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1Water and Sodium Balance

Carole Ichai and Daniel G. Bichet

1.1  Introduction

Water is the major constituent of the body. It represents the unique solvant of  various 
molecules (electrolytes) of our body. Although sodium is largely extracellular and 
potassium is intracellular, body fluids can be considered as being in a single “tub” 
containing sodium, potassium and water, because osmotic gradients are quickly 
abolished by water movements across cell membranes [1]. As such, the concentra-
tion of sodium in plasma water should equal the concentration of sodium plus potas-
sium in total body water:

 
Na inplasmaH O 1.11 Na e K e total bobyH O 25.6+ + +éë ùû = ´ +( )é

ë
ù
û2 2/ -  

This theoretical relationship was validated empirically by Edelman et al. [2] who 
used isotopes to measure exchangeable body cations and water. This equation has 
an intercept (−25.6); the regression line relating plasma sodium to the ratio of 
exchangeable (Na+ + K+) to total body water does not pass through zero because not 
all exchangeable sodium is free in solution. Exchangeable sodium is the major 
extracellular cation and sodium bound in polyanionic proteoglycans is also found in 
bone, cartilage and skin [1].

http://doi.org/10.1007/978-3-319-64010-5_1
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Both water and sodium balances are physiologically strictly regulated by numer-
ous hormonal, neuronal, and mechanical complex mechanisms in order to maintain 
intracellular and extracellular volumes constant.

1.2  Body Compartments and Water Shifts

1.2.1  Body Compartments and their Composition

Total body water (TBW) accounts for 50–70% of the total body weight in healthy 
adults. This proportion varies according to numerous parameters, such as age, sex 
and the lean mass/fat mass ratio (lean mass is very poor in water). TBW distributes 
for 2/3 in the intracellular volume (ICV), and the remaining 1/3 in the extracellular 
volume (ECV) [3–10].

The ICV is about 40% of total body weight. Potassium (K+) is the most abundant 
intracellular cation (120 mmol/L), but large amount of proteins contribute also sub-
stantially to generate the oncotic pressure. The ECV is distributed into the plasma 
volume and the interstitial one. In normal physiological conditions, that is, in the 
absence of heart failure, cirrhosis and nephrotic syndrome, the plasma volume is 
equivalent to the “effective arterial blood volume” (EABV) which represents 1/4 to 
1/3 of ECV, and 5% of the total body weight. In physiological situations, EABV is 
composed at 93% by water that contains various solutes. Some of them are ionized 
(anionic and cationic electrolytes) while others are not dissociated (blood urea 
nitrogen [BUN], glucose). Sodium (Na+) is the most abundant plasma cation and, 
together with accompanying anions, are the major determinants of the osmotic force 
developed in the plasma. Non dissociated solutes (albumin, globulins and lipids) 
contribute for 7% of the plasma volume. The interstitial volume is 3/4 to 2/3 of the 
ECV, i.e. 15% of the total body weight. Contrary to the plasma volume which is 
anatomically limited by the capillary endothelium, the interstitial compartment is a 
less well defined space located around cells, lymph and conjunctive tissues. In terms 
of composition, the interstitial fluid is an ultrafiltrate of the plasma. Consequently, 
its composition is close compared to plasma, but due to its negligeable concentra-
tion in protein, sodium is quite lower and chloride higher in the interstitial compart-
ment. For the same reasons, and because proteinates are impermeant solutes in the 
cells, the intracellular concentration in diffusible cations and in total ions is higher 
in cells: this is the Gibbs-Donnan equilibrium which creates an electrical difference 
in the membrane potential (Table 1.1).

1.2.2  Water and Electrolytes Shifts between the Body 
Compartments [3–10]

1.2.2.1  Movements across Intracellular and Extracellular Fluids
Water moves freely across the semi-permeable cell membranes according to the 
osmotic gradient leading to a shift from the low to the high osmotic volume until 
reaching a transmembrane osmotic equilibrium (Fig.  1.1) [4, 11–15]. Therefore, 

C. Ichai and D.G. Bichet
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Table 1.1 Main solutes and water composition of the body compartments

Extracellular volume Red blood cells Intracellular volume
Solutes (mEq/L) Blood plasma Interstitial fluid
Na+

K+

Mg++

Ca++

Cl−

HCO3
−

HPO4
2−/H2PO4

−

SO4
2−

Blood urea nitrogen
Glucose
Organic acids−

Proteinates−

142
4
2
1

105
26
2
1
5
5
5

17

137
3
2
1

111
30
2.3
1.2
5
5
5
0

19
9.5
5

–
10
15

110
–
–
Variable
–
320

10
155
10

–
10
11

105
2

–
Variable
–

74

1a

ECF ICF

CM

water

1b

ECF ICF

CM

1d

ECF ICF

CM

water

1c

ECF ICF

CM

Effective osmole

Extracellular sodium Intracellular potassium

Ineffective osmole

Fig. 1.1 Water movements between the extracellular (ECV) and intracellular volume (ICV) 
through the cell membrane (CM). (a) Normal volume and distribution of water in the ECV and 
ICV. The osmotic forces produced by the extracellular effective osmoles (mainly sodium) and the 
intracellular ones (mainly potassium) are equal, so that there is no osmotic gradient and conse-
quently no water shift across the cell membrane. ECV and ICV are isoosmotic and isotonic. (b) 
Decrease (dehydration) of ICV. The accumulation of effective solutes (sodium or glucose) in the 
ECF creates an transmembrane osmotic gradient which induces water to cross cell membrane from 
the ICV to the ECV until reaching the osmotic equilibrium between both compartments. (c) Increase 
(hyperhydration) of ICV. The loss of effective solutes (sodium or glucose) in the ECV creates a 
transmembrane osmotic gradient which induces water to cross cell membrane from the ECV to the 
ICV until reaching the osmotic equilibrium between both compartments. (d) Normal volume and 
distribution of water in the ECV and ICV.  Ineffective solutes such as urea distributes equally 
between the ECV and ICV. Thus, osmotic forces developped by the extracellular effective and inef-
fective osmoles and the intracellular ones are equal, so that there is no osmotic gradient and conse-
quently no water shift across the cell membrane. ECV and ICV are isotonic but hyperosmotic

1 Water and Sodium Balance
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cell volume (hydration) depends on the solute movements and concentrations 
between the intracellular and extracellular fluids. Na+-K+-ATPase expressed in all 
plasma membranes restricts Na+ to the extracellular volume compartment while K+ 
is maintained intracellularly. This active, ATP-dependent phenomenon, activates a 
two Na+ efflux for a three K+ influx and creates a transmembrane potential. Because 
Na+ is the dominating cation in plasma, sodium concentration is the major determi-
nant of plasma osmolality (Posm) and consequently of ICV. Other Na+ cotransport-
ers, symport (with glucose), antiport (with Ca++ or H+) are involved in various cell 
functions such as contractility, pH regulation, but not in the intracellular volume.

Not only Na+, but many particles in the ICV and the ECV generate an osmotic 
force. However, their ability to induce an osmotic gradient and thus water shifts, 
depends on their capacity to distribute across the cell membrane [4, 11–15]. 
Diffusive or “ineffective” solutes such as urea and alcohols, which distribute equally 
in the ESV and the ICV are unable to promote any substantial osmotic gradient and 
do not modify cell volume. On contrary, non diffusive or “effective” extracellular 
solutes, i.e. Na+ and its associated anions, are responsible for a transmembrane 
osmotic gradient leading to water efflux and cell shrinkage. The osmotic effect of 
glucose depends on the nature of tissues. Specific transporters (GLUT transporters), 
allow glucose to penetrate freely in non-insulin requiring tissues like blood cells, 
immune cells and brain cells. In this case, glucose behaves as an ineffective solute. 
By contrast glucose requires insulin to enter in the cells of insulin-dependent tissues 
(myocardium, skeletal muscle, adipose tissue) and is therefore here an effective 
osmoles that creating an osmotic gradient and ICV dehydration in case of hypergly-
cemia (insulin deficiency or resistance).

Total plasma osmolarity is defined as the concentration of all solutes (effective 
and ineffective) in a liter of plasma (mosm/L). Plasma osmolality is also the concen-
tration of all solutes but in a kilogram of plasma water (mosm/kg). Both are very 
close in physiological situations and usually merged, because water plasma accounts 
for 93% of 1 l of plasma. Total plasma osmolality can be measured (mPosm [mosm/
kg]) in the laboratory using the delta cryoscopic method (freezing point of the 
plasma) which provides a global value of all osmoles present in the plasma, regard-
less their normal or abnormal presence and their transmembrane diffusive proper-
ties. Posm can be easily calculated at bedside (cPosm [mosm/L]) considering the 
major electrolytes contained in plasma by the following formula: cPosm 
[mosm/L] = ([Na+ × 2] + glycemia + urea) (mmol/L) = 280–295 mosm/L. Because 
this calculation overrides abnormal (not usually measured) and minor plasma 
osmoles, mPosm is slightly higher than cPosm. The difference between these two 
parameters is known as the osmotic gap (OG = mPosm − cPosm), its value is around 
10 mosm/L. Plasma tonicity (or effective osmolarity) refers to only major effective 
osmoles and is calculated using the following formula: P tonicity = [Na+ × 2) + gly-
cemia] (mmol/L)  =  270−285 mosm/L.  P tonicity is therefore the best practical 
parameter for evaluating accurately the ICV [4, 10, 11].

For practical reasons, mPosm which is rarely obtained and cPOsm not calculated 
in most emergency situations since they are not accurate tools for determining 
ICV. Plasma tonicity, however, easily evaluates the intracellular hydration (Fig. 1.1). 
Plasma hypertonicity induces a water efflux from the cells to the ECV across the cell 

C. Ichai and D.G. Bichet
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membrane and always indicates a decrease in ICV (Fig. 1.1b). On the opposite, an 
increased in ICV with cell oedema is secondary to a water influx in cells due to 
plasma hypotonicity (Fig. 1.1c). The increased plasma concentration of diffusible 
osmoles induces a comparable hyperosmolarity in both extracellular and intracellu-
lar compartments without any osmotic gradient nor water shift as plasma is isotonic 
(Fig. 1.1d). In this latter situation, mPosm and OG will be useful and guide the diag-
nosis indicating the presence in plasma of high concentration of abnormal osmoles 
such as ethylene-glycol, methanol, mannitol, glycine or alcohols (Table 1.2). The 
precise identification of the additional solute is based on the clinical history and the 
specific biological measurement not always available in smaller centers.

1.2.2.2  Movements Across Interstitial and Plasma Fluids
Water shifts within the ECV between the interstitial and plasma compartment 
through the capillary endothelial cells. In physiological situations, this barrier is 
permeable to water and dissolved solutes, but totally impermeable to proteins which 
remain in the vascular bed. According to the Starling law, the direction of water 
movements between these two compartments is determined by the filtration pres-
sure [4, 11–15]. This pressure depends on two opposite forces, the transmural 
hydrostatic and oncotic pressures: Filtration pressure  =  (Pc  −  Pi)  - (πp  −  πi) 
(mmHg), Pc and Pi are respectively capillary and interstitial hydrostatic pressures, 
πp and πi are respectively plasma and interstitial oncotic pressures. Because protein 
remains in the plasma (πp = 10 mmHg), πi is negligeable. Hydrostatic pressures 
lead to extrude water, while oncotic ones to retain it. Thus, the direction of water 
flux is different among the localisation of capillary:

 – on the arterial side, the high Pc is > Pi + πp and water shifts from the plasma to 
the interstitial space, allowing the distribution of oxygen, nutriments, hormones 
to the tissues

Table 1.2 Permeability properties of main plasma osmoles and their impact on osmolarities and 
intracellular volume

Solutes mPOsm (mOsm/kg) cPOsm (mOsm/L)
P tonicity 
(mOsm/L)

Intracellular 
volume

“Effective” osmoles
Glucose, 
glycine- glycerol, 
Histidine- 
tryptophan- 
ketoglutarate, 
hyperosmolar 
radiocontrast 
media

Hyperosmolality Hyperosmolarity Hypertonicity Decreased 
(dehydration)

“Ineffective” osmoles
Urea alcohol, 
ethylene glycol, 
Methanola

Hyperosmolality
Hyperosmolality

Hyperosmolarity
Isoosmolarity

Isotonicity
Isotonicity

Normal
Normal

mPosm measured total plasma osmolality, cPosm calculated plasma osmolarity
asolutes associated with an increased mPosm and osmotic gap

1 Water and Sodium Balance
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 – on the venous side, the low Pc is < Pi + πp and the direction of water shift is 
inverted from the interstitial to the plasma volume allowing the elimination of 
various tissue wastes.

Interstitial oedema refers to an abnormal extracellular water distribution charac-
terized by a sodium and water accumulation in the interstitial volume. These patho-
logical situations can be the consequence of abnormal filtration pressure as 
frequently observed in severe hypoalbuminemia (cirrhosis, malnutrition) or abnor-
mal increased vascular permeability related to endothelial cell dysfunction as 
observed in systemic inflammation or sepsis.

1.3  Body Water Balance and Its Regulation

Preservation of cell volume is fundamental to maintain cell functions and avoid cell 
death. Variations in cell volume mainly result from changes in extracellular tonicity, 
but sometimes from modifications in intracellular osmoles concentration induced 
by metabolic derangements such as hypothermia or hypoxia/ischemia. Therefore, 
ECV tonicity must be maintained in a stable range thanks to a very narrow control 
of TBW volume. A close equilibrium between water intake and output allows such 
a strict regulation resulting in the control of body water homeostasis.

In a 70 kg-male adult, exogenous water is ingested orally and represents 1500–
2500 mL/day, which is mostly reabsorbed (for about 90%) in the digestive tube. 
Daily water excretion is essentially performed by the kidney which produces a 
mean urine output of 1000–2000 mL/day (0.5–1 mL/kg/day). Water faecal losses 
are normally negligeable (50–100 ml/day) and insensible water losses (pulmonary 
and cutaneous) represent 500–1000 mL/day (Fig. 1.2) [4, 6, 11–13].

Body water homeostasis is controlled by three essential mechanisms: (1) the 
neurohormonal effect of vasopressin which regulates water urinary excretion and 
the renal sympathetic nerve activity [16], (2) the behavioral sensation of thirst which 
controls water intake and (3) the capacity of the kidneys to excrete diluted or con-
centrated urine. These three factors maintain plasma isotonicity despite wide daily 
variations in salt and water intake. Vasopressin and thirst are mainly triggered by 
osmotic and baro-volumic neurohormonal stimuli but many non osmotic- non baro/
volumic stimuli have also been described [17].

Plasma tonicity is the only accurate tool to assess the intracellular volume. 
Plasma hypertonicity always indicates an intracellular dehydration and hyper-
natremia is usually considered as the parameter allowing to assess intracellu-
lar volume. If natremia indicates always plasma hypertonicity, this is not the 
case for hyponatremia which can be associated with iso-, hypo- and hyperto-
nicity (see chapter on dysnatremias). Total body sodium (quantity) which dif-
fers from natremia (plasma concentration) is the determinant of extracellular 
volume. A decreased in total body sodium indicates a low extracellular vol-
ume, with low effective arterial blood volume, i.e. hypovolemia.

C. Ichai and D.G. Bichet
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1.3.1  Regulation of Vasopressin Release and Thirst

1.3.1.1  Osmotic Regulation
Vasopressin, a nonapeptide hormone, is synthetized by magnocellular neurons 
located in the supraoptic (SOV) and paraventricular nuclei (PVN) of the anterior 
hypothalamus. Vasopressin is then transported along axons to be stored and released 
in the posterior pituitary. Vasopressin is also released from dendrites in the PVN and 
alters the function of pre-autonomic neurons in the PVN [18]. Specialized osmore-
ceptor structures are located at the BBB interface in the lamina terminalis in the 
anterior and dorsal wall of the third ventricle. Among these circumventricular organs 
(CVOs), the subfornical (SFO) and the organum vasculosum of the lamina terminalis 
(OVLT) are strategically placed to sense plasma osmotic signals. Tonicity is per-
ceived specifically by these neuronals groups. All cells of an organism are respond-
ing to dehydration or to hyperhydration by changing their volume but cells of the 
subfornical organ (SFO), organum vasculosum of the lamina terminalis (OVLT), 
median preoptic nucleus (MnPO) are “perfect” osmoreceptors, that is, their changes 
in volume are maintained as long as the osmotic stimulus persists [19] (Fig. 1.3a). 
Cell shrinking during dehydration is mechanically coupled to the activation of 
Transient Receptor Potential Vanilloid (TRPV) channels through a denseley 

Kidney

1400 -2400
mL/d

Faecal losses
50-100 mL/d

Exogenous intake
1500-2500 mL/d

Urinary output
1000-2000 mL/d
(0.5-1 mL/kg/h) 

Insensible
Pulmonary and

cutaneous losses   
500-1000 mL/d

THIRST

+

- VASOPRESSIN (VP)

Intracellular
volume (ICV) 

350-450 mL/kg

Extracellular
volume (ECV) 

In
te

rs
ti

ti
al

 E
C

V
15

0 
m

L
/k

g
 

E
A

B
V

 5
 m

L
/k

g

Fig. 1.2 Water balance and its major regulating mechanisms in a 70 kg adult. Water intake coming 
essentially from the exogenous drinks is equilibrate by water output. By regulating urine output, 
kidney plays an essential role in total body water balance. After its ingestion, water is massively 
reabsorbed by the gastrointestinal system and is further distributed in body compartments. Water 
homeostasis is mainly maintained thanks to vasopressin which controls urine output, and thirst 
which controls water oral intake
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Fig. 1.3 Major osmoregulatory areas and pathways, of the central nervous system involved in 
mamalian. (a) Schematic representation of the osmoregulatory pathway of the hypothalamus (sag-
ittal section of midline of ventral brain around the third ventricle in mice). Neurons (lightly filled 
circles) in the lamina terminalis (OVLT), median preoptic nucleus (MnPO) and subfornical organ 
(SFO) - that are responsive to plasma hypertonicity send efferent axonal projections (black lines) 
to magnocellular neurons of the paraventricular (PVN) and supraoptic nuclei (SON). The axons of 
these magnocellular neurons form the hypothalamo-neurohypophyseal pathway that courses in the 
median eminence to reach the posterior pituitary, where neurosecretion of vasopressin and oxyto-
cin occurs. Dendritic vasopressin release during dehydration will stimulate sympathetic pre- 
autonomic cells in the PVN and directly increased renal nerve stimulation, a central integrated 
response to restore tonicity and volume. Modified from Wilson Y et al. [67] with permission. (b) 
Cell autonomous osmoreception in vasopressin neurons. Changes in osmolality cause inversely 
proportional changes in some volume. Shrinkage activates transient receptor vanilloid-type 
(TRPV1) channels and the ensuing depolarization increases action potential firing rate and vaso-
pressin (VP) release from axon terminals in the neurohypophysis. Increased VP levels in blood 
enhance water reabsorption by the kidney (antidiuresis) to restore extracellular fluid osmolality 
toward the set point. Hypotonic stimuli inhibit TRPV1. The resulting hyperpolarization and inhibi-
tion of firing reduces VP release and promotes diuresis. Modified from Prager-Khoutorsky M et al. 
[19] with permission. (c) Osmoregulatory circuits in the mammalian brain and the periphery. 
Neurons and pathways are color-coded to distinguish osmosensory, integrative and effector areas. 
Afferent pathways from the OVLT to ACC are responsible for thirst perception. Central preauto-
nomic neurons in the PVN are responsible for the increased renal sympathetic activity mediated by 
perception of dehydration by magnocellular cells in closed proximity (see Fig. 1.3a). ACC anterior 
cingulate cortex, AP area postrema, DRG dorsal root ganglion, IML, intermediolateral nucleus, 
INS insula, MnPO median preoptic nucleus, NTS nucleus tractus solitarius, OVLT organum vascu-
losum laminae terminalis, PAG periaqueductal grey, PBN parabrachial nucleus, PP posterior pitu-
itary, PVN paraventricular nucleus, SFO subfornical organ, SN sympathetic nerve, SON supraoptic 
nucleus, SpN splanchnic nerve, THAL thalamus, VLM ventrolateral medulla. Reproduced from 
Bourque CW [17] with permission

a

SFO

MnPO

OVLT
PVN

son PP

VP

ANS
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interweaved microtubule networks present only in osmosensitive cells [19] including 
excitatory thirst neurons from the SFO [20]. These excitatory SFO neurons project to 
the magnocellular cells of the SON and PVN producing vasopressin and, as a conse-
quence, these neurosecretory cells will be depolarized and vasopressin will be 
released both from axonal and dendrites terminals. Dendritic vasopressin release 
during dehydration will stimulate sympathetic pre-autonomic cells in the PVN and 
directly increased renal nerve stimulation, a central integrated response to restore 
tonicity and volume [16]. Vasopressin producing cells in SON and PVN also bear 
TRPV1 channels, they depolarize during dehydration and hyperpolarize during over-
hydration. The net result of depolarization will be vasopressin release (Fig. 1.3b).

Thirst cells of the anterior wall of the third ventricle also project to two concious 
areas, the anterior cingulate cortex and the insula delivering a concious assessment 
of the dehydration state and, probably, of the necessary water volume to quench 
thirst. This is a unique situation where tonicity is consciously perceived, analogous 
to the hunger perception. Also thirst promoting neurons transmit negative valence 
teaching signals that are actively avoided in experimental animals [22] (Fig. 1.3c).

The OVLT, SFO, MnPO and the pituitary gland do not have a blood brain barrier, 
that is their capillary endothelium is fenestrated and allows a full exposure to plasma 
osmotic and hormonal variations including angiotensin II. Excitatory thirst neurons 
of the SFO specifically expressed AT1 angiotensin receptors [21] most probably 
explaining the osmoregulatory gain observed with increased circulating plasma lev-
els of angiotensin [23]. This osmoregulatory gain is clinically important since, for 
the same osmotic stimulus, more vasopressin will be released when plasma angio-
tensin II is elevated, a common situation seen with hypotension and decreased 
effective blood volume of heart failure and decompensated cirrhosis, where hypo-
natremia with high vasopressin levels are often observed.

Hepatic sensory neurons also function as osmoreceptors: they express TRPV4 
channels and signal hypo-osmotic stimuli from portal blood via the thoracic dorsal root 
ganglia with connections to vasopressin producing cells. This explains why liver trans-
plant patient’s osmolality is significantly higher as compared to normal subjects, since, 
in these liver denervated transplant patients, there is no inhibition of central vasopressin 
release by portal hyposmolality [24]. These portal osmoreceptors can signal changes in 
blood osmolality well before water intake impacts systemic blood osmolality.

Because of the confines of the skull, brain cell tolerance to volume changes is very 
narrow and only a small degree of brain swelling or shrinkage is compatible with life. 
As underlined recently by Sterns [1], although osmotic disturbances affect all cells, 
clinical manifestations of hyponatremia and hypernatremia are primarily neurologic, 
and rapid changes in plasma sodium concentrations in either direction can cause severe, 
permanent, and sometimes lethal brain injury. Tonicity changes as small as 1–2% alter 
vasopressin release with a threshold around 280 mOsm/kg in humans and a progressive 
increase with increasing osmolality. Under a value of 280 mosm/kg, plasma vasopres-
sin concentration is below the detection limit of sensitive radio-immunoassays. The 
threshold of thirst sensation, using a visual analogue scale, has been reported for a long 
time to be 10 mOsm/kg higher than the vasopressin release one, i.e. 290–295 mOsm/
kg [4, 11, 24, 25]. However, recent data strongly suggest that both are very close. As 
observed with vasopressin release, thirst sensation increases linearly with the increase 
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in systemic tonicity [30]. The exquisite sensitivity and gain of the osmoreceptor–AVP–
renal reflex is given by the following example (Fig. 1.4). A normally hydrated man may 
have a plasma osmolality of 287 mmol/kg, a plasma vasopressin concentration of 2 pg/
mL and a urinary osmolality of 500 mmol/kg. With an increase of 1% in total body 
water, plasma osmolality will fall by 1% (2.8 mmol/kg), plasma AVP will decrease to 
1 pg/mL and urinary osmolality will diminish to 250 mmol/kg. Similarly, it is only 
necessary to increase total body water by 2% to suppress the plasma AVP maximally 
(<0.25 pg/mL) and to maximally dilute the urine (<100 mmol/kg). In the opposite 
direction, a 2% decrease in total body water will increase plasma osmolality by 2% 
(5.6 mmol/kg), plasma AVP will rise from 2 to 4 pg/mL and urine will be maximally 
concentrated (>1000 mmol/kg). Thus, in the context of these sensitivity changes, a 
1  mmol rise in plasma osmolality would be expected to increase plasma AVP by 
0.38 pg/mL and urinary osmolality by 100 mmol/kg. Such a small change in plasma 
osmolality (measured by freezing point depression) or plasma AVP (by radioimmuno-
assay) may be undetectable yet of extreme physiological importance. For example, a 
patient with a 24-h urinary solute load of 600 mmol must excrete 6 l of urine with an 
osmolality of 100 mmol/kg to eliminate the solute; however, if the urine osmolality 
increases from 100 to 200 mmol/kg (due to an undetectable rise of 1 mmol in plasma 
osmolality and 0.38  pg/mL in plasma AVP), the obligatory 24-h urine volume to 
excrete the 600 mmol solute load decreases substantially from 6 to 3 l. The upper limit 
for water intake is dependent of the total osmoles to be excreted and of the minimal 
urine osmolality: 24 liters per day could be excreted if minimal urine osmolality is 60 
with 1200 mOsm to be excreted. During dehydration, with the same osmotic load to be 
excreted and a maximal urine osmolality of 1200 mOsm, 1 l of urine will be excreted. 
As a consequence, the development of severe systemic hypertonicity is rare, except in 
case of primary abnormalities of thirst sensation (hypo- or adipsia) or in patients who 
have no access to water (coma, digestive aspiration).

There are differences in sensitivity of VP release depending on the sex. It is now 
well established that male presents a higher osmotic sensitivity than female, regard-
less their menstrual cycle. Despite an accepted role of gonadal steroids hormones, 
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the precise mechanism of these differences remain complex. Testosterone has been 
reported to increase VP synthesis and release, while estrogen seems to confer oppo-
site effects. This could be in relation with the presence of two types of estrogen 
receptors in the magnocellular neurons (ER α and β) and the level of exposure to 
both oestradiol and progesterone. However, estrogen lowers renal tubular sensitivity 
to VP in the same time. Vasopressin release and thirst are not equally sensible to all 
solutes. Indeed sodium and its cations confer a strongest osmotic powerful stimula-
tion than non ionic osmoles (glucose for example).

1.3.1.2  Baroregulation
It is now well established that afferent neural impulses arising from stretch recep-
tors in the left atrium, carotid sinus and aortic arch inhibit the secretion of vasopres-
sin. Conversely, when the discharge rate of these receptors is reduced, vasopressin 
secretion is enhanced (for review, see Norsk [26]). Moreover, the relative potency of 
the cardiac and sino-aortic reflexes in the release of vasopressin appears to vary 
among species. For example, the increase in plasma vasopressin that occurs during 
moderate hemorrhage in the dog is attributable primarily to reflex effects from car-
diac receptors; sino-aortic receptors appear to exert only minor influences on vaso-
pressin release in this situation. In contrast, sino-aortic receptors appear to play the 
dominant role in eliciting vasopressin secretion during blood loss in nonhuman pri-
mates and humans [26]. In humans, blood pressure reductions of as little as 5%, 
induced by the ganglion blocking agent trimetaphan, significantly altered plasma 
arginine vasopressin concentration [27]. Furthermore, an exponential relationship 
between plasma vasopressin and the percentage decline in mean arterial blood pres-
sure has been observed with large decreases in blood pressure (Fig. 1.5). Since an 
interdependence exists between osmoregulated and baroregulated arginine 
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vasopressin secretion [28] (Fig. 1.6), under conditions of moderate hypovolemia, 
renal water excretion can be maintained around a lower set-point of plasma osmo-
lality, thus preserving osmoregulation. As hypovolemia becomes more severe, 
plasma arginine vasopressin concentrations attain extremely high values and baro-
regulation overrides the osmoregulatory system. An enhanced osmoreceptor sensi-
tivity, but blunted baroregulation, has been described in elderly subjects [29].

1.3.1.3  Hormonal Influences on the Secretion of Vasopressin
Studies on the direct effects of various peptides and other biological substances on 
the release of vasopressin may be confounded by the hemodynamic effects of these 
substances, which indirectly modulate vasopressin release via the cardiovascular 
reflexes. For example, the infusion of pressor doses of norepinephrine increases 
both arterial blood pressure and left atrial pressure. Each of these changes is capable 
of eliciting a reflex inhibition of vasopressin release which should reduce plasma 
vasopressin. However, the inhibitory effects of the sino-aortic and cardiac reflexes 
on vasopressin release seem to be offset by the direct stimulatory effect of circulat-
ing norepinephrine. A similar situation may exist with the possible stimulation of 
vasopressin release by angiotensin. The direct stimulatory effect of angiotensin may 
be offset by inhibitory influences elicited from the cardiovascular reflexes. 
Angiotensin is a well-known dipsogen and has been shown to cause drinking in all 
the species tested [30]. Morton et al. [31] submitted six normal subjects to a 3-day 
diet containing 10 mmol of sodium and 60 mmol of potassium per day. The mean 
cumulative sodium loss (±SD) for the six subjects was 208 ± 94 mmol. Sodium 
restriction had no effect on serum sodium concentrations. Sodium depletion 
increased the circulating concentrations of angiotensin II more than fivefold 
(p < 0.001), but had no effect on plasma arginine vasopressin concentrations. In 
short, physiologic concentrations of angiotensin II do not cause an increase in 
plasma vasopressin concentration in normal subjects.
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The presence of endogenous opioid peptides and opioid receptors in the neural 
lobe has led to the suggestion that opioid peptides play a role in the release of neu-
rohypophyseal hormones [32]. It is now recognized that opioid drugs exert their 
pharmacologic effects through an interaction with specific receptors. These recep-
tors are classified into several types: μ, δ, σ and κ. μ Agonists such as morphine and 
methadone are responsible for the classical opiate effects of analgesia, respiratory 
depression, and physical dependence. They typically cause an antidiuresis in 
hydrated animals and humans [33]. In contrast, κ agonists have analgesic properties, 
but do not cause respiratory depression nor physical dependence at the dose required 
for analgesia. They have been shown to cause a water diuresis in experimental ani-
mals and in humans, probably by the inhibition of vasopressin secretion [34]. K 
opioid agonists could have potential therapeutic benefits in the treatment of hypona-
tremia secondary to increased arginine vasopressin secretion.

Neuropeptides such as neurotensin or cholecystokinine activates the stretch- 
inactivated cation channels mainly by a G-protein cellular transductive message and 
cause vasopressin release and thirst. A very rapid and robust release of arginine 
vasopressin is seen in humans after cholecystokinin (CCK) injection [35]. Nitric 
oxide is an inhibitory modulator of the hypothalamo–neurohypophysial system in 
response to osmotic stimuli [36]. Vasopressin secretion is under the influence of a 
glucocorticoid-negative feedback system and the vasopressin responses to a variety 
of stimuli (haemorrhage, hypoxia, hypertonic saline) in normal humans and animals 
appear to be attenuated or eliminated by pretreatment with glucocorticoids [37]. 
Finally, nausea and emesis are potent stimuli of arginine vasopressin release in 
humans and seem to involve dopaminergic neurotransmission [38]. The osmotic 
stimulation of arginine vasopressin release by dehydration or hypertonic saline infu-
sion, or both, is regularly used to test the arginine vasopressin secretory capacity of 
the posterior pituitary (Fig. 1.7a). This secretory capacity can be assessed directly 
by comparing the plasma arginine vasopressin concentration measured sequentially 
during a dehydration procedure with the normal values and then correlating the 
plasma arginine vasopressin with the urinary osmolality measurements obtained 
simultaneously [39]. Copeptin, the C-terminal part of the arginine vasopressin pre-
cursor peptide, has been found to be a stable surrogate marker of arginine vasopres-
sin release [40] and a useful measurement in the differential diagnosis of polyuric 
states [41]. The AVP release can also be assessed indirectly by measuring plasma 
and urine osmolalities at regular intervals during the dehydration test [42] (Fig. 1.7b). 
The maximum urinary osmolality obtained during dehydration is compared with the 
maximum urinary osmolality obtained after the administration of 1-desamino[8-D-
arginine]vasopressin [desmopressin (dDAVP]) (1–4 μg sc or intravenously during 
5–10 min). The nonosmotic stimulation of AVP release can be used to assess the 
vasopressin secretory capacity of the posterior pituitary in a rare group of patients 
with the essential hypernatremia and hypodipsia syndrome [43]. Although some of 
these patients may have partial central diabetes insipidus, they respond normally to 
nonosmolar AVP release signals such as hypotension, emesis, and hypoglycemia. In 
all other cases of suspected central diabetes insipidus, these nonosmotic stimulation 
tests will not give additional clinical information.
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1.3.2  Regulation of Renal Water Excretion by Vasopressin

After its release in the systemic circulation, VP is delivered to the kidneys to control 
water excretion via urine output. Water reabsorption in the proximal convoluted tubule 
is passive, but the cell membrane becomes impermeable in the distal tubule while 
sodium reabsorption persists. Vasopressin activates an active free-water reabsorption by 
renal cells of the limb of Henle and distal tubule thanks to a binding with three types of 
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In summary, vasopressin secretion and thirst perception and quenching, and 
the ability of the kidney to respond to vasopressin are key regulators of water 
balance. In the thirst centers, cell shrinking during dehydration is mechani-
cally coupled to the activation of Transient Receptor Potential Vanilloid 
(TRPV) channels and lead to the depolarization of vasopressin neurosecretory 
neurons and to the central and systemic release of vasopressin. These tonicity 
and vasopressin producing cells are outside the blood brain barrier and angio-
tensin II is augmenting the gain of osmoreceptors cells, that is, augmenting 
vasopressin release for the same osmotic stimulus. Low blood pressure and its 
perception by other stretch receptors is also a potent baro- regulator of vaso-
pressin release during hypotension or low effective arterial blood volume. 
Thus, over and above the multifactorial processes of excretion water balance 
is dependent of a complex multiple control system orchestrated by the brain.
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receptor [44]. Vasopressin acts mainly through renal V2 receptors (V2R), which are 
located on the basal cell membrane of the collecting duct. Vasopressin binding to these 
receptors is coupled with a G-protein activation. This promotes a cascade of reactions 
resulting in an increased intracellular cyclic AMP (cAMP) production and the expres-
sion of water channels; i.e. aquaporins. Aquaporins were first identified in the 1990s 
[45]. This large ubiquitous family of transmembrane proteins is mainly involved in 
water and neutral solute trafficking. Based on their functional properties and their pri-
mary aminoacid sequences, AQPs are divided into three subgroups: (1) AQP 0, 1, 2, 4, 
5, 6, 8 are water channels; (2) AQP7 is an aquaglyceroporin permeable to small neutral 
molecules; (3) AQP3, 7, 9, 10 are implicated in urea, glycerol, and water movements; (4) 
AQP11, 12 are superaquaporins [46, 47] (Fig. 1.8). All of the AQPs are characterized by 
a common tetrameric structure which includes six transmembrane domains, an alpha 
helix connected by five loops, intracellular amino- and carboxyl-terminal domains asso-
ciated with twofolded loops. This represents the intrasubunit of each subunit. Water 
passes essentially through the central pore in the middle of the tetramer subunit, while 
ions may cross the channel through individual subunit pore pathways [8, 46, 48].

Vasopressin-regulated channels responsible for water permeability of collecting 
duct are AQP2. They are highly selective and specific water channels (Fig. 1.9). 
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Fig. 1.9 Schematic representation of the effect of arginine vasopressin (AVP) to increase water 
permeability in the principal cells of the collecting duct. AVP is bound to the V2 receptor (a 
G-protein-linked receptor) on the basolateral membrane. The basic process of G-protein-coupled 
receptor signaling consists of three steps: a hepta-helical receptor that detects a ligand (in this 
case, AVP) in the extracellular milieu, a G-protein that dissociates into alpha subunit bound to 
GTP and beta and gamma subunits after interaction with the ligand-bound receptor, and an effec-
tor (in this case, adenylyl cyclase) that interacts with dissociated G-protein subunits to generate 
small- molecule second messengers. AVP activates adenylyl cyclase increasing the intracellular 
concentration of cyclic adenosine monophosphate (cAMP). The topology of adenylyl cyclase is 
characterized by two tandem repeats of six hydrophobic transmembrane domains separated by a 
large cytoplasmic loop and terminates in a large intracellular tail. Generation of cAMP follows 
receptor-linked activation of the heteromeric G-protein (Gs) and inter-action of the free Gas-chain 
with the adenylyl cyclase catalyst. Protein kinase A (PKA) and possibly the Exchange factor 
directly activated by cAMP (EPAC) are the target of the generated cAMP.  On the long term, 
vasopressin also increases AQP2 expression via phosphorylation of the cAMP responsive ele-
ment binding protein (CREB), which stimulates transcription from the AQP2 promoter. 
Cytoplasmic vesicles carrying the water channel proteins (represented as homotetrameric com-
plexes) are fused to the luminal membrane in response to AVP, thereby increasing the water per-
meability of this membrane. Microtubules and actin filaments are necessary for vesicle movement 
toward the membrane. The mechanisms underlying docking and fusion of aquaporin-2 (AQP2)-
bearing vesicles are not known. The detection of the small GTP binding protein Rab3a, synapto-
brevin 2, and syntaxin 4  in principal cells suggests that these proteins are involved in AQP2 
trafficking [71]. When AVP is not available, water channels are retrieved by an endocytic process, 
and water permeability returns to its original low rate. Internalized AQP2 can either be targeted 
to recycling pathways or to degradation via lysosomes. AQP3 and AQP4 water channels are 
expressed on the basolateral membrane)
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VP exerts its regulation in two ways. The short-term regulation is the result of AQP2 
trafficking and relocation in the renal cell membrane. Under normal conditions, 
AQP2 channels are restricted within the cytoplasm. VP-V2R binding first activates 
the expression of AQP3 on the basal membrane of renal cells. This triggers the 
transport of AQP2 located in intracellular vesicles (exocytosis) [44, 49, 50]. 
Therefore, the activated phosphorylated AQP2 on the apical membrane allows water 
reabsorption through the pore [8, 44, 46, 48, 51, 52]. The long-term regulation of 
AQP2 related to vasopressin occurs as a result of an increased half-life and abun-
dance of AQP2 by increasing its transcription [44, 51–53].

Vasopressin enables also to control water balance through the activation of vari-
ous solutes co-transporters [44, 57]. The bumetamide-sensitive sodium-chloride 
cotransporter is located in the thick ascending limb of Henle. vasopressin stimulates 
its activity leading to increase the active reabsorption of sodium-chloride. The 
resulting medullary interstitial accumulation of solutes promotes water reabsorption 
from renal ducts. Vasopressin also promotes water reabsorption by triggering the 
epithelial sodium channel (ENaC) activity in the collecting duct, in an aldosterone- 
independent way [58] (see infra). The subsequent increase in sodium reabsorption 
facilitates water reabsorption [44, 58–60].

1.4  Body Sodium Balance and Its Regulation

1.4.1  Sodium Balance

Sodium is a monovalent cation and a strong base. Its molecular weight is 23, chlo-
ride molecular weight is 35.4 and 1 g of NaCl contains 17 mmol of Na. Total body 

In summary, renal AQP2 activation following vasopressin secretion represents the 
central key for controlling urine dilution/concentration and consequently water 
balance. Thus, the collecting duct permeability to water varies according to 
plasma vasopressin concentration: in case of a low concentration of vasopressin, 
urines are highly diluted (minimal urinary osmolality is about 100 mosm/L); if 
vasopressin release increases, urinary concentration in a linear fashion with vaso-
pressin due to a large amount of water reabsorption. However, despite a continu-
ous increase in vasopressin concentration, urine concentration reaches a maximum 
value of 1000–1200 mosm/L. Usually, the kidney is able to equilibrate a 1000–
2000 mL per day of water ingestion through urine concentration/dilution. Urea, 
sulfates, phosphates and other substrates issued from the cellular metabolism are 
responsible for a 600 mosm per day which requires an obligatory and minimal 
water excretion of 500 mL per day by the kidney. AQP2 dysregulation is recog-
nised to be responsible for various water disorders: mutations of V2R or AQP2 
cause polyuric pathologies, especially nephrogenic diabetes insipidus; increased 
AQP2 expression leads to abnormal water retention as observed in the syndrome 
of inappropriate antidiuretic hormone secretion (SIADH) [10, 53–56].
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sodium is 60 moles per kg. Forty percent is located in the bones [61]. Plasma sodium 
concentration is 140 ± 2 mmol/L and 144 ± 2 mmol/L in the interstitial compart-
ment and freely crosses the capillary membrane. Intracellular sodium concentration 
varies but remains very low (<20 mmol/L) due to Na+-K+-ATPase enzyme activity 
which continuously extrudes sodium from cells. Due to its high extracellular con-
tent, sodium is the prime determinant of the volume of this compartment. In other 
words, body sodium content regulates the ECV and arterial pressure, while natre-
mia, which is the plasma sodium concentration, determines plasma tonicity and 
consequently the ICV. In pathological situations, the presence of oedema indicates 
an increased ECV (interstitial), due to the accumulation of Na (and water). It is 
important to underline that interstitial and EABV (“volemia”) vary in an opposite 
way in most clinical situations. For example, patients with congestive cardiac or 
renal insufficiency or ascitic cirrhosis present oedema and low EABV. In these situ-
ations, ECV volume is abnormally high due to the increased sodium content in the 
interstitial volume, while EABV is low. The treatment of these water and electrolyte 
abnormalities is difficult because sodium vascular loading is essential to maintain 
effective circulation, but worsens oedema.

In physiological situations, the exogenous oral intake of Na is higher than the 
needed one. The difference depends on food habits. The obligatory losses by the 
skin and the intestinal tractus correspond to the minimal intake required (10 mmoles 
per day). Despite variations in Na intake, total Na balance is usually constant due to 
an equilibrium between sodium intake and renal excretion. The kidney represents 
the key organe of this tight regulation [62]. Total sodium renal elimination is >95% 
of that excreted. Quantitatively, this represents 500  g of sodium extracted from 
plasma per day. This regulatory mechanism is the major energetic and expenditure 
challenge of the tubular epithelium (Fig. 1.10).

As reviewed recently, the kidney filters vast quantities of Na at the glomerulus 
but excretes a very small fraction of this Na in the final urine [62]. Although almost 
every nephron segment participates in the reabsorption of Na in the normal kidney, 
the proximal segments (from the glomerulus to the macula densa) and the distal 
segments (past the macula densa) play different roles. The proximal tubule and the 
thick ascending limb of the loop of Henle interact with the filtration apparatus to 
deliver Na to the distal nephron at a rather constant rate. This involves regulation of 
both filtration and reabsorption through the processes of glomerulotubular balance 
and tubuloglomerular feedback. The more distal segments, including the distal con-
voluted tubule (DCT), connecting tubule, and collecting duct, regulate Na reabsorp-
tion to match the excretion with dietary intake.

Sodium filtration is passive, while its reabsorption is an energy-consuming pro-
cess. The total sodium entering the glomerus is filtered, i.e. 25 moles per day. Sixty 
to seventy percent is reabsorbed along the proximal convoluted tubule (PCT). This 
isotonic process is performed by Na+/H+ exchangers (NHE3) [60]. The thick ascend-
ing limbs of the loop of Henle (TALH) are responsible for 25–35% of sodium reab-
sorption. This active process is mediated by Na-K-2Cl (NKCC) cotransporters. 
Only 8–10% of sodium filtered enters the distal convoluted tubule (DCT) and 
6–10% is finally reabsorbed. The pathways of sodium transport differ according to 
the part of DCT: in the proximal part, reabsorption is performed by Na-Cl (NCC) 
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cotransporters; in the distal tubule sodium is reabsorbed through the Epithelial 
sodium channel (ENaC). In the final, a very low content of filtered sodium reaches 
the collecting duct (CD). However, due to large variations in sodium excretion, the 
CD plays a major role to maintain sodium balance. The intestinal tract participates 
strongly in sodium exchanges: sodium excretion through biliary, pancreatic and 
intestinal secretion are important. But, in physiological situations, almost all 
excreted sodium is reabsorbed. This phenomenon explains why patients presenting 
severe intestinal losses (gastric suctioning or intestinal fistula) are hypovolemic.

1.4.2  Regulation of Sodium Balance

The mechanisms involved in sodium balance regulation consist in loops (Table 1.3): 
a peripheral or central signal activates receptors which trigger an afferent 
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Fig. 1.10 Sodium balance and its major regulating mechanisms in a 70 kg adult. Sodium intake 
coming essentially from the exogenous food is equilibrate by urinary sodium output. By regulating 
sodium excretion, kidney plays an essential role in total sodium balance. After its ingestion, 
sodium is massively reabsorbed by the gastrointestinal system and is further distributed in body 
compartments. Sodium homeostasis is mainly maintained thanks to the hormonal renin angioten-
sin aldosterone system axis which globally triggers renal sodium reabsorption in the collecting 
tubule. Natriuretic peptides and the kinin-kallikrein systems behaves as natriuretic effectors. 
Besides the hormonal system, sodium balance regulation is controlled by the glomerulotubular 
feedback which is mediated by sodium tubular delivery and glomerular filtration rate (GFR), and 
a sympathetic nervous pathway. CNT connecting tubule, CT collecting tubule, DCT distal convo-
luted tubule, EABV effective arterial blood volume, ECV extracellular volume, PCT proximal con-
voluted tubule
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Table 1.3 Major factors and mechanisms of sodium balance regulation

Afferent 
mechanisms stimuli

Efferent 
mechanisms Effects

Hormonal factors
 – angiotensin –  decrease in 

renal 
perfusion 
pressure

– renin  –  increase in the 
sympathetic 
nerve tone

–  renal Na PCT 
reabsorption

 – hyperkalemia  – increase in GFR –  renal Na DCT 
and CD 
reabsorption

 –  aldosterone 
release

 – aldosterone – renin – angiotensin –  activation of 
the epithelial 
channel ENaC

–  renal Na DCT 
and CD 
reabsorption

–  activation of the 
Na-K- ATPase 
pump

–  renal K DCT 
and CD 
excretion

 –  activation of the 
epithelial 
channel ROMK

= Antinatriuretic 
and kaliuretic 
effect

 –  natriuretic 
peptides

 – hypertension –  sympathetic 
nervous tone

 –  systemic 
and renal 
vasoconstriction

= hypotensive 
effect

– hypervolemia – increase in GFR = natriuretic 
effect–  decrease in PCT 

and CD Na 
reabsorption

– bradykinin – kallicrein –  systemic 
and renal 
vasodilation

– prostaglandins –  sympathetic 
nervous tone

– PGE2, PGI2 –  modulation of 
GFR and RBF

= modulation of 
natriuresis and 
urine output

Mechanical factors
– GFR –  decrease in 

renal 
perfusion 
pressure

–  stimulation of 
renin and 
aldosterone

= antinatriuretic 
effect

–  inhibition of 
angiotensin

–  decrease in the 
SRAA activation

–  tubuloglomerular 
feedback

–  decrease in 
tubular Na 
delivery

= natriuretic 
effect

CT collecting tubule, ENaC epithelial sodium channel, GFR glomerular filtration rate, K potas-
sium, Na sodium, DCT distal convoluted tubule, PCT proximal convoluted tubule.
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transmission to a central or peripheral command; an efferent transduction of the 
signal through efferent pathways reaches effectors (organs). Kidneys and vessels 
are the most important.

1.4.2.1  Afferent Pathways
Two pathways are activated [6]:

 – the activation/inhibition of mechanoreceptors which depends on volemia and 
arterial pressure. In case of hypervolemia or arterial hypertension, these stretch 
receptors are activated, leading to an inhibition of the central signal and conse-
quently to decrease the neurendocrine and sympathetic response. Baroreceptors 
are located in the high pressure arterial system (aortic arch, carotid sinus) and 
sensored modifications in pressure. Various organs contain low pressure recep-
tor: pulmonary artery circulation, atrial and ventricular walls and portal vessels 
(voloreceptors). Regardless their situation, these receptors are activated or inhib-
ited by changes in parietal stretch. The signal issued from the systemic arterial 
circulation is conducted along the vagus (X) and the glossopharyngial (IX) 
nerves to the central nervous system (Fig. 1.11).

mechanical mechanisms such as a decrease in GFR or in sodium delivery in the 
tubule. An increased amount of sodium delivered in the juxtaglomerular apparatus 
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Fig. 1.11 Major 
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pathways implicated in the 
renin-angiotensin- 
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induces a decrease in GFR, leading in return to a decrease in sodium delivery. This 
is the famous “tubuloglomerular feedback” which is mediated by a vasoconstriction 
of glomerular afferent arterioles.

1.4.2.2  Efferent Pathways
The transmission (transduction) of the signal is conducted through three pathways: 
the hormonal, neuronal pathways and the sodium and potassium dietary.

• The hormonal system plays a key role in the regulation of sodium balance. 
Sodium excretion is precisely controlled thanks to several hormone systems 
responsible in sodium renal reabsorption or excretion.

 – Renin-Angiotensin-Aldosterone system (RAAS) axis: this is the most 
important system of sodium balance regulation. Renin is synthetized by the 
epithelial cells of the afferent arteriole of the juxtaglomerular apparatus 
located in the DCT. Renin release is mainly activated by a decrease in renal 
perfusion pressure which triggers the receptors located on the juxtaglo-
merular afferent arterioles. Hyperkalemia, hyponatremia and an increase in 
sympathetic nerve activity also stimulate renin synthesis. Non active angio-
tensinogen is  synthetized by the liver, then converted into the inactive 
angiotensin I in the kidney thanks to renin. The converting enzyme allows 
the conversion of angiotensin I into the active angiotensin II. This latter 
molecule binds to specific transmembrane receptors and triggers conse-
quently several peripheral and central effects: release of aldosterone, thirst, 
vasoconstriction (Fig. 1.12). The final results is always to control sodium 

converting enzymeRenin

Angiotensinogen

Aldosterone

+

Angiotensin 
I (inactive)

+

intracellular 
Ca++

Active Angiotensin II

Thirst

+

Renal Na reabsorption

Vasoconstriction

+

+

liver kidney adrenal gland

brain

Fig. 1.12 The renin-angiotensin-aldosterone system axis. Renin is synthetized by renal cells of 
the juxtaglomerular apparatus, angiotensinogen is synthetized by the liver and aldosterone by the 
adrenal gland. The activation of renin synthesis and release by hypovolemia/arterial hypotension 
converts angiotensinogen (inactivate molecule) in angiotensin 1 (inactivate molecule). The con-
verting enzyme conducts to the release of the active angiotensin II. This latter triggers several 
effects on different organs: vasoconstriction, renal sodium reabsorption and thirst
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balance (renal excretion or  reabsorption). Aldosterone, the final molecule 
of the RAAS axis, is synthetized and released by cells of the juxtaglomeru-
lar apparatus. Late DCT, connecting tubule (CNT) and cortical collecting 
duct (CCD) represents the aldosterone-sensitive distal nephron. Aldosterone 
binds intracellular to mineralocorticoid receptors, migrates to the nucleus 
and upregulates sodium (and water) reabsorption and potassium excretion. 
Sodium reabsorption caused by aldosterone is mediated by ENaC which is 
located essentially in the apical membrane of the CD. This effect is con-
trolled by a negative feedback of the RAAS axis [58]. In the same time, 
aldosterone stimulates sodium basal reabsorption thanks to an increased 
Na+-K+-ATPase pump activity and increases ATP production by mitochon-
dria. Aldosterone is also involved in potassium balance. It has a kaliuretic 
effect due to the activation of the permeability renal out-medullary potas-
sium channel (ROMK). This channel which is located on the apical mem-
brane promotes potassium excretion. All of these effects are rapidly 
effective in 30–60  min. Aldosterone enables to activate directly sodium 
reabsorption by an upregulation of the thiazidique sensitive-Na-Cl trans-
porter in the DCT [44].

Angiotensin II enables to increase arterial pressure by different mecha-
nisms independently from the aldosterone action [63]. This effect is due to 
several actions: i) a direct sodium reabsorption secondary to a direct ENaC 
activation; ii) a systemic vasoconstriction due to an increased in the sympa-
thetic nerve activity; iii) an increased thirst sensation and water renal reab-
sorption induced or not by VP secretion. Recent data have shown that 
angiotensin can deliver a signal from a central nervous activation. The first 
step of this signal is a binding of angiotensin on central transmembrane AT1 
receptors. According to their isoform, the transduction pathway and signal 
differs [64, 65]. Briefly, AT1a which are present in the SFO and OVLT and 
SFO structures, activates phospholipase C which induces the production of 
inositol triphosphate (IP3) and diacylglycerol (DAG). This traditional path-
way induces the release of intracellular stores of calcium, and triggers water 
intake. AT1b activation stimulates a mitogen-activated protein kinase (MAPK) 
leading to increase NaCl intake. AT1b are located in the cerebral cortex and 
the hippocampus. Thus, it seems that central stimulation of NaCl reabsorption 
and water intake may be triggered directly by angiotensin, but follows sepa-
rate signal transduction and gates.

 – Natriuretic peptides (NP): NP synthesis is activated by stretching dissemi-
nated mecanoreceptors located on cardiac walls (atrial NP [ANP]) and cen-
tral nervous system (CNP). Half-life varies between 4 and 20 min according 
to the type of peptide. NP provides vascular effects and renal sodium 
exchanges. The systemic vascular impact consists in vasodilation which con-
tributes to decrease arterial pressure. On kidneys, NP induces vasodilation of 
the afferent glomerular arteriole coupled with a vasoconstriction of the 
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 efferent glomerular arteriole, leading to an increased GFR without any modi-
fication of RBF. As a consequence, NP promotes sodium renal filtration and 
its excretion. NP produces its natriuretic effect by other mechanisms: sodium 
renal reabsorption induced by RAAS activation is counteracts by NP in the 
PCT and the CD and by transmembrane sodium channels inhibition. NP 
enables also to trigger renal sodium excretion via a direct stimulation of 
stretch receptors and a signal transduction from CNS. The final global action 
is a natriuretic one [6]. Thus variations in volemia exerts a feedback on NP 
release: hypovolemia reduces NP release and consequently renal sodium 
excretion, and conversely.

 – Kinin-kallicrein system: kallicrein is a serine protease produced by collecting 
tubule cells. It converts kininogen into bradykinin. This system controls sev-
eral ion channels in the CNT and CCD. His effect is globally an inhibition of 
sodium reabsorption which results from an inhibition of ENaC activity [60]. 
In the same time, bradykinin induces vasodilation and an increase in capillary 
permeability. Finally, this system more modulates than regulates sodium bal-
ance and arterial pressure.

 – Prostaglandins (PG): they are synthetized by kidneys and exerts a modulating 
effect on sodium balance. According to their nature and their localisation, 
some of them provide vasodilation or vasoconstriction with a final goal of 
preserving GFR and RBF. They can inhibit renin release promoting a natri-
uretic effect.

 – Vasopressin: vasopressin contributes by itself to sodium balance regulation. 
This hormone upregulates a thiazidique sensitive-sodium-chloride cotrans-
porter which is located in the DCT and causes urine dilution. VP also binds on 
V1 receptors which are expressed in the renal medullar vasculature. This acti-
vation mediates renal blood flow and consequently renal Na reabsorption 
aiming to control volemia and arterial pressure.

• Sodium and potassium dietary participates also to sodium balance regulation. 
Low dietary sodium increases aldosterone release and consequently sodium 
reabsorption. A high potassium dietary associated with a constant sodium intake 
reduces directly renal sodium reabsorption in the PCT, TALH and DCT thanks to 
an activation of angiotensin II. Potassium triggers also sodium reabsorption as a 
consequence of aldosterone release independently of the angiotensin II one.

• Long-term sodium balance has been recently evoked. Some new experimental 
data have shown that when maintaining sodium intake constant for several 
weeks, sodium excretion is directly related to cortisol which might modify tissue 
sodium storage [66]. Sodium is bound to proteoglycans which are constitutive of 
skin, bones and conjonctive tissues. This stored sodium represents an important 
reservoir which can modifiy independently of sodium plasma concentration. 
Adverse effects of chronic hyponatremia might be related to changes in this 
sodium reservoir: loss of calcium from bones, increase in the osteoclasts activity 
which might be responsible for osteoporosis and fractures
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 Conclusion
Water and sodium are inseparable. Natremia which determines usually plasma 
tonicity, is the major determinant of intracellular volume. Body sodium content 
mainly determines the extracellular volume according to variations in effective 
arterial blood volume (volemia) and arterial pressure. Water and sodium bal-
ances are strictly regulated to maintain cell volume and volemia constant. Water 
balance is classically maintained thanks to vasopressin hormone and thirst which 
cause respectively renal water reabsorption and oral intake. Sodium balance is 
regulated by the renin-angiotensin-aldosterone system axis which is considered 
as the classical hormonal system responsible of renal sodium reabsorption and 
several natriuretic systems including natriuretic peptides, kinin-kallicrein and 
prostagladins systems. In all cases, the kidney is the principal trigger and effector 
of these effects.

However, recent data showed that water and sodium homeostasis are deter-
mined by very complex additional mechanisms mediated by hormonal, neuronal, 
intrinsic neurogenic pathways. These different pathways often cause potential-
ized effects aiming to maintain water and sodium balances. Nowadays, consider-
ing its major role in centralizing peripheral informations and in determining 
integrative neuronal informations, the central nervous system must be consid-
ered as a very effective complex neural network
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2Sodium Disorders

Carole Ichai and Jean-Christophe Orban

2.1  Introduction

Dysnatremias are the most common electrolyte disorders, especially in critically ill 
and surgical patients. Brief notions of pathophysiology focused on the mechanisms 
and regulation of intracellular volume are needed to analyze dysnatremias. Such 
disorders may induce severe organ dysfunctions, especially cerebral dysfunction, 
and cause death. The practical diagnostic and therapeutic approach of hyponatre-
mias and hypernatremias must follow safety rules of management to prevent iatro-
genic complications. Because this book is dedicated to critically ill situations, we 
will focus essentially on acute and severe dysnatremias, especially for the 
treatment.

2.2  Pathophysiology Definitions

This paragraph is voluntary summarized because it is largely detailed in another 
chapter (see “Water and Sodium Balance” chapter).

2.2.1  Body Compartments

Total body water (TBW) is the most compound of total body weight in an adult 
(50–70%). TBW distributes for two-thirds in the intracellular volume (ICV), and 
the remaining one-third in the extracellular volume (ECV) [1–6]. ICV and ECV 
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are separated by cell membranes. ECV is divided into the plasma or the effective 
arterial blood volume (EABV) (25–30%) and the interstitial volume (70–75%). 
EABV is normally composed of 93% water that contains dissociated and non- 
dissociated solutes. Seven percent of the plasma volume is occupied by non- 
dissociated molecules (lipids and proteins) without water. As cell membranes are 
semipermeable, water crosses freely between the ICV and the ECV according to 
the osmotic transmembrane gradient [2, 7, 8]: water moves from the low to the 
high osmotic compartment until reaching the osmotic equilibrium. Therefore, 
ICV depends on the solute concentrations between both compartments. Only 
effective or impermeant solutes are able to create such an osmotic gradient across 
cell membranes, leading to water movements and changes in cell volume. Among 
them, sodium (Na+) is the major impermeant solute of the ECV and potassium 
(K+) of the ICV: thanks to the Na+-K+-ATPase pump located on cell membranes, 
Na+ is restricted to the ECV, whereas K+ is essentially located in the ICV. Therefore, 
total body sodium content (pool) is the major determinant of arterial pressure, 
while serum sodium concentration and its associated cations play a major role in 
determining plasma osmolality. Diffusive or ineffective solutes, i.e., urea and 
alcohols (ethanol, methanol, ethylene glycol), cross freely to the cell membrane 
and is distributed equally in the ICV and the ECV. Therefore, they are unable to 
create any change in cell volume. The osmotic effect of glucose depends on the 
nature of tissues: for non-insulin-mediated ones, glucose behaves as an ineffective 
solute; for insulin-mediated tissues in the presence of insulin, glucose remains a 
noneffective solute, but in case of insulinopenia or insulin resistance, glucose 
becomes an effective impermeant solute. At last, mannitol and glycerol, non-
physiological solutes, are also extracellular effective solutes. Based on its osmotic 
properties, mannitol is one of the most popular treatments of cerebral edema 
(osmotherapy).

2.2.2  Osmolarities and Plasma Tonicity

Total plasma osmolarity is defined as the concentration of all osmotic solutes in a 
liter of plasma (mosm/L). Plasma osmolality is also the concentration of all solutes 
but in a kilogram of plasma water (mosm/kg). In normal conditions, both are very 
close as water contributes to 93% of 1 liter of plasma, but in case of severe hyper-
lipidemia or hyperprotidemia, the amount of plasma water decreases leading to an 
artificial decreased serum sodium concentration (see chapter “Plasma Tonicity and 
Hyponatremia”). Plasma osmolarity can be approached in different ways [1–3, 7–
9]. The measured total plasma osmolality (mPosm [mosm/kg]), which is performed 
in the laboratory using the delta cryoscopic method, provides a global value of all 
osmoles present in the plasma, regardless of their normal or abnormal presence and 
their transmembrane diffusive properties. Posm can be easily calculated at bedside 
(cPosm [mosm/L]) considering the major electrolytes contained in plasma by the 
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following formula: cPosm [mosm/L]  =  ([Na+  ×  2]  +  glycemia + urea) 
(mmol/L)  =  280–295 mosm/L.  Because this calculation overrides abnormal (not 
usually measured) and minor plasma osmoles, mPosm is slightly higher than cPosm. 
The difference between these two parameters is known as the osmolar gap 
(OG = mPosm - cPosm), and its value is around 10 mosm/L. Plasma tonicity (or 
effective osmolarity) refers to only major effective osmoles and is calculated using 
the following formula: P tonicity =  [Na+ × 2) + glycemia] (mmol/L) = 270–285 
mosm/L. P tonicity is therefore the best practical parameter for evaluating accu-
rately the ICV [2, 4, 7, 8]: a hypotonic stress always indicates an increased ICV (cell 
edema), whereas a hypertonic stress is always associated with a decreased ICV (cell 
shrinkage).

2.2.3  Body Water Balance and Its Regulation

Briefly, in physiological conditions, water intake and output are closely equili-
brated, aiming to control TBW and consequently extracellular tonicity. This phe-
nomenon allows to maintain a stable ICV and to avoid any changes in cell volume. 
Preservation of cell volume is fundamental to maintain cell functions and avoid cell 
death. Due to its essential contribution in plasma tonicity, serum sodium concentra-
tion, i.e., natremia, is the major parameter participating in TBW and cell volume. 
On the other hand, because body sodium is mainly extracellular, total body sodium 
amount determines ECV regulation.

TBW is controlled by three neurohormonal mechanisms: vasopressin (VP) or 
antidiuretic hormone (ADH), thirst, and the capacity of the kidney to concentrate or 
dilute urines. In physiological situations, thanks to these mechanisms, plasma tonic-
ity remains stable despite wide daily variations in water intake or excretion [2–4, 8, 
10]. VP and thirst are mainly triggered via an osmotic stimulus [1, 10, 11]. VP is 
synthetized by nuclei of the anterior hypothalamus, stored and released by the pos-
terior pituitary. Tonicity is closely perceived by special neurons mainly located in 
the subfornical (SFO) and the organum vasculosum of the lamina terminalis (OVLT) 
of the circumventricular organs [3, 4, 6]. Such neurons are perfect osmoreceptors 
able to detect very low changes in plasma tonicity and cell volume. Modification in 
cell volume triggers the activation (cell shrinkage) or inhibition (cell edema) of 
some cationic protein channels, the transient receptor potential vanilloid (TRVP) of 
these osmoreceptors, leading finally to activate or inhibit VP release and thirst sen-
sation [12–14]. Because any modification in cell volume is poorly tolerated (espe-
cially for the brain), VP release is modified for tonicity changes as small as 1–2%. 
In humans, above a threshold around 280 mosm/kg, VP secretion increases linearly 
with an increasing osmolality (from 280 to 330 mosm/kg); under this threshold, VP 
concentration remains undetectable in plasma [2, 15]. The threshold of thirst seems 
to be very close from that of VP, and its upper limit is very high depending on the 
total osmoles to be excreted (up to 25  l of urine output is possible with normal 
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kidneys). VP release and thirst are also triggered by changes in arterial pressure and 
volemia via an activation of peripheral baro-/voloreceptors which are mainly located 
on the sino-aortic vascular walls [16, 17]. When both changes in osmolality and 
arterial pressure/volemia stimulate VP and thirst, there is an amplification of the 
phenomenon (e.g., hypotension and hyperosmolality). However, in case of opposite 
stimulus, the resulting effect depends on the severity of modification in volemia: 
only severe hypovolemia (of at least 5–10%) overrides the osmoregulation allowing 
extremely high VP concentrations [16, 17]. Other non-osmotic, non-volumic stim-
uli enable to activate VP release and thirst such as pain, morphinics, nausea, vomit-
ings, and hypoxia.

Renal water excretion is mainly controlled by VP which promotes water renal 
reabsorption in the collecting tube. VP binds to its V2 receptors (V2R) which are 
located on the basal cell membrane [18]. The complex VP-V2R triggers a cascade 
of reactions, resulting finally in the expression and activation of water channels, i.e., 
aquaporins [5, 11, 19–21]. Aquaporin-2 activation allows high volume of water 
reabsorption by kidneys. In the absence of VP, urine is diluted with a maximum 
decrease in urine osmolarity of 50–100 mosm/L. The linear increase in VP concen-
tration induces a linear increase in urine concentration with a maximal urine osmo-
larity of 1200 mosm/L. Above this value and despite a persistent increase in VP 
concentration, urine cannot concentrate more.

2.2.4  Cell Volume Regulation-Osmoregulation

Cell volume modifications are poorly tolerated and a constant cell volume is essen-
tial to prevent cell damages and dysfunction. Cell edema secondary to a hypotonic 
stress can cause cell rupture; hypertonicity induces cell shrinkage which can pro-
motes damages of the cytoskeleton, breaks in DNA, and apoptosis [13]. Because the 
brain is maintained in a non-extensible skull, brain swelling or shrinkage exposes to 
lethal brain injury, especially when changes in volume are rapid. Hypotonic-induced 

In summary: usually, thanks to VP and thirst mainly, TBW is maintained con-
stant allowing to control plasma tonicity and consequently cell volume. The 
kidney is the central organ which regulates urine concentration or dilution 
according to plasma VP concentration and water intake. Thirst is the second 
major mechanism which allows to prevent the development of severe hyper-
tonicity. Therefore, inappropriate secretion of ADH (SIADH) may be respon-
sible for inappropriate water reabsorption by the kidney, leading to hypotonic 
hyponatremia. On the other hand, because thirst has no real upper limit, 
hypertonicity is theoretically impossible, except in case of abnormal thirst 
behavior (elderly patients) or difficulties to drink (prolonged gastric suction-
ing, coma, etc.) [18, 22].
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cerebral edema can be complicated by refractory intracranial hypertension and ulti-
mately by brain death; hypertonic-induced brain shrinkage can cause intracerebral 
hemorrhage with poor neurological outcome or death too. This explains why clini-
cal manifestations of hyponatremia and hypernatremia are primarily neurologic and 
life-threatening but nonspecific.

Fortunately, all but almost cerebral cells are not really perfect osmometers 
(except those responsible for VP stimulation located in the circumventricular 
organs). Indeed, brain cells enable to limit their volume changes related to an 
osmotic stress. Such protective effects, i.e., cerebral osmoregulation, result from 
an adjustment of the intracellular solute content to the extracellular one [1–3, 10, 
13, 23]. This phenomenon aims to limit the development of a transmembrane 
osmotic gradient and consequently cell volume modifications. Cell volume regu-
lation consists in a regulatory volume decrease (RVD) in response to hypotonic-
induced cell swelling and of a regulatory volume increase (RVI) in response to 
hypertonic- induced cell shrinkage [24–30]. Two types of effective solutes, i.e., 
osmoprotective molecules, are implicated in this regulation: the inorganic are 
electrolytes (mainly Na, K, Cl), and the organic are idiogenic osmoles (or osmo-
lytes) and consist in amino acids, polyols, and triethylamines. Chloride via its 
voltage-dependent channels (ClC) and its sodium (NCC), potassium (KCC), 
sodium/potassium (NKCC) cotransporters is also essential for regulating brain 
volume [31, 32]. NCC and NKCC favor sodium, potassium, and chloride entry in 
the cell and are inhibited by an increased intracellular chloride concentration. 
Plasma hypotonicity activates KCC3 leading to extrude potassium and chloride 
from the cell and to attenuate cerebral edema (RVD). On contrary, plasma hyper-
tonicity activates NKCC1 which induces the entry of sodium, potassium, and 
chloride in the cell and finally decreases cell shrinkage (RVI). An acute hypoto-
nicity triggers quickly in some minutes to 2–4 h an extrusion of inorganic osmoles. 
This phenomenon protects rapidly but moderately and incompletely the brain cell 
from volume changes. Only prolonged (chronic on 24–48 h) hypotonicity enables 
to strongly blunt the osmotic gradient and avoid relevant cell volume changes, 
thanks to the excretion of osmolytes. This mechanism takes a longer time required 
to obtain synthesis or metabolism of these organic solutes by cells. In this situa-
tion, cerebral osmoregulation is delayed but is strongly efficient and complete and 
restores the brain volume (Fig. 2.1). Cerebral osmoregulation induced by a hyper-
tonic stress consists in opposite shifts of electrolytes and organic osmoles, leading 
also to control cerebral volume.

Aquaporin-4 channels (AQP4) are also largely involved in cerebral cell volume 
changes [25, 33, 34]. They are strongly present in the brain, located on glial cells 
which are close from arterial vessels and subarachnoid spaces, and in the supraoptic 
nucleus. Indeed, during hyponatremia, knockout animals for AQP4 show an intense 
reduction in cerebral edema and in mortality as compared with the control [35]. 
Hypertonic saline seems to induce its antiedematous effect, thanks to these perivas-
cular AQP4 [34]. However, AQP4 are also responsible for a reabsorption of water in 
vasogenic edema related to brain tumor [36].
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Non-osmotic stress as ischemia-reperfusion, hypothermia, or acidosis enables to 
trigger cell volume changes [29]. Chloride, potassium channels, and sodium- 
potassium- chloride (NKCC) cotransporters seem to be involved in this phenomenon 
which is controlled by the intracrine renin-angiotensin system.

100% water
100% effective

osmoles
 

Plasma isotonicity

water
100% effective

 osmoles

Plasma hypotonicity

15–30 min

Brain edema

water

Effective 
osmoles (K, Cl)

Moderate brain
edema 

2–3 hours Acute plasma hypotonicity

Subnormal brain
volume 

24–48 hours

Chronic plasma
hypotonicity 

102% eau
Osmoles 
actives 

K+

Cl-

Cl-
K+amino

acids

polyols, 

a
b

c

d

Fig. 2.1 Mechanisms of brain volume regulation during plasma hypotonic stress (osmoregula-
tion). (a): Normal brain volume: water and effective osmole contents are 100% (b): Immediate 
plasma hypotonicity: plasma hypotonicity induces water extrusion from brain cells because the 
amount of intracellular effective osmoles cannot change immediately. The resulting high trans-
membrane osmotic gradient provokes brain edema. (c): Acute plasma hypotonicity: after 2–3 h of 
plasma hypotonicity, brain cells enable to reduce their amount of effective osmolytes by extruding 
electrolytes (inorganic osmoles including potassium and chloride essentially) and attenuate the 
transmembrane osmotic gradient. As a result moderate and incomplete brain edema develops. (d): 
Chronic plasma hypotonicity: after 24  h or more prolonged plasma hypotonicity, a substantial 
extrusion of organic effective osmoles (osmolytes such as polyols and amino acids) from brain 
cells blunts the transmembrane osmotic gradient. As a result, cerebral osmoregulation appears 
quasi-complete and the brain recovers a subnormal volume

In summary, the efficiency of cerebral osmoregulation depends strongly on 
the time of development and the duration of the osmotic disorder. Because 
of an incomplete cerebral osmoregulation, rapid dysnatremias are more 
often symptomatic and life-threatening and require an emergent aggressive 
treatment. Classically, longer development of hyponatremias, which is 
commonly associated with a quasi-complete cerebral volume regulation, is 
more usually asymptomatic or poorly symptomatic and thus does not 
require an emergent treatment. Moreover, due to a downregulation of trans-
porters, the recovery of modifications in brain osmoles takes a longer time 
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2.3  Epidemiology: Prognosis

Dysnatremias are the most common electrolyte disorders [39–43]. Most studies 
reported a frequency between 25 and 50%, depending on the patient’s conditions, 
the threshold of abnormal values, and on the delay of appearance of dysnatremia. 
Hoorn et al. [39] showed that 15–30% of hospitalized patients experienced moder-
ate (130–135 mmol/L) and 3% severe (<125 mmol/L) hyponatremia. Among the 
severe one, 36% were symptomatic and only 20% of them survived. Most frequent 
causes of hyponatremia are the syndrome of inappropriate secretion of antidiuretic 
hormone (SIADH), surgical patients (especially neurosurgical patients), and drug- 
induced hyponatremia, while hypernatremia is frequently iatrogenic. Numerous 
studies found that dysnatremias, even moderate, are independently associated with 
an increased risk of in-hospital mortality [39, 41, 44]. A recent meta-analysis includ-
ing 81 studies found that 17.4% of patients (n = 147,948) experienced a moderate 
hyponatremia (125–135  mmol/L), which was significantly associated with an 
increased risk of overall mortality (RR = 2.6) and morbidity [41]. Moreover, mortal-
ity was inversely correlated with the depth of hyponatremia.

Several recent studies are focused on dysnatremias in critically ill patients [45–
49]. Most of them considered only dysnatremias at admission in intensive care unit 
(ICU) and showed that hyponatremia was more frequent than hypernatremia (11–
26% vs. 2.5–9%, respectively). In a retrospective study performed in 77 ICUs over 
a period of 10 years, Funk et al. [47] showed that 24% of patients presented dysna-
tremias at admission, 17.3% were hyponatremic and 6.9% were hypernatremic. 
According to the level of serum sodium concentration, patients were distributed as 
follows: slight, moderate, and severe hyponatremia in 13.8%, 2.7%, and 1.2%, 
respectively, and slight, moderate, and severe hypernatremia in 5.1%, 1.2% and 
0.6%, respectively. Hypo- and hypernatremia were independent risk factors of mor-
tality and poor outcome. The risk is raised with the importance of serum concentra-
tion abnormality (OR from 1.32 to 1.81 for hyponatremia and from 1.48 to 3.64 for 
hypernatremia). The global incidence of ICU-acquired dysnatremias varies from 30 
to 40% of patients, and hypernatremia seems to have twice the incidence of hypo-
natremia [46, 48]. Globally, hyponatremia developed and persisted within 1–3 days 
and hypernatremia within 1–5 days. The impact of ICU-acquired dysnatremias on 
morbi-mortality in critically ill patients remains controversial [45, 46, 48]. In a 

when cerebral osmoregulation is complete. Therefore, a rapid treatment 
becomes an osmolar stress which exposes to a risk of overcorrection with an 
inverse osmotic gradient. Such a risk is particularly well known in patients 
presenting chronic hyponatremia which expose to the risk of osmotic demy-
elination syndrome if natremia normalizes too rapidly. Efficiency of osmo-
regulation is also affected by hypoxia and sex, female being less protected 
than male [37, 38].
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recent large cohort prospective observational study, hyponatremia at admission in 
ICU was found in 34.3% of patients, and 36.2% of them were caused by a SIADH 
[50]. Patients were diagnosed as euvolemic in 58.9%, hypervolemic in 26.3%, and 
hypovolemic in 14.8% of cases. The authors confirmed that hyponatremia was an 
independent risk factor for an increased mortality (HR = 1.61) and morbidity (lon-
ger length of stay and mechanical ventilation).

Finally, none of these studies proves the causality between dysnatremias and the 
increased morbi-mortality. Indeed, in a retrospective observational study, Chawla 
et  al. [43] reported that more patients presenting a moderate hyponatremia 
(<120 mmol/L) died than those with severe hyponatremia (<110 mmol/L), with a 
peak of mortality between 120 to 124 mmol/L. The authors hypothesized that severe 
hyponatremias were essentially due to a drug-associated effect, while moderate 
ones were observed in patients with numerous comorbidities and severe illnesses. 
Therefore at this time, it is not possible to conclude if dysnatremia is a simple 
marker or the direct cause of death.

2.4  Hyponatremias

2.4.1  Hyponatremia and Plasma Tonicity

Hyponatremia not always reflects plasma hypotonicity with its related risk of brain 
edema. Therefore, the first step in the management of hyponatremia is to eliminate 
non-hypotonic hyponatremias [2, 9, 13, 23, 51, 52]:

 – Pseudohyponatremias occur in case of a marked increase in lipid or protein 
plasma concentration. Hyponatremia is the result of a laboratory artifact due to 
the high volume occupied by excessive lipids or proteins in plasma and to the 
sample dilution before measurements [53]. In this situation, the total number of 
solute particle in the water phase of plasma is unchanged. Therefore, the direct 
measurement of serum osmolality (mosm/kg), which is performed on undiluted 
sample, confirms that hyponatremia is isotonic (Fig. 2.2). As a practical conse-
quence, no shift of water occurs and there is no risk of brain edema.

 – False hyponatremias are caused by the abnormal accumulation of effective sol-
utes other than sodium in the ECV. The resulting plasma hyperosmolality causes 
an osmotic shift of water from the ICV to the ECV that induces in turn a dilu-
tional hyponatremia. This hyperosmolar hyponatremia can be isotonic or hyper-
tonic, depending on the severity of excessive effective osmoles and on the 
osmotic-induced polyuria. When associated with hypertonicity, hyponatremia 
conducts to cell shrinkage which requires rehydration, whereas isotonic hypo-
natremia has no impact on cell volume. The most common cause of hypertonic 
hyponatremia is hyperglycemia [1, 2, 9, 23, 30, 54, 55]. In this situation, calcu-
lation of plasma tonicity remains the easier and most accurate tool to estimate 
possible changes in ICV, regardless the actual serum sodium concentration. 
Alternatively, natremia can be corrected considering the glucose elevation. 
Corrected natremia [cNa+], which estimates what would be natremia with nor-
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moglycemia, can be calculated using the following formula: [cNa+]  =  (mea-
sured [Na+] +  [glycemia × 0.45 [mmol/L) (for every 5.5 mmol/L increase in 
glycemia, add 2.4 mmol/L to measured natremia) [54]. Other effective osmoles 
may accumulate in plasma and cause hypertonic hyponatremia: mannitol, glyc-
erol/glycine surgical irrigant solutions, hyperosmolar radiocontrast media, 
histidine- tryptophan- ketoglutarate, and maltose. Due to the context, such situa-
tions are usually easily recognized. If necessary, an elevated osmolar gap, which 
is calculated by the difference between the measured and the calculated plasma 
osmolarity, will confirm the presence of excessive abnormal plasma effective 
osmoles.

 – Hypotonic hyponatremias are those at risk of cerebral edema and require a spe-
cific treatment.

Normal fraction of solid and water plasma phase

Solid phase = 7%

Water phase = 1 kg
of plasma water 

Solid phase = 7%

Water phase = 93%

1 liter of plasma

Solid phase > 7%

Water phase = 1 kg
of plasma water 

 Abnormal increased fraction of solid plasma phase = Pseudohyponatremia

Solid phase > 7%

Water phase < 93%

1 liter of plasma

a

b

Fig. 2.2 Plasma sodium concentration in normal and increased fraction of solid plasma particles. 
(a): Normal repartition of solid and water plasma phases: 1 l of plasma distributes normally into 
7% of solid phase (lipids and proteins) and 93% of water phase (containing electrolytes, especially 
sodium). Therefore, 1 kg of plasma water is very close from 1  l of plasma and normal plasma 
sodium concentration per kg, or per liter of plasma is also very close (140  ±  2  mmol/L). (b): 
Increased solid plasma phase (hyperlipidemia or hyperprotidemia): the increase in solid phase 
decreases in proportion of plasma water phase, and 1 kg of water plasma differs from 1 l of plasma. 
Therefore, if ion measurements assumed a constant distribution between the water and solid phase, 
sodium concentration per liter of plasma will be underestimated (related to a dilution effect), while 
sodium concentration per kilogram of plasma water remains normal: this is the isotonic pseudohy-
ponatremia. Gray circles represent sodium particles
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The following paragraphs will be focused on the sole hypotonic hyponatremias. 
The confirmation of hypotonicity is a prerequisite and the first step of the diagnosis 
of hyponatremia [2, 9, 13, 23, 30]. Therefore, the European clinical practice guide-
lines (ECPG) [9] and the American guidelines [23] recommend firstly to exclude 
hyperglycemic hyponatremias by measuring serum glucose concentration. 
Hyponatremia associated with a low measured osmolality always reflects hypoto-
nicity. However, because it is not available everywhere and every time, such a 
measurement cannot be recommended. On the other hand, plasma tonicity which 
can be performed easily at bedside is accurate enough to diagnose hyponatremias 
at risk of brain edema and must be calculated in all situations associated with 
hyponatremia.

2.4.2  Definitions

Hyponatremia is consensually defined as a serum sodium concentration <135 
mmol/L. The management of hyponatremic patients depends on its severity. 
Consequently, it is essential to define “severe” hyponatremia. Unfortunately, 
many definitions are reported in the literature [9, 13, 23, 30, 56, 57]. Hyponatremia 
below 120–125  mmol/L is usually considered as severe [13, 23, 55, 56]. The 
speed of development of hyponatremia is also a classical parameter of severity. 
Acute hyponatremia is defined by a rate of development <48 hours and is consid-
ered as severe due to the risk of brain edema, by opposition with chronic hypona-
tremia developed in more than 48  h. This classification is consistent with the 
pathophysiology of brain regulation and consequently with therapeutic strategies: 
acute hyponatremia requires an aggressive immediate treatment to limit brain 
edema, while chronic hyponatremia needs a slow correction aiming to avoid 
osmotic demyelination. Unfortunately, the speed of development of hyponatremia 
is not often known, especially in critical situations. However, some conditions and 
drugs are particularly associated with an acute decrease in natremia [9, 13] 
(Table 2.1). Among them psychotic polydipsia, exercise-induced hyponatremia, 
postoperative period, and intracranial injuries are frequent. After eliminating 
these situations, hyponatremia should be presumed as chronic despite no precise 
speed of its development.

The depth of hyponatremia as well as its delay of development is not only 
responsible for the efficiency of cerebral osmoregulation. Indeed, sex, age, 
hypoxia, and individual variations contribute also to this regulation [57]. For 
this reason, the ECPG [9] decided to provide three definitions of hyponatremia 
based on the (1) biochemical severity, (2) time of development, (3) and symp-
toms and their severity which is the first parameter to consider for the treatment 
(Table 2.2). These definitions were elaborated to avoid usual confusion by phy-
sicians and to recommend hierarchical therapeutic guidelines with successive 
steps.
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2.4.3  Pathophysiology and Classification

Hyponatremia is primarily a disorder of water balance indicating a relative excess 
of body water to body solute (sodium): water intake (or infusion) exceeds kidney 
free water excretion. In most clinical situations, both mechanisms, i.e., excessive 
water intake and impaired and inappropriate urine dilution, are associated. 
Nevertheless, based on the major mechanism of development, hyponatremias are 
classified into three categories that are associated with three ECV status [2, 23, 30, 
56, 58–60]:

Table 2.1 Major drugs and conditions associated with acute hyponatremia (non-exhaustive list)

Drugs Conditions
  – Diuretics
     • Thiazides
     • Amiloride, indapamide
     • Loop diuretics
  – Anticancer
     • Vincristine, vinstatine
     • Platinum agents
     • Cyclophosphamide
  – Antidepressants
     • Tricyclic antidepressants
     • Selective serotonin reuptake inhibitors
     • Monoamine oxidase inhibitors
  – Antihypertensive agents
     • Angiotensin converting enzyme inhibitors
     • Calcium antagonist agents
  – Antiepileptic agents
     • Carbamazepine, sodium valproate
  – Antipsychotic agents
     • Phenothiazine, butyrophenone
  – Proton pump inhibitors

  – Postoperative period
  –  Polydipsia (psychotic 

potomania)
  –  Exercise-associated 

hyponatremia
  –  Post-resection of the 

prostate, post-resection of 
endoscopic uterine surgery, 
or arthroscopy

  – Colonoscopy preparation

Table 2.2 Classification of major symptoms caused by hyponatremia according to their severity 
(non-exhaustive list)

Symptoms Severity
  –  Severe (highly 

life-threatening)
  – Moderately severe
  –  Mild (not 

life-threatening)

  • Vomiting
  • Cardiorespiratory distress
  • Abnormal and deep somnolence
  • Seizures
  • Coma (Glasgow coma scale ≤ 8)
  • Confusion, delirium
  • Headache
  • Nausea without vomiting
  • Falls, gait instability
  • Falls-related fractures
  • Impaired attention, cognitive disturbances, cramps, fatigue
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 – Euvolemic hyponatremias are due to an absolute body water excess without 
change in total body amount. This is classically observed in case of inappropriate 
kidney water reabsorption (SIADH) or in case of excessive water intake (psy-
chotic polydipsia).

