention
(a primary respiratory acidosis) and a Paco, of
50 mm Hg, the pH would be H" =24 x 50/
10 = 120 = pH 6.92. This indicates that:

» Acidemia and alkalemia are most severe when two
primary disorders, that are both either acidotic or
alkalotic, exist at the same time.

These examples are meant to demonstrate that
the direction and the degree of change of the
compensatory response are equally important
when evaluating an acid-base disorder.

In a metabolic alkalosis, a decrease in the
minute ventilation will attenuate changes in pH
by increasing the Paco,. In a metabolic alkalosis,
the Paco, should increase by 0.7 mm Hg (from the
normal 40 mm Hg) for every 1.0 mEq/L increase
in the HCO, (from the normal value of 24 mEq/L).
For example, if a patient developed a metabolic
alkalosis with the HCO; increasing by 10 mEq/L to
34 mEq/L, and no compensation were to occur,
the pH would be H'=24 x 40/34 =28.2 =pH
7.56. On the other hand, CO, retention will occur
within hours, and the appropriate Paco, should be
47 mm Hg (10 x .7 = 7, 40 + 7 = 47). The appro-
priately compensated pH will be considerably
lower at H' = 24 x 47/34 = 7.48.

The compensation for each of the respiratory
disorders involves two steps, one dependent and
one independent of kidney function. The inde-
pendent response is an immediate reaction that
occurs within minutes of a change in Paco,. In
acute respiratory acidosis, immediately after an
increase in the Paco,, the reaction:

+ H,0+CO, <> H,CO, <> H" + HCO;~
results in an enhanced production of H* and
HCO,. The H' produced in this reaction can be
buffered by cellular proteins, leaving the HCO,; to
increase in the blood. This acute compensation



does not increase the HCO, significantly, raising it
by only 0.1 mEq/L for every 1.0 mm Hg increase
in the Paco,. For instance, if the Paco, were to
acutely rise by 20 mm Hg from 40 to 60, the HCO;
would acutely increase by 2 mEq/L. The resultant
pH would be H' = 24 x 60/26 =55.3=pH 7.26.
This pH is only slightly less acidic than if this
process did not occur and the HCO, remained at
24 mEq/L: H'= 24 x 60/24 = 60 = pH 7.22.

The compensation for chronic respiratory aci-
dosis is performed by the kidney. This involves an
increase in NH," excretion {Task #2), which re-
sults in formation of new HCO,; that enters the
blood. There is also an enhancement of HCO,
reabsorption (Task #1). This response is usually
complete by 4 days and results in an increase in
the HCO, of (.4 mEg/L for every 1.0 mm Hg
increase in the Paco,. Therefore, in the patient
with a chronic CO, retention to 60 mm Hg, renal
compensation will increase the HCO, by 8 mEq/L
to 32, and the new steady-state pH would be
H+ =24 x 60/32=45=pH 7.35, a marked im-
provement over the uncompensated pH of 7.22
and the acutely compensated pH of 7.26 (above).

The acute compensation for a respiratory
alkalosis also results from a renal-independent
mechanism, but in this case produces a reduction
in the HCO,. This process will immediately de-
crease the HCO, by 0.2 mEq/L for every 1.0 mm
Hg decrease in the Paco,. Similar to the compen-
sation for an acute respiratory acidosis, this has a
minimal influence on pH. The mechanism of this
response is secondary to the release of H" from
nonbicarbonate buffers and is essentially the op-
posite of that which occurs in the reaction that is
responsible for the acute change in pH for acute
respiratory acidosis (see above).

In a chronic respiratory alkalosis, the HCO; will
decrease by 0.5 mEq/L for every 1.0 mm Hg
decrease in the Paco,. This response is secondary
to a decrease in the renal tubular reabsorption of
HCO,; and a decrease in the renal tubular excre-
tion of NH,*. This compensation is usually com-
plete within 3 days of the onset of the respiratory
alkalosis. The response to this reduction in the
HCO, results inva less alkalotic pH. For instance, if
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a primary respiratory alkalosis were to lower the
Paco, to 20 mm Hg from the normal of 40 mm Hg,
the expected chronic compensation would lower
the HCO; by 10 mEq/L from its normal level of 24
to 14. This would produce a pH of H" = 24 x 20/
14 =34.2 = pH 7.47. This is considerably lower
than if the HCO; remained at 24 mEq/L:
H*=24x20/24=20=pH 7.70.

