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Acid-Base Physiology: I
A practical approach to the diagnosis 

of metabolic acidosis

Aranya Bagchi, MBBS
DACCPM

Disclosures

• Consultant for Lungpacer® Medical Inc.
• Dry subject!
• Requires repetition and some memorization

Outline of the lectures
• Part I (04/16/18):
– An approach to the diagnosis of acid base disorders 

(with a particular focus on metabolic acidosis)
– Practice exercises
– A primer on lactic acidosis
– A (very brief) look at the Stewart method

• Part II (04/23/18):
– Treating acid-base disorders: when, how, and does it 

matter?
– A brief overview of alpha stat and pH stat

Part I: Objectives

• Why focus on metabolic acidosis?
• Outline of approaches to acid-base disorders
• A practical approach to diagnosing acid-base 

disorders
• Acidosis problems to work through
• A quick review of lactic acidosis
• Stewart – pros and cons

WHY METABOLIC ACIDOSIS?

Respiratory 
Acidosis

Metabolic Acidosis

Metabolic Alkalosis

Respiratory 
Alkalosis
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Adrogue and Madias, NEJM 1998

APPROACHES TO ACID-BASE 
DISORDERS

Definitions
• Acid:
– Arrhenius: Any substance delivering a H+ ion into a 

solution
– Brønsted-Lowry: Proton donor

• pH=pKa + log [A-]/[HA] (Henderson-Hasselbach
eq)

• Strong Acid: Low pKa, completely dissociated at 
physiologic pH

• Weak Acid: High pKa, incompletely dissociated at 
physiologic pH

Approaches to understanding acid-
base physiology

Kellum JA. Critical Care, 2005

A quick question:

• Is the Base Excess value reported in our ABG 
results influenced by the PaCO2?

• Consider the following blood gas result:
pH=7.02; PaCO2=80; BE= -7

• This ABG shows:
a) Acute respiratory acidosis only (the BE is due to 

the high PaCO2)
b) Respiratory acidosis + metabolic acidosis

2

Human PaCO2 and standard base excess compensation 
for acid-base imbalance.
Schlichtig, Robert;  Grogono, Alan;  Severinghaus, John

Critical Care Medicine. 26(7):1173-1179, July 1998.

Figure 5 . A clinical map of the average or typical human 
compensations for acid base imbalances. SBE, standard 
base excess; M, metabolic acidosis or alkalosis; AR, acute 
respiratory acidosis or alkalosis; CR, chronic respiratory 
acidosis or alkalosis. Arrows show direction of 
compensatory changes from uncompensated acid base 
imbalances. Linear pH isopleths permit location of a 
patient data set on the diagram when only a pH and 
PaCO2 are known. Solid lines have these slopes: (Table 3)

Base Excess vs. Standardized 
Base Excess
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A PRACTICAL APPROACH TO 
METABOLIC ACIDOSIS BASED ON THE 
PHYSIOLOGIC METHOD

Berend K, et al. NEJM 2014

Two modifications to the ‘physiologic 
method’

• Correction of the Anion Gap (AG) for 
hypoalbuminemia
– AG = [Na+] – ([Cl-] + [HCO3-]) = Unmeasured 

Anions (Albumin + bad stuff)
– In other words, AG is a surrogate for UA
– Critically ill patients often have low albumin levels

• Calculating the delta-delta (Δ/Δ)

Hypoalbuminemia and the AG
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AGcorr = AG + (2.5 X ([AlbuminR] – [AlbuminM]), where 
concentration is in gm/dL
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Mixed metabolic acidosis/alkalosis

K
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ΔAG-ΔHCO3: 0+/-5 (pure AG acidosis); <-5(AG + Non-gap 
acidosis); >5(AG + Metabolic Alkalosis) 
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Urinary AG/Osm Gap

• Normal response to metabolic acidosis is to increase 
urinary H+ excretion (as NH4

+)
• NH4

+ is usually excreted with Cl- (Na+K+NH4-Cl=0)
• Therefore the UAG is an indirect estimate of NH4