 – Hypovolemic hyponatremias are due to excessive sodium losses which cause 
volume depletion and in turn increase VP secretion creating ultimately water 
retention with hyponatremia despite plasma hypotonicity [58]. Such conditions 
may be provoked by gastrointestinal kidneys or skin disorders.

 – Hypervolemic hyponatremias are due to excessive renal sodium and water reab-
sorption. In these situations, the effective arterial blood volume (EABV) is usu-
ally low, while the interstitial one is increased (as expressed clinically by 
peripheral edema). Effective hypovolemia triggers both VP and renin- angiotensin 
secretions, leading to renal water and sodium reabsorption, respectively. In such 
patients, both body water and sodium amount are elevated as observed in various 
congestive conditions (heart and liver failures, nephrotic syndrome, kidney 
diseases).

Such a classification is conceptually useful to understand major mechanisms 
according to the underlying cause of hyponatremia and in turn to select most appro-
priate therapies according to the ECV presentation. But in clinical practice, ECV 
assessment at bedside remains very difficult (except the increased ECV expressed 
by edema). Moreover, such clinical differentiations are not so clear-cut and depend 
on kidney function, drugs, and patient’s conditions. For example, a patient with 
SIADH can be treated concomitantly with diuretics that cause effective hypovole-
mia. Nevertheless, causes of hyponatremia remain commonly classified considering 
the theoretical volume of the extracellular compartment (see paragraph “etiologic 
diagnosis”).

2.5  Diagnosis

2.5.1  Clinical Symptoms

Because hypotonicity can induce cerebral edema, most clinical signs of hyponatre-
mia are neurologic, but not specific [2, 10, 13, 23, 30, 56, 59]. The severity of hypo-
natremic encephalopathy depends on the importance of brain edema and its 
consequence, intracranial hypertension. Therefore, the severity of symptoms varies 
according to the efficiency of cerebral osmoregulation. Most symptoms are sum-
marized in Table 2.2. In acute hyponatremia, various parameters are associated with 
an increased risk of cerebral edema expressed by clinical signs of encephalopathy: 
female (risk multiplied by 28), children, old female treated with thiazides, psychiat-
ric polydipsia, and hypoxia [25, 26]. In all cases, the history and the context must be 
rigorously identified in order to confirm the causal relationship between clinical 
signs and hyponatremia. Complementary exams can be needed to eliminate other 
causes of encephalopathy (CT scan, EEG). Some studies reported that neurological 
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signs associated with hyponatremia might be related not only to brain edema but 
also to alterations in brain excitability induced by a hypotonic-related neurotrans-
mitter exocytosis (glutamate) [26].

For a long time, chronic hyponatremia has been thought to be asymptomatic and 
without any deleterious consequences. Since a decade, growing data show that 
mild chronic hyponatremia is an independent risk factor of various side effects 
including falls, gait instability, falls-related fractures, impaired attention, and 
death. These symptoms are independent from age and sex [61–65]. Kinsella et al. 
[63] found that the incidence of hyponatremia was higher in women presenting 
fractures than in those without fractures (8.7 vs. 3.2% or 2.25). Hoorn et al. [64] 
confirmed in elderly patients that chronic hyponatremia was an independent risk of 
fractures. Cognitive impairment may favor falls and fractures. Chronic hyponatre-
mia is also responsible for a direct alteration in bone density. Indeed, bone, carti-
lage, and connective tissues serve as a sodium reservoir. Chronic hyponatremia 
stimulates directly the osteoclast activity, leading to a decreased bone mineral 
activity [63, 65, 66]. Moreover, decreased bone density correlates closely with the 
depth of hyponatremia.

2.5.2  Etiologic Diagnosis

The determination of the underlying cause of hypotonic hyponatremia is crucial, but 
may be impossible at admission and should not delay the emergent treatment of 
acute hyponatremias. In practice, such a diagnosis can be performed concomitantly 
with the treatment. In chronic asymptomatic/mild symptomatic hyponatremia, the 
determination of the underlying cause is needed and precedes the specific treatment. 
Therefore, the first step in the management of symptomatic acute hypotonic hypo-
natremia consists in increasing urgently serum sodium concentration, while the 
determination of the underlying cause is needed before beginning any treatment of 
chronic hypotonic hyponatremia [9]. For practical reasons, we decided to detail the 
etiologic approach in a paragraph before treatment, even not the order advised in 
practical algorithms.

Questions focused on treatments and history of the patient are crucial to approach 
the underlying cause of hyponatremia. The most common etiologic categorization is 
still based on the pathogenetic modifications in the ECV. But, despite a thorough 

In summary: chronic hyponatremia is highly more frequent than the acute 
one, but the latter is usually associated with moderate or severe neurological 
symptoms which need an emergent aggressive treatment aiming to prevent or 
reduce brain edema by increasing rapidly natremia. Many data suggest nowa-
days that mild chronic hyponatremia is not totally asymptomatic and is asso-
ciated with cognitive impairment, falls, and fracture. This probably justifies to 
increase serum sodium levels to subnormal values, but always carefully at a 
slow rate to avoid osmotic demyelination syndrome (ODS).
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clinical examination, this strategy is not realistic in clinical practice. The assessment 
of ECV is critical and not accurate (low sensitivity and specificity) leading to mis-
classifications [67]. Regardless of the parameters used, the diagnosis performance is 
always better with an algorithm than without [44, 68]. Both urine osmolality (Uosm) 
and sodium concentration (UNa) are needed, but the place of these parameters in the 
etiologic algorithm varies according to recommendations (Fig. 2.3) [9, 23].

A Uosm ≤100 mosm/L clearly indicates an excessive water intake. UNa with a 
threshold of 30 mmol/L has a good sensitivity and specificity to distinguish hypo-
volemia from euvolemia and hypervolemia. However, diuretics are responsible for 
an elevated UNa regardless of the ECV status [44, 68–71]. For an accurate interpre-
tation, urine measurements must be performed as soon as possible (before any treat-
ment if possible) on a spot urine sample taken simultaneously with a blood sample. 
Despite such recommendations, Uosm and UNa are measured in only 10% and 
27%, respectively, leading to an absence of determination of the underlying cause 
of hyponatremia [44]. Other laboratory tests do not have to be performed systemati-
cally, but may be useful: serum copeptin, urea and acid uric concentrations, and 
fractional sodium and uric acid excretion [69, 72, 73]. Among them, fractional uric 
acid excretion <12% seems to be the most accurate to differentiate low effective 
arterial blood volume (EABV) from euvolemic hyponatremias. Fractional uric acid 
excretion might be used for ambiguous conditions such as diuretic treatments or 

Urine osmolality

Asymptomatic or mild symptomatic
chronic hypotonic hyponatremia 

≤ 100 mosm/kg

- Primary polydipsia

- Low solute intake

- Beer potomania
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Urine sodium concentration
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= low effective

arterial blood volume 
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Fig. 2.3 Algorithm for determining the cause of hypotonic hyponatremia
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differential diagnosis between SIADH and cerebral salt wasting syndrome. Diuretic 
treatment does not exclude the contribution of other causes of hyponatremia, espe-
cially if hyponatremia persists despite stopping diuretics. For all these reasons, the 
ECPG [9] who wanted a very pragmatic approach, decided to propose an etiologic 
algorithm based on the determination of Uosm, followed by UNa on priority before 
the ECV assessment (Fig. 2.3).

2.5.2.1  Urine Osmolality ≤100 mosm/kg
These situations are due to excessive water intake and low solute intake. The ECV 
is normal and VP secretion absent as expressed by the low Uosm which is the 
marker of the appropriate response of kidney: maximal dilution of urines in response 
to excessive water intake. Hyponatremia develops only when the kidney reaches its 
maximal possibility for diluting urines. Thus, such conditions require very high 
volume and rapid water intake (20–30 l per day), usually associated with an impair-
ment in solutes and free water renal loss [9, 10, 49]. Most causes are psychotic 
polydipsia or self-water intoxication, beer potomania, and low solute intake. 
Polydipsia-related hyponatremia occurs in 60% of psychiatric patients.

2.5.2.2  Urine Osmolality >100 mosm/kg
Major causes of hyponatremias with a high urine osmolality are SIADH (30–40%) and 
diuretic treatments, especially thiazides (20%) [23, 44, 72, 74–77]. The determination 
of the underlying cause requires a further UNa determination which allows to distin-
guish situations with low UNa (≤30 mmolL) from those with high UNa (>30 mmol/L).

UNa ≤30 mmol/L
A low UNa strongly suggests a low EABV, even in patients on diuretics. Hypovolemic 
hyponatremia refers to patients with reduced global ECV. Clinical signs such as 
orthostatic hypotension, tachycardia, arterial hypotension, and dry mucus mem-
brane suggest hypovolemia. Biological parameters of functional acute kidney injury 
can be helpful, but are neither sensitive nor specific, and can be altered by other 
factors. Correction of low volemia with 0.9% NaCl will correct concomitantly 
hyponatremia by stopping VP non-osmotic vasopressin secretion:

 – Hyponatremia with low ECV (hypovolemic) can be caused by sodium losses 
issued from the gastrointestinal tract. In case of substantial vomitings, hypona-
tremia is classically accompanied by metabolic alkalosis (concomitant losses of 
chloride). By contrast, profuse diarrhea induces hyponatremia associated with 
metabolic acidosis. Large cutaneous sodium losses represent another cause of 
hypovolemic hyponatremia as observed in extensive burned patients. At least, 
hypovolemic hyponatremia can be caused by prolonged administration of diuret-
ics and an excessive water intake/infusion that is frequently associated and which 
contributes to worsen hyponatremia.

 – Hyponatremia with high ECV (hypervolemic) but low EABV is present in 25% of 
hyponatremic critically ill patients and is independently associated with an increased 
risk of morbi-mortality [78]. Modifications of ECV are complex, characterized by a 
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high global ECV related to the increased interstitial compartment while the EABV 
is reduced. Congestive heart failure and cirrhosis are classical causes of hypervol-
emic hyponatremia [49, 56, 60, 79–81]. In these conditions, the decrease in EABV 
is due to the reduction in cardiac output and vasoplegia. These modifications acti-
vate the sympathetic nervous system, the renin- angiotensin- aldosterone axis, and 
VP release, leading to sodium and water renal reabsorption and finally hyponatre-
mia. Therefore, patients present signs of volume overload: pulmonary edema, asci-
tes, and peripheral edema. The diagnosis is usually easy to make on the context. The 
reduced EABV is responsible for a secondary hyperaldosteronism with the low 
UNa, except for the frequent situation of patients receiving diuretics [49, 56, 60, 79]. 
In nephrotic syndrome, the reduction in EABV is usually attributed to hypoalbu-
minemia and the resulting low oncotic pressure and vasoplegia, leading to non-
osmotic VP release. Hypervolemic hyponatremia is commonly worsened by 
diuretics and fluid absorption and infusion.

UNa >30 mmol/L
When UNa is elevated, a very pragmatic approach is to confirm or eliminate a pos-
sible treatment by diuretics or kidney disease, both conditions that frequently affect 
natriuresis independently of ECV and may conduct to erroneous diagnosis [76, 82]. 
Moreover, both situations do not eliminate possible other causes of hyponatremia. 
On the other hand, UNa can also be reduced despite diuretics (especially with long- 
term treatment) and kidney disease (Fig. 2.3). Therefore, regardless of diuretics or 
kidney disease, hyponatremia associated with a UNa >30 mmol/L can be classified 
according to the ECV which can be reduced or normal:

 – Hypovolemic hyponatremia can be caused by gastrointestinal or renal losses. 
Vomitings are usual causes. Renal losses can be due to various causes. Cerebral 
salt wasting syndrome (CSW) is well documented in patients with intracranial 
injury such as subarachnoid hemorrhage, traumatic brain injury, brain tumors or 
infections, and neurosurgical postoperative period [49, 83–85]. Abnormal salt 
wasting may be related to kidney dysfunction (renal wasting syndrome, RWS) 
[82]. For some authors, regardless of the primary organ dysfunction, i.e., the 
brain or kidney, this is a unique syndrome, and the distinction between CSW and 
RSW is a simple semantic differentiation of a similar disorder which occurs in 
two different contexts [85, 86]. Primary adrenal mineralocorticoid deficiency 
(Addison disease) can cause hypovolemic hyponatremia associated with hyper-
kalemia due to renal sodium losses and potassium reabsorption.

 – Euvolemic hyponatremia. The SIADH is the most frequent cause of euvolemic 
hyponatremia. The inappropriate antidiuresis may result from an inappropriate 
secretion of ADH from the pituitary gland or an ectopic site. It may also result from 
vasopressin receptors or aquaporin abnormalities (genetic or acquired mutations). 
Therefore, SIADH is one clinical setting of the large conditions of the syndrome of 
the inappropriate antidiuresis (SIAD) [23, 49, 72, 74, 87, 88]. ECV is usually nor-
mal because after an initial phase of increased total body water, renal sodium 
excretion is stimulated in response to natriuretic factors. Consequently, despite a 
persisting high plasma concentration in ADH, patients present hypotonic urines 
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related to a decreased number of V2R and of AQP2 expression on the collecting 
tube: this is the “vasopressin escape phenomenon.” Additional abnormalities of 
thirst sensation can contribute to worsen hyponatremia. The diagnosis of SIAD(H) 
is based on classical absolute (or essential)  criteria that includes (1) hypotonic 
hyponatremia (plasma tonicity <275 mosm/kg), (2) urine osmolality >100 mosm/
kg despite a decreased plasma tonicity (abnormal antidiuresis), (3) clinical 
euvolemia, (4) urine sodium concentration > 30 mmol/L with normal sodium and 
water intake and no diuretics, and (5) absence of adrenal, thyroid, pituitary, and 
renal insufficiency (Table 2.3). Relative (or supplemental) criteria include (1) (par-
tial) correction of hyponatremia with fluid restriction, (2) failure to correct hypona-
tremia with 0.9% saline infusion, (3) serum uric acid <0.24 mmol/L, (4) serum 
urea <3.6 mmol/l, (5) fractional sodium excretion (FeNa) > 0.5%, (6) fractional 
urea excretion (Fe urea) >55%, and (7) fractional uric acid excretion(FeUA) > 12%. 
Calculation of fractional excretion is based on the following formula: Fe X 
(%) = (UX/PX) × (Pcreat/U creat) × 100, x being the substance and UX, PX, P 
creat, and Ucreat being the urine and plasma concentrations of X and creatinine, 
respectively. Plasma VP measurement does not frequently contribute to the diagno-
sis. Indeed, four situations have been observed in patients with SIADH receiving 
0.9% NaCl: (1) type A or “random” SIADH, present in 30 to 40% of patients, is 
characterized by a constant ectopic raised VP plasma concentration, regardless of 
plasma tonicity; (2) type B or “leak” SIADH found in 30% of patients is character-
ized by a raised basal VP concentration which increases normally with plasma 
hypertonicity; (3) type C or “reset osmostat,” also present in 30% of patients, is 
characterized by a decreased threshold of VP secretion leading to high VP plasma 
concentration despite low plasma tonicity; and (4) type D in 10% of patients is 
characterized by a normal VP secretion: this is the antidiuresis nephrotic syndrome 
which is observed in children and is due to abnormal activation of V2R (gene 
mutations) [17]. In clinical practice, because of difficulties to assess ECV and 
because SIADH and CSW appear in similar contexts, it is recommended to con-
sider additional biological parameters such as FeNa and FeUA to distinguish them 
(Table  2.4). In all cases, SIAD(H) remains a diagnosis of exclusion. There are 
numerous causes of SIAD(H) (Table 2.5), including essentially cancers (digestive 
and pulmonary), central nervous system disorders, and pulmonary diseases [9, 70, 

Table 2.3 Diagnostic criteria for the syndrome of inappropriate antidiuresis (SIAD) or secretion 
of antidiuretic hormone (SIADH)

Absolute criteria Relative criteria
  – Plasma hypotonicity (<275 mosm/kg)
  –  Antidiuresis: urine osmolality > 100 mosm/

kg at some level of decreased plasma 
tonicity

  – Clinical euvolemia
  –  Urine sodium concentration >30 mmol/L 

with normal salt and water intake
  –  Absence of adrenal, thyroid, pituitary, or 

renal insufficiency
  – No recent treatment with diuretics

  – Serum urea < 3.6 mmol/L
  – Serum uric acid < 0.24 mmol/L
  –  Failure to correct hyponatremia after 

0.9% saline infusion
  –  Correction of hyponatremia with 

fluid restriction
  –  Fractional sodium excretion > 0.5%
  – Fractional urea excretion > 55%
  – Fractional uric acid excretion > 12%
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Table 2.4 Criteria to differentiate the syndrome of inappropriate secretion of antidiuretic hor-
mone (SIADH) and cerebral salt wasting syndrome (CSW)

SIADH CSW
Clinical signs

  – Blood pressure
  – Cardiac frequency
  – Central venous pressure
  – Urine volume

  – Normal
  – Normal
  – Normal
  – Normal

  –  Low/normal 
(orthostatic 
hypotension)

  – Normal/high
  – Low
  – High

Biological parameters
  – Serum urea
  – Serum uric acid
  – Fractional sodium excretion > 0.5%
  – Fractional urea excretion > 55%
  – Fractional uric acid excretion > 12%

  – Normal/low
  – Normal/low

  – Normal/high
  – Low

Table 2.5 Major causes of syndrome of inappropriate secretion of antidiuretic hormone (SIADH)

Disorders of the nervous central system
  – Infections (bacterial, viral, mycotic, tuberculosis): encephalitis, meningitis, abscess
  –  Traumatic brain injury: Epidural and subdural hematoma, subarachnoid hemorrhage, 

brain edema
  – Primary and secondary brain tumors
  – Cavernous sinus thrombosis
  – Cerebral atrophy, hydrocephalus
  – Stroke, intracerebral hemorrhage, postanoxic encephalopathy
  – Peripheral neuropathy, Guillain-Barré syndrome
  – Acute intermittent porphyria, multiple sclerosis
  – Delirium tremens, acquired immunodeficiency syndrome (AIDS)
Pulmonary disorders
  – Small cell anaplastic cancer, mesotheliome
  – Infection (bacterial, viral, mycotic, tuberculosis)
  – Acute respiratory distress syndrome (ARDS)
  – Chronic obstructive pneumopathy, artificial ventilation with expiratory positive pressure
  – Asthma, cystic fibrosis
Malignant diseases
Carcinoma: lung, oropharynx, larynx, gastrointestinal tract, pancreas, stomach, genitourinary 
tract, bladder, prostate, thymoma, sarcoma
Other causes
  –  Drugs: vasopressin analogues, antidepressants, antidiabetic drugs, anticonvulsivants, 

anticancer drugs, antimitotics, antipsychotics, ecstasy
  – Postoperative period, pain, nausea, vomitings, AIDS, idiopathic
  – Exercise-associated hyponatremia
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87, 88]. The perioperative period is considered to be at high risk of SIAD because 
VP secretion is triggered by several non-osmotic stimuli (nausea, vomitings, pain, 
hypoxia, morphinics, hypovolemia) (see paragraph “perioperative hyponatremia”). 
A lot of drugs enable to induce SIADH such as selective serotonin reuptake inhibi-
tors, antidiabetics, and thiazides which are responsible of SIADH in 10–30% of 
treated patients [75, 77, 89–91]. Table 2.5 summarizes most drugs at risk for devel-
oping hypotonic hyponatremia with SIADH.  Finally, the cause of SIAD(H) 
remains frequently unidentified [70].
• Endocrinological diseases: secondary adrenal insufficiency/glucocorticoid 

deficiency [49, 72, 87] because of low concentration of cortisol fails to sup-
press corticotrophin release factor leading to an increased release in ACTH 
and VP. Renal water excretion is also altered independently of VP [92]. Only 
severe hypothyroidism (myxedema) could cause hyponatremia because of a 
reduced cardiac output and glomerular filtration rate.

2.5.2.3  Special Conditions Associated with Hyponatremia
- Exercise-associated hyponatremia (EAH) [93–96]: EAH occurs in 5–28% of 
intense and prolonged physical activity (marathon). Risk factors involved in such 
disorder are combined: excessive water intake (hypotonic solutions) associated with 
a non-osmotic inappropriate secretion of ADH, long race duration (>4–6 h), and 
extreme temperatures. The production of IL6 (related to muscle glycogen deple-
tion), stress, and nausea with hypovolemia triggers ADH secretion. Hyponatremia 
can be hyper-, hypo-, and euvolemic. Clinical presentation has no specific aspect 
and appears as an acute moderately or severely symptomatic life-threatening 
condition:

 – Postoperative hyponatremia: it is the third cause of acute in-hospital acquired hypo-
natremia. It develops preferentially in children and women [39, 49, 84, 97]. 
Hyponatremia results from a non-osmotic stimulation of ADH and is precipitated 
by hypotonic fluid infusions and perioperative impairment in renal urine dilution 
[97–99]. Postoperative hyponatremia may reach 30% of patients in surgeries at risk 
such as neurosurgery and orthopedic and gynecologic surgeries. However, only 
1–2% of them are severe. The incidence of hyponatremia in neurosurgical patients 
is elevated, depending on the underlying cause: 10–20% in patients undergoing 
surgery for brain hematoma, hypophysectomy, intracranial tumors, and traumatic 
brain injury; it reaches 50% in subarachnoid hemorrhage [49, 83, 100, 101]. 
Hyponatremia develops acutely within the 2–4 days following surgery and is fre-
quently symptomatic. Clinical presentation may be amplified by a preexistent brain 
edema or injury. The mechanism of hyponatremia is complex, and the distinction 
between SIADH and CSW remains difficult [102, 103]. ACTH deficiency is an 
additional confusing factor. In this setting, the North American guidelines recom-
mend to treat hyponatremia as soon as its concentration is below 131 mmol/L [83].
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 – Transurethral resection of prostate (TURP) syndrome: the irrigating solution for 
endoscopic surgery can be responsible of acute hyponatremia [104–106]. Large 
volume of hypotonic glycocolle solutions may be absorbed directly intravascu-
larly or through the interstitial tissue. At the initial phase, hyponatremia is 
 “translocational,” i.e., hypertonic (due to glycocolle), and is associated with a 
transitory hypervolemia which may cause arterial hypertension and cardiac fail-
ure. Hypotonic hyponatremia occurs later when glycocolle is metabolized lead-
ing to an excessive volume of free water in the vessels. Neurologic symptoms are 
related to brain edema but also to a direct cerebral toxicity of glycocolle metabo-
lites (ammoniac, glutamate, serine) [106, 107]. This syndrome was firstly 
described after prostatic surgery but can develop after endoscopic gynecologic or 
arthroscopic surgeries. The preventive strategy consists in accurate assessment 
of fluid volumes irrigated during the procedure, a close monitoring of sodium 
concentration within the intra- and postoperative period, and the use of 0.9% 
NaCl irrigating solutions with a bipolar electrode device [108].

 – Diuretic-induced hyponatremia: all diuretics may cause hypotonic hyponatre-
mia, but thiazides remain the most frequently implicated [75–77, 90, 91]. Leung 
et  al. [91] have shown that 30% of the exposed patients to thiazide diuretics 
develop hyponatremia and that thiazides multiply the risk of hyponatremia by 
five. Female, black, age >70 years increase this risk. Hyponatremia develops rap-
idly within the 10–14 days following the first prescription, but the risk persists 
within the ten following years. Hyponatremia is usually accompanied by a severe 
and reversible hypokalemia within 2–5 days after stopping thiazides.

2.6  Treatment

The optimal specific treatment of hypotonic hyponatremia is still debated because of 
the risk of life-threatening cerebral edema in case of undercorrection of hyponatremia 
balanced by the risk of osmotic demyelination syndrome (ODS) provoked by a too 
excessive and rapid treatment (overcorrection) (Table 2.6) [9, 13, 23, 51, 58, 60, 109]. 
Four expert guidelines published within the last 3 years are available in the literature: 
North America [23], Spain [110], Europe [9], and the United Kingdom [88].

Table 2.6 Complications and risk factors associated with an inappropriate treatment of 
hyponatremia

Complications Context Exacerbating factors
Brain edema caused by a 
delayed or insufficient 
correction of hyponatremia

Severe or moderate 
symptomatic and acute 
hyponatremia

  • Female, children
  • Postoperative period
  • Thiazide treatment
  • Psychotic polydipsia
  • Hypoxia

Osmotic demyelination 
syndrome caused by a too rapid 
or overcorrection of 
hyponatremia

Mild symptomatic or 
asymptomatic chronic 
hyponatremia

  • Chronic alcoholism
  • Hypokalemia
  • Burn
  • Malnutrition
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2.6.1  General Strategies

Major principles and strategies of treatment of hypotonic hyponatremia are consen-
sual. However, some conflicting recommendations exist among countries due to 
various reasons: methodology (interpretation of the evidence), nature of the expert 
group, few strong evidence, recent data on chronic hyponatremia, and development 
of vaptans (different approvals among countries).

The first principle of treatment is to distinguish situations requiring an immedi-
ate and aggressive treatment aiming a rapid raised in natremia from that needing a 
slow increased natremia and favoring the etiologic treatment. This strategy is 
strongly supported by the risk of fatal brain swelling caused by “severe” hyponatre-
mia, which overtakes on the induction of ODS.  Acute hyponatremia which is 
defined by a speed of development in less than 48 h is usually accepted as being 
severe [23, 87, 110], by opposition to chronic hyponatremia developed in more than 
48  h. However, from a practical point of view, the essential point is to identify 
patients with severe or moderate symptoms indicating brain edema, regardless 
whether hyponatremia is acute or chronic which is frequently difficult to determine 
[9, 23]. Moreover, it is helpful to know conditions that contribute to exacerbate 
cerebral edema [9, 10] (Table 2.6).

The second principle of treatment consists to identify patients at risk of 
ODS.  Usually asymptomatic patients or those with mild symptoms may develop 
ODS, especially in case of chronic hyponatremia. Contrary to the previous conditions, 
an overcorrection or too rapid correction of these hyponatremia must be avoided, and 
the treatment consists firstly to stop and treat the underlying cause of hyponatremia as 
soon as possible, and consider alternative treatments if not sufficient.

The third principle consists in determining the most efficient and safety 
rate of correction depending on the symptoms and the rate of development of 
hyponatremia. In all cases, guidelines must define targets which are the 
expected goals and limits which do not have to be exceeded (Fig. 2.4) [9, 13, 
51, 88].

Finally, the strategy can be elaborated considering (1) first the presence of 
symptoms and their severity and (2) second the acute or chronic development of 
hyponatremia. This leads to three situations: (1) hyponatremia with severe or 
moderate symptoms regardless of the speed of development of hyponatremia, (2) 
acute hyponatremia without severe or moderate symptoms, and (3) chronic 
hyponatremia.

2.6.2  Hyponatremia with Severe or Moderate Symptoms

The management of such patients requires an intensive care unit (ICU) or at least an 
environment where close biochemical and clinical monitoring can be provided. 
Regardless of whether hyponatremia is acute or chronic, the aim of the treatment is 
to raise rapidly serum sodium concentration by 4–6 mmol/L which is sufficient to 
reverse or avoid most serious complications (brain herniation). This can be achieved 
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with a 100–150 mL (2 ml/kg) intravenous (i.v.) bolus infusion of 3% hypertonic 
saline (or equivalent 3–4.5 g) over 15–20 min [9, 10, 13, 23, 111–113]. The next 
step of the treatment is guided by the evolution of the patient. If severe symptoms 
improve or natremia increases of 4–6 mmol/L within the following hours, it is rec-
ommended to infuse 0.9% saline (smallest volume) until the underlying cause treat-
ment is started. An additional 3% saline i.v. can be repeated two or three times if 
there is not enough or no improvement. In all cases, serum sodium concentration 
must be closely checked 15–20 min after each bolus and every 4–6 h daily after 
stopping hypertonic saline bolus and until natremia stabilized. The safe limit that 
does not have to be surpassed is a total increase in natremia of 6–10 mmol/L during 
the first 24 h and 8 mmol/L during every 24 h thereafter. As soon as serum sodium 
concentration reaches 130 mmol/L, stop hypertonic saline infusion.

While treating the patient, it is recommended to perform additional explorations 
to establish the underlying cause and administer its specific treatment. Guidelines 
do not recommend the use of any predictive formulas which overestimate the speed 
of correction [9, 13, 113]. Indeed, formulas are static and do not integrate the fact 
that kidney capacity of dilution and the possible avoidance of a specific cause may 
vary during time, leading to unpredictable modifications in natremia. The clinical 
judgment, the history of the patient, the context, and the follow-up remain essential 
parameters needed to guide the strategy after the initiation of the emergent admin-
istration of hypertonic saline. In this way, additional hypertonic saline boluses must 
be very carefully indicated in rapidly reversible acute hyponatremia when the cause 
is stopped, such as in self-induced water intoxication or in the postoperative period 
after stopping hypotonic fluid infusion, EAH [23].

. 150 mL 3% hypertonic saline i.v. over 15-20
min completed by 1 or 2 maximum additional
boluses if goals are not reached 

. Do not exceed an increase of 6-10 mmol/l in the
  first 24 hrs and 8 mmol/L every 24 hrs thereafter  

Principles . Immediate 3% hypertonic
saline 

. If possible stop the underlying cause,  threat the underlying cause

Goals

. Avoid and prevent brain edema

-Increase natremia by 4-6 mmol/L and
improve symptoms within 1-2 hrs 

Limits

Practical
management 

. No hypertonic saline

Severe/moderate symptomatic hyponatremia
(regardless acute or chronic) 

Mild symptomatic/asymptomatic chronic
hyponatremia  

. Avoid and prevent osmotic demyelination

. Always stop hypertonic saline when natremia
  reaches 130 mmol/L 

. Do not exceed an increase of 8-10 mmol/L in
the first 24 hrs and 8 mmol/L every 24 hrs
thereafter   

- Increase natremia by 4-6 mmol/L within 24
hrs in profound hyponatremia (<125 mmol/L) 

. Management in ICU or structure allowing
close clinical and biological monitoring  

. Establish the underlying
cause 

. Stop all factors that provoke or contribute to
hyponatremia, especially diuretics if possible 

. Give the cause-specific
treatment 
. Hypovolemic hyponatremia : give
fluid infusion  
. Hyper-and euvolemic hyponatremia : give fluid
restriction±loop diuretics or urea or vaptans 

. Consider relowering natremia if correction is
too rapid (DDAVP or hypotonic fluids) with an
expert  

Fig. 2.4 Major principles of the strategy for treating hypotonic hyponatremia
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2.6.3  Acute Hyponatremia Without Severe or Moderate 
Symptoms

The first step is to eliminate an error in serum sodium concentration measurement. 
After confirming hypotonic hyponatremia, the absence of severe or moderate symp-
toms allows to recommend firstly a cause-specific treatment and to stop all factors 
that contribute or provoke hyponatremia (hypotonic fluids, drugs). A bolus of 3% 
hypertonic saline can be suggested in case of profound acute decrease in natremia 
exceeding 10 mmol/L always associated with a close monitoring of natremia [9].

2.6.4  Chronic Hyponatremia Without Severe or Moderate 
Symptoms

2.6.4.1  Principles and Risks
Loss of organic osmolytes during chronic hyponatremia protects the brain from 
edema but exposes to osmotic demyelination lesions when the increase in serum 
sodium concentration is too rapid. Indeed, the recovery of osmolyte content is not 
immediate and takes several days. This explains why rapid correction of hyponatre-
mia behaves as a hypertonic stress leading to various injuries (apoptosis, blood- 
brain barrier disruption, and demyelination). There is a consensus to recommend 
against the administration of hypertonic saline in these patients. The strategy con-
sists firstly to stop all factors (fluids, water intake, drugs) that contribute or provoke 
hyponatremia and to give a cause-specific treatment [9, 10, 13, 51, 87]. Aiming a 
raise in natremia is only recommended for profound (<125 mmol/L) or moderate 
(125–129 mmol/L) chronic hyponatremia [9]. The recommended goal is an increase 
of 4–6 mmol/24 h and an upper limit increase of <10 mmol/L during the first day 
and <8 mmol/L during the following day. Lower limits around 8 mmol/L can be 
advised in patients at risk of ODS (Table 2.6). ODS has been reported when speed 
correction of chronic hyponatremia exceeded 10–12 mmol/L per 24 h. At last, rais-
ing serum sodium concentration should not be aimed in mild chronic hyponatremia 
(<130 mmol/L).

Despite these recommendations, overcorrection commonly occurs and current 
guidelines recommend to relower serum sodium concentration if the limit is exceeded 
[114–117]. This goal can be reached using desmopressin (DDAVP) or electrolyte-
free water. Such a strategy may be performed as a curative or rescue therapy of 
excessive serum sodium correction by the administration of DDAVP alone or in asso-
ciation with glucose solutions or as preventive administration of DDAVP combined 
with hypertonic saline. The lack of strong evidence does not allow to recommend a 
unique preferred strategy. DDAVP is administered initially with a dose of 1–4 μg 
(intravenously or parenterally), followed by repeated boluses according to the 
response on neurological function, urine output, and serum sodium concentration 
change. The interval between two doses should not be less than 6–8 h. The adminis-
tration of hypotonic fluids is an alternative strategy which consists in a 3–10 mL/kg 
infusion [9, 23]. The preventive attitude is less consensual than the curative one, 
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because DDAVP seems to be unlogical and inefficient in patients presenting SIADH 
[58]. Moreover, a recent meta-analysis has shown that there is only limited data and 
low evidence concerning such a strategy [114]. At last, the optimal timing, dose, and 
duration of DDAVP administration remain to be determined. Therefore, considering 
the risk and the clinical experience to relower natremia, the ECPG group [9] recom-
mends to refer or consult an expert for this patient management.

ODS, also named central pontine myelinolysis (CPM), is characterized by a 
demyelination located on central pontine and extrapontine structures. For a long 
time, this syndrome has been attributed exclusively to a too rapid correction or over-
correction of chronic hyponatremia. However, other conditions have been reported 
to provoke or favor CPM: chronic alcoholism, malnutrition, hypokalemia, and burn 
patients [118–120]. Regardless of the cause, blood-brain barrier is altered and 
becomes permeable allowing an abnormal cerebral entry of cytokines and lympho-
cytes and finally demyelination. Clinically, the patient presents a classical biphasic 
evolution: the initial neurological improvement obtained with the correction of 
hyponatremia, is followed by a worsening neurological status within the following 
1–8 days. Manifestations consist in nonspecific signs of encephalopathy including 
behavioral abnormalities, seizures, pseudobulbar palsy, quadriparesis, locked-in 
syndrome, permanent disability, or death. Brain resonance magnetic imaging 
enables to confirm the diagnosis, thanks to the identification of demyelination injury 
after a delay of 1 or 2 weeks. Prevention of ODS is commonly based on the respect 
of speed correction of hyponatremia. Uremia has been reported to prevent demye-
lination by accelerating the recovery of cerebral amount of organic osmolytes [121]. 
Myoinositol and minocycline enabled to improve rat survival following rapid cor-
rection of chronic hyponatremia [122, 123].

2.6.4.2  Additional Specific Treatments According to the Underlying 
Cause

Additional non-emergent treatment depends on the underlying cause and on the 
ECV status.

Besides the specific cause therapy, the first-line treatment of chronic hypovole-
mic hyponatremia consists in restoring ECV with an i.v. infusion of crystalloids 
(0.9% saline or balanced solutions) at a rate of 0.5 to 1 mL/kg.

Despite limited data, fluid restriction (800–1200 mL) is suggested in moderate or 
profound hyper- and euvolemic chronic hyponatremia as a first-line therapy. This 
can be complemented by the administration of a loop diuretic (furosemide), espe-
cially when urines are concentrated [9, 74, 87, 124]. Both demeclocycline and lith-
ium may increase serum sodium concentration by inducing a nephrogenic insipidus 
diabetes [9, 74, 87, 124]. However, their beneficial effect is inconstant, unpredict-
able, and associated with important adverse effects (neurotoxicity, nephrotoxicity). 
Consequently, most experts do not recommend these drugs in SIADH.

Major conflicting recommendations refer to urea and vaptan therapies. Urea has 
been successfully administered in moderate and profound chronic hyponatremia 
without real side effects [107, 125, 126]. The ECPG suggests to administer a daily 
dose of 0.25–0.50 g/day urea as a second-line treatment (after fluid restriction) [9]. 
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But urea is not commercialized and requires a pharmaceutical preparation with 
sucrose and sparkling water to avoid the bitter taste. Vaptans are non-peptidic antag-
onists of vasopressin receptors [23, 109, 127]. While VP binds at a superficial site, 
vaptans penetrate deeply into the membrane. Their main effect consists in an 
increase in solute-free water excretion by kidneys. Regardless of their affinity on 
vasopressin receptors, they increase urine output. V2R antagonists exert only renal 
effects and are called “aquaretics.” V1a-V2R antagonists combine two properties, 
i.e., renal and vascular vasodilating effects. Currently, two molecules are commer-
cialized and available in most countries: tolvaptan (Samsca®) is a selective V2R 
antagonist and conivaptan (Vaprisol®) is a mixed V1a-V2R antagonist. 
Pharmacokinetic characteristics are similar for both: high level of protein bound, 
half-life of 6–10 h, and metabolization by the hepatic cytochrome P450. Conivaptan 
may be administered intravenously at a dose of 40  mg daily for a maximum of 
4  days because of its potential hepatotoxicity. Tolvaptan can only be prescribed 
orally at a dose of 15–60 mg daily. Indications of vaptans as a treatment of asymp-
tomatic or mild symptomatic chronic hyponatremia remain a source of debate. Such 
a conflicting strategy can be explained by the difference in vaptan approval by agen-
cies among countries, paucity of data with high level of proof, divergent interpreta-
tion of evidence-based medicine (efficiency vs. adverse events), expert’s disclosure, 
and industry sponsorship (editorial dependence) [128, 129]. The FDA and the 
Canadian agencies state that vaptans may be indicated as a first-line therapy for 
hyper- and euvolemic chronic hyponatremia. This strategy is based on several argu-
ments. There is no doubt that vaptans enable to increase natremia of 4–6 mmol/L in 
these patients [130–134]. These results have been confirmed in two recent meta- 
analyses [133, 134]. Rozen-Zvi et al. [133] included 15 randomized controlled stud-
ies comparing vaptans vs. placebo or no treatment (± associated with fluid 
restriction). They found that vaptans increased serum sodium concentration by 
5.27 mmol/L early (after 1–7 days) and up to 1 month. Similar results from 11 ran-
domized controlled studies were reported in a second meta-analysis with an 
increased natremia of 5.7  mmol/L at day 5 of treatment [134]. More than 3000 
hyper- and euvolemic asymptomatic/mild symptomatic hyponatremic patients were 
collected in an international registry [135]. The authors confirmed that tolvaptan 
successfully increased natremia by a median of 4 mmol/L for up to 4 years. The last 
meta-analysis has been performed by the ECPG group including additional trials 
published between 2010 and 2013. The update data with 20 randomized controlled 
studies (2009 patients) also confirmed that vaptans enable to increase serum sodium 
concentration by 4.3 mmol/L within 3–7 days as compared with placebo [9]. No 
real difference in adverse or serious adverse events (CPM) related to a rapid increase 
in natremia has been reported [9, 133–135]. Moreover, fluid restriction which is still 
considered as the first-line alternative treatment can be ineffective and difficult to 
maintain in numerous patients [129]. Failure of fluid restriction to increase natremia 
commonly occurs in patients with high urine osmolality (>500 mosm/kg), low urine 
output (<1500  ml/day), and low increase in sodium after 2  days of treatment 
(<2 mmol/L). Because tolvaptan was recently reported to be associated with liver 
toxicity, the FDA recommends limiting its use to 30 days and not to use it in patients 
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with liver disease (hypervolemic hyponatremia) [136]. Tolvaptan is not indicated in 
hypovolemic chronic hyponatremia because of a high risk of worsening vasodilating- 
related hypotension. Current recommendations in North America indicate that vap-
tans can be considered as an optional treatment in asymptomatic or mild symptomatic 
chronic non-hypovolemic hyponatremia, except for patients with liver disease 
[109]. Short-term indication is safe and simple in patients presenting hyponatremia 
<125 mmol/L, and as soon as natremia raises of 6–8 mmolL, water intake must be 
matched with urine output to prevent an excessive elevation in natremia. Vaptans 
may be indicated as a long-term optional strategy in patients with irreversible mild 
symptomatic euvolemic hyponatremia (<130  mmol/L) who fail or resist to fluid 
restriction. Tolvaptan must be initiated with low daily dose (15 mg) and progres-
sively increased (to 60  mg daily) until reaching serum sodium concentra-
tion ≥135 mmol/L within 1 week. Natremia must be checked at least once a week 
at the beginning and monthly thereafter. Tolvaptan requires regular liver enzyme 
monitoring and must be stopped in case of elevated values (except for patients wait-
ing for liver transplantation). European experts do not recommend the use of vap-
tans considering that the quality of the evidence is reduced due to the absence of 
comparative studies with alternative treatment and the absence of evaluation of 
major endpoints such as mortality or severe adverse events [9, 87]. Indeed, meta- 
analysis does not report any beneficial effects of vaptans on long-term survival or 
quality of life [9]. Moreover, the risk for a rapid sodium concentration increase is 
present (RR = 1.61) and has been pointed by drug agencies [9, 137–139], especially 
when vaptans are combined with hypertonic saline administration. Despite no pub-
lished report of ODS, neurological injury has been indicated in patients receiving 
tolvaptan due to an excessive correction of hyponatremia [137]. Vaptans also enable 
to induce adverse events such as polyuria, thirst, mouth dryness, constipation, and 
hepatotoxicity [109, 140]. At last, patients presenting concentrated urines have a 
resistance to vaptans (as observed with fluid restriction): patients with high level of 
VP (some SIADH), with hypervolemic heart failure or cirrhosis because of the low 
EABV, excessive water intake related to “reset osmostat” SIADH, or nephrogenic 
syndrome of inappropriate antidiuresis. Therefore, the ECPG group considered that 
there is no proven beneficial effect of vaptans apart the increase in natremia while 
safety remains questioned [9]. This group recommended against vasopressin recep-
tor antagonists in treating hyper- and euvolemic chronic hyponatremic patients and 
recommends fluid restriction as a first-line strategy for these patients [9].

In summary: only severely and moderately symptomatic hyponatremic 
patients require an immediate and aggressive treatment with i.v. hypertonic 
saline, aiming to prevent or avoid urgently life-threatening cerebral edema. 
The first therapy recommended for treating mild symptomatic chronic hypo-
natremia is to stop drugs and reversible situations that provoke hyponatremia 
(thiazides, excessive water intake), before considering vaptans which require 
a long delay of action. For these latter patients, the cause-specific treatment 

C. Ichai and J-C. Orban



59

2.7  Hypernatremia

2.7.1  Definition: Pathophysiology

Hypernatremia is defined by a serum sodium concentration >145 mmol/L. 
Hypernatremia is always associated with plasma hypertonicity and consequently 
responsible for cell shrinkage (dehydration). Hypernatremias may be induced by 
three mechanisms which conduct to classify them according to the resulting changes 
in ECV (Fig. 2.5) [13, 141]:

 – Euvolemic hypernatremias are due to “pure water” losses. Total body sodium 
content remains unchanged and maintains a normal ECV.

 – Hypovolemic hypernatremias are due to hypotonic losses leading to a combina-
tion of cell shrinkage and a reduced ECV.

 – Hypervolemic hypernatremias are due to an absolute sodium retention in the 
ECV which conducts to combine cell shrinkage and hypervolemia.

is the most appropriate and increasing natremia should not be the sole goal. 
Hypovolemic hyponatremia requires volume expansion. Alternative treat-
ments of hyper- and euvolemic chronic hyponatremia remain controversial: 
fluid restriction firstly and no vaptans in Europe and vaptans firstly in North 
America. In case vaptans are indicated, an expert management is preferable 
with a regular monitoring of serum sodium concentration and liver enzyme 
levels because of both risks of overcorrection of natremia and hepatotoxicity. 
Vaptans and hypertonic saline should never be associated.

Hypernatremia

Normal ECV

Excessive intake of sodium
(iatrogenic or self-voluntary)

hypertonic saline, sodium
bicarbonate  

Low Uosm
= Central and nephrogenic

diabetes insipidus  

High Uosm
= Primary hypodipsia 

Inappropriate normal  Uosm
= Essential hypernatremia 

Increased ECV
Reduced ECV

Low Uosm
= renal losses

(osmotic
polyuria)   

High Uosm
= extrarenal losses 

. Digestive

. Cutaneous

. Pulmonary

Fig. 2.5 Algorithm for determining the cause of hypernatremia
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2.7.2  Diagnosis

2.7.2.1  Clinical Symptoms
Similarly with hyponatremia, severity of hypernatremia is essentially related to its 
impact on brain volume. Therefore, clinical manifestations are primarily neurologic 
but not specific, and their severity depends on the speed of development of the 
trouble. Acute hypertonic stress resulting from acute hypernatremia (<48 h) induces 
cerebral vascular injury and sudden brain shrinkage which induces intracranial 
hemorrhage, while symptoms are mild or absent in case of chronic hypernatremia. 
Severity of hypernatremia depends on the severity of neurological signs and on the 
presence of hypovolemia. The interpretation of symptoms must be integrated in the 
history, treatments of the patient, and the context which can be useful to distinguish 
acute symptomatic from chronic asymptomatic hypernatremia. Clinical signs are 
related to cell dehydration [13, 141]:

 – Neurological signs are those of nonspecific encephalopathy including conscious-
ness impairment, ataxia, nystagmus, hypertonia, stupor, seizures, profound 
coma, or those related to intracranial hemorrhage (hemiplegia) or thrombosis of 
dural sinus. Acute hypernatremia may lead finally to death.

 – Thirst may be absent in case of hypodipsia and consciousness alteration.
 – Reduced body weight allows to assess body water deficit, but it may remain sta-

ble or elevates when plasma hypertonicity is associated with an increased ECV.
 – Other signs are fever, dyspnea, and rhabdomyolysis. However, it is commonly 

difficult to prove the causal relationship between those signs and 
hypernatremia.

2.7.2.2  Etiologic Diagnosis (Fig. 2.5)
Euvolemic hypernatremia: They include three major causes:

• Diabetes insipidus [142]: this syndrome is characterized by a common poly-
uria and polydipsia. Urines are abnormally diluted. Central diabetes insipi-
dus is caused by a lack of ADH secretion which is due to central nervous 
system alterations. However, in most cases, this is also combined with an 
impairment in thirst sensation which results from alterations in receptors of 
thirst. Therefore, hypernatremia can develop only if both abnormalities are 
associated or in case of impossible water intake. Central and nephrogenic 
diabetes insipidus can be distinguished, thanks to an administration of des-
mopressin that will increase urine osmolality of 50% only in central diabetes 
insipidus. Numerous nervous central system lesions may induce central dia-

In summary, there is no specific clinical sign, and treatment is delayed, 
explaining the high rate of morbi- mortality during hypernatremia which is 
also frequently associated with severe underlying causes [141].
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betes insipidus (trauma, stroke, hemorrhage, tumors, neurosurgery, etc.). 
Nephrogenic diabetes insipidus may be due to gene mutations of V2R 
VP-receptors or of aquaporin-2. It may be caused by acquired troubles such 
as hypokalemia, hypercalcemia, or some drugs (lithium, antifungic mole-
cules, antibiotics, antiviral drugs, or antimitotics).

• Primary hypodipsia refers to an impairment in thirst behavioral while its stimu-
lation is normal. Urine osmolality and density are elevated showing an appropri-
ate response of kidneys to plasma hypertonicity.

• Essential hypernatremia is due to an abnormally elevated threshold of ADH and 
thirst secretion. Urine osmolality in relation with plasma hypertonicity is too low:
 – Hypovolemic hypernatremia: the diagnosis of the underlying cause is orien-

tated by the context, electrolyte blood measurements, and above all Uosm. A 
low Uosm indicates losses from the kidney which are caused by osmotic poly-
uria due to the presence of glucose or urea in urines or to diuretic administra-
tion. A high Uosm is present when losses are caused by gastrointestinal or 
cutaneous alterations.

 – Hypervolemic hypernatremia: they are usually due to therapeutic errors or 
voluntary self-poisoning. Most frequent causes are infusions of hypertonic 
saline or concentrated sodium bicarbonate infusions. The clinical presenta-
tion consists in severe signs of cell dehydration due the acute speed of devel-
opment of hypernatremia. The frequent pulmonary edema or congestive heart 
failure manifestations are related to the rapid extracellular fluid overload.

 – Perioperative hypernatremia: age, infection, and diuretics have a major role 
in the development of hypernatremia whatever the context and independently 
of the type of surgery. Indeed, the risk of perioperative hypernatremia strongly 
increased in elderly patients which present an impairment in thirst sensation 
and urine concentration capacity, frequently associated with severe comor-
bidities or dementia. Hypernatremia occurs in 22% of cases following neuro-
surgery and abdominal surgeries. In half of cases, it appears within the 5 days 
following surgery. Digestive surgery is at risk of excessive hypotonic losses 
from the gastrointestinal tract: preoperative digestive losses (vomitings, diar-
rhea), intraoperative water losses, and postoperative digestive losses (gastric 
aspiration, digestive fistulas) which are commonly insufficiently supple-
mented. About 18% of central diabetes insipidus are observed after neurosur-
gery or in traumatic brain injury and appear early within the 12 or 24 
postoperative hours and disappear after 5–7 days.

2.7.3  Treatment

Both preventive and curative including the underlying cause treatments are needed. 
As recommended for hyponatremia, the appropriate strategy for reducing hyperna-
tremia depends on the severity of symptoms, the ECV alteration, the speed of devel-
opment of hypernatremia, and the reversibility of the cause. Therefore, the therapy 
aims to:
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 1. Maintain or restore the ECV especially in case of hypovolemia to avoid shock or 
tissue hypoperfusion (crystalloids). This is the first priority that must be reached 
before any correction of natremia [13, 141].

 2. Correct plasma hypertonicity/hypernatremia with hypotonic solutions (5% dex-
trose or water when possible). In case of acute symptomatic hypernatremia, a 
rapid decrease in serum sodium concentration is needed to prevent or treat brain 
shrinkage and its consequences. This can be achieved with a rapid i.v. 5% dex-
trose infusion or renal removal therapy especially when patient presents kidney 
insufficiency. Oral water intake is insufficient and frequently impossible due to 
central nervous alteration. Despite the real proof of side effects of an excessive 
correction of hypernatremia, it is commonly advised to not exceed a reduction in 
plasma tonicity of 5 mosm/L/h or in natremia 2–2.5 mmol/L. Therefore, serum 
sodium levels must be closely and frequently (every 4–6 h) checked, and a clini-
cal monitoring is also required. Such a treatment is maintained until severe neu-
rological signs disappear and natremia is 145  mmol/L [13]. Asymptomatic 
chronic hypernatremia requires the replacement of water losses, the cause- 
specific treatment, and if necessary, a reduction of natremia that will not exceed 
10 mmol/L per day. Oral water intake may be useful because it allows a safe 
regular and progressive decrease in serum sodium concentration, allowing to 
prevent overcorrection and the risk of brain edema. The speed of correction of 
hypernatremia must be lower in patients at risk such as elderly patients, children, 
and patients at risk of brain edema or intracranial hypertension.

 Conclusion
Cell volume depends on the transmembrane osmotic gradient, i.e., on plasma 
tonicity which is determined by the sole effective plasma osmoles. Plasma hyper-
tonicity always induces cell shrinkage and conversely plasma hypotonicity 
always induces cell edema. ADH and thirst are both major mechanisms that 
regulate closely plasma tonicity and consequently cell volume. Because of its 
location in the inextensible skull, modifications in brain volume caused by dys-
natremias are responsible for the common neurological signs. Therefore, dysna-
tremias must be considered when severe as life-threatening conditions.

Hyponatremia can be associated with plasma hypertonicity (in case of 
hyperglycemia) and isotonicity (pseudohyponatremia in case of hyperpro-
tidemia or hyperlipidemia), but only hypotonic hyponatremia can induce brain 
edema. Due to cerebral osmoregulation, the risk of hypotonic hyponatremia 
depends on the efficiency of this regulation. Therefore, the most pragmatic 
strategy to treat hypotonic hyponatremia is to consider the severity of neuro-
logical signs. Patients presenting severe neurological signs require an immedi-
ate and aggressive treatment aiming to increase rapidly natremia of 4–6 mmol/L 
using an i.v. infusion of 3% hypertonic saline and to prevent or reverse brain 
edema. Increasing serum sodium in asymptomatic or mild symptomatic chronic 
hyponatremic patients is not a real goal, and the treatment is essentially based 
on the cause-specific treatment. Besides such treatment, the raise of chronic 
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hyponatremia can be reached using fluid restriction and the use of vaptans 
remains controversial. Overcorrection of chronic hyponatremia exposes to the 
risk of osmotic demyelination.

Hypernatremia is always associated with plasma hypertonicity and conse-
quently with cell shrinkage. Therefore, hypernatremic patients commonly pres-
ent central nervous system impairments. Treatment of hypernatremia depends 
also on the severity of symptoms. Besides, the underlying cause treatment and 
severe symptomatic hypernatremic patients require a rapid decrease in serum 
sodium concentrations using i.v. hypotonic solutions, whereas asymptomatic 
patients can be treated using oral water intake aiming a slow and progressive 
reduction in natremia.
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3Potassium Disorders

Carole Ichai

3.1  Introduction

Potassium is the most abundant intracellular cation. It plays a major role in neuro-
muscular excitability, especially by maintaining electric resting and action potential 
of the membrane. In physiological conditions, the regulation of external and internal 
balances allows to control and maintain serum plasma concentration stable. The 
management of potassium disorders is based on a diagnosis and a therapeutic strat-
egy. This chapter will focus particularly on critically ill patients presenting severe 
and symptomatic dyskalemias.

3.2  Potassium Metabolism

3.2.1  Body Potassium Distribution

Potassium (K+) is the second most abundant cation which accounts for a total body 
amount of 50 mmol/kg, i.e., 4000–5000 mmoles for an adult of 70 kg. Ninety-eight 
percent of whole-body potassium is present in the cells, among which 80–90% is 
located in the muscle. Intracellular potassium concentration is between 100 and 
140 meq/L (mmol/L). The remaining 2% are located in the extracellular compart-
ment, and normal plasma K+ level is 3.5–5 mmol/L (Fig. 3.1) [1–10]. Approximately 
90% of total body potassium is exchangeable within 24 h.
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3.2.2  Potassium Balance and Its Regulation

Extracellular/intracellular potassium ratio, [Ke]/[Ki], explains why mild absolute 
variations in kalemia may greatly impact on neuromuscular excitability. Therefore, 
it is not surprising to find a precise control for strictly regulating kalemia. To main-
tain kalemia and potassium homeostasis, two complementary systems are involved: 
the regulation of the internal and of the external balances.

3.2.2.1  Internal Potassium Balance
Internal potassium balance is the first line of immediate kalemia regulation. 
However, this is a transitory short-term regulation which consists in the mainte-
nance of an asymmetric distribution of potassium between the intra- and the extra-
cellular fluid [1, 4, 6, 11–13]. The physiological transmembrane gradient between 
extracellular potassium [Ke] and intracellular potassium concentrations [Ki] is 
maintained thanks to the transmembrane Na-K-ATPase, an enzyme that induces the 
entry of two K+ into the cell while extruding three Na+ out of the cell. This active 

Intracellular space
2900 mmoles (98%)

Extracellular space
48-56 mmoles (2%)

P
lasm

a
3.5-5 m

m
oles/L 

Kidney

Muscles
2600 mmoles

(80-90%) 

Digestive tract

5-10 mmol/d

Exogenous intake = 70-
75 mmol/d

Urinary excretion
= 70 mmol/d 

[K] = 100-140 mmoles/L

EXTERNAL BALANCE

INTERNAL BALANCE

Total body potassium = 3000-4000 mmoles

75 m
mol/d

5-10 m
mol/d

Fig. 3.1 Physiological distribution of potassium in the body and potassium balance (in an adult of 
70 kg). Total body amount of potassium represents 3000–4000 mmoles, which are distributed for 
98% in the intracellular volume. Intracellular potassium concentration is between 100 and 
140 mmol/L, while normal plasma potassium level is around 3.5–5 mmol/L. The internal potas-
sium balance consists in an asymmetric repartition of potassium between the intra- and the extra-
cellular space, aiming to maintain a transmembrane potential and a normal value of kalemia. The 
external potassium balance aims to equilibrate potassium intakes and losses. Intakes come essen-
tially from exogenous meal (around 75 mmoles). They are essentially equilibrated by an equivalent 
amount of losses by kidneys (very low losses produced by skin and colic tube)
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phenomenon consumes one molecule of ATP. In the same time, some leakage cur-
rents compensate these active fluxes (Fig. 3.2a). Thanks to this Na-K-ATPase pump, 
[Ki] remains elevated between 100 and 140 mmol/L, while extracellular sodium 
concentration [Nae] is high around 140 mmol/L, and the resting potential of the 
membrane is around −60 to −80 mV (gradient of 20:1) (see infra).

The redistribution between the intra- and the extracellular potassium is modu-
lated by several parameters. Among them, insulin and ß-adrenergic catecholamines 
are the most important controlling mechanisms. After binding on their own specific 
membrane receptors (R insulin, R-ß2-adrenergic), the Na-K-ATPase pump is acti-
vated and consequently K+ entries from the extracellular fluid into the cell (Fig. 3.2b). 
The rapid and sudden increased kalemia stimulates insulin and endogenous cate-
cholamine secretion. Adrenalin shows a biphasic effect: the initial hyperkalemia 
related to the alpha-adrenergic stimulation is followed by hypokalemia which 
results from the stimulation of ß2-adrenergic receptors. Stress-induced exogenous 
adrenergic secretion conducts to comparable hypokalemic effects. Such phenome-
nons may decrease kalemia by 0.5–1 meq/L. Other parameters enable to modulate 
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Fig. 3.2 Na-K-ATPase pump and its role in the intracellular potassium concentration. (a) The 
transmembrane Na-K-ATPase requires ATP energy to actively work. The resulting effect is the 
entry of three sodiums into the cell which are exchanged with the extrusion of two potassiums from 
the cell. Besides these major active exchanges, passive transmembrane leakage currents slightly 
attenuate these gradients of concentration. The final result is the presence of an electric membrane 
gradient, which is characterized by a negative charge inside the cell and a positive charge outside 
the cell: this represents the resting potential of the membrane of the cell which is around −60 to 
−80  mV. (b) When binding to its receptor, insulin activates the transmembrane Na-K-ATPase 
pump and simultaneously the sodium/proton pump, leading in turn to a greater entry of potassium 
in the cell and finally to hypokalemia (secondary to the transfer). ß2-Adrenergic agonists induce 
hypokalemia by a similar mechanism after binding to their own specific receptors
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the internal potassium homeostasis. Aldosterone, which also activates the Na-K-
ATPase pump, allows to redistribute potassium into the intracellular fluid. This phe-
nomenon modifies kalemia only in case of a chronic secretion. Glucagon has a less 
known effect: after an initial hyperkalemia which is related to the efflux of potas-
sium from hepatocytes, hypokalemia may develop due to an insulin stimulation. 
Consequently, the intestinal K+ absorption during a meal should not induce hyper-
kalemia thanks to the potassium sequestration by the liver and muscles. During a 
fasted condition, kalemia remains constant thanks to the continuous K+ extrusion 
from cells performed by the Na-K-ATPase pump.

Acid-base status enables also to modify potassium transmembrane transfers [14]. 
The classical relationship between acidosis and hyperkalemia is not constant and 
depends on the cause of acidosis. In case of hyperchloremic metabolic acidosis, the 
inorganic anion chloride (Cl−) accumulates in the extracellular fluid. This change 
requires an electric neutralization which consists in an efflux of an intracellular 
cation, i.e., potassium with hyperkalemia. During organic metabolic acidosis, the 
organic anion (lactate−, ketone bodies−) enters into the cell and is metabolized, so 
that no efflux of potassium is required to maintain plasma electroneutrality. 
Respiratory acidosis does not induce hyperkalemia [15–17].

Skeletal muscle accounts for the higher content of whole-body potassium. For this 
reason, this organ plays also a major role in the short-term regulation of potassium 
transmembrane movements. Indeed, even moderate, the release of potassium by the 
muscle may conduct to significant variations of kalemia [2, 18]. Due to a high number 
of transmembrane potassium channels and Na-K-ATPase pumps, body muscles 
enable to intake 134 moles of potassium per minute, leading theoretically to exhaust 
the extracellular potassium content in 25 s with a full work. Therefore, hormonal- or 
drug-induced hyperkalemia and hypokalemia may be observed when the principal 
target is skeletal muscle (e.g., hyperkalemia induced by succinylcholine).

3.2.2.2  External Potassium Balance
Potassium intake comes essentially from the ingestion of meal which represents 
70–75 mmol/day. Usually, the daily ingested amount exceeds the required one. The 
gut intake is exclusively and totally located in the small bowel [4, 19]. In physiolog-
ical conditions, potassium excretion is balanced by potassium intake. The kidney is 
the major organ responsible for maintaining potassium balance by excreting most of 
potassium, while colic and cutaneous losses participate only for 10–15% of the total 
amount of potassium excretion (5–10  mmol/day) (Fig.  3.1) [11, 20, 21]. With a 
glomerular filtration rate (GFR) of 125 ml/min and a kalemia of 4.5 mmol/L, the 
total load of potassium which is filtered in the glomerulus reaches 810 mmoles, a 
value which is largely above the exogenous feeding intake. Indeed, more than 90% 
potassium that is filtered at the glomerulus is passively reabsorbed in the proximal 
tubule (around 66%) and in the ascending limb of the loop of Henle (around 29%). 
At the entry of the collecting duct, only 2% of the filtered potassium persists and 
will be regulated by hormonal and nonhormonal mechanisms. Potassium reabsorp-
tion in the proximal tubule is performed through paracellular spaces and is inversely 
proportional to the extracellular volume. In the ascending limb of the loop of Henle 
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and along the aldosterone-sensitive distal nephron, sodium, potassium, and chloride 
transfers are closely linked and performed by various channels, cotransporters 
(sodium-potassium-chloride cotransporters, NKCC), or exchangers. Loop diuretic 
effects are mediated by NKCC2 which are located on the apical membrane. 
Therefore, renal potassium regulation is mainly performed through active excretion 
or reabsorption in the distal convoluted tubule (DCT), the connecting tubule, and 
the cortical collecting duct (Fig. 3.3). Apical principal cells of first part of DCT 
(DCT1) primarily reabsorb NaCl through a thiazide-sensitive NaCl cotransporter 
(NCC) [21]. Sodium apical entry activates basal sodium extrusion and potassium 
influx by the Na-K-ATPase pump. Simultaneously, the apical depolarization caused 
by sodium entry promotes (1) the apical potassium secretion through various chan-
nels and a potassium chloride cotransporter (KCC) and (2) the active basolateral 
cell sodium extrusion and potassium influx by the Na-K-ATPase pump. DCT2 (con-
necting tubule and collecting duct) cells sense potassium via an apical membrane 
voltage channel amiloride-sensitive epithelial sodium (ENaC). Apical sodium entry 
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Fig. 3.3 Major mechanisms of potassium transport in the distal convoluted tubule and the collect-
ing duct of the kidney. In principal cells, potassium is actively reabsorbed from the peritubular 
fluid by the Na-K-ATPase pump and is secreted at the apical membrane by potassium/chloride 
cotransporters (KCC). Epithelial channels participate to these exchanges on the apical side: sodium 
is reabsorbed by the epithelial sodium channel (ENaC), while potassium can be secreted by the 
renal outer medullary potassium channel (ROMK). Extrusion of potassium and chloride from the 
cell at the basal side is also performed by specific channels. At last, the net effect is an absolute loss 
of potassium in urines. In intercalated cells, potassium is also actively reabsorbed from the peritu-
bular fluid by the Na-K-ATPase pump which is secreted at the apical membrane by potassium 
channels. Active secretion/reabsorption of potassium through proton/potassium ATPase exchang-
ers is also possible to equilibrate the external potassium balance. ADP adenosine diphosphate, ATP 
adenosine triphosphate, Cl chloride, H proton, K potassium, Na sodium
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induces several phenomenons: (1) activation of the basal Na-K-ATPase pump which 
leads to sodium extrusion and potassium uptake and (2) apical membrane depolar-
ization which stimulates apical potassium extrusion via potassium channels. 
Potassium is also actively reabsorbed by the apical membrane of intercalated cells 
by a proton-potassium pump. Recent studies have shown that adrenal cells which 
produce aldosterone works in concert with connecting tubule and collecting duct 
which are aldosterone-sensitive segment of the nephron and with DCT cells which 
contain K+ sensors leading to preserve K homeostasis [22]. Therefore, a low plasma 
K level sends the same signal to both cells: apical membrane hyperpolarization of 
adrenal cells which closes voltage-activated calcium channels and inhibits aldoste-
rone release, while apical membrane hyperpolarization of DCT cells conducts to 
increase intracellular chloride content which inhibits NCC.  The global resulting 
effect is a decrease renal potassium loss [22, 23].

Factors Controlling Kaliuresis and Potassium Balance: The Homeostatic 
Regulation
Aldosterone is the major hormonal system that regulates renal tubular secretion of 
potassium and therefore kalemia. In this way, its secretion is stimulated indepen-
dently from the renin-angiotensin system. When kalemia increases, adrenal cortical 
cells that are responsible for aldosterone secretion are stimulated leading to increase 
kaliuresis and conversely. Aldosterone target is located essentially on the external 
cortical and medullar collecting renal cells. Aldosterone enters in the cell and binds 
to its basolateral cytosolic receptor. Aldosterone has three effects [2, 4, 6, 7, 20]: (1) 
on the apical side, activation of sodium reabsorption and potassium excretion 
through selective channels; (2) on the basolateral side, activation of the Na-K- 
ATPase pump and the resulting global effect is an increased potassium urinary 
excretion and sodium reuptake which underlines the close link between potassium 
and sodium (Fig. 3.4); and (3) in the principal cells of the collecting duct, activation 
of kaliuresis. Therefore, due to NaCl reabsorption, aldosterone plays a major role in 
maintaining arterial pressure and volemia while it is simultaneously responsible for 
the long-term regulation of kalemia thanks to regulation of renal potassium excre-
tion/reabsorption. Both glucocorticoids and antidiuretic hormone (ADH) stimulate 
directly kaliuresis in the collecting duct. Catecholamines reduce potassium urinary 
excretion in the DCT.

Kalemia and potassium intake: an elevation in kalemia induces an increased kali-
uresis which becomes linear above 4 mmol/L. Both aldosterone and a decreased 
potassium intake reduce potassium urinary excretion thanks to a direct inhibition of 
potassium channels which are located in the principal cells of the collecting duct.

Factors Controlling Kaliuresis Without Regulation of Potassium Balance: 
The Nonhomeostatic Regulation
Both sodium and chloride flux and contents in the DCT enable to modify urinary 
potassium secretion [14, 21]: any increase in tubular flux of these electrolytes rises 
kaliuresis and conversely. For a constant kalemia, an elevation in intraluminal 
sodium load or a reduction in intraluminal potassium load increases urinary 
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potassium excretion. Acidosis, mineralocorticoid antagonists, and loop kaliuretic 
diuretics (furosemide) stimulate also kaliuresis.

3.2.2.3  Integrated Potassium Homeostasis
External potassium balance is performed by three control systems [21]. Two nega-
tive feedback control mechanisms react to kalemia changes and to the amount of 
potassium intake to maintain plasma potassium level and regulate potassium bal-
ance thanks to appropriate changes in urinary potassium excretion. The third system 
which has been described more recently consists in a predictive adaptation based on 
our circadian rhythm of meal and sleep-wake cycle.

External Balance and “Reactive” Negative Feedback Control
The best known system is the one which is activated by changes in kalemia: potas-
sium excretion increases in response to hyperkalemia in order to normalize kale-
mia and conversely. The second reactive negative feedback system responds to 
changes in potassium oral intake (during meal), independent of kalemia: the stim-
ulation of splanchnic receptors (located on the intestinal tube and the liver) during 
potassium intake would trigger potassium urinary excretion from a double signal, 
one coming from the intestinal tube and the other one coming from the central 
nervous system [24].
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Fig. 3.4 Renal effects of aldosterone. The major site of action of aldosterone is located on the 
distal nephron, especially on the external cortical and medullary collecting tube. Aldosterone 
enters into the cell through the membrane and binds to its cytosolic receptor. This binding triggers 
several phenomenons: (1) stimulation of sodium (and chloride) reabsorption and potassium excre-
tion through specific channels at the apical membrane, (2) stimulation of the Na-K-ATPase pump 
at the basal membrane, and (3) facilitation of the work of the Na-K-ATPase pump thanks to the 
increased production of ATP by the mitochondria. All of these effects contribute to promote hypo-
kalemia and kaliuresis secondary to aldosterone release
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“Predictive” Adaptation According to a Circadian Rhythm
This adaptation is based on our physiological rhythm of food intake and consists in 
a modulation of the reactive systems to drive a most appropriate response of our 
circadian rhythm (for meal and for sleeping periods). This phenomenon is triggered 
by a central clock in the suprachiasmatic nucleus of the brain which controls numer-
ous circadian rhythms. The night-light cycle activates this central oscillator which 
activates in turn renal intracellular oscillators leading finally to cyclic basal varia-
tions in potassium urinary excretion. Exercise and oral potassium intake amplify 
these oscillations aiming to minimize variations in kalemia. Precise mechanisms of 
such a regulation are still not really known as well as interactions with mineralo- 
and glucocorticoids [21].

3.2.3  Physiological Functions of Body Potassium

Potassium participates to numerous physiological functions. Among them, the gra-
dient of intracellular [Ki] and extracellular [Ke] potassium concentration is essen-
tial for maintaining the resting potential of the membrane because cell membrane is 
not permeant to sodium but highly permeant to potassium. This membrane potential 
consists in a difference in the electric potential which results from the gradient of 
concentration between [Ki] and [Ke]. At the resting state, maintaining this gradient 
requires energy (ATP) to drive the membrane Na-K-ATPase pump. Therefore, the 
potential of the membrane depends on Ki/Ke ratio which is determined by varia-
tions in extracellular potassium concentration [2, 4, 6, 7, 9, 12]. The reflecting Ke 
by kalemia is the major determinant of this potential and can be calculated accord-
ing to the Nernst formula: Ek = −61 log [Ki]/[Ke] = −80 mV. Any elevation of 
kalemia reduces the potential of the membrane and conversely. Finally, kalemia, or 
more precisely the [Ki]/[Ke] ratio, determines the resting membrane potential and, 
in turn, the threshold for triggering the electric potential of action. This latter is 
characterized by a membrane depolarization induced by a profound elevation in the 
membrane permeability which allows a massive sodium entry in the cell. This phe-
nomenon produces the conduction in nerves and the coupled muscular excitability- 
contractility (peripheral skeletal muscle and myocardium). In myocardium, 
pacemaker cells of the sinoatrial node are characterized by a higher resting mem-
brane potential (around −60 mV) and a spontaneous diastolic depolarization which 
allows to initiate the depolarization and, in turn, the contraction of all other myocar-
dial cells (Fig.  3.5a). Potassium is also highly involved in glycogen and protein 
synthesis and cellular metabolism.

In summary, hypo- and hyperkalemia may result from changes in potassium 
intake, alteration in potassium urinary excretion, or in transcellular shifts. 
Aldosterone is the major system implicated in the control of the external 
potassium balance.
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Fig. 3.5 Potential of action on cardiomyocytes and automatic pacemaker cells of the sinoatrial 
node. (a) Normal potential of action. The membrane depolarization consists in a massive entry of 
sodium into the cell (which corresponds to the QRS complex on the ECG); it is followed by a 
spontaneous repolarization (which corresponds to the T-wave on the ECG). Automatic pacemaker 
cells slightly differ as a spontaneous depolarization occurs that allows to trigger the potential of 
action. (b) Potential of action and hyperkalemia. Hyperkalemia increases myocyte excitability by 
decreasing the resting potential, by prolonging myocardial conduction and repolarization, and by 
reducing the potential of action. (c) Potential of action and calcium. Calcium infusion increases the 
number of sodium channels which in turn reduces the threshold of the potential of action and 
accelerates conduction. (d) Potential of action and hypokalemia. Hypokalemia elevates the resting 
potential which in turn decreases the membrane excitability and prolonged the potential of action
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3.3  Epidemiology of Potassium Disorders

Potassium disorders are among the most common electrolyte abnormalities which 
can be responsible for life-threatening consequences such as cardiac arrest and 
severe cardiac arrhythmias [5, 6, 25–29]. Hyperkalemia is present in 1.1–10% of 
hospitalized patients [26–31], a higher frequency being observed in patients at risk 
as chronic kidney disease [32]. On the other hand, even frequent in intensive care 
units (ICU), its prevalence remains poorly evaluated [33]. A retrospective large 
observational study has shown that hyperkalemia is associated with an increased 
risk of mortality and that the odds ratio increased with the elevation of kalemia [34]. 
Severe hyperkalemia (≥ 6.5 mmol/L) on admission or during hospitalization has 
been reported to require an emergent hospitalization in 68.8% of hyperkalemia. The 
most common cause was chronic kidney disease. Only 37.7% of them had typical 
abnormal ECG signs, and 20.3% present severe hyperkalemia at the time of cardiac 
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arrest. Multiple organ failure was present in 24.5% patients when hyperkalemia was 
diagnosed [35]. Mortality rate of these patients was 30% and hyperkalemia was 
independently associated with mortality. Hyperkalemia is frequently induced or 
favored by drugs (heparin, potassium-sparing diuretics, angiotensin-converting 
enzyme inhibitors) or by some comorbidities such as chronic renal insufficiency or 
hypoaldosteronism [3, 25, 27, 28, 36–38]. Hypokalemia is observed in 20% of hos-
pitalized patients [3]. This incidence exceeds 50% in polytrauma patients in the 
acute initial period. Around 40% of patients develop hypokalemia within 2–3 days 
following surgery.

3.4  Hyperkalemias

Hyperkalemia is defined as a serum potassium level exceeding 5 mmol/L. It is usu-
ally classified as mild between 5 and 5.0  mmol/L, moderate between 6 and 
6.4 mmol/L, and severe (potentially fatal) if ≥6.5 mmol/L [5, 7].

3.4.1  Clinical Symptoms

Usually mild and moderate hyperkalemias are asymptomatic. However, clinical 
manifestations are not always related to the absolute value of kalemia but rather to 
its rate of development associated with the underlying condition. Most of the clini-
cal manifestations are associated with alterations in excitability of neuromuscular 
and cardiac tissues [4–6, 7, 39–43].

 – Neuromuscular manifestations: this can be associated with muscular weakness, 
asthenia, cramping, paresthesia, or hypotonic paralysis (abolition of reflexes) 
which may lead in turn to respiratory failure. Neither diaphragmatic or bilateral 
cranial nerve motor impairment nor sensitive manifestations are usually present 
[6, 8, 9, 14].

 – Cardiovascular and ECG signs: hyperkalemia decreases the membrane potential 
which in turn induces a membrane hyperexcitability (Fig. 3.5b). Nevertheless, in 
case of prolonged hyperkalemia, membrane excitability will decrease due to an 
inactivation of membrane sodium channels which is related to depolarization. 
These effects are associated with a slowdown of conduction and a shortened 
potential of action. Cardiac alterations in response to hyperkalemia are not simi-
lar in all parts of the heart, and in a decreasing order are atria, ventricular cells, 
His bundle, and sinoatrial node, which explain the progressive abnormal ECG 
signs. It is classical to consider that ECG abnormalities are related with hyperka-
lemia severity (depth) (Fig. 3.6). The earlier sign consists in peaked T-waves, 
T-waves being narrow and sharp because of the faster repolarization. This abnor-
mality is followed by prolonged PR intervals, flattened or absent P-waves, wid-
ened QRS, and shortened QT intervals, which are the witnesses of the reduced 
excitability. Most severe arrhythmias consist of a sinusoidal QRS aspect with a 
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merging of S- and T-waves to finally evolve toward cardiac arrest related to bra-
dycardia, ventricular tachycardia/fibrillation, or asystole [44, 45]. This progres-
sion is not always observed because for a same level of hyperkalemia, high 
variability in ECG signs has been reported in humans [29]. In 127 patients pre-
senting hyperkalemia between 6 and 9.3  meq/L, no severe arrhythmia was 
observed, and only 46% of the patients showed the classical hyperkalemic ECG 
abnormalities [28]. Another retrospective study underlines the low sensitivity of 
ECG to diagnose hyperkalemia [29]. Indeed, a normal ECG may be observed in 
patients presenting severe hyperkalemias while developing suddenly and imme-
diately ventricular fibrillation (VF). The speed of hyperkalemia development can 
probably explain these variations in ECG signs. Moreover, hyperkalemic-related 
ECG abnormalities may be exacerbated by metabolic disorders such as hypocal-
cemia, acidosis, and hyponatremia [29]. Despite the weaknesses of ECG changes, 
ECG monitoring remains essential to manage hyperkalemia.

 – Metabolic manifestations: hyperkalemia may induce hyperchloremic acidosis by 
increasing ammoniagenesis.

3.4.2  Etiologies

The first step for diagnosing the cause of hyperkalemia consists of eliminating pseu-
dohyperkalemia which is defined as a relevant difference between plasma and serum 
potassium concentration (>0.4 mmol/L). Pseudohyperkalemia may occur in case of 
hemolysis, membrane abnormalities of red blood cell in children, elevated 

P

QRS

Increasing hyperkalemia

Normal ECG

T
U

Fig. 3.6 ECG signs of hyperkalemia

C. Ichai



83

leukocytes, or thrombocythemia [5, 46]. In these situations, potassium is released 
by lysed cells. The diagnosis can be suspected in the absence of ECG abnormalities 
despite severe hyperkalemia. Pseudohyperkalemia does not require any specific 
treatment. Except in case of acute and massive potassium load, hyperkalemia can 
result from only two mechanisms: transmembrane cellular shift characterized by a 
reduction in cell entry or an elevation in cell extrusion or a decrease in urinary 
excretion [1, 9, 39, 42, 43]. Regardless of the mechanism, iatrogenic drug-induced 
hyperkalemias are very frequent [3, 9]. Major causes of hyperkalemias are summa-
rized in Table 3.1.

3.4.2.1  Tools Required for the Diagnostic Approach
The determination of the cause of hyperkalemia is based firstly on the clinical his-
tory, physical examination, and current treatments. Several biological exams are 
useful. Plasma electrolyte measurements as well as arterial blood gas, blood urea 
nitrogen, and creatininemia are essential. Urine electrolytes (including kaliuresis, 
natriuresis, and chloruresis), osmolarity, creatinine, and creatinine clearance are 
usually sufficient for establishing the cause of hyperkalemia. Some additional 
parameters may be useful.

 – Urinary potassium excretion: 24-h kaliuresis allows to distinguish renal from 
extrarenal causes of hyperkalemia—a value >200 mmoles indicates an extrarenal 
origin of hyperkalemia.

Table 3.1 Major causes of hyperkalemias

Hyperkalemias caused by an excessive exogenous intake if associated with:
   – Chronic renal insufficiency
   – Cardiac insufficiency or failure
   – Diabetes
   – Dehydration, hypovolemia
Hyperkalemias caused by cell transfer:
   – Intensive physical exercise
   – Rhabdomyolysis, muscular trauma, burn, status epilepticus
   – Insulinopenia (± hyperglycemia)
   – Hyperchloremic metabolic acidosis
   – Drugs: ß-blockers, succinylcholine
   – Hyperkalemic familial periodic paralysis
Hyperkalemias caused by inappropriate urinary potassium reabsorption:
  Reduction of the total amount of sodium delivered to the distal nephron
   – Renal insufficiency (especially when associated with excessive intake)
   – Hypovolemia (dehydration, congestive cardiac insufficiency)
  Hypoaldosteronism
   – Primary: adrenal insufficiency (Addison’s disease), tubular acidosis type 4
   – Secondary:
     • Syndrome of hyporeninism-hypoaldosteronism
     •  Drugs: potassium-sparing diuretics (spironolactone, triamterene, amiloride), 

trimethoprim, angiotensin-converting enzyme inhibitors, angiotensin receptor 
antagonists, heparins, nonsteroidal anti-inflammatory agents
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 – Other parameters: potassium transtubular gradient (KTTG) is calculated accord-
ing to the following formula: (urinary K x plasma osmolality)/(plasma K/urinary 
osmolality). A value under 8 refers to a renal origin of hyperkalemia [27, 47]. 
Fractional potassium excretion (FeK) is calculated according to the following 
formula: [(urinary K/plasma K)/(urinary creatinine/plasma creatinine)] × 100%. 
A value <10% may suggest a renal origin.

3.4.2.2  Hyperkalemias Due to Excessive Exogenous Intake 
(Elevated Total Body Potassium)

A sole excessive exogenous intake cannot induce hyperkalemia, except when high 
amounts are administered rapidly or in patients with favoring underlying conditions 
[2, 3, 48]. Potassium supplementation might be implicated in the development of 
hyperkalemia in 15–40% of hospitalized patients [29, 41, 49]. Patient’s conditions 
and drugs often favor this trouble. Drugs are identified as contributing factors in 
4–20% of hospitalized patients [50, 51]. The most frequently concerned are 
potassium- sparing diuretics, nonselective ß-blockers, angiotensin-converting 
enzyme (ACE) inhibitors, heparin, succinylcholine, and nonsteroidal anti- 
inflammatory drugs (NSAIDs) [3, 5, 52]. Most frequently pathologies encountered 
are chronic renal insufficiency, cardiac insufficiency, diabetes, and dehydration.

3.4.2.3  Hyperkalemias Due to Cell Transfer 
(Normal Total Body Potassium)

 – Physical exercise: potassium extrusion from cell during physical exercise is 
induced by two phenomenons. Muscle contraction refers to a membrane depolar-
ization which is triggered by a sodium entry in the cell, while potassium is 
extruded in the interstitial space leading to its vascular entry. The efflux of intra-
cellular potassium is facilitated by the reduction in intracellular ATP  concentration 
which favors potassium channel opening. This phenomenon is usually short and 
transitory, followed by a returning intracellular entry of potassium when contrac-
tion stops [2, 46]. Potassium extrusion from cells is also favored by catechol-
amine and glucagon releases which induce an inhibition of insulin secretion. The 
degree of plasma potassium rise depends on the intensity, the duration, and the 
training of the patient. Hyperkalemia is strongly attenuated in trained individuals 
because of the increased number of muscular Na-K-ATPase pumps [2]. Kalemia 
increases around 0.3–0.4 meq/L for a mild exercise (slow walk), 0.7–1.2 meq/L 
for a moderate exercise, and up to 2 meq/L for an intensive exercise (marathon). 
This hyperkalemia is essentially localized to the muscle and seems to be benefi-
cial as it induces arteriolar vasodilation which allows to increase the regional 
blood flow of the exercised muscle. On a pathophysiological point of view, 
hyperkalemias associated with muscular trauma, rhabdomyolysis, burn, and sta-
tus epilepticus are very close from that of muscular exercise [53].

