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OBJECTIVES
• Why is [H+] important?
• Osmolytes, free water, Na, and acid turnover in our bodies is vast and
heavily regulated.
• The relative emphasis of acid, base and salt has varied over time.
• The effect of small strong ions on waters auto ionization mandates
that strong ions are taken into account in [H+] .
• Measure and act on the interesting instead of making the
measurable interesting!

Why is [H+] important?

Osmolytes, free water, Na, acid turnover in our bodies is vast

• Human pH is 6,8IC-7,4EC ≈ pH7 IC
• Humans produce about 0.07-0.1 mol H+ /day
(1–1.5 mmoles of H+ per kilogram per day at 70kg)
• Humans contain 0.0000042 mol H+/l H2O
(0.6l/kgx70kg x 0.0000001mol/l)
• ≈ Humans produce >20,000 x the H+ content every day.

Na and water content is tightly regulated
• Renin, angiotensin, Aldosteron, ANP and BNP governs volume status via Na+
excretion or retention
• ADH governs osmolarity via thirst and water retention.
• Daily Na requirement is less than 5 g/day = 85,5 mmol/day
(1 gram salt (NaCl) = 393,4 mg Na = 17,1 mmol Na)

Huttman, Annals of the American Thoracic Societ
2013

1883 Arrhenius Theory H+ & OH- doners
1923 Brønsted-Lowry Theory ; HA ↔ H+ + A–
1920-1924 the Van Slyke definition Na+ & Cl-

THE
THEORIES

Lewis Theory :
1889 Waltern Nernst []
1909 Sørensen pH
1916 Henderson-Hasselbalch pH≅CO2/HCO31960 Astrup SBic
1977 Siggaard Andersen st BE (via Van Slyke)
1963 Boston rule of thumb
1981 Steward Na+ & ClFencl

THE ARRHENIUS THEORY
SVANTE ARRHENIUS 1859-1927
1903 NOBEL PRICE

The Arrhenius Theory:
•

1883 - Svante Arrhenius proposes that acids will produce hydrogen ions and bases will
produce hydroxide ions when dissolved in water.

•

First, the Arrhenius Theory, or Model, which it is also commonly referred to, was formulated
by a Swedish Chemist named Svante Arrhenius in 1883. This states that an acid is a
substance that contains hydrogen and also ionizes to produce hydrogen ions in an aqueous
solution, and that a base is a substance that contains a hydroxide group and dissociates to
produce hydroxide ions in an aqueous solution.

HCl (g) → Cl- (aq) + H+ (aq)
NaOH (s) → Na+ (aq) + OH- (aq)

Let's take a look at what happens to an acid and a base according to the Arrhenius Theory:
Hydrochloric Acid: HCl (g) → H+ (aq) + Cl- (aq)
Sodium Hydroxide: NaOH (s) → Na+ (aq) + OH- (aq)

https://pubsapp.acs.org/subscribe/archive/tcaw/12/i03/pdf/303chronicles.pdf

THE BRONSTED-LOWRY
JOHANNES NICOLAUS BRØNSTED 1798-1947 MARTIN LOWRY (1874-1936)
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• Next, the Bronsted-Lowry Theory (1923), formulated by a Danish
Chemist named Johannes Bronsted and an English Chemist named
Thomas Lowry. Their proposal was a more inclusive model of both
acids and bases that was based a lot on hydrogen ions.
• Their theory states that an acid is a hydrogen ion donor and that
base is a hydrogen ion acceptor. HA ↔ H+ + A–

THE VAN SLYKE DEFINITION
DONALD DEXTER VAN SLYKE (1883-1971)

Acid–base status was
partly determined by
electrolytes, particularly:
Na+ and Cl-

By 1900, Naunyn and other workers had adopted an acid definition
that appears to combine the generalized Arrhenius definition with
Faraday’s earlier description of anions such as chloride as acid
forming and of metal cations such as sodium as base forming.
Naunyn proposed that the acid–base status was partly determined by
electrolytes, particularly sodium and chloride. This definition was
embraced around 1920 by Van Slyke and is now known as the Van
Slyke definition.
Critical Care 2004, 8:253-258 (DOI 10.1186/cc2861)

LEWIS THEORY
GILBERT NEWTON LEWIS 1875-1946

Acid:
electron pair acceptor
• Gilbert Lewis refined the acid and base concept to include
dissolution events in nonaqueous solvents.

• You may know Lewis as the person who developed the electronpair theory of chemical bonding and who also came up with the
idea of Lewis Structures which keeps track of all the valence
electrons in atoms and molecules.