+

excretion
• A more negative UAG suggests HCO3 losses (GI or renal 

(ptoximal RTA))
• A positive UAG suggests impaired urinary acid 

excretion (distal RTA (1 and 4), hypoaldesteronism)
• A high urinary osm gap in non-gap acidosis suggests 

normal NH4 excretion, while a low (<40) gap suggests 
impaired acid excretion

• Use U Osm gap (instead of UAG) when U Na <20 or 
pH>6.5
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A relatively simple approach to 

evaluating metabolic acidosis

1. pH -> Acidemia/Alkalemia

2. SBE/HCO3 -> Metabolic Acidosis/Alkalosis

3. Expected PaCO2 [=(1.5 X [HCO3
-]) + 8)+/- 2] for met. 

acidosis; ΔPaCO2 = 0.7 X ΔHCO3 for met. alkalosis-> 
Superimposed respiratory acidosis/alkalosis/neither

4. AG and AGcorr

5. If AGcorr is high -> Δ/Δ

6. If Agcorr wnl -> Urinary AG ([Na] + [K] – [Cl])/ Urinary 
Osmolal Gap (2x [Na] + 2x [K] + [UUN/2.8] + [U Gl/18)

7. Plasma Osmolal Gap

A word on secondary (compensatory) 
responses

• Complete compensation in chronic respiratory 
alkalosis and (perhaps) chronic respiratory 
acidosis

• Multiple formulae exist – it is difficult to
remember them all – here is what I remember:
– ⍙pH/⍙PaCO2 (acute): 0.08/10
– Expected PaCO2 = (HCO3 X 1.5) + 8 (acidosis)
– Expected PaCO2 = (0.7 X [HCO3 – 24]) + 40 (alkalosis)
– Expected PaCO2 = HCO3 + 15 (both acidosis and

alkalosis)

A 67 year old patient has acute cholangitis. She is 
on 30 mcg/min levo, 0.04 vasopressin, with a MAP 
of 67 mm Hg. Her Labs are as follows:
pH :7.12, Lactate 18, Serum HCO3: 6
She is tachypneic but not in distress.
Does she need to be intubated because of her high 
lactate?

- If so, why?
- If not, what would prompt intubation, 
assuming she does not get worse from a 
hemodynamic perspective?

Practice Examples

• To get a reasonably detailed picture, you need 
to order 3 labs, simultaneously: 
– ABG
– Chem7
– Albumin

• A way to cross-verify ABG and bicarb:
– The Henderson eq ([H] X [HCO3]) = K X PaCO2, 

where K = 24 and [H] is molar concentration of H+

ions (determined by pH)

Morris and Low. Anaesthesia 2008

Define the acid-base abnormalities
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Case 1
Answer
• Primary Respiratory 

alkalosis
• High AG metabolic 

acidosis

Fidkowski and Helstrom, CJA 2009

Case 2-3

Patient 88
• High AG 

metabolic 
acidosis

• Metabolic 
alkalosis

Patient 59
• High AG 

metabolic 
acidosis

Case 4

Seifter JL. NEJM 2014

• High AG metabolic acidosis (Renal failure and acquired 5-
oxoprolinurea, a byproduct of impaired tylenol metabolism)

• Respiratory alkalosis
• Metabolic alkalosis 

A female patient with fever, vomiting, and postrenal failure

• High AG metabolic acidosis Appropriate respiratory compensation
• Metabolic alkalosis 
• Possible ingestion given high osmolal gap

Case 5

A patient with alcohol abuse and coma

Case 6

Berend K, et al. NEJM 2014

Answer
• Non-gap (hyperchloremic) acidosis
• Respiratory acidosis

A REVIEW OF LACTATE IN SEPSIS
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Lactic acidosis and the critically ill 
patient

• Does a high anion gap/base deficit accurately 
predict a high lactate?

• Do all patients with an elevated lactate have 
tissue hypoxia?

• What is the data on lactic acidosis and outcomes? 
Is there a ‘critical threshold’ that we should worry 
about?

• Is lactic acidosis in non-hypotensive patients a 
concerning sign?

• Should we incorporate lactate clearance into our 
resuscitation strategies? 

Do the anion gap and base deficit 
predict high lactate?

• Not necessarily
• A high AG (corrected) is 

sensitive, not specific
• Some patients may 

actually have a normal 
base deficit in spite of 
high lactate levels 
(Tuhay G, et al. Crit Care, 
2008) Levraut J, et al. Intensive Care Med. 1997;23:417

Is lactate = tissue hypoxia?