 – Depolarizing muscle relaxant (succinylcholine) [53–55]: the first case was 
reported in 1967 in a burned patient. In the normal innervated muscle, succinyl-
choline depolarizes only the neuromuscular junctional receptors (AchRs) which 
are mostly located in this area. The resulting efflux of intracellular potassium is 
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limited to this area and conducts to a modest increase in kalemia of 
0.5–1 mmol/L. All situations that conduct to a loss of contraction lead to increase 
markedly the density of these membrane receptors (upregulation) in the extra-
junctional area. Moreover, all of these receptors present an abnormal structure 
(immature receptors) causing a massive efflux of intracellular potassium. This 
phenomenon persists because the molecule cannot be metabolized by acetylcho-
linesterase which is only present in the perijunctional area. Therefore, in this 
situation, hyperkalemia is profound and persistent. Most situations at risk of 
succinylcholine-induced hyperkalemia are (1) functional or anatomical denerva-
tion such as in motor neuron deficits, prolonged chemical denervation (muscle 
relaxants, magnesium, clostridium toxins), and neuromyopathies, (2) simple 
immobilization within 3–5 days, and (3) muscle injury due to a direct trauma, 
tumor, inflammation burn, and severe infection. Therefore, succinylcholine 
administration must be avoided from 48 to 72 h following a denervation state.

 – Insulinopenia (± hyperglycemia): this represents one of the most frequent causes 
of hyperkalemia. As observed in nontreated or nonequilibrated diabetes, insulin 
deficit slows down the membrane Na-K-ATPase driven, which reduces the entry 
of intracellular potassium (Fig. 3.2b). Hyperglycemia exacerbates this phenom-
enon: due to hyperglycemic-associated plasma hypertonicity, the resulting intra-
cellular shrinkage elevates [Ki] and creates a transmembrane potassium gradient 
which is favorable to a passive intracellular potassium efflux through selective 
channels.

 – Inorganic metabolic acidosis: as described previously, exceeding plasma chlo-
ride cannot enter easily into the cell. Therefore, intracellular potassium is 
excreted and goes in the extracellular space to maintain plasma electroneutrality. 
It is classical to consider that a 0.1 reduction in pH induces a 0.7 meq/L elevation 
in kalemia (Burnell equation) [15, 16, 56]. However, organic metabolic and 
respiratory acidosis is usually not solely responsible for hyperkalemia. In this 
case, other causes of hyperkalemia such as insulinopenia, ß-blocker administra-
tion, or chronic renal insufficiency with a high potassium intake must be 
recognized.

 – Drug-induced hyperkalemias [3, 36]: drugs frequently promote hyperkalemia as 
a primary cause or contributing factor in 35 to 75% of hospitalized patients [49]. 
Nonselective ß-blockers are associated with hyperkalemia in 4–17% of hospital-
ized patients [34]. The blocking effects on the selective receptors of the mem-
brane Na-K-ATPase favor the extrusion of intracellular potassium (Fig. 3.2b). 
Nevertheless, hyperkalemia remains moderate (increase of 0.3–0.5 mmol/L) and 
transitory because exceeding plasma potassium will be rapidly eliminated in 
urines. Digoxin, by its binding on its membrane receptor, also blocks the trans-
membrane Na-K-ATPase pump. The resulting transmembrane potassium trans-
fers are dose-dependent, so that hyperkalemia appears only in case of overdose 
or intoxications. Succinylcholine can provoke hyperkalemia which is induced by 
membrane depolarization and an efflux of intracellular potassium [39–41]. In 
this situation, the elevation of kalemia can reach 1 meq/L in 2–5 min. Even tran-
sitory, this hyperkalemia can have severe consequences and induce cardiac 
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arrest, especially in favoring conditions such as motor denervation (see previous 
chapter).

 – Hyperkalemic familial periodic paralysis: this hereditary disease is rare and is 
due to an abnormal inactivation of voltage-dependent sodium channels—the pro-
longed opening of sodium channels induces an extrusion of muscular intracel-
lular potassium [2].

3.4.2.4  Renal Hyperkalemia (Elevated Total Body Potassium)
The decrease in urinary potassium excretion may result from a reduction in sodium 
or water content which is delivered in the distal nephron as observed in case of renal 
insufficiency or hypovolemia. The second mechanism of renal hyperkalemia is 
hypoaldosteronism.

 – Renal insufficiency: hyperkalemia results from several mechanisms. The loss of 
functional nephrons is responsible for an inherent decrease ability in potassium 
excretion. At the beginning of the disease, urinary potassium excretion compen-
sates exogenous potassium intake. But when chronic renal insufficiency wors-
ens, even in the absence of oligoanuria, hyperkalemia develops due to 
modifications in dietary (low sodium intake, substitution of salt by potassium 
salts, metabolic acidosis, anemia).

 – Circulating hypovolemia: in this condition, the total amount of potassium which is 
delivered to the nephron decreases leading to reduce urinary potassium excretion. 
This is commonly observed in patients with congestive cardiac insufficiency.

 – Hypoaldosteronism: this can be observed in pathologies that are characterized 
by a decrease in aldosterone production and defines primary hypoaldosteron-
ism: Addison’s disease or isolated hypoaldosteronism such as in hereditary, 
acquired, infection, or renal chronic disease (tubular acidosis type 4). Primary 
hypoaldosteronism is also frequently induced by drugs. ACE inhibitors or 
angiotensin receptor antagonists as sartans (ARA II) are implicated in the 
development of hyperkalemia in 9–38% of hospitalized patients [29]. They 
induce hypoaldosteronism thanks to an inhibition of the synthesis or of the 
action of angiotensin II.  Heparin decreases the number and the affinity of 
angiotensin II and in turn a hypoaldosteronism which is observed in 7% of 
patients treated with this drug [57]. The increase in kalemia can reach 1.7 meq/L 
within 3 days following the beginning of treatment [57, 58]. NSAI drugs can 
also induce a primary hypoaldosteronism by reducing renin synthesis which 
results from a renal prostaglandin inhibition. Nevertheless, all of these treat-
ments cannot induce real severe hyperkalemias if they are not associated with 
chronic renal insufficiency. Secondary hypoaldosteronism is characterized by 
a reduction in the effects of aldosterone. Among them, hereditary pseudohy-
poaldosteronism types I and II are rare. Acquired secondary pseudohypoaldo-
steronism can be observed in hypoaldosteronism- hyporeninism associated 
with chronic renal insufficiency. But, the most frequent causes are drug-
induced hypoaldosteronism due to potassium- sparing diuretics (spironolac-
tone, triamterene, amiloride) which acts by a competitive inhibition on 
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aldosterone [3]. These treatments can cause a fatal hyperkalemia in 10–20% of 
patients receiving these treatments. Trimethoprim has the same effect and can 
increase kalemia of 0.6–1 mmol/L.

3.4.3  Treatment

The specific treatment of the cause of hyperkalemia is the first needed one, but will 
not be developed in this chapter. Three lines of treatments are available according to 
the impact of hyperkalemia and the resulting emergent treatment that is needed.

3.4.3.1  Treatments
 – Emergency treatment = calcium (calcium chloride or gluconate): calcium directly 

antagonizes membrane excitability leading to a decrease in the threshold of the 
action potential [5, 60]. This effect conducts to stabilize myocardial excitability 
and in turn to reverse cardiac effects without lowering kalemia and without reduc-
ing kalemia (Fig. 3.5c). The efficiency of chloride and gluconate salts is similar for 
equivalent amount of calcium. Therefore, the choice between both presentations 
depends on practice: calcium gluconate is well tolerated when infused in a periph-
eral venous as compared with calcium chloride which may lead to severe vascular 
necrosis and extravasation. The onset of calcium action is very rapid, within 
1–3 min after the infusion, and the duration of action is 30–60 min, allowing to act 
quickly while adding in the same time longer acting treatments that reduce kale-
mia. The efficiency of calcium requires a continuous ECG monitoring. The recom-
mended dose is 1 g (10 ml of 10%) intravenously in 10 min. In the absence of ECG 
improvement, a new dose may be repeated in 5 min.

 – Intermediate-term efficient treatments = agents aiming to shift potassium into 
the cells [2, 4, 5, 59]: these drugs decrease kalemia by inducing a rapid redistri-
bution of K into the intracellular space.
• Insulin provides a dose-dependent hypokalemic effect which is due to the 

activation of Na-K-ATPase pump (Fig. 3.2b). Except in case of hyperglyce-
mia, insulin must be administered simultaneously with glucose to prevent 
hypoglycemia. Various strategies of administration are reported in the litera-
ture concerning the dose and the route. A recent systematic review has failed 
to perform a meta-analysis due to large methodological heterogeneities of 
studies. Briefly, no real difference was observed between the route of admin-
istration, i.e., intravenous bolus (15–30 min) or longer infusion (over 60 min). 
Different doses of insulin (10UI, 12UI in bolus, 20UI over 60 min) associated 
with various amounts of glucose from 25 to 60 g allowed to reach comparable 
mean reduction of 0.8  mmol/L with a peak decrease at 15  min [62, 63]. 
However, 18% of hypoglycemic episodes were observed, mostly when only 
25 g of glucose was administered. Therefore, 20 UI of insulin with 60 g of 
glucose administered within 60 min should be a good alternative to the admin-
istration of 10 UI of insulin with 25 g of glucose [63]. Such a strategy is also 
efficient in patients with chronic renal insufficiency.
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• ß-Adrenergic agonists [61, 62, 64]: salbutamol, a specific ß2-adrenergic ago-
nist, decreases kalemia of 0.5–1 mmol/L within 30–60 min. Regardless of the 
route of administration, intravenously or by inhalation (10–20 mg), its effect 
is dose-dependent. The association with insulin-glucose conducts to additive 
hypokalemic effects which allow to reach a reduction of kalemia of 
1.3 mmol/L, even in patients with renal insufficiency. However, regardless of 
patients who received ß-blockers, 40% of patients failed to respond to this 
therapy. Moreover, side effects such as tachycardia, tremor, and anxiety may 
be observed. For these reasons, a monotherapy using ß-adrenergic agonists 
should be prohibited.

• Sodium bicarbonate: even accepted as a very classical treatment, the effi-
ciency of sodium bicarbonate to treat hyperkalemia is not really demonstrated 
and remains questioned, except in case of metabolic acidosis. Data clearly 
reported that short-term sodium bicarbonate infusion does not reduce kale-
mia. Only prolonged infusions (4  h) enabled to induce a mild decrease in 
kalemia (reduction of 0.3 mmol/L) [4].

Long-term treatments = agents aiming to remove potassium from the body [9, 10, 
23, 60, 65]:

• Cation exchange resins: sodium polystyrene sulfonate (SPS) (Kayexalate®) is a 
nonselective sodium cation exchange resin which works on the colonic intestinal 
lumen, the preferential site of gastrointestinal potassium excretion. The onset of 
action of SPS is of 1–2 h with a peak of action of 4 h. The administration can be 
performed orally (suspension) or rectally (enema), but the oral one is the most 
efficient [66]. Its efficiency is finally moderate and above all not predictable. 
Globally, SPS enables to reduce kalemia of 0.4–1 mmol/L. This limited exchange 
capacity is explained by its simultaneous competitive effect on other cations (cal-
cium, magnesium, and sodium). The posology is classically ranged between 15 
and 60 g/day orally or 30–60 g/day rectally every 6 h. However, Mistry et al. [66] 
have recently demonstrated that the capacity of SPS to decrease kalemia is dose- 
dependent, the most efficient dose being 60 g/day orally which allowed to reduce 
kalemia of 0.9–1 mmol/L. It is important to underline that despite its large use 
since 60 years, SPS efficiency has never been evaluated in a randomized con-
trolled study. Moreover, SPS treatment is associated with numerous adverse 
events related to its intestinal action. Most frequent side effects include constipa-
tion, diarrhea, nausea, and electrolyte disturbances (hypomagnesemia, hypocal-
cemia, excessive sodium load, metabolic alkalosis). The most serious adverse 
event is colonic necrosis which is observed in 2% of patients receiving this treat-
ment. Two recent potassium-binding agents are now available: sodium zirco-
nium cyclosilicate (waiting for the approval by medical agencies) and patiromer 
(Veltassa®). Patiromer is orally administered and provides exchanges between 
calcium and potassium in the distal colon, allowing its large capacity of potas-
sium exchange. Reduction in kalemia appears in 7 h and maintained up to 48 h. 
The treatment can start with an initial dose of 8.4 g once daily and progressively 
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increased up to a maximum of 25 g once daily to reach the maximum efficiency. 
Patiromer shows similar gastrointestinal side effects than SPS, but at this time, 
no serious adverse effect or electrolyte disturbances have been reported. In sum-
mary, due to their selective action, both new potassium-binding agents seem to 
offer more efficiency to reduce hyperkalemia and less adverse effects.

• Kaliuretic loop diuretics: their efficiency to treat hyperkalemia has never been 
really evaluated [23, 60]. We can consider them as an additional treatment useful 
in case of fluid and sodium overload, but they are contraindicated in patients with 
hypovolemia (which is frequent in critically ill patients). In this latter situation, 
diuretics will worsen hypovolemia and in turn renal potassium reabsorption, 
leading to an inverse effect on kalemia.

• Renal removal therapy: hemodialysis is the treatment of choice of severe hyper-
kalemia in chronic renal insufficiency [67–69]. This is the most efficient therapy 
allowing to reduce kalemia of 1  mmol/L from the first hour and further of 
1  mmol/L more within the two following hours. Potassium removal can be 
increased by using dialysate solutions which contain no or low potassium, a high 
blood flow, or solutions buffered with sodium bicarbonate.

3.4.3.2  Strategies and Algorithm of Treatments of Hyperkalemia
Due to their various delays of action, several agents require usually to be associ-
ated [5, 70, 71]. There is no real data allowing to precise the threshold of hyper-
kalemia which requires a symptomatic therapy. Moreover, the low specificity of 
ECG signs does not permit to consider only this exam to decide the treatment too. 
Therefore, the first priority is to evaluate the need for an emergent treatment using 
a combination of history, clinical exam, ECG, and a repeated biological monitor-
ing of kalemia [2, 4, 5, 9, 10, 43, 46, 59, 60]. The choice of treatments is therefore 
governed by the analysis of these parameters. Urgent treatment is indicated when 
symptoms are present (or severe hyperkalemia), abrupt changes in kalemia and 
ECG modifications especially when comorbidities are associated. Several strate-
gies have been reported recently in a review [61]. But there is no real consensual 
guideline, and the strategy must always take into account hyperkalemia severity 
and other interfering metabolic disorders (calcemia, natremia, pH) or underlying 
worsening conditions (renal insufficiency, respiratory-cardiac arrest). No specific 
treatment is required for asymptomatic to mild hyperkalemia. It seems finally 
reasonable to administer an emergent treatment when hyperkalemia is 
>6–6.5 mmol/L and in patients with ECG signs. In these cases, the first approach 
consists of reversing the impact of hyperkalemia on the membrane excitability to 
avoid VT/VF and asystole. This is achieved by calcium salts which promote shift 
potassium into the cell, without waiting the measurement of kalemia. However, 
this temporary measure must be followed by an intermediate-term treatment 
which enhances the redistribution of potassium into the cells (insulin, ß-adrener-
gic agonists). A second approach allows to manage moderate asymptomatic or 
mild hyperkalemia. This long-term treatment consists to increase the elimination 
of potassium. This may be accomplished by loop diuretics, exchange resins, and 
renal removal therapies (hemodialysis). The choice between these therapies 
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depends on the cause of hyperkalemia and the condition of the patient [72, 73]. 
Hyperkalemia usually develops slowly in chronic renal insufficiency and is there-
fore associated with a good clinical tolerance. Nevertheless, in this situation, 
hyperkalemia >6.5 mmol/L needs to be treated, and the best choice is hemodialy-
sis, except in case of real emergency [74, 75]. In patients with a persistent diuresis 
and no hypovolemia, loop diuretics may be tested, but are usually inefficient or 
not sufficient and are prescribed by waiting long-term treatments such as hemodi-
alysis or exchange resins. Kalemia must be monitored to appreciate the efficiency 
of the treatment and to detect a potential rebound. In all cases, potassium exoge-
nous load must be stopped as well as drugs which induce hyperkalemia. An algo-
rithm of treatment is proposed in Fig. 3.7.

3.5  Hypokalemias

Hypokalemia is defined as a serum potassium level ≤3.5 mmol/L [4, 5, 7, 76]. It is 
usually classified as mild between 3 and 3.5 mmol/L, moderate between 2.5 and 
3 mmol/L, and severe if >2.5 mmol/L.

3.5.1  Clinical Symptoms

Similar with hyperkalemias, hypokalemias remain asymptomatic in mild and mod-
erate abnormalities. Clinical signs appear only in severe hypokalemias, especially if 
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its development was rapid, or in particular favoring conditions such as cardiac insuf-
ficiency or myocardial ischemia [1, 2, 6, 8, 9, 12, 39–41, 51, 76].

 – Neuromuscular manifestations: they are characterized by a muscular weakness, 
cramps, myalgias, paralysis, or tetraparesia without sensitive deficit.

 – Cardiovascular and ECG manifestations are characterized by the appearance 
of a U-wave (positive deflection after the T-wave), a decrease in the T-wave 
amplitude, a ST segment depression, T-wave inversion, and sometimes a pro-
longed PR interval (Fig.  3.8). These signs are related to the increase in the 
potential of the membrane which reduces myocardial excitability and extends 
the potential of action. Ventricular extrasystoles (VES), atrioventricular blocks 
(AVB), and severe arrhythmias (VT, VF, asystole) occur when favoring factors 
such as myocardial ischemia or digitalic treatments are associated. A pro-
longed QT interval and “torsades de pointes” are the consequences of electro-
lyte disorders which induce a prolongation of ventricular repolarization 
(Fig.  3.5d). Therefore, such syndromes are present in case of hypokalemias 
and also of hypomagnesemias.

3.5.2  Etiologies

Hypokalemia can be caused by three mechanisms: a transmembrane shift of potas-
sium into the cells, an insufficient exogenous intake of potassium, and excessive 
potassium losses.

3.5.2.1  Tools Required for the Diagnostic Approach
The diagnosis of hypokalemia requires initially to precise the clinical history and 
chronic treatments taken by the patient [1, 2, 6, 8, 9, 39–41, 51, 76]. Urinary 
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potassium losses allow to distinguish renal from nonrenal potassium losses. 
Additional biological exams such as plasma renin, aldosterone, or cortisol levels 
may be needed depending on the context.

3.5.2.2  Hypokalemias Due to Cell Transfer  
(Normal Total Body Potassium)

They result from similar mechanisms than hyperkalemia, but in the inverse direc-
tion. Potassium entry of K in the cell is usually transitory and responsible for mod-
erate hypokalemias.

 – Hypokalemia secondary to a muscular exercise: during a physical exercise, the 
release of endogenous catecholamines stimulates Na-K-ATPase pumps causing 
in turn the entry of potassium into the cells [2].

 – Drug-induced hypokalemia: regardless of their mode of administration (inhala-
tion or intravenous infusion), ß-adrenergic agonists may cause acute hypokale-
mia in a dose-dependent fashion (Fig. 3.2b). A sole dose of ß-adrenergic agonists 
can reduce kalemia of 0.36 mmol/L. Potassium entry into the cell which is stimu-
lated by the activation of Na-K-ATPase pump is essentially located in the skele-
tal muscles. These abnormalities occur more frequently in pathologies associated 
with high concentrations in catecholamines such as in myocardial infarction, 
congestive cardiac insufficiency, or trauma patients [2]. These effects can also be 
present in patients with chronic renal insufficiency receiving inhaled ß-agonists 
leading to a possible decrease of kalemia which may reach 0.6 mmol/L [62]. 
ß1-Agonists such as dobutamine can also reduce kalemia of 0.5  mmol/L [3]. 
Theophylline and caffeine can be responsible of hypokalemia secondary to the 
stimulation of endogenous catecholamines. Insulin (± glucose) administration 
leads to similar effects. It is therefore essential to monitor closely kalemia when 
treating diabetic ketoacidosis or hyperglycemic hyperosmolar syndromes. In 
these situations, simultaneous potassium substitution is frequently needed rap-
idly to avoid the development of acute severe hypokalemia. Chloroquine and 
thiopental may cause hypokalemia by blocking the muscular potassium channels 
which in turn inhibit the efflux of potassium from muscular cells [2]. Hypokalemia 
can be observed in refeeding syndromes due to the reduction in Na-K- ATPase-
driven pump. In this situation, hypokalemia is associated with moderate to severe 
hypophosphatemia.

 – Hypochloremic alkalosis: the decrease in plasma chloride level favors the 
entry  of potassium into the cell in order to maintain plasma electroneutrality  
[9, 15, 16, 56, 76].

 – Familial hypokalemic periodic paralysis or Westphal disease: this is a familial 
dominant gene disease which is characterized by an abnormal membrane perme-
ability. Such disorder conducts to acute hypokalemia. Clinical manifestations 
consist in flaccid paralysis crisis during several hours expressed by paraplegia or 
quadriplegia which are frequently triggered by a physical exercise or by a high- 
carbohydrate meal.
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3.5.2.3  Hypokalemias Due to Low Exogenous Intake (Reduced Total 
Body Potassium)

The decrease in exogenous intake of potassium must be important (< 1 g/h) and can-
not be responsible solely for a severe hypokalemia because renal excretion of potas-
sium can decrease simultaneously to reach less than 15–25 meq/L. An insufficient 
potassium intake represents only a worsening factor associated with another cause of 
hypokalemia as in patients at risk (cardiac failure, hypertension, diabetes).

3.5.2.4  Hypokalemias Caused by Excessive Losses (Reduced Total 
Body Potassium)

Depending on urinary potassium excretion, it is possible to distinguish renal from 
extrarenal causes. The presence of arterial hypertension (AHT) and urinary chloride 
excretion is a useful data to determine the etiology (Fig. 3.9).

 – Hypokalemias related to extrarenal losses: they are characterized by a low kali-
uresis (< 20 meq/L), low chloruresis (< 10 meq/L), and no AHT. These hypoka-
lemias can be due to high gastrointestinal losses as observed during profuse 
diarrhea, vomitings, intestinal fistula, villous adenoma, or digestive suctioning. 
In these situations, the mechanism of hypokalemia is frequently multiple due to 
the association of digestive and renal losses related to the secondary hyperaldo-
steronism. Laxative abuse or excessive administration of cation exchange resins 
enables to induce hypokalemia by increasing colonic potassium excretion [3]. 
When administered orally, the effect begins within the first 2 h to reach its maxi-
mum in 6 h. However, the hypokalemic effect is clinically relevant only in case 
of profuse diarrhea [4, 70].

Hypokalemia with Ku > 40 mmol/L

With AHT Without AHT

Clu > 20 mmol/L Clu < 10 mmol/L

Metabolic
acidosis 

Metabolic
alkalosis 

Hypermineralocorticism
Licorice intoxication 
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Liddle's syndrome
Parneoplasic Cushing

Important vomitings
Gastric succionning
Recent abuse of loop or thiazide diuretics

Tubulopathies with sodium losses
Loop or thiazide diuretics chronic abuse

Tubular acidosis
Acetazolamide
Bricker

Hypokalemia with Ku < 40 mmol/L

Fig. 3.9 Algorithm to determine the cause of hypokalemia. AHT arterial hypertension, Clu 
 chloruresis, Ku kaliuresis
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 – Hypokalemias related to renal losses: they are characterized by a high kaliuresis 
>40 meq/L. The etiologic diagnosis is based on the presence or not of AHT and 
chloruresis.
• Renal hypokalemias associated with AHT: the association of AHT, hypokale-

mia, and elevated urinary potassium expressed usually as endocrine abnor-
mality is a primary hypermineralocorticism caused by an adrenal adenoma, a 
Conn’s syndrome, or a Cushing’s disease. The secondary hyperaldosteronism 
caused by a renal artery stenosis results from renovascular mechanisms of 
compensation: to maintain GFR despite the renal artery stenosis, the reduc-
tion of pressure of the afferent arteriole is associated with an increase of pres-
sure of the efferent arteriole. Secondary hyperaldosteronism can also be 
iatrogenic caused by gluco- or mineralocorticoids. Massive intake of licorice 
conducts to similar manifestations. The glycyrrhizinic acid, which is a com-
pound of licorice, inhibits the enzyme 11ß-hydroxysteroid dehydrogenase 
which allows to metabolize cortisol in cortisone. Thus, licorice permits corti-
sone to behave as a real mineralocorticoid leading to increase in urinary 
potassium excretion. AHT with hypokalemia, elevated kaliuresis, and low 
reninism can be due to mutations in genes encoding this enzyme. This is the 
case of “glucocorticoid-remediable aldosteronism.” Congenital adrenal 
hyperplasia conducts to a loss of the 11ß-hydroxylase function which is 
responsible of the production of corticosterone, a precursor of aldosterone, by 
the glomerular zone of adrenal glands. The resulting blockade of aldosterone 
synthesis conducts to an increased synthesis of ACTH due to the overstimula-
tion of the reticular zone of adrenal glands. The clinical presentation is an 
AHT associated with signs of virilization and low plasma levels of renin, 
aldosterone, and cortisol. The paraneoplastic Cushing’s syndrome induces an 
overproduction of cortisol which leads to clinical signs of mineralocorticoids. 
The Liddle’s syndrome is an acquired gene abnormality which consists in the 
activation of the renal epithelial sodium channel (ENaC). The resulting effect 
is the reabsorption of sodium associated with the potassium excretion 
(amiloride-like effect). This syndrome is present in children or teenagers and 
consists in AHT with urinary sodium reabsorption and low plasma levels of 
renin and aldosterone.

• Renal hypokalemias without AHT: in these situations, chloruresis is also ele-
vated (> 20 meq/L). These hypokalemias are mostly induced by renal pathol-
ogies and iatrogenic causes. A more precise diagnosis can be approached 
thanks to the presence of the association of hypokalemia with metabolic aci-
dosis or alkalosis. Renal pathologies associated with metabolic alkalosis are 
caused by congenital tubulopathies with sodium losses among the collecting 
duct. They are usually diagnosed in adult patients with clinical manifestations 
of secondary hyperaldosteronism. On a pathophysiological point of view, 
Gitelman’s syndrome consists in an inactivation of the gene encoding the 
NaCl thiazide-sensible cotransporter on the distal tubule, while Barter’s syn-
drome corresponds to the inactivation of the gene encoding the type B chlo-
ride furosemide-sensible channel on the loop of Henle [77]. Gitelman’s 
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syndrome associates preferentially hypomagnesemia and hypocalcemia, 
whereas Barter’s syndrome associates hypercalcemia and normal magnese-
mia. Hypokalemias caused by loop diuretics and thiazides are the most com-
mon iatrogenic causes of hypokalemias [2, 51]. The severity of hypokalemia 
is dose-dependent and duration-of-treatment-dependent. Furosemide inhibits 
NKCC2 which is located in the ascending limb of the loop of Henle and in 
turn blocks sodium and potassium reabsorption: furosemide is natriuretic, 
kaliuretic, and diuretic. On the other hand, thiazides block chloride channels 
in the distal tubule. The presence of a metabolic acidosis suggests a treatment 
by acetazolamide (carbonic anhydrase inhibitor) or the diagnosis of renal 
tubular acidosis (RTA) type 1 (proximal) or type 2 (distal). RTA type 2 is 
characterized by an increased renal potassium excretion in response to the 
excessive load of sodium which is delivered in the tubule. In RTA type 1, 
sodium reabsorption through sodium channels of the apical membrane is 
compensated electrically by a simultaneous increase in potassium excretion.

• Other causes of hypokalemias due to renal losses: regardless of their causes, 
all osmotic polyurias can increase kaliuresis by increasing the distal urinary 
flow—hyperglycemia, mannitol infusions, and high doses of penicillin. 
Amphotericin B enables to induce real hypokalemias by stimulating urinary 
potassium excretion through the collecting duct [3]. Hypomagnesemia favors 
renal losses of potassium and may induce arrhythmias such as “torsades de 
pointes.” At last, hypokalemias caused by renal removal therapies remain fre-
quent and have been reported to be observed in more than 50% of patients 
[33, 78–80].

3.5.3  Treatments

The treatment of hypokalemia consists primarily of treating the specific cause (not 
developed in this chapter). Symptomatic treatment depends on the severity of hypo-
kalemia and the related clinical and ECG manifestations, and an empirical approach 
remains common. Apart from hypokalemias resulting from transfers that are com-
monly transitory, the sole treatment consists of providing a supplementation [9, 71, 
76, 81]. The consensual rule is to promote potassium intake orally over intrave-
nously to provide a progressive elevation of plasma potassium level while decreas-
ing side effects of the treatment [5, 46]. In all cases, iatrogenic causes must be 
stopped, and simultaneous treatments of favoring factors (hypomagnesemia) are 
needed. Patients presenting a mild asymptomatic hypokalemia require a simple oral 
supplementation by KCl (Diffu-K®, capsules of 8 mmoles; or Kaléorid®, tablets of 
13.4 mmoles). Urgent treatment is needed in patients with symptomatic and ECG 
signs of hypokalemia. In this situation, potassium must be administered intrave-
nously using chloride or gluconate potassium (various concentration of 7.46%, 
10%, 15%, and 20%) with a dose of 1–2 g in 3–4 h. Life-threatening treatment 
required in case of arrhythmia is based on the intravenous infusion of potassium at 
a dose of 1–1.5 g per hour, without exceeding 2 g per hour. Additional doses can be 
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administered until kalemia reaches 4 mmol/L. Despite the risk of vascular necrosis, 
such high doses can be infused through peripheral venous in case of absolute emer-
gency. In other situations, infusion of potassium through a central venous is prefer-
able. Intravenous magnesium sulfate at a dose of 5 g over 30 min is required in 
severe hypokalemia. At last, it is essential to monitor regularly ECG and plasma 
potassium levels.

 Conclusion

Potassium is the second most abundant cation of total body. It plays major vari-
ous physiological functions, especially the maintenance of the resting membrane 
potential which controls neuromuscular excitability thanks to the steady state of 
[Ki]/[Ke] ratio. There are two systems for controlling potassium homeostasis. 
The internal balance consists to maintain the asymmetric distribution of potas-
sium between the intra- and the extracellular volume in order to maintain the 
potential of membrane. This phenomenon provides a short-term regulation of 
potassium. The external balance of potassium is essentially governed by the kid-
ney. Aldosterone is the major hormonal mechanisms that regulate urinary potas-
sium excretion. Only severe (profound or acute) dyskalemias can induce severe 
and life-threatening cardiovascular complications. Iatrogenic drug-related dys-
kalemias are very frequent as well as those induced by transfers. Hyperkalemias 
caused by inappropriate renal reabsorption can be observed in patients suffering 
renal insufficiency, hypovolemia, or primary and secondary hypoaldosteronism. 
The therapeutic strategy to manage hyperkalemia depends on its severity. Besides 
the emergent treatment, additional intermediate- and long-term treatments are 
needed to prolong the normalization of plasma potassium level. Hypokalemias 
can be caused by excessive intestinal or renal losses (hyperaldosteronisms). The 
symptomatic treatment of hypokalemia is based on a substitution preferentially 
administered orally when possible. In all cases, treating the underlying cause 
remains the most efficient and obligatory curative therapy of dyskalemias.
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4Phosphate and Calcium Disorders

Carole Ichai

4.1  Introduction

Calcium and phosphate metabolisms are closely connected. Body function of 
 calcium is double: the divalent cation form plays a major role in various cell func-
tions. The association of calcium with phosphate induces the formation of hydroxy-
apatite crystals which provide the rigidity of bones. Independently of bone and 
calcium, phosphorus exerts several essential cell functions. The ionized form repre-
sents the major intracellular buffer. Phosphate and calcium homeostasis is essen-
tially controlled by three hormones (parathormone, vitamin D, and calcitonin) 
which exert their effect on three targeted organs: bone tissue and intestinal and renal 
tubular cells. This chapter is focused on body distribution of calcium and phospho-
rus and their control. Clinical manifestations, diagnosis, and symptomatic treat-
ments of phosphate and calcium disorders are reviewed.

4.2  Calcium in the Body

4.2.1  Body Distribution

The total amount of body calcium represents 1–1.3 kg in adults. The skeleton is the 
reservoir of calcium as 99% is stored in skeletal tissue and the remaining 1% in soft 
tissues (10 g) and extracellular fluids [1–4] (Fig. 4.1).
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4.2.1.1  Skeletal Calcium
In bones, calcium is present for 69% in an inorganic form among which more than 
90% are hydroxyapatite crystals and the remaining part is calcium carbonate crys-
tals. Approximately 22% of calcium in the bone is present in an organic form with 
90% being collagen, and the remaining 10% enters in the composition of structural 
proteins such as proteoglycans and glycoproteins. Only 200–500 mg of this calcium 
which is located at the surface of the bone is freely exchangeable with the extracel-
lular compartment and allows the process of mineralization of the organic matrix of 
bone (see paragraph “skeletal metabolism”).

4.2.1.2  Extracellular Calcium
Extracellular calcium is distributed almost in an equivalent concentration between the 
interstitial and plasma volume. Normal total serum calcium concentration (calcemia) 
is 8.8–10.4 mg/dL (2.2–2.6 mmol/L). It breaks down in diffusible into the cells and 
filtrated at the glomerulus (60%) and nondiffusible (40%) calcium (Fig. 4.2) [1–3, 5]:

• Ultrafilterable blood calcium includes ionized and complexed calcium. 
Ionized calcium (iCa) represents the most abundant form: 50% of total serum 

Intracellular
space
= 10 g 

Extracellular space 1 g

Plasma = 120 mg

kidney

Skeletal tissue =
99% 

Small intestine

intra--+ extracellular volume
= 1% 

1000-1200 m
g

400 mg

800 mg/d

Exogenous intake = 1000-1200 mg/d

200-500 mg

100-200 mg/d

1100-1300 mg

Interstitial volume

200 mg

10 000 mg/d9800 mg/d

Fig. 4.1 Body calcium distribution and balance in a healthy adult. Daily exogenous intake of 
calcium represents 1000–2000 mg, among which approximately 400 mg are absorbed by the small 
intestine. The equilibrium of calcium balance is reached, thanks to an equivalent amount excreted 
in the feces and the urines (respectively, 800 mg and 100–200 mg daily). Calcium continuously 
exchanges between all body compartments, especially between the skeletal tissue and the extra- 
and intracellular spaces. 1 mmol of calcium = 40 mg of calcium
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calcium and 85% of the diffusible serum calcium. iCa varies according to the 
serum calcium concentration, pH, protidemia, and polyvalent anions: acidosis 
decreases the protein bound leading in turn to increase the proportion of the 
ionized form, whereas alkalosis and elevated serum anions concentration 
reduce it. The ionized component of calcium is qualitatively the most impor-
tant as it represents the active biologic form. It is therefore the regulated com-
ponent that maintains calcium homeostasis. Complexed calcium which is 
linked to counterions such as phosphate, bicarbonate (CaHCO4

2−), sulfate, 
and citrate ions represents 10% of serum calcium and 15% of ultrafilterable 
calcium.

• Non-ultrafilterable blood calcium accounts for 40% of total calcemia and is 
bound to plasma protein. Eighty percent is bound to albumin and the remaining 
20% to globulins (alpha-, ß-, and γ-globulins). Therefore, it is essential to take 
into account serum albumin concentration to interpret total calcemia: in case of 
hypoalbuminemia, calcemia decreases and conversely, but the ionized form 
remains unchanged and consequently without any clinical impact. Total calce-
mia can be corrected by taking into account albuminemia, using the following 
formula: Cacorrected (mM) = Cameasured − 0.025 × (albuminemia − 40 [g/L]).

Total calcium
2,2-2,6 mmol/l

Ionized calcium (50%)
1.1-1.3 mmolLl 

Protein-bound calcium (40%)
0.95-1.2 mmol/L

Complexed calcium (10%)
0.05 mmol/L 

Ultrafilterable calcium
(60%) 1.5 mmol/L 

non ultrafilterable
calcium (40%) 1 mmol/L 

Fig. 4.2 Distribution of total plasma calcium. Total plasma calcium is distributed for 60% in 
ultrafilterable calcium (50% as an ionized form and 10% as a complexed form) and for 40% in 
protein-bound non-ultrafilterable form
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4.2.1.3  Intracellular Calcium
The intracellular concentration of calcium is approximately 0.1 μmol/L. Calcium 
is stored in cell membranes, sarcoplasmic and endoplasmic reticulums, and mito-
chondria. Thanks to active transporters, a flux of calcium ions allows to maintain 
gradient of concentration between mitochondria, cytosol, and the extracellular 
fluid, with rapid exchanges between these three compartments [1–3]. Therefore, 
the intracellular concentration of calcium depends at the same time of the influx, 
the efflux, and the mitochondrial and sarcoplasmic reticulum storage of calcium. 
Calcium enters passively in the cells, thanks to transmembrane voltage-depen-
dent calcium channels which create an electrochemical gradient. The efflux of 
calcium must be performed against this gradient and consequently requires 
energy which is provided by ATP issued from the Ca2+-ATPase pump or from the 
Na+ gradient promoted by the Na+/Ca2+exchanger. Intracellular calcium plays a 
major role of second messenger involved in multiple intracellular pathways for 
message transmission.

4.2.2  Calcium Balance

4.2.2.1  Needs and Supply
Exogenous calcium intake represents approximately 1  g/day in adults. Daily 
needs vary according to age and physiological modifications (pregnancy, meno-
pause) and reach 400–1000 mg/day in adults (1000 mg/day in children and preg-
nant women). Considering the obligatory digestive losses, a minimal dietary 
intake of 10 mg/kg/day (0.25 mmol/kg/day) is needed to maintain an equilibrium 
between the entry and the output of calcium in adults (Fig. 4.1). The gastrointes-
tinal absorption of calcium is performed essentially in the proximal digestive 
tract including the duodenum, the jejunum, and ileum [1, 2, 4, 6]. The major part 
of absorbed calcium comes from intestinal secretions (800 mg). Its proportion 
varies according to the intake, between 10 and 15% with a normal calcium diet, 
without high limit due to a passive diffusion. Therefore, an oral intake of 1 g 
calcium will be associated with an excretion of approximately 800  mg in the 
feces. The absorbed dietary calcium enters in the extracellular fluid and is further 
incorporated into the skeleton. Calcium reabsorption is performed by a transcel-
lular pathway through the cell. It crosses the apical microvillar membranes of 
enterocytes, thanks to calcium epithelial channels which are “transient receptor 
potential vanilloid” (TRPV) 5 and 6. Inside the enterocyte, calcium binds to cal-
bindin proteins allowing to move calcium to the basal membrane and to protect 
the cell from the toxic effect of high calcium concentrations. The efflux of cal-
cium from the basolateral membrane toward blood is mainly performed by two 
systems: a Ca2+-ATPase pump which shows a decreasing activity along the small 
intestine and a Na+/Ca2+ exchanger (NCX1) which is activated by the Na+-K+ 
ATPase pump (Fig. 4.3). A paracellular pathway allows a passive calcium reab-
sorption through “tight junctions” whose opening/closing is controlled by some 
proteins (claudins, occludins) that are synthetized by adjacent cells [5]. Calcium 
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intestinal absorption is stimulated by 1,25-dihydroxycholecalciferol (1,25(OH)2D3 
or calcitriol) the active form of vitamin D, parathormone (PTH), and growth and 
gonadal hormones. On contrary, it is inhibited by corticoids, thyroxin, calcitonin 
(CT), and age [7, 8].

4.2.2.2  Calcium Excretion
Calcium losses are essentially performed by the kidney, less by the intestinal tract, 
and for a very small amount by skin. The amount of calcium eliminated by the 
intestinal tract represents the sum of the non-absorbed dietary intake and the cal-
cium issued from the secretions of saliva, gastric juice, bile, and pancreatic juice. 
This represents a quantity of approximately 800 mg/day (Fig. 4.1). The kidney is 
the most important organ involved in calcium homeostasis. It regulates urinary 
calcium excretion, thanks to the metabolization of the inactive into the active form 
of vitamin D [1, 3, 9]. Around 10 g of free calcium is filtered in the glomerulus per 
day, and 98% of it is reabsorbed, leading to a final urinary excretion of 100–
200 mg/day. Sixty to 70% of calcium is reabsorbed in the proximal convoluted 
tubule, 20% in the ascending limb of the loop of Henle, 5–10% in the distal con-
voluted tubule under the control of PTH, and 5% in the collecting tube [3, 10, 11]. 
Mechanisms responsible for the transfer of calcium in the kidney are similar to 

Intestinal lumen blood
Basal membraneApical membrane

nucelus
ATP

ADP

Calcium channels
TRVP 5 et 6 

calcium

calbindins

calbindin-Ca++

complex

calcitriol
Ca++-ATPase

pump 

Ca++-Na NXC1
exchanger 

sodium

Paracellular
reabsorption  claudins

Transcellular
reabsorption  

Fig. 4.3 Mechanisms of intestinal calcium reabsorption. This reabsorption is performed by two 
mechanisms: The first one is an active transcellular reabsorption; calcium enters into the intestinal 
epithelial cells along the microvilli, thanks to transmembrane calcium epithelial channels, the 
“transient receptor potential vanilloid or TRVP.” Intracellular calcium bounds then to proteins, the 
calbindins, to create a calcium-calbindin complex which allows the transport of calcium to the 
basal membrane. The extrusion of calcium through the basal membrane is performed, thanks to a 
sodium- calcium exchanger (NXC-1) or a Na-K-ATPase pump. This phenomenon is activated by 
calcitriol. The second one is a passive paracellular reabsorption: calcium crosses tight junctions 
using claudins, structural protein membranes, which conduct to open the pathway
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those existing in the intestinal tract (Fig. 4.4). The absorption of calcium in the 
proximal convoluted tubule and the loop of Henle is performed for 80% by pas-
sive diffusion (paracellular and transcellular pathways). This phenomenon is 
favored by an electrochemical force which is produced by both the Na-K- 2Cl 
(NKCC2) cotransporter of the apical membrane and the potassium channel “renal 
outer medullary potassium, ROMK” which is the limiting parameter. Na+ and Cl− 
which in turn accumulate in the cell are therefore reabsorbed through the basal 
membrane, thanks to the Na-K-ATPase pump and chloride channels. The passive 
paracellular transport of calcium becomes possible, thanks to the positive poten-
tial of the membrane. On the proximal convoluted tubule, such a passive paracel-
lular reabsorption is also modulated by calcium receptors (CaSR) which are 
located on basal membranes. The activation of CaSR stimulates the expression of 
some constitutive proteins of calcium channels (claudins) of paracellular tight 
junctions. This phenomenon closes these channels and inhibits the passive reab-
sorption of calcium. Ten to 15% of calcium is actively reabsorbed in the proximal 
convoluted tubule and the thick ascending limb of the loop of Henle (Fig. 4.4A). 
On the distal convoluted tubule, calcium is actively reabsorbed against an electro-
chemical gradient. This phenomenon is produced by three successive steps: apical 
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ATP
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(CaSR) 

Na-K-ATPase pump

Na+

claudins

K+

2Cl- 2K+

Cl-
Chloride channel
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exchanger 
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Fig. 4.4 Mechanisms of renal calcium reabsorption. A: Reabsorption in the ascending limb of the 
loop of Henle. Calcium reabsorption is essentially performed passively through the paracellular 
tight junctions pathway, thanks to claudins which are activated by the calcium-sensing receptors 
(CaSR) located in the basolateral membrane, leading to open the pathway. Calcium reabsorption 
can be performed also by sodium-potassium, NKCC2 cotransporters and by chloride channels 
located in the apical membrane, thanks to an electrogenic gradient which favors the calcium trans-
port. B: Reabsorption in the distal convoluted tubule. Transient receptor potential vanilloid 5, 
TRVP5, which is located in the apical membrane of renal epithelial cells, allows the calcium intra-
cellular reabsorption; the intracytosolic transport needs the formation of calcium-calbindins com-
plexes; the extrusion of calcium is performed in the basolateral membrane using the sodium-calcium 
NXC1 exchanger and the Ca++-ATPase pump
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transmembrane reabsorption through the epithelial calcium channels TRVP 5, 
intracytosolic calcium diffusion induced by binding with calbindin proteins, and 
then calcium extrusion through the basal membrane by the sodium- calcium NCX1 
exchanger and the calcium-ATPase transporter (Fig. 4.4B). Parathormone (PTH) 
and active vitamin D stimulate calcium reabsorption on the thick ascending limb 
of the loop of Henle and above all on the distal convoluted tubule, whereas calci-
tonin inhibits it. Urinary excretion varies according to the sex (more elevated in 
male) and the circadian rhythm.

4.2.3  Biological Functions of Body Calcium

Calcium is implicated in many cell functions: muscular excitability-contractility cou-
pling; automatic cardiac contractility; neurotransmission; endocrine and exocrine 
secretion of hormones; gene expression; mitotic division; integrity, permeability, and 
stability of cell membranes; and second messenger of various signal transduction 
pathways. Moreover, this cation is essential for activating multiple calcium-dependent 
enzymatic reactions, including the coagulation cascade [1, 3, 12]. At last, calcium 
plays a major role in determining the skeletal structure and bone mineralization.

4.3  Phosphorus in the Body

4.3.1  Phosphorus Distribution

Phosphorus is an essential component of skeleton and the most abundant intracel-
lular anion. The total amount of body phosphorus represents 600–800 g in an adult 
of 70  kg. Phosphorus is present in two forms: organic and inorganic [3, 4, 13]. 
Phosphates, the inorganic forms, are bound to proteins or complexed to other ions 
such as calcium (CaHPO4) and magnesium (MgHPO4) or free as orthophosphates 
(H3PO4, H2PO4

−, HPO4
2−). Most of phosphorus, approximately 85% (550–600 g), is 

present in skeleton as hydroxyapatite (Fig. 4.5) [4, 11–14]. The remaining 15% is 
distributed among extraskeletal sites, essentially in the cells of soft tissues, as lipids, 
proteins, and nucleic acids components. The extracellular compartment is less than 
1% of total body phosphorus. Plasma phosphorus amount represents 120 mg which 
are distributed for 2/3 as organic phosphorus such as phospholipids (85 mg) and the 
remaining 1/3 as phosphates. Ten percent of plasma phosphates are bound to pro-
teins and therefore non-ultrafilterable. The other 90% exists as a diffusible ionized 
form (Fig. 4.6). Because of its pK (6.8), blood phosphate presents in two forms of 
orthophosphates, H2PO4

− and HPO4
2−. When plasma pH is normal, the divalent 

form HPO4
2− is two times greater than the monovalent one. The determination of 

serum phosphorus concentration relates only to the inorganic fraction and is there-
fore serum phosphate or phosphatemia. It is commonly accepted that 1 mmol of 
phosphate is equivalent to 320 mg. The normal serum phosphate concentration is 
comprised between 0.8 and 1.15  mmol/L.  This concentration is physiologically 
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Fig. 4.5 Body phosphorus distribution and balance in a healthy adult. Daily exogenous intake of 
phosphate represents approximately 800–2000 mg among which 200–1500 mg is absorbed in the 
grelic intestine. Phosphate homeostasis is reached, thanks to an equivalent renal excretion of 600–
1500 mg. Phosphate exchanges continuously between the different body compartments, especially the 
skeletal tissue and the intra- and extracellular spaces. 1 mmol of phosphate = 320 mg of phosphate
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Fig. 4.6 Distribution of total plasma phosphorus. Total plasma phosphorus is distributed for 66% 
in organic phosphorus which is bound to lipids and for 34% in inorganic phosphorus, i.e., phos-
phate. Among plasma phosphate, 90% represents the ionized diffusible form

C. Ichai



109

higher in infants and children and then decreases over the life. Other factors that 
enable to induce variations in phosphatemia are the circadian cycle (higher concen-
tration between 8 am and 8 pm), food intakes, and acute transports between the 
extra- and the intracellular spaces.

4.3.2  Phosphate Transporters

All movements of phosphate between the different body compartments are per-
formed, thanks to transporters: intestinal reabsorption toward the plasma, trans-
ports between the extra- and the intracellular fluids, transports between the 
skeleton and the intracellular fluid, and renal excretion-reabsorption [13–21]. 
These systems are transepithelial proteins which are located on the apical renal 
brush border membrane and which associate a sodium-phosphate (Na/Pi) cotrans-
port. In the same time, sodium transmembrane gradient is maintained, thanks to 
the Na-K-ATPase pump. Three types of phosphate membrane transporters are 
described (Table 4.1) [17, 19]. Type 1, called NPT1, is a nonspecific anion trans-
porter of phosphate. NPT1 is expressed in the apical side of cells from the proxi-
mal convoluted tubule of kidneys and liver. Its role in the phosphorus balance is 
not clearly established. Type 3 cotransporters present in two forms: phosphate 1 
and 2 sodium-dependent transporters, called PiT1 and PiT2, respectively 
(Fig. 4.7). These proteins are largely expressed in many tissues which show a high 
affinity for phosphate. This suggests their preferential role in controlling the 
amount of intracellular phosphate, rather than in the global regulation of phospho-
rus homeostasis. These transporters might be involved in the pathophysiology of 
vascular or tissue calcifications.

Table 4.1 Characteristics of major phosphate cotransporters

Cotransporter Location Characteristics Effects on phosphate
Type 1
NPT1 Proximal 

convoluted tubular 
cells

Nonspecific anion 
transport

Probably low

Type 2
NPT2a Proximal 

convoluted tubular 
cells

Strong affinity for 
phosphate, saturable
3 Na+/1 HPO4

2−

Regulation of renal phosphate 
reabsorption (target of PTH 
and FGF-23)

NPT2b Lung, small 
intestine

2 Na+/1 H2PO4
− Regulation of intestinal 

phosphate absorption
NPT2c Proximal 

convoluted tubular 
cells

2 Na+/1 H2PO4
− Decrease with age

Type 3
PiT1
PiT2

Large expression in 
numerous tissues

Strong affinity for 
phosphate

Intracellular amount of 
phosphate, extraskeletal 
calcifications

4 Phosphate and Calcium Disorders



110

Type 2 cotransporters are expressed as three isoforms: NPT2a, NPT2b, and NPT2c. 
NPT2b is largely expressed in the lungs and small intestine [3, 6, 18, 19]. It plays a 
substantial role in phosphate reabsorption by these organs and induces an electroneu-
tral transport of two Na+ with one HPO4

2−. Its renal expression remains minor, explain-
ing that in case of genetic mutations, tissue calcifications (pulmonary) may be present 
without any abnormality in phosphatemia. NTP2a and NTP2c have a similar affinity 
for phosphate. They are exclusively expressed on the brush border membranes of the 
proximal convoluted tubule cells. Both forms assure an electrogenic transport, but 
their characteristics differ. NTP2a is characterized by a cotransport of three Na+ with 
one HPO4

2−. They are saturable so that there is a maximal threshold of phosphate 
reabsorption by the kidney (TmPi). Therefore, the number of NPT2 determines the 
capacity of proximal renal reabsorption of phosphate. If TmPi exceeds this threshold, 
phosphaturia will appear and will increase linearly with hyperphosphatemia. NPT2c 
cotransport associates two Na+ with one HPO4

2− and is therefore neutral electrogenic 
transport. Their expression decreases with age. On the basal side of the membrane, the 
transport of phosphate remains unclear and is probably associated with the Na-K-
ATPase pump or an anion/phosphate type 3 cotransporter (PiT).

4.3.3  Phosphate Balance

There are many exchanges and movements of phosphate between the different body 
compartments. More than 3000 mg per week of skeletal phosphate is exchanged 

PiT2
H2PO4

-

Apical membrane
(brush border)
Tubular lumen

Basal membrane
Blood

3Na+
ATP

ADP

Na-K-ATPase
pump 

2K+

Cotransporter Na/Pi
sodium

Pi

Na+

HPO4
2-

3Na+
NPT2a

NPT2c
2Na+

H2PO4
-

Fig. 4.7 Schematic representation of major phosphate cotransporters in tubular renal cells. 
Sodium-phosphate NPT2a and NPT2c (and incidentally PiT2) cotransporters are responsible for 
phosphate movements across renal cells. Their activation requires to be expressed on the brush 
border of tubular cells located on the apical side. The entry of sodium in the cell is possible, thanks 
to a persistent transmembrane gradient of sodium which is created by the Na-K-ATPase pump 
located in the basal membrane (and may be other Na/Pi cotransporters)
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with the extra- and the intracellular spaces. These exchanges are performed at a 
slower rate than those between the intra- and the extracellular compartments. 
Therefore, phosphatemia is not always well correlated with the total body phos-
phate amount. Several factors activate phosphate transmembrane transports. By this 
way, they control the internal balance of phosphate, leading to modifications in 
intracellular and plasma concentrations. Insulin, glucose, variations in pH, and cat-
echolamines activate the entry of phosphate in the cells leading to hypophosphate-
mia. Plasma phosphate follows three pathways: entry in the intracellular pool, 
component of the skeletal and soft tissues, and excretion mainly performed by the 
kidney [2, 4]. Despite its very low concentration in plasma (only 1% of its total 
amount in the body), phosphatemia is closely regulated to maintain a normal value 
which is essential to exert all of its cellular, structural (skeleton, membranes), and 
muscular functions.

The external balance of phosphate is physiologically equilibrated in healthy 
adults (Fig. 4.5). Needs represent approximately 1000 mg/day (800–2000 mg/day) 
and are essentially provided by the daily dietary intake. Approximately 65–75% of 
phosphate contained in food is absorbed in the small intestine (mainly jejunum) and 
is mediated by the NTP2b membrane transporters which are located on the apical 
and the basal sides of enterocytes. There are two routes for this phenomenon: a pas-
sive diffusion which is proportional to the digestive supply and an active sodium 
cotransport which requires energy [1, 3]. This active reabsorption is favored by a 
concomitant low absorption of phosphate issued from diet and by calcitriol. On the 
other hand, excessive intake of calcium and magnesium decreases the enteral reab-
sorption of phosphate. The kidney plays the major role in regulating the external 
balance of phosphorus [3, 10, 17]. In physiological situation, renal excretion of 
phosphate equals its intestinal absorption and consequently maintains serum phos-
phate concentration in a normal range [9, 21]. Approximately 5000 mg/day (3000–
5200 mg/day) of phosphate unbound to proteins is filtered in the glomerulus. Eighty 
to 85% of this filtered load occurs within the proximal convoluted tubule leading to 
a net urinary excretion of phosphate of 600–1500 mg/day. Three types of transport-
ers are involved in this reabsorption: NTP2a (electrogenic), NTP2c (neutral), and 
the PiT2 (electrogenic) (Fig. 4.7) [3, 22]. Renal proximal reabsorption is saturable 
(TmPi) and active requiring energy. Therefore, the amount of phosphate which is 
excreted by the kidney depends on serum phosphate concentration and on glomeru-
lar filtration rate (GFR) [11, 13, 14, 22]. TmPi/DFG ratio (mmol/L or mg/L) repre-
sents the threshold of phosphatemia below which all the filtered phosphate is 
reabsorbed and above which it is totally excreted. The normal value of TmPi/DFG 
ratio is approximately 0.70  mmol/L.  This parameter allows to distinguish renal 
from extrarenal causes of phosphatemia disorders [11].

4.3.4  Biological Functions of Body Phosphate

Phosphate is among the most abundant anion of body [1, 4]. It is one of the compo-
nents of nucleic acids and of membrane lipids (phospholipids). It is involved in 
the protein transduction pathways and in many enzymatic and coenzymatic activities. 
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It is also a major component of ATP energetic substrates (ADP and AMP). Phosphate 
is needed for glycolysis, gluconeogenesis, and ammoniogenesis and influences hemo-
globin dissociation by regulating the concentration of 2,3-diphosphoglycerate (2,3-
DPG). Finally, ionized phosphate is the major intracellular buffer (pK = 7.21).

4.4  Regulation of Phosphate and Calcium Homeostasis

Regulation of phosphate and calcium metabolism is performed, thanks to three 
major organs: kidneys, digestive tract, and skeleton. The regulation is based on the 
control of calcium and phosphate cotransporters functioning which is under the 
influence of extrinsic and intrinsic hormonal and gene factors.

4.4.1  Hormonal Regulation

The hormonal control of calcium and phosphate homeostasis is the critical regulat-
ing mechanism [2, 3, 12, 21]. Besides the very classical vitamin D, PTH, and calci-
tonin, more recent data have emphasized the implication of additional hormones 
such as fibroblast growth factor 23 (FGF-23) and other phosphatonins which act to 
tightly control phosphate range. All of these hormones exert their effects on targeted 
kidneys, digestive tract, and skeleton. The integrated and concomitant action on 
these three organs allows to provide a permanent control of calcium and phosphate 
metabolism (Table 4.2). This led to emphasize the concept of the hormonal regula-
tion by the skeleton-intestinal tract-kidney axis (Figs. 4.8 and 4.9) [2, 3, 10].

4.4.1.1  Hypercalcemic Hormones
• Vitamin D3 or cholecalciferol is a steroid that is produced endogenously in the 

skin. It is synthetized from the metabolite 7-dehydrocholesterol which is pro-
duced by the skin from cholesterol to become 25(OH)D3 under the influence of 
ultraviolet radiations (UVB). This metabolite represents the major circulating 
form of vitamin D, and therefore its serum concentration is the most accurate 
indicator of the body storage of vitamin D. To become active, vitamin D3 requires 
further metabolism which consists of two successive hydroxylations. The first 
one is performed in the liver, thanks to the 25-hydroxylase leading to the produc-
tion of calciferol or 25(OH)D3. This hormonal form serves as paracrine/autocrine 
function in skin, immune cells, and intestinal epithelium, but it is essentially 
converted in the proximal renal tubule by the 1-α hydroxylase. This second 
hydroxylation conducts to the production of the major hormonal active form of 
vitamin D, the 1,25(OH)2D3 or 1,25-dihydroxycalciferol or calcitriol. This pro-
duction is closely regulated through the renal 1-α hydroxylase activity by PTH, 
FGF-23, calcemia, and phosphatemia. The production of calcitriol is stimulated 
by a low serum concentration of vitamin D, hypocalcemia, hypophosphatemia, 
and a poor diet in phosphate [1–3]. Most of vitamin D and its metabolites are 
carried in the blood bound to vitamin D binding protein (DBP) and albumin. The 
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free substrate only enters in most tissues [23]. A second form of vitamin D, the 
vitamin D2, is also available and is issued from an exogenous diet intake and 
comes from the ergocalciferol which is produced by ultraviolet radiations of 
plants. Approximately 75% of the ingested exogenous vitamin D (cholecalcif-
erol and ergocalciferol) is absorbed by the small intestine in the presence of bili-
ary salts and is subsequently carried by chylomicrons in the lymphatic system 

Table 4.2 Mechanisms of action and effects of major hormones responsible for calcium and 
phosphate metabolism

Intestinal tract Bone tissue Kidney
Active vitamin D (1,25-dihydroxycalciferol = calcitriol) = hypercalcemic and 
hyperphosphatemic hormone
Effects •  Increased calcium 

and phosphate 
reabsorption

•   Indirect increased bone 
resorption (via PTH)

•  Reduction in bone 
mineralization

•  Increased renal 
reabsorption of calcium 
and phosphate

Targets Duodenum, proximal 
jejunum

•  Osteoblasts
•  Osteoclasts

•  Distal convoluted tubule 
and collecting tube

Parathormone (PTH): hypercalcemic and hypophosphatemic hormone
Effects •  Indirect increased 

calcium and phosphate 
reabsorption (via 
vitamin D)

•  Increased bone
 resorption

•  Increased calcium 
renal reabsorption

Targets Duodenum, proximal 
jejunum

•  Osteoblasts •  Distal (calcium) and 
proximal convoluted 
tubule (phosphate)

•  Collecting tube, proximal 
convoluted tubule, and 
ascending limb of the 
loop of Henle

Calcitonin = hypocalcemic and hypophosphatemic hormone
Effects •  Reduction of bone 

resorption
•  Inhibition of renal 

phosphate 
reabsorption

•  Reduction of calcium 
renal reabsorption

Targets •  Osteoclasts •  Distal and proximal 
convoluted tubule and 
collecting tube 
(phosphate)

•  Distal and proximal 
convoluted tubule and 
collecting tube (calcium)

Phosphatonin FGF-23 = hypophosphatemic hormone
Effects •  Indirect increased 

bone demineralization 
(via vitamin D)

•  Inhibition of renal 
phosphate 
reabsorption

Targets •  Osteoclasts •  Proximal convoluted 
tubule

Bold text indicate the most important location and effects of the hormones
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and finally in blood. Half-life of calcitriol is approximately 5 h. It is catabolized 
by a 24-hydroxylase enzyme, inactivated in calcitroic acid by liver glucurono-
conjugation, and eliminated essentially in the biliary tract. Vitamin D need in 
healthy situations is 600–800 IU, and blood concentration is 20–30 ng/mL.

Globally, vitamin D provides a hypercalcemic and hyperphosphatemic effect. 
This is the principal hormone that stimulates calcium and phosphate intestinal 
absorption by modifying the structure and functions of enterocytes which are respon-
sible at last of the calcium and phosphate cotransporters. Vitamin D exerts its effects 
after binding to its receptor (VDR) which is located in the nucleus and present on 
various tissues. The intranuclear binding of vitamin D activates a transduction path-
way which conducts to the effects on the targeted organs [24]. Vitamin D increases 
the intestinal absorption of calcium (essentially in the proximal portion of the small 

Kidney

Bone

Small intestine
(jejunum)

F
G

F
-23

Hypophosphatemia
Hypocalcemia
Hypocapnia
Low phosphate diet

Parathyroids
PTH

Calcitonin+

+

+
+

-

+

-

+

Increased phosphatemia

Phosphate
absorption 

Bone resorption

Phosphate 
reabsorption

Vitamin D

-
Decreased phosphatemia

-

-

Fig. 4.8 Regulation of phosphatemia via the intestine-bone-kidney axis. Active vitamin D exerts 
a global hyperphosphatemic effect. It stimulates phosphate intestinal (in the jejunum) absorption 
and phosphate release from bone by a permissive action on parathormone (PTH) and inhibits its 
tubular renal excretion. The synthesis of PTH induced essentially by hypocalcemia exerts globally 
a hypophosphatemic effect: it promotes phosphate renal excretion (phosphaturia) as a result of an 
increased action of the renal 1∝-hydroxylase which induces an activation of vitamin D and bone 
resorption and essentially inhibits proximal tubular phosphate reabsorption. FGF-23 which is syn-
thetized in the skeletal tissue exerts a global hypophosphatemic effect. FGF-23 which is released 
in response to hyperphosphatemia or to an increase in vitamin D strongly inhibits phosphate renal 
reabsorption and indirectly intestinal absorption by reducing vitamin D synthesis (inhibition of 
renal 1∝-hydroxylase). FGF-23 also inhibits PTH release which in turn allows to control 
phosphatemia
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intestine) by activating rapidly and directly the expression of the TVRP 5 and 6, pres-
ent in the brush border of the intestinal cells. Vitamin D also elevates slowly this 
intestinal absorption of calcium by increasing the synthesis of intracellular proteins 
that transport calcium, the calbindins D (Fig.  4.3) [6]. The intestinal paracellular 
absorption of calcium is also stimulated by vitamin D. However, the digestive absorp-
tion of calcium is only efficient if the amount of ingested vitamin D is sufficient. 
Vitamin D activates the absorption of phosphate essentially in the duodenum and the 
jejunum by stimulating the transmembrane cotransporters NPT2b. On bones, it 
favors mineral resorption by activating osteoclasts and indirectly by exerting a per-
missive effect on PTH, the final effect being a release of calcium and phosphate from 
bones [24]. This increases also the production of collagen by osteoblasts and the 
production of carboxy-glutamic which favors the skeleton mineralization, thanks to 
a greater intestinal reabsorption of calcium. Its role for regulating calcium and phos-
phate is important and can also lead sometime to bone mineralization [24, 25]. The 
role of vitamin D on bone is finally to maintain skeletal homeostasis against modifi-
cations of phosphate and calcium balance. Vitamin D stimulates the active transcel-
lular reabsorption of calcium and phosphate in the renal distal tubule, but this action 
remains minor to regulate the metabolism of phosphate and calcium (Table 4.3):

Increased calcemia

Kidney

Bone

Vitamin D

Hypocalcemia
Hypophosphatemia
Hypocapnia
Low calcium diet

Parathyroid
sPTH+

Calcium
absorption 

Bone
resorption 

Calcium
reabsorption 

Small intestine
(duodenum)

+

+

+

+

-

Calcitonin

-

Decreased calcemia

Fig. 4.9 Regulation of calcemia via the intestine-bone-kidney axis. Active vitamin D exerts a 
global hypercalcemic effect. It stimulates calcium intestinal (duodenum) absorption and indirectly 
calcium release from bone resorption by a permissive action on parathormone (PTH). Vitamin D 
also stimulates the renal proximal tubule reabsorption of calcium, but this phenomenon is minor in 
the control of calcemia homeostasis. Calcitonin is the physiological antagonist hormone of PTH. It 
exerts a global hypocalcemic effect by reducing calcium release from bone and by increasing cal-
cium renal reabsorption (increased calciuria)
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• Parathormone (PTH) is an 84-amino acid peptide which is initially synthetized 
by the parathyroid glands as an inactive prehormone (115 amino acids) and 
released further as the active hormonal form. Its half-life is 4  min, and it is 
metabolized in inactive peptides and eliminated by kidneys and biliary secretion. 
PTH release from parathyroid glands is regulated by serum calcium concentra-
tion through a transcriptional and a non-transcriptional pathway; hypocalcemia 
stimulates PTH secretion. In parathyroid cells, variations in calcemia are detected 
by membrane calcium-sensing receptors (CaSR) which transmit the message to 
modify the synthesis of PTH. Acute hypocalcemia is responsible for a very rapid 
response within some minutes, whereas prolonged hypocalcemia increases the 
mass of the gland [17, 26]. Hypercalcemia and 1,25-dihydroxyvitamin D exert a 
negative feedback on PTH and activate its metabolization. Other parameters also 
enable to stimulate this secretion such as glucocorticoids, estrogens, hyperkale-
mia, and hypomagnesemia. PTH is the most important regulator of calcium 
homeostasis [3, 7, 8]. PTH exerts its effects by binding to its receptor which is a 
transmembrane glycoprotein located on the basolateral membrane. The PTH- 
PTH- R1 complex activates successive mechanisms of transduction including the 
activation of cAMP, C phospholipase/C and A protein kinases synthesis. PTH is 
the major hormone allowing to control renal excretion of calcium by reducing its 
clearance: in presence of PTH, the reabsorption of calcium increases in the col-
lecting tube, the ascending limb of the loop of Henle, and the proximal convo-
luted tubule (Fig. 4.4; Table 4.3). In the same time, phosphate reabsorption in the 
proximal convoluted tubule is reduced. The mechanism by which phosphate is 
excreted by kidney is based on the action of NPT2a and secondarily NPT2c 
cotransporters (Fig. 4.7). To work correctly, these NPT2s require to be located 
and expressed on the brush border of tubular cells [17, 18]. Besides the presence 

Table 4.3 Most important parameters enabled to modify renal reabsorption of calcium and 
phosphate

Increase in renal reabsorption Reduction in renal reabsorption
Calcium
• Parathormone
• Calcitriol (vitamin D)
• Hypocalcemia
• Hypovolemia
• Metabolic alkalosis
• Thiazide diuretics

• Hypercalcemia
• Hypervolemia
• Metabolic acidosis
• Loop diuretics
• Growth hormone (GH)

Phosphate
• Low vitamin D or phosphate diet
• Vitamin D
• Hypophosphatemia
• Thyroid hormones
• Metabolic alkalosis

• Parathormone
• Calcitonin
• Phosphatonins (FGF23)
• Rich-phosphate diet
• Glucocorticoids, estrogens
• Metabolic acidosis
• Deficit in potassium
• Dopamine

FGF-23 fibroblast growth factor 23
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of PTH, the preferential location of NPT2 on the renal brush border membrane 
(active form for reabsorption) or conversely inside vesicles of the apical sub-
membrane (inactive form for reabsorption) needs the presence of another factor, 
the sodium-hydrogen-1 exchanger (NHERF-1). After binding to the PTH-R1 
receptor and to NPT2a cotransporter, NHERF-1 inactivates phosphate renal 
reabsorption which is promoted by NPT2a and by NPT2c, thanks to the activa-
tion of C phospholipase (Fig. 4.10). In bone tissue, PTH stimulates osteoclasts to 
mobilize calcium and phosphate. PTH also increases indirectly the intestinal 
reabsorption of phosphate and calcium by stimulating the 1-α hydroxylase which 
allows the active synthesis of calcitriol in the renal proximal convoluted tubule. 
Considering all of these effects, PTH acts as a hypercalcemic and hypophospha-
temic hormone and is still the major hormone that regulates calcium metabolism, 
while its role in phosphate metabolism is less important.

• Parathyroid hormone-related peptide (PTHrP) are proteins of approximately 150 
amino acids issued from the hydrolysis of a prehormone by convertases. They are 
synthetized by various normal or tumoral tissues: bone, cartilage, smooth muscle, 
breast, skin, and parathyroid gland [12, 27]. They provide their effect after binding 
to the PTH receptors, but they have a paracrine action. The effects of PTHrP on 
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Fig. 4.10 Mechanisms of action of parathormone (PTH) and fibroblast growth factor 23 (FGF- 
23) on phosphate cotransporters in the proximal renal tubules. PTH and FGF-23 activate phospha-
turia by inhibiting the action of NPT2a and NPT2c cotransporters, thanks to their internalization 
from the brush border membrane to subapical intracytoplasmic vesicles. PTH binds to its receptor. 
The PTH-PTH-R1 complex activates transduction messages: phospholipase and C protein kinase 
pathways deactivate NPT2c; cAMP and A protein kinases pathways deactivate NPT2a. This last 
effect needs a bind to another cofactor, the sodium-hydrogene-exchanger 1 (NHERF-1) allowing a 
partial bind to the PTH-PTH-R1 complex, and also to NPT2a. To exert its phosphaturic action, 
FGF-23 requires to be associated with its cofactor Klotho in a complex formed by the association 
of FGF-23-FGF-23 receptor with Klotho-Klotho-receptor. This large complex activates a MAP 
kinase signaling pathway which in turn deactivates NPT2a and NPT2c

4 Phosphate and Calcium Disorders



118

kidneys and the skeleton are similar to those observed with PTH, i.e., hypercalce-
mia. When PTHrP is secreted in large amount by malignant tumors, an abnormal 
hypercalcemia develops due to the excessive skeleton resorption which is related 
to the activation of PTH receptors located on the osteoblasts.

4.4.1.2  Hypocalcemic Hormone: Calcitonin
Calcitonin (CT) is a 32-amino acid polypeptide with a half-life of less than 15 min. 
Its secretion by the parafollicular cells of the thyroid is regulated essentially by iCa: 
an increase in serum calcium concentration stimulates its secretion and conversely. 
Other molecules can stimulate CT secretion: catecholamines via their ß-adrenergic 
effect, glucagon, gastrin, and magnesium which act by increasing the concentration 
of cAMP of parafollicular cells. CT is a hypocalcemic and hypophosphatemic hor-
mone because of its decreasing effect on the skeletal catabolism and its stimulating 
effect of phosphate excretion by kidneys (Table 4.2) [1, 2, 4, 7]. This is the sole 
hormone that acts directly on the osteoblast by favoring an important but transitory 
binding of calcium on bone; in the same time, CT reduces bone resorption. These 
effects lead to a reduction in calcium release from bone and in turn to hypocalcemia. 
CT represents the physiological antagonist of PTH. Hypophosphatemic effects of 
CT result from comparable mechanisms on bone catabolism. CT increases urinary 
excretion of calcium and phosphate, but these effects remain minor compared to the 
skeleton effect.

4.4.1.3  Hypophosphatemic Hormones: Phosphatonins
Real hypophosphatemias related to an excessive phosphaturia without any hyper-
parathyroidisms are reported in tumoral pathologies with osteomalacia. These obser-
vations strongly support that apart PTH, other factors exert a phosphaturic effect. 
Since more than 10 years, phosphaturic hormones, called phosphatonins, have been 
identified in patients presenting renal losses of phosphate. The most common is the 
fibroblast growth factor 23 (FGF-23) [13, 15, 20, 28]. This hormone formed by 252 
amino acids is synthetized by osteoblasts and osteoclasts when phosphatemia, cal-
citriol, or oral ingestion of phosphate increase. To exert its phosphaturic and hypo-
phosphatemic effects, FGF-23 needs a double bond with its FGF-R1 receptor which 
is located in the basal membrane of distal convoluted tubule cells and with its protein 
cofactor Klotho. A FGF-23-Klotho-FGF-R1 complex creates (Fig. 4.10) [13, 17, 28]. 
This complex triggers a MAP kinase-dependent transduction which induces a reduc-
tion in the expression of NPT2A and NPT2c and at a lower level of PiT2 of the brush 
border of proximal tubular cells [19, 20]. FGF-23 also stimulates bone demineraliza-
tion and inhibits the synthesis of calcitriol by decreasing the activity of the renal 1-α 
hydroxylase. In the absence of the cofactor Klotho, FGF-23 is unable to regulate 
phosphatemia and vitamin D metabolism. FGF-23 inhibits also directly the secretion 
of PTH and its synthesis by parathyroids. In summary, FGF-23 is really a major 
hormone that regulates phosphate metabolism with an integrated action on the kid-
ney-bone-intestinal axis (Table 4.2; Fig. 4.9) [13, 15, 20].
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4.4.1.4  Other Hormones
Other hormonal factors can regulate calcium and phosphate balances (Table 4.3) 
[1–3, 7]:

• Thyroid hormones, in cooperation with vitamin D, favor calcium reabsorption in 
the small intestine and bone resorption leading to hypercalcemia. Therefore, 
hyperthyroidism may induce osteoporosis. Thyroid hormones can be also 
responsible for hyperphosphatemia by stimulating proximal tubular reabsorption 
of phosphate secondary to a transcriptional increased number of NPT2a 
cotransporters.

• Glucocorticoids have a low global impact on calcemia as they inhibit bone for-
mation by binding to specific receptors which decrease the differentiation of 
osteoblast precursors while favoring bone resorption. On the other hand, gluco-
corticoids are hypophosphatemic because they decrease renal proximal tubular 
reabsorption of phosphate by reducing the synthesis and number of NPT2a 
cotransporters.

• Estrogens are implicated to maintain the skeletal mass. They reduce bone resorp-
tion by the osteoclasts and stimulate the secretion of CT and the synthesis of the 
active vitamin D. They provide hypophosphatemia because of a decrease in the 
NPT2a cotransporters of the renal proximal convoluted tubule.

• Growth hormone (GH) acts locally by controlling the growth factor called 
somatomedin C or insuline-like-1 growth factor (IGF-1) which enables to 
increase bone formation. Its action on phosphate and calcium metabolism 
remains limited to the bone remodeling. The hyperphosphatemic and hypocalce-
mic effect remains minor despite the stimulation of digestive and renal reabsorp-
tion of phosphate.

4.4.2  Nonhormonal Regulation

4.4.2.1  Calcemia, Phosphatemia, and Calcium and Phosphate  
Diet [3, 4]

High serum concentration of calcium and high oral intake of calcium increase renal 
calcium excretion by PTH-dependent and PTH-independent mechanisms. The inde-
pendent one is related to the increased filtered calcium amount in the glomerulus, 
leading by a negative feedback to reduce renal tubular reabsorption of calcium. 
Hypocalcemia provides the inverse effects. Low serum concentration of phosphate 
and calcium and a poor diet of phosphate stimulate the intestinal and renal reabsorp-
tion of phosphate by increasing the number of NPT2 cotransporters on the brush 
border of proximal tubular cells [29]. A prolonged low oral intake of phosphate for 
8 days increases the ADN transcriptional synthesis of NPT2. Conversely, a high 
exogenous load in phosphate, hyperphosphatemia, and hypercalcemia inhibit renal 
tubular phosphate reabsorption (Table 4.3).
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4.4.2.2 Acid-base Disorders
Metabolic acidosis enables to induce hypocalcemia by increasing its renal excre-
tion, independently of the PTH action. It stimulates phosphaturia aiming to buffer 
urines and correct metabolic acidosis. On contrary, metabolic alkalosis induces 
hypercalcemia and hyperphosphatemia (Table 4.3).

4.4.2.3 Volemia and Arterial Hypertension
Hypovolemia reduces renal excretion of calcium (sodium and chloride) as a result 
of regulating mechanisms of volemia, especially those induced by the renin-angio-
tensin-aldosterone system. Arterial hypertension decreases renal reabsorption of 
phosphate by reducing the number of NPT2a cotransporters (Table 4.3).

4.4.2.4 Drugs
Loop diuretics decrease renal reabsorption of calcium due to their inhibiting effect 
on the NKCC2 cotransporters located on the ascending limb of the loop of Henle. 
On contrary, thiazides provide a hypocalcemic effect. At last, dopamine stimulates 
renal excretion of phosphate by reducing the number of NPT2a cotransporters 
(Table 4.3).

4.5  Skeletal Metabolism

Skeleton ensures three major physiological functions: mechanic (locomotion), met-
abolic (calcium and phosphorus reservoir), and hematopoiesis. The bone tissue, 
which is the real reservoir of body, consists of an extracellular matrix. The latter is 
essentially made of an organic framework produced by bone cells (organic phase) 
on which phosphate and calcium crystals settle (mineral phase) [8, 25]. Bone min-
eral is present in two forms in the skeleton: cortical bone (80%), the major reservoir 
of calcium (850 g), and trabecular bone (spongy bone) located on the large exchang-
ing surfaces with the plasma compartment. Bone which contains 99% of total body 
calcium is a dynamic tissue with permanent remodeling: approximately 1% of 
stored calcium can be rapidly mobilized to be exchanged with the extracellular 
space. It participates largely (jointly with the small intestine and the kidney) to con-
trol calcium and phosphate metabolism.

4.5.1  Organic Phase

The organic phase represents approximately 30% of the skeleton dry weight and is 
essentially composed of type 1 collagen (90%) which consists of an alpha peptide 
chain containing glycine, proline, hydroxyproline, lysine, hydroxylysine, and a fun-
damental substance made of mucoproteins, chondroitin, and hyaluronic acid sul-
fates. Hydroxyproline is eliminated by urines and appears as a good marker of bone 
resorption. The association of three alpha peptide chains constitutes a helicoidal 
heteropolymer, the tropocollagen, which forms fibrils containing calcium crystals in 
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nucleus sites. The polymerization of these fibers leads to a first spatial conformation 
in beams followed by successive layers of lamellae and a concomitant formation of 
covalent intermolecular bond between collagen fibers. Non-collagenic proteins, 
including osteocalcin and phosphoproteins such as osteonectin, insert calcified col-
lagen. These proteins are secreted by the osteoblasts and are predominantly involved 
in calcium homeostasis and in osteogenesis [1, 5].

4.5.2  Mineral Phase

The mineral phase is mostly constituted by hydroxyapatite crystals which are com-
posed of calcium and phosphate [Ca10(PO4)6(OH)2] [1]. All of these crystals repre-
sent an important surface of ion exchanges with the extracellular compartment. 
Therefore, the skeleton constitutes the reservoir of body calcium, which is available 
according to the modifications in the extracellular composition (formation or dis-
solving of hydroxyapatite crystals), thanks to the activation of osteoclasts.

4.5.3  Cells

The skeleton alternates bone within basic multicellular units. These structural units 
are composed of two populations of cells with opposite activities aiming to perform 
bone remodeling: osteoclasts and osteoblasts. Osteoclasts, issued from monocytes- 
macrophages, induce bone resorption by destructing the extracellular matrix of cal-
cium [2]. The activity of osteoclasts, measured by hydroxyprolinuria, is the 
fundamental phenomenon of bone resorption: it acts both on skeletal growth and 
repair and on the regulation of calcium-phosphate metabolism. Osteoblasts issued 
from the conjonctive stroma of bone marrow synthetize type 1 collagen and non- 
collagenic proteins of the extracellular matrix. During the mineral phase, they initi-
ate the deposition of calcium crystals (apatite crystals) in the nucleus sites of 
tropocollagen fibrils. The action of osteoblasts is reflected by the serum concentra-
tion of alkaline phosphatases.

4.5.4  Regulation of Bone Homeostasis

The equilibrium between the formation and the resorption of bone allows the regu-
lation of skeletal remodeling. This constant remodeling is controlled by a hor-
monal regulation which is dependent of the action of PTH, vitamin D, and 
prostaglandin E2 on osteoblasts and by a nonhormonal regulation. During resorp-
tion, osteoclasts secrete H+ protons and lysosomial enzymes; this conducts to the 
development of Howship’s lacunas in the trabecular bone and Harvers channels in 
the cortical bone. Monocytes and macrophages complete this resorption by digest-
ing residues and release growth factors. During the formation phase, osteoblasts 
produce new bone tissue.
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The hormonal regulation of bone and cartilage is dependent on the PTH-vitamin 
D axis, calcitonin, estrogens, and glucocorticoids. Calcitonin inhibits transitory 
skeletal resorption by reducing the proliferation and maturation of osteoclasts via 
cAMP. PTH and estrogens are involved in the differentiation of osteoclasts by act-
ing on osteoblasts: indeed, these cells express a ligand on their surface, the RANK-L 
(receptor activator of nuclear factor xB ligand), and secrete a glycoprotein, the 
osteoprotegerin [2, 30]. The OPG/RANK-L ratio is essential for regulating this 
metabolism. Estrogens increase this ratio leading in turn to activate osteoblasts and 
finally bone formation. PTH reduces this ratio, activates osteoclasts, thanks to cyto-
kines secreted by osteoblasts, and inhibits the synthesis of bone collagen. At last, it 
favors renal activation of 1,25(OH)2D3. Vitamin D stimulates the synthesis of the 
matrix, alkaline phosphatases, bone proteins (among which osteocalcin), and the 
fusion of osteoclasts. It has also an indirect effect on skeletal cells by inhibiting the 
proliferation of T-cells and the production of cytokine IL2. Glucocorticoids have a 
complex effect on osteoblasts by decreasing their multiplication as a result of the 
reduction of IGF-1 synthesis, by increasing the effect of PTH on osteoblasts, and by 
reducing the synthesis of various cytokines. The global effect of glucocorticoids on 
bone is rather the consequence of a decrease in protein synthesis and in the intesti-
nal absorption of calcium.

The nonhormonal regulation involves various factors such as age, weight loss, 
physical inactivity, bed rest or prolonged immobilization, zero gravity (reduction of 
the skeletal mass), and serum concentration in inorganic phosphate (increase in for-
mation and decrease in resorption in case of elevated concentration). Bone accretion 
is favored by a local elevation of calcium and phosphate amount. Conversely, in 
situations associated with low intake of calcium (postmenopausal period), bone cal-
cium mobilization increases and bone calcium pool decreases (osteoporosis). The 
mobilization of skeletal calcium is evaluated by measuring calcium/urinary creati-
nine ratio (normal <15 μg/mg) and hydroxyproline/creatinine ratio (normal <25 μg/
mg). At last, many local factors (prostaglandins, cytokines, growth factor) modulate 
the activity of osteoclasts and osteoblasts of bones.

4.6  Calcium Disorders: Definitions and Clinical 
Presentations

4.6.1  Hypocalcemia

4.6.1.1  Definition and Epidemiology
Total hypocalcemia is defined by a serum concentration level  <  2.2  mmol/L 
(<8.8 mg/dL). Because only iCa is the active biological form, hypocalcemia is con-
sidered mostly by this concentration and is defined by a serum level < 1.1 mmol/L 
(4.4 mg/dL). It is considered to be mild between 0.9 and 1.1 mmol/L (3.6–4.4 mg/
dL) and severe below 0.9 mmol/L (<3.6 mg/dL) [31]. In all cases, it is important to 
eliminate false hypocalcemia by correcting total calcemia with albuminemia. The 
frequency of hypocalcemia in emergency departments and ICUs highly varies from 
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18 to 88%, depending on the threshold considered and on the type of patients 
 [32–35]. In a retrospective trial performed in the emergency department and includ-
ing a total of 8270 patients, hypocalcemia was found in 29.6% of patients [36]. Mild 
hypocalcemia has been reported to be very frequent in ICU patients, up to 90% of 
patients, while severe hypocalcemia was uncommon occurring in 2–3% of them 
[37]. Hypocalcemia is independently associated with an increased mortality 
(HR = 2) and an increased morbidity (longer in-ICU and in-hospital stay, higher 
severity of patients) [31, 36, 37]. There is a negative relationship between the fre-
quency of hypocalcemia and the severity of critically ill patients, especially for 
severe hypocalcemia. Mortality rate increases with the severity of critically ill 
patients: 22%, 40.4%, and 53.9% with an APACHE score < 10, between 10 and 19 
and >19, respectively [32]. However, the real impact of hypocalcemia on mortality 
is not demonstrated and remains debated. Steele et  al. [31] support this as they 
showed that 55.2% of critically ill patients presented hypocalcemia on admission; 
among them only 6.2% were severe and showed longer ICU stay without any differ-
ence in mortality rate. Most of these patients normalized their calcemia within 
4 days. Mortality was higher in those who failed to correct their serum calcium 
concentration. In ICU, hypocalcemia results from multifactorial causes: impaired 
calcium homeostasis due essentially to vitamin D deficiency or secondary hypo-
parathyroidism, inflammation and sepsis, and iatrogenic origin related to medica-
tion or technique side effects (catecholamines, blood transfusion, regional citrate 
anticoagulation) [38–40].