Base:
electron pair donor

• His theory states that an acid is an electron pair acceptor and
that a base is an electron pair donor. Organic chemists often use
this definition

pH the negativ log of [H+]
Søren Peter Lauritz Sørensen, 1868-1939 Carlsberg Laboratory

In his 1909 paper in
BiochemischeZeitschrift, S. P. L. Sørenson
developed a new colorimetric assay for
acidity.
More importantly, he defined the concept
of expressing acidity as the negative logarithm of the hydrogen ion concentration,
which he termed pH.
•

https://pubsapp.acs.org/subscribe/archive/tcaw/12/i03/pdf/303chronicles.pdf

LAURENCE J. HENDERSON
(1878-1942), HARVARD PROFESSOR

• 1908 The Henderson equation

HENDERSON-HASSELBALCH EQUATION

HENDERSON-HASSELBALCH EQUATION

CO2+H2O↔H2CO3↔ H++HCO3Carbonic acid

HENDERSON-HASSELBALCH EQUATION
The Henderson-Hasselbalch Equation as used in medicine

CO2+H2O↔H2CO3↔ H++HCO3-

Did we perhaps from this point:
• Make the measurable interesting
- instead of
• Making the interesting measurable?

• Before the polio outbreak, Singer and Hastings advanced
the concept of “buffer base” (BB) which is the sum of
plasma buffer anions (ie, HCO3− and all non-volatile weak
acid buffers).
•

Kishen International Journal of Nephrology and Renovascular Disease 2014:7 209–217

THE POLIO EPIDEMIC IN DENMARK
• In 1952, Danish physicians, unaware of the impact of
raised PaCO2 on HCO3 - were puzzled by the “mysterious
alkalosis” (measured as dissolved CO2 ) that was killing
polio victims.
• The rise in dissolved CO2 was not caused by alkalosis
but by respiratory acidosis due to CO2
•

Kishen International Journal of Nephrology and Renovascular Disease 2014:7 209–217

•

Thomas-Van Slyke Manometric Blood Gas Apparatus

POUL BJØRNDAHL ASTRUP SBic
19151915-2000 PROFESSOR RIGSHOPITALET DENMARK

Standard
Bicarbonate
(Sbic)
• This stimulated
Astrup to develop
a glass
in which pH could be measured
- at: in
Is electrode
measured
plasma
HCO
3
blood at 37 ° C before and after equilibration
with
• known
PaCOPCO
2. 40 mmHg (5.33 kPa)
2 of
1960, Astrup et al devised “standard
•• In
37
°
C.
bicarbonate” (SBic), which is measured plasma
HCO3- at a PaCO2 of 40 mmHg (5.33 kPa) at 37 ° C
Kishen International Journal of Nephrology and Renovascular Disease 2014:7 209–217

SIGGAARD-ANDERSEN (BE)
1932 PROFESSOR EMERITUS, CLINICAL BIOCHEMISTRY, UNIVERSITY OF COPENHAGEN.

base
excesset al introduced the BE concept.
• • InABE
1977actual
SiggaardAndersen
Base
needed
pHorto
7.40
• • “BE”
is defined
asto
therestore
amount oftoacid
base
that must be
added in vitro to a sample of whole blood to restore the pH to
• while
at aPaCO
PaCO2
of 40 mmHg (5,3 kPa)
7.40
2 is kept constant at 40 mmHg (5.33 kPa).
• “SBE” Oxygenated blood at PaCO2 40 mmHg (5.33 kPa) and
Hb 50 g/L (3mmol/L) has a BE of zero.

• SBE standard base excess

• However, BE is not a titrated but a calculated value, assuming
• normal,
Base nonneeded
to restore
carbonated
buffer to pH to 7.40
•

• at a PaCO2 of 40 mmHg (5,3 kPa)

Kishen International Journal of Nephrology and Renovascular Disease 2014:7 209–217

• In anaemic (ECF) conditions Hemogolobin 5 g/dl
(3mmol/l)

PETER ARTHUR ROBERT STEWART
(1921–1993) BROWN UNIVERSITY AS PROFESSOR OF MEDICAL SCIENCE

Stewart characterised [SID], ATOT and PCO₂ as independent variables, and
[H+] as the dependent variable of interest
• CO2
• SID = (Na+, K+, Ca++, Mg++) - (Cl−, lactate, sulfate, ketones etc)
(Strong ions are fully dissociated at physiological pH)
• ATOT = albumin, globulins, and inorganic phosphate).
(Weak acids are not fully dissociated at physiological pH)
Critical Care2004, 8:253-258 (DOI 10.1186/cc2861)

• This approach, using the strong ion difference (particularly the sodium chloride
difference) and the concentration of weak acids (particularly albumin), pushes
bicarbonate into a minor role as an acid–base indicator rather than as an
important mechanism.
• This led to criticism from authors of the bicarbonate centred models.
•

