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CHAPTER 64 

Laboratory Tests: Blood Gases, Anion Gap, and 
Strong Ion Gap
Harm-Jan de Grooth, Pieter Schraverus, and Paul W.G. Elbers

OBJECTIVES
This chapter will:
1. Give a brief overview of blood gas measurement.
2. Define anion gap and strong ion gap and explain why 

these terms are used.
3. Explain the similarities and differences between anion 

gap and strong ion gap.
4. Illustrate how to use anion gap and strong ion gap and 

discuss their interpretation.

BLOOD GAS VARIABLES: MEASURED  
AND CALCULATED

Oxygen Tension and Hemoglobin Saturation
Oxygen tension, or the partial pressure of oxygen (PO2), is 
the activity of the molecules of oxygen dissolved in the 
plasma. It is measured with a Clark electrode at a tempera-
ture of 37°C. Hemoglobin oxygen saturation (SatHb or SO2), 
measured by infrared spectroscopy, is the fraction of oxygen 
bound to hemoglobin molecules relative to the total amount 
that could be bound. The relationship between the oxygen 
tension and hemoglobin saturation is represented by the 
O2-Hb dissociation curve.1 The affinity between O2 and Hb 
is reduced with increases in 2,3-diphosphoglyceric acid 
(DPG), CO2, and temperature. However, the major regulator 
of O2 affinity is plasma pH. Shifts in oxyhemoglobin dis-
sociation are easily understood from a teleological perspec-
tive: increased tissue metabolism leads to local increases 
in DPG, CO2, temperature and/or H+, which cause increased 
oxygen offloading from hemoglobin. The situation is reversed 
during alveolar transit in the lungs, increasing Hb-O2 binding 
and facilitating oxygen uptake.

By sampling from an arterial and (mixed or central) 
venous source, the oxygen extraction ratio can be calculated 
and used to assess tissue metabolism, global hemodynamics, 
and the clinical significance of anemia.

The total arterial blood oxygen content (CaO2) is deter-
mined by the hemoglobin concentration, the hemoglobin 

saturation, and the freely dissolved O2 as a function of 
PaO2. It can be approximated by the following formula:
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Carbon Dioxide Tension
The partial pressure of carbon dioxide (PCO2) measures 
the activity of the carbon dioxide molecules dissolved in 
plasma. The PCO2 is measured by the Stow-Severinghaus 
electrode and normal values of arterial PCO2 range from 
35 to 45 mm Hg. The solubility coefficient is 0.0306 mmoL/
mmHg/L, so at a PaCO2 of 40 mm Hg, the CO2 molecules 
dissolved into the plasma amount to 1.224 mmol/L, cor-
responding to 27.4 mL of CO2 per dL of plasma.

pH, Bicarbonate, and Base Excess
The pH, usually measured by glass electrode, expresses 
the activity of free protons in the plasma according to the 
following relationship: pH = −log10[H+], where H+ denotes 
the concentration of protons, expressed in mol/L. For  
example, a pH value of 7.4 corresponds to a H+ concentration 
of 39.8 × 10−9 mol/L, or 39.8 nmol/L. It is worthwhile to 
stress that this order of magnitude is 1 million times lower 
than CO2 and O2 concentrations, which are measured in 
millimoles per liter.

The primary variable derived from PCO2 and pH measure-
ment is bicarbonate, which is calculated from the rearranged 
Henderson-Hasselbalch equation:

HCO mmol/L PCO mm HgpH pK
3 210 0 0306− −= × ×[ ] ( ).

The dissociation constant (pK) is around 6.1 under physi-
ologic conditions and is calculated as a function of pH in 
some blood gas machines.

Plasma HCO3
- is affected by respiratory acid-base dis-

turbances and has a nonlinear response to metabolic dis-
turbances. Therefore the base excess (BE) is calculated to 
quantify the presence of strong acids (metabolic acidosis) 
or strong bases (metabolic alkalosis), either in whole blood 
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For the calculation of the AG, K+ often is omitted from 
the calculation because of its supposedly narrow extracel-
lular concentration. However, in critically ill patients K+ 
values lower than 3 mmol/L or higher than 6 mmol/L are 
not truly exceptional, and this may have a significant effect 
on the anion gap.