4.6.1.2  Clinical Manifestations
Hypocalcemia-related symptoms are nonspecific. Clinical presentation of hypocal-
cemia depends on the severity, duration, and rate of development of hypocalcemia 
[41–43]. Chronic mild hypocalcemia is usually asymptomatic or pauci- symptomatic 
and well tolerated. The diagnosis is therefore incidentally discovered on laboratory 
findings. Most signs are sneaky and include:

 – Neurologic signs: seizures, paresthesias, headache, anxiety, cognitive and 
 neuropsychiatric dysfunctions, impaired vision, confusion, central irritability, 
extrapyramidal signs, abnormal movements (Parkinson syndrome)

 – Ectodermal signs: dry skin, brittle nails, alopecia, dental abnormalities, psoria-
sis, atopic eczema

 – Respiratory and gastrointestinal signs: laryngospasm, bronchospasm, epigastric 
pain, dysphagia, biliary colic, all of them being caused by smooth muscle 
dysfunction

Acute and severe hypocalcemias are usually symptomatic and a life-threatening 
condition which requires an emergent treatment. Clinical symptoms are character-
ized by neuromuscular and cardiovascular signs as follow:

 – Neuromuscular manifestations: neuromuscular irritability expressed by tetany, 
Chvostek or Trousseau sign, muscle weakness and cramps

4 Phosphate and Calcium Disorders



124

 – Cardiovascular manifestations: dyspnea, edema, syncopes, hypotension, palpita-
tions, congestive heart failure, dysrhythmias such as prolonged corrected QT 
interval (exacerbated by hypomagnesemia)

4.6.2  Hypercalcemia

4.6.2.1  Definition and Epidemiology
Hypercalcemia is defined by a total calcium serum concentration level > 2.65 mmol/L 
(>10.6  mg/dL). However, it is also important to eliminate false hypercalcemia 
related to changes in albuminemia, and at least calcemia must be corrected taking 
into account albuminemia. Be aware of falsely elevated calcemia observed in case 
of hyperalbuminemia and conversely of false total hypercalcemia due to low serum 
albumin levels. Therefore it is strongly suggested to measure directly iCa which is 
considered to be elevated if >1.3 mmol/L (>5.3 md/dL). Severe hypercalcemia is 
defined by a serum level of total calcium >3 mmol/L (>12 mg/dL). Hypercalcemia 
remains an uncommon disorder in emergency situations. Sauter et  al. [36] have 
reported that only 2% of patients admitted at the emergency department presented 
hypercalcemia. In this population, hypercalcemia was found to be an independent 
risk factor for mortality, but the role of hypercalcemia is not proved as hypercalce-
mia was frequently associated with cancer. The prevalence of hypercalcemia in ICU 
depends on the threshold and the severity of the disorder: from 8% in medicosurgi-
cal critically ill patients (iCa >1.27 mmol/L) [44] to 15% in surgical critically ill 
patients (iCa >1.33) [45]. In both studies, there was no difference in mortality rate 
between patients with normo- and hypercalcemia. Recently, Egi et  al. [37] con-
firmed that hypercalcemia was uncommon in medicosurgical ICU (2–3% of 
patients). Severe hypercalcemia (iCa >1.4 mmol/L) was found in 0.24% of them 
and was only found as an independent risk factor of mortality.

4.6.2.2  Clinical Manifestations
Symptoms of hypercalcemia are not specific and can be associated with the causal 
disorder. The presence of clinical manifestations depends on the rapidity of the 
onset and the severity of hypercalcemia. Hypercalcemia impacts essentially on four 
organ systems: neuromuscular and psychiatric, gastrointestinal, cardiovascular, and 
renal functions, leading to the famous mnemotechnic sentence “bones—stones—
groans, and psychic moans” [5, 12, 41, 46].

Acute and rapid hypercalcemia is commonly symptomatic and is manifested by:

 – Neurocognitive manifestations: depression, confusion, stupor, insomnia, head-
ache, seizures, altered mental status, coma

 – Gastrointestinal manifestations: anorexia, nausea, vomitings, pancreatitis, epi-
gastric pain,

 – Cardiovascular manifestations: shortened QT interval (due to a decrease in the 
potential of action), ventricular fibrillation, ST segment abnormalities, first 
degree atrioventricular block, bradycardia

 – Renal manifestations: nephrogenic diabetes insipidus with polyuria (hypercalci-
uria) responsible for volume depletion and intracellular dehydration, distal renal 
tubular acidosis
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Chronic hypercalcemia presents frequently with insipidus signs or is incidentally 
discovered on a laboratory exam. Clinical presentation includes:

 – Neurocognitive manifestations: memory loss, fatigue, leukoencephalopathy, 
behavioral disturbances, weakness, bone and muscle pains, fractures, arthralgia

 – Gastrointestinal manifestations: dyspepsia, constipation
 – Cardiovascular: arterial hypertension, valvular calcifications
 – Renal manifestations: nephrolithiasis, nephrocalcinosis (due to hypercalciuria), 

chronic renal failure

4.7  Phosphate Disorders: Definitions and Clinical 
Presentations

4.7.1  Hypophosphatemia

4.7.1.1  Definition and Epidemiology
Hypophosphatemia is defined by a serum concentration  <  0.65  mmol/L 
(<25 mg/L). It is considered as moderate between 0.32 and 0.65 mmol/L and as 
severe below 0.32 mmol/L [4, 11, 47, 48]. The incidence or prevalence of such 
disorders is highly variable, depending on the cause of hypophosphatemia and on 
the type of patient. Mean prevalence of moderate in-hospital hypophosphatemia 
is between 2.2 and 3.1% and is 0.2–0.4% for severe hypophosphatemias [13, 49, 
50]. The incidence in ICU varies from 17.3 to 67% in critically ill surgical 
patients [51] and from 6 to 75% in critically ill medical patients [52–54]. 
Hypophosphatemia occurs within the first days caused in 80% of ICU patients by 
renal losses, especially in patients with unaltered renal function [55]. Such a high 
variability is probably due to the threshold of serum phosphate level considered 
as abnormally low: an incidence of 100% has been reported in the literature in 
the postoperative period of hepatic surgery [56] or after renutrition in ICU [57, 
58] when hypophosphatemia is defined by a threshold below 0.80 mmol/L. The 
risk of hypophosphatemia also increases in some pathologies such as diabetic 
ketoacidosis [59] and sepsis [60], in the postoperative period of hepatic or car-
diac surgery [51, 56], in trauma patients [52], or during continuous renal replace-
ment therapies [61–63]. Hypophosphatemia is associated with an increased risk 
of morbi-mortality. In case of severe hypophosphatemia, mortality risk is multi-
plied by 4–8 [51, 60, 64].

4.7.1.2  Clinical Manifestations
Hypophosphatemia does not obligatorily indicate a reduction in total body level of 
phosphate. Therefore, clinical signs are not always correlated with the severity of 
hypophosphatemia. Nevertheless, muscular and respiratory clinical symptoms are 
only present in case of severe hypophosphatemia ≤0.5 mmol/L. Neurological and 
cardiovascular manifestations occur only when phosphatemia is ≤0.3 mmol/L [47–
50]. All of these signs are favored by special underlying conditions such as chronic 
alcoholism, undernutrition, cancer, or severe digestive dysfunctions [65, 66]. Sepsis 
and postoperative period represent the most frequent acute situations which favor 
this disorder [51, 56, 60, 67]. The impact on all organs is the consequence of energy 
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modifications induced by hypophosphatemia. Several mechanisms may be impli-
cated (the decrease in the synthesis of intracellular ATP, the elevation of hemoglobin 
affinity for oxygen, the impaired glycolysis caused by the reduced activity of glyc-
eraldehyde phosphate dehydrogenase enzyme (GAPDH) which needs the presence 
of phosphate as a cofactor):

 – Neuromuscular manifestations: they include muscular weakness, proximal 
myopathies, or myalgias. Rhabdomyolysis may occur in case of severe 
 hypophosphatemia, especially when the disorder develops rapidly in patients 
with a chronic preexisting depletion of phosphate [68].

 – Neurologic manifestations: central and peripheral neurological signs can be pres-
ent including paresthesia, peripheral polyneuropathy, hyporeflexia, confusion, 
seizures, coma, and Wernicke encephalopathy or centropontine myelinolysis 
[67, 68].

 – Respiratory manifestations: respiratory insufficiency or failure is caused by the 
dysfunction of respiratory muscles, especially the diaphragmatic function [69]. 
This muscular impairment is worsened by the shift of the curve of hemoglobin 
dissociation toward the left which results in a reduction of oxygen delivery to 
tissues.

 – Cardiovascular manifestations: severe hypophosphatemia is responsible for an 
impairment in myocardial contractility which may conduct to a real cardiac 
failure requiring an inotropic support [68]. These signs disappear totally with 
the normalization of phosphatemia. Various rhythm abnormalities such as ven-
tricular fibrillation or tachycardia or ventricular extrasystoles have been also 
reported.

 – Renal lithiasis: the increased urinary phosphate excretion favors the formation of 
calcium phosphate (hydroxyapatite) and calcium oxalate crystals in the kidneys. 
This phenomenon needs the concomitant urinary excretion of both phosphate 
and calcium (calciuria). The latter is induced by vitamin D which is stimulated 
by hypophosphatemia, leading in turn to increase the intestinal reabsorption of 
calcium and therefore calciuria [18, 47].

 – Bone demineralization: this disorder is characterized by hypophosphatemia 
associated with a normal serum concentration of vitamin D or resistance to vita-
min D. Indeed, phosphate is needed for osteoblasts differentiation and skeletal 
calcification.

 – Other manifestations: hypophosphatemia can be responsible for hematologic 
abnormalities such as hemolytic anemia, reduced red blood cell deformability, 
alterations in thrombocyte and leukocyte functions, and abnormalities in phago-
cytic functions and in chemotactism, which might explain a greater susceptibility 
for sepsis. Metabolic modifications such as insulin resistance or proximal renal 
tubular acidosis are possible. Severe and prolonged hypophosphatemia impacts 
on bones: due to an increased skeletal resorption, demineralization with osteo-
malacia or bone deformities can develop. These signs are associated with a bone 
resorption of both calcium and magnesium which is manifested by hypercalicu-
ria and hypermagnesiuria.
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4.7.2  Hyperphosphatemia

4.7.2.1  Definition and Epidemiology
Hyperphosphatemia is defined by a serum concentration > 1.15 mmol/L (>35 mg/L). 
Hyperphosphatemia is an independent risk factor of an increased morbi-mortality 
[70–73]. Hyperphosphatemia is not very frequent in ICU, the two most common 
causes being chronic renal insufficiency or acute kidney injury and the specific 
tumor lysis syndrome.

4.7.2.2  Clinical Manifestations
Clinical signs of hyperphosphatemia are caused by the simultaneous association 
with hypocalcemia. Therefore, neuromuscular signs include tetany and calcifi-
cations of soft tissues or vessels due to extraskeletal deposits of calcium phos-
phate crystals. Hyperphosphatemia can also be complicated by renal 
insufficiency.

4.8  Diagnosis of Calcium and Phosphate Disorders

As calcium and phosphate homeostasis are closely linked in most pathologies, we 
propose to present causes which associate calcium and phosphate disturbances 
followed by those with isolated phosphate or calcium abnormalities. The determi-
nation of the causes of dyscalcemias and dysphosphatemias needs a careful his-
tory, a detailed drug history, and physical examination of the patient. Total 
calcemia abnormality must be confirmed by measuring albuminemia and deter-
mining corrected calcemia to eliminate pseudodyscalcemias (see previous chap-
ter). Additional biological measurements must include ionized calcium 
measurement, creatininemia, and magnesemia. When dyscalcemia is confirmed, 
PTH level and if necessary vitamin D measurement will strongly orientate the 
etiologic diagnosis.

Dyscalcemias can be caused by three mechanisms: (1) an abnormal intestinal 
reabsorption, (2) an abnormal renal reabsorption, and (3) an abnormal bone 
resorption. In some cases, dyscalcemia is caused by an association of two or three 
of these mechanisms. Dysphosphatemias can be the consequence of three mecha-
nisms [47, 48, 50]: (1) an abnormal intestinal reabsorption, (2) an abnormal renal 
reabsorption, and (3) a transcellular shift or an internal redistribution of the inor-
ganic phosphate. Most of the two first mechanisms associate dysphosphatemias 
and dyscalcemias, while transcellular shift is responsible for only phosphatemia 
disorders.

4.8.1  Causes of Hypercalcemia and Dysphosphatemia

It is classical to distinguish parathyroid hormone (PTH)-dependent hypercalcemias 
from those that are PTH independent (Table 4.4) [1, 5, 12, 38, 41].
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4.8.1.1  PTH-Dependent Hypercalcemias
They are characterized by an elevated or an inappropriately high level of PTH 
caused by hyperparathyroidism which means that PTH level is “normal” in the set-
ting of elevated calcemia. Hypercalcemia is the consequence of an increased renal 
calcium reabsorption. All of them are associated with hypophosphatemia which is 

Table 4.4 Major causes of hypercalcemia

Causes of hypercalcemia (>2.8 mmol/L)
Causes Associated disorders
Caused by an increase in renal reabsorption
• PTH dependent related to hyperparathyroidism
 •  Sporadic: adenoma, hyperplasia, parathyroid 

carcinoma, ectopic PTH production
•  Familial hyperparathyroidism: multiple 

endocrine neoplasia type 1 and 2, other genetic 
mutations

•  Tertiary hyperparathyroidism: chronic kidney 
disease, familial hypocalciuric hypercalcemia, 
phosphate treatment of hypophosphatemic 
rickets, or osteomalacia

•  Elevated or “inappropriately elevated” 
PTH concentration in the setting of 
high/normal calcemia

•  Associated with hypophosphatemia and 
normal vitamin D concentration

•  PTH independent
•  Elevated PTHrP production: malignancy, 

endocrine disorders (thyrotoxicosis, adrenal 
deficiency, pheochromocytoma, VIPoma), 
lithium

•  Genetic abnormalities: hereditary (familial 
tumoral calcinosis) or acquired (Fanconi’s 
syndrome, mutation on PTH-R1)

•  Medications (estrogens, thiazides, 
theophylline), metabolic alkalosis, 
hypovolemia

• Normal or low PTH concentration
• Associated with hyperphosphatemia
• Associated with hyperphosphatemia
• Associated with normophosphatemia

Caused by an increase in intestinal reabsorption
•  Vitamin D intoxication
•  Non-infectious granulomatous disorders: 

sarcoidosis, Wegener’s syndrome
•  Infectious granulomatous disorders: 

tuberculosis, histoplasmosis

•  Normal PTH concentration
•  Associated with hyperphosphatemia 

and elevated vitamin D concentration

Caused by an increase in bone resorption
•  Prolonged immobilization
•  Osteolytic metastasis
•  Cell lysis: lymphomas, neuroleptic malignant 

syndrome

•  Normal PTH concentration
•  Associated with hyperphosphatemia

Other causes
•  Paget’s disease
•  Vitamin A intoxication, rich-calcium diet

PTH parathormone, PTH-R1 PTH receptor
Bold text indicate the most important location and effects of the hormones
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caused by an increased renal excretion (reduced TmPi/GFR). Both metabolic 
changes are induced by an inappropriate PTH release. Hyperparathyroidism can be 
observed in three situations [5, 38, 41]:

 – Primary sporadic hyperparathyroidism: this endocrine disorder is characterized by 
an autonomous abnormal production of PTH by the parathyroid glands. This is the 
most common cause of hypercalcemia. The prevalence is of 0.1–1% in a general 
population with a higher incidence in patients aged 50 years or older and in female 
(risk multiplied by 2–3). In most patients (80%), hypercalcemia is asymptomatic 
and is discovered incidentally on laboratory tests. Some of them present signs of 
chronic mild symptoms of hypercalcemia: renal manifestations including nephro-
lithiasis or nephrocalcinosis with hypercalciuria occur in up to 20% of patients; 
bone disease occurs in 2% of patients and is expressed by  osteoporosis, osteopenia, 
and in the major form osteitis fibrosa cystica. Hypercalcemic hyperparathyroidism 
crisis is currently very rare [46]. In 90–95% of cases, primary hyperparathyroidism 
is caused by an abnormal sporadic excessive PTH release caused by a solitary or 
double adenomas (80–90%), multiglandular hyperplasia (10–15%), or rarely para-
thyroid carcinoma or ectopic PTH production.

 – Primary familial hyperparathyroidism: they represent 5% of primary hyperpara-
thyroidisms caused by multiple endocrine neoplasia (MEN) type 1 or 2 (autoso-
mal dominant diseases) which are observed during neoplasia of thyroid, adrenal, 
and parathyroid glands or other genetic disorders.

 – Tertiary hyperparathyroidism: they occur as the consequence of the evolution of 
a secondary hyperparathyroidism with an evolution toward an autonomic over-
production of PTH by hyperplasic parathyroid glands associated with an absence 
of negative feedback in the presence of hypercalcemia. Tertiary hyperparathy-
roidism is observed in patients with chronic kidney disease (patient on hemodi-
alysis), those treated by phosphate for hypophosphatemia for rickets or 
osteomalacia, or those presenting a familial hypocalciuric hypercalcemia. The 
latter disease is an autosomal dominant pathology caused by a mutation that 
inactivates CasR mutation gene.

 – Lithium-related hypercalcemia is classified in PTH-dependent hyperparathy-
roidism probably caused by an abnormal low threshold of PTH release, but the 
exact mechanism remains unclear.

4.8.1.2  PTH-Independent Hypercalcemias
They are characterized by a normal or low PTH production and serum concentration. 
Depending on the cause, hypercalcemia can be associated with hypo-, normo-, or 
hyperphosphatemia [1, 5, 12, 38]. The mechanism of hypercalcemia depends also on 
the cause as it can be due mainly to an increased intestinal reabsorption or an 
increased bone resorption. Besides hyperparathyroidism, malignancy is the second 
most common cause of hypercalcemia that may occur in up to 44% of patients with 
cancer and concerns 90% of patients hospitalized for hypercalcemia [2, 5, 12, 38]. 
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In this context, hypercalcemia can result from various mechanisms that lead to an 
elevation in calcium renal reabsorption or in bone resorption or in excessive vita-
min D activity. Patients with hypercalcemia caused by malignancy are usually 
symptomatic because calcium levels are higher and develop more rapidly than in 
other causes:

 – Conditions with elevated PTHrP: PTHrP is a polypeptide produced by normal 
and malignant tissues. It represents the major humoral mediator of cancer-
related hypercalcemia accounting for 80% of this disturbance in this context. 
PTH production is normal or low. PTHrP increases calcemia by two mecha-
nisms: an activation of osteoclasts and in turn bone resorption and a stimula-
tion of calcium renal reabsorption. PTHrP-related hypercalcemia is observed 
in solid tissue cancers such as urinary tract, breast, ovarian, and lung cancers, 
non-Hodgkin’s lymphomas, and leukemias. Elevated PTHrP can be caused by 
some endocrine disorders: thyrotoxicosis, adrenal insufficiency, pheochromo-
cytoma, VIPoma, etc. In all of these situations, hypercalcemia is associated 
with hyperphosphatemia.

 – Bone osteolysis: in these situations hypercalcemia is associated with hypercal-
ciuria and hyperphosphatemia which is due to an intracellular transport. 
Caused by metastasis, bone resorption accounts for approximately 20% of 
malignancy- related hypercalcemia. Most of the cases are related to breast can-
cer and multiple myeloma. An excessive bone resorption can be present in case 
of prolonged immobilization, cell lysis (lymphoma), and neuroleptic malig-
nant syndrome. Paget’s disease is characterized by an elevated bone resorption 
caused by an autonomous multiplication and activity of osteoclasts and osteo-
blasts [74]. PTH and vitamin D levels are normal, while total serum alkaline 
phosphate concentration increases, indicating the importance of bone resorp-
tion. This disease occurs in patients from 50 years old and increases with age 
(10% of patients at 90 years). The common clinical presentation consists of 
pain on bones, joints, and muscle which developed over many years and skel-
etal deformity mostly located on the femur. Radiologic exam shows area of 
osteolysis and osteosclerosis.

 – Genetic abnormalities: depending on the gene mutation, hypercalcemia can be 
associated with hyperphosphatemia or hypophosphatemia caused essentially 
by a decreased (reduced TmPi/GFR) or an increased renal reabsorption (ele-
vated TmPi/GFR). PTH level is normal and calcitriol is elevated [13, 75, 76] 
(Table 4.4). The two most common hereditary mutations responsible for hyper-
calcemia and hyperphosphatemia are the familial tumoral calcinosis and the 
hyperostosis hyperphosphatemic syndrome which is manifested by soft tissue 
calcifications (shoulder, knee, hip). Phosphaturia and calciuria are low. These 
diseases are rare and occur preferentially in black young people. They are 
related to a recessive autonomic gene mutation encoding for FGF-23 or N- ace
tylgalactosaminyltransferase 3 (GALNT-3), the latter being implicated in 
the  FGF-23 synthesis and stability. In both cases, active FGF-23 serum 
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 concentration is low (or normal), while its inactive C-terminal fraction is 
strongly high. Hypercalcemia associated with hypophosphatemia can be 
caused by acquired genetic mutations. Among them, Fanconi’s syndrome man-
ifests fatigability, bone pains, osteomalacia, osteoporosis, and kidney lithisa-
sis. Hypophosphatemia and hypercalcemia are associated with hypercalciuric 
hypokalemia, glucose and amino acid urine excretion, proteinuria, hyperurice-
mia, and type 2 renal tubular acidosis. This syndrome can be congenital and 
induce rickets and a severe stunting in children. It can be also acquired and 
caused by medications such as tenofir, biphosphonates, tetracyclines, or heavy 
metals, but the most common acquired causes are myelomas or monoclonal 
gammapathies. Acquired disorders which associate hypercalcemia and hypo-
phosphatemia due to an increased renal reabsorption can be observed in genetic 
mutations encoding for calcium responsive receptors (CaSR) [13, 16, 75–77] 
or mutations of PTH-R1 (Jansen syndrome, metaphyseal chondrodysplasia). 
Other causes of hypercalcemia and hypophosphatemia with a normal PTH 
level result from gene mutations responsible for various syndromes present in 
children. In these situations, FGF-23 serum concentration allows to distinguish 
genetic mutations of Na/Pi cotransporters from those of other hormones or 
exchangers. Inactivating mutations of NPT2a and NPT2c cotransporters alter 
directly renal phosphate reabsorption, whereas those of NERF-1 favor phos-
phaturia caused by the action of PTH on the proximal tubule. In both cases, 
FGF-23 concentration is normal.

 – Conditions with excessive vitamin D production: the excess of vitamin D 
results in an increased intestinal reabsorption of calcium and phosphate associ-
ated with an increased bone resorption leading to hypercalcemia and hyper- or 
normophosphatemia (if the elevation in renal excretion is sufficient). Some 
cancers, especially lymphomas and ovarian cancers can be associated with an 
ectopic activity of 1-α-hydroxylase and vitamin D. Granulomatous disorders 
induce an excessive production of vitamin D by extrarenal mononuclear cells. 
This can be caused by noninfectious granulomatous disorders such as sarcoid-
osis and Wegener’s syndrome as well as infectious ones such as tuberculosis 
and histoplasmosis.

 – Medications: thiazides associated with hypovolemia favor proximal convoluted 
tubule reabsorption leading to a reduction in calciuria, metabolic alkalosis, and 
estrogen. In these cases hypercalcemia is present without relevant phosphate 
disorders.

4.8.2  Causes of Hypocalcemia and Dysphosphatemia

Hypocalcemias are also classified according to PTH levels. Therefore, PTH- 
dependent hypocalcemia are characterized by a low or inappropriately low PTH pro-
duction (= normal in the setting of hypocalcemia) (Table  4.5). PTH-independent 
hypocalcemia is characterized by a normal or high PTH serum concentration [2, 78].
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4.8.2.1  PTH-Dependent Hypocalcemias
In these situations hypocalcemia is associated with hyperphosphatemia which 
results from the reduction of phosphate renal excretion caused by the low concen-
tration in PTH (increased TmPi and normal GFR) [41, 43, 78]:

 – Primary hypoparathyroidism: this disorder most commonly occurs accidentally 
after parathyroidectomy, after neck surgery for thyroidectomy (0.5–6.6% of 
cases), or postradiation [79]. It can be also the result of an acquired or inherited 
autoimmune destruction of parathyroid glands, either isolated (38% of cases) or 
in the context of a multiple endocrine deficiency syndrome or rarely in parathy-
roid cancer (40% of cases). Clinical symptoms indicate hypocalcemia such as 
tetany. Hypocalcemia is related to the decrease in intestinal calcium reabsorption 
and bone resorption. Hyperphosphatemia which is due to an increased renal 
reabsorption is associated with a normal or low level of vitamin D and a normal 
level of alkaline phosphatase and PTH. Hyperthyroidism and acromegaly pres-
ent as hypoparathyroidism with a moderate hyperphosphatemia.

 – Hypoparathyroidism caused by acquired genetic mutation: these are familial iso-
lated hypoparathyroidisms, dominant or recessive autosomal hypoparathyroid-
isms which are caused by genetic mutations encoding either for PTH or for the 
“glial cell missing B” (GCMB), a protein that plays a role in the development of 

Table 4.5 Major causes of hypocalcemia

Causes of hypocalcemia (<2.2 mmol/L)
Causes Associated disorders
Caused by a decrease in renal reabsorption
• PTH dependent
  •  Primary hypoparathyroidism: accidentally 

(postoperative, postradiation), autoimmune, 
genetic disorders (PTH, CaSR mutation, 
activating mutations)

  •  Reversible impairment in PTH secretion or 
action: dysmagnesemia, metabolic acidosis, 
hypervolemia, loop diuretics, rhabdomyolysis, 
multiple endocrine syndrome deficiency

•  Low or “inappropriately low” 
PTH concentration in the setting of 
low/normal calcemia

•  Associated with hyperphosphatemia 
and normal vitamin D concentration

•  Associated with hypophosphatemia 
and normal vitamin D concentration

Caused by a decrease in renal/intestinal reabsorption
• PTH independent
  •  Secondary hyperparathyroidism caused by renal 

insufficiency
  • Genetic mutations: NPT2, NHERF-1, FGF-23
 •  Vitamin D resistance, rickets (increased 

phosphaturia)
 • Pseudohypoparathyroidism (resistance to PTH)
 • Bone metastasis
 • Rhabdomyolysis (favored by acute kidney injury)

•  “Inappropriately elevated” PTH 
concentration

•  Associated with hypophosphatemia 
and elevated vitamin D concentration

•  Associated with 
hyperphosphatemia

Other causes
• Hyperaldosteronism
• Rich-sodium diet

PTH parathormone, FGF-23 fibroblast growth factor 23, NHERF-1 sodium-hydrogen exchanger 1, 
NPT2 cotransport sodium-phosphate type 2
Bold text indicate the most important location and effects of the hormones
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parathyroid glands, or for CaSR activating mutation (only dominant). All of 
them are characterized by hypocalcemia and hyperphosphatemia with a low or 
normal PTH level.

 – Hypoparathyroidism caused by metabolic disease: these disorders are caused by 
mitochondrial gene defects and include various pathologies in infants.

 – Conditions associated with an impairment in PTH secretion or action: in these 
situations hypocalcemia is usually associated with a normal or low phosphate-
mia which results from a reduction in renal reabsorption. Such disorders can be 
observed in case of metabolic acidosis, hypomagnesemia, hypervolemia, and 
rhabdomyolysis or may be drug induced (loop diuretics).

4.8.2.2  PTH-Independent Hypocalcemias
In these situations hypocalcemia, PTH, and phosphate serum concentration are 
 elevated or normal/low, depending on the cause of the disorder. PTH serum concen-
tration is elevated [43]:

 – Pseudohypoparathyroidism: this disorder is defined by a genetic resistance of 
tissues to PTH. Therefore, hypocalcemia is associated with hyperphosphatemia, 
both resulting from a reduction in calcium and phosphate renal reabsorption 
caused by the inefficiency of PTH. Vitamin D serum concentration is normal or 
low. Clinical manifestations are commonly characterized by morphologic modi-
fications such as a circular face, short neck and phalanges, and sometimes skin 
calcifications. Depending on the response to a PTH test (which consists to 
administer PTH), it is possible to distinguish two types: PTH administration in 
type I induces a reduction in phosphaturia and urinary cyclic AMP, while in type 
II it increases them.

 – Secondary hyperparathyroidism: such a disorder occurs commonly in the set-
ting of chronic kidney disease. Hypocalcemia is associated at the beginning 
with hypophosphatemia and later with hyperphosphatemia which is mostly 
caused by renal function impairment (normal TmPi and reduced GFR) and vita-
min D deficit [43, 80]. These acquired metabolic abnormalities during chronic 
renal insufficiency have been reported to be risk factor of morbi-mortality 
 [81–89]. Renal function worsening leads to more severe hyperparathyroidism 
with clinical signs. Skeletal manifestations associated with frequent fractures 
(risk x 4) and generalized osteodystrophy are associated with soft tissue and 
vascular calcifications which worsen leading to coronaropathies and renal dys-
function. At the beginning, the decrease in phosphate renal excretion is counter-
balanced by an elevation in FGF- 23 production and release caused by the 
decrease in phosphaturia [28]. This  phenomenon, by inhibiting the renal 1- α 
-hydroxylase, reduces calcitriol concentration and therefore phosphate intesti-
nal reabsorption. All of these phenomenons induce at least the secondary hyper-
parathyroidism and renal osteodystrophy [16, 18, 28, 83, 85, 90, 91]. Until GFR 
remains >30 mL/min, phosphatemia does not elevate [21]. Below this threshold, 
the compensatory mechanisms become insufficient, and despite the phosphatu-
ric effect of FGF-23, the loss in nephrons conducts to hyperphosphatemia. 
Despite a low diet in phosphate and dialysis, phosphate balance becomes posi-
tive. When renal dysfunction is severe requiring dialysis, the secondary hyper-
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parathyroidism becomes refractory and resistant to vitamin D and calcium 
administration. Another cause of secondary hypoparathyroidism is vitamin D 
deficiency or resistance, and hypocalcemia is associated with normo- or hypo-
phosphatemia caused by a decreased in intestinal reabsorption.

 – Tumor lysis syndrome (TLS): this entity associates hypocalcemia with hyperphos-
phatemia and hyperkalemia caused by the shift of intracellular material to the extra-
cellular compartment. Extracellular potassium and phosphate occur because of a 
coexisting kidney dysfunction which limits their excretion [92]. This syndrome 
occurs rarely spontaneously in severe hematologic malignancies or more frequently 
triggered by chemotherapy during solid cancers. TLS is associated with a high risk 
of mortality when associated with acute kidney injury. Urate nephropathy is a clas-
sical manifestation caused by the precipitation of uric acid crystals in the renal 
tubules. Hyperphosphatemia resulting from its release of cells chelates with calcium 
explaining hypocalcemia and calcium-phosphate salt deposition on tissues.

 – Other causes: rhabdomyolysis enables to induce hypocalcemia and hyperphos-
phatemia which is favored by acute kidney injury, bone metastasis, and hyperal-
dosteronism [93].

4.8.3  Causes of Dyscalcemia Without Phosphate 
Disorders (Table 4.6)

 – Hypercalcemias: vitamin A or vitamin D intoxication can be responsible for 
hypercalcemia with normophosphatemia in case of renal insufficiency which 
reduces calcium renal excretion. Milk-alkali syndrome, rich-calcium diet, and 
Burnett syndrome can lead to comparable disorders.

 – Hypocalcemias: poor-calcium diet, calcium malabsorption, end-stage liver dis-
ease, vitamin D-dependent rickets

Table 4.6 Major causes of isolated dyscalcemias and dysphosphatemias

Causes of isolated dyscalcemias
Hypercalcemia Hypocalcemia
• Rich-calcium diet
•  Burnett syndrome, milk-alkali 

syndrome

• Poor-calcium diet, malabsorption
• End-stage liver diseases
• Vitamin D-dependent rickets

Causes of isolated dysphosphatemias
Hyperphosphatemia Hypophosphatemia
•  By increased intestinal absorption: 

rich-phosphate diet, laxatives
•  Cell transport: rhabdomyolysis, cell 

lysis (lymphomas, leukemias, tumor 
lysis syndrome), respiratory acidosis

•  By decreased intestinal absorption: poor- 
phosphate diet, vomitings, diarrhea, steatorrhea, 
antacids

•  Cell transport: glucose-insulin, catecholamines, 
glucagon, ß2-agonists, steroids, undernutrition, 
malabsorption, chronic alcoholism, acute 
leukemias, lymphomas, respiratory alkalosis

•  By increased renal losses: renal replacement 
therapy, metabolic acidosis, genetic mutations 
(see Table 4.7)
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4.8.4  Causes of Dysphosphatemia Without Calcium 
Disorders (Table 4.6)

4.8.4.1  Hyperphosphatemias
Most common causes of isolated hyperphosphatemia are secondary to phosphate 
transport from cell to the extracellular space such as in case of rhabdomyolysis, cell 
lysis (TLS), respiratory acidosis, rich-phosphate diet, or laxative treatment.

4.8.4.2  Hypophosphatemias
They are due to various mechanisms (cell transport and excessive phosphaturia):

 – Transport-related hypophosphatemias: hypophosphatemias due to redistribution 
are very common and caused by numerous treatments: glucose-insulin (compa-
rable effect on potassium), catecholamines, glucagon, ß2-agonists, steroids, 
chronic undernutrition or malabsorption, chronic alcoholism, acute leukemia, 
and lymphomas. Refeeding syndrome is a major cause of acute symptomatic 
hypophosphatemia and various metabolic disorders in critically ill patients [58, 
94–100]. The mechanism of its development is essentially the rapid and impor-
tant carbohydrates load in chronic underfed patients with a preexisting catabolic 
global metabolism. Active renutrition reverses the metabolism which becomes 
acutely anabolic, leading to increase glycogen and protein synthesis, lipogenesis, 
gluconeogenesis, and glycolysis. All of these modifications require a high level 
of energy (ATP) which cannot be provided to cells. As a consequence, hypokale-
mia, hypophosphatemia, hypomagnesemia, and ATP and thiamine deficits lead 
to multiple organ failure. Patients at risk of refeeding syndrome are well defined: 
anorexia nervosa, chronic alcoholism, oncology, postoperative period, elderly 
patients, chronic malnutrition, and long-term users of antacids or diuretics. The 
risk of refeeding syndrome is present when body mass index (BMI) is low 
(<16 g/m2) or in patients with unintentional rapid weight loss (>10–15% within 
3–6 months), very little nutrition for more than 10 days, and preexisting potas-
sium, phosphate, and magnesium depletions. Clinical signs of refeeding syn-
drome include neurological (consciousness impairment, encephalopathy, coma, 
seizures), muscular (weakness, myopathy), respiratory failure, and cardiovascu-
lar (ventricular arrhythmias) manifestations. Approximately 0.2–2% of patients 
present a severe hypophosphatemia. The best treatment is preventive based on a 
progressive increase in nutritional supply.

 – Hypophosphatemias caused by excessive phosphaturia: acute hypophosphate-
mia is a common and major metabolic complication of continuous renal replace-
ment therapy. The risk increases when the hemodialysis or hemofiltration dose 
elevates (efficiency of the technique) with a frequency that can reach up to 60% 
of patients [61, 62, 98]. Preventive supplementation enables to maintain normo-
phosphatemia in these patients. Besides this iatrogenic cause, it has been reported 
that hypophosphatemia occurs in 24% of critically ill patients within the first 
3 days of ICU stay, especially when renal function is preserved [55]. In 80% of 
these situations, hypophosphatemia is caused by an increased renal phosphate 
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excretion which cannot be explained by common reasons (normal PTH, PTHrP, 
FGF-23, and calcitonin serum concentrations). The exact mechanisms that lead 
to this excessive phosphaturia remain unclear. Hyperphosphaturic hypophospha-
temias can be the consequence of various activating gene mutations encoding for 
FGF-23 synthesis or other proteins implicated in renal phosphate exchanges. 
These syndromes usually manifest bone deformities, osteomalacia, and some-
times soft tissue calcifications. In all cases, hypophosphatemia is associated with 
an increased FGF-23 serum concentration, normocalcemia, and normal serum 
concentration of PTH and vitamin D (Table 4.7) [13, 77]. In these cases, hypo-
phosphatemia is associated with normal calcemia.

 – Hypophosphatemias caused by low-phosphate intestinal absorption: this can be 
observed in cases of low-phosphate diet, vomitings, diarrhea, and steatorrhea or 
induced by antacids.

4.9  Treatment of Calcium and Phosphate Disorders

The specific treatment of the underlying cause of dyscalcemia and dysphosphatemia 
is always required but will not be detailed in this chapter. We will focus on the non-
specific symptomatic management of these disorders. Regardless the type of disor-
der, the treatment depends on the severity, rapidity, and symptoms of calcium and 
phosphate disorders. An emergent treatment is needed in case of life-threatening 
symptoms aiming to normalize the trouble and its consequences.

4.9.1  Treatment of Hypercalcemia

The main risk of hypercalcemia is cardiovascular, including severe arrhythmias and 
hypotension or shock related to hypovolemia because hypercalcemia inhibits renal 

Table 4.7 Major syndromes with hypophosphatemia induced by gene mutations

Syndrome Genetic mutation
Normal serum concentration of FGF-23
– Hypophosphatemia with renal lithiasis and bone demineralization – NPT2a, NPT2c

– NHERF-1
Elevated serum concentration of FGF-23
– X-linked hypophosphatemia (XLH)
– Autosomal dominant hypophosphatemia rickets (ADHR)
– Autosomal recessive hypophosphatemia rickets (ADHR)
McCune-Albright syndrome (fibrous dysplasia)

– PHEX
– FGF-23
– DMP-1
– GNAS

FGF-23 fibroblast growth factor 23, hormone synthetized by bone tissue which inhibits renal 
 reabsorption of phosphate
NHERF-1 sodium-hydrogen exchanger-1, cofactor which bounds to FGF-23 and to sodium- 
phosphate NPT2a cotransporter required to obtain the phosphaturic action of FGF-23
PHEX phosphate regulating gene with homology to endopeptidase on the X chromosome, protein 
which activates the expression of FGF-23 and inhibits bone mineralization
DMP-1 dentin matrix protein-1, protein produced by osteoblasts
GNAS guanine nucleotide-binding protein
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sodium reabsorption. The aggressive treatment must be considered in case of severe 
hypercalcemia (>3–3.5 mmol/L or >12–14 mg/dL) [5, 46]. The first-line therapy 
aims to lower hypercalcemia by restoring euvolemia and correcting dehydration. 
Fluid resuscitation is nonspecific and must be conducted as usual with a close 
hemodynamic and biological monitoring in an intensive care unit. Cristalloids (such 
as 0.9% NaCl) are usually prescribed with a posology of 200–300 mL/h. The sub-
sequent reduction in calcemia results from the increased calciuria that is favored by 
two phenomenons: the increased GFR caused by the normalization of volemia 
increased the load of calcium filtered in the glomerulus and the increased load of 
sodium increases calciuresis at the distal nephron. Such a therapy enables to reduce 
hypercalcemia by 0.4–0.6 mmol/L (1.6–2.4 mg/dL). Diuretic loops may be com-
bined with saline infusion but always after having restored normovolemia. The 
decrease in calcemia is caused by an elevation in calcium renal excretion caused by 
a blockage of its reabsorption in the ascending limb of the loop of Henle. The 
administration can be orally or intravenously, depending on the severity of hyper-
calcemia and on the condition of the patient. The dose is approximately 40–80 mg/
day, the best approach being to adapt it by titration based on the response of the 
patient. Thiazide diuretics are contraindicated in severe hypercalcemia.

The treatment aiming to reduce or inhibit calcium release caused by bone resorp-
tion is the first-line therapy of malignant-related hypercalcemia unless contraindi-
cated and associated with fluid resuscitation. Biphosphonates block osteoclasts 
causing bone resorption by promoting their apoptosis. Such class of drug is efficient 
to reduce only hypercalcemias caused by cancer but not by other causes. Intravenous 
biphosphonates are favored because they are better tolerated than oral which causes 
nausea and vomitings. Such a strategy is approved by the US Food and Drug 
Administration (FDA) in this indication. Both molecules essentially prescribed are 
pamidronate (Aredia®) and zoledronate (Reclast®, Zometa®). Pamidronate is pre-
scribed at a dose of 60–90 mg per day but must be infused in 4 h. It has the advan-
tage to need no change of dose in case of renal dysfunction. Zoledronate is prescribed 
at a dose of 4 mg infused in 15 min and then 8 mg per day. Its efficiency seems to 
be higher and more rapid to reduce calcemia than pamidronate in this indication, but 
the dose must be adapted in case of renal dysfunction. For this class of drug, the 
peak of calcium decrease is observed at 4 days. Calcitonin decreases calcemia by 
both an increased renal excretion and a reduction in osteoclastic bone resorption. 
This therapy is safe and has a rapid onset of action. However, its beneficial effect is 
only moderate and transitory due to a tachyphylaxis within 48 h (down regulation of 
its receptors). Therefore, calcitonin must be considered to be successful only in 
combination with biphosphonates, as temporizing and facilitating agents. The dose 
is 6–8 UI/kg intravenously in saline during 4 h.

Recent approach for treating severe hypercalcemia seems to suggest less aggres-
sive fluid resuscitation and diuretic and to favor biphosphonates and calcitonin [99]. 
Glucocorticoids are indicated in some myelomas and lymphomas at a posology of 
200–300 mg intravenously for 3–5 days and must be associated with the administra-
tion of oral vitamin D. Finally, renal removal therapy remains the most efficient 
symptomatic therapy in case of emergent treatment in patients with renal failure or 
if other treatments are contraindicated.
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4.9.2  Treatment of Hypocalcemia

The main risk of hypocalcemia is cardiovascular including severe arrhythmias and 
hypotension [42]. Cardiac monitoring and rapid determination of ionized calcium 
are needed [100]. Acute symptomatic hypocalcemia is a life-threatening condition 
which requires an emergent intravenous supplementation. This can be performed 
using calcium gluconate or chloride with comparable efficiency. The difference is 
the concentration in calcium as 10 mL of calcium gluconate contains 91 mg of cal-
cium, while 10 mL of calcium chloride contains 184 mg of calcium. The infusion is 
performed within 10  min (10–20  mL) followed by a continuous infusion of 
0.5–2 mg/kg/h if necessary [101]. Usually calcium gluconate is preferred on cal-
cium chloride which can be responsible for venous necrosis. The risk of arrhythmias 
is present in case of a too rapid intravenous administration. If needed, magnesium 
supplementation must be associated. The switch to an oral calcium supplementation 
is recommended as soon as possible. Only chronic hypocalcemia can be treated 
with oral calcium ingestion and vitamin D. Calcium carbonate is prescribed orally 
(Calcidia®, Eucalcic®, etc.). Both non-active and active vitamin D can be adminis-
tered orally. Among non-active vitamin D, it can be vitamin D3 (cholecalciferol, 
Uvedose®) or vitamin D2 (ergocalciferol, Sterogyl® or calcifediol, Dedrogyl®).

4.9.3  Treatment of Hyperphosphatemia

The preventive treatment is based on a decrease in phosphate load in diet associated 
with a close monitoring of phosphatemia, especially in chronic renal insufficiency. 
In case of hyperphosphatemia caused by cell lysis, the prevention is based on an 
appropriate hydration and a treatment with allopurinol. For a long time, hyperphos-
phatemia caused by chronic renal insufficiency was treated by vitamin D or ana-
logues or by antiparathormone drugs [80, 94]. Recent data found that the treatment 
of hyperphosphatemia is more important than that of hyperparathyroidism [102]. 
Aluminum phosphate binding therapies are now largely abandoned due to their tox-
icity. Calcium digestive phosphate binders are more efficient, leading to use them 
preferentially [103–105]. They are commercialized in several forms. Calcium bind-
ers are used as calcium carbonate (Calcidia®, Eucalcic®, Os-Cal®, Caltrate®) or 
calcium acetate (PhosLo®, Eliphos®) at the dose of 500–1200  mg/day. Anion 
exchange resins (sevelamer 800 mg/day) have similar effects as compared with pre-
vious phosphate binders. Lanthanum carbonate (Fosrenol®) does not contain cal-
cium or aluminum but seems to produce more side effects (250 per 1000 mg/day) 
[103–105]. Magnesium phosphate binders (Gaviscon®) can worsen a hypermagne-
semia in these patients and are not recommended as a first therapeutic strategy. In 
summary, current recommendations for hyperphosphatemia in chronic renal insuf-
ficient patients include a low-phosphate diet, calcium phosphate binders, and an 
exogenous calcium supplementation (200 mg/day). If such a treatment failed, mag-
nesium binders can be considered as an alternative strategy associated with a regular 
monitoring of serum magnesium concentration. Due to their high cost and the 
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absence of any superior efficiency, sevelamer and lanthanum cannot be recom-
mended as a first-line therapeutic strategy. In all cases, the goal is to normalize 
serum phosphate concentration.

4.9.4  Treatment of Hypophosphatemia

Prevention of hypophosphatemia in alcoholic or underfed patients or during the 
refeeding syndrome is needed using a daily oral supplementation of approximately 
1–2 g/day (32 à 64 mmol) [49]. In case of renutrition, the appropriate phosphate/
kcal ratio is of 300 mg for 1000 kcal. Antacid oral absorption without food is also a 
preventive measure. Milk ingestion has the advantage to provide both phosphate 
and calcium which allows to prevent tetany.

A curative supplementation is only indicated in case of symptomatic hypophos-
phatemia associated with phosphate depletion. An oral supplementation is preferred 
in case of moderate hypophosphatemia aiming to decrease the occurrence of 
treatment- related complications [5, 16, 49, 106]. A dose of 2.5–3.5  g/day (80–
100 mmol/day) in two or three times of manganese glycerophosphate (Phosphore 
Alko®) or glucose-1-phosphate-disodique (Phocytan®) is suggested. The intrave-
nous infusion is indicated only in case of symptomatic severe hypophosphatemias 
<0.35  mmol/L.  Complications such as diarrhea, hypocalcemia, arterial hypoten-
sion, metabolic acidosis, or renal failure can be observed in case of a too rapid or too 
important supplementation. To our knowledge, there is no real randomized study 
that evaluated the most appropriate time and modality for phosphate supplementa-
tion in severe hypophosphatemia in ICU.  Moreover, the efficiency of phosphate 
supplementation is not really demonstrated in term of morbi-mortality of such 
patients. Nevertheless, several studies have evaluated the efficiency and safety of 
various protocols of phosphate supplementation in ICU [107–110]. Monopotasium 
and monosodium phosphate can be prescribed. The dose of infusion is safe from 5 
to 20 mmol/h. In case of hyperkalemia, monosodium phosphate must be chosen. 
Formulas are usually inadequate, and the response to supplementation is not related 
to the administered amount of phosphate which remains unpredictable in ICU [109]. 
Therefore, it is necessary to monitor frequently phosphatemia in these situations.

 Conclusion

Calcium and phosphate metabolism are closely connected. The regulation of cal-
cium and phosphate metabolism is essentially under a hormonal control includ-
ing vitamin D, parathormone and calcitonin, and FGF-23 for phosphate. The 
targeted organs are kidneys, digestive tract, and bones which work in total con-
nection. This conducts to an integrated regulation by the digestive-kidney-bone 
axis. Both calcium and phosphate play a major role in various cell functions and 
in bone metabolism. Both shift continuously between the different body com-
partments. Dyscalcemias are classified in PTH-dependent and PTH-independent 
causes. Most frequent causes of hypercalcemias are hyperparathyroidism (pri-
mary and pseudohyperparathroidism) and malignancy-related hypercalcemia. 
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Major causes of hypocalcemias are hypoparathyroidism and secondary hyper-
parathyroidism. Hypophosphatemias in ICU patients are usually caused by cell 
transfers or iatrogenic renal losses (renal replacement therapy) without sufficient 
supplementation. Hyperphosphatemia is frequently caused by renal insuffi-
ciency. Only severe and rapid dyscalcemias and dysphosphatemias need an 
emergent treatment.
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5Interpretation of Acid-Base Disorders

Hervé Quintard, Jean-Christophe Orban, and Carole Ichai

5.1  Introduction

The definition of an acid or a base varies largely according to the context. From a 
physiological point of view, an acid or an alkaline solution is characterized by its 
capacity to release or conversely to consume them. This chapter will review most of 
the pathophysiological concepts of acid-base equilibrium and the mechanisms 
which are involved in its regulation. The history of the patient, the context, and 
clinical signs are essential to diagnose an acid-base disorder. However, the final 
interpretation of an acid-base disorder is based on biological data issued from blood 
samples tools which allow to move on step by step.

5.2  Acid-Base: Fundamental Notions

5.2.1  Definitions

Since the beginning of the twentieth century, many definitions have been proposed. 
All of them are right, but depends on the context. Therefore, in cooking, acid defines 
a taste. For a chemist, the definition of an acid is based on the movements of elec-
trons, whereas a physiologist takes into account protons H+ production [1–3]. In 
1987, Arrhenius defines an acid as a substance that enables to produce H+ ions by 
dissolving in water. On contrary, a base dissolves in water by releasing hydroxyl 
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OH− ions. But, this definition is limited to aqueous solutions and excludes nonaque-
ous acids (or bases) such as CO2. A half-century later, Bronsted and Lowry (1923) 
proposed a close definition in which an acid is a donor of protons and conversely. 
As a consequence of its dissociation in a solution, an acid AH produces an H+ with 
its conjugated anion A−. In the same time, Lewis gave a unique chemical definition 
which allows to include CO2, by defining an acid as a substance enabled to accept 
electrons and conversely for a base.

All of these definitions are totally appropriate from a chemical point of view and 
available also for plasma which can generate protons and hydroxyl ions from plasma 
water as follows:

H2O ⟷ H+ + OH−. Nevertheless, none allows to give a physiological point of 
view. During the 1920s, Van Slyke underlined the implication of electrolytes in the 
pH equilibrium [4]. An acid can be therefore defined as a substance that releases 
cations or uptakes anions and conversely for a base. This concept has been taken 
over in the 1980s by P. Stewart to interpret variations in pH [5]. As a consequence, 
we must distinguish acid solution for which [H+] concentration is higher than that of 
[OH−], from the acid substance that produces H+ ions or binds with OH− ions.

The proton H+ alone does not exist and is always combined with a cation. Its 
concentration in physiological compartment is very low. However, due to its small 
size, it provides a high capacity to produce electric charges. By binding to proteins, 
it induces modifications of their structure and consequently their activity (e.g., 
enzymes). The pH is a logarithmic expression of [H+] concentration of the solution. 
The mathematical relationship between both is given by the following for-
mula: pH = log10 (1/[H+]) or [H+] = 10−pH

Thus, small changes in pH enable to express high variations in [H+].

5.2.2  Relations Between pH, Acid, and Base

The pH of a solution finally expresses a chemical potential of protons which indicates 
the gain or the loss of hydrogen. For practical reasons, [H+] concentration of a solution 
is always expressed by the pH. Indeed, pH is easily and directly measured (measure-
ment of an electrical potential difference) by a specific device, a “pH meter.” From a 
mathematical point of view, pH is the ratio between a non- dissociated acid (AH) and 
its dissociated form in an anion salt (A−), the degree of dissociation being determined 
by the constant of dissociation Ka: Ka = ([H+] . [A−]) / [HA]. When translated in pH, 
the formula becomes: pH = pKa + log10 ([A−] / [AH]) [1–3, 6–8]. If we consider the 
plasma and the bicarbonate-carbonic acid buffer system, we get the well-known 
Henderson-Hasselbalch equation,  pH = 6,10 + log10 ([HCO3

−] / [αPCO2]),
6,10 being the plasma pKa, α the CO2 solubility coefficient, and PCO2 that 

reflects carbonic acid according to H+ + HCO3
− ↔

spontaneous
 H2CO3 ↔

carbonic anhydrase
 

CO2 + H2O.
However, plasma pH can be expressed by taking into account not only the bicar-

bonate buffer but also all other acids present in the plasma with their own constant 
of dissociation (Table 5.1).
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5.3  Pathophysiological Concepts of Acid-Base Equilibrium

5.3.1  Henderson-Hasselbalch Concept

Close to the definition of Bronsted and Lowry, both physiologists Henderson and 
Hasselbalch focused their concept on the sole role of plasma bicarbonate and its 
relationship with plasma strong acids. In this approach, changes in plasma pH 
result from changes in plasma bicarbonates (metabolic disorder) or in partial pres-
sure in carbon dioxide (PaCO2) (respiratory disorder) [6–14]. This concept was 
the most popular during the first half of the twentieth century. The Henderson- 
Hasselbalch equation is mathematically always valid, but it considers only the 
bicarbonate buffer system and ignores numerous parameters that are involved in 
acid-base balance:

 – The nonvolatile buffers such as albumin, globulin, phosphate, and citrate, all 
presents also in plasma

 – The role of weak acids (albuminate, phosphate)
 – The obligatory mathematical relationship between bicarbonate-carbonic acid 

and carbon dioxide (PCO2)

5.3.2  Base Excess (BE) Concept of Siggaard-Andersen

During the1950s, Siggaard-Andersen proposed to use a very pragmatic and global 
evaluation of acid-base disorders (ABD). Therefore, the concept of BE was devel-
oped as the amount of strong acid (or base) (in meq/L) that must be added to the 
oxygenated blood sample to return to pH  7.40 while maintaining a PCO2 of 
40 mmHg and a temperature of 37 °C [3, 9–14]. If plasma pH is of 7.40 associated 

Table 5.1 Most important plasma acids 
and their constant of dissociation, pKa

Plasma acids pKa
Strong acids
Lactate 3.7–3.9
Sulfate 0.3–2.0
Pyruvate 2.3–2.5
Acetoacetate 3.6
ß-Hydroxybutyrate 4.3
Succinate 5.2–5.6
Citrate 1.7–6.4
Ammonia (NH4

+) 9.2–9.3
Weak acids
Bicarbonate 6.0–6.4
Phosphate 6.7–6.8
Albuminate 7.6
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with a PCO2 of 40 mmHg, BE will be equal to zero. If compared with Henderson-
Hasselbalch equation, BE is free of PCO2 variations. Therefore, BE allows to sim-
ply evaluate the global load of plasma acid or base while taking into account all 
extracellular nonvolatile buffers. Thanks to nomograms (based on the Van Slyke 
equation), BE is directly calculated by blood gas analyzers [4]. Despite all of these 
advantages, BE presents some limitations too [2]. The most important is that this 
parameter remains calculated from in vitro measurements which do not take into 
account:

 – Physiological changes in PaCO2 usually induced in case of metabolic ABD (= 
respiratory response).

 – The in vivo continuity of plasma with the interstitial fluid that has less buffer 
capacity, leading to overestimate BE. To minimize this problem, it has been pro-
posed to calculate the standard base excess (SBE) which considers a theoretical 
hemoglobin concentration of 5  g/L that would correspond to a similar buffer 
capacity in both fluids.

Nevertheless, SBE remains a global measurement that does not permit to distin-
guish the variations of strong and weak acids. SBE provides a global evaluation of 
the degree of plasma acidity (or alkalinity) but is totally inadequate to determine 
precisely the initial mechanism of the disorder from its compensation.

5.3.3  Stewart’s Concept

At the end of the 1970s, P. Stewart proposed a physicochemical approach which is 
close to that of Arrhenius and Van Slyke. In this concept, plasma pH variations are 
generated by modifications in the level of water dissociation. Therefore, a substance 
is an acid because it increases water dissociation (by elevating H+ production or its 
bound with OH−) and conversely for a base [5, 8–10, 15–18]. In the plasma, water 
dissociation, i.e., H+ concentration, is determined by three simultaneous principles 
of physical chemistry laws:

 – Electroneutrality whereby total plasma-positive charges are equal to the negative 
ones.

 – Conservation of mass in which every substance present in an aqueous solution 
remains constant. If we consider the example of a weak acid, the formula is: 
[HA] + [A−] = [Atot].

 – Equilibrium of electrolyte dissociation. The degree of electrolyte dissociation in 
an aqueous solution depends on the dissociation constant K.  Strong ions are 
characterized by a pK which is far from pH, in such a way that the ions are 
almost completely dissociated. Therefore, due to its very low pK (3.9), the strong 
anion lactate is exclusively dissociated in plasma and lactic acid cannot be pres-
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ent. By definition, weak acids are characterized by a pK close to plasma pH, and 
consequently they are partly dissociated according to the plasma pH: the more 
plasma pH is taken away from pK, the more the dissociated form is high. 
 Regardless, the approach, pH can be accurately calculated according to the 
Henderson- Hasselbalch equation: pH = pKa + log10 ([A−] / [Atot] − [A−]).

In the Stewart approach, changes in plasma pH can only be determined by 
changes of one (or more) of the following three independent variables [15, 19–21]:

 – The difference of charges between plasma strong cations and anions, called the 
strong ion difference (SID)

 – PaCO2, an essential variable which is the sole opened buffer system thanks to the 
ventilation

 – The total weak acid concentration (Atot)

Due to its mathematical dependency, variation in bicarbonate cannot be the 
mechanism responsible of change in pH, but simply the consequence of modifica-
tions of one (or several) independent mentioned variables. Strong ions can be pro-
duced or eliminated, but weak ions H+ and OH− are generated or consumed 
depending on plasma water dissociation. An elevation in chloride concentration 
[Cl−] increases plasma water dissociation and consequently generates [H+] ions; 
conversely an elevation in sodium concentration [Na+] reduces plasma water disso-
ciation and binds to [H+] ions.

5.4  Body Acid-Base Equilibrium

5.4.1  Regulation of pH: Fundamental Notions

The higher body acid load is generated by CO2 and represents approximately 
15–20,000 mEq/day. Daily lactate production is approximately of 1500 mEq. In 
the presence of oxygen (aerobic condition), it enters the Krebs cycle to be finally 
metabolized in the phosphorylative oxidation pathway, leading to a production of 
H2O and CO2, a consequent acid load of 4500 mEq/day. Most of the nonvolatile 
acid load is issued from the protein metabolism which represents 100–150 mEq/
day. The total production of [H+] ions is of 15–25,000  mEq/day. Plasma pH 
remains usually stable thanks to various regulating systems that are characterized 
by variable efficiency and delay of initiation. Buffer systems are couples of non-
dissociated/dissociated molecules which enable to uptake or release protons in a 
close system. Therefore, changes in the dissociation of the buffer will minimize 
changes in pH value. Volatile buffers are defined by their ability to be excreted by 
the lung (CO2) and nonvolatile ones by their ability to be excreted by the kidney. 
Their efficiency is higher with weak acids and their dissociated anion salts (e.g., 
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the couple H2CO3/HCO3
−) and their pK is close to pH. Their nature and concen-

tration vary according to organs and their localization [2, 6, 8, 19, 22]. While 
bicarbonate/CO2 represents a crucial buffer system in an open system, weak acids 
participate in approximately 93% of the pH regulation in a closed system. This 
explains why during metabolic ABD, pH regulation is very rapidly initiated thanks 
to modifications in ventilation. On the other hand, in case of respiratory ABD, the 
first line of regulation is rapidly performed by nonvolatile weak acids (proteins) 
before the activation of the longer but more efficient mechanisms based on a renal 
excretion of strong ions. Moreover, it is important to underline that the metabo-
lization of H2CO3 in CO2+ H2O is not spontaneous, but requires the carbonic 
anhydrase enzyme activity, which is variable according to type of tissue (and 
cells) and to their environment.

5.4.2  Regulation of Plasma and Interstitial pH

The major extracellular buffer (interstitial and plasma) is the couple bicarbonate/
carbonic acid. At pH 7.40 (40 nanomoles of H+), there is 6800 mmol of bicarbon-
ates (HCO3

−) and 340  mmol of CO2 for 1  mmol of carbonic acid (H2CO3). 
Therefore, in physiological values, the ratio HCO3

−/CO2 is maintained approxi-
mately to 20/1. Despite its unfavorable pKa (6.1), this buffer is essential because 
it represents the sole opening system which allows a real excretion of CO2 by the 
lung. Other nonvolatile plasma buffers are weak acids too and include proteins 
and phosphate (pKa = 6.8). Red blood cells contain a special buffer system, the 
couple hemoglobin/hemoglobinate which is characterized by pKa of 6.8 
(Table 5.2).

The interstitial pH is similar to the plasma one, but it characterizes by its poor 
concentration in proteins (weak acids). Both fluids show very close electrolyte con-
centrations, i.e., in strong ions, thanks to their passive exchanges across the cell 
membrane (Table 5.3).

Table 5.2 Mathematical 
relationship between pH and 
plasma buffers

pH = pKa + log10 [A− Anion / AH Acid]

Plasma
Strong acid
  pH = 3.9 + log10 [lactate− / lactic acid]
Weak acids
  pH = 6.10 + log10 [HCO3

− / (0.03 × PaCO2)]
  pH = 7.60 + log10 [albuminate− / albumin)]
  pH = 6.80 + log10 [HPO4

2− / HPO4
−]

  pH = 6.80 + log10 [proteinate− / protein]
Red blood cell
  pH = 6.80 + log10 [hemoglobinate− / hemoglobin]

Ka plasma constant of dissociation
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5.4.3  Regulation of Cell pH

Cell pH varies from 6.2 to 7.2 according to the cells [2, 6, 8, 22]. Moreover, inside 
cells, pH varies also according to the various structures, from eight for mitochon-
drias to five lysosomes. Cell pH modulates many intracellular processes, such as 
enzymatic reactions, regulation of energy potential (ATP/ADP), activity of pumps, 
and channels. Thus, the regulation of this pH is essential to maintain cell volume 
and some molecules in their ionized form. Proteins/proteinates represent the major 
cytoplasmic buffer of the cell. Due to its high membrane diffusibility, CO2 which is 
produced by the cell is continuously excreted toward the extracellular fluids, then 
eliminated by the lung allowing to prevent an intracellular acidosis. On the other 
hand, any elevation in extracellular CO2 concentration (respiratory acidosis) may 
conduct to an intracellular acidosis because of its passive entry in the cell. The regu-
lation of cell pH is also dependent of changes in SID, as a result of transmembrane 
movements of strong ions. These latter are performed by cotransporters or exchang-
ers which are activated by pumps or through channels.

5.4.4  Regulation of Body pH and Exchanges Between Fluids

Besides the buffer systems, several organs are involved in the plasma acid-base 
regulation (Fig. 5.1). The lung plays a major role by excreting very rapidly almost 
the volatile acid CO2. This phenomenon (VCO2) depends on three parameters that 
are producing CO2, alveolar ventilation (AV), and cardiac output (CO), 
(VCO2) = AV × (k × PaCO2), k being the conversion factor of a pressure into a vol-
ume. In physiological conditions, produced CO2 is equal to VCO2 in order to main-
tain a VCO2 of approximately 40 mmHg. This equilibrium can be broken in case of 

Table 5.3 Acid-base equilibrium and electrolyte composition of most body volumes

Extracellular volume
Red blood cell Intracellular volumeArterial plasma Interstitial volume

pH 7.40 7.40 7.20 7
H+ (nEq/L) 41 42 64 100
OH− (μEq/L) 1.1 1.1 0.69 0.43
PCO2 (mmHg) 40 50 40 50
HCO3

− (mEq/L) 25 31 15 46
Na+ (mEq/L) 143 137 19 10
K+ (mEq/L) 4 3 9.5 155
Mg++ (mEq/L) 2 2 5 10
Ca++ (mEq/L) 1 1 – –
Cl− (mEq/L) 107 111 10 10
Atot (mEq/L) 20 – 60 200
SID (mEq/L) 42 31 57 130

Atot total amount of plasma weak acids, SID strong ion difference
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changes in ventilation or of cardiac output: VCO2 increases and PaCO2 decreases if 
AV or CO elevates, and conversely. Because CO2 is highly diffusible through the 
membranes, acute respiratory modifications will have a major impact on the plasma 
pH (and on body pH).

Kidneys are involved in plasma acid-base equilibrium via their role in the 
determination of plasma concentrations in strong ions [1, 2, 8, 22–24]. The phe-
nomenon of chloride excretion-reabsorption represents the major mechanism of 
regulation. In case of acidosis caused by a reduction of SID, the kidney filtrates 
and excretes Cl−, leading to a reduction of urinary SID and pH too, and in turn a 
re-increase in plasma SID and pH, and conversely. Because Na+ plays a funda-
mental role in maintaining cell volume, this is not the major ion involved in the 
acid-base regulation performed by the kidney. The classical titrable urinary acid-
ity which is defined as the urinary excretion of protons, finally, only reflects the 
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Fig. 5.1 Parameters and principal organs involved in total body acid-base equilibrium. SID strong 
ion difference, Atot total amount of plasma weak acids. The pH value differs among organs. Each 
of them enables to regulate immediately its pH thanks to buffer systems. All of them are strongly 
connected due to continuous transmembrane exchanges. Plasma pH regulation is performed thanks 
to two major organs: the lung (elimination or retention of PCO2 via the alveolar ventilation) and 
the kidney (by SID variations and urea/glutamine excretion that are produced by the liver/the 
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higher urinary excretion of strong anions than that of strong cations. Urea, usually 
considered as a urinary buffer, plays a minor role in plasma pH regulation. Its high 
urinary concentration contributes to increase that of protons, but its very low 
plasma concentration cannot induce relevant effect on SID and on plasma pH. At 
last, ammoniac (NH4

+) renal excretion which is issued from glutamine, couples 
with Cl−, and induces in turn an alkalinizing effect. The liver (and in a less propor-
tion muscles) plays an indirect role by modulating various metabolic pathways 
[25, 26]. It produces an acidifying effect by producing CO2 from lipids and carbo-
hydrate oxidations. The metabolism of organic acids such as ketone bodies, lac-
tate, or citrate conducts to an elevation of SID and in turn of pH. The amino acid 
metabolism may lead to a production of urea or glutamine. The kidney requires 
glutamine to produce NH4

+.
The digestive tractus is also largely involved in body acid-base equilibrium 

thanks to its capacity to eliminate or reuptake high amount of strong ions con-
tained in digestive fluids. The movements of fluids and electrolytes depend on 
the part of the intestinal tractus [2]. In the stomach, plasma chloride is secreted 
in the gastric fluid, then reuptaked in the grelic tube, leading finally to a neutral 
exchange for pH. However, in case of abundant vomitings, the persistent chlo-
ride losses induce a metabolic alkalosis which is related to the increase of 
SID. The grelic tube is a major site of Na+ and Cl− reabsorption. The colic tube 
is mainly involved in the excretion of Na+ and K+ in feces, leading to decreased 
plasma SID. Therefore, abundant diarrhea can be responsible for the develop-
ment of metabolic acidosis.

In summary: intracellular pH is more acid than the plasma one. Inside the cell, 
pH varies according to the structure and the localization. These differences are due 
to the various amounts of strong ions and nonvolatile buffers such as weak acids 
(proteins) (Table 5.3). Plasma pH is the only parameter that is routinely used in 
clinical practice because it is directly and rapidly measured by a pH meter. Therefore, 
considering only plasma pH to approach the global body acid-base equilibrium is 
finally a simplified way, but it remains the only one possible at bedside. Because of 
the constant exchanges of ions between the different compartments, any modifica-
tion in the amount of strong ions or of buffers in one of them may change the acid-
base status of the other. Plasma pH depends on three

independent variables, i.e. ,SID, PaCO2, and weak acid concentrations. The lung 
strongly and quickly regulates plasma pH via the volatile buffer CO2. Because CO2 
is highly diffusible through cell membranes, the lung plays a major role in the regu-
lation of intracellular pH. The kidney acts slowly by modifying strong ion concen-
trations and in turn SID (Fig.  5.1). For these reasons, acute respiratory changes 
impact rapidly and deeply to the plasma as well as interstitial and intracellular pH, 
whereas chronic respiratory changes offer enough time to the kidney to initiate its 
regulation. On contrary, metabolic ABD related to plasma SID or Atot variations 
induce immediate changes of alveolar ventilation, leading to control plasma CO2; 
this is the classical ventilatory response (inappropriately called compensation). 
Finally, the digestive tube can modulate plasma pH by modifying plasma SID and 
inducing ABD in severe digestive diseases. The liver appears as a modulator organ 
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that enables to produce CO2 issued from carbohydrate and lipid metabolism and 
glutamine and urea issued from amino acid metabolism. Its impact on weak acids 
(albumin production) remains minor (Fig. 5.1).

5.5  Which Tools to Interpret Acid-Base Disorders?

The diagnosis of ABD must begin by questions to build the patient’s history associ-
ated with a clinical examination. However, biological data are essential and mostly 
issued from blood gas analysis and electrolyte measurements performed simultane-
ously in arterial blood (Table 5.4).

5.5.1  Blood Gas Analysis [15, 19, 27–29]

Arterial blood gas analysis is only required in the presence of suggestive clinical or 
biological signs. The sample should avoid pain and anxiety that could cause hyper-
ventilation [6, 30]. Bubbles must be eliminated and the syringe tip closed rapidly. 
Measurements must be performed as soon as possible in order to stop the 

Table 5.4 Tools required for the diagnosis of an acid-base disorder (normal values)

Measured parameters
Common tools Additional tools
– Arterial blood gas analysis
  . pH (7.40 ± 2)
  . PaCO2 (40 ± 4 mmHg)
  . Calculated HCO3

− (24 ± 2 mmol/L)
– Plasma electrolyte concentration
  . Total CO2 (26 ± 2 mmol/L)
  .  Na+ (140 ± 2 mmol/L); K+ 

(3.5 ± 0.5 mmol/L)
  . Cl− (105 ± 2 mmol/L)

– Phosphorus (0.8–1.2 mmol/L)
– Albumin (40 g/L)

– Urinary pH and osmolarity
–  Urinary electrolyte concentration (Na+, K+, 

Cl−)
Calculated parameters
– AG = Na+ − (Cl− + HCO3

−) = 12 ± 2 mEq/L . Base excess (0 mEq/L)
. Standard base excess (0 mEq/L)

–  Corrected AG = calculated 
AG + 0.25 × (40 − measured albumin 
[g/L])

–  aSID = (Na+ + K+ + Ca++ + 
Mg++) − (Cl− + lactate−) = 40 ± 2 mEq/L

–  eSID = [HCO3
−] + [albumin 

(g/L) × (0.123 × pH − 0.631)] + phosphorus 
(mEq/L) × (0.309 × pH − 0.469)] = 40 ± 2 
mEq/L

– SIG = aSID − eSID = 2 ± 2 mEq/L

AG plasma anion gap, aSID apparent difference between strong ions (apparent strong ion differ-
ence), eSID effective difference between strong ions (effective strong ion difference), SIG strong 
ion gap
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metabolism of red blood cells. Plasma pH is accurately measured by an electrode of 
glass, while PaCO2 is performed using a microelectrode and reaches a percentage 
error of 10%. Normal plasma pH and PaCO2 are 7.40 ± 2 and 40 ± 2 mmHg, respec-
tively. Blood gas analysis provides also the value of calculated bicarbonates 
(HCO3

−c) from the Henderson-Hasselbalch equation, using measured pH and 
PaCO2. The normal value of HCO3

−c is 24 ± 2 mmHg. BE and SBE are also calcu-
lated with those data.

5.5.2  Plasma Electrolyte Concentration [15, 19, 27–29]

Measurements must be performed simultaneously on the same arterial blood sample 
[6, 10, 17, 30]. The following parameters are provided and must be considered:

. Total arterial CO2 (TCO2): the sole measurement of plasma HCO3
− is techni-

cally impossible because bicarbonate (dissociated form) is unstable and constantly 
in equilibrium with carbonic acid and CO2. Therefore, measured plasma “bicarbon-
ates” are really that of TCO2 which represents the sum of real plasma dissociated 
bicarbonates (HCO3

−), carbonic acid (H2CO3), and CO2 gas concentrations. The 
normal value is slightly higher than the calculated one using blood gas analysis and 
is of 26 ± 2 mmHg.

. Chloremia: chloride is the major plasma strong anion and it is an essential 
parameter for diagnosing ABD. However, in case of dysnatremia, chloremia may 
vary independently of ABD [31, 32]. Usually, in this situation, changes in chloremia 
are proportional to those of natremia. Such proportionality can be demontrated by 
calculating the Cl/Na ratio which is normally equal to 0.75 or by calculating the 
corrected chloride using the following formula: corrCl  =  measured Cl  ×  140 / 
Na = 105 mEq/L.

. Kalemia: this parameter is not really needed to diagnose ABD, but rather useful 
to establish the cause of the trouble [33]. Kalemia is not obligatory inversely related 
to changes in pH [34]. Indeed, acidosis caused by the accumulation of organic acids 
does not induce hyperkalemia, because the organic anion freely enters into the cell 
accompanied with a concomitant entry of protons that allow to maintain electroneu-
trality independently from transmembrane shifts of K+. In these situations, hyperka-
lemia must conduct to research another cause than acidosis to explain hyperkalemia: 
insulinopenia, renal insufficiency, or hyperglycemia. In hyperchloremic acidosis, 
because chloride cannot enter into the cell, an efflux of potassium from the cell to 
the interstitium is needed to maintain electroneutrality. Respiratory acidosis does 
not induce changes in kalemia [34]. At least, hypokalemia is frequently present dur-
ing hypochloremic alkalosis.

. Natremia: sodium is the most abundant strong cation of plasma. Therefore, 
natremia is required to diagnose ABD, especially when using the Stewart concept. 
It is also an essential parameter required to calculate plasma anion gap (see infra).

. Albuminate and phosphate: both essential plasma weak acids represent 
approximately 78% and 20%, respectively, of the negative plasma charges. 
According to the Stewart model, an increase in one of these parameters (the third 
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independent variable) is responsible of a metabolic acidosis and conversely [35, 
36]. Figge et al. [35] have shown that at pH = 7.40, proteinates exert a negative 
charge of 12 mEq/L.

. Other parameters: calcium, magnesium, and lactate are strong ions which enter 
in the SID calculation. Their measurement, even not always routinely performed, 
must be done (as well as albumin dosage) in critically ill patients suffering of severe 
and complex ABD.

5.5.3  Urinary Parameters [15, 19, 27–29]

. Urinary pH: this reflects the urinary degree of acidification, in the absence of urine 
infection [37]. This is essentially useful to establish the cause of some metabolic 
acidosis and a very important marker used to monitor the efficiency of the treatment 
of some metabolic alkalosis.

. Urinary electrolytes: the measurement of sodium, potassium, and chloride uri-
nary concentration is essential to evaluate the renal response in case of an ABD, 
allowing to orientate the etiology of the disorder.

All of these measurements can be performed on a small urine sample, “the urine 
spot” [37]. Nevertheless, such data must be cautiously interpreted in case of prior 
treatment by diuretics or water and sodium loads. In all cases, these samples should 
be performed before any treatment that may modify the results.

5.5.4  Calculations

. Plasma anion gap (AG) [6, 15, 27–30, 38–46]
Anion gap is based on the plasma electroneutrality principle whereby the sum of 

positive charges (cations) is equal to that of negative charges (anions). AG is finally 
the artificial result of the calculation, because the usual dosage of Na+, K+, Cl−, and 
HCO3

− ions is not known in all other ions which are also implicated in unmeasured 
cations such as Ca++and Mg++ and unmeasured anions such as proteinates, sulfates, 
phosphates, and other organic acids (Fig. 5.2). AG which reflects the presence of 
unmeasured anions can be easily calculated at bedside using the following formula 
[27–30, 39]: AG (mEq/L) = Na+ − (Cl− + HCO3

−) = 12 ± 2 mEq/L.
This parameter is frequently used as a marker of metabolic acidosis when using 

the classical Henderson-Hasselbalch approach. This allows to distinguish metabolic 
acidosis with a high AG (“organic” metabolic acidosis) from those with a normal 
AG and hyperchloremia (“mineral” metabolic acidosis) (Fig. 5.3). However, AG has 
some limitations [8, 35, 36, 38–41, 47]. Hypoalbuminemia, which is present in 
more than 50% of critically ill patients, is the major cause of AG decrease. Therefore, 
for a constant value of pH, a 10 g/L decrease in albumin induces an AG decrease of 
approximately 2.5 mEq/L. To address this error, Figge et al. [36] have proposed to 
correct the AG calculation by taking into account albuminemia as follows:
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Corrected cAG mEq L AG normal albumin measuredalbumin/ . (( ) = + × −0 25 gg L

AG measured albumin

/

.

( )
( )= + −0 25 40  

Nevertheless, such a correction is not always sufficient to eliminate the limita-
tions of AG determination [42]. Any change in natremia, if not associated with a 
proportional change in chloremia, can modify AG independently of organic acid 
concentrations.

. Base excess (BE), standard base excess (SBE) [6, 15, 27–30, 38–46]
BE is calculated taking into account bicarbonate as the major extracellular buf-

fer and hemoglobin which is the major red blood cell buffer (Table 5.4). BE and 
SBE are calculated using arterial blood gas analysis according to the following 
formulas: BE (mEq/L) = [(HCO3

−) − 24.4 + (2.3 × Hb + 7.7) × (pH − 7.4)] × 1–
0.023 × Hb] (mEq/L), Hb in mmol/L; SBE = 0.9287 × [([(HCO3

−) − 24 + 14.83 
× (pH − 7.4)].

. Strong ion difference (SID) [5, 12, 15, 17, 21, 22, 43, 44, 47]
SID can be calculated using two formulas. Taking into account plasma electro-

neutrality, the effective SID (eSID) is the sum of bicarbonate anion with both major 
plasma weak anions represented by albuminate and phosphate (Fig.  5.2): eSID 
(mEq/L) = HCO3

− + albuminate− + phosphate−. HCO3
− concentration is calculated 

considering parameters of arterial blood gas analysis using Henderson-Hasselbalch 
equation. Albuminate− and phosphate− (Atot) are calculated considering their 
respective pK and pH. These parameters allow finally to calculate the eSID accord-
ing to the following formula [2, 5, 15, 19, 48]:

 

eSID mEq L HCO albuminemia g L pH/ / . .( )=   + ( )× × −( ) −
3 0 123 0 631 

+ ( )× × −( ) = ±phosphoremia mEq L pH mEq L/ . . ] /0 309 0 469 40 2  

However, using this formula in daily clinical practice remains limited, and the 
calculation of the apparent SID (aSID) is easier and more practical at bedside:

 
aSID mEq L Na K Ca Mg Cl lactate mEq/ /( )= + + +  − +  = ±+ + ++ ++ − − 40 2 LL  

Normal values of SID in a healthy human show large ranges, with extreme values 
from SID of 35 to 54 mEq/L [17, 20, 45]. The reduction in SID indicates the pres-
ence of an acidosis which is related to an accumulation in strong acids or to a 
decrease in cations (especially Na+) and conversely [45].

. Strong ion gap (SIG) [5, 15, 35, 44, 49]
The unmeasured strong anions (XA−) can be quantified by the calculation of the 

SIG which is the difference between all unmeasured strong cations and anions, 
according to the following formula: SIG (mEq/L) = aSID − eSID. In normal situa-
tions, SIG is of zero, but because of the presence of some low concentrated strong 
cations and anions which are not considered in the simplified calculation of aSID, 
SIG is physiologically slightly positive.
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5.6  Definition and Pathophysiological Classification 
of Acid-Base Disorders

5.6.1  Identification and Classification of ABD

The biological tools required to diagnose an ABD are summarized in Table 5.4. The 
four successive stages that allow a practical identification of ABD are summarized 
in Fig. 5.4 [7, 17, 19, 27, 28, 30, 46].

(1) Validation of blood gas analysis: arterial blood gas analysis might be inter-
preted only if calculated bicarbonates (cHCO3

−) do not differ of more than 
2–3 mmol/L from measured bicarbonates (TCO2) on arterial electrolyte determina-
tion [17]. A discrepancy between these two values indicates usually a technical error 
and must conduct to repeat measurements.

pH

1 - Validation of blood gas analysis

TCO2 (serum electrolytes) - HCO3- (BGA) ≤ 2 mmol/L

NO

Verify with a new
sample and analysis 

YES

2 - Identification of the primary disorder

pH < 7,38 = acidemia pH < 7,42 = alcalemia

HCO3
-

= metabolic acidosis
PaCO2

= respiratory acidosis
HCO3-

= metabolic alkalosis

3 - Determination of the predictible theoretical  response

Primary metabolic disorder

Compare predictable PaCO2
with measured PaCO2

Primary respiratory disorder

Compare predictable HCO3-
with measured HCO3-

4 - Precise identification of one or more  (associated) disorders

PaCO2
= respiratory alkalosis

Fig. 5.4 Algorithm including the four successive steps required to interpret an acid-base disorder. 
BGA blood gas analysis, TCO2 total CO2
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(2) Identification of the primary ABD: stricto sensu, acidemia (alkalemia) 
might be distinguished from acidosis (alkalosis). Acidemia and alkalemia indicate 
a value of pH, in other words a concentration in protons: acidemia is defined by a 
pH <7.38 and alkalemia by a pH >7.42 [6, 17]. On the other hand, acidosis is a 
pathophysiological process which is responsible for an increase in plasma proton 
concentration and conversely. This latter definition indicates the causal processes 
and is not obligatory associated with a change of pH in the same direction (as in 
complex ABD). Nevertheless, in current practice, acidemia (alkalemia) and acido-
sis (alkalosis) are merged. A primary metabolic disorder is defined by a variation 
in plasma bicarbonates, whereas a respiratory one is induced by a primary change 
in PaCO2.

(3) Evaluation of the predictable secondary response to the primary trouble: 
every primary ABD activates mechanisms of regulation which are able to minimize 
pH modifications, but never enable to normalize totally pH. This response, some-
times inappropriately referred to as “compensation,” is highly reproducible from 
statistical models which were determined according to a linear regression [6, 22, 
29]. In case of a primary metabolic disorder, the predictable response is a respira-
tory one which is immediate and based on PaCO2 variations. In case of respiratory 
primary disorders, the predictable response is performed by the kidney. Its delay is 
longer (minimum of 12 h), and its degree depends on the speed of development of 
the respiratory trouble. Therefore, acute respiratory ABD must be distinguished 
from the chronic ones. Theoretical predictable responses are characterized by their 
mechanisms, their delay of initiation, and their limits (Table 5.5). A normal value of 
pH associated with an abnormal PaCO2 or plasma bicarbonate concentration always 
indicates the presence of two or three associated disorders.

(4) Precise determination of the disorder(s): a simple (or pure) metabolic (respi-
ratory) disorder is characterized by a variation in plasma bicarbonates (variation in 

Table 5.5 Characteristics of predictable responses to primary acid-base disorders (ABD)

Primary ABD Degree of response Delay Limits
Metabolic disorders
– Acidosis (↘ HCO3

−) – ↘ PaCO2 = 1.3 × ↘ HCO3
− – 12–24 h – PaCO2 = 10 mmHg

– Alkalosis (↗ HCO3
−) – ↗ PaCO2 = 0.6 × ↗ HCO3

− – 24–36 h – PaCO2 = 55 mmHg
Respiratory disorders
– Acidosis (↗ PaCO2)
  . Acute – ↗ 10 mmHg PaCO2 = – 5–10 min – HCO3

− = 30 mEq/L
↗ 1 mEq/L HCO3

−

  . Chronic – ↗ 10 mmHg PaCO2 = – 72–96 h – HCO3
− = 45 mEq/L

↗ 3.5 mEq/L HCO3
−

– Alkalosis (↘ PaCO2)
  . Acute – ↘ 10 mmHg PaCO2 = – 5–10 min – HCO3

− = 18 mEq/L
↘ 2 mEq/L HCO3

−

  . Chronic – ↘ 10 mmHg PaCO2 = – 48–72 h – HCO3
− = 14 mEq/L

↘ 5 mEq/L HCO3
−
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PaCO2) without any other additional disorder, i.e., with a theoretical predictable 
respiratory (kidney) response equal to that measured in the patient. Mixed ABD are 
defined by the association of both metabolic and respiratory ABD in the same direc-
tion or by the association of two or three ABD, some of them being in inverse direc-
tion. Because variations in PaCO2 induced by changes in ventilation are the sole 
causes of respiratory ABD, the patient can present only one respiratory trouble. 
Therefore, the most complex ABD may associate a maximum of three disorders: 
metabolic acidosis and alkalosis with one respiratory trouble (acidosis or alkalosis). 
The diagnosis of a mixed association of metabolic acidosis and alkalosis can be 
performed by comparing the variation of bicarbonate with the chloremia and/or AG 
or SID one [17, 48, 50, 51].