International Journal of Nephrology and Renovascular Disease 2014:7

VLADIMIR FENCL
1923-2002

• Fencl divided the effect of strong ion difference on
base excess into sodium and chloride effects.
• This group calculated the base excess effects of
changes in free water on the sodium concentration
and changes in the chloride concentration.
•

Story British Journal of Anaesthesia 92 (1): 54±60 (2004)

• Stewart’s concept (essentially a modern version of the old BB concept of Singer
and Hastings) has given a different insight into acid–base physiology.
• However, controversy exists around this approach from the bicarbonate centred
approach.
• Whether SID is an independent and
• HCO3− a dependent variable
• The hypothesis that water dissociates into H+ and OH−
• Electroneutrality
• The Stewart approach, as modified by Fencl, Gilfix, Figge, and others, offers
better identification and cause-related diagnosis for complex acid–base
problems.
•

International Journal of Nephrology and Renovascular Disease 2014:7

International Journal of Nephrology and Renovascular Disease 2014:7

TOOLS FOR INTERPRETATION OF ACID–BASE DISORDERS
(FROM TRADITIONAL TO MODERN)
• The Henderson-Hasselbalch pH≅CO2/HCO3− and the (“Boston”) approach
Developed by Schwartz and Relman, this approach, entirely based on the
Henderson–Hasselbalch equation, predicts the nature of acid–base disorders.
• The BE/deficit (“Copenhagen” or “Danish”) approach
Various refinements (BB, SBic, and BE) are suggested to allow better
quantification of the non-respiratory (metabolic) component of acid–base
disorders.
• Anion-gap (AG) approach: (Na++K+)-(Cl-+HCO3-)
• Stewart (“modern” or “physicochemical”) approach
•

Kishen International Journal of Nephrology and Renovascular Disease 2014:7 209–217

“Lets make the interesting measurable instead of making the measurable interesting”

Dr Frantisek Duska

BASE EXCESS - BE
Base excess
The (theoretical) amount of acid
that needs to be added to or subtracted from
blood with a normal pCO2
to return it to a normal pH.

https://www.researchgate.net/figure/Strong-ion-gap-SIG-is-the-difference-SID-a-and-SID-e-The-SIG-is-an-accurate-measure-of_fig1_319203870

• [H+] is important

• Osmolytes, free water, Na, and acid turnover in our bodies is vast and
heavily regulated.
• The relative emphasis of acid, base and salt has varied over time.
• The effect of small strong ions on waters auto ionization mandates that
strong ions are taken into account in [H+].
• Measure and act on the interesting instead of making the measurable
interesting!
David Lodahl, Aalborg University Hospital
Denmark
david_lodahl@hotmail.com

Day 1 homeostatis
Brief history of homeostasis, acids, bases and blood gases - introducing basic mathematics and terminology based on historical conceps
Physiology of body fluids and regulation of homeostasis
Blood gas exchange and transport (including the mechanisms of respiratory compensation and pCO2 gap interpretation)
The kidney – physiology with emphasis to acid-base regulation.
How the blood gas analyze works: pre-analytical errors, pitfalls, meaning of measured/calculated variables
Lactate (physiology, regulation, L/D forms, diagnosis incl. lactate gap, types and mechanisms of lactic acidoses, handling exogenous
lactate)
CSF pH and implications
Day 2 approaches
Respiratory acid-base derangements
Metabolic disorders: bicarbonate-centered approach
Boston Rules
Introduction to Stewart electroneutrality-based approach
Making sense out of it: The use of simplified electroneutrality-based approach to solving complex acid base cases.
Physiological consequences of acidaemia
Role of sodium bicarbonate in the management of metabolic acidosis
Practical workshops on real clinical cases
Day 3 the mnagic of numbers
The magic of numbers: which calculation using plasma and urine concentrations and volumes do I find useful?
Hyponatraemia – practical approach
Hypernatramia – practical approach
Influence of fluids on acid-base status
Practical workshops on real clinical cases
BG interpretation in extremes of body temperature
The game changer - Case of my life

Day 2 approaches
Respiratory acid-base derangements
Metabolic disorders: bicarbonate-centered approach
Boston Rules
Introduction to Stewart electroneutrality-based approach
Making sense out of it: The use of simplified electroneutrality-based
approach to solving complex acid base cases.
Physiological consequences of acidaemia
Role of sodium bicarbonate in the management of metabolic acidosis

Day 3 the magic of numbers
The magic of numbers: which calculation using plasma and urine
concentrations and volumes do I find useful?
Hyponatraemia – practical approach
Hypernatramia – practical approach
Influence of fluids on acid-base status
Practical workshops on real clinical cases
BG interpretation in extremes of body temperature
The gamechanger - Case of my life

