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Metabolic Acidosis and Compensatory
Respiratory Response
The normal PaCO2 is 35-45 mm Hg. The compensatory hyperventilatory response to 
metabolic acidosis is fully developed within 12 to 24 hours.

The appropriate respiratory response to metabolic acidosis is the                                                 
Winters equation: Paco2 = {(1.5 × ∆HCO3) +8}±2

This prediction relationship works well for mild to moderately severe metabolic acidosis 
([HCO3] between 7 and 22 mEq/L).

If metabolic acidosis exists and the PaCO2 is not in the predicted range, a second, 
respiratory, acid-base disturbance probably exists.



The Anion Gap

If only [Na+], [Cl−], and 
[HCO 3−] are considered, 
an anion gap (AG) normally 
exists

The total anion and total 
cation concentrations 
(measured in units of 
mEq/L) must be equal.

High AG metabolic acidosis 
reduces the [HCO 3−] w/o 
changing [Cl−] and thereby 
increases the [AG] in a 
reciprocal fashion. 

Normal AG, or 
hyperchloremic acidosis, 
reduces the [HCO3−] 
and increases the [Cl−] 
in a reciprocal fashion

Mixed AG metabolic 
acidosis and metabolic 
alkalosis. If the [AG] is 
increased but the [HCO 3−] 
is not reciprocally reduced, 
consider mixed AG 
metabolic acidosis and 
metabolic alkalosis



Total charge concentration (measured in units of mEq/L) of dissolved cations 
must equal the total charge concentration of dissolved anions.

If only the concentrations of the 3 major serum electrolytes ([Na], [Cl], and 
[HCO3]) are considered, then the cation concentration ([Na+]) normally exceeds 
the sum of the anion concentrations: [Na+]> ([Cl−] + [HCO3−]).

The normal [AG] is generally 8 to 12 mEq/L,



The degree of increase of the [AG] (or Δ [AG]) 
represents the plasma concentration of the 
accumulating acid anions (ie, lactate, 
ketoacid anions, etc). Furthermore, the Δ [AG] 
is generally similar to the Δ [HCO3]. 

Consequently, the Δ [AG]/ Δ [HCO 3] ratio is 
generally about 1.

HAGMA - the mnemonic “GOLDMARK” 



When metabolic acidosis is due to either the accumulation of hydrochloric acid or the 
loss from the body of sodium bicarbonate anion salts such as sodium butyrate, citrate, 
acetate, lactate — representing potential bicarbonate), then a normal AG, or hyperchloremic 
acidosis, develops.

Serum albumin has a net negative charge of about 2.5 mEq/g, and this anion is the 
largest component of the normal AG. Therefore, hypoalbuminemia will reduce the [AG] 
(and hyperalbuminemia will increase the [AG]). The [AG] must be “corrected” when the 
albumin concentration is reduced or elevated. 

For each 1 gram per 100 milliliters that the albumin concentration is reduced below a 
normal level of 4.5 g/100 mL, the [AG] falls by about 2.5 mEq/L. The [AG] can be 
corrected for hypoalbuminemia with the following formula: 



This number usually represents the total venous CO2 , which includes [HCO3−],[carbonic 
acid], and dissolved CO 2 . 
The venous [total CO2 ] is typically 2-4 mEq/L greater than the arterial [HCO 3−].

Total CO2 = [HCO3-] + [H2CO3] = [HCO3-] + pCO2 × 0.0307 mmol/L

Total CO2 concentration and serum bicarbonate



Case 1

A 68-year-old man with a history of well-controlled hypertension and 
benign prostatic hypertrophy presents to the emergency 
department (ED) with 3 days of fever, dysuria, and weakness and 1 
day of rigors. 

His vital signs are temperature 38.6C; blood pressure, 90/70 mm Hg; 
and pulse, 110/min and regular. The physical examination is notable 
for dry mucous membranes and lethargy. 

His laboratory values are [Na], 138 mEq/L; potassium ([K]), 3.1 
mEq/L; [Cl], 111 mEq/L; [HCO3], 17 mEq/L; serum urea nitrogen 
(SUN), 26 mg/dL; creatinine, 1.1 mg/dL; glucose, 126 mg/100 mL; 
albumin, 2.0 g/dL. 

His arterial blood gas (ABG)values are pH 7.30; pCO2 , 32 mm Hg; 
[HCO3], 15 mEq/L;and pO2 72 mm Hg.