5.6.2  Pathophysiology of Acid-Base Disorders

Metabolic disorders [17, 23, 30, 52, 53]
According to the classical Henderson-Hasselbalch approach, the decrease in pH 

is caused by the reduction in plasma bicarbonates which is secondary to the accu-
mulation of H+ ions. These modifications may result from the accumulation of 
organic acids (lactate, ketone bodies) or chloride (mineral acidosis) or from bicar-
bonate losses (digestive or renal) [6, 27, 28]. In the Stewart concept, metabolic 
acidosis results from a shift on the right of plasma water dissociation which induces 
an elevation in plasma H+ concentration. This shift can be generated by a reduction 
in SID or an increase in plasma weak acid concentration (Atot). The decrease in SID 
can result from hyperchloremia, a high strong anion concentration (lactate, ketone 
bodies, or other unmeasured anions XA−), or a low strong cation concentration 
(essentially Na+) [2, 3, 5, 7, 8, 23, 50, 54–56]. In this last situation, plasma and 
chloride concentrations decrease proportionally and result in a higher reduction in 
sodium amount than of chloride. The final result is a decrease in SID. The inverse 
processes explain the development of metabolic alkalosis.

Respiratory disorders [17, 23, 30, 52, 53, 57]
Regardless the approach that is used, Henderson-Hasselbalch or Stewart, PaCO2 

is the independent variable responsible for the respiratory ABD.

5.6.3  Diagnosis of Acid-Base Disorders

Metabolic acidosis
In all cases, metabolic acidosis is diagnosed on the association of low values of 

pH, plasma bicarbonates, and PaCO2, the latter being the predictable respiratory 
response which tends to return pH close to the normal value [17, 58, 59]. However, 
in case of severe and profound metabolic acidosis, the magnitude of the respiratory 
response is limited: below a pH of 6.90, PaCO2 does not continue to decrease but on 
contrary tends to re-elevate.
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According to the Henderson-Hasselbalch approach, the decrease in plasma 
bicarbonates induced by the accumulation of H+ ions is responsible for the reduc-
tion in pH. It is therefore classical to precise the diagnosis by calculating the AG [6, 
8, 27–29, 38, 46]. The AG is based on plasma electroneutrality principle whereby 
all positive (cations) and negative (anions) charges are equal (Fig. 5.2). AG allows 
to detect the presence in plasma of unmeasured anions such as sulfates, phosphates, 
and other organic acids that are not currently measured blood samples. Using this 
parameter, it is possible to distinguish high AG (organic) metabolic acidosis from 
those with a normal AG and hyperchloremia (mineral) (Fig. 5.3). However, the AG 
determination has limitations and must be interpreted with caution, because albu-
min is its major component leading to modify its value [8, 35, 36, 38, 39, 47, 60]. 
Indeed, hypoalbuminemia is the most frequent cause of reduction of AG: at a con-
stant pH, a reduction of 10 g/L of albumin is associated with a reduction of approxi-
mately 2.5 mEq/L of AG. The calculation of the corrected AG (cAG) can minimize 
this error [36]. Chloremia must be interpreted by considering simultaneously 
sodium changes thanks to the chloremia/natremia ratio or to the corrected chloremia 
[31, 32].

According to the Stewart approach, the decrease in pH can be induced by a 
decrease in SID and/or an increase in weak acids, both being responsible of the 
decrease in plasma bicarbonates which is obligatory to maintain electroneutrality 
(bicarbonate plays its role of buffer) [5, 9, 17, 18, 21, 43, 44, 47, 54]. Therefore, a 
reduction in SID responsible for an acidosis may be secondary to an excess in strong 
organic or nonorganic acids (chloride, Cl−) or to a decrease in cations and con-
versely [2, 8, 15, 45, 57]. The magnitude of unmeasured strong anion accumulation 
can be estimated by calculating the “strong ion gap” or SIG [5, 15, 21, 40, 49, 51]. 
The prognostic value of SID compared with that of AG remains controversial [5, 16, 
40, 41, 49, 58, 61, 62].

Metabolic alkalosis
In all cases, metabolic acidosis is characterized by high values of pH, plasma 

bicarbonates, and PaCO2, the latter being the predictable respiratory response which 
tends to return pH close to the normal value [6, 8, 27, 28, 63–65]. However, the 
respiratory response is autolimited by the concomitant induced hypoxemia.

According to the Henderson-Hasselbalch approach, the elevation of plasma 
bicarbonates is the primary cause of the elevation of pH. In hypochloremic alkalosis 
or “chloride-depletion metabolic alkalosis,” the mechanism of alkalosis is the loss 
of nonvolatile protons, which can be initiated by the digestive tractus or by the kid-
ney. These losses are associated with a concomitant loss of chloride, which explains 
the presence of hypochloremia, and usually a loss of potassium to which explains 
the presence of hypokalemia. An exogenous (usually iatrogenic) overload of bicar-
bonate may also induce a chloride-depletion metabolic alkalosis. Chloride nonde-
pleted metabolic alkalosis is caused by a renal reabsorption of bicarbonates.

According to the Stewart approach, chloride-depleted metabolic alkalosis is 
caused by the decrease of chloremia which is proportionally higher than that of 
natremia and thus conducts to increase SID and finally pH. Chloride losses may be 
initiated by the digestive tractus or the kidney. Metabolic alkalosis may also result 
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from an elevation in natremia which is more often iatrogenic related to an excessive 
exogenous intake of sodium bicarbonate and is responsible for an increased SID [8, 
9, 18, 19]. The same mechanism is involved in the metabolic alkalosis which is cur-
rently considered to be related to volume depletion. Indeed, there is no volume 
depletion but an increased SID secondary to hypernatremia. Nondepleted chloride 
metabolic alkalosis is generated by renal reabsorption of sodium associated with an 
elevation of SID. At last, the elevation of pH can be due to a reduction in weak 
acids, essentially in hypoalbuminemia.

In summary: Table 5.6 summarizes the classification and causes of ABD accord-
ing to Henderson-Hasselbalch or Stewart concepts. It is important to highlight that 
ABD that are generated by dysnatremia are not identified in the classical Henderson- 
Hasselbalch approach.

 Conclusion
The pH of a solution represents its degree of acidity (or alkalinity). In the body, 
it is variable among organs and structures. Only plasma pH is easily available in 
clinical practice thanks to a rapid measurement by a pH meter. Plasma pH is 
closely regulated thanks to buffer systems and to the elimination (or uptake) of 
CO2 by the lung and of electrolytes by the kidney.

The classical Henderson-Hasselbalch approach is based on the analysis of 
plasma pH, PaCO2, bicarbonates, and AG, which allows to interpret acid-base 
disorders. This approach remains the most routinely used at bedside. The Stewart 
concept is based on the analysis of three independent variables that are PaCO2, 
the strong ion difference (SID), and the plasma concentration of weak acids 
(albuminate and phosphate). This approach appears less easy for a daily practice 

Table 5.6 Classification of most primary acid-base disorders (ABD) according to the Henderson- 
Hasselbalch and Stewart concepts

Metabolic ABD Respiratory ABD
Henderson-Hasselbalch concept

pH HCO3
− PaCO2

– Acidosis ↘ ↘ ↗
   . Elevated anion gap
   . Hyperchloremia

– Alkalosis ↗ ↗ ↘
Stewart concept

SID Atot PaCO2

– Acidosis ↘ ↗ ↗
 . Hyperchloremia . ↗ Albuminate
 . Hyponatremia . ↗ Phosphate
 . ↗ XA− (± ↗ SIG)

– Alkalosis ↗ ↘ ↘
 . Hypochloremia . ↘ Albuminate
 . Hypernatremia

SID strong ion difference, Atot total weak acids, XA− unmeasured strong ions, SIG strong ion gap
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and requires to understand some physical principles. However, in critically ill 
patients with complex acid-base disorders, this is the sole way to analyze exactly 
the disorder and its real cause(s). Such an approach is particularly useful in case 
of hypoalbuminemia and hypernatremia which generate metabolic alkalosis. 
Such an association which is totally ignored by the Henderson-Hasselbalch con-
cept may blunt or minimize the severity of a concomitant metabolic acidosis and 
conduct to errors in diagnosis and treatment. In these cases, it is essential to 
measure plasma lactate, albumin concentrations, as well as other required param-
eters which are necessary to calculate the SID.
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6Acidosis: Diagnosis and Treatment

Hervé Quintard and Carole Ichai

6.1  Introduction

Acidosis is characterized by a decrease in plasma pH. The first chapter will focus on 
the pathophysiological principles responsible for the development of an acidosis. 
Clinical signs of an acidosis are not specific, and the diagnosis is based on the con-
text, on the history, and finally on the biological abnormalities. Metabolic acidosis 
(MA) must be distinguished from respiratory acidosis (RA) because causes and 
treatment are totally different. The treatment of acidosis will be developed in the last 
chapter.

6.2  Pathophysiology of Acidosis

Stricto sensu, the term “acidemia” refers to a low plasma pH (<7.38 ± 2) [1]. On the 
other hand, acidosis defines a pathophysiological process which induces an increase 
in plasma proton concentration ([H+]) (expressed by a decrease in pH) [1–5]. Indeed, 
a complex acid-base disorder can associate both acidosis and alkalosis, the final 
resulting value of pH depending on the severity of each disorder. In practical, both 
acidemia and acidosis are routinely merged and only acidosis is routinely used.

The pathophysiology of MA differs according to the concept used for their inter-
pretation. In the traditional Henderson-Hasselbalch approach, the decrease in pH is 
caused by an excess of plasma protons issued from an organic or a mineral acid or 
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by a loss of plasma bicarbonates [1, 2, 4]. The Stewart concept which considers all 
of the involved parameters but not only bicarbonates attributes the decline in pH to 
a greater dissociation of plasma water leading to elevate plasma proton concentra-
tion according to the following relation: H2O ⇔ H+ + OH−. Two independent major 
parameters may impact this degree of dissociation and in turn the plasma pH: the 
strong ion difference (SID) which is the difference between the strong cations and 
anions and the amount of weak acids (cf Chap. 5). Any decrease in plasma SID, 
whether resulting from a decreased strong cations (Na+) or an increased strong 
anions (Cl−, lactate−, ketone bodies−), induces a decrease in pH and bicarbonate 
concentration. Any increase in weak acids (albuminate) will lead to comparable 
consequences [6–8]. Finally, irrespective of its mechanism, MA is characterized by 
a low pH and plasma bicarbonates concentration and can be calculated by the math-
ematical Henderson-Hasselbalch equation: pH = 6,10 + log [HCO3

−]/0.03 × PaCO2 
(6.1 being the constant half-dissociation pKa of plasma bicarbonate, 0.03 being the 
solubility coefficient of CO2). The secondary adaptative respiratory response (inap-
propriately called “compensation”) consists in hyperventilation for increasing CO2 
removal, aiming to attenuate the decrease in plasma pH. In simple MA (isolated dis-
order), the magnitude of the secondary respiratory response can be calculated and is 
considered as the expected (or predictable) PaCO2 (Table 6.1). However, it must be 
underlined that such an answer never enables to normalize completely the pH.

Regardless the pathophysiological approach, RA is always initiated by an eleva-
tion of PaCO2 [6–9]. The normal daily endogenous production of CO2 represents 
15–20,000 meq/d, which comes essentially from protein metabolism. The lung is 
the major organ that enables to remove CO2 (volatile anion). Therefore, an efficient 
alveolar ventilation associated with an appropriate hemodynamic status is needed to 
maintain a constant level of PaCO2. It is important to distinguish acute from chronic 
RA which conducts to different clinical, biological signs and has different causes. 
Acute RA is associated with a slight to a moderate secondary renal response due to 
the short delay for the kidney to develop and exert it completely; in this situation, 
the predictable response can be evaluated as follows: any increase of PaCO2 by 
10 mmHg induces a 1 meq/L increase of HCO3

− (Table 6.1). In chronic RA, the 

Table 6.1 Characteristics of predictable responses in case of simple metabolic and respiratory 
acidosis

Primary acidosis Level of response Delay Limits
Metabolic disorders
– Acidosis  
(↘ HCO3

−)
– ↘ PaCO2 = 1.3 × ↘ HCO3

− – 12–24 h – PaCO2 = 10 mmHg

Respiratory disorders
– Acidosis  
(↗ PaCO2)
  • Acute – ↗ 10 mmHg PaCO2 = – 5–10 min – HCO3

− = 30 meq/L
↗ 1 meq.L−1 HCO3

−

  • Chronic – ↗ 10 mmHg PaCO2 = – 72–96 h – HCO3
− = 45 meq/L

↗ 3.5 meq.L−1 HCO3
−
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secondary renal response can develop completely to reach a steady-state level, and 
an increase of 10  mmHg of PaCO2 induces a 3.5  meq/L elevation of HCO3

− 
(Table 6.1). This increase in plasma bicarbonate concentration is usually associated 
with a simultaneous urinary excretion of chloride which induces an alkalosis: this is 
the classical metabolic alkalosis associated with chronic RA. In all cases, the sole 
expected renal response cannot normalize totally the decrease in pH.  A normal 
plasma pH in the presence of an abnormal value of PaCO2 or HCO3

− has to make 
evoke a mixed acid-base disorder (association of 2–3 disorders).

6.3  Diagnosis of Metabolic Acidosis

The diagnosis of MA can only be confirmed with certainty using biological data. 
However, questioning on the history and on the underlying comorbidities associated 
with a clinical exam remains an essential step for the diagnosis.

6.3.1  Questioning: Clinical Signs

The first step of acidosis diagnosis consists in a careful clinical evaluation. Questions 
must precise the context and the possible absorption of toxic or drugs that may ori-
entate the diagnosis. Clinical signs are not specific and present only in severe MA 
[1, 4, 6, 9]. Cardiovascular manifestations include arrhythmias, collapse, or shock. 
Neurological signs can be slight to severe: headache, obtundation, confusion, sei-
zures, or coma. A skeletal muscle weakness can be present due to the reduction in 
intracytoplasmic ionized calcium. Acidosis can also manifest by gastrointestinal 
symptoms such as nausea, vomitings, and diarrhea. Hyperventilation as the second-
ary response to MA manifests as regular, wide, and deep respiratory cycles. Patients 
with controlled ventilation can become unsynchronized from the ventilator. Acidosis 
causes pulmonary vasoconstriction and a shift of the hemoglobin dissociation curve 
on the right, favoring in turn tissues O2 delivery. Prolonged MA (as in chronic renal 
insufficiency) has metabolic consequences: increased protein catabolism, insulin 
resistance, modifications of calcium metabolism, hyperparathyroidism with osteo-
dystrophy, abnormal secretion of thyroid, and growth hormones.

6.3.2  Biological Signs

The diagnosis with certainty is based on measured and calculated parameters issued 
from arterial samples to perform simultaneously blood gas analysis and electrolytes 
measurements. The absolute criteria for diagnosing MA are the association of both 
a low pH and bicarbonate concentration (and a negative standard base excess, SBE) 
and a decrease in PaCO2 (respiratory response) [1, 3, 6]. MA is the sole disorder 
(pure or simple MA) if the measured PaCO2 is equal to the predictable one and if no 
additional metabolic alkalosis is associated. MA is a part of a mixed acid-base 
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disorder when the secondary renal response differs from what would be expected 
[1]. RA is associated with a primary MA when actual PaCO2 exceeds predictable 
PaCO2; respiratory alkalosis is associated with a primary MA when actual PaCO2 is 
lower than the predictable one.

6.3.3  Etiologic Diagnosis

MA is commonly classified according to the value of the anion gap (AG) and of 
serum chloride concentration [1, 3]. The AG is based on plasma electroneutrality 
which indicates that the sum of cations is equal to that of anions. The AG reflects the 
presence of unmeasured anions and is calculated according to the following for-
mula: AG = Na+ − (Cl− + HCO3

−) = 8–12 meq/L [5, 8]. Therefore, there are two 
groups of MA, those with an elevated AG and those with a normal AG and hyper-
chloremia (Tables 6.2 and 6.3, Fig. 6.1). The elevated unmeasured anion concentra-
tion is responsible for the increase in AG which is associated with the decrease in 
pH and bicarbonates. MA caused by hyperchloremia (classical mineral acidosis) or 
by bicarbonate loss does not induce any changes in the AG value. However, the AG 
tool may be imprecise and inaccurate, especially in critically ill patients with com-
plex acid-base disorders. Indeed, the weak anion albuminate represents a major 
component of the AG; therefore, its variation may lead to misinterpretation of acid- 
base disorders [1, 2, 10, 11]. For a constant pH, a 10 g/L variation of albumin modi-
fies the AG of approximately 2.5 meq/L. To minimize this problem, Figge et al. [10] 
have proposed to calculate the corrected AG according to the following formula: 
cAG (meq/L) = AG + 0.25 (40 − actual Alb). However, this correction is not always 
sufficient to avoid this pitfall because nonproportional between variations of strong 
cations (Na+) and strong anions (Cl−) can also modify AG values [11, 12].

Table 6.2 Classification of acidosis according to the Henderson-Hasselbalch and Stewart 
concepts

Metabolic acidosis Respiratory acidosis
Henderson-Hasselbalch concept
pH HCO3

− PaCO2

↘ ↘ ↗
    • High anion gap
    • Hyperchloremia
Stewart concept
SID Weak acids PaCO2

↘ ↗ ↗
 • Hyperchloremia • ↗ Albuminate
 • Hyponatremia • ↗ Phosphate
 • ↗ XA− (± ↗ SIG)

SID strong ion difference, XA− unmeasured strong acids, SIG strong ion gap
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Based on the Stewart approach, MA can be caused by a decreased SID or by an 
increased amount of weak acids (Table 6.2). The decrease in SID can be the conse-
quence of three abnormalities [7]:

 – A decrease of the difference between the major nonorganic (nonmetabolizable) 
extracellular strong cation (Na+) and strong anion (Cl−). Due to their low plasma 
concentration, magnesium (Mg++), calcium (Ca++), and potassium (K+) cannot 
induce relevant modifications of SID and in turn of pH [1, 2].

 – An increase of organic strong anions (lactate, ketone bodies).
 – The presence of abnormal exogenous strong anions such as toxic or drugs.

The presence of organic (exogenous or endogenous) strong anions will be 
detected by calculating the “strong ion gap” (SIG) given by the following formula: 
SIG (meq/L) = apparent SID − effective SID (Table 6.4). It is not unusual to observe 
some associations between these abnormalities [7, 13]. The sole slight or moderate 
increase in weak anions (sulfate, phosphate) cannot really modify the pH because as 
compared to previous parameters, this absolute amount is negligeable [2]. All cal-
culations needed for the diagnosis are summarized in Table 6.5 and Fig. 6.2.

Table 6.3 Classification of 
metabolic acidosis according 
to the anion gap (AG)

High AG metabolic acidosis
  – Caused by organic acid production
   • Hyperlactatemia
   •  Ketone bodies: diabetic ketoacidosis, fast 

ketoacidosis
  –  Caused by a decreased renal excretion of organic 

acids: acute renal failure
   • Hyperphosphatemia, hypersulfatemia
  – Caused by an exogenous toxic anion poisoning
   • Salicylates
   • Methanol, ethylene glycol
   • Paraldehyde
Normal AG metabolic acidosis
  – Renal origin
   • Renal tubular acidosis
   • Hyperparathyroidism
   • Hypoaldosteronism
   • Neoplasia
  – Gastrointestinal origin
   • Diarrhea
   • Grelic/pancreatic draining or fistula drainage
  – Dilutional acidosis = hyponatremia
  – Exogenous intake (iatrogenic or overdoses)
   • NH4Cl, CaCl2, MgCl2

   • Parenteral nutrition
   • Inhibitors of carbonic anhydrase
   • Bile acid sequestrant (cholestyramine)
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Several studies have reported that the Stewart method allows to identify more 
acid-base disorders, especially in case of mixed disorders and more precisely their 
mechanisms in intensive care unit when compared with the traditional approach 
[14–16]. Indeed, an acid-base disorder has been identified in 14% additional patients 
with the Stewart approach as compared to the Henderson-Hasselbalch one [16]. 
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Fig. 6.1 Schematic representation of the two categories of metabolic acidosis according to the 
variation in anion gap (AG). (a) Normal situation: AG represents the difference between all unmea-
sured anions and cations present in plasma. (b) Mineral hyperchloremic metabolic acidosis: each 
excessive molecule Cl− releases a proton H+ which is buffered by one HCO3

− to maintain electro-
neutrality; chloride Cl− is elevated, and as it enters in the calculation of AG, this latter remains 
normal <12 mmol/L. (c) Organic metabolic acidosis: each excessive strong anion releases a proton 
H+ which is buffered by one HCO3

− to maintain electroneutrality; the remaining strong dissociated 
anion does not enter in the calculation of AG leading to a high AG >12 mmol/L

Table 6.4 Classification of metabolic acidosis according to plasma strong ion gap (SIG) and 
urinary strong ion difference (SID)

High SIG metabolic acidosis Normal SIG metabolic acidosis
Endogenous anions Urinary SID > 0 = renal causes
  • Lactate
  • Ketone bodies

  • Renal tubular acidosis

Exogenous anions Urinary SID < 0 = extrarenal causes
  • Salicylate
  • Methanol, ethylene glycol, paraldehyde

  •  Gastrointestinal losses: diarrhea, 
grelic/pancreatic draining, uretero- 
digestive anastomosis, neobladder

  •  Iatrogenic: parenteral nutrition, 
unbalanced solutions infusion

  •  Anion exchange resins (bile acid 
sequestrant)

Unmeasured anions
  •  Intermediate substrates of the Krebs cycle 

(produced during sepsis, renal or liver 
insufficiency/failure): pyroglutamate, 
formate, oxalate, glycolate, etc.
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Recently, Szrama et al. [14] confirmed that critically ill patients with sepsis suffered 
from mixed acid-base disorders. Hypoalbuminemia was present in 100% of patients, 
and despite a normal standard base excess, patients presented acid-base abnormali-
ties: hyperlactatemia, hyperchloremia, and a high SIG were observed in 21.3%, 
98.4%, and 13.9%, respectively. On the other hand, acidosis (SBE < −2) was asso-
ciated with hyperlactatemia in 35% and hyperchloremia in 96.9% of cases, and 
alkalosis (SBE > +2) was associated with hyperlactatemia in 18.4% and hyperchlo-
remia in 88% of cases.

Table 6.5 Formulas required for the etiologic diagnosis of metabolic acidosis

  – AG = Na+ − (Cl− + HCO3
−) = 8–12 mEq/L

  or = (Na+ + K+) − (Cl− + HCO3
−) = 8–17 mEq/L

  – Corrected AG = calculated AG + 0.25 × (40 − measured albumin [g/L])
  • Standard base excess = 0.9287 × [HCO3

− − 24.4 + 14.83 × (pH − 7.4)] = 0 mEq/L
  – SIDa = (Na+ + K+ + Ca++ + Mg++) − (Cl− + lactate−) = 40 ± 2 mEq/L

  –  SIDe = [HCO3
−] + [albumin (g/L) × (0.123 × pH − 0.631)] + phosphate (mEq/L) ×  

(0.309 × pH − 0.469)] = 40 ± 2 mEq/L
  – SIG = SIDa − SIDe = 2–6 mEq/L
  – Urinary SID = (urinary Na + urinary K) − urinary Cl

AG plasma anion gap, SIDa apparent strong ion difference, SIDe effective strong ion difference, 
SIG strong ion gap

AG

CATIONS ANIONS

Unmeasured
anions

Unmeasured
cations

Na+

140

Cl–

105

HCO3
–

25

Alb, Ph
lactate

eSID

SIG

aSID

Fig. 6.2 Representation of plasma positive and negative charges. Unmeasured cations include 
Ca++ and Mg++; SID is always positive, with a normal value of 40 meq/L. The normal difference 
between eSID and aSID (SIG) is of 0–5 meq/L, but increases if unmeasured strong anions accu-
mulate. AG is also composed by unmeasured strong anions by also of weak acids such as albumi-
nate and phosphate. Normal AG value is approximately 12  meq/L; it elevates in case of 
accumulation of organic acids (lactate, ketone bodies). AG plasma anion gap, aSID apparent strong 
ion difference, eSID effective strong ion difference, SIG strong ion gap, Alb albuminate,  
Ph phosphates
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6.3.3.1  High SIG Metabolic Acidosis

Metabolic Acidosis Caused by Hyperlactatemia (see Chap. 8)
This represents one of the major causes of MA in intensive care unit, as it is observed 
in approximately 2/3 of patients [7, 11, 17]. Lactic acidosis is commonly defined as 
a metabolic acidosis associated with an elevated serum lactate concentra-
tion ≥ 5 mmol/L. However, hyperlactatemia is not obligatory associated with acido-
sis [12, 18]. Lactate is a strong organic (metabolizable) anion and is included in the 
group of MA with an elevated AG and cAG. However, the low precision of these 
two parameters forces us to measure lactatemia to confirm the diagnosis [7, 12]. 
According to the Stewart concept, an acidosis with hyperlactatemia is characterized 
by a low SID associated with a high SIG. In 1976, Cohen and Wood classified MA 
with hyperlactatemia into two groups according to the presence or not of an impair-
ment of tissue oxygenation. Nevertheless, this classification proves to be inaccurate, 
as hyperlactatemia is caused by various disorders which associates aerobic and 
anaerobic metabolism such as observed during sepsis [1, 7]. In these situations, an 
increased lactate/pyruvate ratio can only confirm that hyperlactatemia is caused by 
an anaerobic metabolism [7]. But in clinical practice, the measurement of serum 
pyruvate concentration is difficult and not routinely available because such a mea-
surement is long and requires to be performed rapidly as pyruvate is very labile.

Metabolic Acidosis Caused by Ketoacidosis
Diabetic ketoacidosis (DKA) is one of the acute metabolic complications of diabe-
tes. Since more than 15 years, the mortality rate reaches less than 5%, thanks to an 
improved medical management [11, 19–21]. DKA is related to the accumulation in 
plasma of ketone bodies (acetone, acetoacetate, ß-hydroxybutyrate), all strong 
organic anions which are issued from an enhanced ß-oxidation of free fatty acids 
due to insulin deficiency and excessive concentration in counter-regulatory hor-
mones. DKA is classically described as a pure MA with an elevated AG associated 
with hyperglycemia. However, it is preferred to characterize it by a decreased SID 
and an increased SIG which reflects the presence of excessive amount of strong 
organic anions (in this case ketone bodies). The determination of serum ketone bod-
ies (ketonemia) is long and leads to perform an indirect but rapid detection in urines 
(ketonuria). Usually, polyuria caused by hyperglycemia induces an acute renal fail-
ure which is responsible for an accumulation of weak acids (sulfate, phosphate) that 
worsen MA. In the early period, the decrease in renal excretion of ketone bodies is 
associated with a concomitant increase in urinary chloride excretion in order to 
maintain urine electroneutrality. This phenomenon may cause a slight metabolic 
alkalosis associated with the MA. This hypochloremic metabolic alkalosis is aggra-
vated by frequent vomitings [21]. Therefore, acid-base disorders of DKA are rarely 
a simple isolated organic MA. During the treatment of DKA, the development of 
hyperchloremia is frequently observed and is caused by two phenomenons: a high 
exogenous intake of chloride related to unbalanced crystalloids infused for vascular 
expansion and the improvement of renal function which allows to eliminate ketone 
bodies in urines in return to chloride reuptake. Therefore, during the improvement 
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of DKA, the early organic MA is progressively replaced by a hyperchloremic 
MA. The diagnosis of DKA is usually easy, based on the history, the context, and 
the classical Küssmaul polypnea. The efficacy of treatment is based on the decreased 
rate of hyperglycemia and on the decrease of ketone body production which is mon-
itored by ketonuria. It must be underlined that ketone body determination by urine 
dipsticks uses a nitroprusside reagent which reacts only with acetoacetate (and ace-
tone). When ketonemia is strongly high, the thermodynamic reaction favors the pro-
duction of ß-hydroxybutyrate from acetoacetate and conversely [22]. This explains 
the discordant results between ketonuria and ketonemia (and the evaluation of DKA 
severity). When the patient’s condition improves and ketonemia decreases, the com-
mon trap is to observe a paradoxical re-increase of ketonuria which simply indicates 
the inverse preferential thermodynamic metabolism of ß-hydroxybutyrate in aceto-
acetate. Capillary measurement of ketonemia has been advocated, using point of 
care devices, which presents the advantage to be rapid, in real time and available at 
bedside. However, values from these devices, even with the most recent generation, 
remain not precise and dependent on the staff training. Finally, recommendations on 
the method for measuring ketone body production (in plasma, capillary, or urine) 
for the diagnosis of DKA and its severity and monitoring its resolution remain 
debated [22].

The prolonged fast which is physiologically accompanied by insulinopenia and 
hyperglucagonemia can also stimulate ketone body production leading to the clas-
sical fast ketoacidosis, with comparable acid-base disorders as in diabetic patients.

Metabolic Acidosis Caused by Toxic Intake
In these situations, MA is also caused by the accumulation of strong anions and is 
characterized by a high AG or a decreased SID with an increased SIG. These strong 
anions are usually issued from drug or toxic catabolism (salicylate, pyroglutamate, 
formate, oxalate, and glycolate) [23].

Acetylsalicylate overdose associates MA with a predominant respiratory alkalo-
sis due to the stimulation of respiratory centers by salicylate. Therefore, pH is fre-
quently alkaline, especially within the first hours and in less severe situations [1, 2]. 
The association of consciousness disorders with MA with high AG/SIG in the con-
text of poisoning must orientate to an intake of methanol or ethylene glycol. This 
diagnosis is strongly evoked in case of an elevated osmolar gap (measured plasma 
osmolarity − calculated plasma osmolarity [>10 mosm/L]). A direct measurement 
of serum concentration of these two toxics can confirm the diagnosis. The oxidation 
of methylene in formate and formaldehyde may cause blindness due to a direct 
toxicity on the optic nerve. The ethylene glycol poisoning can manifest by neuro-
logical disorders, cardiovascular collapse, and liver and renal failures. Its catabo-
lism in oxalate and formate is responsible for the decreased SID and the 
increased SIG.

In critically ill patients, SIG is frequently elevated, independently of any abnor-
mal excessive amount of lactate, ketone bodies, or toxics. The elevated SIG indi-
cates the presence of unknown strong anions which seems to be intermediate 
substrates issued from the Krebs cycle [23].
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Metabolic Acidosis Caused by Renal Insufficiency
MA during renal insufficiency has been classically attributed to an abnormal excre-
tion of protons and bicarbonates reabsorption [1, 2]. But this pathophysiological 
point of view ignores totally the dependency of bicarbonates and protons and the 
role of other factors implicated in acid-base equilibrium. The kidney plays a major 
role in this equilibrium because of its involvement in plasma-urine electrolytes 
exchanges which modulate plasma and urine SIDs [2, 7]. The three strong ions 
mostly implicated in these phenomenons are Na+ cation (and secondarily K+) and 
Cl− anion. Therefore, if Na+ losses are superior to Cl− ones, urinary SID and pH will 
increase while plasma SID and pH will decrease [7]. The excretion of Cl− would be 
the principal mechanism of plasma pH regulation by the kidney. The kidney must 
excreted chloride anions without excreting concomitantly Na+ or K+, leading to 
acidify urines and in turn, to alkalinize plasma pH. For preserving electroneutrality, 
the cation that accompanies Cl− in urines is ammoniac NH4

+ which comes from 
nitrogenous metabolism.

During renal insufficiency, the mechanisms of MA are complex, multiple, and 
depending on the length of the disease [3, 4, 7, 24]. At the early phase of renal 
insufficiency, hyperchloremia is the major cause of the decreased SID and thus of 
the decreased pH [25]. Acidosis is therefore a MA with a low SID but a normal 
SIG (and a normal AG). In severe, end-stage, and terminal renal insufficiency, 
renal excretion of strong anions is impaired and may be responsible for more than 
50% of MA with a low SID and a high SIG (and AG). In acute renal failure, the 
accumulation of sulfates and phosphates in plasma associated with hypocalcemia 
can be implicated in the development of MA with an elevated SIG. On the other 
hand, all these acidifying factors are frequently counterbalanced by hypoalbumin-
emia and hyperkalemia which cause alkalinization, leading finally to a slight-to-
moderate MA.

6.3.3.2  Normal SIG Metabolic Acidosis
They are caused by solely changes in electrolyte concentrations which induce a 
decrease in plasma SID, due to a decrease in cations or an increase in anions or the 
association of both. Therefore, these MA are characterized by an increase in chloride/
sodium ratio (>0.75) because of an absolute excess of chloride or a relative excess 
caused by a loss of sodium while SIG is normal. A recent retrospective study has evalu-
ated the participation of chloride in MA associated with a low SID using three param-
eters: Na/Cl ratio, the base excess chloride (BEcl = Na+ − Cl− − 32), and the nonlactate 
SID (nlSID) [(Na+ + K+ + Ca++ + Mg++) − Cl−] [20]. One thousand sixty-nine critically 
ill patients were included; a high nlSID was present in 16.3% of patients and was inde-
pendently associated with an increased mortality. The classification between a renal 
and a nonrenal cause is confirmed by the calculation of urinary SIG according to the 
following formula: uSIG (meq/L) = (uNa+ − uK+) − uCl− (Table 6.5) [7].

Metabolic Acidosis Caused by Renal Tubular Acidosis
These disorders are due to tubular function abnormalities while glomerular filtration 
rate is not impaired [6, 7, 26, 27]. Irrespective of the type of the tubular acidosis, 
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MA is caused by hyperchloremia with a decrease in SID, but a normal SIG associ-
ated with a positive urinary SIG. All tubular acidosis are characterized by abnor-
malities of electrolytes channels or transporters that induce finally a greater renal 
reabsorption of chloride and sodium reabsorption, leading to an elevation of the 
urine SID and a reduction of the plasma SID and pH.

In the renal distal tubular acidosis (type 1), disorders are essentially caused by 
abnormalities of intercalated cells of the collecting tube. Abnormalities are located 
on cells of proximal convoluted tubule in proximal tubular acidosis (type 2). Type 4 
renal tubular acidosis (pseudohypoaldosteronism type 2) induces various metabolic 
abnormalities which are characterized by a hyperchloremic MA associated with 
arterial hypertension and hyperkalemia [6, 7]. This acidosis is due to multiple 
abnormalities of channels which are located on cells of distal convoluted tubule and 
collecting tube and which are involved in Na+, K+, and Cl− movements and in kinase 
transporters.

Metabolic Acidosis Caused by Digestive Losses
The intestinal losses due to diarrhea or grelic/pancreatic draining induce MA 
because the gastrointestinal tube reuptakes sodium and chloride in an equal amount, 
leading finally to decrease plasma SID. This is a hyperchloremic MA with a low 
SID and a normal SIG, but the urinary SIG is negative indicating an appropriate 
response of the kidney (Table 6.5). Patients with a new bladder issued from the 
digestive tube develop a similar type of acidosis because accumulated urines in the 
colon undergo a comparable reuptake of both Na+ and Cl−.

Metabolic Acidosis Caused by Fluids
The infusion of large volume of solutions for vascular expansion can induce com-
plex acid-base disorders which are different according to their composition. The 
composition, i.e., concentration in cations and anions of most solutions, is summa-
rized in Table 6.6. One of the most common acid-base disorders is hyperchloremic 
MA [28]. Considering the Henderson-Hasselbalch approach, these hyperchloremic 
acidoses are induced by a decrease in plasma bicarbonates, leading to a dilutional 
acidosis. However, several studies failed to confirm the presence of any change in 
plasma volume or of hemodilution [29]. The accurate explanation of the mechanism 
of this disorder is given by the Stewart method which attributes acidosis to a decrease 
in SID by two phenomenons. First, the infusion of hypotonic solution induces a 
reduction of Na+ which is proportionally greater than that of Cl−, leading to a 
decrease in SID and in turn in pH: the classical dilutional acidosis is finally an aci-
dosis caused by hyponatremia (not proportional to hypochloremia). But the most 
frequent and severe disorder is an inorganic MA due to hyperchloremia which is 
provoked by the infusion of solutions rich in chloride, called “unbalanced” solu-
tions [4, 7, 8, 14, 25, 30, 31]. The best “balanced” solutions are those with a SID of 
approximately 24 meq/L [32–34]. Crystalloids such as saline (“normal” 0.9% NaCl 
or hypertonic) are characterized by a SID equal to zero, as sodium concentration 
equals chloride concentration, explaining their acidifying effect [35]. In the same 
time, they have also an alkalinizing effect because they induce a dilutional 
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albuminemia (they do not contain albumin). The resulting effect is still an acidifica-
tion related to hyperchloremia. Balanced solution must add some strong anions to 
reach electroneutrality. Various anions are present in such commercialized solu-
tions, depending on the laboratory: lactate, acetate, malate, gluconate, and citrate. 
The metabolization of these anions can then induce an alkalotic rebound due to a 
re- increase of SID. The impact of colloids such as hydroxyethyl starch or dextrans 
on the acid-base status depends on the SID of the solvent. Gelatins and albumin are 
proteins and weak acids and induce a slight acidosis [36]. But the negative charges 
of these proteins must conduct to increase the solvent SID, leading to minimize the 
acidifying effect. The “SAFE” study has shown that in clinical practice, vascular 
expansion with 0.9% NaCl or 4% albumin induces the same degree of MA, with a 

Table 6.6 Classification of intravenous solutions in “unbalanced” and “balanced” according to 
their qualitative and quantitative composition

Solutions
Na+ 
(meq/L)

K+ 
(meq/L)

Cl− 
(meq/L)

Other anions 
(meq/L)

Osmolarity 
(mosm/L)

In vivo 
SID 
(meq/L)

Crystalloids
  • Unbalanced
  NaCl 0.9% 154 0 154 – 308 –
  NaCl 3% 510 0 510 – 1026 –
  NaCl 7.5% 1275 0 1275 – 2395 –
  • Balanced
  Ringer’s lactate 130 4 108 Lactate 

(27.6)
277 27

  Ringer’s acetate 132 4 110 Acetate [28] 277 27
  Acetate 

gluconate 
(Plasma-Lyte®)

140 5 98 Acetate [26]
Gluconate 
[22]

294 50

  Acetate malate 
(Isofundin®)

145 4 127 Acetate [23]
Malate [5]

304 27

Colloids
  • Unbalanced
  Hydroxyethyl 

starch 
(Voluven®)

154 0 154 – 308 –

  Albumin 154 0 154 – 308 –
  • Balanced
  Hydroxyethyl 

starch 
(Tetraspan®)

140 4 118 Acetate [23]
Malate [5]

297 29

  Hydroxyethyl 
starch 
(Hextend®)

143 3 124 – 307 28

  Gelatins 4% 
(Plasmion®)

154 0 120 – 307 32

  Gelatins 3% 
(Gelofusine®)

150 0 100 – 284 56
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progressive normalization within the 5 following days [37]. Red blood cell transfu-
sion has an alkalinizing effect which is caused by both the dilution of plasma albu-
min and the presence of sodium citrate. Indeed when citrate is metabolized, sodium 
cation remains in plasma and requires an elevation of bicarbonates to reach electro-
neutrality. At last the SID increases and the plasma too. However, in case of liver 
failure, citrate anion accumulates and produces MA with an increased SIG (and AG) 
in association with ionized hypocalcemia.

Numerous studies conducted in the perioperative period confirm the relationship 
between the infusion of unbalanced solutions and hyperchloremic MA [30, 35, 38, 
39]. In an experimental model of mice with hemorrhagic shock, vascular expansion 
was performed using iso- or hypertonic saline. All animals developed hyperchlore-
mic MA within the first 5 min, but MA was more pronounced with hypertonic saline 
crystalloids [38]. Scheingraber et al. [29] compared isotonic saline versus Ringer’s 
lactate aiming to perform vascular expansion during gynecologic surgery. These 
authors found that only patients receiving isotonic saline developed hyperchloremic 
MA.  An observational prospective study including various types of surgery has 
shown that patients developed MA with a decrease in SID without increase in AG, 
which confirms the role of chloride in the development of such a disorder [35]. On 
the other hand, no change in plasma volume was detected within the study period, 
leading to eliminate any dilution to explain the decrease in plasma bicarbonates. A 
double-blind randomized controlled study has compared the effect of two solutions 
used for the priming of extracorporeal circuit during cardiac surgery: one group 
received unbalanced solutions vs one group receiving balanced solutions containing 
acetate and gluconate [36]. While plasma bicarbonates and albumin decreased ini-
tially in the same proportion in both groups, a sustained hyperchloremic MA with a 
decreased SID was observed only in the group receiving unbalanced solutions. In 
the balanced group, chloremia and SID remained normal, but the pH and bicarbon-
ates decreased initially as indicated by the increase in AG and SIG. These results are 
explained by the presence of strong anions contained in the balanced solution (ace-
tate, gluconate). The acid-base equilibrium normalizes further when these strong 
anions are metabolized. Globally, the severity of acidosis is correlated to the 
excessive level of chloride, the volume, and the speed of infusion. When renal 
function is normal, hyperchloremic acidosis is often transitory. In intensive care 
unit, hyperchloremic acidosis is frequent, present in 60–98% of patients [3, 14]. 
In a canine model of endotoxinic shock, Kellum et al. [30] have shown that vas-
cular expansion with isotonic saline was associated with MA due in 1/3 of cases 
to hyperchloremia.

All these data questioned on the real clinical risk and the risk of inappropriate treat-
ment in case of hyperchloremic MA. During the intraoperative period, acidosis might 
be interpreted as a persisting hemodynamic instability due to hypovolemia, leading to 
an additional inappropriate vascular expansion with unbalanced crystalloids with a 
worsening hyperchloremic acidosis. Therefore, it is essential to distinguish iatrogenic 
hyperchloremic acidosis from hyperlactatemic acidosis caused by cell deficit energy. 
Moreover, hypoalbuminemia secondary to dilution can blunt the usual biological 
markers of acidosis by minimizing the decrease in plasma pH and bicarbonates.
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The second question is the real clinical impact of such disorders. Until now, there 
is no double-blind randomized controlled study that confirms definitively the deleteri-
ous effect of hyperchloremic acidosis. Nevertheless, since several years, some data 
report real deleterious effects of hyperchloremia on numerous organ functions [40]. 
Hyperchloremic MA has been reported to induce renal dysfunction in healthy volun-
teers. The experimental infusion of chloride in the renal artery induced a sustained 
vasoconstriction [41]. These effects are due to a tubular reabsorption of chloride and 
are aggravated by a previous depletion in sodium. These effects would be closely cor-
related to the amount of chloride delivered to the kidney but independent from that of 
sodium. Clinical studies are still contradictory [35, 42–44]. Some of them have found 
that 0.9% NaCl infusion was associated with decrease and delayed urine output as 
compared with balanced solutions [44]. In a recent randomized, double-blind cross-
over study, the infusion of 0.9% NaCl in healthy volunteers was associated with a 
decrease in urine output and a decrease in mean renal artery flow velocity and in renal 
cortical perfusion as compared with Plasma-Lyte® infusion [42]. A randomized con-
trolled study in patients with kidney graft has reported that isotonic saline infusion 
was associated with hyperchloremic MA and hyperkalemia as compared with Ringer’s 
lactate infusion [45]. Some data underline the relationship between hyperchloremia 
and hematological and coagulation abnormalities during elective abdominal aortic 
surgery [35]. The dilution of blood with 0.9% NaCl induces coagulation impairment 
with platelet dysfunction and thromboelastogram abnormalities in the perioperative 
period [46]. Hyperchloremia is also associated with some impairment in digestive 
functions leading to an increase in postoperative nausea and vomitings and an increase 
in feeding intolerance in critically ill patients with enteral nutrition [44, 47, 48]. Some 
experimental studies report also that hyperchloremic acidosis increases proinflamma-
tory phenomenons by stimulating IL6, IL10, and TNF release [49]. These effects 
seem to be independent from the pH as for a comparable pH; MA caused by hyperlac-
tatemia does produce inverse effects, i.e., anti-inflammatory effects [50]. In the septic 
rats, the infusion of balanced solutions prevents the development of MA and pro-
longed their survival compared with NaCl infusion [39]. A recent large randomized 
trial designed in crossover has compared the effects of balanced (Plasma-Lyte®) vs 
unbalanced (0.9% saline) solutions in critically ill patients. More than 100 patients 
were included in each group, and there was no difference in term of both risk of acute 
kidney injury and mortality rate between groups. However, these results must be inter-
preted cautiously, as various patients were included and not severe (ICU mortality rate 
was 6–7%), the mean volume of infusion was very low (approximately 2 L in 4 days), 
and chloremia was not measured [43]. Therefore, despite the large number of patients, 
in nonsevere critically ill patients requiring low volume of vascular expansion, bal-
anced crystalloids do not reduce the risk of acute kidney injury nor the mortality rate 
as compared with unbalanced crystalloids. Based on two recent studies, potential ben-
eficial effects of large volume of fluid resuscitation by balanced crystalloids must be 
still considered. In a retrospective propensity-matched cohort study analyzing 53,448 
critically ill adults with sepsis, Raghunathan et al. [51] have reported that in-hospital 
rate was lower in the group receiving balanced solutions as compared to the group 
receiving saline, while the rate of acute renal failure was similar in both groups. A 
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recent meta-analysis included 21 studies (observational and randomized) and 6253 
patients [52]. The results show that high- chloride fluids did not modify mortality but 
was weakly associated with a higher risk of acute kidney injury.

6.4  Diagnosis of Respiratory Acidosis

6.4.1  Clinical Signs [1, 9]

Acute hypercapnia induces arterial hypertension with an increased cardiac output 
and cerebral blood flow. Acute RA is associated with an elevated release of cate-
cholamines, glucocorticoids, renin, aldosterone, and antidiuretic hormones leading 
to water and sodium retention. The more the development of hypercapnia is rapid, 
the more the neurological signs are severe: nausea, vomitings, confusion, obtunda-
tion, coma, seizures, etc.

Clinical manifestations of chronic hypercapnia are those of a chronic pulmonary 
heart with arterial hypertension. Ventricular and supraventricular arrhythmias are 
essentially caused by hypoxia and electrolytes abnormalities and not really related 
to a cardiomyopathy. Except in case of an acute worsening, chronic RA induces few 
central neurologic symptoms.

6.4.2  Biological Signs

Hypercapnia is the cause of the low pH. The expected secondary renal response 
depends on the speed of hypercapnia development, acute or chronic (Table 6.1). 
Hypoxemia is due to alveolar hypoventilation. During acute RA, serum concentra-
tions of Na+, K+, and AG do no modify, except in case of the presence of an addi-
tional disorder such as MA. During chronic RA, serum concentrations of Na+, K+, 
and AG are normal because the increase in HCO3

− is counterbalanced by a propor-
tional decrease in Cl− (∆HCO3

− = ∆ Cl−).

6.4.3  Etiologic Diagnosis [1, 9]

6.4.3.1  Acute Respiratory Acidosis
Most frequent causes of acute RA in anesthesia and intensive care unit are a 
decompensation of a preexisting chronic pulmonary disease, an airway obstruc-
tion, and a severe bronchospasm (Table 6.7). Only severe pulmonary edema is 
accompanied by acute RA. During anesthesia, RA is possible if minute ventila-
tion on the ventilator is not sufficient or in case of airway obstruction, of pneumo-
thorax or an abnormality in the ventilator circuit. Permissive hypercapnia is 
particular and decided as one of measures included in the therapeutic strategy of 
acute respiratory distress syndrome. Such a disorder does not induce deleterious 
effects until PaCO2 is ≤60 mmHg [9].
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6.4.3.2  Chronic Respiratory Acidosis
They are observed mostly in patients with obstructive pulmonary disease, rarely in 
restrictive pathologies (Table 6.7). In clinical practice, it may be difficult to deter-
mine the part of acute from chronic RA. The clinical history only enables to precise 
this point.

6.5  Treatment of Acidosis

The treatment of the cause is necessary and frequently sufficient, but will not be 
detailed in this chapter. The symptomatic treatment which consists to alkalinize the 
pH is still strongly debated due to contradictory data.

6.5.1  The Buffer Solutions

6.5.1.1  Sodium Bicarbonate (SB)
Due to its reaction NaHCO3

− + H+ ⇔ Na+ + H2O + CO2, SB is eliminated finally into 
CO2 and leaves only the strong cation Na+ in plasma. The consequence is an eleva-
tion of SID which induces in turn an increase in plasma pH. Therefore, SB is really 
an efficient alkalinizing solution [53, 54]. In many experimental and observational 
clinical studies, such an effect is accompanied by an improvement in hemodynamic 
parameters. However, the causality between this benefit and the correction of 

Table 6.7 Major causes of respiratory acidosis (nonexhaustive list)

Acute respiratory acidosis Acute respiratory acidosis
Airway obstruction
Aspiration pneumonia, laryngospasm, severe 
bronchospasm, obstruction of superior airway

Chronic obstructive bronchopneumopathy

Inhibition of respiratory centers
General anesthesia, sedative drugs, traumatic 
brain injury, stroke

Sedative drug chronic overdose, Pickwickian 
syndrome, brain tumor

Cardiovascular failure
Cardiac arrest, severe pulmonary edema
Neuromuscular deficits
Botulism, tetanus, hypokalemia, Guillain- 
Barré syndrome, myasthenia crisis, toxics 
(neuromuscular blockers, organophosphorus)

Poliomyelitis, amyotrophic lateral sclerosis, 
multiple sclerosis, myopathies, diaphragmatic 
paralysis, myxedema

Thoracopulmonary injuries
Pneumothorax, hemothorax, severe 
pneumonia, acute respiratory distress 
syndrome

Kyphoscoliosis, pulmonary fibrosis, obesity, 
hydrothorax, ascitis, diaphragmatic function 
impairment

Controlled ventilation
Iatrogenic hypoventilation, permissive 
hypercapnia
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acidosis is not clearly established, and this effect might be the consequence of an 
improvement in vascular expansion due to the sole sodium of the solution. In this 
point of view, SB appears as an interesting solution for vascular expansion. Indeed, 
BS infusion in septic pigs [55] and in patients with severe sepsis [56] improved 
significantly hemodynamics.

6.5.1.2  Carbicarb®

This solution is an equimolar association of bicarbonate and sodium carbonate 
which reacts with water as follow: Na2HCO3

− + H2O + CO2 ⇔ 2HCO3
− + 2Na− [50]. 

This composition allows to produce less CO2 than SB. However, this theoretical 
advantage has never been demonstrated in experimental nor in clinical studies. This 
solution is not available in France.

6.5.1.3  Tham® (Tris(hydroxymethyl)aminomethane)
This is also a synthetic buffer which allows to alkalinize with a lower production of 
CO2 than SB, according to the following reaction: Tham + H2O  +  CO2 ⇔ 
HCO3

− + Tham-Na+. Its theoretical advantage is to cross easily cell membranes, to 
enter the cell, and to exert an intracellular buffering effect. But, it has also numerous 
side effects such as vasodilation, hyperkalemia, hypoglycemia, and vascular necro-
sis. As underlined for Carbicarb®, it has never been demonstrated that Tham® is a 
better buffer than SB, and clinical data remain limited.

6.5.1.4  Renal Removal Therapy
Renal removal therapy using SB as a buffer remains the most elegant method to 
increase pH, especially in case of renal failure. Such a technic allows to increase 
plasma pH by reducing SID by several mechanisms: removal of organic and inor-
ganic anions (sulfate, phosphate), increased serum sodium concentration caused by 
SB contained in dialysate, and filtration solutions [57, 58].

6.5.2  Which Arguments to Treat Acidosis?

The treatment of acidosis using SB remains strongly debated: is severity of acidosis 
due to the low level of pH or to its underlying cause? Does any alkalinizing treat-
ment using SB improve the patient’s prognosis?

6.5.2.1  Acidosis: Friend or Foe?
The impact of a low pH on the prognosis of patients is clearly more dependent 
on the underlying cause of acidosis than on the level of pH. In a retrospective 
study, Gunnerson et al. [59] have shown that in critically ill patients, in-hospital 
mortality was higher in acidosis caused by hyperlactatemia than in those induced 
by other excessive strong anions or hyperchloremia. In this study, hyperphos-
phatemia and hyperlactatemia were independent parameters of a poor progno-
sis, while the pH value did not. A recent study supports such results showing 
that mortality rate was less than the expected one and was dependent on the 
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reason of acidosis in patients presenting severe acidosis (pH <7) on admission 
[60]. These data strongly support that the alkalinization to normalize a low pH 
is not logical.

Data concerning the administration of SB are contradictory and stimulate the 
debate. Nevertheless, considering the pathophysiological mechanisms allows to 
explain these contradictions. Indeed, it is not surprising to observe different effects 
in metabolic and respiratory acidosis or between MA as a consequence of cell 
energy failure and as cell suffering of hyperchloremia.

Acidosis: A Foe
Numerous deleterious effects have been attributed to acute MA. Cardiovascular 
disorders and myocardial depression are the most frequently described in exper-
imental model of isolated heart or in animals [61]. In these studies, these effects 
were reversed by the infusion of SB. Other studies report arrhythmias, vasodila-
tion counterbalanced by a stimulation of the sympathetic system, and an 
impaired response to catecholamines [62, 63]. However, the interpretation of 
these data must be careful due to numerous methodological bias (no control 
group, extreme level of acidosis pH <7 in normal conditions of oxygenation). 
On the other hand, myocardial depression with pH >7 was not confirmed [63]. 
During hemorrhagic shock, MA is classically considered to worsen shock and 
coagulation abnormalities by decreasing fibrinogen and platelets. But, alkaliza-
tion using SB is not able to normalize coagulation [64]. The consequences of 
acute RA remain debated [65–67]. Jaber et al. [65] showed in a porcine model 
that hypercapnia enables to reduce diaphragm contractility in a sustained man-
ner with a delayed recovery. In ventilated rats with hypercapnia, Caples et al. 
[66] have found that SB or Tham® administration decreased pulmonary injury. 
In a model of myocardial ischemia-reperfusion, preconditioning with hypercap-
nia reduced the volume of infarction [67].

Chronic acidosis (metabolic and respiratory) can cause hormonal abnormalities, 
osteodystrophy with ionized hypocalcemia, or muscle weakness.

Acidosis: A Friend
Acidosis brakes glycolysis by an inhibition of phosphofructokinase (PFK). It is also 
responsible for a shift on the right of the dissociation hemoglobin curve, which 
facilitates the release of O2 from hemoglobin for tissues. Such modifications can 
easily be considered as an adaptative goal aiming to facilitate cell functions in case 
of energy failure. Indeed, acidosis facilitates oxygen supply to hypoxic cells, and by 
braking glycolysis, it allows to fight against early energy storage exhaustion.

The beneficial effects of acidosis in hypoxic conditions or ischemia-reperfusion 
are largely reported on various experimental models. During ischemia-reperfusion, 
myocardial, endothelial cells and cerebral function are improved in acidotic condi-
tions [68–71]. In similar conditions, acidosis protects cells from necrosis and apop-
tosis, regardless, the tissue (myocardium, hepatocytes, or neurons) [69–71]. The 
most likely mechanism of these protective effects would be an intracellular acidifi-
cation (pHi) which could trigger a preconditioning [69] or a postconditioning 
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process [70]. On contrary, other authors have reported proapoptotic effects on 
ex vivo myocytes but out of hypoxic conditions [72].

Sodium Bicarbonate: Balance Benefit/Risk
Most randomized controlled studies failed to demonstrate any benefit of the admin-
istration of SB in organic MA. During DKA, even in case of severe-extreme low 
pH, the alkalinization using SB increases pH, but does not normalize more rapidly 
glycemia or ketonemia nor improve myocardial function and mortality [19]. Indeed, 
some studies describe even deleterious effects such as a reduction in tissue oxygen-
ation [73]. No beneficial effect has been demonstrated in randomized controlled 
studies in patients with shock and lactic acidosis despite the correction of acidosis 
by SB [53]. No benefit of SB administration has been demonstrated also for cardiac 
arrest, except if prolonged for more than 10 min [74, 75]. This result seems to be 
logical as acidosis in the early period following cardiac arrest is essentially a respi-
ratory acidosis, and, therefore, the best treatment is to improve ventilation and to 
restore a spontaneous circulation.

To our knowledge, no randomized study has been performed to evaluate the effi-
ciency of SB in patients presenting hyperchloremic MA. Treat these acidosis when 
chronic (as observed in chronic renal insufficiency) might be logical to fight against 
some side effects related to acidosis such as muscle weakness, osteodystrophia, and 
hormonal abnormalities. In this case, renal removal therapy remains the best treat-
ment. The alkalinization of acute inorganic MA caused by digestive diseases is a 
matter of convictions because no objective data exists. If considering the Henderson- 
Hasselbalch pathophysiology among which acidosis is caused by bicarbonate 
losses, an exogenous replacement of these losses by SB seems appropriate. If refer-
ring to the Stewart approach, the treatment of acidosis should aim to correct plasma 
SID. Therefore, SB may reach this objective, thanks to the administration of Na+ 
without Cl−, but other balanced crystalloids such as sodium lactate will have similar 
alkalinizing effects [76].

Some experimental data found that hyperchloremia independently from acidosis, 
induces deleterious effects, which may represent an argument to prevent hyperchlo-
remia. Indeed, for a long time, numerous pathological processes such as cell edema 
and arterial hypertension were attributed exclusively to an excess of sodium. 
However, recent data confirm the deleterious effects of high concentration of chlo-
ride which were underestimated. For example, the classical sodium-dependent arte-
rial hypertension induced in uninephrectomized rats does not develop with the 
exclusive administration of sodium without chloride (bicarbonate or citrate sodium) 
or with the exclusive administration of chloride without sodium (ammonium chlo-
ride) [77]. Chloride channels which are membrane proteins allow to underline the 
major role of chloride in numerous pathophysiological processes, including the 
regulation of cell volume, transepithelial exchanges of fluids, muscle contraction, 
and neuroexcitability [78]. Nowadays, five groups of chloride channels are described 
in mammals. Among them, some are cyclic-AMP-dependent phosphorylation, 
while others are activated by calcium-, GABA-, or glycine-activating chloride chan-
nels. The most studied are the volume-regulatory channels (VRC) which depend on 
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the membrane potential and the voltage-gated chloride channel (CIC). The distribu-
tion, the nature, and the role of each are summarized in a review [78]. Chloride 
exchanges are performed by cotransporters with other anions or cations. Most stud-
ied are the Na+/Cl− (NCC), K+/Cl− (KCC), and Na+/K+/Cl− (NKCC) [79, 80]. NCC 
and NKCC facilitate the entry of sodium, potassium, and chloride in cells and are 
inhibited by the increase in intracellular chloride concentration. KCC favors the 
extrusion of potassium and chloride from cells and are stimulated by the reduction 
in intracellular chloride concentration. Voltage-dependent channels, type CIC-3, 
seem to be preferentially involved in volume cell regulation, cell multiplication, and 
apoptosis [81]. The role of chloride cotransporters has been particularly highlighted 
in the central nervous system and its disorders. Neurons intracellular concentration 
of chloride regulates neuronal excitability by mediating the GABAergic neurotrans-
mission, thanks to GABA-activating gated chloride channels. This parameter is also 
involved in the regulation of cell volume caused by osmolar variations or ischemic 
injury [82]. Plasma hypertonicity activates NKCC 1 cotransporter which enhances 
the cell concentration in Na+, K+, and Cl− (active osmotic molecules) leading to the 
regulatory volume increase (RVI). Indeed, cerebral shrinkage caused by plasma 
hypertonicity is reduced. Plasma hypotonicity activates KCC 3 which extrudes K+ 
and Cl− from the cell; this represents the well-known regulatory volume decrease 
(RVD) which minimizes cerebral edema [82, 83]. Cerebral ischemia induces cell 
changes in electrolyte concentrations and metabolism that are characterized by an 
accumulation of Na+, Ca++, and Cl− inside and of K+ outside cells. These phenome-
nons are observed in brain cells (neurons, astrocytes, and endothelial cells of the 
cerebrospinal barrier) and conduct to the development of cerebral edema which may 
cause brain death [79, 80, 84]. Pond et al. [80] have shown that the inhibition of 
NKCC 1 and KCC 2 cotransporters by furosemide or bumetanide enabled to restore 
ATP storage and to reduce neurons injury in human undergoing ischemia- reperfusion 
without glucose supply. In a model of focal ischemia-reperfusion, NKCC 1−/− 
knockout mice presented with a 30–45% decrease in cerebral infarction area and 
edema compared with the wild NKCC 1+/+ control ones [84]. Neuronal cultures 
issued from NKCC 1−/− mice showed a significant reduction of both cell death rate 
and Na+ entry in the cell compared with NKCC 1+/+ cultures. The inhibition of 
NKCC 1 transporter by bumetanide is responsible for protective phenomenon on 
neurons and astrocytes: cerebral edema is associated with an intracellular accumu-
lation of Na+ and Cl− while K+ extracellular concentration is high. NKCC 1 trans-
porter activation is also closely linked with neuronal and astrocyte excitotoxicity 
[79, 85]. All neurological injury (stroke, traumatic brain injury, epilepsy) triggers 
cerebral excitotoxicity which manifests by glutamate release and cerebral edema 
[83, 86]. The activation of N-Methyl-D-Aspartate (NMDA) receptors by glutamate 
favors the entry of chloride in the cells by opening both GABA-gated and volume- 
sensitive chloride channels. In case of persistent activation, cerebral edema devel-
ops followed by cell necrosis. On contrary, glutamate reuptake and disappearance 
facilitates chloride and potassium extrusion from the cell by activating same 
volume- sensitive chloride and potassium channels [85]. These data underline 
inverse effects of these channels according to the presence or not of excitotoxicity. 
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Considering these data, preventing hyperchloremia seems to be justified and sug-
gests to favor the infusion of balanced solutions for large volume expansion. 
However, such a benefit has to be further demonstrated in clinical practice

Beside potential beneficial effects, SB may induce deleterious effects. Among 
them, intracellular hypercapnic acidosis is commonly reported. Due to its high solu-
bility, CO2 which is produced by SB metabolism enters the cell and is responsible 
for a “paradoxical” acidosis. This phenomenon has been shown experimentally 
in vitro [70] and in patients too [53]. But, this phenomenon depends on conditions; 
intracellular acidosis does not occur in opened systems, i.e., if CO2 can be elimi-
nated by the lung or cells are in a fluid which contains buffers [87, 92]. In practical, 
most relevant side effects are a decrease in ionized calcium, hypernatremia, hyper-
osmolarity, sodium and water overload, and hypokalemia. Using iso- or hypotonic 
SB by continuous slow infusion without bolus enables to minimize or prevent these 
complications.

6.5.3  Which Clinical Indications of BS Alkalinization?

MA caused by the accumulation of strong anions must be distinguished from that 
caused by inorganic anions (Cl, Na). Organic MA requires essentially the treatment 
of the underlying cause; the metabolism of organic anions conducts to normalize 
concomitantly plasma SID and pH without any need of SB infusion. Therefore, 
DKA does not require BS alkalinization; even acidosis is severe [19]. The etiologic 
treatment by hydration and insulin restores the metabolism of carbon hydrates. 
Ketone body metabolization and urinary excretion induced by rehydration manifest 
by the simultaneous disappearance of ketonemia and acidosis. For the same rea-
sons, it is not logical to alkalinize acidosis caused hyperlactatemia during shock 
[88]. In this situation, acidosis caused by changes in cell metabolism reflects energy 
impairment which may be considered as an adaptative response and in this view 
probably not treated, at least when transitory. The best treatment remains to restore 
an appropriate hemodynamic and oxygenation of tissues. Lactate metabolism con-
ducts to correct spontaneously pH without need for any alkalinization. During sep-
tic shock, the indication of BS alkalinization remains debated due to controversial 
data. In a retrospective uncontrolled trial, El-Solh et al. [89] reported that BS infu-
sion (0.2 mmol/kg/h) in 72 patients in septic shock with a pH <7.3 shortened time 
for respiratory weaning and for in-ICU length of stay. Nevertheless, such a treat-
ment failed to restore shortly hemodynamics or to decrease the mortality rate. Based 
on two clinical randomized studies [53], the Surviving Sepsis Campaign does rec-
ommend to perform BS alkalinization only in case of severe acidosis with a pH 
<7.15; in septic shock with a pH ≥7.15, BS administration is not recommended 
[90]. Other authors advocate BS alkalinization only for lower pH <7 [88].

BS alkalinization is only recommended during cardiac arrest prolonged over 
10 min or in case of associated hyperkalemia or of tricyclic antidepressant overdose 
or of preexisting acidosis. In this situation, normalization of pH requires before all 
to restore an efficient ventilation and circulation as acidosis is mostly a respiratory 
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one. When cardiac arrest is prolonged and if spontaneous circulation activity is not 
restored, BS administration is possible [91].

During inorganic MA, the indication of BS infusion remains debated. In this 
case, acidosis is the primary disorder which is imposed to the cell caused by elec-
trolyte modifications of the SID and which might exert potential deleterious effects 
on cell functions. Therefore, in these situations, BS administration is suggested if 
the pH is <7.20 [75]. But this strategy remains only symptomatic and the treatment 
of the cause is still the most appropriate. If considering the possible deleterious 
effects of hyperchloremia, a preventive attitude based on a preferential infusion of 
balanced solutions in case of large volume expansion appears to be the favorite.

Acute RA does not justify any exogenous administration of SB, especially if 
ventilation or circulation is impaired. In this situation, SB would worsen CO2 release 
and accumulation in tissues and blood. Nevertheless, some studies report that BS 
infusion during acidosis caused by permissive hypercapnia decreases alveolar injury 
and improves systemic and regional circulations [66]. In practice, the threshold tol-
erated of acidosis induced by permissive hypercapnia is of 7.15–7.20 pH below 
which BS administration might be justified.

The reasons for alkalinizing chronic acidosis are completely different. As chronic 
renal insufficiency represents the major cause of chronic acidosis, BS is supplied 
with dialysis sessions. Chronic RA is usually not severe due to a complete second-
ary renal response that increases plasma bicarbonates and creates metabolic alkalo-
sis. In this context, BS infusion is not justified. In case of artificial ventilation, 
acetazolamide might facilitate the reduction of plasma bicarbonates and the respira-
tory weaning.

 Conclusion

Metabolic acidoses are frequent in intensive care units. They can be caused by an 
elevation in strong anions (lactate, ketone bodies) which represents the organic 
metabolic acidosis. Those resulting from disequilibrium between strong nonor-
ganic cations and anions (mostly sodium and chloride) are called mineral or 
nonorganic metabolic acidosis. The diagnosis of metabolic acidosis is essentially 
based on arterial blood gases and electrolyte concentrations. It is essential to 
determine the cause in order to administer the etiologic treatment which is clearly 
the most appropriate. The benefit of a symptomatic alkalinization with sodium 
bicarbonate remains strongly debated and depends on both severity and cause of 
the trouble. Among respiratory acidosis, it is important to distinguish acute from 
chronic disorders, because causes and treatment are fundamentally different.
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7Alkalosis: Diagnosis and Treatment

Jean-Christophe Orban and Carole Ichai

7.1  Introduction

Despite its frequency, alkalosis has not been largely studied. The pathophysiology 
of metabolic alkalosis is rather complex: generating factors cause the trouble, but its 
maintenance requires the presence of sustained factors. The classical Henderson- 
Hasselbalch theory is more and more replaced by the Stewart concept for interpret-
ing metabolic alkalosis. The treatment of metabolic alkalosis is based on the 
simultaneous normalization of the generating and maintaining factors. Respiratory 
alkalosis is classified into acute and chronic disorders and is caused by alveolar 
hyperventilation due to central nervous system abnormalities or tissue hypoxia.

7.2  Metabolic Alkalosis

7.2.1  Definition and Epidemiology

Metabolic alkalosis is defined by a primary increase of plasma bicarbonates 
>28 mmol/L associated with an increased pH > 7.45. The predictable secondary 
response consists in hypoventilation aiming to increase PaCO2 and in turn reach a 
pH close from normalization [1–6]. A respiratory response is associated to this dis-
order (increase of 0.6–1.2 mmHg of carbon dioxide per mmol of bicarbonate) [7, 8]. 
The incidence of such a disorder varies largely according to the period and the 
method of diagnosis. Old data reported an incidence higher than 50–60% in patients 
who experienced abdominal (gastric) surgery [9]. However, due to the reduction of 
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this specific type of patients associated with an improved postoperative manage-
ment (reducing gastric aspiration), a decrease in metabolic alkalosis related to gas-
tric losses seems probable. On the other hand, based on the recent interpretation 
using the Stewart concept, recent data highlight that metabolic alkalosis is very 
frequent in ICU [10–12]. Using the Henderson-Hasselbalch method, the incidence 
of this disorder in general ICU is close to 5%, whereas it culminates at 85% using 
Stewart concept which considers hypoalbuminemia as a major cause of metabolic 
alkalosis [13–15]. In a large retrospective cohort of critically ill patients, metabolic 
alkalosis was reported to be present in approximately 30% of them and was caused 
by multiple usual factors such as diuretics and hypokalemia [11]. While metabolic 
acidosis is mainly present on admission and within the first day, metabolic alkalosis 
develops within the first 3–4 days of hospitalization in intensive care unit (ICU) [10]. 
Indeed, metabolic alkalosis is not frequently present as a pure disorder but essen-
tially as a part of mixed acid-base disorder [13–15]. In these situations, the diagno-
sis of metabolic alkalosis can be totally ignored when considering only pH and 
bicarbonates which can be closed for normal values in 15–30% of patients. In fact, 
the large incidence of hypoalbuminemia present in 75–100% of patients masks the 
presence of metabolic acidosis.

Few studies reported that metabolic alkalosis is associated with an increased 
morbi-mortality [11, 16, 17]. For some of them, there was a linear relationship 
between pH values and mortality [5]: a pH value >7.60 was associated with a 50% 
increased mortality rate. Harmful effects and increased morbidity [11, 16] were also 
reported. The causality between this metabolic disorder and morbi-mortality is not 
proved and might reflect severity of the disease. However, a recent clinical study 
showed that an increase of 5 meq/L of bicarbonates increased independently mor-
tality (OR = 1.21), and these results were observed regardless of the cause of meta-
bolic alkalosis [11]. But mortality (19%) was lower than that reported previously.

7.2.2  Pathophysiology

The pathophysiology of respiratory alkalosis is solely caused by a decreased PaCO2. 
The pathophysiology of metabolic alkalosis varies according to the methodology of 
acid-base disorder interpretation. In the traditional Henderson-Hasselbalch 
approach, the increase in pH is caused by a loss of plasma nonvolatile protons (by 
the kidney or the digestive tractus) or by an increase of plasma bicarbonates due to 
an iatrogenic exogenous overload or a renal reabsorption [3–6]. Considering the 
Stewart model, the increase of pH results from a lower dissociation of water accord-
ing to the following relation: H2O ⟺ H+ + OH−. Two independent variables can 
modify the magnitude of water dissociation and cause in turn changes in plasma pH: 
the strong ion difference (SID), which is the difference between strong cations and 
anions, and the weak acid mass (see specific chapter on acid-base disorders) [14, 
18–20]. An elevation of plasma SID, resulting from an increase of strong cations 
(sodium) or a decrease of strong anions (chloride), leads to elevate plasma 
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bicarbonates for maintaining electroneutrality and in turn pH. A reduction of weak 
acids (albuminate) conducts also to an elevation in pH and plasma bicarbonates. 
Finally, regardless of the model used, metabolic alkalosis is biologically character-
ized by an increased plasma pH and bicarbonate and mathematically obeys to the 
Henderson- Hasselbalch equation: pH = 6.10 + log [HCO3

−]/0,03 × PaCO2 (6.1 is 
plasma bicarbonate pKa and 0.03 is CO2 coefficient of solubility). The predictable 
secondary response to a primary metabolic alkalosis consists in a respiratory 
response which is characterized by hypoventilation aiming to diminish CO2 elimi-
nation to damper plasma pH increase.

Metabolic alkalosis is a special acid-base disorder which is characterized by its 
evolution in three phases: generation (the cause), maintenance, and correction 
 [21–23]. When plasma bicarbonates increase sharply (regardless of the cause exog-
enously or endogenously), a normal kidney enables to excrete large amounts of 
bicarbonates, and theoretically metabolic alkalosis should not persist despite the 
factors responsible for the generation of the trouble. Therefore, the occurrence and 
persistence of metabolic alkalosis require the presence of both mechanisms of gen-
eration and maintenance. Indeed, metabolic alkalosis can persist despite the normal-
ization of generating factors until maintaining factors are present.

7.2.2.1  Generation
Metabolic alkalosis is classified into two groups depending essentially on chlore-
mia: “chloride-depletion” (or chloride-responsive) and “non-chloride-depletion” or 
“potassium-depletion” metabolic alkalosis (chloride resistant) (Table  7.1). 
According to the Henderson-Hasselbalch model, chloride-depletion metabolic alka-
losis is caused by a loss of proton (accompanied with chloride). This type of meta-
bolic alkalosis is called “ion exchange,” as any loss of protons results in a secondary 
production of equimolar amount of bicarbonate secondary to intracellular dissocia-
tion of carbonic acid [24, 25]: CO2 + H2O ↔ H2CO3 ↔ H+ + bicarbonate. This loss 
of protons will be in the form of H+Cl− or ammonium. Non-depletion chloride meta-
bolic alkalosis is caused by an elevation of bicarbonate (caused by excessive exog-
enous intake or excessive renal reabsorption) with a normal amount of chloride. 
Based on the Stewart concept, chloride-depletion metabolic alkalosis is caused by 
the higher chloride loss than that of natremia and thus conducts to increase SID and 
finally pH. Chloride losses may be initiated by the digestive tractus or the kidney. 
Metabolic alkalosis may also result from an elevation in natremia which is more 
often iatrogenic related to an excessive exogenous intake of sodium bicarbonate and 
is responsible for an increased SID [14, 18–20]. The same mechanism is involved in 
the metabolic alkalosis which is currently considered to be related to volume deple-
tion. Indeed, there is no volume depletion but an increased SID secondary to hyper-
natremia. All mineralocorticoid excess cause non-depletion chloride metabolic 
alkalosis by generating renal reabsorption of sodium associated with potassium 
excretion and finally an elevation of SID [26]. These metabolic alkaloses are char-
acterized by potassium depletion. At last, the elevation of pH can be due to a reduc-
tion in weak acids, essentially in hypoalbuminemia (Table 7.1).
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7.2.2.2  Maintenance
The kidney is always responsible of sustained metabolic alkalosis maintenance due 
to tubular reabsorption of chloride with sodium or ammoniac excretion: this is the 
well-known “paradoxical aciduria.” This phenomenon characterizes the mainte-
nance phase and explains why metabolic alkalosis persists despite the disappear-
ance of the causal factor responsible for the generation of the disorder. In 
chloride-responsive metabolic alkalosis, this paradoxical aciduria which appears a 
priori as inappropriate is rather appropriate [24]. Indeed, renal excretion of bicar-
bonate is necessarily accompanied by a urinary excretion of equimolar Na+ and K+ 
to maintain electroneutrality. This could lead to a contraction of the extracellular 
volume and severe hypokalemia. Thus, the paradoxical aciduria in chloride- 
responsive metabolic alkalosis should be considered as an expected renal response, 
aiming to prevent hypovolemia and hypokalemia. This phenomenon could also pro-
vide a protection toward an acidotic rebound during HCl reabsorption.

Several factors are reported as responsible for the maintenance of metabolic 
alkalosis, in full or in combination. Their mechanisms of action are based on an 
increased renal reabsorption of bicarbonate or chloride, depending on the acid-base 
approach (Table 7.2). The decline in glomerular filtration of sodium and chloride 

Table 7.1 Generation and main causes of metabolic alkalosis

Generation Main causes
Elevation of the strong ion difference due to chloride losses
–  Gastrointestinal tract –  Vomiting, gastric suction

–  Villous adenoma, congenital chloridorrhea
–  Kidney
    Increase of tubular flux and chloride 

loss

–  Chloruretic diuretics

    Increase of negative charge in the 
tubular lumen

–  Penicillin, carbenicillin, sulfate

    Hypercapnia –  Correction of chronic hypercapnia without  
salt diet

    Low chloride diet, hypercalcemia, 
hypoparathyroidism

Elevation of the strong ion difference due to sodium load
  –  Intracellular transfer –  Hypokalemia
–  Exogenous alkali overload by sodium: 

bicarbonate, acetate, lactate, citrate
–  Excessive alkalinization of acidosis
–  Overnutrition, transfusions,
–  Antacids, milk-alkali syndrome

–  Hypovolemia with hypernatremia
–  Renal sodium reabsorption due to 

mineralocorticoid excess
–  Hyperreninism: contraction of extracellular 

volume, low magnesium
–  Primary mineralocorticoid excess: primary and 

secondary hyperaldosteronism, Cushing 
syndrome

Reduction of weak acids
–  Hypoalbuminemia –  Dilution

–  Denutrition, cirrhosis,
–  Renal losses (nephrotic syndrome)
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represents another factor favoring the maintenance of metabolic alkalosis in patients 
with hypovolemia or renal failure [1, 27]. Hypochloremia decreases glomerular fil-
tration rate and reabsorption of sodium bicarbonate. In addition, it increases renin 
and aldosterone.

7.2.2.3  Correction
In chloride-responsive metabolic alkalosis, correction will appear with the normal-
ization of both generating and maintaining factors by targeting a normalization of 
body chloride (and potassium) amounts: chloremia rises, while bicarbonatemia 
decreases in the same manner, so that the pH normalizes. In urine, simultaneous 
sodium excretion and chloride reabsorption reappear, and urinary pH increases 
above 6. The disappearance of “paradoxical aciduria” is the marker of the correction 
of maintaining factors which is essential to correct metabolic alkalosis. The correc-
tion of chloride-resistant metabolic alkalosis is based primarily on the normaliza-
tion of potassium levels and plasma concentrations of mineralocorticoids.

7.2.3  Diagnosis

The diagnosis of metabolic acidosis requires to evaluate the history of the patients, 
its comorbidities, and its treatment. Because clinical manifestations are not specific, 
their presence needs to eliminate other reasons for symptoms. The diagnosis of 
metabolic alkalosis is confirmed on biological signs.

7.2.3.1  Clinical Signs
Clinical manifestations and their severity depend on the magnitude of alkalemia and 
respiratory response [28]. The reduction of cerebral blood flow induced by alkale-
mia is primarily responsible for neurological disorders. Predictable respiratory 
response leads to alveolar hypoventilation with hypoxia and hypercapnia. Some 
signs are related to the cause of metabolic alkalosis: hypokalemia, hypophosphate-
mia, etc. Metabolic alkalosis may be completely asymptomatic with only clinical 
signs due to the cause of the trouble (hypertension, vomiting, etc.).

Table 7.2 Major maintenance factors of metabolic alkalosis

 1. Decreased glomerular filtration
 2.  Decrease of extracellular volume (stimulation of tubular reabsorption of sodium bicarbonate)
 3. Hypokalemia
  Decreased glomerular filtration
  Increased tubular reabsorption of sodium bicarbonate
 4. Hypochloremia
  Decreased glomerular filtration
  Increased proton or sodium excretion in medullar duct
 5. Passive bicarbonate backflow
6. Aldosterone (increase of sodium excretion in the medullary duct independent of protons)
7. Continuous acid loss
 8. Continuous bicarbonate load
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Neuromuscular Signs
Alkalosis is responsible for a decrease in cerebral blood flow and glucose cerebral 
metabolic rate [29]. Manifestations of the central nervous system disorders can be 
apathy, confusion, weakness, seizures, or rarely encephalopathy with coma, espe-
cially in patients with hepatic impairment [30]. Some cases of psychosis have been 
reported presenting the problem of a differential diagnosis [31]. Neuromuscular 
signs are attributed to a decrease in plasma ionized calcium and potassium levels. 
This results in neuromuscular irritability with cramps, tetany, and more rarely 
Trousseau or Chvostek signs.

Cardiovascular Signs
These symptoms are not really related to alkalosis but rather attributed to hypoxia, 
hypophosphatemia, and decreased coronary blood flow [1]. Clinical manifestations 
can be heart failure, arterial hypotension, and especially arrhythmias such as atrial 
fibrillation, ventricular fibrillation, or torsade de pointes [32, 33]. These disorders 
resist generally to standard treatments and regress with the normalization of pH [1]. 
Likewise, metabolic alkalosis would be responsible for an increase of arrhythmias 
in patients treated with digitalis [34]. However, it is important to emphasize that 
hypokalemia which is often associated with metabolic alkalosis represents an addi-
tional factor of ventricular arrhythmia and worsens digitalis toxicity.

Respiratory Signs
Alveolar hypoventilation which represents the secondary predictable respiratory 
response is the main respiratory sign: an increase of 1 mmol/l of plasma bicarbon-
ates induces an increase of 0.6–1 mmHg of PaCO2 [1, 6–8]. The decrease in tidal 
volume and respiratory frequency leads to hypercapnia and tends to correct arterial 
pH. It is associated with hypoxemia, which is inversely correlated to hypercapnia 
[35, 36]. However, such a response is limited by the associated induced hypoxemia. 
In chronic respiratory failure patients, metabolic alkalosis may worsen hypoxemia, 
and alkalemia can compromise ventilator weaning. Hypoxemia can be explained 
both by a Bohr effect and worsening ventilation/perfusion abnormalities. This effect 
is more important in case of a preexisting chronic respiratory failure [37, 38].

7.2.3.2  Biological Signs

Plasma
 – Metabolic alkalosis: Whether considering Henderson-Hasselbalch or Stewart 

approach, the diagnosis of metabolic alkalosis is based on an elevated pH > 7.45, 
a high concentration of plasma bicarbonate and hypercapnia. The disorder is 
pure if the actual respiratory response is close from the predictable one, that is, 
to say an increase of about 0.6–1.2 mmHg of PaCO2 by increases of 1 mmol/L of 
bicarbonate. Correlation formulas between PaCO2 and bicarbonate allow to 
determine the predictable respiratory response to the level of plasma bicarbonate 
(predicted PaCO2) [35]. This relationship exists even in severe metabolic alkalo-
sis with plasma bicarbonate >40  mmol/L.  Pure nonfatal severe metabolic 
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 alkalosis has been reported with pH up to 7.87, plasma bicarbonate 87 mmol/L, 
and PaCO2 76 mmHg [39–41]. In these situations, hypercapnia limits pH increase 
but sustains the renal excretion of cations and hence bicarbonate reabsorption. If 
measured PaCO2 is lower than expected, this means that respiratory alkalosis is 
superimposed leading to a mixed alkalosis which is characterized by a more 
severe alkalosis and a higher mortality [16]. A measured PaCO2 higher than the 
expected one denotes that metabolic alkalosis is associated to a respiratory aci-
dosis leading also to a mixed disorder. In this situation, the association of two 
opposite disorders leads to lower pH abnormalities or subnormal pH.

 – Other biological disorders:
• The plasma anion gap is typically normal in pure metabolic alkalosis as the 

increase of bicarbonate is counterbalanced by a reduction of chloride. However, it 
may be high in three situations [42]: (1) moderate hyperlactatemia secondary to 
the stimulation of phosphofructokinase enzyme by alkalosis and in turn activation 
of glycolysis [43], but the presence of a severe hyperlactatemia (> 5 mmol/L) 
must conduct to look for the presence of an associated metabolic acidosis; (2) 
association with a metabolic acidosis or overshoot alkalinization of a severe meta-
bolic acidosis; and (3) increase of the negative charge of albumin secondary to 
alkalemia and volume contraction. The anion gap may be artificially modified by 
changes in pH, extracellular compartment volume, and/or weak acids (albumin, 
phosphorus). Therefore, some authors recommend calculating the strong ion dif-
ference (SID), which takes into account the strong and weak acids [43–46].