QUESTION § What are the causes of a metabolic
acidosis, and what is the usefulness of the anion gap
in the differential diagnosis?

A metabolic acidosis can develop when the rate
of an acid load (that utilized HCO,), or the actual
loss of HCO; from the body (from renal or gas-
trointestinal disease), is greater than the renal rate
of HCO, generation. We should not develop a
metabolic acidosis from daily metabolic processes
since the distal tubule regenerates the HCO, that
is utilized in normal metabolism at the same rate
that it is consumed (unless a distal RTA is present).
Although increases in dietary protein intake and
catabolic states can increase the daily production
of hydrogen ions several fold, thisis not sufficient
to cause an acidosis in the presence of intact
kidney function. Therefore, it usually takes a
greater and more acute acid load than that seen
with normal metabolic processes to see a reduc-
tion in the HCO, concentration. This is usually the
result of either a lactic acidosis, a ketoacidosis, or
the production of an acid as the result of ingestion
of a toxin.

A metabolic acidosis can also occur with a loss
of bicarbonate from the body. If the HCO, loss is
secondary to a proximal RTA, then the primary
problem is renal, and the kidney cannot correct
this condition. If the bicarbonate loss is from the
gastrointestinal tract, the kidney can help by
increasing HCO, generation. Therefore, for gas-
trointestinal bicarbonate loss to cause a metabolic
acidosis, the rate of loss must exceed the kidney’s
ability to generate HCOs. '

Depending on the process that is responsible
for the metabolic acidosis, an increase in the anion
gap: Na ~ (Cl + HCO,) (normal = 12) may or may



546 Diagnostic Strategies for Internal Medicine

not be present. The anion gap is a useful tool in
distinguishing the etiology of a metabolic acidosis.
Electrical neutrality exists in our blood; all posi-
tive charges are accompanied by negative charges.
If we measured all charged particles in the blood,
there would be no anion gap. An anion gap (AG)
exists because the normal amount of the cation
that is used in the equation, sodium, isin a greater
concentration than the addition of the anions that
we use, chloride and bicarbonate. If we add the
cations potassium, calcium and immunoglobulins
to the equation, the anion gap increases. On the
other hand, if we add the anions albumin, phos-
phates and sulfates, the anion gap decreases or
may even be negative (a “cation gap”). The use-
fulness of the anion gap is that it allows the
estimation of the level of nonchloride and nonbi-
carbonate anions, that if elevated may indicate
the presence of the products of a metabolic acido-
sis. For instance, if a patient develops a lactic
acidosis, the lacticacid is buffered by the following
reaction: _
+ Lactic acid + NaHCO, — Na-lactate + H,CO,
From this reaction it can be seen that for each mEq
of lactic acid/L produced, the HCO; will decrease
1 mEq/L. The Na stays the same since it is still
there as Na lactate; the chloride is also unaffected
by this reaction. Since the Na and Cl are un-
changed, and the HCO; decreases by one, the
anion gap must increase by one. If the patient
makes 10 mEq/L of lactic acid, the HCO, will fall
by 10 mEq/L (from 24 to 14), and the anion gap
will increase by 10 (from 12 to 22). Therefore, an
elevated anion gap may indicate the presence of
nonchloride and nonbicarbonate anions that are
responsible for a metabolic acidosis. These are
usually the result of the reaction of NaHCO, with
either lactic acid, beta-hydroxybutyric acid, ace-
toacetic acid, formic acid, or oxalic acid, etc. The
increased portion of the anion gap therefore
represents the sodium salt of the acid {(e.g., sodium
lactate, sodium acetoacetate, sodium betahy-
droxybutyrate). Although this reaction is not
universally one to one, a good rule of thumb is:
+ In an anion gap acidosis, the change {decrease) in the
HCO, concentration (A HCO,) should approximate
the change (increase) in the anion gap (A AG),

where:

(The A HCO,) = (24 — the patient’s HCO), and

(the A AG) = (the patient’s AG - 12)
In a severe metabolic acidosis, some of the hydro-
gen ions may be buffered by intracellular nonbi-
carbonate buffers. The use of these nonbicarbon-
ate buffers will spare some of the HCO,, and the
HCO, will not decrease as low as it would without
this process. The acids that are utilizing these
buffers are still present, and therefore the degree
of elevation in the anion gap (A AG) will not
change. However, when this occurs, the A AG will
be greater than the A HCO;.