The value of the “normal AG” has decreased with more 
accurate measurements of Cl− and most laboratories now 
report a normal range of 12 ± 4 mEq/L (with K+) or 8 ± 
4 mEq/L (without K+), but clinicians always should check 
the local laboratory reference for normal values.

ANION GAP CORRECTIONS FOR ALBUMIN, PHOS-
PHATE, AND LACTATE. The reference values for the AG 
are only truly “normal” when A− is also normal. Because 
the AG is primarily filled by the weak acids albumin and 
phosphate, any decrease in the concentration of these ions 
decreases the normal AG. Conversely, dehydration may 
increase the concentration of A− and thereby raise the  
normal AG.

As A− is more often than not grossly abnormal in patients 
with critical illness, it may be practical to directly calculate 
an AG corrected for disturbances in albumin and phosphate. 
Although the charge on albumin changes with pH, the 
variance is considered small enough to be neglected in 
clinical practice. As a rule of thumb, the normal AG can 
be corrected for hypoalbuminemia by subtracting 2.5 mEq/L 
for each g/dL of decline in albumin (SI units: 0.25 mEq/L 
for each g/L).6 A direct way to adjust the AG for disturbances 
in albumin, phosphate and lactate is by use of the corrected 
anion gap (cAG) formula in Table 64.1.7,8 The value of the 
cAG should be close to 0 (± 4) mEq/L because albumin and 
phosphate constitute the vast majority of A− and the physi-
ologic quantity of unmeasured strong cations (e.g., Mg2+ 
and Ca2+) should be approximately equal to the unmeasured 
strong anions (e.g., lactate and sulphates). The cAG has 
been shown to improve the accuracy of the AG to detect 
unmeasured anions.7,8

The Strong Ion Gap
An alternative to the traditional AG is the strong ion dif-
ference (SID) and strong ion gap (SIG). These terms originate 
from the Stewart model of acid base balance (see Chapter 
65), which places more emphasis on electrolyte changes 
as causal mechanisms.3

(actual base excess) or anemic blood (standard base excess). 
BE is calculated using empiric equations derived by 
Siggaard-Andersen.2 It represents the quantity of strong 
acids or alkali to return in vitro blood to normal pH under 
reference conditions of 37°C and a PCO2 of 40 mm Hg. The 
standard BE, by estimating the BE of anemic blood, repre-
sents the metabolic acid-base balance in the extracellular 
fluid rather than in whole blood. Conceptually, BE (positive 
and negative) is a measure of how much, compared with 
normal, the buffer base and strong ion difference are 
increased (alkalosis) or decreased (acidosis). These concepts 
are further explored below.

Ion Gaps Can Be Used to Estimate the Quantity of 
Unmeasured Ions
Two approaches to calculate unmeasured ions are in use. The 
anion gap (AG) is part of the “traditional” model of acid-base 
chemistry, whereas the strong ion gap (SIG) approach stems 
from the Stewart model (also known as the “modern” or 
physiochemical model).3 AG and SIG can be used in the 
evaluation of metabolic acid-base disturbances.

Acids and bases are composed of negatively charged 
anions or positively charged cations. Strong ions are 
compounds that are completely dissociated at physiologic 
pH, whereas weak ions are in dissociated equilibrium and 
thereby serve as pH buffers. The calculation of AG and SIG 
are based on the principle of electroneutrality, which states 
the net charges of all cations and anions in a biologic fluid, 
added together, must equal zero. The principle of electro-
neutrality can be exploited to estimate the net balance of 
unmeasured cations and anions by calculating the “gap” 
between measured positive and negative charges in plasma.