Question 1: Which of the following acid-base abnor-
malities exist in this patient?
a) HAGMA with appropriate respiratory compensation

b) Hyperchloremic (normal AG) metabolic acidosis

c) Mixed metabolic acidosis and respiratory alkalosis

d) Metabolic alkalosis and metabolic acidosis



Lactic Acidosis

It occurs when lactic acid production exceeds lactic acid clearance (both 
normally about 1 mmol/min). Usually lactate production increases because of 
impaired tissue oxygenation, due to either decreased oxygen delivery or a 
defect in mitochondrial oxygen utilization.



The generation of lactic acid from anerobic glycolysis primarily by muscle and the 
conversion of this lactic acid back to glucose by the liver defines the Cori cycle.

One commonly used classification system divides the clinical causes of lactic acidosis into 
those associated with clear impairment in tissue oxygenation (type A), and those in which 
a systemic impairment in oxygenation is absent or is not easily apparent (type B).

The classic causes of type A lactic acidosis include hypovolemia, sepsis, major 
gastrointestinal hemorrhage, cardiac failure, or cardiopulmonary arrest.

The causes of type B lactic acidosis include a variety of toxins, drugs, and vitamin 
deficiencies (ie thiamine) that impair cellular and/or mitochondrial metabolism or generate 
regional areas of ischemia. One classic cause of type B lactic acidosis is metformin 
toxicity, which usually occurs in patients with acute or chronic kidney injury because of the 
systemic accumulation of metformin.

Other causes of type B lactic acidosis include various malignancies, particularly leukemia 
and lymphoma, chronic severe alcohol use disorder, and some antiretroviral 
medications used to treat patients infected with human immunodeficiency virus (HIV).
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a) HAGMA due to diabetic 
ketoacidosis (DKA)
b) HAGMA due to DKA and 
metabolic alkalosis
c) HAGMA due to DKA, metabolic 
alkalosis, and respiratory
acidosis
d) HAGMA due to DKA and 
hyperchloremic acidosis

Question 2: What is his 
acid-base disorder?

Diabetic ketoacidosis



The [AG] was calculated using the reported [Na] of 120 mEq/L. Hyperglycemia reduces the blood 
[Na] because ECF hypertonicity moves water from the intracellular fluid (ICF) into the ECF and 
expansion of the ECF dilutes the ECF [Na]. 

A glucose value of 800 mg/dL will reduce the [Na] by about 14 mEq/L (expect about a 2 mEq/L [Na] 
decrease per 100 mg/dL glucose increase above normal). 
With treatment, as the glucose concentration falls toward normal and water shifts back into the ICF, 
the [Na] will increase from 120 to about 134 mEq/L. Hence, the [Na] “corrected” for hyperglycemia 
is 134 mEq/L.

Question:
To calculatedAG, which [Na] level should be use, the uncorrected 
[Na]: 120mEq/L or corrected [Na]: 134 mEq/L ?



The water shift generated by hyperglycemia will also have similar dilution effects on the 
ECF chloride and bicarbonate concentrations. 
Therefore, by convention, the “uncorrected” (for glucose) electrolyte concentrations are 
used for the AG calculations when hyperglycemia exists.

Question:
To calculatedAG, which [Na] level should be use, the uncorrected 
[Na]: 120mEq/L or corrected [Na]: 134 mEq/L ?



This patient’s measured osmolality (323 mOsm/L), which is 25 mOsm/L greater than his 
calculated osmolality (2 ×[Na] + (glucose/18) + (SUN/2.8)) = 298 mOsm/L. 

The “uncorrected” [Na] of 120 mEq/L is also used in the osmolality equation because 
this is his “true” admission plasma [Na]; the denominators 18 and 2.8 convert the glucose 
and SUN concentrations from mg/100 mL to mmol/L, or roughly mOsm/L.

Question:
To calculated osmolality gap, which [Na] level should be use, the 
uncorrected [Na]: 120mEq/L or corrected [Na]: 134 mEq/L ?

SUN, 40 mg/dL; creatinine, 1.5 mg/dL; glucose, 800 mg/dL; [Na], 120 
mEq/L. Measured osmolality is 323 mOsm/L.