A metabolic alkalosis can coexist with a meta-

bolic acidosis. Although this concept is often

difficult 10 grasp, consider the fg_]‘.l?wp,g scenario.
A patient develops a metabolic &eidasis secondary
to vomiting caused by a gastric ulcer. The patient
has an alkalemic pH (7.50) and an increase in the
HCO, concentration to 34 mEq/L. The patient also
has a respiratory compensation with a Paco,
elevation to 45 mm Hg: H =24 x45/34 =32 =pH
7.50. The patient’s sodium is 140 mEq/L, the
chloride is 94 mEq/L, and the bicarbonate 34
mEq/L giving a normal anion gap of 12. The
patient then develops an acute upper gastrointes-
tinal bleed, goes into shock, and develops an acute
lactic acidosis, producing 10 mEq/L of lactic acid.
The lactic acid is buffered by the patient’s
NaHCQ,, 1 mEq of lactate utilizing 1 mEq of
NaHCO,. But instead of starting with a normal
HCO, concentration of 24 mEq/L, this patient
starts with a HCO; of 34 mEq/L. Therefore the
HCO, does not drop from 24 to 14 (24 — 10 = 14);
it drops from 34 to 24 (34 — 10 = 24}. The two
metabolic disorders have essentially canceled
each other out. The patient no longer has an
elevated HCO,, and therefore the Paco, returns to
a normal level (40 mm Hg). The patient’s acid-
base status is now H =24 x40/24=40=pH
7.40. The pH, HCO,, and the Paco, are all within
normal limits and would suggest that there are no
acid-base abnormalities, yet the patient is quite ill
with a severe lactic acidosis. Since the HCO,
concentration fell by 10 mEq/L by the production
of 10 mEq/L of lactic acid, the anion gap should
increase by 10 to 22. With the patient’s sodium



remaining at 140 mEq/L, the chloride at 94
mEq/L, and the bicarbonate decreasing to 24
mEq/L, the anion gap is 22. The only clue to the
presence of the metabolic acidosis is this elevation
in the anion gap. Therefore:
« A simultaneous metabolic acidosis and metabolic
alkalosis can occur which can result in a normal-

appearing blood gas. To completely rule out an acid-

base abnormality, the patient must have a normal
blood gas, HCO,, Paco,, and a normal anion gap.
In the previous example, the degree of the

primary metabolic acidosis was created to cancel .

out the primary metabolic alkalosis, resulting in a
normal pH. The severity of each of these two
simultaneous primary discrders may not be equal,
and therefore the pH may not be normal. In fact,
any degree of primary metabolic alkalosis may
coexist with any degree of primary metabolic
acidosis, resulting in an acidemic, alkalotic, or
normal pH. For instance, in the above example
the patient produced 10 mEq/L of lactic acid,
reducing the HCO, from 34 to 24 mEq/L. If the
patient had produced only 6 mEq/L of lactic acid,
the HCO; would have dropped from 34 to 28
mEq/L, and the patient would still have an alka-
lemic pH despite the presence of the metabolic
acidosis. On the other hand, the patient could
have produced 14 mEq/L of lactic acid, which
would have reduced the HCQO, from 34 to 20
mEq/L, and the patient would become acidemic
{(despite the presence of the metabolic alkalosis}.
All three of these examples (lactic acid production
of 6, 10, and 14 mEq/L in the presence of a patient
with a primary metabolic alkalosis) represent
simultaneous primary metabolic acidosis and al-
kalosis, although one is alkalemic, one acidemic,
and one has a normal pH. This becomes tricky to
evaluate. However, the presence of the two simul-
taneous disorders can be determined by compar-
ing the degree of elevation in the anion gap (A AG)
to the degree of the reduction in the level of HCO,
(A HCO;). If a metabolic alkalosis is present at the
time of the development of the anion gap meta-
bolic acidosis, the HCO; will not be as low as
would be predicted from the degree of elevation in
the anion gap. This will reflect in a change in the
anion gap from a normal value of 12 (A AG) that
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is greater than the change in the HCO; from the
norma) value of 24 mEq/L (A HCO;). Since this
can also occur as a result of some of an acid load
being buffered by intracellular buffers (see
above), a A AG that is greater than the A HCO,
does not always indicate a simultaneous meta-
bolic acidosis and metabolic alkalosis. However, if
this discrepancy is large, with the AAG=1.5x%A
HCOQ,, this may be a clue that these two metabolic
primary disorders are simultaneously present:

* A AAG that is >1.5 x the A HCO, indicates a
simultaneous metabolic acidosis and metabolic
alkalosis, where:

(The A HCO; = (24 — the patient’s HCO,), and
(the A AG) = (the patient's AG — 12)

If the final HCO, is acidotic (<24 mEq/L), the
patient has a hidden primary metabolic alkalosis,
and if the final HCO, is alkalotic {>24 mEq/L), the
patient has a hidden primary metabolic acidosis.
When a metabolic acidosis and alkalosis coexist,
the expected respiratory response depends on the
final HCO; concentration, just as though only one
primary disorder were present. If the net effect of
the two disorders results in an abnormally high
level of HCO, (>24 mEq/L), the Paco, should
compensate by an appropriate elevation. If the net
effect of these two disorders results in a depressed
level of HCO, (<24 mEq/L), the Paco, should be
depressed. The degree of the respiratory compen-
satory response is the same whether or not one or
two primary metabolic disorders are present and
is determined by the final HCO, concentration by
the amounts provided in Table 9-3-3.

When the respiratory compensation is not
close to what would be predicted, a primary
respiratory acid-base disorder is also present, and
these are termed triple acid base disorders. These
occur when a simultanecus metabolic acidosis
and alkalosis are accompanied by cither a primary
respiratory acidosis or alkalosis. For instance,
consider the above example of the vomiting alka-
lemic patient who develops a gastrointestinal
bleed, shock, and lactic acidosis, where the lactic
acidosis at 10 mEq/L exactly cancels out the
alkalosis (final HCO; of 24 mEq/L}. If that patient
hyperventilates because of being in shock and
acguires a Paco, of 30 mm Hg, the final pH would
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be H" =24 x 30/24 = 30 = pH 7.52. This patient
has the triple acid-base disorder of a metabolic
acidosis, metabolic alkalosis, and a respiratory
alkalosis. The arterial blood gas by itself would
demonstrate only an uncompensated respiratory
alkalosis. The presence of the A AG (10) being
greater than the AHCO, (0) indicates the presence
of the other two primary metabolic disorders.

The determination of a simultaneous metabolic
acidosis and metabolic alkalosis requires an in-
creased anion gap. It is possible to have a simul-
taneous metabolic alkalosis and nonanion gap
acidosis, but it cannot be diagnosed by any of these
laboratory values since they will all be normal.
Since a respiratory acidosis and alkalosis cannot
also coexist, quadruple acid-base disorders are
impossible.

The major causes of an increased anion gap
acidosis are listed in the box. In practice, the
majority of the cases are due to either lactic
acidosis, ketoacidosis, or renal failure. Much less
common are the acidoses related to the ingestion
of a substance that result in the production of large
quantities of an acid (e.g., salicylate intoxication)
and methanol or ethylene glycol ingestion. These
latter three acidoses should not occur in the
hospital setting and therefore are diagnoses that
are more likely to be encountered in the emer-
gency room. Methanol and ethylene glycol inges-
tion should always be considered in the alccholic
patient with an elevated anion gap acidosis, al-
though that patient is also at risk for lactic acidosis
and alcoholic ketoacidosis, Methanol and ethyl-
ene glycol blood levels are not usually readily
available, and therefore the emergency room
physician must have a high index of suspicion for
these disorders since delay in diagnosis can have
grave consequences. A clue to the ingestion of
ethylene glycol is the presence of oxalate crystals
in the urine, since this is a final breakdown
product of this toxin.