The AG and SIG are conceptually similar, and prudent 
interpretation of the AG and SIG will often, but not always, 
lead to comparable results.4 Calculation of the SIG is often 
perceived as more complex but frequently yields more 
precise results. In addition, as the strong ion model acknowl-
edges that acid-base balance and electrolyte homeostasis 
are necessarily connected, a fundamental understanding 
of the SIG and its constituent parts can be used to guide 
fluid and electrolyte management.3,5

The Anion Gap
The AG is the net charge difference between the cations 
Na+, K+, and the anions Cl− and HCO3

− (Fig. 64.1). Normally, 
this difference, or “gap,” is filled primarily by the dissociated 
weak acids (A−). A−, in turn, comprises principally albumin 
and phosphate. Plasma proteins other than albumin can 
be either positively or negatively charged but, in aggregate, 
tend to be neutral, except in rare cases of abnormal para-
proteins, such as in multiple myeloma. Sulfate and lactate 
contribute less than 2 mEq/L to the normal AG. Increases 
in unmeasured cations, such as Ca2+ and Mg2+ decrease the 
AG but are quantitatively less significant.

When the anion gap is greater than that produced by 
A−, other anions (e.g., lactate, ketones) must be present 
in higher-than-normal concentrations. The AG thus can 
be used to narrow the diagnosis of a metabolic acidosis 
mainly by differentiating between hyperchloremic and 
normochloremic processes. Because the magnitude of the 
AG reflects the concentration of the unmeasured acid, it 
can be used to monitor progression or resolution of the 
disorder when measurement of the acid itself is difficult 
(e.g., in ketoacidosis).
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FIGURE 64.1 Charge balance in blood plasma. “Other cations” include 
Ca2+ and Mg2+. The strong ion difference (SID) is always positive 
(in plasma) and SID minus effective SID (SIDe) must equal 0. Any 
difference between SID apparent (SIDa) and SIDe is the strong ion 
gap (SIG) and must represent unmeasured anions. A−, Concentration 
of dissociated weak acids; HCO3

−, bicarbonate. 
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presence of acidemia or the concentration of HCO3
−. Criti-

cally ill patients often have mixed acid-base disturbances 
in which a high AG metabolic acidosis may be obscured 
by a respiratory alkalosis or even a simultaneous metabolic 
alkalosis.

A high cAG or SIG will narrow the differential diagnosis 
to either the common causes of lactic acidosis, renal failure, 
ketoacidosis, toxins, sepsis or a set of rarer entities (Table 
64.2).5,10 The AG is an imperfect screening tool for lactic 
acidosis with poor sensitivity and specificity to detect lactate 
concentrations up to 4 mmol/L.11,12 Lactate therefore should 
be measured directly rather than estimated from the AG. 
In critically ill patients, sepsis and liver disease have been 
associated with unmeasured nonlactate anions of unknown 
origin. The magnitude of the SIG has been associated with 
poor outcomes,13,14 but attempts to elucidate which anions 
may be responsible for the increased SIG in critically ill 
patients have so far proved unsuccessful.14

Low Ca2+ and Mg2+ with associated low K+ concentrations 
may increase the cAG but not the SIG. β-lactam antibiotics 
and parenteral nutrition formulations containing acetate 
may increase the AG and the SIG. Citrate rarely may have 
the same effect in the setting of citrate accumulation during 
citrate-based renal replacement therapy or massive blood 
transfusion. Alkalemia is associated with increased cAG 
because of increased lactate production and increased 
charges on albumin and phosphate.

One approach to bring the cAG approach to the same 
quantitative standard as the SIG approach is using the 
so-called delta ratio. The cAG is expressed in mEq/L, and 
when the gap is completely due to a strong ion such as 
lactate, its concentration will have a one-for-one relationship 
with the measured gap and with base excess. Because of 
this direct relationship, the delta ratio can be used to 
diagnose mixed metabolic disturbances.15 The delta ratio 
is defined as the ratio of the increase in (corrected) AG to 
the decrease in HCO3

−. The delta ratio in uncomplicated 

The apparent strong ion difference (SIDa) is simply the 
charge difference between the commonly measured strong 
cations Na+, K+, Ca2+, Mg2+, and the anions Cl− and lactate− 
(see Table 64.1). Ionized Ca2+ and Mg2+ should be used 
(total magnesium can be multiplied by 0.7 for the ionized 
fraction), and concentrations are expressed as mEq/L. The 
SIDa is filled primarily by the negative charges on A− plus 
total “ionized CO2” (i.e., HCO3

-), which is estimated as the 
effective strong ion difference (SIDe) (see Table 64.1 and 
Fig. 64.1).