• Tissue hypoxia is correlated with alveolar hypoventilation but the pathophysi-
ology is multifactorial. The left shift of the dissociation curve of hemoglobin 
(Bohr effect) represents the first factor, i.e., an increase in the hemoglobin 
affinity for O2 induced by alkalosis. The delivery of O2 is also impaired by 
vasoconstriction and worsening of shunts, especially in the pulmonary circu-
lation [37, 38]. However, these effects disappear after 6–8 h of alkalemia due 
to a lower intraerythrocyte amount of 2,3-diphosphoglycerate.

• Electrolyte changes depend mainly on the cause of metabolic alkalosis. 
Hypochloremia is always present in chloride-responsive metabolic alkalosis 
and is usually associated with sodium depletion with or without hyponatremia 
[21, 47]. Hypokalemia is common, related either to intracellular transfer of 
potassium or urinary losses [48, 49]. Hypophosphatemia, hypomagnesemia, 
and decreased ionized calcium can also be found.

Urine
The most important elements are pH and urinary chloride.

 – Urinary pH varies depending on the cause of metabolic alkalosis and its phase. 
During generation of a chloride-responsive disorder, pH is ≥6, corresponding to 
the renal excretion of bicarbonate. In all other situations, pH is <6, reflecting the 
paradoxical aciduria [24]. The elevation of urinary pH after aciduria reflects the 
correction of maintenance factors. In clinical practice, urinary pH is considered 
as a good and essential marker of treatment efficacy.
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 – Urinary chloride is the key for determining the causal diagnosis (Fig. 7.1). It 
allows to distinguish chloride-responsive metabolic alkalosis (low urine chloride 
concentration) from chloride-resistant disorders (low urine chloride concentra-
tion >20 mmol/L) [50].

 – Urinary sodium and potassium are only secondary elements of etiological 
diagnosis.

7.2.4  Etiologies

In physiological conditions, chloride losses are located in the upper gastrointestinal 
tract, but rapidly reabsorbed in the small intestine, and finally no acid-base disorder 
develops. Finally, a cause of metabolic alkalosis explained only by the Stewart 
approach is hypoalbuminemia that reduces the total amount of weak acids. A diag-
nosis algorithm for metabolic alkalosis is summarized in Fig. 7.1.

7.2.4.1  Chloride-Depletion (or Responsive) Metabolic Alkalosis

Digestive Causes
Gastric juice contains a high concentration of HCl (H+ 160–170  mmol/L, Cl− 
180 mmol/L), which is largely higher than in the plasma. Therefore, massive losses of 
gastric juice represent the most frequent cause of metabolic alkalosis [51]. The 
Henderson-Hasselbalch approach stipulates that metabolic alkalosis is caused by 
massive losses of proton and chloride in gastric juice which is coupled with an equi-
molar gain of bicarbonates (anion exchange alkalosis). This results in a high pH and 
chloride depletion. According to the Stewart approach, definitive losses of chloride 

Urine chloride (uCl)

uCl < 20 meq/L

Potassium-
depletion/mineralo-corticoid
excess (resistant) metabolic

alkalosis

Normal arterial pressure

. Severe K depletion

Gitelman & Bartter syndromes

- Digestive causes

uCl > 20 meq/L

Chloride-depletion
(responsive)

metabolic alkalosis

. Gastric fluid loss
. Intestinal fluid loss : abundant diarrhea,

villous adenoma, chloridorrhea

- Renal causes
. Chloruretic diuretics
. Posthypercapnia

- Low chloride diet

uK < 30 meq/L

. Laxative abuse

uK > 30 meq/L

Arterial hypertension

. Primary
hyperaldosteronism/hypercorticism

. Secondary hyperaldosteronism (renal
artery stenosis, renin secreting tumor)

. Pseudohyperaldosteronism
(liquorice abuse)

Excessive sodium load
(iatrogenic)

. Sodium bicarbonate, citrate,
lactate, acetate

. Milk alkali syndrome

Hypoalbuminemia

Fig. 7.1 Diagnosis algorithm of metabolic alkalosis based on urinary chloride
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caused by vomitings or gastric aspiration/drainage induce an increase of SID and thus 
a metabolic alkalosis. The magnitude of metabolic alkalosis therefore depends on the 
extent of HCl losses. Due to their low concentration in the gastric juice, sodium and 
potassium losses are usually low. Hypokalemia, often associated at this phase, results 
from urinary mandatory renal chloride reabsorption and secondary aldosteronism in 
cases of hypovolemia. At this phase of generation, urine sodium and potassium con-
centrations are high (>20  mmol/L), while urine chloride concentration is low 
(<10 mmol/L) leading to a high urine SID and a urinary pH > 6 [52–54].

Similarly, definitive losses of chloride in the intestine due to diarrheal states are 
also responsible for an increased SID and a metabolic alkalosis. The villous ade-
noma is responsible in 15–20% of cases of metabolic alkalosis due to considerable 
chloride losses. Congenital chloridorrhea is an autosomal recessive disease charac-
terized by the inability of the intestine to reabsorb normally chloride at the apical 
membranes of ileum and colon epithelium.

Renal Causes
Metabolic alkalosis is explained by the same mechanisms as digestive metabolic alka-
losis, but losses are located in urines. Using the Henderson-Hasselbalch concept, pro-
tons are excreted in the distal convoluted tubule (DCT) mainly in the form of 
ammonium or titratable acid [1, 21, 55]. In the Stewart concept, metabolic alkalosis is 
caused by urine chloride, sodium, and potassium losses (> 20 mmol/L), but chloride 
excretion is proportionally higher than the sodium one resulting in a reduction of uri-
nary SID (urinary pH < 6) and an elevation on plasma SID. Such a metabolic alkalosis 
is caused essentially by the administration of chloruretic diuretics such as furosemide, 
bumetanide, and thiazide [55, 56]. Posthypercapnic state represents another cause of 
metabolic alkalosis which is observed in patients with chronic respiratory insuffi-
ciency. Indeed, respiratory acidosis triggers rapidly urinary chloride excretion (sec-
ondary predictable renal response) to reach a complete response within 24–48 h. A 
sudden correction of chronic hypercapnia (mechanical ventilation) does not reverse 
instantaneously this phenomenon leading to the development of a real metabolic alka-
losis until chloride depletion is not corrected [56]. In these patients, metabolic alkalo-
sis is exacerbated by diuretics that increase the chloride depletion and may cause 
potassium depletion, an additional factor of maintenance of the disorder.

Low Chloride Diet
This disorder has the same impact on acid-base equilibrium than excessive chloride 
losses. Therefore, a chloride-depletion metabolic alkalosis develops.

7.2.4.2  Non-chloride-Depletion (or Resistant) Metabolic Alkalosis
These disorders are less frequent. According to Henderson-Hasselbalch approach, 
the kidney is responsible for a loss of protons in the DCT and the collecting duct 
with concomitant reabsorption of bicarbonate. Considering the Stewart concept, 
metabolic alkalosis is caused by an increased renal reabsorption of sodium associ-
ated with potassium excretion which induces hypokalemia, hyperbicarbonatemia, 
and a high SID (Lindner). Therefore, these disorders are characterized by 
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hypokalemia which is considered as the main factor of generation of metabolic 
alkalosis. Additional biological abnormalities are represented by normal or slightly 
lowered plasma chloride. In urine, sodium and chloride levels are high (>20 mmol/L) 
and pH < 6.5. Mineralocorticoid excess are the most frequent causes of these meta-
bolic alkaloses. According to the urinary potassium concentration, two categories of 
metabolic alkalosis are described: those associated with a low urinary potassium 
excretion and those with a high urinary potassium excretion.

Resistant Metabolic Alkalosis with High Kaliuresis

Primary and Secondary Mineralocorticoid Excess
These situations are associated with arterial hypertension and a high urine potas-
sium excretion (>30 mmol/L).

 – Primary hyperaldosteronism or Conn’s syndrome can be due to adenoma or car-
cinoma of the adrenal gland or adrenal hyperplasia [57]. The diagnosis is con-
firmed by the presence of high plasma aldosterone concentration, whereas 
plasma renin activity is low.

 – Primary deoxycorticosterone excess in 11-β-hydroxylase and 17-α-hydroxylase 
deficiencies.

 – Cushing syndrome due to adenoma, carcinoma, or adrenal hyperplasia is charac-
terized by high plasma levels of renin and cortisol.

 – Secondary hyperaldosteronism is biologically characterized by low plasma aldo-
sterone levels and high plasma renin activity. They occur in two situations: (1) in 
malignant arterial hypertension with renal artery stenosis or renin-secreting 
tumor (normal cortisol levels) and (2) in pseudohyperaldosteronism caused by an 
excessive ingestion of licorice (containing glycyrrhizin which inhibits 
11-β-hydroxysteroid dehydrogenase (high cortisol levels)) and more rarely in 
Liddle’s syndrome (abnormality of tubular ion transport).

Congenital Tubulopathy
These disorders include Gitelman and Bartter syndrome which are characterized by 
a normal arterial pressure and biological disorders of secondary hyperaldosteronism 
such as metabolic alkalosis and hypokalemia. Urine potassium renal excretion is 
low. Symptoms are not specific and related to hypokalemia: muscle weakness, 
cramps, paresis/paralysis, extracellular dehydration, and cardiac arrhythmias. Both 
are autosomal recessive inheritance disease caused by gene mutations encoding for 
chloride channels. Hypomagnesemia and hypocalcemia are rather present in the 
Gitelman syndrome, while normomagnesemia and normocalcemia rather character-
ize the Bartter syndrome [58].

Resistant Metabolic Alkalosis with Low Kaliuresis
Severe isolated potassium depletion (rather than hypokalemia) and increase of 
the  negative charge in the tubules, which can be generated by an overload of 
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non- reabsorbable anions (laxative abuse), may generate and maintain metabolic 
alkalosis. They are characterized by low kaliuresis and normal arterial pressure.

7.2.4.3  Excessive Sodium Load
Considering the Henderson-Hasselbalch interpretation, sodium bicarbonate 
infusion results in an exogenous supply of bicarbonate which is the direct cause 
of metabolic alkalosis. But the Stewart approach considers that because bicar-
bonate is metabolized rapidly and sodium remains in plasma, plasma SID 
increases. In turn, bicarbonate increases to maintain plasma electroneutrality 
and metabolic alkalosis develops. All solutions which are composed by an asso-
ciation of sodium and an anion such as citrate, lactate, or acetate can cause 
metabolic alkalosis if the anion is metabolized [59–63]. The metabolizable 
anion enters the cell, while sodium remains in plasma leading to a high level of 
bicarbonate (the principal plasma buffer system) and a high pH. Therefore, the 
alkalinizing effect of these solutions is not really caused by the excessive pro-
duction of bicarbonate but rather by the excessive unmetabolized sodium which 
conducts to SID” and the pH. The development of metabolic alkalosis during 
regional citrate anticoagulation in renal replacement therapy is the marker of an 
excessive dose of citrate and must conduct to stop at least temporarily citrate. Its 
incidence and its severity depend on the expertise of the team: up to 45% has 
been reported for this complication at the beginning of the technique [64]. But 
within time and a better technique and monitoring, this disorder reduced consid-
erably [65], and most recent meta-analysis has reported that the frequency of 
metabolic alkalosis was similar using sodium citrate or heparin anticoagulation 
[66, 67]. It must be highlighted that if the anion is not metabolized due to a 
Krebs cycle or mitochondrial dysfunction such as during severe shock, the accu-
mulation of strong anions is conducted to reduce SID, and a metabolic acidosis 
will develop.

In the milk-alkali syndrome, metabolic alkalosis is multifactorial [68]: vomiting, 
hypercalcemia, decreased glomerular filtration rate in relation with kidney dysfunc-
tion, and bicarbonate absorption (as calcium bicarbonates). Hyperphosphatemia 
and hypermagnesemia are associated to hypercalcemia.

7.2.4.4  Hypoalbuminemia
Only the Stewart approach allows to explain the development of metabolic alkalosis 
caused by hypoalbuminemia. Albumin is a weak acid and is an independent param-
eter implicated in the acid-base equilibrium. Its decrease causes a reduction in 
plasma water dissociation as a result of the respect of the conservation of mass, 
electroneutrality, and equilibrium electrolyte dissociation laws. In critically ill 
patients, the incidence of hypoalbuminemia is high (up to 90–100%), but very high 
pH is not frequently observed as hypoalbuminemia-related alkalosis is usually 
counteracted by additional causes of metabolic acidosis [13–15, 18, 69]. Such an 
association can be dangerous and lead to ignore the presence of concomitant severe 
metabolic acidosis.
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7.2.5  Treatment

7.2.5.1  Principles
The treatment of metabolic alkalosis relies on the correction of both causes of gen-
eration and its maintenance mechanisms. The only correction of the cause will be 
insufficient without that of the maintenance factors [1, 47]. The correction of 
chloride- responsive metabolic alkalosis is based on the restoration of chloride 
amount in the body. The absolute need to associate Na (NaCl) and/or K (KCl) with 
chloride is still debated [47, 48]. Modern pathophysiological concepts of metabolic 
alkalosis show that it is certainly wrong to think about extracellular compartment 
abnormalities, regardless of concomitant changes in the intracellular one. It is dif-
ficult to separate chloride variations from those of sodium and potassium [70, 71]. 
The administration of NaCl in chloride-responsive metabolic alkalosis enables to 
correct both chloride depletion and hypovolemia. However, its exclusive adminis-
tration could be inadequate, and studies suggest a systematic association of KCl 
[24, 70]. Indeed, NaCl alone can correct hyperbicarbonatemia, but cannot correct 
hypokalemia and associated intracellular acidosis. The treatment of chloride- 
resistant metabolic alkalosis is based essentially on the administration of KCl nec-
essary to restore the potassium depletion and on the etiologic treatment.

7.2.5.2  Treatment Options

Chloride
 – NaCl corrects chloride depletion, restores the extracellular volume, and improves 

glomerular filtration rate. Administered orally or preferentially intravenously, the 
first choice goes to isotonic NaCl (0.9%). The infusion of small volumes of 
hypertonic NaCl (3.6 or 7.2%) was proposed and appeared as effective as con-
ventional treatment and safe [72].

 – KCl corrects potassium depletion. This deficit may vary from 200 to 500 mmol 
for a bicarbonatemia between 30 and 40 mmol/L and from 600 to 1000 mmol for 
a bicarbonatemia between 40 and 50 mmol/L. Urinary potassium is not an accu-
rate indicator of total body potassium. High kaliuria is present in persistent meta-
bolic alkalosis or inadequately treated and does not necessarily reflect a 
restoration of total body potassium. The administration of KCl should not exceed 
40 mmol/L and requires close monitoring of EKG and serum potassium.

Acidifying Agents
The intravenous administration of an acid salt or a metabolizable cation leads to a 
decrease of SID that causes a rapid decrease of pH value. The volume of distribution 
of bicarbonate in the body is approximately 50% of body weight. It is therefore pos-
sible to calculate the amount of proton needed to correct metabolic alkalosis from the 
formula: amount acid charge (mmol/L) =  (measured bicarbonates × 25) × weight 
(kg) × 0.5. However, this estimation remains inaccurate because of a great interindi-
vidual variation of the volume of distribution (from 20 to 60% of body weight) and 
because formula is totally static and does not consider the evolution of the patient’s 
condition [73]. This treatment should be reserved only for life-threatening metabolic 
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alkalosis (pH ≥ 7.55) or symptomatic disorder (arrhythmias, coma). In all cases, it is 
unnecessary and even dangerous to normalize too quickly bicarbonate levels with a 
risk mixed acidosis (respiratory and metabolic), because of the slower pH change in 
cerebrospinal fluid compared to the blood. Administration of protons should induce 
a decrease of bicarbonates from about 8 to 12 mmol/L. Several agents are available:

 – Ammonium, arginine, or lysine hydrochlorides: They are metabolized into urea 
and therefore contraindicated in patients with hepatic or renal failure [74, 75]. 
Ammonium hydrochloride may induce encephalopathy, and its administration 
requires a central line. Arginine hydrochloride can be administered on a periph-
eral vein; however, it can cause severe hyperkaliemia because arginine induces 
potassium efflux from cell independently of variations in pH, especially in 
patients with renal failure. Lysine hydrochloride can be administered orally. For 
practical reasons, especially the side effects, all of these solutions remain not 
currently prescribed.

 – Hydrochloric acid: If administered, concentrations must range from 50 mmol to 
500 mmol/L, knowing that the most used are those at 150 or 200 mmol/L [74, 
75]. In the plasma, hydrochloric acid metabolizes as follows: HCl + HCO3− ↔ 
CO2 + H2O + Cl−. Water production diffuses homogeneously in all compartments 
without overloading intra- or extracellular compartment. Thus, unlike other acid-
ifying agents, it can be used safely in patients with renal and hepatic failure or 
even in edematous states where NaCl is contraindicated [74]. Patients with 
chronic respiratory failure with respiratory acidosis could theoretically benefit 
for a treatment with hydrochloride acid, because HCl corrects PaCO2 and 
improves PaO2 [76]. In all cases, the infusion rate on a central line should not 
exceed 0.2  mmol/kg/h and an amount of 100–300  mmol per day [74–76]. 
However, ready commercialized solutions are not available, and its preparation 
must be performed by the hospital pharmacy.

Acetazolamide
This diuretic is an inhibitor of the carbonic anhydrase enzyme. The inhibition of 
bicarbonate reabsorption causes a bicarbonaturia but also a urinary loss of 
sodium, water, and potassium that may aggravate a preexisting depletion. 
Therefore, such a therapy is ineffective in hypovolemic patients but may be use-
ful in edematous patients with normal glomerular flow. It is contraindicated in 
patients with hepatic and renal dysfunctions. The best indication is metabolic 
alkalosis occurring in posthypercapnic states. It is currently recommended to 
administer 250 mg of acetazolamide three or four times daily in short treatment. 
This can be simplified as a single intravenous administration of 500  mg that 
seems equivalent to four injections of 250 mg [77]. In chronic respiratory failure 
of patients with spontaneous breath, acetazolamide reduces PaCO2 and plasma 
bicarbonate [78]. However, in chronic respiratory failure of patients under respi-
ratory support, it was recently shown that acetazolamide had no effect on PaCO2 
or duration of weaning from the ventilator [79]. These results have been con-
firmed in a randomized controlled study showing no difference in duration of 
mechanical ventilation [80].
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Dialysis
Dialysis is the most effective treatment allowing to normalize metabolic alkalosis, 
especially in cases of renal dysfunction [81, 82]. Different techniques can be used: 
peritoneal dialysis, hemodialysis, or continuous renal replacement therapy. Regardless 
of the technique, the basic principle relies on the administration of dialysis or substitu-
tive solutions containing no or low bicarbonate concentration or even acid solutions.

7.3  Respiratory Alkalosis

Respiratory alkalosis is defined by a primary decrease in PaCO2 which is responsi-
ble for an increased arterial pH  >  7.45. Primary hypocapnia can result from an 
increased alveolar ventilation or a decrease in CO2 production or a combination of 
both. The predictable secondary response consists in a reduction in plasma bicar-
bonate concentration, and its magnitude depends on the speed of development and 
the magnitude of hypocapnia.

7.3.1  Pathophysiology

Whether considering Henderson-Hasselbalch or Stewart approach, respiratory alka-
losis is caused by the decrease in PaCO2. The following decrease in plasma bicar-
bonate develops in to two steps. The first is rapid and performed by the intracellular 
buffers leading to minimize rapidly but temporarily the increase in pH. This adapta-
tion is completed into 5–10 min. The second step is slow but sustained and consists 
in an increase in urinary SID (due to a reduction of chloride renal excretion/eleva-
tion of sodium renal excretion). This phenomenon explains why the magnitude for 
the predictable secondary metabolic response depends on the speed of development 
of respiratory alkalosis. Therefore, it is classical to distinguish acute from chronic 
respiratory alkalosis [83].

7.3.1.1  Acute Respiratory Alkalosis
As soon as respiratory alkalosis develops, protons cross the cell membrane to join 
the extracellular compartment and combine with plasma bicarbonate, leading to its 
decreased concentration. These protons are issued from various intracellular buffers 
(proteinates, phosphates, etc.) or from an increased production of lactate caused by 
an increased glycolysis which is stimulated by the alkalosis-related increased activ-
ity of phosphofructokinase.

7.3.1.2  Chronic Respiratory Alkalosis
A sustained hypocapnia induces a decrease in urine acidity which is due to an 
increase in urinary SID or a decrease of urine excretion of ammonium, both of them 
being responsible for an increase in plasma SID. This phenomenon takes approxi-
mately 48–72 h to develop completely (see chapter “Interpretation of Acid-Base 
Disorders”), and plasma bicarbonate decreases, on average, by approximately 
5 meq/l for each 10 mmHg chronic decrease in PaCO2.
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7.3.2  Clinical Signs

Clinical manifestations frequently occur in the acute phase, but they are not specific.

7.3.2.1  Acute Respiratory Alkalosis [83]

Neurological Signs
They are essentially related to the reduction of cerebral blood flow which is caused 
by alkalosis (PaCO2 between 15 and 20 mmHg induces a 45% reduction of cerebral 
blood flow): headache, mental confusion, or seizures. Such a phenomenon is also 
responsible for a decrease of intracranial and intraocular pressures. Other neuro-
logical manifestations consist in tingling or paresthesia in the extremities, Chvostek 
sign, etc., which are due to the associated biological disturbances: reduction in 
plasma ionized calcium concentration and hypophosphatemia.

Cardiovascular Signs
In severe respiratory alkalosis, acute hypocapnia can induce a decrease of cardiac 
output and of arterial pressure despite the elevation of peripheral resistances, espe-
cially in patients under general anesthesia and artificial ventilation [84]. Several 
mechanisms are proposed: increase in intrathoracic pressures, inhibition of reflex of 
tachycardia induced by hypocapnia, and decrease of coronary artery blood flow and 
of myocardial oxygen delivery [83].

7.3.2.2  Chronic Respiratory Alkalosis
They are usually asymptomatic, and initial manifestations usually disappear pro-
gressively within some days to weeks.

7.3.3  Biological Signs

The decrease of PaCO2 leading to an increase of pH is associated with a decrease in 
plasma bicarbonate concentration with a variable magnitude. Plasma bicarbonate 
decreases, on average, by approximately 2 meq/L for each 10 mmHg acute decrease 
in PaCO2 [83]. Chloremia is high and kalemia normal or more often low as well as 
ionized calcium concentration. In case of severe respiratory alkalosis, hypophospha-
temia can be presented, due to a transfer of inorganic phosphates from plasma to the 
cells. This disorder seems to be commonly asymptomatic and does not require spe-
cific treatment. Hyperlactatemia is classical and is responsible of an increased plasma 
anion gap and a decrease of SID. During the initial phase of hypocapnia generation, 
urinary pH is often >7. In stable chronic hypocapnia, urinary pH is usually ≤6.

7.3.4  Etiologies

The major causes of respiratory alkalosis are summarized in Table 7.3. In critically 
ill patients or surgical patients under general anesthesia, the most frequent causes of 
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respiratory alkalosis are iatrogenic hyperventilation, especially, intraoperatively, 
hypoxia and cerebral edema (post-trauma, encephalopathy, etc.) [83].

7.3.5  Treatment

Respiratory alkalosis does not really require any symptomatic treatment. The appro-
priate management relies only on the correction of the underlying cause. Respiratory 
depressive drugs are rarely required. In patients with mechanical ventilation, hypo-
capnia can be normalized by decreasing minute ventilation or by increasing the 
pulmonary death space. In patients with spontaneous ventilation, the presence of a 
symptomatic hypocapnia caused by hypoxia must be verified and easily treated 
by oxygenotherapy.
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8Lactate: Metabolism, Pathophysiology

Carole Ichai and Jean-Christophe Orban

8.1  Introduction

To understand the pathophysiology of hyperlactatemia requires to know its metab-
olism. Lactate metabolism is complex and depends on organs and their energetic 
condition. For a long time, hyperlactatemia was considered as toxic end waste, 
associated with lactic acidosis and tissue hypoxia-anaerobia. All these notions 
remain deeply anchored in our spirits but are frequently erroneous. Hyperlactatemia 
is really a good marker of poor outcome and a warning of energy crisis but is also 
a witness of a metabolic adaptative response. In many physiological and patho-
logical conditions, lactate appears as an energetic shuttle and an efficient source 
of fuel.

8.2  Metabolism of Lactate

Lactate is a physiological ubiquitous and crucial metabolite which is present in 
humans in the levogyral form (L-lactate). This sole isomer is metabolized in humans 
thanks to the lactate dehydrogenase (LDH) enzyme [1–4]. The dextrogyral isomer 
(D-lactate) cannot be metabolized because human LDH does not recognize this 
form. D-lactate is specific to bacteria and can be present in case of intestinal or 
cerebrospinal fluid bacterial infections.
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8.2.1  Metabolic Pathways of Lactate Production

Lactate is produced in cytosol from pyruvate [1–5]. The interconversion pyruvate- 
lactate is regulated by LDH according to the following reaction:

Pyruvate + NADH + H+ ⇄ Lactate + NAD.  According to the law of mass action, 
[Lactate] = K x [Pyruvate] x [NADH]/NAD + H+. This reaction of oxidoreduction is 
close from the equilibrium, K being the constant of equilibrium. In aerobic condi-
tion, lactate/pyruvate ratio (L/P) is a good marker of the cytosolic redox potential and 
is <10. The increase of each three parameters favors pyruvate reduction in lactate.

 – Pyruvate is mainly generated by glycolysis in cytosol (Fig. 8.1). Glycolytic flux 
is closely regulated by three enzymes: (1) hexokinase (HK) is essential for glu-
cose to enter this pathway thanks to its initial phosphorylation in glucose 
6- phosphate; (2) phosphofructokinase (PFK) allows fructose 6-phosphate 
 conversion into fructose 1,6-biphosphate; (3) and pyruvate kinase (PK) metabo-
lizes phosphoenolpyruvate into pyruvate. The activity of these three enzymes is 
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Fig. 8.1 Glycolysis and pyruvate-lactate metabolism. Cytosolic glycolysis conducts through sev-
eral steps to the production of pyruvate, an essential intermediate metabolite. In the presence of 
oxygen, most of pyruvate enters the mitochondria to join the tricarboxylic acid (TCA or Krebs) 
cycle and the oxidative phosphorylation leading to release 36 molecules of ATP [1]. Cytosolic 
pyruvate is simultaneously reduced into lactate via the lactate dehydrogenase (LDH) enzyme [2]. 
Secondary pathways of pyruvate metabolism are the mitochondrial decarboxylation [3] and the 
cytosolic transamination [4]. G-6P glucose 6-phosphate, HK hexokinase, PFK phosphofructoki-
nase, PK pyruvate kinase, PDH pyruvate dehydrogenase, MCT monocarboxylate transporter
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controlled by an allosteric regulation leading to an inhibition of the pathway in 
case of accumulation of each of their respective metabolite. Acidosis and a 
decreased ATP/ADP ratio exert also an allosteric inhibition of PFK and PK (and 
conversely). In aerobic conditions, the major metabolic pathway of pyruvate is 
the intramitochondrial oxidative phosphorylation; pyruvate enters the mitochon-
drion after crossing its membrane and is oxidized into acetyl coenzyme A (ace-
tylCoA) thanks to the pyruvate dehydrogenase (PDH) enzyme, to finally join the 
tricarboxylic acid (TCA or Krebs) cycle pathway. The final result is a generation 
of 36 ATP molecules, CO2, and water thanks to the regeneration of NADH which 
allows to complete the respiratory chain pathway. Pyruvate may also join other 
pathways that are secondary in physiological conditions: alanine production by 
intracytosolic transamination (reversible) and oxaloacetate production by intra-
mitochondrial decarboxylation. Pyruvate is also an intermediate substrate of 
hepatic (and in less proportion renal) gluconeogenesis.

 – NADH-H+/NAD ratio represents the intracytosolic redox potential. In the pres-
ence of oxygen (O2), NADH issued from glycolysis is consumed in mitochondria 
during oxidative phosphorylation. This metabolic pathway enables to simultane-
ously generate ATP and resynthesize NAD which is required to maintain gly-
colysis. In the absence of O2, reduction of pyruvate into lactate is the unique 
reaction which allows the essential reoxidation of NADH in NAD required to 
perpetuate glycolysis. Therefore, even not really cost-effective for energy gen-
eration (only two molecules of ATP are produced), the reduction of pyruvate into 
lactate is the sole able to produce energy in this situation.

 – [H+] concentration plays a complex role because it favors lactate production 
from pyruvate, but it slows down simultaneously pyruvate production by inhibit-
ing PFK.

8.2.2  Turnover of Lactate

8.2.2.1  Lactate Production
In adults, basal serum lactate concentration (lactatemia) remains stable, approxi-
mately equal to 0.5–1.5 mmol/L, with a half-life of 10 min [2]. This concentration 
is finally the resultant of the instantaneous steady state between production and 
elimination from the organism at a given time. It is essential to distinguish lactate 
turnover from lactatemia. Indeed, normal lactatemia may be associated with a high 
turnover, while a normal turnover may be associated with a very high lactatemia 
caused by a disequilibrium between generation and removal of lactate [2].

In a 70  kg adult in basal condition, lactate production represents 1300–
1500  mmol/day including 50% issued from glycolysis and the other 50% from 
amino acids and glycogen metabolism. Most lactate is usually produced by organs 
that work under anaerobic conditions, i.e., red blood cells, brain, intestine, and mus-
cles which are classical “producing” organs. In normal conditions, there is an equi-
librium between its release and its consumption, 80% by oxidation and 20% glucose 
synthesis (gluconeogenesis).

8 Lactate: Metabolism, Pathophysiology
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8.2.2.2  Lactate Clearance
Eighty percent of lactate is metabolized by oxidation (Krebs cycle and oxidative 
phosphorylation) essentially after an initial conversion into pyruvate. Contrary to 
old beliefs, lactate is not confined in cytosol and does not require obligatory to its 
conversion into pyruvate in cytosol to enter the intramitochondrial Krebs cycle to 
produce energy [3, 6, 7]. Indeed, lactate enables to cross the mitochondrial mem-
brane thanks to monocarboxylate transport proteins (MCT) and undergoes its oxi-
dation into pyruvate in the mitochondrion thanks to a mitochondrial LDH [2, 6]. In 
this way, lactate appears as a real fuel source for tissues [3, 7]. The liver is the main 
organ involved in approximately 70% lactate removal by oxidation. Only severe 
hepatic liver dysfunction or hepatic blood flow impairment enables to reduce lactate 
clearance and in turn to increase serum lactate level [8–10]. Moreover, the threshold 
of saturation of the hepatic enzymes responsible for lactate metabolism reaches a 
plateau above 5 mmol/L of lactatemia. In normal conditions, the removal of lactate 
by the kidney is secondary as it is usually totally reabsorbed in tubules. On the other 
hand, in some pathological conditions such as anhepatic situations, the kidney can 
remove and metabolize more than 30% of lactate production [11].

Conversion of lactate into glucose, i.e., Cori cycle, participates commonly to 
20% of lactate removal [3, 7]. Lactate is the major glucogenic precursor of gluco-
neogenesis, followed by glycerol and amino acids. The liver and kidneys are 
approximately involved in 50% of gluconeogenesis each.

The distinguishing between “producer” and “consumer” organs is finally com-
plex and artificial, because the same organ can exert simultaneously lactate release 
and uptake the ratio between both depending on metabolic conditions, leading to a 
net lactate uptake (consumption) or to a net release (production) [12]. Therefore, the 
kidney can participate to lactate consumption thanks to renal gluconeogenesis per-
formed by cortical proximal cells. Moreover, renal gluconeogenesis increases when 
the hepatic one is strongly impaired [11]. On the other hand, renal medullar physi-
ologically works in anaerobic and produces lactate. Skeletal muscle is usually a 
producer of lactate but becomes a consumer when the energetic demand increases, 
such as during physical exercise [13]. The brain can also become a lactate consumer 
[12, 14].

In summary: acetylCoA is the key substrate linked between carbohydrate and 
lipid oxidation (ß-oxidation) which enters the Krebs cycle and oxidative phos-
phorylation. Pyruvate is the obligatory unique intermediate metabolite that 
allows the oxidation of all carbon hydrates (glucose, lactate) in the TCA 
cycle. All reasons for an increased pyruvate production (rapid glycolysis, 
Krebs cycle breakdown) would cause in turn an increase in lactate production. 
Lactate appears as an end metabolic molecule, and it is consumed only 
through a reoxidation into pyruvate or through the gluconeogenetic pathway. 
When oxidative phosphorylation is blocked (hypoxia, anaerobia, tissues with-
out mitochondrion), the only way to produce ATP and to perpetuate glycolysis 
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8.2.3  Lactate Measurement

Various devices can perform blood lactate level measurements (central laboratory, 
point of care with blood gas analyzers) with an acceptable limit of agreement. Not 
only devices but various sampling sites (arterial, venous, capillary) are proposed. 
Arterial sample remains the gold standard site for lactate level determination. It has 
been suggested that venous or capillary measurements could be less expansive, 
time-consuming, and easily available [15, 16]. Therefore, such a technique could be 
interesting to triage patients in emergency departments. Despite acceptable relation-
ship, venous and capillary lactatemia always overestimates values as compared with 
arterial measurements [17, 18]. Two recent studies do not really support the use of 
venous measurements due to inacceptable bias, a high number of misinterpretation, 
and a low agreement [19, 20]. The capillary measurement of lactate by finger blood 
sticks in patients with shock has been reported to be closely correlated to the arterial 
one in a sole monocentric small observational study [21].

The interchangeability of sampling site cannot be recommended for short inter-
val measurements requiring very accurate value determinations. Therefore, the sub-
stitution of arterial by venous or capillary samples requires further investigations to 
be suggested in routine practice. Such a procedure is all the most justified since 
unstable patients need an arterial catheter for arterial pressure and repetitive biologi-
cal monitoring [20].

8.3  Hyperlactatemia: A Marker of Both Poor Prognosis 
and Appropriate Metabolic Response

There are numerous clinical trials confirming that hyperlactatemia (>4 mmol/L) is 
a good marker of poor prognosis [21–25]. Elevated serum lactate levels on admis-
sion are associated to an increased morbi-mortality in all types of critically ill 
patients, including patients in severe sepsis or septic shock and surgical or trauma 
patients [17, 21–25, 26, 27]. In a large retrospective study including 13,932 criti-
cally ill patients, 40% of them presented hyperlactatemia during their hospitaliza-
tion [25]. The median peak value was 1.8 mmol/L [1.2–2.9]. Hyperlactatemia was 
more frequent in trauma patients (45%), followed by medical and surgical patients. 

is to regenerate NAD thanks to the reduction of pyruvate into lactate [1, 3]. 
Even not cost-effective, this metabolic pathway remains the sole possible in 
tissues not containing mitochondrion or for those in energetic crisis condi-
tions. In these conditions, lactate may become a fuel source thanks to MCT 
which allows lactate to enter directly into the mitochondrion for metaboliza-
tion and energy production. The simultaneous production and reuptake of lac-
tate by tissues or organs can be explained by the metabolic compartmentation 
of cells and by the energetic shuttling capacity of lactate (cf infra).
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In a cohort of 7155 patients, Nichol et al. [22] reported that hyperlactatemia, even 
moderate (> 0.75  mmol/L), was associated to a high mortality rate. In septic 
patients, lactate levels >4 mmol/L on admission are associated with a six higher 
risk of death, while a lower level has no impact. More than the initial serum lactate, 
the length of hyperlactatemia and its delay for normalization seem to be more 
accurate risk factors [22, 28, 29]. Therefore, several studies evaluated the predic-
tive value of lactatemia decrease over time in patients with shock. In all of these 
studies, the decrease of lactate within time is inappropriately called “lactate clear-
ance,” but this parameter is not really measured. Most data are in agreement, 
reporting that the absence of sufficient decrease or normalization of lactatemia 
over time is an independent risk factor of high mortality [4, 30–33]. A recent obser-
vational trial has shown that severe hyperlactatemia (>10 mmol/L) was associated 
with a high mortality (78.2%). Moreover, a 33% decrease of lactatemia over 12 h 
was associated with a lower ICU mortality [30]. Such results have been confirmed 
in a recent systematic review [31]. Based on these data, the implementation of such 
a monitoring in an “early goal- directed therapy” has been evaluated in various 
studies [22, 32, 33]. In a multicenter, controlled study, 300 patients were random-
ized to compare whether a “lactate clearance” ≥10% as a goal of resuscitation 
could be superior to the central venous oxygen saturation (SvcO2) one [33]. The 
authors failed to demonstrate any difference between the two groups in terms of 
in-hospital mortality or treatments administered. In septic patients treated in an 
emergency department, Arnold et  al. [29] reported that the evolution of lactate 
clearance and SvcO2 was not parallel: 79% of patients presenting a lactatemia 
decrease <10% had a concomitant SvcO2 > 70%. These results underline that there 
is no obligatory relationship between oxygen delivery and oxygen tissue consump-
tion. Such results were further confirmed in a multicenter open-label controlled 
trial, aiming to treat septic patients based on SvcO2 versus SvcO2 + lactate-guided 
therapy over 8 h [32]. In the lactate group, the additional goal was to reach at least 
a 20% decrease in lactatemia per 2 h using vasodilators when SvcO2 was >70% and 
lactate clearance insufficient. Results showed a trend toward a higher survival rate 
in the lactate group. Lactate-guided therapy was significantly associated with an 
ICU and hospital lower mortality rate (HR = 0.66 and 0.61, respectively). Patients 
of the lactate group received more fluids and more vasodilators within the first 8 h 
of resuscitation. But, despite this beneficial effect, the course of lactatemia was 
similar in both groups, leading to question about the causal relationship between 
these effects. Few recent studies seem to disagree with these data [34, 35]. Some 
patients can present septic shock without normal lactatemia, while macrohemody-
namics were similar with those presenting hyperlactatemia. Indeed, patients with-
out elevated lactatemia exhibit less impairment of their microcirculation and less 
organ failure [35]. Another randomized trial failed to demonstrate an advantage of 
lactate monitoring-guided therapy over care based on clinical judgment [34]. 
Moreover, most of the positive studies have methodological bias: heterogenous 
magnitude of lactate decrease, no consensus on the appropriate interval for lactate 
measurement, no difference between groups in terms of therapeutic protocols and 
treatments.
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Even if hyperlactatemia is an accurate warning indicator of severity, lactate is not 
responsible of high mortality. Indeed, lactate is a physiological substrate without 
any toxicity, and an increased production appears as an appropriate response during 
acute conditions with energetic crisis such as in shock. Several studies support the 
fact that hyperlactatemia or more precisely an increased turnover of lactate repre-
sents a metabolic adaptation [28, 29, 37, 38]. In critically ill septic patients, Levraut 
et al. [28, 39] evaluated lactate metabolism using a “hyperlactatemia test” induced 
by an exogenous infusion of lactate. Their result shows that for an equivalent hyper-
lactatemia, survivals were those with a high lactate turnover, consisting in an 
increase of both release and consumption of lactate compared with non-survivals. 
Another retrospective trial including 100 patients in shock has shown that patients 
which enabled to increase lactatemia during epinephrine infusion presented a higher 
survival rate compared with those who maintained a stable lactatemia [37]. These 
results support that hyperlactatemia is a metabolic adaptative response in case of 
energetic impairment. Lactate is an efficient alternative substrate and allows to 
spare glucose which becomes available for cell or organs in anaerobic metabolism 
(cf infra). The absence of enough lactate production aiming to cover needs is the 
marker of the severity of the situation.

8.4  Lactate and Tissue Hypoxia

Lactate production issued from glycolysis is purely anaerobic in the cytosolic cell 
compartment. This is the sole pathway possible to work in the absence of O2. The 
systematic relationship between hyperlactatemia and hypoxia (or energy deficit) is 
based on these biochemical data [1, 40]. This relationship is so deeply anchored in 
our minds that hyperlactatemia associated with acidosis is classified into two groups 
according to the deficit or not in O2 (Table 8.1) [41]. But lactatemia not only depends 
on macrocirculation and macrohemodynamics. The best example is sepsis which is 
characterized by alterations in microcirculatory perfusion which can induce a reduc-
tion in tissue oxygen delivery and cause hyperlactatemia despite normal parameters 
of systemic hemodynamic [42]. However, this relationship is not really always true, 
because independently of O2 changes, any excessive production of pyruvate (caused 

In summary: the decrease in serum lactate level monitoring is helpful for eval-
uating the prognosis and the efficiency of therapeutic management of patients 
with shock, regardless of the cause of the shock. There is no doubt that this 
parameter is useful to guide the treatment [4, 5, 17, 31, 36]. However, lactate-
mia and changes in lactate clearance do not reflect only tissue hypoperfusion 
or anaerobic metabolism. Therefore, lactate-guided therapy must be one of 
the multimodal guided therapies, including usual biological parameters, 
SvcO2, and clinical signs. Measuring serum lactate level every 2 h within the 
first 8 h of treatment seems to be appropriate [5].
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by an increased glycolysis) induces a simultaneous proportional increased produc-
tion of lactate according to the constant of equilibrium. Therefore, a stimulated aero-
bic glycolysis can be responsible of an excessive lactate (and pyruvate) production, 
in the absence of tissue hypoxia. In these situations, the L/P ratio, a marker of the 
cytosolic redox potential (NADH/NAD), remains ≤10. A high value of L/P ratio is 
the sole accurate parameter of the presence of an anaerobic condition or an energetic 
deficit [13]. The absence of linear relationship between lactatemia and L/P ratio is 
well illustrated in a study that has compared these parameters during various type of 
shock [43]. Results showed that refractory septic shock presented a severe hyperlac-
tatemia with a moderately elevated L/P ratio, whereas cardiogenic shock was charac-
terized by a moderate hyperlactatemia associated with a very high L/P ratio. Several 
studies support against this link between hyperlactatemia and tissue hypoxia [3, 38, 
44, 45]. The muscular tissue PO2 is more elevated in septic patients than in cardio-
genic shock or in controlled patients [46]. In rabbits, the decrease in cardiac output 
induces various metabolic modifications according to the cause of low output. For a 
similar increase in O2 delivery (DO2), consumption (VO2), and tissue PO2, lactatemia 
was higher in septic animals than in those with a low cardiac output induced by an 
intraventricular balloon inflation. Moreover, treatments that increase DO2 have no 
effect on lactatemia, and conversely, treatments enabled to decrease lactatemia such 
as dichloroacetate have no effect on oxygenation [31]. Finally, hyperlactatemia with-
out hypoxia is real and is called “stress hyperlactatemia” [7, 13, 47].

8.5  Stress Hyperlactatemia

Stress hyperlactatemia results from multiple mechanisms that induce lactate hyper-
production or lactate clearance impairment [13]. This condition is well illustrated 
during sepsis [7].

Table 8.1 Common classification and causes of hyperlactatemias

Type A: hyperlactatemias related to tissue hypoxia
  – Decrease in oxygen delivery
     • Reduction of cardiac output : cardiogenic shock, septic shock, hypovolemic shock
     •  Reduction of arterial content in oxygen: severe anemia, hemoglobin abnormalities, 

severe hypoxemia, asphyxia
  –  Impaired oxygen extraction or utilization: severe sepsis, multiple organ failure, cyanide 

poisoning
Type B1: hyperlactatemias and systemic diseases
  – Liver failure, diabetes, cancers, alkalosis, sepsis
Type B2: hyperlactatemias and poisoning
  • Biguanides, fructose
  • Ethanol, methanol, ethylene glycol
  • Salicylates, cyanure, paracetamol
Type B3: hyperlactatemias and increase in oxygen demand
  • Status epilepticus
  • Sustained muscular exercise
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8.5.1  Hyperlactatemia and Overproduction of Lactate

Sepsis is characterized by an increased glucose consumption associated with a 
reduction in stock of glycogen and an increase in reuptake of glucose by the muscle. 
These modifications associate with a higher glycolytic flux which can result from 
changes in enzymatic activities involved in glycolysis pathway or in cytokine medi-
ation. In this situation, the accelerating glycolysis is totally independent of O2 sup-
ply and conducts to an overproduction of pyruvate and in turn of lactate [7]. The 
accumulation of pyruvate can also be caused by a decrease in pyruvate dehydroge-
nase (PDH) activity, PDH being the enzyme that catalyzes the conversion of pyru-
vate into acetylCoA and allows its entry in the Krebs cycle. In septic rats, the 
inactive form of PDH increases leading to an accumulation of pyruvate and in turn 
of lactate [48]. Moreover, during sepsis, some organs that usually consume lactate 
can release it and participate to the high concentration of lactate [12, 49].

8.5.2  Hyperlactatemia and Decrease of Lactate Clearance

Globally, total body enables to clear large lactate loads (1500 moles/day) (leverve 
curren opin, et cardiac surg). Only severe hepatic dysfunctions can induce severe 
hyperlactatemia related to a reduction in hepatic clearance. However, for a similar 
hepatic dysfunction, hyperlactatemia is higher during sepsis. In hemodynamically 
stable septic patients, hyperlactatemia seems to be essentially caused by an impair-
ment in clearance rather than by an excessive production [28]. This disturbance 
could be the consequence of a decreased hepatic blood flow or an impairment in 
hepatic metabolic functions [8, 10].

8.5.3  Hyperlactatemia and Energy Cell Compartmentalization

The cell is not a uniform structure in which energy and substrate exchanges are 
similar everywhere in the cell. A real intracellular compartmentalization has been 
described [50]. It is classical to describe a glycolytic and an oxidative cell compart-
ment. The oxidative compartment is close from the mitochondria, and the low con-
centration of pyruvate in this part of the cell favors lactate oxidation via the mass 
action of the equilibrium enzyme LDH [2, 7]. Some experimental studies have 
shown that a channeling glycolysis pathway is identified inside the cell [51, 52]. 
This glycolysis is functionally and structurally isolated from other structures of the 
cells, as pyruvate issued from this pathway does not disseminate equally in cytosol 
but it produces lactate. This specific lactate produced by an “aerobic glycolysis” in 
the oxidative compartment is exported outside the cell or inside the mitochondria by 
specific MCT transporters (Fig. 8.2).

Lactate production issued from the aerobic glycolysis is needed to resynthesize 
NAD+ which is essential to maintain glycolysis. It is also essential and closely 
linked with the membrane Na-K-ATPase activity. Indeed, only ATP issued from this 
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channeling aerobic glycolysis allows the pump to work (Fig. 8.3). Finally, aerobic 
lactate production is strongly linked with Na-K-ATPase activity but totally indepen-
dent of oxygen [3, 52]. Such a relation is clearly demonstrated in clinical situations, 
such as during sepsis [37, 53]. In a study including 14 patients in septic shock, Lévy 
et al. [53] reported that muscle lactate concentrations decreased significantly when 
the muscle was in the presence of ouabain which is an inhibitor of Na-K-ATPase 
pump. The absence of any role for oxygen in this trial was supported by a 
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concomitant absence of any change in intramuscular PO2 muscular and in muscular 
and plasma L/P ratio.

Such an independent evolution between hyperlactatemia and hypoxia is also 
described as the “Warburg” effect. This is due to an interaction between cytosolic 
glycolysis and hexokinase, and it can be observed during muscle exercise or some 
cancers. The first step of glycolysis consists in a phosphorylation of glucose into 
glucose 6-P which is closely regulated thanks to the hexokinase enzyme: in normal 
conditions, any excessive glucose 6-P production inhibits the hexokinase activity 
allowing to prevent an excessive glycolysis and ATP consumption and exhaustion. 
In some cancers, hexokinase which is usually located in the cytosol binds to the 
external mitochondrial membrane on a channel called “a porine” [54, 55]. This 
abnormal bound modifies the hexokinase structure which becomes in turn insensi-
tive to glucose 6-P and causes the absence regulation of this step. The resulting 
effect of such an absence of autoregulation leads to an excessive production of both 
pyruvate and lactate, independently from oxygen delivery.

8.6  Lactate and Acidosis

The association between hyperlactatemia and acidosis is deeply accepted as most 
physicians think that lactic acid is in our body. Lactic acid is a strong acid as its pK 
is very low (3.9) indicating that in large values of plasma pH, blood cannot contain 
the undissociated form of lactic acid but only the dissociated strong anion lactate. 
The increase in lactate can decrease the pH by decreasing the strong ion difference 
(SID): lactate accumulation causes a decrease in HCO3, the major plasma buffer, to 
maintain electroneutrality [57–59]. In this way, lactate can be responsible for a 
metabolic acidosis. But, some data demonstrate that the relationship between 
hyperlactatemia and pH is often weak [4]. Indeed, proton production is not due to 
lactate but is secondary to ATP hydrolysis coupled with glycolysis and conversion 
of pyruvate into lactate on contrary consumes H+. The net flux of glycolysis is a 

In summary: hyperlactatemia during sepsis results commonly from an over-
production (stress hyperlactatemia) and a reduction in its clearance [2, 7]. The 
excessive production is increased by the administration of catecholamines 
which stimulates the Na-K-ATPase pump [45, 56] (Fig. 8.3). On the other 
hand, at the initial phase of sepsis in unstable patients or if hyperlactatemia is 
severe or persists with hemodynamic instability (hypovolemia, hypokinesia), 
the contribution of tissue hypoxia or anaerobic condition remains possible. In 
this context, a persisting severe hyperlactatemia and an impaired clearance 
keep its poor prognosis value. However, hyperlactatemia should not be con-
fused with lactate turnover: a transitory increased production of lactate in 
these conditions appears as an adaptative response, and patients unable to 
increase their lactate production are those with a poor prognosis [37].
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production of 1 pyruvate +2 NADH +2 H+ and 2 ATP from 2 glucose +2 NAD+ and 
2 ADP. In the presence of oxygen, the final result is the production of 2ATP, 2 H2O, 
and CO2. In the same time, reduction of pyruvate into lactate resynthesizes NAD+ 
allowing glycolysis to continue. Finally ATP will be hydrolyzed into ADP which is 
also needed for glycolysis, leading to a production of 2 H+ (Fig. 8.4). Moreover, as 
lactate is a metabolizable anion, it leaves plasma and enters in the cell for metabo-
lization. The resulting effect is a re-increase of plasma SID to maintain electroneu-
trality thanks to an increased bicarbonate level and an increase in plasma pH with 
a possible metabolic alkalosis. Therefore, it is more realistic to abandon the term 
lactic acidosis and use the term of hyperlactatemia associated with or without met-
abolic acidosis. Exogenous administration of lactate salts such as sodium lactate 
has been largely reported to cause metabolic alkalosis. In these situations, lactate 
and sodium are dissociated in strong anion and cation, while lactate− is metabo-
lized in the cell, Na+ remains in plasma leading to increase SID and create a meta-
bolic alkalosis [60, 61].

8.7  Lactate: An Energetic Fuel

The role of lactate in the energetic metabolism is complex, because it is condi-
tioned by the needs of each organ (or cell) in various situations. Thanks to its 
recycling, lactate exerts its role of shuttle allowing intra- and interorgan energy 
exchanges. The famous cycles lactate-glucose of Cori and lactate-alanine of Felig 
are essential, as they allow to some organs to cover the metabolic demand of those 
unable to do it. Therefore, even if some organs or cells work in anaerobic condi-
tions, the body metabolism can only be globally aerobic. In this way, lactate can-
not be considered as a toxic end waste product but on contrary as an essential 
substrate [2, 13, 44].

Glucose + 2 NAD+

+ 2ADP + 2Pi

Lactate + 2 NAD+

Glycolysis
Pyruvate + 2 NADH
+ 2ATP + 2

H+

LDH

Hydrolysis+ 2ADP + 2Pi
+ 2 H+ 

Fig. 8.4 Lactate production and acid-base equilibrium. Production of pyruvate from glucose is 
associated with the metabolism of ADP in ATP + 2 protons. In the same time, NAD+ is reduced in 
NADH. The reduction of pyruvate into lactate does not produce any protons but is required to 
regenerate NAD+ for maintaining glycolysis. Finally, ATP hydrolysis into ADP produces two pro-
tons H+ and explains the development of acidosis
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8.7.1  Lactate: An Energy Source in Physiological Situations

Considering its capacity of carbon shuttle, lactate is a real essential or preferential 
energetic substrate [13, 44]. The Cori lactate-glucose cycle is the most physiologi-
cal proof of the involvement of lactate as a fuel source [13]: indeed this cycle is the 
sole pathway to produce ATP by organs without mitochondrion. Red blood cells 
represent the best illustration of an exclusive anaerobic cytosolic glycolysis, leading 
to a production of lactate, the final metabolite. The liver which is an exclusive aero-
bic organ resynthesizes glucose from lactate which is released by red blood cells, 
thanks to ATP issued from ß-oxidation of lipids (Fig. 8.5). The energetic yield is of 
course not poor (production of two ATP in red blood cells versus consumption of six 
ATP in the liver) but is the sole available.

Lactate is a source of carbohydrate useful during muscle exercise [12, 13, 38]. In 
this situation, changes in muscle metabolism have been summarized to a high rate of 
glycolysis and glycogenolysis leading to an excessive release of pyruvate and lactate. 
However, modifications in muscle metabolism are more complex, as a bidirectional 
lactate metabolism is present: indeed there is a simultaneous lactate uptake and 
release by the muscle [12]. The net result is a decrease in lactate release caused by a 
decreased in lactate production, while lactate consumption remains stable. Briefly, 
during exercise, lactate production is related to the metabolic rate of muscle, while 
lactate uptake is related to arterial lactate concentration. It is suggested that such a 
simultaneous production and uptake of lactate are possible thanks to the compart-
mentalization of cell metabolism: lactate production is performed in the glycolytic 
compartment close from myofibrils, while lactate consumption is performed in the 
oxidative compartment. This example of intra-organ cooperation is completed by an 
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Fig. 8.5 The glucose lactate Cori cycle. ATP produced by the red blood cells is obligatory issued 
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into glucose (gluconeogenesis) with oxygen. The energetic efficiency is low but essential, and ATP 
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interorgan cooperation too as lactate produced by the muscle in local anaerobic con-
dition can be aerobically metabolized into glucose (Cori cycle) in the liver or mus-
cles at rest [2, 13]. Therefore, depending on its activity, the muscle enables to switch 
rapidly from a consumer to a producer organ. It can also uptake and consume exog-
enous lactate when lactatemia increases, leading to decrease glucose consumption. 
Considering these data, it appears that lactate is an intermediary metabolite that can 
be rapidly exchanged between various organs to supply energy.

8.7.2  Lactate: An Energy Source in Pathological Situations

The role of lactate as a source of energy in pathological conditions is largely 
described, especially during energetic crisis such as in sepsis or ischemia- reperfusion 
(shock) and for various organs such as the heart and the brain. Theoretical bio-
chemical data strongly support that lactate is a preferential source of energy in these 
situations. During ischemia (or hypoxia), glycolysis favors lactate production at the 
expense of the Krebs cycle which is blocked [44]. In the same time, the ATP/ADP 
ratio collapses. Reperfusion occurs in an ATP-deficient cells, and the immediate 
recovery of glycolysis with an oxidative phosphorylation is not possible (Fig. 8.6). 
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lactate can be immediately reoxidized in pyruvate and enters in the Krebs cycle, allowing therefore 
the consumption of oxygen and preventing the production of oxygen reactive species (ROS)
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Indeed, the first step of glucose phosphorylation into glucose 6-P is essential for 
glucose to enter in glycolysis and cannot begin without ATP. The oxygen which 
cannot be consumed in the Krebs cycle induces an oxidative stress with a produc-
tion of oxygen reactive species. Only lactate, carbohydrate accumulated during 
ischemia, can rapidly be reoxidized without ATP to produce pyruvate, promote oxi-
dative phosphorylation, and reload cell with ATP. This intermediate step allows to 
reach ATP production through the Krebs cycle in presence of oxygen while having 
the possibility to re-initiate glycolysis.

8.7.2.1  Lactate: A Myocardial Source of Energy
At rest, the heart presents an oxidative metabolism. Most of the substrates (60–90%) 
comes from the ß-oxidation of fatty acids, but lactate is also uptaken and oxidizes 
[62, 63]. When myocardial consumption (VO2) increases (exercise, tachycardia, 
sepsis, adrenergic stimulation) or when myocardial oxygen delivery (DO2) decreases 
(anemia, shock), the myocardial metabolism shifts from fatty acids toward carbohy-
drates oxidation, allowing to provide a higher energy production. Indeed, lactate 
becomes a preferential fuel which can account for up to 60% and exceeds the glu-
cose one for pyruvate production [2, 63].

In an experimental model of rat’s endotoxin shock, Levy et al. [64] have demon-
strated that systemic lactate deprivation was associated with an impaired myocar-
dial hemodynamics and energetics and a higher mortality. These data were confirmed 
in patients with septic and cardiogenic shock [65]. In patients undergoing cardiac 
surgery for coronary artery bypass grafting, a postoperative administration of exog-
enous sodium lactate was associated with an elevation in cardiac index (CI) and 
DO2, while cardiotropic drugs and fluid balance concomitantly decreased compared 
with ringer lactate [66]. Compared with hypertonic sodium chloride, sodium lactate 
was responsible for a similar increase in CI but a lower oxygen extraction [60]. In a 
recent randomized controlled trial, sodium lactate was compared to ringer lactate 
infusion in patients presenting acute heart failure [67]. The authors reported that CI 
and right ventricular systolic function improved significantly within 2 days follow-
ing sodium lactate administration but did not change with ringer lactate. Moreover, 
sodium lactate reduced significantly fluid balance.

8.7.2.2  Lactate: A Cerebral Source of Energy
For a long time, it was considered that glucose was the sole energetic substrate 
available for the brain. There are now growing experimental and clinical data against 
this theory, which demonstrate clearly that lactate is a part of energy source in 
human non-damaged brain and also a preferential if not obligatory source of fuel 
during cerebral energetic crisis [68].

In a postabsorptive period, the brain releases a net amount of 50 μmol/min, while 
after exercise, the brain shows a net uptake of lactate of 150 μmol/min [12]. In non-
injured human brain, lactate was found to contribute to cover 7–10% of energy 
requirements and can reach up to 25% during exercise [12, 69, 70]. In healthy vol-
unteers, Bouzmebeur et al. [70], using nuclear magnetic resonance spectroscopy, 
demonstrated that lactate is metabolized for 80% in neurons. Moreover, net cerebral 
lactate oxidation is linearly related with arterial lactate concentration; in case of 

8 Lactate: Metabolism, Pathophysiology



230

hyperlactatemia, lactate transporters activity elevates, and lactate contribution to 
brain metabolism can reach up to 60% of the global brain metabolism [12, 69, 70]. 
Lactate cerebral metabolism has been assessed in  vivo in noninjured stimulated 
brain of rats (sensory stimulation) [71]. The authors demonstrated that (1) stimu-
lated brain enables to provide a sustained neuronal activity for several hours in the 
absence of glucose if lactate was present; (2) the brain oxidizes lactate in an activity- 
dependent manner; and (3) lactate was preferred over glucose in non-stimulated and 
stimulated brain as glucose consumption decreased was lactatemia dependent.

Schurr et al. were the first, more than 30 years ago, to demonstrate that cerebral 
tissue enables to consume only lactate aerobically to maintain normal neuron func-
tion. Since this time, many studies have supported the essential role of lactate in 
cerebral energy metabolism, especially in injured brain [14, 72–74]. These authors 
assessed the role of lactate on brain metabolism, using rat hippocampal slices under 
various conditions of ischemia-reperfusion and neuronal activation. Slices were 
placed in artificial cerebrospinal fluid (aCSF) containing various concentrations of 
glucose and lactate and inhibitors of their metabolism. We can summarize most of 
their result as follows [75]:

 – During ischemia-reperfusion, aCSF containing lactate is associated with a better 
neuronal function recovery as compared with aCSF containing glucose [14].

 – Glial cells play a major role in producing lactate during hypoxia as demonstrated 
using blockers of lactate transport. Neuronal function recovery is strongly 
impaired and delayed when lactate transport is blocked as compared with control 
conditions with lactate [74].

 – The role of lactate has been assessed in hippocampal slices exposed to an excito-
toxic dose of glutamate (activation of neurons) in the presence of aCSF  containing 
glucose with or without lactate transport blockers. Regardless of the glutamate 
and glucose concentrations, an increased lactate concentration in aCSF develops 
in slices, while neuronal function dramatically impairs. As suggested by low 
concentration of lactate in control slices, neurons consume probably lactate 
rather than they decrease its production. These data indicate that the activation of 
neural tissue with excitatory neurotransmitter activates aerobic glycolysis and in 
turn increases lactate production (stress hyperlactatemia). Moreover lactate 
issued from this glycolytic pathway becomes the oxidative energetic substrate, 
allowing the neuronal function to recover.

At last, multiple data support that lactate is the essential end substrate of aerobic 
and anaerobic glycolysis in the brain: cytosolic glycolysis produces pyruvate which 
is reduced in lactate via the cytosolic LDH (cLDH); lactate enters the mitochondria 
thanks to its MCT and is oxidized in pyruvate via a mitochondrial LDH (mLDH), to 
join finally the TCA cycle [75]. Moreover, neuronal recovery function occurs only 
with astrocytic lactate (Fig. 8.7).

The modern concept of Schurr which consider lactate as the end product of cere-
bral aerobic glycolysis is in agreement with the Pellerin and Magistretti 
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astrocyte- neuron lactate shuttle (ANLS) model [76]. This concept highlights the 
coupling activity between astrocytes and neurons, especially during synaptic activ-
ity which corresponds to glutamate release [77]. Since more than 15 years, this team 
has provided many experimental data which support the role of lactate as a pivotal 
substrate for maintaining neuroenergetics [78, 79]. When released in the neuronal 
synaptic cleft, glutamate triggers different pathways simultaneously in both neurons 
and asytrocytes. Aerobic astrocytic glycolysis is activated leading to release lactate 
and ATP.  ATP is used for glutamate reuptake by astrocytes via an activation of 
glutamate- sodium cotransporters followed by an extrusion of sodium by Na-K-
ATPase pump. In the same time, the synaptic cleft glutamate activates postsynaptic 
receptors, which triggers the entry of sodium in neuronal dendrites and creates an 
excitatory potential. Neurons use astrocytic lactate to enter the oxidative phosphor-
ylation leading to produce ATP. This ATP is needed to extrude excessive sodium by 
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Fig. 8.7 The two concept of cerebral aerobic glycolysis. A. The classical pathway of cerebral 
aerobic glycolysis considers that pyruvate is the end product of the cytosolic glycolysis: pyruvate 
enters through the mitochondrial membrane thanks to its transporter, the monocarboxylate trans-
porter (MCT); after penetrating the mitochondria, pyruvate joins the tricarboxylic acid cycle 
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is reoxidized into pyruvate via a mitochondrial LDH (mLDH), to join finally the TCA cycle and 
release ATP
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Na-K- ATPase pump (Fig. 8.8). Such a lactate shuttling between neurons and astro-
cytes is possible thanks to cell metabolism compartmentalization which contain 
specific substrate transporters and enzymes. The increased glutamate activates pref-
erentially astrocytic glycolysis with lactate production: astrocytic GLUT 1 trans-
porters favor glucose uptake which is thereafter metabolized in lactate thanks to 
LDH 5. The extrusion of lactate from astrocytes is performed by MCT 1–4, and its 
entry in neurons is activated by MCT 2, while neuronal glucose uptake is very low. 
Finally lactate is oxidized into pyruvate by neuronal LDH 1.
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Fig. 8.8 Coupling astrocyte-neuron energetics in activated neurons [27]. Glutamate reuptake 
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lactate production. Astrocytic ATP allows Na-K-ATPase pump to work for glutamate reuptake. 
Activated neurons trigger a dendritic potential via voltage-gated sodium channels and Na-K- 
ATPase work which requires energy. Therefore, lactate extrudes from astrocytes and enters in the 
neuron thanks to its monocarboxylate transporters (MCT 1/4 and 2, respectively) and joins the 
oxidative phosphorylation. ATP issued from the neuronal oxidative phosphorylation delivers the 
required energy for the activation of the dendritic potential and Na-K-ATPase pump

In summary: lactate is a major end product of cerebral aerobic glycolysis. 
Contrary to the classical concept, lactate (endogenous as well as exogenous) 
but not pyruvate enters the mitochondria and is further metabolized in the 
TCA cycle and oxidative phosphorylation. Cerebral lactate consumption is 
linearly correlated with arterial lactatemia. During cerebral energetic crisis 
(ischemia-reperfusion, neuronal activation), lactate acts as an energetic shut-
tle required for coupling astrocyte and neuron energetic metabolism as fol-
lows: astrocytic cytosolic glycolysis produces lactate and ATP which are 
consumed for neuronal mitochondrial oxidative phosphorylation and gluta-
mate reuptake from the synaptic cleft, respectively [76, 80].
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Brain lactate metabolism has been assessed in humans with cerebral injury 
using functional cerebral imaging techniques and microdialysis [81–84]. All data 
support that brain lactate increased is mostly caused by aerobic glycolysis rather 
than by hypoxia. This seems to be an appropriate response aiming to spare glu-
cose in case of impaired cerebral oxidative metabolism. Moreover, hypertonic 
lactate therapy enables to conduct a preferential utilization of lactate as sug-
gested by the reduction of both brain glutamate and intracranial pressure (ICP), 
coupled with an increased extracellular pyruvate and glucose in patients with 
traumatic brain injury (TBI) [81, 83, 85]. The beneficial role of exogenous lac-
tate infusion has been reported in various experimental and clinical trials. In rat 
model of TBI, the administration of sodium lactate (SL) is associated with an 
improved cognitive function at 15  days posttrauma as compared with sodium 
chloride [86, 87]. In patients with severe TBI, the administration of boluses of 
hypertonic SL is associated with a higher reduction in raised ICP and a better 
neurological outcome after 1 year as compared with equiosmotic boluses of man-
nitol [61]. The same authors further showed that the infusion of hypertonic SL 
within the first 48 h of severe TBI prevented intracranial hypertensive episodes 
(with a reduction of 50% of episodes) [88]. Other studies have found a significant 
improvement of neurological dysfunction during severe hypoglycemia treated 
with exogenous lactate infusion [89, 90]. Considering these data strongly support 
that brain is capable to metabolize lactate and consider it as a major source of 
energy.

8.7.2.3  Sodium Lactate: A Possible Fluid Resuscitation
Not only the brain (or heart) but many organs can use lactate as an energy sub-
strate [91, 92]. SL presents additional theoretical advantages: poor chloride con-
centration, hypertonic solution, alkalinizing effect, and vasodilation related to 
lactate. Therefore, it has been hypothesized that hypertonic SL could be an inter-
esting fluid for vascular load in shock. In a model of porcine hypodynamic endo-
toxin shock, Duburcq et al. [93] have compared the effects on hemodynamics of 
equiosmotic SL and sodium bicarbonate versus 0.9% sodium chloride. They 
found that SL improved macrohemodynamic and oxygenation, microvascular 
reactivity while reducing significantly fluid balance. But recent data report dif-
ferent results in a model of sheep with hyperdynamic septic shock [94]. Animals 
were randomized to receive a bolus followed by a continuous infusion during 
10 h of hypertonic SL, hypertonic saline, normal saline, or ringer lactate. Fluid 
balance was lower in the hypertonic groups (lactate and saline) within the first 
8 h; macrohemodynamics (cardiac index and mean arterial pressure) were com-
parable during this period but worsened after in the SL group as compared with 
hypertonic saline one. Moreover, impaired tissue perfusion and death occurred 
earlier in the SL group. At last, early resuscitation of dengue shock syndrome by 
hypertonic SL allowed to reach a comparable hemodynamic recovery within 
48 h. Moreover, children receiving SL presented a one third lower fluid balance 
and an improved endothelia dysfunction as compared with those receiving ringer 
lactate [95].
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 Conclusion
Recent biochemical knowledges clearly demonstrate that lactate is not only a 
harmful end waste product of an anaerobic glycolysis. Lactatemia represents 
serum concentration at an instantaneous time. It must be distinguished from the 
body lactate turnover which results from its production and consumption. The 
simple view that hyperlactatemia indicates always tissue hypoxia and causes 
metabolic acidosis is wrong. Lactate is a physiological nontoxic metabolite. It 
represents a carbohydrate source of energy that allows to spare other energy 
resources. Hyperlactatemia and hyperproduction of lactate must not be inter-
preted as the cause of a high mortality but rather as an adaptative response. 
Hyperlactatemia must be viewed as a total body metabolic response leading to 
order metabolic redistribution and priorities between organs.

Numerous data demonstrate that lactate is a preferential source of energy for 
various organs, especially for the heart and brain. The beneficial effects of the 
exogenous administration of sodium lactate in patients with acute heart failure, 
severe traumatic brain injury, and septic shock are encouraging and seem to be 
promising.
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9Metabolism and Renal Functions

Aurélien Bataille and Laurent Jacob

9.1  Introduction

The kidney is the principal organ that ensures homeostatic control of fluid and elec-
trolytes in the human body, contributing to regulation of blood volume and pressure. 
To perform these critical functions, the kidney possesses a remarkable anatomical 
organization. Renal vascularization is very specific and is restricted based on meta-
bolic needs. In fact, there exists heterogeneity in the renal tissue with regard to 
perfusion and energy demand. In order to understand the coupling between these 
distinct requirements, the specific role of each part of the nephron, as well as its 
functional and regulatory mechanisms, must be considered. Notably, properties of 
renal circulation have been highlighted by several studies investigating pathological 
situations as well as therapeutic interventions.

Overall, renal blood perfusion exceeds global oxygen demand, leading to low 
oxygen extraction by the kidney. However, reabsorption of filtered primitive urine 
imparts a high metabolic burden. Thus, glomerular filtration rate (GFR) is a major 
determinant of renal oxygen consumption, explaining the importance of the cou-
pling that exists between blood flow, GFR, and oxygen consumption. This coupling 
system includes an arteriovenous shunt for oxygen in the medulla. This anatomical 
area is associated with a high risk of hypoxia/ischemia when GFR increases or 
medullary perfusion decreases. In the following chapter, we review the physiologi-
cal principles that contribute to metabolic challenges of the kidney.
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9.2  Determinants of Renal Metabolism

9.2.1  General Characteristics of Renal Blood Flow (RBF)

The kidney is an organ characterized by high blood flow (i.e., approximately 
1200 mL/min/1.73 m2), accounting for 20–25% of total cardiac output. With regard 
to metabolic supply, it represents a macroscopically privileged organ, receiving the 
highest infusion rate of all perfused organs (i.e., 4 mL/min/g of tissue). This is 5–50 
times more than other organs relative to weight (Table 9.1). Furthermore, this flow 
is much larger than the actual energy requirements of the kidney, which is reflected 
by the fact that the overall extraction rate for oxygen is 8% [1].

Overall oxygen consumption in the kidney is low relative to input, as confirmed 
by low arteriovenous differences in oxygen blood content. However, renal hyper-
perfusion is required to perform the primary function of the kidney, which is plasma 
filtration. Indeed, it requires high rates of perfusion, filtration, and tubular 
reabsorption.

Renal vascularization is terminal and sequential, connected directly to the aorto- 
caval system. The number of renal arteries for each kidney is variable (i.e., one to 
four) and divided successively into segmental, interlobar, arcuate, and interlobular 
arteries. Flow then continues via a portal system (the renal portal system), com-
prised of a series of double capillary networks. Therefore, this anatomy represents 
a succession of two resistive systems, the afferent and efferent arterioles of the 
glomerulus. Notably, a high and stable capillary pressure (glomerular filtration pres-
sure) exists between these systems, with a low capillary pressure downstream (tubu-
lar reabsorption pressure).

Although all nephrons have the same basic structure, they show some differences 
based on their positions within the renal cortex. Schematically, juxtacortical neph-
rons are small and numerous (constituting 85%) and display a short loop of Henle. 
Blood flow in glomerular capillaries is significant, fast, and under high pressure. In 
addition, efferent arterioles from these superficial nephrons give rise to all of the 
peritubular capillary networks.

Within these nephrons, the essential process of tubular reabsorption of electro-
lytes into the peritubular capillaries occurs, which correlates with GFR (i.e., 

Table 9.1 Rat kidney oxygen consumption compared to other organs according to Brezis [1]

Blood flow in mL/
min/100 g

O2 delivery (DO2) 
in mL/min/100 g

O2 uptake (VO2) in 
mL/min/100 g

O2 extraction 
VO2/DO2 in %

Heart 87 16.8 11 65
Liver 58 11.6 2.2 18
Brain 54 10.8 3.7 34
Skin 13 2.6 0.4 15
Skeletal 
muscle

2.7 0.5 0.2 34

Kidney 420 84 6.8 8
Medulla 190 7.6 6.9 79
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glomerular tubular coupling). In contrast, the juxtamedullary nephrons are larger 
and fewer (representing 15%) and display a long loop of Henle that dives into the 
medulla. There is less blood flow within these nephrons, which is slower and under 
low pressure. The efferent arterioles of these nephrons supply the vasa recta, diving 
parallel to the loops of Henle within different medullary layers. These juxtamedul-
lary nephrons play a vital role in creating and maintaining an osmotic gradient that 
allows for the cortico-papillary process of urine concentration and dilution.

Blood flow distribution, and thus oxygen transport, is heterogeneous in the renal 
parenchyma, with 90% distributed to the cortex and 10% to the medulla.

In the past, methods involving diffusible radioactive indicators, such as krypton- 85 
or xenon-133, were used to study the intrarenal blood distribution. For this, a radioac-
tive gas was fixed within the renal parenchyma by single-pass diffusion, and a decreas-
ing curve of the gas level was measured in the blood by externally recording the 
radioactivity. Analysis of the kinetic curve allowed the identification of three main 
compartments: cortical flow (5 mL/min/g), outer medullary flow (1.5 mL/min/g), and 
internal medullary flow (0.2 mL/min/g). Collectively, downstream from the glomer-
uli, 80–85% of the perfusion is distributed to the cortical peritubular capillaries, with 
only 15–20% reaching the medullary [1]. Thus, more than one renal circulation sys-
tem exists, with cortical and medullar circulation, initially, and glomerular and peritu-
bular circulation, secondarily. Moreover, these microcirculation systems are regulated 
differentially at each level of the nephron and adapted to renal function.

The cortico-medullary osmotic gradient is created by a countercurrent concen-
tration phenomenon, which involves active reabsorption against an electrolyte con-
centration gradient in the thick ascending limb of Henle’s loop. The vasa recta 
recirculate a portion of solutes reabsorbed at the medullary level to maintain a con-
stant cortico-medullary osmotic gradient. Insufficient flow within the vasa recta 
causes medullary ischemia and loss of the osmotic gradient. If flow within the vasa 
recta becomes too much, it leads to washing out of medullary osmotic content. Both 
these cases lead to loss in the ability to concentrate urine. Gradient magnitude not 
only depends on medullary blood flow but also on loop length and the action of the 
antidiuretic hormone.

9.2.2  Intra-glomerular Hemodynamics

Ultrafiltration of plasma within the glomerulus constitutes the initial step of primi-
tive urine formation. In this regard, it is important to note that GFR is high, on the 
order of 120 mL/min/1.73 m2 (i.e., 180 liters per day). Determinants of GFR include 
the following:

 – Glomerular blood flow
 – Net ultrafiltration pressure (i.e., the difference between hydrostatic pressure and 

oncotic pressure)
 – Physical characteristics of the glomerular filtration membrane (Kf: exchange 

surface and permeability)
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Hence, glomerular filtration is a convective phenomenon, and its determinants 
obey the law of Starling. Glomerular filtration can be summarized using the follow-
ing formula:

DFG = Kf × Puf
Puf is the net ultrafiltration pressure (driving force for filtration):
DFG = Kf × (ΔP − Δπ)
P is the hydrostatic pressure and π the oncotic pressure.
Kf is the filtration glomerular coefficient:
Kf = K × S
K is the hydraulic permeability.
S is the filtration modular surface (vasodilatation, vasoconstriction).
In summary, 600 mL/min of plasma enters into the kidneys. A total of 20% will 

be filtered in primitive urine (filtration fraction = 20%). A total of 99% of this fil-
tered load is reabsorbed in the tubules, with 599 mL/min of plasma ultimately flow-
ing back into renal venous circulation.

The net ultrafiltration pressure and glomerular blood flow are under the influence 
of both afferent and efferent arteriolar resistance. However, it is mainly at the affer-
ent arterioles (at the level of the cortical nephrons) where modulation is possible due 
to self-regulation, which persists following denervation of the kidney or isolated 
kidney perfusion [2]. Within certain limits of perfusion pressure (i.e., 80–200 mmHg), 
the blood flow is not concomitantly altered along with the perfusion pressure, but 
instead remains constant. Increased blood pressure can cause vasoconstriction of 
the afferent arteriole, whereas hypoperfusion induces vasodilatation of the renal 
afferent arteriolar (i.e., pre-glomerular control).

Prostaglandins are mediators of reduced afferent arteriole resistance in the case 
of low-pressure perfusion. Nonsteroidal anti-inflammatory drugs inhibit cyclooxy-
genase and decrease prostaglandin synthesis, thus reducing GFR when it is depen-
dent on vasodilatation of the afferent arteriole. Changes in vascular tone of the 
afferent arteriole allow maintenance of stable glomerular perfusion, ultrafiltration 
pressure, and GFR.

Autoregulation of RBF is related to two main mechanisms acting in synergy, a 
local myogenic reflex and tubulo-glomerular feedback.

9.2.3  Myogenic Reflex

The local myogenic reflex involves the smooth muscle cells in the afferent arteriole 
walls and is activated via stretch-sensitive calcium channels. In response to an 
increase in intraluminal blood pressure, calcium-induced vasoconstriction of the 
afferent arterioles occurs in order to avoid downstream increases in pressure [3, 4].

This local myogenic reflex accounts for 30% of the self-regulation of the RBF. In 
addition, its response time is short (approximately 2 s), and cortical nephrons are 
involved [5]. Thus, it is linked to mechanical stress and is more related to peak sys-
tolic pressure than mean arterial pressure [6]. This reflex, known as the Bayliss 
effect, is also present in other arteries of the body.
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9.2.4  Tubulo-glomerular Feedback

Tubulo-glomerular feedback shows a slower response time (10–15 s), as its involve-
ment is determined by metabolic stress. It is closely related to the anatomical dispo-
sition of the vessels and glomerular renal tubules. Indeed, the distal portion of the 
thick ascending limb of Henle’s loop is in contact with afferent and efferent arteri-
oles of the glomerulus (i.e., the juxtaglomerular apparatus) and contains specialized 
cells, which are called the macula densa. This area responds to variations in flow 
rate and concentration of urinary sodium and chloride. In fact, an increase in the 
flow or ion concentration causes opposite tubular glomerular filtration in a sigmoi-
dal relationship via vasoconstriction of the afferent arteriole as well as decrease of 
the permeability variation coefficient through mesangial cell contraction [7]. 
Reabsorption of sodium in the macula densa is linked to an apical tubular trans-
porter of Na+/K+/2Cl− that consumes oxygen and ATP. Therefore, ATP (or its metab-
olite, adenosine) mediates contraction of the afferent arteriole, and probably of the 
mesangium, through binding to the purinergic receptors [8]. These two responses 
subsequently lead to decreased blood flow and glomerular filtration in an attempt to 
retain sodium and water. Between the renal perfusion pressure of 70/80 mmHg and 
160 mmHg, GFR and RBF are conserved (Fig. 9.1).

9.2.5  Microcirculation

Micropuncture studies performed in animals have led to a better understanding of 
intrarenal hemodynamics and revealed that renal microcirculation is complex. In par-
ticular, Wistar–Munich rats have been used for such studies due to the fact that their 
glomeruli are located immediately under the renal capsule and therefore more easily 
accessible. However, anesthesia used during micropuncture alters vascular tone and 
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reactivity. Thus, exploration is restricted to subcapsular nephrons, and the interpreta-
tion and extrapolation of data obtained by this procedure to man are limited.

For example, in a situation involving anesthesia-induced relative hypovolemia, 
pressure ultrafiltration is null before the end of the glomerular capillary due to a 
decrease in hydrostatic pressure and a rapid increase in oncotic pressure. Therefore, 
GFR becomes dependent on RBF and is highly influenced by its variations. 
However, unlike in rats, the ultrafiltration pressure in dogs is not canceled until the 
end of the capillary (conservation of a positive filtration gradient), such that the 
GFR to RBF dependence is less marked. Indeed, the same is likely true for humans.

Techniques using microspheres can only be used in experimental models, which 
tend to overestimate flows of external cortical areas in the axis of the vessels due to 
connections between interlobular and efferent arteries.

9.2.6  Oxygen

The kidneys represent less than 1% of the total human body weight but receive 25% 
of the cardiac output. In terms of energy balance, RBF at baseline is approximately 
five times that of coronary flow, while the oxygen consumption by the heart at base-
line is about twice that of the kidney. Indeed, tubular reabsorption of sodium is the 
main determinant of oxygen consumption (VO2) in the kidney. Thus, VO2 varies 
with glomerular filtration, reflecting an intrinsic mechanistic coupling between 
input and oxygen requirements.

If any mechanism limits oxygen supply to the renal tissue, the oxygen partial pressure 
in the cortex should be high. This implies that oxygen reactive species would be produced 
because cellular oxidative stress in the kidney is highly dependent on oxygen availability. 
In fact, the mammalian kidney is not hyper-oxygenated. Cortical PO2 is 50 mmHg, and 
medullary PO2 may even be lower (25 mmHg) [9]. In mammalian kidneys, the arteriove-
nous shunt of oxygen by diffusion appears to represent a structural antioxidant mecha-
nism. However, this is not the case in birds, where an alternative mechanism was 
developed to address this issue: the majority of RBF is due to venous blood.

These arteriovenous diffusion shunts are possible in tissues where arteries and veins 
are closely parallel to each other in opposite directions: muscles and kidneys. Evidence 
of the existence of these shunts is based on direct visualization and mathematical models 
of venous PO2, which is greater than capillary PO2. These shunts seem possible in both 
the cortex and the medulla. Moreover, this mechanism adapts itself to changes in blood 
flow under physiological conditions and accounts for susceptibility to hypoxia [9].

9.3  Pathophysiological Consideration

9.3.1  Sensitivity Zone (S3 Segment)

In the medulla, the vasa recta are arranged parallel to the tubules, and due to the diffu-
sion of oxygen from the descending branch to the ascending branch, there is a further 
depletion of the oxygen content when these vessels plunge into the medulla. This 
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results in a very low O2 partial pressure in the deepest parts of the medulla (10–
20 mmHg PO2 vs. 50 mmHg at the cortical level) [10, 11]. Also, the relative ischemia 
of this nephron segment is offset by a high oxygen extraction rate (i.e., 79%) [12]. 
Although the medulla is highly vulnerable to renal hypoperfusion, there is a redistri-
bution of cortical blood flow to the spinal cord layers in cases involving hypotension. 
In contrast, an increase in load sodium promotes cortical redistribution.

This zone is also a place of high-energy constraints related to sodium reabsorp-
tion in the terminal portion (S3 segment) of the proximal convoluted tube as well as 
the thick ascending limb of Henle’s loop. In fact, the tubular metabolic stress 
imposed by active reabsorption mechanisms is the principal factor influencing med-
ullary ischemia, which is due to both low oxygen delivery and high oxygen demand.

In models of postischemic or toxic renal failure, experimental studies have identi-
fied that the earliest cellular lesions are localized in the right portion (S3 segment) of 
the proximal convoluted tubule and the ascending limb off the loop of Henle. Notably, 
this location displays strain energy at its maximum. Although cells of the convoluted 
cortical S1 and S2 segments seem less affected, they also lose their brush border. 
Nevertheless, necrotic lesions are less extensive in these locations. The degree of 
influence on the other tube segments is more controversial, particularly with regard to 
the medullary portion of the ascending branch of the fine loop of Henle.