Another clue to the ingestion of these sub-
stances is the presence of an elevated osmolal gap.
The patient’s serum osmolality can be estimated
(ESQ) using the following equation: ESO =
(Na x 2) + ([BUN, in mg/dl]/2.8) + {[blood glu-

]
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CAUSES OF ANION GAP AND
NONANION GAP METABOLIC
ACIDOSES

ANION GAP INCREASED
« Lactic acidosis
+ Ketoacidosis
+ Diabetic
* Alcoholic
+ Starvation
+ Methyl alcohol ingestion
* Ethylene glycol ingestion
« Salicylate intoxication
+ Renal failure
ANION GAP NORMAL
* Bicarbonate loss
« Gastrointestinal losses
« Diarrhea
+ Pancreatic, biliary, or intestinal fistulae
« lleal conduit
+ Proximal RT
+ Distal RTA
+ Administration of hydrochloric acid
« HCI
= Ammonium chloride
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cose in mg/dl]/18). The patient’s serum osmolal-
ity can be easily measured (MSO) by the labora-
tory, and should be done by the method of freeze
point depression to determine the presence of any
alcohols. The osmolal gap is equal to [MSO -
ESO]. An elevation in the osmolal gap indicates
the presence of large amounts of an unaccounted
osmotically active molecule. In the presence of an
elevated anion gap acidosis, an elevated osmolal
gap of greater than 25 serves as a clue to the pres-
ence of an ingestion-related metabolic acidosis
(methanol or ethylene glycol).

« An osmolal gap should be determined in patients
presenting to the emergency room setting with an
increased anion gap acidosis where another cause is
not immediately apparent.



The most common cause of an elevation in the
osmolal gap is the ingestion of ethanol, and
therefore an ethanol level should accompany the
determination of the serum osmolality. In addi-
tion, an elevation in the osmolal gap has been
reported in renal failure, lactic acidosis, and ke-
toacidosis. Since these acidoses are also associated
with an elevated anion gap, this would seem to
limit the usefulness of the osmolal gap in the
differential diagnosis of an increased anion gap
acidosis. However, these conditions should not
raise the osmolal gap above 25. Therefore, if one
uses this cut off level, the osmolal gap can be a
useful screen for methanol and ethylene glycol
intoxications.

The other major subset of metabolic acidoses
are those accompanied by a normal anion gap,
also called “nonanion gap metabolic acidoses.”
The causes of these disorders are relatively
straightforward. The most common cause is sec-
ondary to loss of HCO, from the body through
cither renal or gastrointestinal losses. The renal
loss of HCO, secondary to a proximal RTA was
discussed in Task #1. Administration of the car-
bonic anhydrase inhibitor acetazolamide essen-
tially induces an iatrogenic proximal RTA and will
produce a nonanion gap acidosis. Gastrointestinal
losses of HCO; can result in a metabolic acidosis if
the degree of loss is greater than the kidney’s abil-
ity to increase HCO; generation. In both of the
situations of gastrointestinal and renal loss of
HCO,, there is not an increase in the production of
acid, and since the acid related anions, NaA, that
are produced in the reaction: HA + NaHCO; —
NaA + H,CO,, are easily excreted, the anion gap
does not increase. In a distal RTA, bicarbonate is
notlost from the body, but the level of [HCO,] falls
progressively since regeneration does not keep up
with utilization. Again, the NaA-related anions
are not retained in patients with a distal RTA, and
the anion gap remains normal.

The loss of bicarbonate can occur at many
levels of the gastrointestinal tract including small
intestinal, pancreatic, and biliary drainage. In
addition, if urine is diverted into the bowel
through either a fistula or a surgically created ileal
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conduit, the chloride of the urine is exchanged for
HCO, by the intestinal mucosa and is excreted in
the “stool” (in the presence of a fistula) or in the
urine (in the presence of a conduit).

Finally, a rare cause of nonanion gap acidosis
is the ingestion of either hydrochloric acid or
ammonium hydrochloride (the latter being the
metabolic equivalent of hydrochloric acid). In
both of these conditions the hydrochloric acid is
buffered by NaHCO;:

+ HCl+NaHCO, — NaCl and H,CO,

Since the anion of the acid is chloride, and since it
is still ptesent and measured, the anion gap does
not increase. The nonanion gap acidoses are
summarized in the box.