A HAGMA should not directly generate an osmolal gap. 
The addition to the blood of alcohols, acetone, glycerol, and so on will raise the measured 
osmolality and create an “osmolal gap.” 
This osmolal gap disappears if the alcohol/glycol/etc. is metabolized to an acid. 
Patients with ketoacidosis often develop an osmolal gap because of increased levels of 
acetone (and to a smaller extent glycerol). 
This phenomenon also occurs commonly in patients with alcoholic ketoacidosis, so be 
cautious about diagnosing a toxic alcohol or glycol poisoning in that situation on the basis of 
a high osmolal gap. 
Also, note that acetone is not an acid and does not reduce the [HCO3] or raise the [AG].



Measured osmolality
vs.
Calculated osmolality
vs.
Effective osmolality



Effective osmolality

HHS, also known as non-ketotic hyperglycaemic hyperosmolar syndrome (NKHS). 
Characterised by profound hyperglycaemia (glucose ≥30 mmol/L [≥540 mg/dL]), 
hyperosmolality (effective serum osmolality ≥320 mOsm/kg [≥320 mmol/kg]), 
and volume depletion in the absence of significant ketoacidosis.



Question 4: Which of the following 
statements is most correct about the 
development of a hyperchloremic
metabolic acidosis in this patient?

a) The normal saline infusion diluted his [HCO3] and thereby
    generated hyperchloremic metabolic acidosis.
b) This is a common measurement artifact that develops after    
    acute treatment of DKA.
c) Different volumes of distribution of ketoacids anions and
    chloride generate hyperchloremic metabolic acidosis.
d) The loss of ketoacids anion salts into the urine converts a
    HAGMA to a hyperchloremic metabolic acidosis.



Question 5: Which of the 
following is most likely correct?

a) He is inebriated with a high blood ethanol 
level and will likely improve as the ethanol is 
metabolized.
b) He has ingested ethanol but also has 
evidence of one/or several other alcohols or 
glycols.
c) The absence of a high anion gap metabolic 
acidosis makes ingestion of methanol or 
ethylene glycol unlikely.
d) He has ingested a toxic dose of salicylate 
together with the ethanol.



a) He has developed lactic acidosis.
b) He has developed metabolic acidosis 
secondary to accumulation of glyoxylic 
and oxalic acid.
c) He has developed ethanol withdrawal 
syndrome.
d) He ingested salicylate in addition to 
ethanol and now has a salicylate-induced 
HAGMA.

Question 6: What is the most 
likely cause of the patient ’ s 
change in status?



Ethanol level of 110 mg/dL would only have 
increased his serum osmolality (ie, created 
an osmolal gap) by about 24 mOsm/L (divide 
the ethanol level [in mg/100 mL] by 4.6 to 
estimate its osmolality contribution). 

This man’s osmolal gap was 57: 
350 − [(138 × 2) + (30/2.8) + (120/18)] = 57. 

Therefore 33 mOsm/L of the osmolal gap 
was not accounted for by the ethanol level in 
his blood. Ethanol 100mg/dL = 1000mg/L = 21.7mOso/L



When a toxic alcohol, such as methanol, isopropanol, or ethylene glycol, is ingested, ethanol 
coingestion is common. Co-ingested ethanol will slow the oxidation of many toxic chemicals 
that are oxidized by the enzyme alcohol dehydrogenase.



The oxidation of the ethanol generates acetyl CoA, which is metabolized by the liver. As the 
ethanol levels fall, accelerated oxidation of the co-ingested toxic chemical will generate 
toxic organic acids . 

This metabolic sequence can simultaneously reduce the osmolal gap and generate a 
HAGMA. In this particular case the finding of calcium oxalate crystals in the urine strongly 
suggested that he had ingested ethylene glycol. Therefore, for both questions 5 and 6, 
answer (b) is correct, and the accumulating organic acids are probably mainly glyoxylic and 
oxalic acid. 

Note that one commonly ingested toxic alcohol, isopropanol (rubbing alcohol), is metabolized 
to acetone. Neither isopropanol nor acetone is an acid.Therefore, isopropanol ingestion will 
raise the osmolal gap but not generate a HAGMA.

Photomicrographs of typical calcium oxalate crystals in urine. 
Left: classic-appearing “ back of envelope ” calcium oxalate
crystals. 
Right: less pathognomonic, but more common, thick 
needle-shaped calcium oxalate crystals.



a) HAGMA
b) HAGMA and respiratory alkalosis
c) HAGMA, metabolic alkalosis and 
respiratory alkalosis
d) Metabolic alkalosis, respiratory 
alkalosis, and an artifactual
elevation of the anion gap 
(pseudohypochloremia)

Question 7: What is this patient ’ s 
acid-base disturbance?