Levy, B et al. Lancet, 2005;368:871

Kraut JA, Madias NE. NEJM 2014;371:2309

Anaerobic lactate production

Kraut JA, Madias NE. NEJM 2014;371:2309

Aerobic lactate production

Lactate and outcomes

• Lactic acidosis is a poor prognostic sign in 

multiple settings (septic shock, post-cardiac 

arrest, trauma)
1,2,3

• Higher lactates correlate with worse prognosis
1

• Even high-normal values may be a signal for poor 

outcomes in critical illness
4,5

• An elevated lactate portends poor prognosis even 

in the absence of hypotension
5,6

• A generally accepted threshold for severe lactate 

level is >4 mmol/L

1. Trzeciak S, et al. Int Care Med 2007;33: 970; 2. Kliegel A, et al. Medicine 2004;83:274; 

3. Abramson D, et al. J Trauma 1993;35:584; 4. Nichol AD, et al. Crit Care 2010;14:R25; 

5. Mikkelsen ME, et al. CCM 2009;37:1670; 6. Casserly B, et al. CCM 2015;43:567
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Lactate and mortality

Mikkelsen ME, et al. Crit Care Med 2009;37:1670

Should lactate clearance be a 
resuscitation end-point?

• Opinions differ
• A study found that lactate clearance was non-

inferior to ScVO2 as an end point1

• However, ScVO2 use has been called into question 
by recent studies (ProCESS2, ARISE3) 

• Surviving sepsis guidelines recommend lactate 
clearance (grade 2C)4

• I would suggest using both ScVO2 and lactate, but 
in context, and keeping our knowledge of 
physiology in mind

1. Jones AE, et al. JAMA 2010;303: 739; 2. Yealy DM, et al. NEJM 2014;370:1683; 3.
Peake SL, et al. NEJM 2014;371:1496; 4. Dellinger RP, et al. CCM 2013;41:580

The Stewart Method
Which of the following is NOT an independent 
variable in determining the pH of a solution 
according to the Stewart method?
A. Strong Ion Difference (SID)
B. Total weak acid concentration (ATOT)
C. [HCO3

-]
D. PaCO2

Answer: C

• SID = ([Na+] + [K+] + [Ca2+] + [Mg2+]) – ([Cl-] + 
[SO4

2-] + [A-]) = 40-44 mEq/L
• [ATOT] = Total weak acid concentration 

(proteins and phosphate)

Variables in the Stewart Method

• Apparent Strong Ion Difference (SIDA)
• Effective Strong Ion Difference (SIDE)
• Strong Ion Gap (SIDA – SIDE) = SIG
• PaCO2

Adrogue HJ, et al. Kidney International, 2009
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Adrogue HJ, et al. Kidney International, 2009

Which of the following is NOT consistent with a 
non-gap (hyperchloremic) acidosis?

A. Normal corrected anion gap
B. Elevated strong ion gap (SIG)
C. Decreased strong ion difference (SID)
D. Normal to low [Cl-] concentration

Answer

B

Drawbacks of the Stewart Method
• Complex, requiring many variables
• Mathematically, it is possible to show that the 

Stewart Method is equivalent to the physiologic 
method (Krutz I, et al. Am j Physiol Renal Physiol
2008)

• Does not provide a sense of the physiology, as 
opposed to the chemistry

• Cannot be used to determine degree of 
compensatory changes

• Most importantly, essentially NO clinical 
advantage

Evidence?
• Gunnerson et al – 851 patient records analyzed. Strongest 

association of mortality with lactic acidosis (56%) and SIG 
acidosis (39%) was significantly higher than hyperchloremic
(29%) or no acidosis (25%)1

• Rocktaeschel et al in 300 patients showed that only 
unmeasured anions (UA) had a correlation with mortality. 
Also showed strong correlation between AGcorr and SIG2. 

• 3 studies3, 4, among them a prospective study in >900 
patients5 showed a tight correlation between AGcorr and SIG 
(R2>0.97)

• Taken together: Unmeasured anions and lactate are 
correlated with mortality, and AGcorr is as accurate as the 
SIG in detecting UA

To summarize…

• Frequent repetition helps proficiency
• There is no gold standard method – use the 

system you are comfortable with
• Use as many data points as you can to help 

support your judgment
• The time to send a lactate is when you first 

think about it!
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Questions?
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