An anion gap acidosis and a nonanion gap
acidosis can also occur simultaneously. This could
be the case in a patient with diarrhea and diabetic
ketoacidosis. For example, with the HCO; loss
associated with diarrhea, the HCO,; could fallto 16
mEq/L, a A HCO, of 8 (24 — 16 = 8}, but with a
pormal anion gap of 12. If the patient then
develops diabetic ketoacidosis and produces 8
mEq/L of acetoacetic acid, the HCO, decreases
another 8 mEqg/Lto 8 (16 — 8 =8) with an increase
in the anion gap by 8 to 20 (12 + 8 = 20). The
patient now has a severe acidosis and has an
elevated anion gap. However, the 16 mEq/L fall in
the level of HCO; (A HCO, = 24 — 8 = 16) is twice
the increase of 8 in the anion gap (AAG=20-12
= 8). Therefore:

« A A HCO, that is greater than the A AG indicates a
simultaneous anion gap and nonanion gap metabolic
acidosis, where:

{the A HCO, =(24 — the patient’s HCO,), and
(the A AG) = (the patient's AG — 12)

QUESTION 6 What is an approach to the deter-
mination of a patient’s acid-base status?

This is best accomplished by a set of rules, Most
patients will have a simple primary acid-base
disorder with an appropriate compensatory re-
sponse. The evaluation of these disorders should
be relatively straightforward. However, many pa-
tients will have 2 or 3 primary acid-base disorders.
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These cases can be very confusing if not ap-
proached systematically. It must be appreciated
that the evaluation of a patient’s acid-base status
must include the pH, the HCO,, the PaCO,, and
the anion gap. If any of these are left out, evalu-
ation becomes incomplete. It is best to start with
the pH. This method should identify most acid-
base disorders. Although small (2 to 3} increases
or decreases in the PaCO,, HCO,;, or anion gap
may represent a mild acid-base disorder, abnor-
malities of such a minor degree may be within the
margin of error of the measurement of these
factors. Therefore, caution must be taken not to
overestimate the clinical significance of these mild
abnormalities.

1. From the pH, determine if an acidemia or

alkalemia exists.

a. If the pH is abnormal, determine the pri-
mary disorder(s): Is an abnormal HCO, or
Paco,, (or both) responsible for the abnor-
mality in pH? If only one abnormality is
responsible, define the disorder and go to
#2_If two primary abnormalities are respon-
sible, define them and skip to #3.

b. Ifthe pHisnormal, look atthe HCO, and the
Paco,. Remember that anormal pH does not
rule out an acid base-disorder if two pri-
mary disorders cancel each other out (e.g., a
metabolic acidosis and a respiratory alkalo-
sis or a metabolic atkalosis and a respiratory
acidosis). If two primary disorders are found
with a normal pH, skip to #3.

c. If the pH, the HCO;, and the Paco, are all
normal, skip to #3.

2. Determine if an appropriate compensation is
occurring.

a. The direction of change in the Paco, to
compensate for metabolic disorders and the
direction of change in the HCO, to compen-
sate for respiratory disorders should be in
the same direction as the increase or de-
crease of the HCQ, or Paco, of the primary
disorder.

b. Determine if the degree of compensation is
appropriate for the disorder (Table 9-3-2).

3. Calculate the anion gap.

a. If normal, no other acid base abnormalities
exist.

b. If elevated, a primary metabolic acidosis is
usually present, even if the HCO, is not
depressed.

¢. If elevated and the HCO, is elevated, a
hidden primary metabolic acidosis is pre-
sent in addition to the primary metabolic
alkalosis.

d. If elevated and the HCOQO, is normal, a
hidden primary metabolic alkalosis and a
hidden primary metabolic acidosis are
present.

e. If elevated and the HCO, is depressed, com-
pare the A HCQ, to the A AG:

f. fthe AAGis>1.5 AHCO,, ahidden primary
metabolic alkalosis is present in addition to
the primary metabolic acidosis. If the A
HCOQ, is > the A AG, the metabolic acidosis is
a mixed anion/nonanion gap acidosis.

This approach is summarized in Fig. 9-3-1 on
p- 555.

QUESTION 7 How are these disorders treated?