Any difference between the SIDa and SIDe therefore 
must be caused by unmeasured ions. This difference between 
SIDa and SIDe is called the SIG and theoretically should 
approach 0 mEq/L, but the normal value in critically ill 
patients is around 5 (± 5) mEq/L.9 In spite of its name, the 
SIG does not necessarily reflect an abnormality in strong 
ions but rather reflects a gap in the strong ion balance, 
which may be due to either strong or weak ions.

The SIG is conceptually similar to the corrected AG 
because both gaps quantify the net charge of unmeasured 
(an)ions. The SIG, however, is more precise because it 
incorporates the strong ions Ca2+, Mg2+ and lactate. The SIG 
also offers a potential analytic advantage because it separates 
the net sum of charges of the strong ions (SIDa) from the 
net sum of charges on weak acids (SIDe). The strong ion 
model then can be applied easily to different fluids for 
diagnostic and therapeutic purposes.

INTERPRETATION OF THE GAPS

General Considerations
An increased cAG or SIG reveals the presence of unmeasured 
anions and therefore indicates, by definition, a metabolic 
acidosis (i.e., an acidifying process), irrespective of the 

TABLE 64.1 

Equations Used to Estimate the Quantity of Unmeasured Ions

Anion gap (AG) ( ) ( )Na K Cl HCO+ + − −+ − + 3 Normal values:
12 ± 4 mEq/L (with K+)
8 ± 4 mEq/L (without K+)

Corrected anion 
gap (cAG)

( ) ( [ ] . [ ]Na K Cl HCO albumin g dL phosphate mg dL lac+ + − −+ − + + + +3 2 0 5/ / ttate)
SI (all units mEq/L):
( ) ( . [ ] . [ ]Na K Cl HCO albumin g L phosphate mmol L l+ + − −+ − + + + +3 0 2 1 5/ / aactate)

Normal values:
0 ± 5 mEq/L

Apparent strong 
ion difference 
(SIDa)

(Na+ + K+ + Ca2+ + Mg2+) − (Cl− + lactate) The difference between 
measured strong cations and 
anions.

Concentrations should be 
expressed in mEq/L (Ca2+ 
and Mg2+ multiplied by 2 
from mmol/L).

Effective strong 
ion difference 
(SIDe)

( [ ] ( . . ) [ ] .( .HCO albumin g dL pH PO pH3 4
20 123 0 631 0 40 39− −+ × × − + × −×/ 669)

Strong ion gap 
(SIG)

SIDa − SIDe Should theoretically approach 
0, but is normally 5 (±5) in 
critically ill patients.

ΔAG/ ΔHCO3
− 

(delta ratio)
( ) ( )cAG cAG HCOnormal− − −24 3 Normal values 0.8 to 1.6

Osmolar gap measured osmolality

Na
glucose mg dL BUN mg dL e

−

× + + ++[ . ]
.

1 86
18 2 8

/ / tthanol mg dL/
4 6.







SI (all units mmol/L):
measured osmolality Na glu e urea ethanol− × + + + ×+([ . ] cos . )1 86 1 25

Normally ≤ 10 mmol/L
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fluid through vomiting or gastric suctioning causes alkalosis. 
The stoichiometric renal handling of electrolytes under 
different pathologic conditions is beyond the scope of this 
chapter but may provide additional insights into complex 
acid-base phenomena.5

The acid-base effects of fluid administration also can be 
analyzed readily with the strong ion model. Normal saline 
has a SID of 0 mEq/L and causes hyperchloremic acidosis 
because it decreases the plasma SID from a normal 40 mEq/L. 
Ringer’s lactate has a SID of approximately 28 mEq/L (when 
all lactate is metabolized) and will cause much less acido-
sis.16 Saline therefore may be appropriate for the immediate 
resuscitation of hypochloremic (high SID, low SIG) metabolic 
alkalosis, whereas Ringer’s lactate is generally more appro-
priate for fluid resuscitation in the absence of metabolic 
alkalosis.

In summary, a comprehensive analysis of electrolyte 
and acid-base phenomena in plasma may reveal important 
indications for treatment. In addition, applying the same 
rationale on resuscitation fluids may provide guidance when 
deciding on type and dose in individual patients.