9.3.2  Protective Role of the L-Arginine/Nitric Oxide (NO) System

Endothelial cells synthesize NO from L-arginine through the activity of NO syn-
thase (NOS). NO is involved in adaptation of glomerular flow, particularly the auto-
regulation of RBF and GFR [13]. Both constitutive isoforms of NO synthase are 
distributed throughout the kidney but particularly in the glomerulus [14]. In humans, 
NOS III is activated by stretching forces and calcium agonists and is expressed in 
the endothelium of cortical and medullary vessels. In rats, NO is involved in the 
regulation of glomerular filtration via two mechanisms: it modifies the vascular 
resistance of afferent and efferent arterioles and regulates the ultrafiltration coeffi-
cient, Kf [13]. Inhibition of NO synthesis leads to a 50% decrease in Kf and 
increased vascular resistance in the afferent arteriole. Indeed, NO is considered to 
be a vasodilator messenger, which is opposed to tubulo-glomerular feedback. It also 
has the potential to influence the myogenic component of RBF autoregulation, pro-
moting vasodilatation in the case of low perfusion pressure. In fact, a study in 
humans has shown that in the presence of an NO antagonist (L-NMMA), there was 
a 79% decrease in RBF without modification of GFR [15]. Therefore, NO is not the 
main vasodilator of glomerular vessels, and other mechanisms are involved, includ-
ing the cyclooxygenase pathway, which may explain GFR maintenance in situations 
where the NO pathway is inhibited [16]. It should be noted that NOS I (neuronal) is 
expressed in granular juxtaglomerular cells that are in contact with afferent arteri-
oles [17]. Furthermore, the NO produced by the macula densa inhibits Na+/K+/2Cl− 
cotransport in the distal tubule and therefore tubulo-glomerular feedback [18]. It 
could also be involved in the release of renin, integrating the long-term control of 
sodium metabolism and regulation of blood pressure [19].
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NO is also an important physiological factor in renal medullary microcirculation, 
which may even constitute its primary function. Indeed, its vasodilator properties 
are linked to cGMP (a myosin kinase-inactivating phosphorylation) and activation 
of calcium-dependent potassium channels of smooth muscle cells, which oppose 
vasoconstrictors (e.g., angiotensin II, endothelin, and norepinephrine) [20–22]. NO 
maintains medullary blood flow and represents an important factor preserving med-
ullary oxygenation to compensate for the relative ischemia of this area in both phys-
iological and pathological conditions. During sepsis, NO production is high due to 
the activation of NOS II (inducible NOS), but its rapid interaction with superoxide 
anion can result in reduced availability of NO when antioxidant mechanisms are 
exceeded [23]. This deficit is enhanced by the action of TNF and endotoxin, which 
accelerate the degradation of messenger RNA of endothelial NOS. This phenome-
non could partly explain the intrarenal vasoconstriction observed during sepsis, 
especially in the medulla. On the other hand, the production of peroxynitrite anion 
(i.e., a reactive form of nitrogen) is cytotoxic and may exacerbate the ischemic cell 
damage occurring during acute septic renal failure [24].

Notably, inhibition of the L-arginine/NO system during experimental models of 
septic renal failure led to a dramatic increase in ischemic medullary tubular 
 structures [25].

9.3.3  Glucose Production

Gluconeogenesis is the production of glucose from noncarbohydrate molecules, 
including amino acids and glycerol (from fat metabolism). This process is stimu-
lated by decreased intracellular and blood glucose, as well as cortisol and catechol-
amines. The liver is the primary site for this glucose production. In patients in the 
anhepatic phase of liver transplantation, a de novo production of glucose by the 
kidney was observed from amino acid precursors. This extrahepatic production was 
quantitatively comparable to that of healthy subjects in the fasting phase, and the 
kidney was producing up to 70% of the total glucose synthesized, making it the 
main source of extrahepatic glucose production. This renal involvement shows 
close reciprocity with other organs, especially the liver.

9.4  Main Data on Therapeutic Interventions

9.4.1  Diuretics

Under normal conditions, when medullary PO2 is lower than cortical PO2, it was 
shown that furosemide inhibits sodium reabsorption in the renal medulla, increasing 
the medullary PO2 without altering cortex PO2. This increase is a direct consequence 
of lost oxygen consumption resulting from inhibition of tubular transporters [26]. 
Therefore, the use of diuretics in situations of renal aggression is based on these 
findings. However, several meta-analyses have demonstrated no beneficial effect in 
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humans. Instead, diuretics may even be harmful in this context, especially under 
unstable volemic conditions.

9.4.2  Dopamine

Dopamine, which is released by postganglionic fibers of the sympathetic nervous 
system or synthesized locally, plays a principal role in the regulation of sodium 
metabolism. Under physiological conditions, dopamine increases RBF and GFR, 
not only by increasing cardiac output but also by decreasing renal vascular resis-
tance. It also has a direct natriuretic activity via inhibition of the Na+/K+ ATPase in 
the proximal tubule. Peripheral dopamine receptors (D) belong to two major fami-
lies: type 1 and type2. Type 1 receptors are located in the cytoplasm of the postsyn-
aptic compartment and are recruited to the membrane by either dopamine or atrial 
natriuretic peptide (ANP) through activation of adenylate cyclase. Type 2 receptors 
are expressed by the presynaptic cell. Stimulation of type 1 dopamine receptors (D1 
and D5) causes direct vasodilation, whereas activation of type 2 dopamine receptors 
(D2, D3, and D4) induces vasodilation by indirect inhibition of norepinephrine 
release. In humans, expression of these five receptors is distributed heterogeneously 
in the kidney, both in vascular and tubular structures. Notably, defects in the dopa-
mine receptor system can be associated with some forms of hypertension [27–29].

Dopamine has been proposed as a treatment for acute ischemic renal failure due 
to its ability to reduce ATP use and oxygen requirements in the medulla. After the 
work of D’Orio [30], dopamine at “renal dose” (i.e., a dose lower than 5 μg/kg/min 
to induce renal vasodilatation and increased diuresis without increasing blood pres-
sure) was widely used in ICU patients [30]. However, recent studies in both healthy 
adults and ICU patients have highlighted the lack of correlation between the rate of 
dopamine infusion and plasma concentrations. In fact, several meta-analyses have 
now demonstrated the ineffectiveness of this therapy for preventing or curing acute 
renal failure [31, 32]. Dopamine may even be deleterious, as electrolyte reabsorp-
tion in the medulla compensates for the inhibition of the proximal tubular dopamine 
reabsorption. This increases the oxygen demand for an area that is already experi-
encing relative ischemia. Similarly, in the mesenteric territory of septic patients, 
dopamine, which is a splanchnic vasodilator, can promote digestive mucosa isch-
emia by redistribution of blood flow [33, 34]. Fenoldopam is a selective D1 receptor 
agonist used as a vasodilator during hypertensive emergency. Due to its renal effects, 
it tends to show efficacy in animals for the prevention of acute renal failure induced 
by toxins (cyclosporine, contrast agents); however, this has not yet been demon-
strated in humans [35, 36].

9.4.3  Noradrenaline

The kidney receives a rich vegetative innervation. However, under physiological con-
ditions, the sympathetic nervous system has little influence on intrarenal 
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hemodynamics. This is likely due to the dominant action of local mediators. However, 
under stress, activation of the sympathetic system enhances renal vascular resistance 
via increased intracellular calcium, decreasing RBF [37–39]. Regardless of its vaso-
active activity, the sympathetic system promotes renin secretion and sodium reab-
sorption in different segments of the tubule, especially the ascending limb of the loop 
of Henle [40]. At this level, noradrenaline binds to alpha-1 receptors and increases 
the activity of the Na+/K+ ATPase. This anti-natriuretic effect participates in the for-
mation of edema and congestive heart failure [41]. Therefore, the autonomic nervous 
system plays a more important role in the control of blood pressure (i.e., by modulat-
ing tubular functions and sodium metabolism), than in the regulation of RBF.

9.4.4  Atrial Natriuretic Factor (ANF)

ANF is a potent endogenous diuretic and natriuretic [42], which can improve the 
renal function/perfusion in both animal models and cases involving ischemic renal 
failure in humans. It belongs to a family of peptides synthesized by atrial 
myocytes.

Human-specific studies of ANF have revealed increases in GFR, renal filtration 
fraction (GFR/renal plasma flow), fractional sodium excretion, and urine output. 
However, this was also accompanied by enhanced tubular reabsorption and there-
fore O2 consumption [43]. Its use during acute renal failure is based on the induction 
of vasodilation of the pre-glomerular artery through antagonism of the renin–angio-
tensin axis. Also, it leads to prostaglandin release in the initiation phase of renal 
aggression and during acute renal failure. These prostaglandins have a natriuretic 
effect that prevents tubular obstruction. Notably, ANF also likely reduces renal 
inflammation [44]. Furthermore, ANF treatment was analyzed in a meta-analysis 
[45] of the Cochrane Database, which included 1861 patients in 19 studies (11 pre-
ventative, 8 therapeutic). Overall, it was found that ANF did not reduce mortality.

Low doses (<100 ng/kg/min) showed efficacy in preventing the onset of acute 
renal failure (RR 0.32, 95% CI 0.14–0.71). Also, in the treatment of established 
acute renal failure, low doses of ANF were associated with a reduction in the use of 
renal replacement techniques (RR 0.54, 95% CI 0.30–0.98). However, contrast 
nephropathy and oliguric acute renal failure escaped this effectiveness. It should be 
noted that arrhythmias and hypotension were observed during treatment with ANF.

9.4.5  Glycemic Control and Insulin Therapy

The benefit of glycemic control by insulin therapy on renal function has been dem-
onstrated. In fact, insulin therapy led to a lower need for dialysis [46] and reduction 
in peak plasma creatinine [47]. Nevertheless, these benefits have not been found in 
larger-scale studies [48]. Although injury mechanisms and pro-apoptotic effects 
have been highlighted as possible explanations for positive findings associated with 
insulin [49], future investigation will be needed to confirm the efficacy of this thera-
peutic strategy.
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 Conclusion

Understanding the mechanisms involved in the metabolic balance of the kidney 
has been gradual. Many different models have been used, resulting in the lack of 
a paradigm to integrate the data obtained from basic research. Also, these find-
ings need to be tested for consequences in terms of clinical intervention for 
patients. Recently, meta-analyses have refocused clinical practice.

We hope that clinical advances yield a better understanding of renal physiol-
ogy. In this regard, some important areas of recent development include improved 
monitoring of renal aggression and the emergence of new markers of renal cell 
injury.
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10Extrarenal Removal Therapies in Acute 
Kidney Injury

Olivier Joannes-Boyau and Laurent Muller

10.1  Theory and Principles

Renal replacement therapy (RRT) was the first technique that replaced an organ, 
more precisely the exocrine function of kidney. John Jacob Abel first demonstrated 
the feasibility of the concept of the “artificial kidney” in dogs in 1913 [1, 2]. During 
the World War 2, Kohler developed the human application of artificial kidney that 
was subsequently widely used in the USA in the early 1950s [1, 3]. In 1960, Scribner 
and Quinton invented and developed the arteriovenous shunt that allowed repeated 
connections of patients to machines, rapidly replaced by subcutaneous fistula [4, 5]. 
The combination of fistula and artificial kidney was the start signal for intermittent 
hemodialysis (IHD) as the first-line treatment of end-stage kidney disease (ESKD). 
From 1980 to the early 1990s, both continuous hemofiltration and continuous 
hemodialysis were advocated in intensive care units (ICUs), during acute kidney 
injury (AKI) because of a better hemodynamic stability and simplicity [6–8]. Renal 
replacement therapy is based on the concept that water and solute can cross a semi-
permeable membrane from blood to extracorporeal compartment, allowing elimina-
tion of undue fluid and electrolyte accumulation induced by AKI.  It is usual to 
oppose conventional hemodialysis, mainly based on diffusion principle, and hemo-
filtration, mainly based on convection principle. In fact, numerous RRT techniques 
have been developed, using both diffusive and convective techniques at different 
degrees. This can be confusing for ICU physicians and nurses. In this chapter, we 
will summarize general principles and main RRT techniques that can be used in 
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ICU to treat AKI, the timing to start RRT, the dose that should be used, and the short 
review on anticoagulation strategies. Before starting a RRT session, all reversible 
causes of AKI must have been eliminated. First, physical examination, focused 
ultrasound, and/or CT scan must systematically eliminate acute bladder retention 
and/or hydronephrosis. Second, hemodynamic analysis and monitoring must guar-
antee an adequate level of mean arterial pressure (ranging from 65 to 85 mmHg) and 
normalization of blood volume (“volume-unresponsive AKI”) [9, 10].

10.2  Diffusion and Convection Principles (Fig. 10.1)

10.2.1  Diffusion Principle (Fig. 10.1a)

Diffusion is the main principle used during conventional intermittent or continuous 
hemodialysis. Diffusion occurs when a semipermeable membrane separates two 
aqueous solutions. In this case, small molecules cross the membrane from higher to 
lower concentration compartment. In case of RRT, a dialysis membrane separates 
blood and dialysate, allowing creatinine, urea, potassium, and phosphorus excess 
elimination from blood to dialysate compartment. In the same time, bicarbonates 
move from dialysate to blood compartment, which allows correction of AKI- 
induced acidosis. When diffusive principle is uniquely applied, water elimination is 
negligible. Diffusion efficacy can be summarized by the diffusion flux of a given 
solute across the membrane (Qx), which depends on the following equation:

 
Qx Ko A Gx t= × ×( )/  

With Ko = Kb × T / 6π × μ × Ŗ (t = dialysate temperature, Ko = diffusion (mass 
transfer) coefficient, A = membrane area, Gx = concentration gradient between blood 
and dialysate compartments, t = membrane thickness). Ko depends on the effective 
radius of the considered molecule (R), the temperature of medium (T) the viscosity of 
the medium (μ) and the Boltzmann constant (Kb), which represent the entropic kinetic 
energy of the considered molecule [11].

Other factors may influence solute transport, such as protein binding and electri-
cal charges of each solute.

10.2.2  Convection Principle (Fig. 10.1b)

Convection is the principle used during hemofiltration. Convection is the movement 
of a given fluid (mainly plasma water during RRT) across the membrane, driven by 
a gradient of hydrostatic pressure and the transmembrane pressure (TMP). More 
precisely, the TMP is the difference between blood compartment hydrostatic pres-
sure (Pb) and ultrafiltrate compartment hydrostatic pressure (Puf), minus the plasma 
oncotic pressure (π):

 
TMP Pb Puf= ( )− − π  
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Fig. 10.1 Schematic representation of diffusion (1a) and convection (1b) principles
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The fluid transport across the membrane is called ultrafiltration. The convective 
flux (ultrafiltration rate, Quf) across the membrane depends on the following 
equation:

 Quf TMP Kuf A= × ×  

In this equation, Kuf represents the intrinsic water permeability of the hemofilter 
membrane and A the membrane area.

During convective therapy, besides fluid removal, a small amount of solutes 
moves to ultrafiltrate (Fig. 10.1b). This solute removal during convective therapy 
depends on the sieving coefficient (SC) of membrane that will be discussed in the 
following chapter. Therefore, the global efficiency (on water and solutes) of convec-
tive therapy can be summarized by the following equation:

 Convection efficiency SC TMP Kuf A= × × ×  

All the previous equations highlight the importance of the characteristics of 
membrane for RRT efficiency.

10.3  Postdilution, Predilution, and Net Patient Fluid Loss

As mentioned in the previous chapter, continuous convective therapy is based on large 
plasma water removal, generally 25–30  ml/Kg/h (see chapter “RRT Dose”). This 
exposes to critical hypovolemia that must be compensated by reinjection of partial to 
total (zero-balanced hemofiltration) of the removed volume. This substitution can be 
done before filter (predilution) or after filter (postdilution). Predilution offers the theo-
retical advantage of reducing blood viscosity along filter that could reduce the risk of 
filter obstruction and consequently increase the filter half-time. In contrast, predilu-
tion reduces global clearance of the technique. Postdilution leads to maximal hemo-
concentration in filter that could lead to early filter clogging but preserves a maximal 
clearance. Therefore, both techniques have theoretical advantages and disadvantages. 
No clinical study has addressed in which situations pre- or postdilution should be used 
[12]. Net patient fluid loss is a key issue as fluid overload is strongly associated with 
excess mortality during AKI, especially when weight gain is >10% of body weight 
[13–17]. Control of fluid balance can only be achieved when hemodynamic stability 
is obtained. The maximal fluid loss per hour depends on patient’s conditions, and 
closed hemodynamic monitoring must be done when fluid removal is decided. In a 
controlled study that compared alternate-day dialysis to daily hemodialysis, episodes 
of per-dialysis hypotension were 25% when hour depletion was 1000 ml/h, whereas 
hypotension incidence was 5% for a fluid loss of 400 ml/h [18].

10.4  Filtration Fraction (FF)

This parameter is of paramount importance during continuous convection ther-
apy (hemofiltration, hemodiafiltration), while it is negligible during hemodialy-
sis. It represents the concentration ratio of blood along filter. The FF is the ratio 
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between ultrafiltrate flow rate and blood flow rate. During convection technique, 
because of a high plasma water removal (generally 25–30  ml/Kg/h—see part 
about “RRT Dose”), significant blood concentration occurs along filter. This 
hemoconcentration increases blood viscosity that promotes filter obstruction and 
early filter loss. All modern devices display FF value on machine screen. Medical 
and nurses staff must be conscious of the importance of monitoring FF value that 
must be kept below 25%. Filtration fraction is summarized by the following 
equation:

 
FF Q Q Q Qs Qpre post net pre= + +( ) +( )/  

In this equation, Qpre = predilution flow rate, Qpost = postdilution flow rate, Qnet = 
net patient fluid loss, and Qs = blood flow rate.

Increasing blood flow is the first mean to reduce filtration fraction. This can be 
limited by the capacity of catheter to deliver adequate flow. If very low pressure 
(<100 mmHg) is measured on the “arterial” lumen of the catheter, the catheter flow 
will probably be less than what is prescribed on machine. In this case, the second 
mean to decrease FF is to limit ultrafiltration rate. This option is preferable in case 
of negative “arterial” pressure.

10.5  Characteristics of Filters

The vast majority of modern RRT filters are cylinders in which blood circulates in 
multiple hollow fibers [19]. The fiber wall is the filter membrane.

10.5.1  Membrane Permeability

Filter membrane permeability (Kuf) is characterized by length, mean inner radius, 
wall thickness (t), mean inner radius of pore (Rp), and the number of pores (Np). 
The membrane area (A) depends on the sum of fibers. According to the Quf for-
mula, the Kuf unit is ml/h/mmHg/m2. It is generally admitted that membranes can 
be classified in low-flux membranes (Kuf < 10 ml/h/mmHg/m2), middle-flux mem-
branes (10 < Kuf < 25 ml/h/mmHg/m2), and high-flux membranes (Kuf > 25 ml/h/
mmHg/m2). This mainly describes the hydraulic permeability of membrane but 
does not describe the solute permeability of membrane, which depends on density, 
size, and distribution of pores. A membrane with high solute permeability is a highly 
permeable membrane. The terms high-flux and highly permeable membrane are not 
interchangeable. High-flux dialysis membranes are now widely used, especially 
polysulfone membranes, both in nephrology and ICU [20].

10.5.2  Mass Transfer Coefficient

This coefficient (Ko) represents the ability of a membrane to provide diffusive 
transport over the entire filter. As mentioned previously, it is one of the key issues of 
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diffusive principle. It can be altered over time because of a progressive loss of mem-
brane permeability during treatment.

10.5.3  Sieving Coefficient

The SC represents the ability of a convective therapy to remove solutes, regardless 
of diffusive transport (Fig. 10.1b). During convective therapy, SC can be compared 
to mass transfer coefficient during diffusive therapy. The SC is the ratio of concen-
trations of a given solute between ultrafiltrate (CUF) and plasma compartments of 
filter. As concentrations at the inlet (Cpi) and outlet (Cpo) plasma compartment of 
filter are different, it is admitted that the mean concentration (Cpi + Cpe/2) better 
represents blood solute concentration over filter.

10.5.4  Membrane Cutoff

The cutoff is a specific characteristic of a given membrane. It represents the maxi-
mal molecular weight blocked by the membrane. Above the cutoff value, the larger 
molecules cannot cross the membrane. Because membrane pore size is not totally 
homogeneous, cutoff value is statistically defined as the molecular weight of a sol-
ute with a SC of 0.1 (less than 10% of such molecules are eliminated in ultrafiltrate). 
In clinical practice, a high cutoff membrane usually describes a membrane with a 
cutoff value closed to the molecular weight of albumin (60–70 kd).

 
SC CUF Cpi Cpo= +( )/ / 2  

Therefore, the efficacy of a convective technique must be defined by its ability 
both to remove water and to remove solutes.

10.5.5  Membrane Adsorption

Adsorption is the adhesion of macromolecules to the membrane surface without 
penetration, and it primarily depends upon the internal pore structure and the hydro-
phobicity of the membrane [21]. It is a property of new synthetic membranes. 
Adsorption decreases complement activation and therefore limits the inflammatory 
reaction due to contact between blood and membranes, enhancing the biocompati-
bility of membranes [22]. If adsorption could have potential interest for cytokine 
blood removal during sepsis or light-chain elimination during myeloma, the clinical 
usefulness such membrane characteristic remains unclear [23]. Because adsorption 
membranes are generally high cutoff membranes, they may also have significant 
side effects as hormones, coagulation factors, growth factors, or albumin undue 
loss. Moreover, a highly adsorptive membrane may reduce the diffusive and convec-
tive capacities over time. A moderate level of protein adsorption combined with the 
ability to bind protein-bound uremic toxins is sometimes recommended [24]. 
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Coupled plasma filtration and adsorption (CPFA) aims at separating plasma from 
cells. Plasma passes through a synthetic resin-sorbent cartridge and then returns to 
the blood, and a second filter allows conventional RRT. No study has demonstrated 
a clinical interest of this technique [12].

10.5.6  Molecular Composition of Membranes 
and Biocompatibility

Filter membranes are composed of semipermeable compounds that allow the sepa-
ration of solutes between blood and dialysate or ultrafiltrate compartments. 
Historically, the membranes were cellulose based or cellulose derived. The non-
modified cellulosic (natural) such as cuprophane membranes were predominantly 
low-flux membranes, with a very low cutoff, below 5 kd. Their performances 
were  therefore limited [19, 22]. Moreover, their biocompatibility was poor. 
Biocompatibility can be defined as an inflammatory response syndrome due to com-
plement activation mediated by the contact between blood and cellulosic mem-
brane. This phenomenon has been well described during dialysis session with 
cellulose membrane, by measuring complement activation and increased levels of 
interleukine-1, interleukine-6, tumor necrosis factor, and C-reactive protein [25]. 
This syndrome was initially related to dialysis hypotension episodes. Modified cel-
lulosic membranes as cellulose triacetate (CTA) improved the membrane biocom-
patibility. New synthetic membranes were developed during the past decades, with 
improved permeability, improved elimination of medium molecular weight mole-
cule such as beta-2 microglobulin. Removal of beta-2 microglobulin is of para-
mount importance during chronic dialysis in order to limit dialysis-related 
amyloidosis. In contrast, the concept of cytokine removal by RRT during sepsis was 
not reported as effective [26, 27]. No guidelines support the routine use of RRT dur-
ing sepsis in the absence of AKI [12, 28]. The most popular synthetic membranes 
are polysulfone, polyethersulfone, and polyacrylonitrile (AN-69). During ESKD, 
even if the use of synthetic membranes is not clearly associated with less hypoten-
sion, it is widely admitted that such membranes limit the inflammatory reaction to 
dialysis session, limit the risk of amyloidosis, and could improve long-term survival 
[25]. These results are generally extended to critically ill patients. In ICU, the most 
popular membranes are polysulfone, polyethersulfone, and AN-69. The biocompat-
ibility of synthetic membranes is not perfect. The AN-69 membrane is a negatively 
charged membrane that induces coagulation factor XII activation and subsequently 
produces bradykinin [29]. Because bradykinin is broken down by angiotensin- 
converting enzyme (ACE), negatively charged membranes may cause anaphylactic- 
like shock in patients taking ACE inhibitors, due to the accumulation of bradykinin 
[30]. Therefore, dialysis treatment with AN-69 membranes is contraindicated for 
patients using ACE inhibitors. This side effect was corrected by treating AN-69 
membrane by polyethylenimine, a positively charged molecule that neutralizes the 
internal surface of hollow filter membrane. This membrane (AN-69 ST) is widely 
used for continuous RRT in ICU [22].
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10.5.7  Polymyxin B Membrane Hemoperfusion

During hemoperfusion, there is no renal replacement therapy. The blood only 
crosses a polymyxin B-coated filter that decreases macrophage and monocyte activ-
ity. Despite promising results of the first randomized small study [31] and prospec-
tive cohort studies [32], recent randomized controlled multicenter study did not find 
any survival benefit in septic shock secondary to peritonitis [33], and these results 
seem to be confirmed by the last trial (EUPHRATES study preliminary presentation 
during ESICM congress 2016).

10.6  Main RRT Techniques Used in ICU (Table 10.1)

Continuous renal replacement techniques (CRRT) represent more than two-thirds 
of RRT in ICU patients [34, 35]. The rationales for using continuous technique are 
better hemodynamic stability and better fluid balance control in ICU patients as 
compared to IHD [9, 12, 17, 28]. Continuous techniques are defined by duration 
over 24 h, whereas IHD is generally performed over a 3–4-h period. Continuous 
techniques also limit the risk of dialysis disequilibrium syndrome that consists in 
acute cerebral edema due to acute blood osmolarity decrease induced by IHD. With 
continuous techniques, this risk is below 0.5% [36]. The superiority of continuous 
technique over IHD has not been demonstrated in terms of mortality [11, 21, 22, 37]. 
Nevertheless, two recent meta-analyses suggest a possible favorable impact of con-
tinuous techniques in terms of renal function recovery [38, 39]. The more frequently 
used techniques for CRRT are continuous venovenous hemofiltration (CVVH), 
hemodiafiltration (CVVHDF), and hemodialysis (CVVHD) [35]. Extended daily 
dialysis (EDD) and sustained low-efficiency dialysis (SLED) are hybrid techniques, 
between intermittent and continuous methods. Schematically, these techniques con-
sist in prolonged sessions of IHD and seem to have a comparable interest than 
CVVH or CVVHDF [40, 41]. As they have been less studied than continuous tech-
nique and because they are only used in a small number of centers, hybrid tech-
niques cannot be recommended in routine, especially in nonspecialized centers [12]. 
Table 10.1 summarizes the characteristics of all RRT techniques that can be used 
in ICU.

10.7  Dialysate Bath: Solutions for Continuous RRT

During conventional IHD, dialysate bath generators are necessary due to very high 
volume of dialysate per time unit: 30–40  l/h. The ideal composition of dialysate 
bath is summarized in Table 10.2 [42]. Dialysate temperature must be kept below 
1–2 °C of the patient temperature in order to limit hypotension.

Continuous RRT in ICU may have considerable effects on potassium, phosphate, 
and magnesium over time. Up to 25% of continuous RRT sessions are associated 
with severe hypokalemia. Severe hypophosphatemia occurs in more than 55% of 
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Table 10.1 Overview of technical and clinical characteristics of RRT techniques that can be used 
in ICU

Intermittent Continuous Hybrid
IHD CVVH CVVHDF CVVHD SLED, EDD

Duration (h) 4–6 >24 >24 >24 6–16
Blood flow (mL/min) 200–350 100–250 100–250 100–250 100–300
Diffusion ++++ − ++ (50%) ++++ +++
Convection + ++++ ++ (50%) + +
Effluent flow
(mL/min)

18–50 l/h 30 ml/kg/h 30 ml/kg/h*
*15 ml/kg/h 
diffusion, 
15 ml/kg/h 
convection

30 ml/kg/h 12–18 ml/h

Urea clearance  
(ml/min)

150–200 20–45 20–45 20–45 90–140

Urea start (mg/dL) 110 110 110 110 110
Urea end (mg/dL) 30 90 90 90 –
Filtration fraction (%) <5 20–25 15–20 <5 <5
Fluctuations of ICP ++++ _ − − ++
Hemodynamic stability − ++++ ++++ ++++ +
Fluid balance control 
over time

++ ++++ ++++ ++ ++

pH stability over time += ++++ ++++ ++++ +
Needs for 
anticoagulation

+ +++ ++ ++ +

Membrane Synthetic 
or modified 
cellulosic

Synthetic Synthetic Synthetic Synthetic

ICP intracranial pressure, IHD intermittent hemodialysis, CVVH continuous venovenous hemofil-
tration, CVVHDF continuous venovenous hemodiafiltration, CVVHD continuous venovenous 
hemodialysis, SLED sustained low-efficiency dialysis, EDD extended daily dialysis. Effluent flow 
represents the global volume of treatment

Table 10.2 Ideal composition of dialysate bath for IHD and solutions dedicated to CRRT in 
ICU [48–50]

Dialysate bath composition for IHD Composition of solutions for CRRT solutions

Sodium 150 mmol/l Sodium 140 mmol/l
Bicarbonate 31 mmol/l Bicarbonate 30 mmol/l
Potassium 3–4 mmol/l Potassium 3–4 mmol/l
Calcium 1.75 mmol/l Calcium 1.25 mmol/l
Glucose 5.5 mmol/l Phosphate 1
Temperature 35 °C Glucose 0 mmol/l

Magnesium 0.6 mmol/l
Chloride 115 mmol/l

IHD intermittent hemodialysis, CRRT continuous renal replacement therapy, ICU intensive 
care unit
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cases [36]. Significant hypomagnesemia can also be observed [43]. During continu-
ous techniques, special solutions are used to compensate plasma water removal dur-
ing CVVH or for dialysate during CVVHDF or CVVHD.  Because volumes per 
time unit are much lower than that for IHD (20–30  ml/Kg/h (see chapter “RRT 
Dose”)), sterile 5 l bags of solutions closed to plasma concentration are used. The 
use of solutions that contain predefined concentrations of potassium and phosphate 
significantly decreases the risk of hypokalemia, hypophosphatemia, and hypomag-
nesemia [43–46]. The use of such solutions is associated with mild hyperphospha-
temia, relative hypocalcemia, and metabolic acidosis with no clinical impact [45]. 
Despite the absence of glucose, these solutions are not associated with hypoglyce-
mia. Such solutions cannot be used in case of severe hyperkalemia. The ideal com-
position of such solution is summarized in Table 10.2.

10.8  Timing

The decision to initiate RRT is often multifactorial; however, the ideal timing in the 
absence of any urgent clinical or metabolic complications is still debated. Some 
experts promote early initiation to assure immediate adequate control of metabolic, 
fluid, and pro-inflammatory parameters. Adepts of a delayed initiation strategy 
adhere to more in-depth diagnostic and therapeutic “fine-tuning” which could even 
obviate the need for RRT. Thus, there is an agreement to start RRT as soon as pos-
sible in the presence of life-threatening fluid overload, hyperkalemia, uremia, or 
metabolic acidosis [47], but the triggers to start in other situations remain unknown. 
The first problem is that there is a lack of consensus about the definition of “early” 
and “late” initiation. In the past, due to the absence of clear definition or staging of 
AKI, and even now, despite new definitions used worldwide as Risk, Injury, Failure, 
Loss, and End-stage (RIFLE) or Kidney Disease Improving Global Outcomes 
(KDIGO) score, some experts consider early an initiation at the injury level or stage 
2, while others consider that early is as soon as you reach the failure level or stage 
3 (that could be “late” for the advocates of early initiation).

The supporters of early initiation push the potential beneficial effects of RRT as bet-
ter electrolyte, acid-base, and uremic homeostasis and better control of extracellular 
volume accumulation and potentially modulate systemic inflammation and may pre-
vent the development of life-threatening complications (hyperkalemia or pulmonary 
edema). However, those benefits are mainly supported by data from observational stud-
ies [48, 49], globally weak, and not by strong randomized controlled trials (RCTs). The 
perceived benefits of RRT have to naturally be balanced with the potential harm attrib-
utable to RRT, argue the defenders of late initiation, including risks associated with 
iatrogenic episodes of hemodynamic instability, insertion of a dialysis catheter in cen-
tral vein, coagulation and inflammatory activation by the extracorporeal circuit, the 
need for anticoagulation, unpredictable drug removal, and unwanted depletion of 
micronutrients (trace elements and amino acids). More, a waiting strategy may avoid 
RRT to patients that will recover renal function spontaneously that decrease the expo-
sure to an unnecessary treatment, nurses’ workload, and incremental costs [50].
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As discussed previously, very few randomized clinical trials and numerous observa-
tional studies with methodological issues have explored the best timing for RRT initia-
tion in critically ill patients with AKI [49, 51]. More importantly, most of these studies 
have their own criteria for defining “early” and “late” RRT as many of them were done 
before the wide dissemination of new definitions of AKI (RIFLE, KDIGO). Thus, 
some studies used “early” definition that was considered as “late” for other studies, 
making impossible reliable meta-analysis. We will not describe all these observational 
studies (most of them suggested taht “early” initiation of RRT was associated with 
improved outcomes) but more focused on RCTs, in particular the recent ones.

The first RCT, done by Bouman et al., randomized 106 critically ill predomi-
nantly cardiac surgical patients with oliguric AKI despite fluid resuscitation and 
inotropic support, to a strategy of early versus late initiation of RRT [52]. The early 
group started RRT when inclusion criteria were reached: oliguria (<30 ml/h for 6 h 
and no response to a diuretic challenge or hemodynamic optimization) or a creati-
nine clearance <20 ml/min. The late group started RRT if patient faced one of the 
following threatening situation: serum urea >40 mmol/L, potassium of >6.5 mmol/L, 
or evidence of pulmonary edema. In this study, there were no differences in terms 
of survival, renal recovery, or length of stay. However, this trial was not adequately 
designed to assess these outcomes, the global mortality was low due to the specific 
population studied (mainly post-cardiac surgery), and the trial was underpowered.

Two recently published prospective randomized trials have assessed the impact 
of different timings of RRT on the outcome of severely ill ICU patients with AKI 
but acute life-threatening complications. The Artificial Kidney Initiation in Kidney 
Injury (AKIKI) study [53], which randomized KDIGO stage 3 AKI patients, found 
no significant difference in 60-day mortality between an early (RRT initiation 
immediately after obtaining KDIGO stage 3 criteria) and delayed (RRT initiation 
after KDIGO stage 3 associated with a clinical complication such as pulmonary 
edema, severe hyperkalemia, severe acidosis, oliguria >72 h) RRT strategy (48.5% 
vs. 49.7%; p  =  0.79). Catheter-related infection occurred less frequently in the 
delayed treatment arm, and more hypophosphatemia occurred in the early group, 
but hyperphosphatemia was not addressed (probably higher in the delayed group). 
Length of ICU and hospital stay was not different between groups. Interestingly, 
half of patients in the delayed treatment group did not need RRT at any time. The 
major concern is that the study did not report a protocol for hemodynamic improve-
ment or fluid filling, implying that some patients may face transient AKI more due 
to hypovolemia or renal vasoconstriction than organic insult. In the other hand, the 
early versus late initiation of renal replacement therapy in critically ill patients with 
acute kidney injury (ELAIN) trial [54] reported a significantly reduced 90-day mor-
tality in patients receiving early (within 8  h of diagnosis of KDIGO stage 2) as 
compared with delayed (within 12 h of stage 3 AKI or no initiation) RRT (39.3% vs. 
54.7%; p = 0.03). Early initiation of RRT resulted in a more rapid recovery of renal 
function, significantly shortened duration of hospitalization, but did not affect future 
dialysis dependence or length of ICU stay. The major concern here is that more than 
half of the patients recruited were post-cardiac surgery patients with a large amount 
of fluid overload that is known to be successfully treated by RRT.
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These studies do not contribute so much to an optimal RRT timing strategy in 
critically ill patients who develop AKI despite the fact that these trials were very well 
conducted. The AKIKI trial was a multicenter trial conducted in 31 ICUs screening 
5528 predominantly medical patients for 29 months to finally randomize 620 (11%) 
patients. The ELAIN trial was a single-center trial conducted for 23 months screen-
ing 604 almost exclusively postsurgical and trauma patients to include 231 (38%) 
patients. This suggests potential patient selection, inclusion, and treatment bias. 
Also, the modest difference in RRT initiation time in the ELAIN trial is difficult to 
reconcile with the amazing positive effects on outcome. Last, RRT modalities sub-
stantially differed between both studies. All patients in the ELAIN trial underwent 
CVVHDF mode when only 30% of the AKIKI patients received continuous 
RRT. Mostly, choice of methods for RRT or parameters was let to the appreciation of 
physician in each center. Continuous RRT has not been shown to improve mortality 
but may be beneficial for patients with severe fluid overload or unstable cardiogenic/
septic shock. Finally, it is just the idea that we could choose to start or not RRT based 
only on KDIGO stage that is unrealistic. These two studies showed that early initia-
tion may be beneficial for some patients (cardiogenic shock, post-cardiac surgery, 
fluid overload) when others will never need RRT and will recover alone.

That underlines the importance of individualized strategy, based not only on the 
stage of AKI evidently but also on the rapidity of AKI progression, comorbidities, 
cause of AKI, presence of shock, and many other variables [55], and, anyway, RRT 
initiation should not be based only on renal score stratification as KDIGO, RIFLE, 
or AKIN.

10.9  RRT Dose

Twenty years ago, standard hemofiltration was often given at 1 or 2 l/h of ultrafiltra-
tion treatment and only in predilution mode. Practices began to change with the 
Ronco et al. study in 2001 proving the beneficial effect on outcome of increasing the 
ultrafiltration rate to 35 ml/kg/h in patients with acute kidney injury in ICU [56]. At 
that time, the old definition of high-volume hemofiltration (HVHF) became the 
standard of care, and volumes used to treat septic patients in ICU with AKI increased 
dramatically from 35 to 70 ml/kg/h or more [57–59]. But few years later, two large 
RCTs, the VA/NIH study and the RENAL study [36, 60], demonstrated that high 
intensity of hemofiltration was not beneficial comparing to 25 ml/kg/h, the dose 
currently recommended. Indeed, the first RCT from the USA compared high- 
intensity treatment represented by IHD or SLED 6 days a week or CVVHDF at 
35  ml/kg/h versus low-intensity treatment as IHD or SLED thrice a week or 
CVVHDF at 20  ml/kg/h; no difference in terms of mortality or other important 
secondary endpoints was found but more hypokalemia or hypophosphatemia in the 
high intensive group [60]. Same results came from Australia and New Zealand with 
the RENAL study that compared CVVHDF at 40 ml/kg/h versus 25 ml/kg/h [36].

During this period, two different HVHF methods became common: continu-
ous high-volume treatment providing 50–70 ml/kg/h 24 h a day and intermittent 
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high- volume hemofiltration with brief, very high-volume treatment at 100–
120 ml/kg/h for 4–8 h which used to be called “pulse” high-volume hemofiltra-
tion. Both came under the heading HVHF despite their concepts and results were 
somewhat different [61–66]. In the 2015 Vicenza Nomenclature Standardization 
Initiative (NSI) [11], they defined HVHF as a continuous convective treatment 
with a (prescribed) target dose greater than 35 ml/kg/h. A dose exceeding 45 ml/
kg/h represents very HVHF (VHVHF). Intermittent procedures using brief 
VHVHF episodes (100–120 ml/kg/h for 4–8 h), followed by conventional CVVH, 
are identified as “pulse” HVHF.

The first positive randomized controlled study on HVHF was performed by 
Laurent and coll in post-cardiac arrest patients, with clear positive results in favor 
of the experimental arm [67], but this study has never been reproduced or con-
firmed and recently challenged by an animal study that did not show any beneficial 
impact of HVHF on post-cardiac arrest in rat population [68]. After these prelimi-
nary observational studies, the first positive RCT in septic patients was done by 
Boussekey, 20 patients randomized in two groups (65 vs. 35 ml/kg/h), with benefi-
cial impact of HVHF on hemodynamic parameters [66]. The first large RCT on 
HVHF came from China by Zhang and coll, who randomized 280 septic patients 
with AKI in a single center in two groups, one treated by HVHF at 50 ml/kg/h and 
the other by very HVHF at 80 ml/kg/h [69]. They did not find any difference in 
terms of mortality or hemodynamic improvement. In 2013, a large multicenter 
RCT, the IVOIRE study, conducted by Joannes-Boyau and coll, included 140 
patients with AKI and septic shock randomized in two groups: 35 vs. 70 ml/kg/h 
[26]. The authors definitely demonstrated that HVHF had no beneficial effect in 
terms of hemodynamic parameter improvement or mortality at 28 or 90 days. They 
also found that a large amount of antibiotics was removed by hemofiltration and 
might be an explanation of the negative results of the HVHF studies, as the bene-
fice of high volume might be counteracted by the harm effect of drug removal. 
However, a recent study using a specific technique, the cascade HVHF, which 
allows very HVHF (120 ml/kg/h) with removal of only middle-sized molecules, 
contradicts this argument [27]. This technique uses a large-pore-size filter (40 kDa) 
upstream of a low-pore-size membrane (15 kDa) refiltrating the ultrafiltrate. The 
majority of the ultrafiltrate containing small-sized molecules (antibiotics, drugs, 
vitamins, etc.) is then re-administrated to the patient, while a little part of the ultra-
filtrate containing middle-sized molecules (and cytokines) is retained in the efflu-
ent bag. In this multicenter RCT, Quenot and coll included 60 septic shock patients 
randomized in two groups: cascade HVHF versus standard care. The authors failed 
to demonstrate any beneficial effect in terms of catecholamine drug requirement, 
mortality, or even the cytokine removal except for IL-8. In cardiogenic and dis-
tributive shock post-cardiac surgery, Combes and coll published the HEROICS 
trial studying the effect on mortality of HVHF (80 ml/kg/h) in post-cardiac surgery 
patients. Two hundred and twenty-four patients were included and randomized in 
two groups: HVHF versus standard treatment [70]. Again, the authors did not find 
differences in terms of mortality between groups; HVHF patients only experienced 
faster correction of metabolic acidosis and tended to be more rapidly weaned from 
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catecholamine despite more frequent hypophosphatemia, metabolic alkalosis, and 
thrombocytopenia.

Finally, regarding recommendations for clinical practice, patients with AKI 
should receive a renal replacement dose of 25 ml/kg/hour delivered (level I evidence 
and grade A recommendation) that imply to prescribe more, about 30–35 ml/kg/h, 
to take into account the downtime (expected and unexpected) during a treatment day 
[28]. A higher dose when patients suffer from sepsis and AKI is not recommended 
outside research programs.

10.10  Anticoagulation

Coagulation and treatment breakdown are the major concerns during continuous 
methods. However, two-thirds of these problems are independent of anticoagulation 
management. Indeed, if we summarize, 50% of hemofiltration breakdown are due 
to problems with vascular access, the treatment management and the use of the 
machine are responsible for 15%, and the anticoagulation choice and management 
are the points for the last one-third of the machine break. For clinical practice, the 
following checklist may help to avoid most current problems. After checking these 
criteria, ICU physician can focus on anticoagulation management.

It is crucial to have a good checklist with key point elements to “pilot” correctly 
continuous hemofiltration; each aspect has to be respected to obtain efficiency.

 – Excellent vascular access: It is the most important point; efficient blood flow 
cannot be obtained without adapted catheter. Large catheter (13.5–15.5 French) 
is mandatory, with adequate location and correlated length (15–20  cm in the 
right jugular is the best equivalent to 24–28 cm in femoral approach, while the 
subclavian route should be avoided) and good structure (coaxial double kidney 
and shotgun termination with large arterial intake) [71–73].

 – Nursing: Efficient position should be found for the patient to obtain the best 
blood flow (avoid catheter torsion or angulation), and treatment should be 
stopped during nursing or patient position change (just keep blood pump 
running).

 – Filtration fraction (FF) below 25%: Adapted blood flow is necessary to main-
tain this level of filtration fraction; a level above is prone to clogging in the 
membrane.

 – Restitution fluid: All in postdilution. If you have clotting problems in the filter 
or you use HVHF  =  one-third in predilution and two-thirds in postdilution. 
Restitution fluid should not be given all in predilution, which decreases treat-
ment efficiency and does not prevent circuit clotting.

When you have checked all these items and you do not face trouble, you can 
concentrate on anticoagulation:

 – Heparin: 5–10 UI/kg/h. Monitoring efficiency by ACT, heparinemy, or anti-Xa 
activity. Monitoring toxicity by platelet count. Mandatory coenzyme is 
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 antithrombin, monitoring is recommended, and supplementation if the activity 
level drops below 60% is suggested (grade D, levels 3 and 4) [74, 75].
• Benefits: Easy to use, reversed by protamine, low cost.
• Risks: Heparin-induced thrombocytopenia (HIT), hemorrhage (but theoreti-

cal, very low risk in the latest study if heparin is correctly managed with an 
ACT target at 1.5 maximum).

 – Low molecular weight heparin (LMWH): Renal removal excludes this tech-
nique for continuous methods (toxicity if treatment stops). This anticoagula-
tion is interesting for dialysis in chronic renal failure patients.

 – Citrate: Probably the best anticoagulant, recommended as first choice [28]. 
It is a calcium chelator. Hepatic metabolism. Monitoring is essential: Ionized 
calcium, pH and bicarbonate, magnesium, and hepatic functions.
• Benefits: REGIONAL anticoagulation. Cheap. Best anticoagulant effect.
• Risks: Do not use for hepatic failure patients with PT below 26% or sep-

tic shock patients with tissue hypoxia and hyperlactatemia [76, 77]. Use 
good protocol. Use only dedicated machines with dedicated pumps for citrate 
and calcium infusion in strict relation with blood pump. Be aware of Stewart 
theory to understand the possible acid-base disorders due to citrate anticoagu-
lation: Acidosis caused by citrate accumulation due to lack of metabolization, 
where the first sign will be progressive patient hypocalcemia and increase 
compensation over time and a total of ionized calcium ratio above 2.5. 
Alkalosis in relation to hypernatremia occurs when concentrate citrate is used 
for hypochloremia with dilute citrate.

 Conclusion

Renal replacement therapy is now a daily and mandatory technique in ICU, but 
it is also one of the procedures that has been less studied and known in the past. 
Effort has been done recently to enhance knowledge and recommendations in 
this field, but many questions remain unanswered. We will conclude by a list of 
some important recommendations and tips to try to increase the good RRT treat-
ment delivery to the patients.

 – Good venous access, right jugular (15–20 cm) or femoral (24–30 cm), at least 
12 French.

 – Use biocompatible membranes.
 – Use adapted dialysis or restitution fluids with ionic composition closest to the 

plasma one.
 – Use intermittent and continuous RRT as complementary techniques, but pre-

fer continuous ones for hemodynamic unstable or brain injury patients.
 – Recommended dose for AKI patients in ICU is 25 ml/kg/h for continuous 

hemofiltration that implies to prescribe 30–35 ml/kg/h.
 – High-volume hemofiltration is not recommended outside research programs.
 – Remain with a filtration fraction below 25% with heparin and 30% with 

citrate anticoagulation.
 – Use citrate as first-choice anticoagulation method in the absence of contrain-

dication, but monitor carefully the metabolic status of the patients.
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11Strategies for Preventing Acute  
Renal Failure

Malik Haddam, Carole Bechis, Valéry Blasco, 
and Marc Leone

11.1  Introduction

The acute renal failure (ARF) is due to a decline in glomerular filtration rate, lead-
ing to the inability of the kidney to eliminate the degradation products of nitrogen 
metabolism. This is a common situation in anesthesiology and intensive care unit. 
We propose to detail the different measures of prevention of ARF. Three areas are 
emerging in our daily activities: prevention of contrast-induced nephropathy (CIN), 
prevention of ARF after major surgery, and prevention of ARF in intensive care 
unit (ICU).

11.2  Extrarenal Strategies

11.2.1  Hemodynamic Monitoring

No strategy for hemodynamic monitoring resulted in a direct impact on renal func-
tion [1]. However, future options of monitoring probably offer opportunity to be 
efficient in terms of ARF prevention. Doppler ultrasonography and resistive index 
measurements of the renal arteries may facilitate the determination of the optimal 
perfusion pressure, thereby preventing ARF in high-risk patients [2, 3]. Large stud-
ies are required to confirm this hypothesis.
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11.2.2  Hydration and Intravenous Fluids

11.2.2.1  Sodium Bicarbonate
With respect to the prevention of CIN in patients undergoing coronary procedure, 
the prehydration of sodium bicarbonate is more effective than the prehydration of 
sodium chloride [4, 5]. However, a randomized study of 353 patients did not con-
firm this result in patients with moderate-to-severe chronic renal failure (CRF) 
undergoing coronary angiography [6]. In patients undergoing cardiac surgery, 
sodium bicarbonate loading and continuous infusion were associated with a lower 
incidence of ARF [7]. This preliminary finding was not confirmed in a large study. 
In conclusion, prophylactic use of sodium bicarbonate should not be recommended 
in current practice [8].

11.2.2.2  Colloids
Volume resuscitation using hydroxyethyl starch (HES) has been largely assessed 
in recent years. In severe sepsis and septic shock, the rate of patients requiring 
renal replacement therapy was increased in the groups of patients receiving HES, 
as compared to those receiving crystalloids [9, 10]. In a randomized clinical trial, 
the mortality rate was increased in the patients treated with HES (day 90) [9]. 
This finding was not confirmed in another randomized clinical trial including a 
large number of patients [10]. In a study comparing colloids and crystalloids, no 
detrimental effect was reported in the patients treated with HES.  The 90-day 
mortality was reduced in the colloid group [11]. In operating room, no effect was 
reported on the renal function [12]. In the light of those studies [13–17], the 
French health authorities, based on European health authorities’ recommenda-
tions, restricted the use of HES by excluding:

 – Patients with sepsis
 – Burn patients
 – Patients with renal insufficiency or renal replacement therapy continue
 – Cases of intracranial or cerebral hemorrhage
 – Patients in intensive care
 – Patients with fluid overload, including patients with pulmonary edema
 – Dehydrated patients
 – Case of severe coagulopathy
 – Case of severe hepatic impairment

In addition, HES should be used at the lowest effective dose, for the shortest 
possible time. In brief, they can be administered during the first 24 h after an acute 
blood loss [12]. Renal function should be monitored 90 days after their administra-
tion. Their use should be discontinued at the first sign of kidney damage. To date, 
in critically ill patients, HES cannot be used for preventing ARF.
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11.2.3  Maintaining Perfusion Pressure by Vasopressors

Renal hypoperfusion is the leading cause of ARF. Increasing renal perfusion pressure 
improves creatinine clearance in patients with septic shock [18, 19]. The optimal 
level of mean arterial pressure in septic patients is between 65 and 85 mmHg. It 
seems that the goal of mean arterial pressure of patients with a prior history of arte-
rial hypertension should be around 85 mmHg, in order to avoid the development of 
ARF. In contrast, in the patients without prior history of arterial hypertension, a goal 
around 65 mmHg is probably sufficient. In order to improve organ perfusion, the first 
step should always be the preload assessment. In patients without criteria for fluid 
loading, norepinephrine is the vasopressor of choice [20]. In septic patients its 
administration was associated with improved renal function [21]. In trauma patients, 
its use did not affect creatinine clearance [21]. Vasopressin is an alternative vasopres-
sor with a potent vasoconstricting effect at the level of efferent glomerular artery. 
This property resulted in improved renal function of patients with septic shock [22]. 
In septic patients with moderate renal dysfunction, the administration of low-dose 
vasopressin was associated with improved outcomes in a post hoc analysis [23].

11.2.4  Nephrotoxic Anti-infective Agents

Anti-infective agents are largely administered to patients at high-risk of 
ARF. Worldwide, it is an avoidable cause of renal dysfunction in the critically ill 
patients. Whichever the drugs, the optimal dosage of anti-infective agents should be 
determined with regard to renal function. Of note, the first (loading) dosage of anti- 
infective agents does not depend of renal function.

11.2.4.1  Aminoglycosides
With respect to aminoglycosides, several meta-analyses show an equivalence or 
superiority of a once-daily schema of administration, as compared to a multiple- daily 
administration schema [24]. The monitoring of plasma peak and trough concentra-
tions should be performed in cases of impaired renal function in order to determine 
the best timing for reinjections. This option prevents the occurrence of ARF. The 
combination of an aminoglycoside with beta-lactam antibiotics in the treatment of 
septic patients should be restricted to the treatments of shock, neutropenia, or sus-
pected infections due to multidrug-resistant pathogens. Even in the patients at risk of 
renal dysfunction, aminoglycosides remain the first choice for a combined therapy.

11.2.4.2  Amphotericin
The renal toxicity of amphotericin B is due to a dual indirect effect by vasocon-
striction of the afferent arteriole by glomerular and tubular direct toxicity. This 
affects approximately 30% of the patients. This toxicity is dose-dependent but 
it appears for doses <0.5 mg/kg/day and a cumulative dose <600 mg. In clinical 
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practice, the majority of teams abandoned the use of amphotericin B in the 
critically ill patients. The lipid form is associated with a reduced nephrotoxic-
ity [25, 26].

11.2.5  Iodinated Contrast Media

The CIN is the third leading cause of ARF. The contrast agents act by direct tubular 
toxicity. In addition, they induce intrarenal vasoconstriction. Several authors 
hypothesized that the reduction in osmolality of contrast would be associated with 
a reduced incidence in ARF. This hypothesis was tested in patients undergoing car-
diac catheterization. In a first randomized clinical trial, the use of low-osmolality 
contrast medium reduced the rate of renal dysfunction in a subgroup of patients with 
pre-existing renal insufficiency and diabetes mellitus [27]. In a second randomized 
clinical trial, the use of low-osmolality contrast medium iopamidol was tested in 
patients with chronic kidney disease undergoing cardiac catheterization procedure. 
The incidence of CIN was similar in both groups, even among the patients with 
diabetes mellitus [28]. Hence, strategies aiming at reducing the osmolality of con-
trast did not result in positive outcomes.

11.2.6  Glycemic Control

Strict glycemic control showed a reduction in mortality in medical ICU patients with 
a significant decrease in the incidence of ARF [29, 30]. This is explained by a reduced 
activation of the vascular endothelium. Elsewhere, the results were dissimilar to 
those reported above. They show an increased mortality in the tight control group, 
due to sudden variation glucose [31, 32]. To prevent the occurrence of ARF, it is 
therefore necessary to control blood sugar, avoiding sudden changes in glucose.

11.2.7  Angiotensin-Converting Enzyme Inhibitors

In aortic and cardiac surgery, studies show that treatment with angiotensin- 
converting enzyme inhibitors was significantly associated with poorer renal func-
tion [33, 34]. However, there is a protective effect in patients with diabetes mellitus. 
In a meta-analysis, it was concluded that the effect of these drugs was inefficient in 
terms of renal prevention [35]. It is recommended to stop their administration for 
48 h before surgery, except in the case of heart failure.

11.2.8  Thoracic Epidural Anesthesia

In the context of cardiac surgery, only one study assessed postoperative complica-
tions comparing thoracic epidural analgesia and intravenous morphine. ARF was 
less frequent in the thoracic epidural group than in the morphine group. This 
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effect seems explained by improved cardiac recovery [36]. This effect was not 
found for other surgeries, including colorectal or orthopedic knee surgery (spinal 
anesthesia).

11.3  Renal Strategies

11.3.1  Dopamine and Its Analogues

There is no argument recommending the use of low-dose dopamine to prevent ARF 
[37, 38]. In a large randomized clinical trial, dopamine did not improve renal func-
tion more efficiently than norepinephrine [20]. In contrast, the rate of side effects 
was higher in the patients treated with dopamine, as compared with norepinephrine 
[20]. Fenoldopam is a selective D1 dopamine receptor agonist. In two studies, the 
administration of fenoldopam tended to reduce the incidence of ARF and the need 
for recourse to renal replacement therapy [39, 40]. However, the extensive analysis 
of the literature does not support the use of dopamine and its analogues for prevent-
ing renal failure [35, 41, 42].

11.3.2  Diuretics

Diuretics associated with hydration do not prevent the occurrence of CIN, as com-
pared to a simple hydration. In contrast, there is an increase of ARF incidence [43]. 
In surgical patients, the use of diuretics showed no benefit for preventing ARF [44]. 
These drugs are associated with deleterious effects and an increased use of renal 
replacement therapy [45].

Meta-analysis showed disappointing results with the use of diuretics [35, 46]. 
Diuretics do not serve for improving recovery of renal function. There is no excess 
mortality associated with their use, except in one study [47]. Of note, this result 
was reported from a nonrandomized and retrospective study. The effects were 
observed in patients who were unresponsive to diuretics. However, the use of high 
doses increases the risk of side effects ototoxicity (tinnitus, hearing loss, deaf-
ness) [48].

11.3.3  Acetylcysteine

N-acetylcysteine (NAC) is the prodrug of L-cysteine, which acts as biologic antioxi-
dant. Its role in the prevention of CIN has been reported in two meta-analyses [49, 50]. 
In contrast, it is an inefficient drug to prevent postoperative renal dysfunction [35].

 Conclusion
Prevention of CIN relies on an intravenous hydration. The administration of 
NAC may have a positive effect. The use of low doses of moderately hyperosmo-
lar contrast may probably be preferred, although the level of evidence is low.
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In the critically ill patients, there is no specific treatment for preventing 
ARF. However, the rules should be to monitor adequately these patients in order 
to optimize the renal pressure perfusion and to avoid drugs with renal toxicity 
and unnecessary contrast administration. Those simple rules, used as a preven-
tive bundle, may result in a decrease incidence of ARF in those patients.
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12Cerebral Metabolism and Function

Lionel Velly and Nicolas Bruder

The brain has an extremely active metabolism. The weight of the adult brain is 
approximately 1400 g representing 2% of body weight and at the same time accounts 
for 20% of oxygen (3 to 5 ml ∙ 100 g−1 ∙ min−1) and 25% of glucose consumption in 
a subject at rest (31 μmol ∙ 100 g−1 ∙ min−1). This brain metabolism requires a high 
cerebral blood flow (CBF) of approximately 750 mL ∙ min−1 or 50 mL ∙ 100 g−1 ∙ min−1 
equivalent to 15% of cardiac output at rest. The oxygen supply is in excess of oxy-
gen consumption explaining a low cerebral extraction of oxygen (25–30%), but the 
brain has very little energy stores. This requires a very accurate and fast adaptation 
of CBF to cerebral metabolism. Another important anatomic characteristic of the 
brain is its containment in a rigid structure meaning that a change in volume gives 
rise to an exponential change in intracranial pressure (ICP) after volume compensa-
tion mechanisms are exceeded. Hence, the status of the cerebral circulation and its 
consequences on brain metabolism are very specific to this organ.

12.1  Relations of Cerebral Blood Flow and Metabolism

12.1.1  Cerebral Metabolism at the Cellular Level

Brain metabolism is mainly oxidative. Glucose is the main energy supply for the 
brain, but only a small amount of neuron metabolism comes directly from glucose. 
In 1994 Pellerin and Magistretti suggested a main role for astrocyte-neuron coop-
eration and a fundamental role of lactate (Fig. 12.1) [1, 2].

Glutamate, the main excitatory neurotransmitter of the brain, is released in the 
synaptic cleft upon depolarization and has to be rapidly removed to allow the next 
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transmission. This is accomplished by astrocyte uptake via specific transporters 
(excitatory amino acid transporter (EAAT)) using the electrochemical gradient of 
Na+, resulting in a tight coupling between glutamate and Na+ uptake. Glutamate is 
recycled in glutamine and taken up by neurons. The Na + gradient is maintained by 
activation of the Na+/K+ ATPase pump. Activation of glutamate transporters and 
activation of the Na+/K+ ATPase stimulate glucose uptake into astrocytes, undergo-
ing glycolysis and releasing lactate. Lactate is taken up by neurons to be converted 
in pyruvate as the energy source of neurons. During short-lasting neuronal activity, 
oxidative metabolism is the default response to increased neural activity. After a 
longer period (> 10 s), astrocytic glycolysis is activated [3]. This astrocyte to neuron 
lactate shuttle allows a fast energy supply during neuron activation. At rest, the 
contribution of systemic lactate to cerebral energy metabolism is 8% but can 
increase up to 27% at high lactate blood concentrations [4]. After an acute traumatic 
brain injury, a study using brain microdialysis at the bedside showed that increased 
cerebral lactate was nonischemic but associated with increased glycolysis. This sup-
ports the idea that lactate can be used as an energy substrate by neurons [5]. In addi-
tion, lactate has been shown to be essential for long-term memory formation in rats. 
Thus, astrocytes are not only supporting cells but have a key role in maintaining 
brain homeostasis, delivering essential metabolites to neurons, and synthetizing or 
recycling neurotransmitters (glutamate) [6]. In fact, the confinement of glycolysis to 
astrocytes implies that 18F-fluorodeoxyglucose PET studies measure glucose uptake 
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Fig. 12.1 Schematic representation of the astrocyte-neuron lactate shuttle. During neuron depo-
larization, glutamate is released in the synapse, activating glutamatergic receptors. Most of the 
glutamate released is taken up by astrocytes via specific transporters  (EAAT, GLT1, GLAST), 
together with three Na+. This increased intracellular Na+ is eliminated by the action of the Na+/K+ 
ATPase. This consumes ATP, produced through glycolysis. The lactate produced is shuttled to 
neurons through monocarboxylate transporters. In neurons, lactate is converted to pyruvate by 
LDH1 (Adapted from Pellerin and Magistretti [2])
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into the glial instead of the neuronal compartment. The tight anatomical connec-
tions between astrocytes, capillaries, and blood vessels make astrocyte the ideal cell 
for the control and regulation of brain energy demand. The astrocytic end feet cover 
approximately 90% of the arterial surface of brain vessels making these cells ideal 
for the supply of nutrients to other cells.

12.1.2  Flow-Metabolism Coupling

In 1890, Roy and Sherrington hypothesized that brain blood flow should vary 
according to variations in functional activity and metabolism. Although there is 
a close coupling between regional CBF and cerebral metabolic rate of glucose 
(CMRglc), cerebral oxygen consumption does not increase to the same extent than 
CMRglc. This explains increased oxygen tension in response to activation. This 
uncoupling of flow and oxidative metabolism is the basis for the BOLD (blood- 
oxygenation- level dependent) effect used for functional magnetic resonance 
imaging. There are major variations in flow and metabolism between different 
areas of the brain. For example, gray matter CBF is 2–4 times white matter 
CBF. Nevertheless, cerebral oxygen extraction is uniform throughout the brain 
showing a tight coupling between metabolic supply and demand [7, 8]. During 
cognitive tasks, local CBF in activated tissue is limited to a 5% increase. There 
are several arguments for glutamate as the initial starter of neurovascular cou-
pling. Glutamate is the main excitatory neurotransmitter in the brain, and the rate 
of the glutamate/glutamine cycle is 80% the rate of glucose oxidation in the 
cortex [9]. In addition, the increase in the glutamine/glutamate flux is tightly 
coupled to glucose oxidation. Astrocytes link neurons to vessels and are respon-
sible for flow-metabolism coupling. According to the model proposed by Zonta 
et al., increased synaptic activity leads to glutamate release, activating metabo-
tropic glutamate receptors. This activation triggers a calcium- dependent signal 
transmitted to other astrocytes and to astrocyte end feet [10]. The rise in intracel-
lular calcium concentration activates phospholipase A2, leading to the produc-
tion of prostaglandins inducing vasodilation. Thus, neurovascular coupling is a 
glutamate-mediated calcium-dependent mechanism [11]. Mitochondrial calcium 
homeostasis probably plays an important role in neurometabolic and neurovascu-
lar coupling [12].

CBF has to decrease more than 40% (< 22 mL ∙ 100 g−1 ∙ min−1) to give rise to 
cerebral ischemia. This ischemic threshold has been questioned [13]. After an 
ischemic stroke, the ischemic threshold in the penumbra is around 
8 mL ∙ 100 g−1 ∙ min−1 [14]. After a traumatic brain injury, the threshold for isch-
emia was 15  mL  ∙  100  g−1  ∙  min−1 for CBF, 36.7 μmol  ∙  100  g−1  ∙  min−1 for 
CMRO2, and 25.9% for oxygen extraction [15, 16]. All studies showed consider-
able heterogeneity between and within patients and marked overlap between via-
ble and ischemic brain tissue. The reason why no specific CBF threshold can be 
determined is that many metabolic pathways can lead to cell necrosis indepen-
dently of tissue perfusion.

12 Cerebral Metabolism and Function



288

12.2  Regulation of CBF

12.2.1  Pressure Autoregulation of CBF

The stability of CBF for a large range of blood pressure values is a characteristic of 
the cerebral circulation. It is usually accepted that CBF is constant for mean arterial 
pressure (MAP) between 50 and 150 mmHg, corresponding to the plateau of auto-
regulation (Fig. 12.2).

In pathological states, it is important to consider cerebral perfusion pressure 
(CPP = MAP – ICP) instead of MAP when ICP may be high. However, the first 
publication by Lassen leading the way to the concept of autoregulation was a com-
pilation of several studies in few subjects, including very few points toward the 
lower limit of autoregulation [17]. Further studies found various lower thresholds 
for autoregulation from less than 40–100  mmHg in individuals [18]. In a more 
recent study using transcranial Doppler to assess relative changes in CBF, the 
authors found a close relation between MAP and CBF, with a mean change in CBF 
velocity of 0.82% per millimeter of mercury change in mean blood pressure [19]. In 
addition, pulsatility index increased as MAP decreased indicating that diastolic 
velocity is affected more than systolic velocity during hypotension. Changes in cor-
tical oxygenation index (near-infrared spectroscopy) were inversely related to 
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Fig. 12.2 Influence of PaO2 and PaCO2 mean arterial pressure (MAP) on cerebral blood flow 
(CBF). The effect of decreasing PaO2 (hypoxia) is significant only for low values, less than 
58 mmHg. A PaO2 value at 30 mmHg nearly doubles CBF. CBF increases 2–5% for every mm 
change in PaCO2. Below 20 mmHg or above 80 mmHg, PaCO2 has little effect on CBF. CBF 
remains constant for MAP values between 50 and 150 mmHg, corresponding to the plateau of 
autoregulation. Hypercapnia increases CBF, shifts the plateau upward, and shifts the lower limit of 
autoregulation to the right and the upper limit to the left, reducing the plateau. Hypocapnia 
decreases CBF, has no effect on the lower limit of autoregulation, and shifts the upper limit to the 
right, increasing the length of the plateau
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changes in MAP. These data show that changes in CBF in the presence of fluctua-
tions of MAP do not imply a defective cerebral autoregulation.

12.2.2  Cardiac Output and Cerebral Blood Flow

Obviously, there should be a relation between cardiac output (CO) and CBF. However, 
this relation is confounded by the influence of CO on blood pressure. Grossly, there 
is about a 10% CBF decrease for a 30% CO reduction [20]. However, differences in 
methodologies used to vary CO and assess CBF make interpretation of results from 
different studies difficult. CBF is reduced in patients with chronic heart failure and 
may be related to cognitive dysfunction. However, the relationship between CO and 
CBF is complex and also involves changes in sympathetic tone, blood pressure, 
cardiac rhythm, and hormonal changes [21]. In other situations like awakening from 
general anesthesia [22] or after a brain injury [23], CBF is maintained despite sig-
nificant changes in CO. The conceptual framework on the influence of CO on CBF 
is a shift of the plateau of autoregulation downward when CO is reduced and upward 
when CO is augmented. The autonomic nervous system plays an important role in 
CBF regulation during acute changes in CO [20].

12.2.3  Myogenic, Neurogenic, and Metabolic Regulation of CBF

The first suggestion of smooth muscle contraction of the vessel wall in response to 
an increase in intraluminal pressure has been formulated more than a century ago 
[24]. The demonstration of pressure-induced myogenic responses in human cere-
bral arteries is more recent [25]. Myogenic regulation refers to the influence of 
mechanical stress or strain on vascular smooth muscle tone. Transmural pressure 
elevation gives rise to vasoconstriction and pressure reduction to vasodilation [26]. 
This response has been demonstrated for arterioles of 300 μm diameter and for a 
pressure range between 20 and 90 mmHg. This response did not depend on an intact 
endothelium showing a pure myogenic mechanism. This regulation is very rapid 
with a time constant of a few seconds, typically less than 10 s. Increased shear stress 
on the vessel wall stimulates NO release by the endothelium. This produces vessel 
relaxation, reducing shear stress. This response has been shown at the arterial and 
arteriolar level. This is a slow response with a time constant around 60 s. Intracarotid 
infusion of a NO synthase inhibitor (N-monomethyl-L-arginine (L-NMMA)) 
induces a 20% decrease in CBF [27, 28]. By contrast, intracarotid infusion of a NO 
donor (sodium nitroprusside) does not change CBF [29].

Many metabolic pathways have been implicated in cerebral autoregulation. 
Carbon dioxide (CO2) has a major influence on the cerebral circulation. It has been 
postulated that venous CO2 produced by metabolism can diffuse to the arterioles 
causing vasodilation. The role of CO2 on the cerebral circulation will be summa-
rized later in this review. Many other metabolites (potassium, H+, adenosine, NO, 
etc.) have been implicated as playing a role in cerebral autoregulation. As 
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mentioned earlier, astrocytes participate in the metabolic regulation of autoregula-
tion by releasing K+ or downstream metabolites of arachidonic acid.

Cerebral vessels are extensively innervated by adrenergic and cholinergic fibers. 
A role of the autonomic nervous system in the regulation of CBF has been demon-
strated although its importance remains controversial. Activation of the sympathetic 
nervous system decreases CBF. Surgical stellate ganglionectomy showed increased 
CBF, and excision of the inferior cervical ganglion was shown to reduce cerebrovas-
cular resistances [30]. Superior cervical ganglionectomy with carotid perivascular 
sympathectomy has been used in patients with vasospasm after SAH to induce 
vasodilation. Most studies using stellate ganglion block show an increased CBF, 
mostly on the ipsilateral side of intervention. Both direct innervation of the cerebral 
arteries from cervical ganglia and stimulation of adrenergic receptors by circulating 
sympathomimetics prevent sudden increases of CBF associated with hypertension 
and hypercapnia. It may be that under normal physiological conditions, myogenic 
control of cerebral vasomotor tone is dominant and that neurogenic control has little 
influence [31]. Sympathetic activation may have deleterious consequences on the 
brain. During hemorrhage it may explain that hypotension is less well tolerated than 
pharmacological-induced hypotension at the same blood pressure level [32]. 
Conversely, sympathetic stimulation could protect the brain in hypertensive crisis. 
The rich distribution of cholinergic nerve terminals near cerebral vessels suggests a 
role of the parasympathetic nervous system on autoregulation. However, little is 
known on the role of the cholinergic control in cerebral autoregulation.

12.2.4  CO2 Regulation of CBF

CBF is highly sensitive to changes in PaCO2. There is an approximate 3–6% change 
in CBF per mmHg change in PaCO2 in a large range of values, approximately from 
20 to 70 mmHg. Hypercapnia causes vasodilation and increases CBF, and hypocap-
nia causes vasoconstriction and decreases CBF. There is no significant change in 
oxidative metabolism during PaCO2 variations [33]. The effect of CO2 is mainly on 
pial arteries, but some changes in large vessel diameter have also been demonstrated 
[30]. The mechanism of the arterial response to CO2 is independent on the arterial 
pH and is probably due to the diffusion of CO2 across the blood-brain barrier induc-
ing a change in pH in the extracellular space of the vessel. Since cerebral autoregu-
lation is based on changes in vasomotor tone, it is not surprising that changes in 
PaCO2 affect the lower and upper limit of autoregulation. Hypercapnia causes cere-
bral vasodilation and shifts the lower limit of autoregulation to the right and the 
upper limit to the left, thus reducing the plateau of autoregulation. The threshold at 
which PaCO2 significantly impaired autoregulation ranged from 50 to 66 mmHg in 
anesthetized patients [34]. Hypocapnia decreases CBF by cerebral vasoconstriction. 
Hypocapnia does not seem to shift the lower limit of autoregulation. It is possible 
that vasodilation caused by hypotension overrides hypocapnic vasoconstriction. It is 
not clear whether hypocapnia changes the upper limit of autoregulation or not [35]. 
The blood pressure level has an important effect on the cerebrovascular response to 
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CO2. The cerebrovascular reactivity to CO2 is attenuated or abolished at a MAP of 
50 mmHg either due to hemorrhage or drug induction. In pathological conditions, 
modest hypocapnia may give rise to cerebral ischemia by reducing CBF without 
affecting cerebral metabolism [36]. Hypercapnia may worsen intracranial pressure 
by increasing blood brain volume in patients with intracranial hypertension and 
cause cerebral vasogenic edema [37]. However, hypercapnia may also afford neuro-
protection in rat models of ischemia/reperfusion [38, 39]. This neuroprotection is 
not related to changes in CBF but to reduced apoptosis due to modulation of 
apoptosis- regulating proteins (Bax and Bcl-2).

12.3  Vasoactive Agents and CBF

The literature on vasoactive agents and CBF is difficult to interpret due to method-
ological concerns. Intravenous infusion of vasoconstrictive and vasodilating agents 
may change the cerebral circulation either by a direct effect on cerebral vessels or 
by activation of autoregulation. Noninvasive assessment of cerebral oxygenation by 
near-infrared spectroscopy may also be disturbed by changes in skin blood flow 
[40]. In the intact brain, vasoconstrictors (norepinephrine, phenylephrine) do not 
cross the blood-brain barrier and do not cause cerebral vasoconstriction [41]. 
Following norepinephrine infusion in volunteers, cerebrovascular resistance 
increased due to an increase in MAP (normal autoregulation) but not to an alpha- 
receptor- mediated cerebral vasoconstriction [42]. In anesthetized patients, the 
response may vary depending on the anesthetic used and its impact on autoregula-
tion. In healthy volunteers, sympathomimetic agents (ephedrine, dobutamine, or 
dopexamine) did not change the strength of autoregulation or the reactivity to CO2 
[43]. Conversely, calcium blockers have a direct vasodilatory effect on the cerebral 
circulation. Conversely, intracarotid verapamil decreases both proximal and distal 
cerebrovascular resistances and gives rise to a 40% increase in CBF [44]. Beta- 
adrenergic blocking agents have no effect on the cerebral circulation and do not 
affect cerebral vasoreactivity and cerebral autoregulation [45]. This is true only in 
physiological conditions. In animals or humans during stress and activation of the 
sympathetic nervous system, beta-blockers mitigate the increase in CBF related to 
the stressful event. A clinical example is recovery from general anesthesia after 
neurosurgery where esmolol blunted early postoperative cerebral hyperemia related 
to recovery from anesthesia [46, 47].

12.4  Physiological Factors Affecting CBF

12.4.1  Age

In adults, CBF decreases with age. The mean CBF in subjects aged 19–29 years is 
748 mL ∙ min−1 and decreases to 474 mL ∙ min−1 between 80 and 89 years [48]. The 
yearly decrease in age is 4.8 mL ∙ min−1 or approximately 0.5% per year [7]. This 
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decrease is related to neuronal loss and brain metabolism explaining that the ratio of 
CBF and brain weight remains constant. The decrease in CBF is variable among 
brain regions. CBF and CMRO2 decrease mostly in association areas (frontal and 
parietal cortices) but are relatively spared in the primary motor and sensory areas 
[49]. However, considerable variations may occur in patients with cerebrovascular 
disease. In children, CBF reaches a maximum value toward 10 years after birth [50]. 
Studies using transcranial Doppler have shown that CBF increases rapidly between 
birth and 3 weeks of age and then more slowly and finally decreases from adoles-
cence to older age [51].

12.4.2  Hypoxia

Unlike the cerebrovascular response to changes in PaCO2, hypoxemia causes little 
change in CBF until a very low hemoglobin saturation in oxygen (80% arterial satu-
ration of O2). In the physiological range for oxygenation, arterial oxygen content 
has not influenced on CBF. However, severe hypoxemia (PaO2 < 50 mmHg) is a 
potent stimulus of arterial vasodilation [52]. During hypoxia, CBF increases in 
order to maintain oxygen delivery to the brain [53]. The mechanisms of vasodilation 
during hypoxia include activation of membrane potassium channels, interference 
with transmembrane calcium flux, adenosine release, and nitric oxide synthesis 
[30]. The effect of hypoxia on CBF is confounded by extracellular acidosis and 
hypocapnia due to hyperventilation.

12.4.3  Hemodilution

CBF varies inversely with hematocrit in order to maintain oxygen delivery to the 
brain. The increase is 2% for every decrease in hematocrit value of 1% and for 
hematocrit values between 40% and 30% [54]. CBF augmentation is due to both a 
decrease in blood viscosity and a decrease in arterial oxygen content [55]. Arterial 
oxygen content has the main influence on CBF during hemodilution, but CBF aug-
mentation does not fully compensate for the decrease in oxygen content, reducing 
oxygen delivery [56]. For hematocrit values below 20%, compensatory mechanisms 
for reduced oxygen content are exhausted, and CBF depends only on changes in 
blood viscosity [57]. Pial arteriolar reactivity to hypocapnia but not to hypercapnia 
is impaired during hemodilution [58].

12.4.4  Temperature

Cerebral blood flow and metabolism are extremely sensitive to changes in tem-
perature. The brain temperature is approximately 1 °C higher than body tem-
perature, but a higher gradient may be found in diseases inducing brain 
inflammation as brain trauma, subarachnoid hemorrhage, stroke, meningitis, 
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etc. Thus, the role of the cerebral circulation is to cool the brain. Hypothermia 
decreases CBF and metabolism. CMRO2 and CMRglc decrease by between two- 
and fourfold with a 10 °C reduction in temperature from 37 °C to 27 °C [59]. 
Within this temperature range, CBF declines in parallel with CMRO2 or CMRglc. 
This suggests that cerebral autoregulation is maintained until a temperature 
around 27  °C.  Below 27  °C, there are controversies on the relation between 
brain temperature and metabolism. Some studies find a linear decrease in 
metabolism during hypothermia; others report a much larger decrease in metab-
olism below 27 °C [60]. This may be real or due to methodological or species 
differences. The decrease in CMRglc is parallel to the CMRO2 reduction. The 
low brain metabolism under 20  °C allows prolonged periods of circulatory 
arrest (> 30 min), without any ischemic brain damage, for the purpose of cardiac 
or aortic repair. Below 27–28 °C, the decrease in metabolic rate is larger than 
the decrease in CBF showing uncoupling between flow and metabolism. CBF 
depends on acid-base management (α-stat versus pH-stat management). 
Uncoupling between CBF and metabolism is much larger with pH-stat manage-
ment, where PaCO2 is increased. During mild hypothermia, PaCO2 changes may 
explain most of CBF variations [61].

12.5  CBF After Acute Brain Injury

12.5.1  Cerebral Autoregulation in Disease States

A considerable literature has been published on cerebral autoregulation after brain 
injury (brain trauma, stroke, subarachnoid hemorrhage, encephalitis, brain edema, 
etc.). It is only possible here to give some clues on the impact of diseases on CBF 
regulation.

While non-injured brain present cerebral autoregulation which is directly, all 
pathological states affecting cerebral vasomotor tone disturb autoregulation. 
Obviously, chronic arterial hypertension or vascular disease alters autoregulation 
[62, 63]. Chronic hypertension shifts the lower limit of autoregulation to the right 
with an impaired tolerance to pressure decrease. With chronic antihypertensive 
treatment, CBF autoregulation may readapt toward normal. Conversely, severe 
hypertension with autoregulation failure may lead to severe cerebral edema and 
encephalopathy [62].

Cerebral autoregulation may be altered after any kind of acute brain injury. Even 
a mild brain trauma may result in loss of autoregulation [64]. Altered autoregulation 
has been demonstrated after brain trauma, stroke and subarachnoid hemorrhage 
(SAH), meningitis or encephalitis, and hepatic failure. Autoregulation failure has 
been shown to have prognostic value. After SAH, poor-grade patients exhibit auto-
regulatory failure, while autoregulation is preserved in good-grade patients. At the 
subacute phase of SAH, delayed cerebral vasospasm can cause failure of autoregu-
lation. This explains that the brain is at high risk of delayed ischemia especially with 
fluctuations in blood pressure [65]. Monitoring of autoregulation at the bedside may 
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help screening patients at high risk of delayed cerebral ischemia and put more atten-
tion on blood pressure management.

12.5.2  Assessment of CBF and Autoregulation

12.5.2.1  Arterio-jugular Difference of Oxygen Content (AJDO2)
Assessment of CBF derived from AJDO2 is derived from Kety and Schmidt’s origi-
nal work [66]. Their technique is based on the Fick principle as for the measure of 
cardiac output. Kety and Schmidt used 15% N2O as an inert tracer and draw blood 
samples in the jugular bulb. More recently, other methods using radioactive tracers 
as 85Krypton or 133Xenon have been developed [67]. The main limitation to these 
methods is the use of radioactive agents. The same principle may be adapted to 
thermodilution techniques. Several methods have been described but have not 
gained popularity due to poor accuracy or technical complexity [68, 69]. Assuming 
constant arterial oxygenation and hemoglobin concentration, jugular venous bulb 
saturation in oxygen (SjO2) variations reflect changes in CBF. Jugular venous desat-
uration indicates cerebral hypoperfusion and has been associated with poor out-
come after head injury [70]. Elevated SjO2 is common and difficult to interpret as it 
may be related to hyperemia or low cerebral oxygen consumption. It has been also 
associated with poor outcome [71]. Finally, there are large differences in SjO2 
between the right and the left jugular veins, without any agreement between mea-
surements on both sides [72], explaining that this monitoring technique is seldom 
used nowadays.

12.5.2.2  Positron Emission Tomography (PET)
It is the reference method for the measurement of cerebral blood flow and metabo-
lism. It uses markers labeled with isotopes that emit radiations. For example, a 
popular tracer, 18F-deoxyglucose (18FDG), is used to measure glucose metabolism, 
and H2

15O may be used to measure CBF (half-life of oxygen-15 2 min). Hence, a 
real assessment of flow-metabolism coupling is possible with PET. The association 
of radiation measurement and a CT scan allows measurement of regional differ-
ences in flow and metabolism. With this technique, gray matter CBF was 
60 ml ∙ 100 g−1 ∙ min−1 and white matter CBF 20 ml ∙ 100 g−1 ∙ min−1 [73]. High 
costs and exposure to ionizing radiations limit the use of this technique in intensive 
care. PET analysis in anesthetized patients revealed a decrease in CMRO2 and CBF 
to 50–70% of the baseline with sevoflurane or propofol. However, these agents had 
a different effect on cerebral blood volume, which was reduced by propofol only 
[74]. In disorders of consciousness, 18FDG PET showed high sensitivity to detect 
minimally conscious state. Patients with locked-in syndrome are clearly identified 
as conscious by PET imaging (Fig. 12.3) [75].

12.5.2.3  Single Photon Emission Computed Tomography (SPECT)
SPECT detects emitted photon with gamma cameras of an injected radionuclide to 
quantify regional CBF.  Technecium-99m-hexamethylpropyleneamine oxime 
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(99mTc-HMPAO) is the most popular radionuclide to measure CBF.  It has a rela-
tively long halftime precluding repeated measurements within a short time period.

12.5.2.4  Magnetic Resonance Imaging (MRI)
Arterial spin labeling (ASL) is a promising MRI technique to measure CBF. Blood 
water is magnetically labeled in the carotid artery by applying radiofrequency 
pulses and used as a tracer to measure CBF. Because ASL is noninvasive, the mea-
sure is repeated several times in order to improve the signal to noise ratio. Studies 
comparing ASL to 15O-water PET found good accuracy and reproducible CBF mea-
surements [76]. This method has still to be improved and validated in patients to be 
used clinically. Functional MRI (fMRI) has been used to detect consciousness in 
unresponsive patients for the differential diagnosis of minimally conscious state and 
vegetative state. However, fMRI is more technically challenging than PET for this 
purpose and has a lower sensitivity. The appropriate cognitive task to use in patients 
in minimally conscious state is probably crucial to obtain results, because the 
patients may not understand the task or do not have the drive to participate [75].