Once an acid-base disorder is identified, treat-
ment should be aimed at reversing the primary
disease condition, The treatment of the numerous
acid-base disorders is beyond the scope of this
chapter. However, there are some general consid-
erations for the treatment of metabolic acidosis
that will be discussed.

The first relates to the primary disease process.
For instance, when one uses the example of
diabetic ketoacidosis, there are issues of volume
replacement, insulin administration, potassium
and phosphorus balance, in addition to evaluating
the cause of the ketoacidosis (infection, etc.).

The second issue relates to an understanding of
the fate of organic acids, such as the keto acids and
lactic acid, after they have been buffered by
NaHCQ,. Their potential effect on systemic pH is
significantly attenuated by their reaction with
NaHCQ,. Using lactic acidosis as an example:



+ Lactic acid + NaHCQ, —» Na Lactate + H,CO,

As long as lactic acid continues to be produced,
this equation will deplete the stores of NaHCO;,
and a metabolic acidosis will be present. If the
process that caused the lactic actdosis ceases,
the regeneration of NaHCO, can begin to replete
the bicarbonate stores. This occurs by two mecha-
nisms. First, the sodium lactate produced by this
reaction can undergo oxidative metabolism to
produce bicarbonate by the following reaction:

» Nalactate +3 O, > 2 CO, + 2 H,O + NaHCO,

If sodium lactate is not lost in the urine, then the
HCO, stores can be completely repleted just by
this conversion of sodium lactate back to HCO,.
This is the case in a seizure, where an acute and
finite lactic acidosis will result in a rapid anion gap
metabolic acidosis, which can reverse within min-
utes of the end of the seizure. Therefore, if
NaHCOQ, were adminisiered to that patient, the
patient would eventually have an excess of HCO,
and develop a metabolic alkalosis after the com-
plete oxidative metabolism of the sodium lactate.
Most lactic acidosis states do not reverse as rapidly
as does a seizure, and therefore an extremely low
pH may mandate the administration of NaHCO,.
If these patients recover and had received large
amounts of NaHCQ,, they are at risk of developing
a metabolic alkalosis.

The regeneration of HCO; by oxidative me-
tabolism also occurs with the metabolic end-
products of other organic acidoses, including ke-
toacidosis. Therefore, the metabolism of each
mEq of Na-acetoacetate and Na-betahydroxy-
butyrate can also yield 1 mEq of NaHCO;. These
oxidative reactions occur very quickly and can
result in rapid repletions of the HCO, to normal
levels. In diabetic ketoacidosis, this can only occur
after the production of the acids has slowed or
ceased, which can be expected with appropriate
insulin therapy. The degree to which the HCO,
level can be increased by this process depends
entirely upon the available amount of Na-
acetoacetate and Na-betahydroxybutyrate. This
in turn depends upon the amount of these anions
that has been lost in the urine, and since high
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intravenous fluid rates are often recommended as

an integral part of the therapy of diabetic ketoaci-

dosis, urinary losses of these anions can be sub-

stantial. This has led to the recommendation that

intravenous fluid rates should be dictated by a

patient’s volume status as opposed to a preset:
“cookbook” rate, since patients receiving less fluid

during the course of treatment have a more rapid

rise in their HCO, levels than those receiving

higher rates.

The other means by which NaHCO; is regen-
erated after an acid load is through the kidney. In
the setting of a metabolic acidosis with acidemia,
the distal tubule will increase its excretion of
NH,", resulting in HCO, regeneration to the blood
(see Task #2). This is a relatively slow process, and
it may take days to completely replenish a signifi-
cantly depleted HCO, pool. In the setting of renal
failure, this process may be severely limited, and
an exogenous source of HCO, is even more likely
to be necessary. This alkali therapy could be
through the direct administration of NaHCO,, or
through an indirect source that results in the
production of NaHCO, {e.g., Na citrate, Na ac-
etate, or Na lactate).