The most characteristic acid-base disorder generated by salicylate intoxication 
is mixed HAGMA and respiratory alkalosis. Toxic salicylate levels directly 
stimulate the medullary respiratory center, increasing both the rate and depth 
of respirations; this generates the respiratory alkalosis. Salicylate toxicity also 
uncouples oxidative phosphorylation, inhibits citric acid cycle 
dehydrogenases, accelerates glycolysis (generating lactic acid), and 
stimulates lipolysis and hepatic ketogenesis. These actions combine to 
generate the HAGMA. A small component of the HAGMA is the salicylic acid itself.



This patient’s [AG] was 21 mEq/L ( Δ AG = 11), and this degree of metabolic acidosis would 
be expected to reduce her [HCO3] reciprocally by about 11 mEq/L. 

But her [HCO3  ] is 23 mEq/L. These results are consistent with HAGMA due to the 
salicylate poisoning and metabolic alkalosis due to vomiting. The resulting normal 
[HCO3 ] of 23 mEq/L should not generate any respiratory compensatory response. 

However, the ABG revealsan alkaline pH (7.63 [whenever the pCO 2 and HCO3 equal one 
another the pH must be 7.63]) and a markedly reduced PaCO2 (24 mm Hg). 

This is due to respiratory alkalosis generated by the salicylate toxicity. Thus, the correct 
answer to question 7 is (c): HAGMA, metabolic alkalosis, and respiratory alkalosis.



a) The patient also ingested bromide salts.
b) This represents pseudohyperchloremia related to the salicylate.
c) This represents pseudohyperbicarbonatemia related to the salicylate.
d) The sodium concentration is spuriously decreased.



Several clinical conditions can reduce the AG to a level near 0 or even generate a slightly 
negative AG. The 2 most common conditions that can cause this to occur are 
hypoalbuminemia (reduced “unmeasured” anions) and multiple myeloma (increased 
“unmeasured” cations with IgG myeloma, but usually not with IgA myeloma).

However, when the AG is found to be extremely negative (more negative than − 5 mEq/L) 
this is usually due to an electrolyte measurement artifact (pseudohyponatremia, 
pseudohyperchloremia, or pseudohyperbicarbonatemia).

Pseudohyperchloremia can be generated by several clinical disorders. Historically the 
most common cause of pseudohyperchloremia was chronic bromide ingestion. 

Bromide ions in the specimen can generate very high artifactual chloride concentrations. 
More recently, it has been discovered that salicylate can also generate marked 
pseudohyperchloremia.



a) Ethylene glycol ingestion/instillation
b) 5-Oxoproline (pyroglutamic acid)
c) Starvation ketoacidosis
d) D -Lactic acidosis

Question 9: The most likely cause of the 
patient ’ s HAGMA is:



This patient has a HAGMA with no readily apparent etiology. There is no biochemical 
evidence for lactic or keto acidosis. 

Although a D -lactate level was not measured, there is no history to suggest that she would 
be susceptible to this disorder ( D -lactic acidosis typically develops in patients with short 
gut syndromes). If D -lactic acidosis is suspected, a specific serum D -lactate level should 
be measured because D -lactate is not detected by routine “lactic acid” assays, which 
measures only the L optical isomer of lactate.

Her measured osmolality was normal at 290 mOsm/L and consistent with a [Na] = 140 
mEq/L (which generates about 280 mOsm/L) and a normal glucose and SUN (accounting for 
about 9 mOsm/L).



The patient has a history of depression, but there was no history of a toxin or poison 
ingestion (or infusion into her feeding tube). If she had ingested/infused a toxic alcohol, such 
as methanol, or a glycol such as ethylene glycol, these compounds should increase her 
measured osmolality and would generate an osmolal gap. 

Salicylate poisoning will often produce an HAGMA due to the combination of salicylic acid 
itself and other endogenous intermediary organic acids that accumulate. However, 
salicylate-generated HAGMA only occurs with toxic salicylate levels, and no salicylate 
was detected on admission. All these normal or negative laboratory results together with her 
clinical story strongly suggest that the most likely cause of her HAGMA is a disorder related 
to chronic acetaminophen ingestion.