Key Points

1. Although few unmeasured ions are normally found 
in healthy plasma, the plasma of the critically ill 
or injured patient has increased concentrations of 
anions and cations.

2. The quantity of unmeasured anions is associated 
with poor prognosis in critically ill patients.

3. Estimates of the amount of unmeasured anions in 
the blood are affected by the assay technology used 
to measure electrolytes as well as by the technique 
used to calculate unmeasured anions (e.g., anion 
gap, strong ion gap).

4. The anion gap is affected by albumin and phosphate 
concentrations; thus the expected range should be 
corrected for abnormalities in these values.

5. Lactate always should be measured, rather than 
estimated from the anion gap.

6. The strong ion approach arguably yields more 
precise results and may provide better guid-
ance for individualizing fluid therapy in the  
critically ill.

high-AG acidosis is usually between 0.8 and 1.6. A ratio 
lower than 0.8 indicates HCO3

− decrease in excess of cAG 
increase and may thereby signify a concurrent normal-AG 
metabolic acidosis, such as lactate acidosis combined with 
severe diarrhea. A delta ratio higher than 1.6 indicates 
HCO3

− reduction less than the increase in AG and may 
signify a concurrent metabolic alkalosis, such as ketoacidosis 
with abundant vomiting or a compensatory metabolic 
alkalosis in the setting of sustained acidosis. The “normal” 
delta ratio has a wide between-patient variance and therefore 
should be used prudently.15

The osmolar gap (see Table 64.2) can be used to further 
the limit the differential diagnosis of a high AG or high 
SIG metabolic acidosis. An osmolar gap greater than 
10 mmol/L is associated with the presence of an osmotically 
active substance such as mannitol, methanol, ethylene 
glycol, polyethylene, or propylene glycol (intravenous [IV] 
lorazepam, diazepam, and phenytoin).

Strong Ions in Fluids Other Than Plasma
The appropriate renal response to hyperchloremic (low 
AG, low SIG) acidemia is to increase the plasma SID by 
excreting low-SID urine (i.e., by excreting more Cl− than Na+ 
and K+). Therefore urine with a SID>0 is inappropriate and 
is indicative of a renal cause of metabolic acidosis (Table 
64.3). In the setting of metabolic alkalemia (high plasma 
SID), a urine SID of less than 0 maintains the high plasma 
SID and indicates inappropriate chloride wasting because of 
loop- or thiazide diuretics or a chloride channelopathy such 
as Bartter syndrome or Gitelman syndrome. Similar to urine 
excretion, the loss of high-SID gastrointestinal fluid through 
diarrhea or pancreatic secretion loss causes acidosis by 
decreasing plasma SID. The loss of low-SID gastrointestinal 

TABLE 64.2 

Causes of Increased Anion Gap or Strong Ion Gap

Common 
causes

Lactic acidosis*
L-lactate (hypoxic and nonhypoxic)
D-lactate (in short bowel syndrome)
Renal failure
Ketoacidosis
Diabetic
Alcoholic
Starvation
Metabolic errors
Toxins
Methanol
Ethylene and propylene glycol
Salicylates
5-oxoproline (pyroglutamic acid)
Sepsis

Rare causes Severe liver disease
Sodium salts
Sodium lactate
Sodium citrate
Sodium acetate
Sodium penicillin (>50 million units/day)
Carbenicillin (>30 g/day)
Decreased unmeasured cations
Hypomagnesemia
Hypocalcemia
Massive rhabdomyolysis
Alkalemia

*Lactate, Mg2+, and Ca2+ are accounted for in the strong ion gap.

TABLE 64.3 

Causes of Normal Anion Gap or Strong Ion  
Gap Acidosis

Nonrenal causes:
urine SID (Na + K – Cl) < 0

Low SID infusions (e.g., 
normal saline)

Strong cation (or HCO3
−) 

losses though diarrhea
Ureteral diversions
Biliary or pancreatic fistulas

Renal causes:
urine SID (Na + K – Cl) > 0

Type 1 (distal) RTA
Type 2 (proximal) RTA
Type 4 (hypoaldosteronism) 
RTA

RTA, Renal tubular acidosis; SID, strong ion difference.
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