The third issue in the treatment of a patient
with an acid-base disorder relates. to whether or
not the pH needs to be acutely treated with
sodium bicarbonate or another source of base. As
was just presented, some patients may be able to
correct their acidosis fairly rapidly by the oxida-
tive metabolism of their anions and therefore do
not need any exogenous source of base. Exceptin
the case of a seizure, this may be difficult to predict
in a given patient. Since severe acidemia may
result in impaired myocardial function and va-
sodilatation, hypotension may occur. Patients are
also at increased risk of cardiac arrhythmias.
Therefore, certain patients may benefit from a
maneuver that will rapidly increase the systemic
pH. These deleterious effects of severe acidosis are
most prominent when the pH falls below 7.20,
and this level of pH may serve as a reasonable
therapeutic end point. However, there is contro-
versy about the efficacy and safety of giving
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NaHCO, to patients with various metabolic aci-
doses. Because of the reaction:

« HA + NaHCO, — NaA + H,CO, - H,0 + CO,
whenever an acid load is acutely buffered by
NaHCO,, CO, production acutely increases. As
long as pulmonary function is intact, the lungs
will rapidly excrete the CO,, and the Paco, does
not necessarily increase. Nevertheless, an in-
crease in the Paco, is a risk of the trcatment with
NaHCO,.

Alsorelated to this acute increase in the Paco, is
the risk of paradoxically decreasing the pH of the
central nervous system. When NaHCO; is admin-
istered, the systernic HCQ; and pH both increase.
There is a lag time for the HCO; to cross the blood-
brain barrier, and therefore the central nervous
system pH does not increase as rapidly. Also after
the administration of NaHCOQ,, some of the CO,
produced diffuses easily into the cerebral spinal
fluid. This acute increase in central nervous sys-
tem CQ, and lag in the increase in HCO; increases
the ratio of CO, to HCO, and may lead to a para-
doxical decrease in central nervous system pH,
{despite a maneuver that was meant to increase
it). A decrease in sensorium has been reported in
patients after receiving NaHCO; for severe meta-
bolic acidosis, but these reports are rare.

Ventilation, from an acid-base standpoint, is
driven by the pH of the central nervous system.
Since there is a lag time for the HCO, to cross the
bleod brain barrier after a NaHCO, load, the
patient may continue t0 hyperventilate for several
hours after the systemic HCO,; and pH have
increased. The persistently lowered Paco, from
this continued hyperventilation, in conjunction
with an increased HCO,, puts the patient at risk
for an alkalemia. This overshoot alkalosis is yet
another argument against the administration of
NaHCO, to the acidotic patient.

The patient with a severe metabolic acidosis
may require large quantities of NaHCO,. Most
intravenous preparations of NaHCOQO; are pro-
duced at a concentration of 1.0 mEg/ml. This
solution has a sodium concentration of 1000
mEq/L and an osmolarity of 2000 mosm/L. Ad-
ministration of large amounts of these solutions

can therefore lead to hypernatremia and fluid
overload, and patients must be followed carefully
for the development of these complications.

Finally, there appears to be a negative feedback
mechanism with the level of HCO, and the pro-
duction of lactic and keto acids with acidemia
slowing the production of these acids. Therefore,
alkali loading could actually increase their pro-
duction and perpetuate the acidosis.

These arguments against the use of NaHCO, in
the severely acidotic patient (pH < 7.2) cannot be
considered without an appreciation of the unto-
ward effects of severe acidemia. Most of these
concerns, although related to predictable bio-
chemical and physiologic events, have been ex-
aggerated as a cause of patient morbidity. There-
fore it is the opinion of this author, that in most
circumstances, the benefits of the judicious use of
exogenous alkali for patients with severe meta-
bolic acidemia greatly outweigh the potential
risks.

The decision of whether or not to administer
NaHCO; should be determined by the pH, al-
though not all equivalent pH values carry the
same risk to the patient. For instance, a pH of 7.20
can accompany a number of combinations of

HCO, and Paco,:
pH HCO, Paco,
720 20 53
7.20 15 39
7.20 10 26
720 5 13

Now let us assume that the HCO; falls, in each
case, by another 2 meq/L, and that the Paco,
cannot be lowered further:

pH HCO, Paco, ApH

7.15 I8 53 0.05
7.14 13 39 0.06
7.t 8 26 0.09
6.98 3 13 0.22

The patient with the lower initial HCO, is going to
have a greater reduction in pH (A pH) given the
same acid load than the patient with the higher
initial HCQ,, despite having the same pH at the
time of the acid load.

The same is true of small increases in the Paco,.