Chronic ingestion of acetaminophen, especially by ill and malnourished women, has 
become increasingly recognized as a cause of HAGMA due to the accumulation of 
5-oxoproline, also called pyroglutamic acid. 

Detoxification of acetaminophen is accomplished by converting the native compound to 
several sulfated metabolites, including acetaminophen sulfate, acetaminophen 
glutathione, and acetaminophen mercapturate, which are then excreted in the urine. 

These reactions deplete glutathione, cysteine, and other sulfated intermediary 
molecules, especially when the patient is malnourished. The combination of 
glutathione and cysteine deficiency accelerates generation and accumulation of 
5-oxoproline. Thus, the correct answer to question 9 is (b).



High levels of acetaminophen can generate acute severe liver toxicity as well as acute 
kidney injury. That form of acute acetaminophen poisoning sometimes generates lactic 
acidosis. 

By contrast, the HAGMA due to chronic acetaminophen ingestion is a result of the 
accumulation of 5-oxoproline and develops in patients with therapeutic or even 
subtherapeutic acetaminophen levels.

The HAGMA due to acetaminophen related 5-oxoproline accumulation typically resolves 
quickly after acetaminophen is discontinued and the patient’s overall medical status has 
been improved with general supportive measures. Although the administration of N 
-acetyl-cysteine seems reasonable and has little apparent downside, there is no clear 
evidence that it is necessary or that it accelerates recovery.



In addition, some patients treated with the antibiotics flucloxacillin or netilmicin and 
others treated with the anticonvulsant vigabatrin have developed HAGMA due to 
5-oxoproline. However, most often 5-oxoproline acidosis is generated by chronic 
use of acetaminophen, especially in malnourished women.



a) Hyperchloremic metabolic acidosis due 
to chronic diarrhea
b) Ingestion of a toxic alcohol
c) D -Lactic acidosis
d) 5-Oxoproline (pyroglutamic) acidosis

Question 10: The most likely 
acid-base diagnosis is



D-Lactic acidosis is a rare (but likely underdiagnosed) form of metabolic acidosis 
that can affect some patients with short bowel clinical syndrome or other types 
of gastrointestinal malabsorption. 

In these patients, intestinal bacteria metabolize (ferment) unabsorbed glucose 
and starch to multiple organic acids, including the D-optical isomer of lactic 
acid, which is metabolized very slowly by humans. Hence, when this lactic acid 
isomer is systemically absorbed from the bowel, D -lactate acidosis develops.



D - Lactic acid levels can also increase in patients who receive or ingest large 
amounts of propylene glycol and in many patients with diabetic ketoacidosis. In 
these patients, D -lactic acid is a metabolic product of lactaldehyde with propylene 
glycol intoxication and methylglyoxal in diabetic ketoacidosis. 

In diabetic ketoacidosis, the concentration of D -lactic acid may reach the 8 to 10 
mEq/L range and hence significantly contribute to the HAGMA.



Patients with short bowel syndrome may have chronic, low-grade elevations that are 
insufficient to generate significant acidosis or symptomatology. However, carbohydrate 
loading can lead to severe and symptomatic D -lactic acidosis. In addition, if kidney 
function declines, a similar clinical picture may emerge.

Patients with D -lactic acidosis typically present with an AG metabolic acidosis and 
characteristic neurological abnormalities, such as confusion, cerebellar ataxia, slurred 
speech, incontinence, and nystagmus. 

The renal tubule reabsorption of D -lactate is not as efficient as the reabsorption of L -lactate. 
Therefore, large renal losses of D -lactate can convert this HAGMA to a hyperchloremic 
acidosis. If D -lactic acidosis is strongly suspected, measurements of urine D -lactate 
levels are commercially available and may be very helpful.



Treatment for D -lactic acidosis must be tailored to each patient. 

When severe metabolic acidosis develops, sodium bicarbonate can be administered. When 
the syndrome develops in patients with short bowel syndrome, oral antimicrobial agents 
(such as neomycin or metronidazole) can be helpful. 

They probably act by decreasing the density of D -lactate-producing organisms. 
Preventive strategies include a low-carbohydrate diet, which reduces colonic 
carbohydrate delivery and D -lactate production. 

Some patients with frequent episodes of D -lactic acidosis have been successfully treated 
with fecal transplantation. 