12.5.2.5  Transcranial Doppler
Transcranial Doppler (TCD) ultrasonography was introduced in clinical practice by 
Aaslid in 1982. It measures the velocity of red blood cells in the cerebral arteries. 
Velocity depends on CBF and vessel diameter, which is unknown. Hence the correlation 
between CBF velocity and absolute CBF is very poor. However, providing that the ves-
sel diameter remains constant, changes in velocities closely reflect changes in flow 
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Fig. 12.3 Schematic representation of brain metabolism compared to normal awake subjects (100%) 
during sleep, anesthesia, coma, vegetative state (VS), and minimally conscious state (MCS)
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(Table 12.1). Thus, TCD has been extensively used to study static and dynamic auto-
regulation or response to CO2. There are several methods to assess cerebrovascular reac-
tivity with TCD. Velocities may be used as a surrogate of flow to calculate changes in 
cerebrovascular resistance (MAP/CBF velocity). The percentage change in estimated 
cerebrovascular resistance per 1% change in MAP gives an index of autoregulation. 
Continuous monitoring of TCD allows calculation of correlation coefficients between 
flow velocity and cerebral perfusion pressure [77]. A low coefficient (no correlation) 
indicates maintained autoregulation, and a high coefficient indicates that flow is pres-
sure dependent. Another simple test using TCD to assess autoregulation is the transient 
hyperemic response test (Fig. 12.4). This test uses carotid compression to induce down-
stream arteriolar vasodilation due to reduced perfusion pressure. After release of the 
compression, a transient hyperemia is observed related to arteriolar vasodilation. The 
THR ratio is normally above 1:10. TCD is noninvasive and can be repeated as often as 
needed at the bedside or for continuous monitoring [78]. There are studies showing that 
TCD upon admission of patients with mild or moderate head injury may predict neuro-
logic outcome a few days later [79]. After a traumatic brain injury, zero-flow diastolic 
velocity indicates impending cerebral circulatory arrest requiring emergency treatments 
to improve CBF [80]. Vasospasm after SAH is characterized by high TCD velocities. 
There is no association between CBF or changes in CBF and blood flow velocities in 
this case. Decreasing velocities may indicate improvement of vasospasm or, on the 
opposite, very severe ischemic vasospasm with reduced CBF [81]. Finally, there are 
specific TCD patterns of cerebral circulatory arrest for the diagnosis of brain death.

Table 12.1 Cerebral blood flow velocities and pulsatility index: normal values

Depth (mm) Mean Diastolic Systolic RI PI
MCA 40–55 62 ± 12 45 ± 10 90 ± 16 0.4–0.7 0.90 ± 0.24
ACA 60–75 50 ± 13 35 ± 10 71 ± 18 0.83 ± 0.17
PCA 55–80 37 ± 10 26 ± 7 53 ± 11 0.88 ± 0.20
BA 85–100 39 ± 9 31 ± 9 52 ± 9

MCA middle cerebral artery, ACA anterior cerebral artery, PCA posterior cerebral artery, TB basilar 
artery, RI resistivity index, PI pulsatility index

VS baseline

VS hyperemia

Carotid compression

THR=
VS hyperemia

VS baseline

20 s

Fig. 12.4 Recording of cerebral blood flow velocity in the middle cerebral artery at the baseline, 
during carotid compression and after release of the compression. A ratio between the systolic 
velocity after and before the compression above 1:10 indicates maintained cerebral 
autoregulation
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In conclusion, a precise and fast-acting regulation of CBF is critical to maintain 
cerebral metabolism and function. Several regulatory mechanisms act together to 
supply adequate oxygen and nutrient delivery to the brain, at rest and during activa-
tion. For clarity, these mechanisms are often reviewed independently. However, the 
final effect is mostly arteriolar vasodilation or vasoconstriction, which is anatomi-
cally limited. Thus, CO2 reactivity, for example, cannot induce any change in CBF 
in the context of maximal vasodilation due to low blood pressure. In pathological 
states, assessment of cerebrovascular reactivity and autoregulation is important for 
prognostication and also to individualize hemodynamic and respiratory manage-
ment in brain-injured patients. At present, transcranial Doppler is most used at the 
bedside, but there is no reliable noninvasive monitoring of brain oxygenation. 
Development of new monitoring of metabolism and flow is expected to improve our 
understanding of brain circulation changes after an acute brain injury.
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13Cerebral Ischemia: Pathophysiology, 
Diagnosis, and Management

Lionel Velly, D. Boumaza, and Pierre Simeone

13.1  Introduction

In industrialized countries, stroke represents the third cause of death after cardiopa-
thies and cancers, and the first cause of long-term disability in adults [1].

It is well established that stroke has to be considered as a medical emergency. 
Every year in France, about 130,000 patients present with a stroke. Among them, 
we schematically estimate that 30,000 will die during the days or months following 
the stroke and 60,000 will present a handicap of variable severity. Ischemic stroke 
or cerebral infarction represents 85% of overall stroke [2]. The management of 
stroke is today an absolute neurological emergency. It is important to know the main 
decisional steps in order to evaluate patients with ischemic stroke evolving since 
less than 4 h and eligible for thrombolytic treatment.

13.2  Pathophysiology of Cerebral Infarction

Healthy brain insures its needs in energy almost exclusively by oxidation of glu-
cose [3]. An interruption in blood flow leads to a decrease in oxygen (O2) supply 
and in glucose in brain and then a disruption of the energetic balance. Normal 
cerebral blood flow (CBF), measured with the clearance of Xenon 133 in tomo-
scintigraphy is 51.2 ± 8.8 mL/min/100 g of cerebral tissue [4] which represents 
about 15% of the cardiac output for an oxygen consumption (CMRO2) of 3.5 mL/
min/100 g of cerebral tissue. But this value of CBF is a global value and it varies 
importantly depending on the functional areas. In the grey matter, a normal value 
is 75 ± 10 mL/min/100 g (thalamus: 86 ± 13 mL/min/100 g and frontolaterodorsal 
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cortex: 64  ±  4  mL/min/100  g) and in the white matter 30  ±  3  mL/min/100  g. 
Cerebral function and CMRO2 are preserved as long as the global CBF remains 
above or equal to 25-30 mL/min/100 g because the defect in tissular perfusion is 
then compensated by an increase in oxygen extraction. The ischemic threshold is 
defined by the value of the ratio CBF/CMRO2 below which aerobic metabolism 
cannot be maintained. For an ischemic distress related to an insufficiency in CBF 
to appear, CBF has to decrease more than 40%. Also, when CBF decreases below 
15 mL/min/100 g for more than 1 or 2 min, the cortical electric activity slows down 
(disappearance of Beta-wave rhythm and occurrence of Delta-wave) and below 
10 mL/min/100 g and evident failure of the cellular ionic pump occurs.

Stroke is the most studied clinical situation in clinic because the assessment of the 
impairment in cerebral perfusion is the basis of therapeutic decision in emergency.

During an arterial occlusion, three different areas (Fig. 13.1) are observed: the 
ischemic core where CBF is between 8 and 8.4 mL/100 g/min, the penumbra zone 
were CBF is between 14.1 and 35 mL/100 g/min and the oligemic zone with a CBF 
between 35 and 50 mL/100 g/min [5]. In the ischemic core, the complete lack of 
blood supply causes irreversible cellular damages; we observe then a massive 
necrotic zone. In the penumbra, blood flow is decreased but not entirely disrupted. 
It seems too weak though for an electric activity to be maintained, but sufficient to 
preserve ionic gradients. Even though neurons are functionally inactive their struc-
ture are intact and they stay temporarily viable. However, the concept of ischemic 
threshold is not univocal and we must distinguish the global threshold, varying from 
an individual to another and local ischemic threshold deeply dependent to the 
injured tissue and variable from a zone to another in the same patient and from 
pathology to another.
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Fig. 13.1 Following an arterial occlusion, damage is composed of three regions: ischemic core, 
penumbra zone, and the oligemic zone
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For example, in traumatic brain injury, the threshold value allowing to differenti-
ate areas evolving toward an ischemic damage from healthy areas is 15 mL/100 g/
min [6], with an important overlap in values between injured and health zones, 
allowing to define an abnormal pathophysiological situation rather than an absolute 
threshold [7]. After a subarachnoid hemorrhage due to an aneurysm rupture, a vaso-
spasm becomes symptomatic for CBF under 25  mL/100  g/min [8, 9] with also 
important regional variability [10]. This explains certainly the difficulties to gener-
alize the therapeutic concept of those patients.

13.2.1  Main Cellular Mechanisms in Cerebral Ischemia

The extension of the ischemic core is a time-dependent phenomenon. Cells die in 
the hours or days following a series of events named the ischemic cascade [11]. The 
main mechanisms of this series are excitotoxicity, peri-infarction depolarization 
which damages irreversibly neurons, glial and endothelial cells in the core of isch-
emia. In the penumbra zone, other mechanisms are involved such as oxidative 
stress, and then, lately on, inflammation and apoptosis [11, 12]. Each of these patho-
physiological process occurs at a define time in the ischemic phenomenon, some 
occurring after a few minutes and others after several hours or days [12] (Fig. 13.2). 
The longer CBF is disrupted, the more important is the extension of ischemic core 
to the detriment of the penumbra zone which requires to be reperfused as quickly as 
possible. In ischemic core, where CBF is more severely limited, excitotoxicity and 
cellular death occur after a few minutes. On the periphery of ischemic core, in the 
penumbra zone, when parallel blood flow can limit the effects of stroke, the degree 
of ischemia and the delay before reperfusion determine the individual outcome of 
each cell. In this zone, cellular death through apoptosis or inflammation occurs less 
quickly [12]. Shortly after the occlusion of the middle cerebral artery (MCA), pen-
umbra is approximately the same size than the ischemic core. After 3 h, penumbra 
only represents 50% of the ischemic core and 6–8 h later, almost all the penumbra 
zone disappears and is part of the irreversible damages in the ischemic core [13]. 
Although the length of ischemia is a determinant element in the intensity of 

Fig. 13.2 Spatiotemporal 
evolution of mechanism 
involved in cerebral 
ischemia
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damages, reperfusion plays also an important role in damage distribution. During 
reperfusion, a consequent amount of oxygen reaches the brain, which is responsible 
for formation of free radicals (oxygen-activated species ROS) and leads to addi-
tional oxidative stress.

13.2.1.1  Excitotoxicity and Calcium: Initials Determinants 
of Cellular Death

This expression was first used by Olney [14] in order to describe the potential of 
destruction of glutamatergic neurons. Beneviste was the first in 1984 to observe an 
increase in extracellular glutamate concentration, measured by microdialysis during 
global ischemia in rats [15]. This phenomenon has been since more precisely 
described and also observed in animal models of focal ischemia. This increase starts 
1–2 min after the beginning of ischemia and reaches its maximum (16–30 μM) at 
the 15th minute [15] although extracellular glutamate amount remains below 6 μM 
in the periphery zone [16]. A correlation has been observed between extracellular 
glutamate concentration and the severity of neurological deficit in patients with 
cerebral ischemia [17]. The explications of this rise in extracellular glutamate are 
controversial. Two theories confront; the first is using the vesicular exocytosis path 
[18] depending on cytosolic presynaptic calcium concentration. The second implies 
the decrease in glutamate uptake or even the inversion of glutamate transport related 
to the inhibition of ATPase [19].

Cytotoxic Edema
Ischemia causes a massive entry of sodium within the cells because the decrease in 
ATP level induces a stopping of the ATPase Na/K and the activation by extracellular 
glutamate (in excess) of ionotropic glutamatergic receptors AMPA and Kaïnate 
(Fig. 13.3). This entry of Na fastly induces a postsynaptic membrane depolariza-
tion, followed by an entry of Chlore maintaining thus the ionic balance, and water 
according to an osmotic gradient. This induces a rise in cellular volume (osmotic 
swelling). The final consequence of this swelling is cellular lysis with release of 
cellular components, including glutamate, in the extracellular space, establishing 
then a vicious circle. However, this osmotic component of excitotoxicity is a revers-
ible phenomenon if the depolarizing stimulus is abolished.

Calcic Influx and Its Consequences
Increased intracellular concentration in calcium (Ca) is one of the main and fastest 
consequences of ischemia within cerebral tissue, leading quickly to necrosis. This 
cellular destruction occurs through several enzymatic systems (protein kinase, pro-
tease, No synthase NOS) responsible for an inhibition of protein synthesis, free 
radicals formation and altered cytoskeletal proteins. Calcic invasion is triggered by 
cellular energetic depletion and anoxia and is responsible for an abnormal depolar-
ization. It is sustained by massive release of excitating amino acids and in particu-
lar glutamate. Calcium is one of the main second messengers among neuronal 
cells. It is involved in the control of neurotransmitters release mechanisms, neuro-
nal excitability, and in modulation of numerous metabolic processes. Calcium con-
centration is about 10,000 times more important in extracellular than in intracellular 
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space. The preservation of a low cytosolic calcium concentration against extracel-
lular concentration gradient is insured under physiological conditions by Na+/Ca2+ 
and by Ca2+ ATPase and Na+/K+ ATPase transporters in parallel with passive chan-
nels Na+/Ca2+ [20]. Involvement of these different systems has a high cost in 
energy. Energetic depletion caused by cerebral ischemia disrupts suddenly Ca 
homeostasis. Moreover, postsynaptic membrane depolarization due to the massive 
influx in intracellular sodium, by inhibiting ATPase, allows deactivating magne-
sium blockade on ionotropic glutamatergic receptors NMDA. In the presence of 
excess in glutamate, activated NMDA receptors also allow a calcium influx 
(Fig. 13.3) [20]. A brief but superior at 3 min activation of these NMDA receptors 
is sufficient to induce neuronal death by excitotoxicity. An extended activation of 
AMPA receptors (over 60 min) is in contrast necessary to induce such a neuronal 
death. A decrease or an absence of ATP inhibits also its sequestration in endoplas-
mic reticulum or its extrusion throughout the plasma membrane by calcium 
ATPase. Calbindin, calmodullin, and phospholipids tampon activities are decreased 
during ischemia, due to the diminished pH following lactic acid formation. H+ ion 
competes with Ca to bind these different molecules [21]. In these conditions, mas-
sive rise in intracellular calcium concentration initiates a cascade of molecular 
deleterious events (Fig. 13.4) for cerebral tissue among them a mitochondrial dys-
function (energetic deficit and toxic free radicals synthesis), involvement of enzy-
matic systems able to damage different structures of the cells (lipase, endonuclease, 
and protease), or activation of cytotoxic nitric oxide (NO) synthesis by the neuro-
nal isoform of type 1 NO synthase (NOS) [22]. Calpaïne is the main protease 

GSHR
GSH

GSSG
GSHPx

SOD
OH. Vitamin E

Superoxide
Peroxynitrite

Nitration

Arachidonic acid

PGs
THRs

Plasma
membrane

Plasma
membrane

LOX COX

LTs

PLA2

NOS
CaM

O2
-.

Mitochondria
O2 

-. H2O2

H2O

Fe2+

NO

MLP

Bcl-2

Ca2+

Ca2+Ca2+Ca2+

ERDepol

Na+

K+

HNE

lon-motive
ATPases
Glucose/
glutamate
transporters

GSH

Catalase
Bcl-2 MLP

Bcl-2

MLP

NMDA

AMPA
Glutamate

Aβ

ROS

Fig. 13.3 Involvement of excitotoxicity in neuronal death. In case of cerebral ischemia, increased gluta-
mate concentration by exocytosis and/or decrease or inversion of its transport leads to an activation by 
AMPA and NDMA receptors, osmotic swelling, and a massive entry of calcium ions in neurons

13 Cerebral Ischemia: Pathophysiology, Diagnosis, and Management



306

activated by excess in Ca. It is responsible for the cleavage of numerous proteins 
essential in cellular function such as Ca2+ ATPase, PKC, and NF-KB. Proteolytic 
activity of calpaïne is deeply overwhelmed during ischemia, leading to a loss of 
synaptic density and cytoskeletal destruction by cleavage of its constituting pro-
teins [23]. Activated PLA2 by excess in CA during ischemic process leads to a 
disrupted phospholipidic metabolism with degraded glycerophospholipids and 
massive formation of free fatty acids. This rise in free fatty acids during global 
ischemia occurs in the first 5 min and reaches a plateau within 15 min with 8–10 
times the normal level [24]. Arachidonic acid is the principal free fatty acid pro-
duced during ischemia. It is then metabolized by cyclooxygenase (COX) in prosta-
glandin (PG) by the lipooxygenase in leukotriene (both of them are pro-inflammatory 
lipidic mediators) but also in lysophospholipids (precursor of the platelet activat-
ing factor) and in superoxide anions responsible for free radical formation [25].
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13.2.1.2  Oxidative Stress and Nitric Oxide
Oxidative stress is represented by the whole reactions using ROS, which are charac-
terized by the presence of a very reactive unpaired electron (free radical). Oxidative 
stress results of an imbalance between free radicals formation and cells anti-oxida-
tive capacity. Cerebral ischemia and reperfusion in particular are responsible for 
oxidative stress leading to free radicals production and to deleterious effects during 
pathogenesis. Brain is extremely sensible to damages caused by free radicals due to 
its high content in lipids. This phenomenon prevails in the penumbra [26] and 
results in serious and immediate damages in cellular proteins, DNA, and lipids. In 
post-ischemic reperfusion, free radicals formation is enhanced by a great amount of 
oxygen supply [27]. Free radicals produced during reperfusion are principally acti-
vated species of oxygen. Main generated ROS are: superoxide anion O2

−∙, hydro-
xyle radical (OH∙ the most reactive oxygen-free radicals), hydrogen peroxide 
(H2O2), nitric oxide, and peroxynitrite (ONOO∙). During ischemia, ionic homeosta-
sis disruption, excitotoxicity, local anoxia, and inflammation facilitate oxygen-deri-
vated free radicals production by several complex mechanisms. Altered mitochondria 
constitute an important source of free radicals [28]. Mitochondria produce ATP by 
using 90% of oxygen gathered by neurons. During the electrons transfer in mito-
chondrial chain, electrons spontaneously flee in order to react with oxygen and pro-
duce free radical. These reactive species are normally controlled by protective 
reduction enzymes such as superoxide dismutase (SOD) or glutathiase peroxidase 
(GPx). However, in case of ischemia and reperfusion, excess in cytosolic Ca2+ and 
in mitochondria leads to an accumulation of free radicals. Storaged free radicals in 
mitochondria will be able to react with oxygen when reperfusion occurs in order to 
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produce superoxide ions (O2
−∙). Free radicals thus produced inhibit electron trans-

port in mitochondria and intensify the free radicals formation by mitochondria. 
Production of hydrogen peroxide (H2O2) involves the presence of nitric oxide (NO) 
which is produced by NOS through an oxygen-dependent reaction and activated by 
Ca2+/calmodulin binding. It has been shown that neuronal and inductible NOS 
(nNOS and iNOS) are over-expressed during cerebral ischemia [29]. NO thus pro-
duced diffuses freely across membranes and can react with superoxide ion (O2

−∙) to 
produce peroxynitrite (ONOO¯). ONOO¯ is able to induce cellular damage by nitra-
tion of DNA and proteins but also by lipids, DNA, and proteins oxidation; NO may 
also act as an electron acceptor inhibiting the ATP production by mitochondria.

Metallic ions are also an important factor of free radicals formation. Fe2+ released 
during ischemia by transport proteins can convert hydrogen peroxide (H2O2) in 
hydroxyl radical (OH∙). They can also induce a lipid peroxidation during reperfu-
sion. Also, Zn2+ stored in presynaptic vesicles of glutamatergic neurons and released 
in glutamate exocytosis induces a cellular death during ischemic phenomenon by 
producing free radicals via the activation of COX and PKC [30].

Finally, during oxidative stress, this fast overproduction of free radicals over-
whelmed protective mechanisms of detoxification and the inhibition capacity of 
anti-oxidative enzymes such as catalase (CAT), SOD, GPx, and nonenzymatic anti-
oxidative agents such as vitamin E, C, and glutathione (GSH).

13.2.1.3  Post-Ischemic Inflammation
High intracellular calcium concentration, NO and free radicals production, and 
hypoxia induce the activation of numerous nuclear transcription factors and particu-
larly NF-KB factor [31]. Activation of this factor leads to many deleterious effects: 
an increase in NO synthesis via Type II NOS; re-enforcing the side effects of these, 
COX 2 expression; this enzyme involved in toxic and oxidative prostanoïdes syn-
thesis; expression of numerous cytokines such as tumor necrosis factor alpha 
(TNFα) and Interleukine 1S (IL-1S), cytokines that are involved in glial cells and 
macrophages activation (Type II NOS and COX 2 synthesis) and also in process 
favoring polynuclears and monocytes adhesion to vascular endothelia (activation of 
adhesion proteins ICAM-1, selectine P and E) and their migration through cerebral 
tissue inducing in this manner the increase in ischemic damages [32].

13.2.1.4  Activation of Apoptotic Phenomenon
Apart from the mechanism of cellular necrosis which occurs early, in particular 
in the ischemic core, the increase in intracellular calcium, NO, free radicals, and 
inflammation mediators production are likely to induce the process of pro-
grammed cellular death called apoptosis [33]. This process is by definition 
delayed, prevails in the penumbra, and implies complex biological mechanisms. 
This type of cellular death is different from necrosis in its functional aspects, 
which are organized and anatomical. Apoptosis is defined morphologically by 
cytoplasm condensation (membrane changes and cytoskeletal re organization), 
by condensation and aggregation of chromatin in the periphery of nucleus under 
the nuclear membrane and  occurrence of membrane gemmules containing 
nuclear fragments. They are precursors to apoptotic bodies aimed to be 
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phagocytosed by macrophages or other adjacent cells. On a nuclear level, DNA 
is fragmented in multiple fractions by specific cleavage between nucleosomes. 
Abundance and relative activity of pro- and anti-apoptotic proteins determine at 
a given time the outcome (death or survival) of the cell. We can distinguish pro-
teins that expression facilitates apoptosis (pro-apoptotic proteins: Bax, Bid) and 
proteins that on the contrary limit this type of cell death (anti-apoptotic proteins: 
Bcl-2, Bcl-XL). In pathological conditions such as cerebral ischemia, the bal-
ance between these proteins represents the ability of decision of the cell and can 
lead to cellular death. We described the different trigger signal transduction path-
ways in apoptosis: the extrinsic pathway (receptors mediated), the intrinsic path-
way (mitochondrial), and the caspase-independent pathway (cysteine 
aspartate-specific protease). Caspase-3 is the terminal determinant in the caspase 
cascade and favors numerous DNA catalysis pathways [33].

13.2.1.5  Cerebral Edema
Cerebral ischemia leads to a membrane ionic pump dysfunction which triggers 
complex mechanisms leading to cell swelling and cellular-related cerebral 
edema: cytotoxic edema. Ionic disruption triggers a passive osmotic flow of 
water toward the cells. The rise in water into cerebral tissue affects both grey and 
white matter which leads macroscopically to an increase in volume. There exists 
also specific system of water transport playing a role in the occurrence of cere-
bral edema, aquaporines (AQP), and particularly AQP4 mostly found in central 
nervous system. The density of these channels is particularly high at the interface 
between brain and liquid spaces (blood, subarachnoid space, ventricles). AQP4 is 
expressed in astrocytes, endothelial cells, and ependymal cells. Neurons are free 
from AQP4. The role of cerebral AQP in pathology is yet not fully understood but 
these channels ease water flow. In rodents, AQP4 expression varies following a 
cerebral ischemic damage or traumatic injury [34, 35]; the level of AQP4 expres-
sion decreases the first moments after an ischemic or traumatic damage and 
increases then [36]. These results suggest that AQP4 contributes to edematous 
process but the positive or negative role of AQP4 in edema formation is not com-
pletely elucidated. In parallel, ischemia-reperfusion alters vessels and the blood–
brain barrier which leads to the formation of an edema which origin is a capillary 
leak: the vasogenic edema [37]. When blood–brain barrier is disrupted, liquid, 
plasmatic proteins, and inflammatory cells enter in brain tissue. Most of the bio-
logical pathways leading to edema are observed during ischemia: excessive 
release in glutamate, oxidative stress, and inflammatory cascade. Moreover, an 
increase in cerebral volume generates an increased intracranial pressure and a 
decreased cerebral perfusion pressure which enhance the ischemic phenomenon. 
Edema grows to its maximal development the fourth day and declines during the 
second week. The “mass effect” is proportional to the volume of the infarction. 
Finally, cytotoxic edema, as vasogenic edema can be worsened by reperfusion 
due to the intensification of oxidative stress and inflammatory response but also 
due to the brain–blood barrier disruption. Some other works has reported the 
interest of bumetanide in order to regulate the expression of couple of kinase 
proteic channel NKCC1 and KCC2 and the chloric homeostasis control [38].
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13.3  Diagnosis of Ischemic Stroke

At first, the semiology analysis stays the essential tool of the physicians and the 
accuracy of the diagnosis stays related to a good anatomical, clinical, and patho-
physiological knowledge.

Diagnosis of stroke has to be evoked in case of sudden neurological deficit. In 
15–20% of cases, we observe diagnostic errors, and this false diagnosis also need a 
specific assessment and management (seizure, nonvascular sudden neurological 
deficits, tumoral or infectious). In practice, in case of a patient suspected to have a 
stroke, the first step is, after interviewing the patient or its relatives and clinical 
examination, to determine if the neurological deficit is compatible with a stroke; 
that is to say: the sudden onset or rapidly progressive (over a few hours) of the fol-
lowing symptoms: hemiparesia or hemiplegia, unilateral sensitive disorders, lan-
guage disorder, balance disorders, dizziness, total loss of vision, or bilateral partial 
or monocular loss of vision. It is also really important to keep in mind that brain-
stem stroke could occur with a clinical loss of vigilance and consciousness. It is then 
necessary to insure by asking to the patient or a witness the exact time of symptoms 
onset. If the patient woke up with the deficit, the hour of onset is the last hour where 
he has been seen without deficit. Patients must be then transferred as quickly as pos-
sible toward a reference hospital, where cerebral imaging will allow immediately to 
differentiate an ischemic from an hemorrhagic stroke.

The second step concerns the strategy of neuro-imaging explorations that could 
vary depending on the level of equipment more or less sophisticated of the different 
hospitals, but that should always be guided by the clinical expertise in order to ask 
precise questions according to the temporal data of symptoms onset. We have to deter-
mine most precisely and quickly the nature of stroke (ischemic or hemorrhagic), the 
anatomical and vascular territory, the possible mechanism responsible (thromboem-
bolic or hemodynamic), and the pathophysiological stage (reversible damage or irre-
versible) which determine the prognosis and the therapeutic options. At present, 
magnetic resonance imaging (MRI) is the gold-standard diagnostic test in emergency 
concerning stroke according to the official guidelines. Cerebral tomodensitometry 
(CT scan) is only used by lack of access to MRI (except from contraindications).

13.3.1  Diffusion and Perfusion-Weighted MRI

Only the MRI weighted with diffusion and perfusion sequences allows to diagnose 
ischemic stroke and to evaluate the penumbra zone. Indeed, during the first 6 h, CT 
imaging and conventional MRI imaging are at this stage normal or show only dis-
crete abnormalities of cerebral tissue while the ischemic zone is clearly identified 
by diffusion-MRI from the first minutes after clinical onset and hypoperfused zone 
is immediately detectable in perfusion-MRI.
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13.3.1.1  Diffusion-Weighted MRI
Diffusion-MRI estimates the mobility of water molecules and allows detecting early 
the cellular dysfunction secondary to ischemia. At the acute phase of cerebral isch-
emia, the disruption in CBF leads very quickly to a failure in energetic metabolism. 
It results a massive water influx from the extracellular space toward the intracellular 
space, resulting in the cytotoxic edema. Thus, the mobility of free water from inter-
stitial space toward the cells is reduced, and this phenomenon can be seen from the 
first minutes by diffusion-MRI in the form of a hyper signal (white). This technique 
presents an excellent sensibility (over 90%) for the detection of acute ischemic 
damages.

13.3.1.2  Perfusion-Weighted MRI
Perfusion-MRI provides information on regional cerebral hemodynamic on a 
microvascular scale and gives an estimation of CBF. This method studies the 
kinetic of a nondiffusible contrast agent (chelate of gadolinium) in the brain 
and allows visualizing the cerebral hypo perfusion zones [39]. Many measures 
have been suggested and studied: the time at peak (Tmax), medium time to 
transit (MTT), cerebral blood volume (CBV), and cerebral blood flow (CBF) 
(Fig. 13.6).

To simplify, Tmax corresponds to the delay to reach the peak concentration of 
gadolinium in each regions compared to the arrival of gadolinium in cerebral arter-
ies. At present, it seems to be the measure offering the strongest results in published 
therapeutical trials [40].
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Fig. 13.6 Methods of perfusion-weighted MRI and CT scan: middle time to transit (MTT): 
middle time of crossing capillaries (unit: sec); cerebral blood volume (CBV): area under the 
curve and measure of autoregulation (unit: mL/100 g of cerebral tissue/min): cerebral blood 
flow (CBF) is equal to the ratio CBV/MTT (unit: mL/100 g of tissue/min). During an isch-
emia, we observe in the involved territory a longer MTT and of Tmax and a decrease in CBV 
and CBF
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13.3.1.3  The Concept of “Mismatch”
The coupled analysis of perfusion and diffusion-weighted MRI allows to identify the 
penumbra zone risking to evolve toward infarction. The tally zone with a decrease in 
cerebral perfusion without signs of necrosis in diffusion-MRI is called the “mismatch.” 
It is considered as a substitute to the ischemic penumbra [41]. The concept of mis-
match based on the subtraction of diffusion and perfusion volumes appeared as a sim-
ple way to identify in emergency the zone at risk (Fig. 13.7) [42]. Schematically, the 
necrotic zone is assimilated to the damage volume observed in diffusion-imaging. In 
the absence of rapid reperfusion, sequential studies have showed an extension of the 
initial damage at the expense of the hypo perfused zone. This evaluation, coupled with 
the analysis of intracranial angio-MRI (in order to search a vascular occlusion) allows 
selecting patients likely to benefit from a fibrinolysis. However, unlike PET-imaging, 
perfusion-MRI does not allow a quantitative evaluation: the main parameters used 
(Tmax, MTT, CBV, CBF) only give a qualitative hemodynamic information. Moreover, 
the different attempts in order to establish the tissular viability threshold using MRI 
parameters failed to determine a precise approach of the at-risk zone. No consensus has 
been established on the choice of hemodynamic parameters, neither on the relevance of 
the criteria defining the zone of mismatch. To answer these questions, numerous 

MRI DWI MRI PERFUSION

TTM Tmax
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Fig. 13.7 Diffusion and perfusion-weighted MRI of a superficial and deep MCA ischemic stroke. 
In diffusion-MRI, cytotoxic damage (hyper signal) interesting precentral left region, periventricu-
lar left white matter and left lenticular nucleus, and a part of caudeus nucleus. In perfusion-MRI, 
an increase in MTT and Tmax with important mismatch. In FLAIR-weighted imaging, hyper sig-
nal in left MCA with the absence of flow in Angio-MRI
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modelization programs using multiple parameters to study tissular suffering are cur-
rently in the course of elaboration. Addition of imaging exploring metabolism such as 
spectroscopy, determination of the regional oxygen consumption (CMRO2) by Bold 
effect could allow to complete relevantly the evaluation of the at-risk tissue, under the 
condition that it does not lengthen the test duration.

13.3.2  Tomodensitometry Imaging

Recognizing early scanographic signs of ischemic stroke is often difficult, explain-
ing the great variability of the detection rate observed in literature (56–94%). Two 
types of early signs can be found: intravascular irregularities (intra-arterial hyper 
density) and parenchymatous abnormalities (softened contrast and mass effect).

13.3.2.1  Intravascular Abnormalities
Intra-arterial thrombus is responsible for an increased density of the artery corre-
sponding to the spontaneous arterial hyper density and in theory visible on every of 
the artery constituting Willis polygon and this from the early stage of stroke. This 
intravascular hyper density traduces the presence of a thrombotic clot, or more often 
an embolic clot. Occlusion of the middle cerebral artery (MCA) is the most frequent.

13.3.2.2  Parenchyma Abnormalities
These parenchymatous signs include: softened contrast and cerebral edema. The 
decrease in contrast is by definition due to a loss of contrast spontaneously visible 
between densities in the white and the grey matter. In physiological condition, white 
matter appears spontaneously more hypo dense than the grey matter constituent the 
cortical zone and the basal ganglia. According to the localization of the softening in 
contrast, several signs have been described. The disappearance of the lentiform 
nucleus corresponds to a softening of the precise outline of this nucleus and is cor-
related to the development of an infarction in the deep territory of MCA. Disappearance 
of the insular band corresponds to a loss of definition between the grey and the 
white matter in the insula and is associated to infarction in the superficial territory 
of MCA. This sign is frequently associated with the others due to the strategic loca-
tion of insular region which match with the distal territory of the superficial MCA 
territory. Erasure of cortical sulcus results in a modification in the contrast of cortex. 
It is correlated to the development of a cortical infarction of MCA.  Association 
between these softening of contrast predicts the development of an extended infarc-
tion. The global subjective assessment of a threshold volume of more or less 33% of 
suffering territory has been studied, particularly in order to be used as an inclusion 
or exclusion criteria in therapeutical trials of anti- thrombotic agents. This approach 
stays however speculative because of the great variability in the definition of the 
middle cerebral artery territory. Mass effect is revealed by the compression exerted 
on the reference structures (ventricular system or cortical sulcus). A discrete ven-
tricular compression can affect the frontal pole, and the mass effect results in a 
disappearance of the middle cerebral artery valley or of cortical sulcus. These local-
ized mass effects are more easily detected when we observe a clear hypo density.
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13.3.2.3  Perfusion CT Scan
Recently, in order to obtain a better sensitivity of the technique, the principle of CT 
perfusion has been suggested as an alternative for measuring the ischemic penum-
bra or in detection of a vasospasm after subarachnoid hemorrhage [43].

It is based on the measure of cerebral perfusion according to the same principle than 
perfusion-MRI with an iode-contrast product (Fig.  13.6). Thus, ischemic cerebral 
zones have a decreased regional CBF and CBV and longer MTT. In stroke, the criteria 
have been defined depending on their ability to predict the size of the final infarction. 
The mismatch between regions with a CBV below 2 mL/100 g/min (ischemic core) 
and those with an MTT one and a half times greater than the one measured in the con-
tralateral hemisphere (hypo perfusion) would represent a substitute of ischemic pen-
umbra [44]. The main advantage of CT perfusion is its easy use with integrated 
software in most of equipment, able to create in real time, 24 h/7 in most of centers, a 
“perfusion map.” Yet, except from last-generation CT scans, Perfusion CT only allows 
to cover 2 cm thick in four slices when perfusion-MRI covers 8–12. The second major 
limit of its use in everyday practice in stroke is the absence of validation of these crite-
ria by prospective trials such as in cerebral MRI. However, comparing the values of 
each region at interest previously defined and establishing a ratio between ischemic 
region and equivalent contralateral regions seems to present a great interest.

13.4  Therapeutic Management of Ischemic Stroke

Regardless of the severity of the stroke, patients need to be admitted into hospital as soon 
as possible (from the first hours) in a specialized ward because this management consti-
tutes at present the most efficient therapeutic measure in order to improve outcome of 
patients with stroke. Indeed, neurovascular wards dedicated and specifically organized 
for stroke management allow alone to reduce 25% of inpatients ischemic stroke mortality 
and 17% of one-year mortality of hemorrhagic stroke. This benefit applies for every 
stroke, regardless of their type (ischemic or hemorrhagic) or their severity, or the patient’s 
age. Almost the entire benefit is obtained during the first 30 days [45]. For more critical 
patients, needing ICU, admission in a neuro-ICU, used to stroke management is associ-
ated with a decrease in mortality for a 3:4 ratio [46]. It seems then evident that an early 
and oriented management has a major impact on stroke patient’s outcome.

At present, two ministerial memorandums (3rd November 2003 and 22nd March 
2007) have precised the path of management of stroke and particularly in special 
neurovascular units (21 in 2005, 77 in 2009). But we estimated that only a few pro-
portion of patients have access to those units at the present time. According to a 
survey of the French Neurovascular Society, 1080 patients have been treated in 
2005 in France so less than 1% of the overall strokes. Expected progresses are related 
to acceleration in the outpatients care, an increase in the number of candidate and use 
of new treatments. Mobile units of emergency are largely aware of neurovascular 
emergency. Yet, the delay in outpatients care is often very important and results usu-
ally from a late alert. The involvement from the prehospital phase and the formation 
of health care professionals, emergency physicians, emergency medical service, and 
emergency fire assistance in particular are of capital interest in order to allow the fast 
selection of patients who have to be admitted in neurovascular units.
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13.4.1  Thrombolytic and Anticoagulant Treatments

The main mechanism of stroke being an arterial thromboembolic occlusion, the 
key point of every therapeutic strategy in emergency is to suppress as soon as pos-
sible the arterial occlusion in order to reperfuse the arterial ischemic territory still 
viable (ischemic penumbra) before definitive neuronal death occurs. The European 
authorization for intravenous thrombolysis by tissular activator of recombinant 
plasminogen (rt-PA) in the first 3 h of cerebral infarction represented in 2002 an 
absolute revolution: for the first time in this pathology, an efficient emergency 
treatment (less than 20% of patients disabled) was available. According to the mar-
keting authorization, only a trained neurologist is authorized to prescribe rt.-
PA. The recommended dose is 0.9 mL/kg with a maximal dose of 90 mg (10% in a 
bolus in 1 min and 90% in a 1-h perfusion). The combined analysis of randomized 
trials (ATLANTIS, ECASS, NINDS) including over 5000 patients showed that the 
benefit of thrombolysis is all the more important since the treatment is early admin-
istrated, with a maximal benefit when fibrinolytic agent is administrated in the first 
90 min [47]. However, the benefit is obtained at a high price, which is a significant 
increase in symptomatic cerebral hemorrhage. Thrombolysis is a potentially dan-
gerous treatment: the risk of hemorrhagic transformation varies from 6 to 11% 
regarding the administrated protocols for intravenous thrombolysis (vs. 0.6–3% in 
placebo groups) [48]. Hemorrhagic transformations related to thrombolysis are 
more voluminous, severe, and fatal or responsible for a major handicap in 50–75% 
of cases. Secondary analysis of rt.-PA trials allowed identifying risk factors of 
severe hemorrhagic transformation under rt.-PA. These factors are: age, previous 
treatment with aspirin, extended hypo density on initial CT scan, high blood pres-
sure, and uncontrolled hyperglycemia [49]. In order to limit this risk, it is funda-
mental to respect scrupulously all the contraindications (Table  13.1). During 
European Marketing Authorization, it was intended to evaluate by a European reg-
ister all symptomatic intracranial hemorrhage risk in everyday practice and to com-
pare it to the particular situation of randomized trials. The results of this register, 
named “Safe Implementation of Thrombolysis monitoring study” (SITS-MOST) 
including 6483 patients founds an efficiency (preserved independent living skills 
in 55% of patients) and a safety to use (risk of cerebral hemorrhage 7.3%) of 
thrombolysis with rt.-PA, congruent with the results of randomized trials [50]. 
Since then, several therapeutic trials showed that there exists a therapeutic window 
for rt.-PA after the third hour (until about four and a half hour), even if the benefit 
decreases quickly with time [51]. We know today that the risk of hemorrhage does 
not increase between the third and the sixth hour [52]. These results encourage the 
implementation of a European study (ECASS III) including 821 patients in order 
to compare thrombolysis with rt.-PA to a placebo administrated in the third to the 
fourth and a half hours following the onset of stroke symptoms [53]. In these con-
ditions, a treatment with rt.-PA increases compared to the placebo at 28% the 
chances to recover a complete independence with 14 patients to treat to obtain a 
favorable neurological outcome. The risk of hemorrhagic transformation was 7.9% 
in the rt.-PA group (vs. 6.4% in the NINDS study) but only 2.4% of hemorrhagic 
transformations were considered responsible for a neurologic deterioration. Since 
a large observational study (SITS-ISTR) including 650 patients confirmed the 
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safety of use of rt.-PA between the third and the fourth and a half hour [54]. We 
should however notice that additional exclusion criteria must be used in this time 
between the third and the fourth and a half hour (Table 13.1). Currently, a large 
literature still tries to enlarge the potential candidates to thrombolysis. In these dif-
ferent situations, out of marketing authorization, cerebral MRI could be a precious 
tool through information on cerebral tissue, by selecting patients according to the 
size of penumbra zone. The prospective observational study DEFUSE, including 
74 patients thrombolysed between the third and the sixth hour with rt.-PA, all of 
them having a diffusion and perfusion-weighted MRI (with no influence on the 

Table 13.1 Indications and 
contraindications of use of 
Alteplase (rt-PA) in ischemic 
stroke at acute phase

Indications:
  –  Diagnosis of ischemic stroke responsible for 

neurological deficit
  –  Onset of symptoms less than 4.5 h before the 

instauration of the treatment
Contraindications:
  Clinical:
   •  High blood pressure with systolic pressure over 

>185 mmHg or diastolic >110 mmHg
   •  Symptoms suggesting a subarachnoidal hemorrhage 

even in the absence of evidence at CT scan
   • History of intracranial hemorrhage
   • History of myocardial infarction in the last 3 months
   • History of brain injury or stroke in the last 3 months
   • Majors surgery in the last 14 days
   •  Digestive hemorrhage or urinary tract hemorrhage in 

the last 21 days
   •  Arterial punction in uncompressible site in the last 

7 days
   • Seizures at the onset of stroke
   •  Angiography or arterial pressure monitoring 

authorized if needed
   •  Minor neurological deficit or symptoms improving 

quickly before treatment
  Radiological
   • Signs of intracranial hemorrhage at imaging
   •  Hypo density superior at 33% of a cerebral 

hemisphere
  Biological
   • Oral anticoagulation with INR over 1.7
   • Heparin intake in the last 48 h with prolonged TCA
   • Platelets <100,000
   • Glycemia <2.7 mmol/l or >22 mmol/l
  Supplementary contraindications for thrombolysis 

between the 3rd and the 4.5th hour
   • Age > 80 years
   • Severe neurological deficit (NIHSS > 25)
   • Diabetic patients with history of stroke

Likewise other thrombolytic agents, rt.-PA should not be used in 
case with a high risk of hemorrhage
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decision of thrombolysis) showed a benefit to thrombolysis in patients with a large 
hypo perfusion and a restricted region of limited diffusion (mismatch). On the 
contrary, an unacceptable hemorrhagic risk was found in patients with a large 
region of limited diffusion [55]. Several new thrombolytic agents including des-
moteplase are also currently tested and could allow to reduce the hemorrhagic risk 
[56]. Thus, a pilot study shows a benefit to use desmoteplase between the third and 
the ninth hour after symptoms onset in selected patients based on the penumbra 
zone on MRI [57]. However, these results were not confirmed by a recent prospec-
tive study in phase III DIAS-2 [58]. Other approaches seem to emerge such as the 
association of a low dose of intravenous rt.-PA with an intra-arterial thrombolytic 
bolus, on contact with the clot [59]. Even if the first studies were negative, since 
2013, five studies proved the interest of mechanical thrombectomy (Mr CLEAN, 
ESCAPE, EXTEND-IA, SWIFT-PRIME and REVASCAT) with better outcome at 
90 days regarding mortality and functional mRS score, even for the elderly patients. 
New guidelines encourage the realization of mechanical thrombectomy in the first 
4h30 hours for the anterior circulation [60].

Aspirin is the only antiplatelet drug which proved its efficiency in randomized 
trials to prevent early ischemic recurrence and improve outcome in ischemic stroke 
at the acute phase [61]. In fact, aspirin reduces mortality by 4 for 1000 patients 
treated and death or major disability by 12 for 1000 patients at a price of 2 for 1000 
severe hemorrhagic complications [62]. A treatment with aspirin (160 and 300 mg) 
is then instituted as soon as possible after a cerebral infarction following the contra-
indications (gastro duodenal ulcer, allergy, and unexplained microcytic anemia). In 
order to reduce the risk of intracerebral hemorrhagic complications, prescription of 
aspirin is delayed of 24  h if a thrombolytic agent has been administrated to the 
patient. Systematic use of heparin (unfractionned heparin, low molecular-weight 
heparin or heparinoïd) at curative doses is not recommenced at the acute phase of 
ischemic stroke, including in non-valvular atrial fibrillation. Curative dose heparin 
can be used in selected indications, presumed at high risk of recurrence or extension 
such as high embolic risk cardiopathy, several arterial stenosis, intra-luminal throm-
bus, or extra-cranial arterial dissection.

In conclusion, thrombolysis largely contributes to change the “wait and see” 
behavior in stroke treatment ate the acute phase. Its place is considerable, even if too 
few patients can nowadays benefit from it. Its development in the future years is 
inseparable of development of neurovascular units.

13.4.2  General Measures

Ischemic stroke treatment aims at first at avoiding that the penumbra zone evolve 
toward neuronal death, which allows to limit the final size of infarction and thus 
neurological sequels. Main aggravating factors needing a close surveillance and 
correction have been identified. These factors are arterial hypertension, hypo, and 
more importantly hyperglycemia, hyperthermia, and hypoxia. General measures 
aim also at preventing and treating neurological or general complications. Evaluation 
of swallowing disorders and early mobilization allow preventing from aspiration 
pneumonia and decubitus complications.
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First, if a perfusion is needed, isotonic fluid will be favored (isotonic salted solu-
tion) in order to avoid the occurrence or aggravation of a cerebral edema. 
Furthermore, it is recommenced at the acute phase of cerebral infarction to treat 
hyperglycemia which is associated with a poor neurological outcome, whenever it 
occurs in diabetic or nondiabetic patients. However, a recent study (GIST-UK) did 
not show a benefit effect on insulin treatment on reduction of mortality [63].

Hyperthermia is treated if temperature exceeds 37.5 °C. The cause of the fever 
has to be explored. Another alternative could be mild hypothermia (33–34 °C) using 
external or invasive cooling devices. Feasibility studies have been realized such as 
COOLAID (Colling for Acute Ischemic Brain Damage) but at present this device 
has not proved its efficiency during cerebral ischemia [64, 65]. Arterial hyperten-
sion is frequent at initial phase of ischemic stroke and should be respected. If blood 
pressure is at several successive measures above 220 mmHg for systolic pressure 
and above 120 mmHg for diastolic pressure, it is recommenced to treat using intra-
venous medication, in order to reach a progressive decrease in blood pressure. It is 
important to keep in mind that the tensional objectives are different regarding the 
fact that the mechanical thrombectomy is done if indicated. Before thrombectomy, 
the tensional aim is 200 mmHg for systolic pressure and 100-120 for mean pressure. 
After the mechanical thrombectomy, it is better to lower the pressure around 150 
mmHg for systolic pressure to avoid rebleeding or vasogenic oedema. A brutal 
decrease is likely to aggravate ischemic stroke. In case of hypoxia, the European 
Stroke Initiative and the American Stroke Association recommend introduction of 
oxygen [66, 67]. Anticonvulsant treatment is not recommended in prevention of 
seizure. In case of seizure at the acute phase, an anticonvulsant treatment is recom-
mended in order to prevent recurrence of seizures. The different medications have 
not been studied specifically in the context of stroke, including in status epilepticus. 
Optimal treatment duration has not been evaluated. There is no evidence for a long-
term treatment. Systematical use of anti-edematous agents (mannitol, glycerol, 
diuretics, or corticosteroids) is not justified because none has made the proof of its 
efficiency in cerebral ischemia and all present potential side effects (hydro electro-
lytes disorders, pulmonary edema, acute renal failure, allergy, hemolysis, infection, 
and hyperglycemia). Mannitol can however be used in patients with an acute degra-
dation of neurological state and before a decompressive surgical treatment.

13.4.3  Neuroprotective Treatment Prospects

During the past 6 years, 1000 experimental studies and 400 clinical studies have 
been published about this subject [68]. There is an important amount of neuropro-
tective agents studied at different phases of clinical trials, based on experimental 
models reproducing cerebral vascular pathology and on pathophysiological mecha-
nisms during ischemia (antiglutamatergic agents, anti-oxidative agents, etc.). Even 
if the explored leads by these trials were very promising, most of these molecules 
have not shown a significant efficiency or a limited efficiency. Some of them even 
appeared to be deleterious [69]. The fail of these molecules contributes to take an 
interest in other neuroprotective molecules already used in human clinic in other 
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indications (minocycline derivated, magnesium, immunosuppressive agents, etc). 
Human recombinant erythropoietin (rhEPO) seemed to be the most promising lead. 
A randomized monocentric study (phase III) including 40 patients presenting a right 
middle cerebral artery ischemic stroke from less than 8 h found in patients treated 
with high dose of rhEPO (33,000 UI/day during 3 days) a significant improvement 
of their motor deficit and functional recovery [70]. However, a second multicentric, 
prospective randomized trial (phase III) from the same group (German Multicenter 
EPO Stroke Trial) including 522 patients, did not proved an improvement in neuro-
logical outcome on Barthel and Rankin scale, nor on NIHSS score [71]. It has been 
shown also that in the group receiving concomitantly rt.-PA and rhEPO an increased 
mortality (rt-PA placebo 16.4% vs. rt.-PA-EPO 9% p = 0.01). EPO therapy has also 
been responsible for an increased occurrence of side effects (cerebral hemorrhage, 
cerebral edema, thromboembolic events). Only the analysis in subgroups founds in 
non-thrombolysed patients that EPO improves, compared to the placebo, variation 
of the NIHSS score between Day 1 and Day 90. This study questions seriously the 
safety of use of hematopoietic EPO in ischemic stroke. A current multicentric study 
(phase II) on the use during ischemic stroke of non-hematopoietic EPO (carba-
myled EPO) (clinicaltrials.gov NCT00870844) could bring other encouraging 
results. No neuroprotective treatment can be recommended yet.

13.4.4  Specific Management of Malignant Middle Cerebral  
Artery Infarction

A cerebral life-threatening edema complicates 1–10% of supratentorials infarc-
tion. It is the first cause of early death after cerebral infarction [72, 73]. Cytotoxic 
edema occurs in the first hour after infarction and is followed by vasogenic edema 
which reaches its maximum between the second and the fifth day [74]. Voluminous 
hemispheric infarction secondary to complete occlusion of middle cerebral artery 
(MCA) or of internal carotid artery just as cerebellum infarction have an edema-
tous and rapidly compressive evolution, exposing the patient to a risk of temporal 
engagement or an acute hydrocephalus (Fig.  13.8a,b). The term of malignant 
infarction defines those infarction compromising the immediate vital prognosis of 
the patient with a mortality rate between 50 and 78% the first week [74]. An MCA 
infarction has to be suspected and requires an ICU management in case of a sudden 
complete hemiplegia, associated to a forced deviation of head and eyes toward the 
opposite side, somnolence, and depending on the affected side, global aphasia or 
hemineglect. The clinical situation evolves in the following hours toward a fast 
worsening of vigilance and occurrence of signs of temporal engagement (unilateral 
then bilateral mydriasis, Cheyne Stokes dyspnea, alveolar hypoventilation, tachy-
cardia, agitation, and then decerebration signs). This worsening is related to the 
increase in ischemic edema. Radiological predictive signs of malignant MCA 
infarction are the presence on the CT scan in the initial 6 h of early signs of isch-
emia in more than 50% of the MCA territory or presence on CT scan during the 
first 48  h of a softened density of the entire MCA territory or an horizontal 
 displacement of the pineal gland of more than 4 mm [75]. Nevertheless, the best 
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predictive factor of a malignant edema is the volume of infarction measured in 
diffusion-weighted MRI. A volume over 145cm3 before the 14th hour is a predic-
tive indicator of evolution toward malignant edema with a 100% sensitivity and a 
94% specificity [76]. Three randomized trials in Europe (HAMLET, DESTINY, 
and DECIMAL) and one meta-analysis studied decompressive hemi-craniectomy 
in MCA malignant infarction [77]. Hemi-craniectomy realized in 93 patients from 
18 to 65 years in the first 48 h allows a significant increase in survival (78% vs. 
29% in the group treated medically) with a survival probability with a score of 
Rankin under or equal to 3 (that is to say with mild handicap, allowing to walk 
without assistance) doubled. The decision of craniectomy has to be discussed on 
individual cases with family and relatives, explaining the reduction of mortality but 
the major risk of dependence. These data only concerns patients under the age of 
65 years.

13.4.5  Specific Management of Edematous Infarction 
of Cerebellum

Cerebellum infarction represents 4.2–15% of overall cerebral infarction. Benign 
forms are the most frequent. However, a particularly severe complication to fear at 
the acute phase (between the second and the fifth day but sometimes delayed to the 
8th–10th day after infarction) is compressive ischemic edema, responsible for a 
compression of brainstem and an acute hydrocephalus leading to death (Fig. 13.8c). 
Surgical treatment consists in a suboccipital craniectomy associated or not with an 
excision of the ischemic lesion and an external ventricular drainage and can prevent 
mortality. Published series show a survival rate of 100% with a variable functional 
result, often very good but sometimes with a mild to severe handicap [78]. Factors 
associated with a poor result of surgery are the coexistence of a brainstem ischemia, 
age over 60, and importance of the brainstem compression (motor dysfunction, eyes 
deviation, vigilance disorders) at the time of the surgery and delayed surgery but not 

a b c

Fig. 13.8 Malignant infarction in MCA territory before (a) and after decompressive hemi-crani-
ectomy (b) and cerebellum infarction (c)
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the cerebellar territory of infarction [79]. However, a prolonged brainstem 
 compression should not exclude surgical treatment because observation of  comatous 
patients with signs of cerebral engagement having recovered after surgery has been 
reported [80]. The delay and surgical strategy are still debated. For some teams, 
external ventricular derivation is the first intention method, followed by suboccipital 
craniectomy in case of neurological worsening. In all cases, those patients need a 
close surveillance in ICU according to the probability of very fast neurological 
worsening on a few hours.

 Conclusion

Passivity and fatalism have no more places in stroke management. Acute man-
agement of severe stroke stays difficult, due to the prognosis uncertainty and the 
perspective of severe sequels. It requires knowledge on therapeutics in the acute 
phase, individual reflection for a multidisciplinary decision. The improvement in 
individual outcome assessment stays a major stake in this management. It would 
allow to precise the place of resuscitation or considerable therapeutics (decom-
presisve hemi-craniectomy, ventricular derivation).
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14Evaluation of Cerebral Blood Flow 
and Brain Metabolism in the Intensive 
Care Unit

Pierre Bouzat, Emmanuel L. Barbier, Gilles Francony, 
and Jean-François Payen

14.1  Introduction

The imbalance between oxygen supply to the brain tissue and its utilization, that is, 
brain tissue hypoxia, is considered the major cause for the development of secondary 
brain damage and hence poor neurological outcome [1, 2]. This phenomenon devel-
ops hours after the initial insult, e.g., trauma, stroke, intracerebral hematoma, and 
subarachnoid hemorrhage (SAH). Therefore, improving brain oxygenation after 
severe brain injury is the focus of modern management in the intensive care unit 
(ICU). It relies upon a multimodal approach of monitoring that includes assessments 
of brain perfusion and metabolism at the bedside and during imaging modalities.

14.2  Bedside Monitoring

Bedside monitoring of brain tissue oxygenation after the initial insult may help cli-
nicians to initiate adequate actions when episodes of brain ischemia/hypoxia are 
identified. This monitoring relies upon several parameters to temptingly reflect the 
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complex heterogeneity of brain ischemia/hypoxia by providing global and/or local 
information of the injured brain tissue.

14.2.1  Clinical Examination

In conscious patients, a normal clinical examination is the best evidence of an ade-
quate balance between cerebral blood flow (CBF) and metabolism at the bedside. In 
brain-injured patients, clinical examination should be considered first. For example, 
the development of a vasospasm post-SAH, which impacts on the brain perfusion, 
can be clinically suspected when a recent neurological deterioration is observed. 
Wherever possible after neurosurgical procedure, clinical examination can detect 
any ischemia-related postoperative complications.

14.2.2  Intracranial Pressure and Cerebral Perfusion Pressure

International guidelines emphasize the use of intracranial pressure (ICP) monitors 
following severe brain injury and the continuous calculation of cerebral perfusion 
pressure (CPP, with CPP = mean arterial pressure – ICP). To prevent brain ischemia 
due to elevated ICP, it is recommended to maintain CPP at 60–70 mmHg and ICP 
below 20  mmHg [3]. Intracranial hypertension, as defined by ICP values over 
20 mmHg in adults, is indeed considered as an independent risk factor of mortality 
and neurological disabilities. Prolonged periods of CPP levels below 50 mmHg are 
usually associated with unfavorable outcome after severe TBI. However, clinical 
studies have demonstrated that episodes of brain ischemia/hypoxia are common 
despite optimization of CPP and are independently associated with poorer patient 
outcome [4]. In a recent trial, maintaining ICP below 20 mmHg was not superior to 
care based on imaging and clinical examination [5]. Although CPP and CBF can be 
positively correlated in normal subjects, this statement is not always verified in 
patients with brain disorders. The effect of hyperventilation, i.e., hypocapnia, is 
indeed illustrative: despite the normalization of CPP and ICP levels during hyper-
ventilation in TBI patients, CBF was markedly reduced to ischemic levels [6]. 
Collectively, these data suggest that ICP and CPP monitoring is needed to avoid 
conditions of low brain perfusion in severely brain-injured patients, but it may be 
insufficient to detect brain hypoxia.

14.2.3  Transcranial Doppler

Transcranial Doppler (TCD) was introduced in 1982 [7]. The method is easy to use, 
is noninvasive, and measures real-time CBF velocities from basal cerebral arteries. 
Initially used to diagnose vasospasm after SAH, TCD is now used in other brain 
injuries such as TBI and stroke [8]. Most commonly insonated in clinical practice is 
the middle cerebral artery (MCA) that is easily accessible through the temporal 
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window above the zygomatic arch. The MCA carries 60–70% of the ipsilateral 
carotid artery blood flow, so its TCD measurement can be taken to represent blood 
flow to that hemisphere.

Blood flow in the basal cerebral arteries has a prominent diastolic component. 
Diastolic blood flow velocity (FVd) reflects the degree of downstream vascular 
resistance, whereas systolic blood flow velocity (FVs) depends on upstream deter-
minants, that is, cardiac output, ipsilateral carotid blood flow, and arterial blood 
pressure. Mean blood flow velocity (FVm) is the weighted flow velocity that takes 
into account the different velocities of the formed elements in the blood vessel 
insonated and decreases with low CBF (Table 14.1, Fig.14.1). In TBI patients, a low 
FVd, a peaked waveform, and higher pulsatility index [PI, with PI = (FVs-FVd)/

Table 14.1 Comparison of several perfusion imaging methods

Iodine CT Xenon CT Water MRI
Gd chelate 
MRI PET SPECT Ultrasound

Measured 
parameters

CBF, CBV, 
MTT

CBF CBF CBF, CBV, 
MTT

CBF, 
CBV

CBF

Measurement 
type

Dynamic 
monitoring

Measurements 
before/after

Dynamic 
follow-up

One 
measurement

Dynamic 
follow-up

Quantification ++ +++ +++ + +++ + −
Spatial 
resolution 
(mm)

2 2 2 2 4–6 4–6

Acquisition 
duration (min)

2 10 3 2 10 15 1

Spatial 
coverage

Depends on 
the number 
of detectors

Depends on 
the number 
of detectors

Whole brain Whole brain Whole 
brain

Whole brain Under 
development

CBF

Brain circulation arrest

Fig. 14.1 Transcranial Doppler. CBF cerebral blood flow
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FVm] values can be observed during high vascular bed resistance induced by ele-
vated ICP or hypocapnia. In patients with severe TBI, TCD can detect inadequate 
CBF, assess cerebral autoregulation, and help indicate the need for invasive brain 
monitoring and of required therapies in a multimodal neuromonitoring approach 
[9]. In patients with mild-to-moderate TBI, TCD can be used in the emergency 
room, in conjunction with CT scan, to identify patients at risk for secondary neuro-
logical deterioration [10].

14.2.4  Brain Oxygenation

Measurements of brain oxygenation have been increasingly developed to measure 
the adequacy between oxygen supply and oxygen consumption that is not provided 
by ICP/CPP or TCD monitoring.

14.2.4.1  Jugular Venous Oxygen Saturation
This technique relies upon the insertion of a catheter in the internal jugular vein to 
measure the jugular venous oxygen saturation (SvjO2) from the ipsilateral hemi-
sphere. Arteriovenous difference of oxygen (AVDO2) is then calculated from hemo-
globin concentration, arterial oxygen saturation of oxygen (SaO2), and SvjO2. 
Cerebral metabolic rate of oxygen (CMRO2) is obtained by the formula:

 CMRO CBF AVDO2 2= ×  

SvjO2 measurement can be a good estimator of CBF assuming unchanged levels 
of hemoglobin, SaO2, and CMRO2. Furthermore, SvjO2 may reflect the adequacy 
between CBF and metabolic requirements because any decrease in oxygen supply 
will raise tissue oxygen extraction fraction (OEF) and lower SvjO2. SvjO2 values 
less than 50–60% were found associated with unfavorable neurological outcome 
after severe TBI [11]. However, there are technical limitations that hinder its routine 
use: extracranial blood contamination, discontinuous measurement, global assess-
ment of brain oxygenation, and the risk of catheter-related jugular vein 
thrombosis.

14.2.4.2  Brain Tissue Oxygenation
Measuring cerebral tissue oxygen tension can be safely and reliably achieved at the 
bedside using brain tissue PO2 (PbtO2) probes surgically inserted into the paren-
chyma [12, 13]. PbtO2 was proved more suitable for long-term continuous monitor-
ing than measurements of SjvO2. PbtO2 values lower than 15 mmHg for more than 
30 minutes were shown to be an independent predictor of unfavorable outcome and 
death [14]. Aggressive treatment of low PbtO2 was associated with improved out-
come compared to standard ICP-/CPP-directed therapy in cohort studies of severely 
head-injured patients [15]. The use of devices to monitor brain tissue oxygenation 
has been suggested in the Brain Trauma Foundation’s guidelines for the manage-
ment of severe TBI [16]. There are several factors that may impact on the PbtO2 
measurements: CBF, PaO2 levels, gradients for oxygen diffusion across tissues, and 
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hemoglobin content [17, 18, 13]. Overall, PbtO2 would reflect the diffusion of dis-
solved plasma oxygen across the blood-brain barrier (BBB) [19].

Monitoring the PbtO2 requires a surgical procedure, and this procedure yields a 
local estimate of brain tissue oxygenation. The PbtO2 device most widely used is the 
Licox® probe (Integra Neurosciences, Plainsboro, NJ), which is a safe and reliable 
Clark-based electrode. However, the reading surface area of the Licox catheter tip is 
approximately 18 mm2. In addition, the placement site of the catheter is an issue for 
data interpretation. After TBI, distinct pathophysiological differences are apparent 
between injured, normal, and at-risk brain tissue, so PbtO2 values can vary accord-
ing to whether the catheter tip is placed in contused brain tissue or normal tissue 
[20]. In practice, the PbtO2 response can be used to guide the management of CPP 
at the bedside. Manipulating CPP to maintain PbtO2 above 15–20 mmHg (PbtO2- 
directed strategy) might optimize CBF and avoid secondary brain ischemia/hypoxia 
[16, 21].

14.2.4.3  Near-Infrared Spectroscopy
Near-infrared spectroscopy (NIRS) technique uses principles of optical spectropho-
tometry related to the fact that biological material is relatively transparent in the 
NIR range [22]. Because of the poor signal- to- noise ratio, commercially available 
devices use reflectance-mode NIRS in which receiving optodes are placed ipsilat-
eral to the transmitter. Measurement of tissue oxygen saturation is determined by 
the difference in oxy- and deoxyhemoglobin intensities between a transmitted and 
received light delivered according to the Beer-Lambert law. This allows a continu-
ous real-time monitoring of brain tissue oxygenation (StO2) in the frontal cortex. 
Since the blood venous compartment reaches 70–80% of total blood volume, NIRS 
is believed to provide a noninvasive estimation of SvjO2 in normal subjects. 
However, StO2 was not correlated to SvjO2 in patients with severe TBI and showed 
large interindividual variability [23]. There are several technical limitations with 
NIRS, e.g., the light scattering by tissue, the extracranial contamination of NIRS 
signal, and the predefined cerebral arterial/venous partitioning [22, 24]. Nevertheless, 
NIRS can be useful to detect cerebral ischemic conditions during specific proce-
dures such as carotid endarterectomy or shoulder arthroscopy. In these conditions, 
StO2 values <55% at baseline and/or a 20% relative decrease in StO2 are considered 
as thresholds for brain ischemia [25].

14.2.4.4  Cerebral Microdialysis
Cerebral microdialysis (CMD) has largely contributed to a better understanding of 
the pathophysiology of acute brain dysfunction and was recently introduced as an 
additional bedside neuromonitoring tool in this context. CMD consists in the place-
ment of an intraparenchymal probe with a semipermeable dialysis membrane. A 
cerebrospinal fluidlike solution, infused through this catheter, allows hourly sam-
pling of patients’ brain extracellular fluid for bedside analysis [26]. CMD provides 
monitoring of dynamic changes of main brain energy substrate (glucose) and 
metabolites (lactate and pyruvate). High lactate/pyruvate ratio (LPR) values would 
reflect either a mitochondrial dysfunction or an imbalance between oxygen supply 
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and its tissue utilization. A LPR >40 and an extracellular glucose <0.7–1 mmol/L 
are usually considered as thresholds for abnormality in the clinical setting [27]. For 
example, these CMD abnormalities were found in patients with delayed cerebral 
ischemia after SAH [28]. In TBI, the LPR threshold value is considered abnormal if 
>25. Additionally, CMD contributed to manage blood glucose control after severe 
TBI [29].

14.3  Imaging Techniques

14.3.1  Perfusion Imaging

The development of brain perfusion imaging over the last 20 years is spectacular 
[30]. This progress is due to the development of hardware allowing larger spatial 
coverage, shorter acquisition times, and a better understanding of the relationship 
between imaging signals and the pathophysiology. It is thus possible to obtain quan-
titative maps of the cerebral blood flow (CBF, in mL/100 g/min) and of the cerebral 
blood volume (mL/100 g) [31].

14.3.1.1  Perfusion CT Scan
Cerebral perfusion CT scan has been increasingly used since the introduction of 
rapid, large-coverage multidetector-row CT scanners. Perfusion CT imaging is 
based on the signal changes induced by an intravenous bolus of iodine contrast 
agent [32, 33]. The temporal evolution of the signal reflects the change in iodine 
concentration within each voxel. If the contrast agent remains intravascular, the 
signal-time curve yields a quantitative estimation of CBV, CBF, and the mean 
transit time (MTT) of the contrast agent. Quantitative information about the BBB 
status can be obtained with acquisition duration lasting up to 4  min after the 
bolus [34].

The analysis of the bolus passage requires technical cautions: automated admin-
istration of the bolus, correct selection of arterial and venous input vessels, correct 
selection of brain regions of interest, and maintenance of patient’s conditions during 
the CT acquisition, i.e., hemodynamics and ventilation. Software for post-process-
ing perfusion CT data is now available on each CT scanner. Perfusion CT scan has 
limitations, in particular the necessity to have an intact blood-brain barrier to obtain 
MTT and CBV measurements and the calculation derived from one arterial input 
function. In addition to regional CBF variations, diffuse cerebral lesions may alter 
the correct calculation of the arterial input function. Major clinical applications of 
the perfusion CT scan are the diagnosis of cerebral ischemia and infarction and 
evaluation of vasospasm after SAH [32].

14.3.1.2  Xenon-Enhanced CT Scan
Mapping CBF can be obtained using inhaled 28% xenon [35, 36]. Because lipo-
philic xenon gas diffuses across the BBB, changes in the xenon concentration in 
brain tissue and in arterial blood allow the determination of the CBF. In patients 
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with normal pulmonary function, the xenon arterial input function can be estimated 
from expired xenon fraction measurements [37].

14.3.1.3  Arterial Spin-Labeled MRI
Arterial spin labeling (ASL) is a MRI approach that has been developed and vali-
dated to quantify brain perfusion [38, 39]. In ASL techniques, arterial blood water 
is magnetically labeled to be an endogenous tracer. Magnetization of arterial blood 
water is obtained from carotid arteries or from Willis circle arteries. Arterial blood 
water with inverted magnetization (T1 relaxation) flows to the brain. During ASL 
image acquisition, repeated label and control images are interleaved. Perfusion con-
trast is then obtained by subtraction of the label and control acquisitions to provide 
quantitative measurements of CBF. Because only small amounts of arterial spin-
labeled water accumulate in the brain, ~40 pairs of control/label images are required 
to estimate CBF with accuracy. The ASL approach is highly analogous to positron 
emission tomography (PET), which uses 15O-labeled water as the flow tracer. Over 
two decades, technical developments and validation have led to the emergence of 
robust ASL implementations in clinical imagers, with a tenfold increase in the qual-
ity of CBF map [40]. Cerebral perfusion using ASL can be obtained in 3 min now.

14.3.1.4  Dynamic Susceptibility Contrast MRI
The principles of the dynamic susceptibility contrast MRI (DSC-MRI) are similar to 
those of perfusion CT scan [30, 38]. Relative cerebral blood flow (rCBF) is calcu-
lated by a model-independent deconvolution approach from the tracer concentration 
curves following a bolus injection of gadolinium chelate (diethylenetriaminepenta-
acetate) or Gd-DTPA.

The difference between DSC-MRI and perfusion CT relies on the relation 
between the signal and the contrast agent concentration in the voxel. While linear 
with CT, this relation is more complex with MRI. Indeed, Gd-DTPA shortens the 
relaxation times T1 and T2 of the blood as well as the T2* relaxation time of the 
voxel. This does not allow obtaining absolute CBF measurements. Relative CBF 
values are however robust [41]. Information about the BBB status can be obtained 
using a follow-up of T1 changes following Gd-DTP administration (dynamic con-
trast-enhanced MRI). Finally, DCS-MRI can estimate microvessel diameter within 
the voxel and/or microvessel density. This allows the characterization of tumor 
angiogenesis [42, 43].

14.3.1.5  Positron Emission Tomography
Brain perfusion imaging with PET requires the administration of oxygen-15-labeled 
water [44]. A cyclotron nearby is mandatory due to the short radioactive period of 
15O2 (2 min). H2

15O2 is injected intravenously, while C15O2 is inhaled for a few min-
utes to be converted to H2

15O2 in the blood by anhydrase carbonic. Quantifying CBF 
needs a correct estimation of the arterial input function. Although limited in its 
accessibility, PET imaging remains the reference method to map CBF, CBV, and 
brain metabolism in humans and may provide clues to novel pathophysiology after 
TBI [45].
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14.3.1.6  Single Photon Emission Computed Tomography (SPECT)
Historically, CBF measurements were obtained using external scintillation cameras 
after 133Xe inhalation, in a similar approach to xenon-enhanced CT scan [46]. The 
low energy of gamma photons emitted by 133Xe has limited the development of the 
method. The use of 123I-IMP (inosine-5′-monophosphate) combined with a gamma 
emitter, either 99mTc-HMPAO (hexamethylpropyleneamine oxime) or 99mTc-ECD 
(ethyl cysteinate dimer), has been proposed [47]. However, amounts of tracer 
trapped into the brain are not strictly proportional to CBF. CBF maps using SPECT 
are therefore not quantitative.

14.3.1.7  Dynamic Contrast-Enhanced Ultrasound
Brain perfusion can be explored with ultrasound contrast agents. Microbubbles 
(1–10 μm in diameter) are intravenously injected to yield brain perfusion at the 
capillary level [48]. This approach differs from transcranial Doppler that is limited 
to larger vessels with fast flow rates. Dynamic contrast-enhanced ultrasound can 
assess both the macro- and microcirculation. It analyzes the time-intensity curves in 
a region of interest, e.g., tumor, myocardium, and the brain.

14.3.2  Metabolic Imaging

Metabolic information can be obtained in humans using PET and MR spectroscopy. 
Research is active to develop metabolic contrast agents and optical imaging.

14.3.2.1  Positron Emission Tomography
15O2-PET imaging can assess CMRO2 as well as CBF and CBV [45]. Fluorine-18 is an 
alternative tracer to map cerebral glucose consumption (fluorine-18 fluorodeoxyglucose,18F-
FDG) or brain hypoxia (fluorine-18 fluoromisonidazole, 18F-MISO). Because fluorine-18 
has a 2-h radioactive period, it is more convenient than 15O2. 18F-FDG enters brain cells 
and remains trapped and non-metabolized. 18F-FDG- PET tissue accumulation matches 
cerebral glucose consumption. 18F-FMISO distributes over the entire brain and remains 
trapped in cells with a tissue pressure of oxygen below 10 mmHg. The tissue accumula-
tion of 18F-FMISO reflects thus hypoxic regions [49].

14.3.2.2  Magnetic Resonance Spectroscopy
Proton (1H) or phosphorus (31P) magnetic resonance spectroscopy (MRS) can deter-
mine the concentration (≥1 mM) of brain tissue metabolites. 1H-MRS can identify 
markers of the neuronal viability (N-acetyl- aspartate, NAA), cell membrane turn-
over (choline), and cell energy metabolism (creatine, Cr; lactate). Peaks most read-
ily identified using 31P-MRS are involved in the high-energy cellular metabolism 
(ATP; phosphocreatine, PCr; inorganic phosphate, Pi), and intracellular pH can be 
assessed using this technique [50]. In practice, 1H or 31P spectrum is obtained from 
single-voxel acquisition, and results are expressed as ratios, e.g., NAA/Cr and Pi/
PCr. In TBI patients, NAA/Cr value in the posterior pons was found associated with 
neurological outcome [51].
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Quantification of the blood oxygenation level-dependent (BOLD) contrast is 
possible now. This approach is based on an MR signal model that incorporates prior 
knowledge about brain tissue composition and considers signals from gray and 
white mattes, cerebrospinal fluid, and blood. Cerebral maps of OEF and CMRO2 
have been obtained in humans and after diffuse TBI in rats [52, 53].

 Conclusion
To preserve injured brain from ischemia/hypoxia and its negative impact on neu-
rological outcome, several techniques are in use to assess CBF, brain oxygen-
ation, and metabolism. Because one technique cannot provide a comprehensive 
and quantitative description of brain ischemia-hypoxia, there is a need for a com-
bination of monitoring tools and imaging modalities.
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15Acute Complications of Diabetes

Jean-Christophe Orban, Emmanuel Van Obberghen, 
and Carole Ichai

15.1  Introduction

Incidence of diabetes grows continuously in developed and developing countries, so 
it is considered as an epidemic disease [1]. There are nowadays several possible 
criteria for diagnosing diabetes [2]: (1) clinical signs evoking diabetes associated 
with blood glucose level (BGL) ≥ 200 mg/dL (11.1 mmol/L) at any time of day, (2) 
a fasting BGL ≥ 126 mg/dL (7.0 mmol/L), (3) a 2-h postload BGL ≥ 200 mg/dL 
during an oral glycemia tolerance test, and (4) a plasma glycated hemoglobin 
(HbA1c) ≥ 6.5%. Type 1 diabetes is characterized by insulinopenia caused by an 
autoimmune and irreversible destruction of pancreatic ß-cells. Relative insulin defi-
ciency and insulin resistance are the hallmarks of type 2 diabetes which is the most 
frequent in the world [3, 4].

Acute complications of diabetes are represented by hyperglycemic and hypogly-
cemic acute disorders. Beside these complications, metformin-associated lactic aci-
dosis represents a complex metabolic complication. All of them are life-threatening 
complications which require an emergency management. The severity of these com-
plications makes the knowledge of their pathophysiology essential for treating these 
patients.
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15.2  Hyperglycemic Crises [3, 4]

Diabetic ketoacidosis (DKA) and hyperosmolar hyperglycemic nonketotic (HHNK) 
states, both acute hyperglycemic complications, are classically differentiated, the 
first being usually observed in type 1 diabetes while the second one occurs rather in 
type 2 diabetes. Despite some differences in terms of pathophysiology, conditions 
of patients, the principle of treatment is very close.

15.2.1  Epidemiology

The incidence of acute hyperglycemic crisis is estimated between 4.6 and 8 epi-
sodes per 1000 diabetic patients and occurs in 3.5–9% of diabetic patients [5, 6]. 
These complications represent approximately 4–9% of hospital admissions and 
more than 94% of acute complications of diabetic patients. Acute hyperglycemic 
crisis are distributed for 2/3 in DKA and 1/3 in HHNK [7]. The temporal trend of 
these complications varies among countries: a 50% decrease incidence is reported 
in Italy, i.e., a 5.7% decrease per year [5], while a 30–35% re-increase is observed 
in the USA and Wales, especially in patients between 10 and 29 years [3, 8] after a 
previous period showing a lower incidence [9]. Mortality varies between 3 and 15% 
depending on the countries, the nature of the complication (DKA vs HHNK), the 
comorbidities and age of patients, the experience of the clinical centers, and the 
implementation of protocols or guidelines for the management of such patients [3, 
5, 7, 10–12]. Mortality rate is clearly higher in HHNK than in DKA patients: less 
than 2% in academic medical centers for DKA but up to 15–40% in HHNK [7, 13]. 
Severity of hyperosmolarity does not represent a poor prognosis factor unlike age 
and hemodynamic failure [14].

15.2.2  Pathophysiology

15.2.2.1  Diabetic Ketoacidosis
 – Hyperglycemia: It results from the absolute insulin deficiency which is associ-

ated with an increased concentrations of counterregulatory hormones (glucagon, 
catecholamines, cortisol, and growth hormone) (Fig. 15.1) [3, 4, 15]. Such an 
imbalance causes an elevation of both gluconeogenesis and glycogenolysis and 
simultaneously an impaired glucose utilization by peripheral tissues (insulin 
resistance). Insulin deficiency stimulates lipolysis and free fatty acids release 
leading to elevate gluconeogenic substrates (glycerol) and in turn hyperglycemia 
and ketosis. Counterregulatory hormones stimulate proteolysis and inhibit pro-
tein synthesis, leading to release also gluconeogenic precursors (amino acids). 
Hyperglycemia causes glycosuria and osmotic diuresis, extracellular dehydra-
tion (hypovolemia), and decreased renal perfusion. Impaired renal function 
decreases renal glucose excretion, which is a major mechanism of defense 
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against hyperglycemia. The magnitude of hyperglycemia is enhanced by extra-
cellular dehydration (“glucoconcentration”).

 – Ketonemia and metabolic organic acidosis: The imbalance between insulin defi-
ciency and high concentrations of counterregulatory hormones activates 
hormone- sensitive lipase which increases lipolysis with production of high 
amounts of free fatty acids and glycerol (Fig. 15.1) [3, 4, 15]. Such an excessive 
production accelerates the ß-oxidation of fatty acids in hepatic mitochondria for 
producing at last ketone bodies (KB) (acetoacetate and β-hydroxybutyrate). 
Moreover, elevated blood KB concentration is exacerbated by a simultaneous 
decreased utilization and renal elimination. Metabolic organic acidosis is usually 
attributed to the accumulation of blood KB. Interestingly, KB might be respon-
sible of sedative effects, which could explain partly altered consciousness and 
abdominal pain observed in some patients [16].

 – Electrolytes and acid-base disorders: Major water losses result from several pro-
cesses including osmotic diuresis due to glycosuria and ketonuria, emesis, fever, 
and hyperventilation. Patients usually exhibit extracellular dehydration. Such 
hypovolemia can be accompanied by an intracellular dehydration if  hyperglycemia 

Counterregulatory
hormones

gluconeogenesis

Glucose utilization

Absolute insulin
deficiency

Relative insulin
deficiency

glycogenolysis

proteolysis
protein synthesis

Lipolysis

Ketogenesis

Ketonemia
Ketonuria

Organic
metabolic
acidosis

Hyperglycemia

Osmotic polyuria

Hypovolemia
Renal dysfunction

No ketonemia

No organic
metabolic
acidosis

Plasma
hyperosmolarity

DKAHHNK

Decrease of KB
elimination

Fig. 15.1 Pathogenesis of diabetic ketoacidosis (DKA) and hyperosmolar hyperglycemic nonke-
totic syndrome (HHNK). DKA is caused by the association of an absolute deficit in insulin and an 
elevation of counterregulatory hormones. Such modifications cause (1) hyperglycemia (decrease 
of glucose utilization and increase of gluconeogenesis) which is responsible for hypovolemia and 
renal dysfunction, (2) ketonemia (increase lipolysis and decrease of ketone bodies [KB] renal 
elimination), and (3) organic metabolic acidosis (due to KB). HHNK is caused by the association 
of a relative deficit in insulin and an elevation of counterregulatory hormones. Such modifications 
cause (1) a severe hyperglycemia (decrease of glucose utilization and increase of glycogenolysis), 
(2) a severe plasma hyperosmolarity, and (3) no reason for ketonemia and metabolic acidosis
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is severe or if hypernatremia is associated, creating plasma hypertonicity [17]. 
Classically, total water body deficit reaches approximately 6 l. However, such an 
association is not classical during DKA. Body electrolyte deficits are common 
and result from various mechanisms. Sodium losses are due to osmotic diuresis, 
insulin deficiency, and increased glucagon levels. Osmotic diuresis, vomiting, 
and hyperaldosteronism secondary to hypovolemia generate potassium and 
phosphate (and magnesium) deficits.

15.2.2.2  Hyperosmolar Hyperglycemic Nonketotic Syndrome
As in DKA, HHNK is characterized by hyperglycemia. However, its pathogenesis 
differs and is less clear because of the presence of frequent severe underlying dis-
eases and comorbidities [3]. In HHNK, pancreatic cell function is not totally absent 
allowing a persistent residual endogenous insulin production. As a consequence, 
insulin deficiency is relative, leading to reduce glucose utilization by insulin- 
mediated tissues or hyperglycemia, and lipolysis remains adequate allowing to pre-
vent excessive KB production (Fig. 15.1) [3, 4]. HHNK is classically characterized 
by severe hyperglycemia with severe osmotic polyuria and global dehydration in the 
absence of ketonemia and metabolic acidosis. However such a distinction is rather 
theoretical, and DKA can present with severe dehydration and HHNK with meta-
bolic acidosis related to other reasons such as hyperlactatemia.

15.2.3  Diagnosis

15.2.3.1  Context and Precipitating Factors
Near 80% of patients presenting DKA are between the ages of 18 and 45 years and 
2/3 of them suffer of type 1 diabetes [3]. The most common precipitating factors of 
DKA are infections, discontinuation (non-adherence) or inadequate insulin therapy, 
and new-onset diabetes [3, 4, 18]. All drugs or stress situations that favor hypergly-
cemia expose to DKA decompensation (diuretics, steroids, vascular thrombosis). 
The relative contribution of these factors may vary depending on the type of popula-
tion. Discontinuation of treatment is the most frequent cause in young adults and 
socially fragile people [19]. However, in 5–10% of cases, no real precipitating fac-
tor is found.

HHNK is commonly observed in type 2 diabetes and in elderly patients. 
Frequently, HHNK develops in patients with new-onset diabetes, and hyperglyce-
mia is provoked by an underlying illness which induces a restriction in water intake. 
The most frequent precipitating factor is also infection followed by myocardial 
infection, surgery, cerebrovascular accident, etc. [3, 4].

15.2.3.2  Clinical Presentation
The diagnosis of both DKA and HHNK requires informations concerning the treat-
ments, and the history must be carefully obtained from the patient or the family. A 
physical examination is also needed.
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Clinical Signs
DKA develops rapidly over few hours. The classical clinical presentation consists in 
a history of polyuria-polydipsia, nausea-vomiting, abdominal pain, altered mental 
status, weakness, and polypnea. All of these signs are not specific and can reflect 
other associated disease (sepsis, stroke, etc.). Therefore, the presence of such signs 
must conduct to eliminate another cause before attributing them to DKA alone. 
Clinical signs are essentially related to hypovolemia and dehydration: skin turgor, 
oliguria following polyuria in case of severe and sustained hypovolemia, hypoten-
sion, and tachycardia. Altered consciousness is not constant, and its severity depends 
on the magnitude of hypotension and biological abnormalities (especially hyperto-
nicity): confusion, seizures, and coma [3, 4, 14]. The classical Küssmaul polypnea 
only reflects the secondary respiratory response to metabolic acidosis [12, 20]. 
Ketotic breath is rather specific and useful to orientate the diagnosis. Nausea- 
vomitings, anorexia, and abdominal pain are commonly attributed to ketonemia and 
present in approximately 50% of patients. However, their presence can be caused by 
other disease (surgical abdominal complication) and should lead to perform addi-
tional complementary exams (abdominal CT scan) if they do not resolve with the 
normalization of metabolic disorders. Hypothermia indicates more severe DKA.

HHNK evolves over several days to weeks with a persistent polyuria, but the 
classical polydipsia can be absent due to an impaired perception of thirst. The 
underlying illness can also limit the access of oral water intake. Central nervous 
system alterations are more frequent than in DKA and related to the deeper hyper-
tonicity and global dehydration. Coma and focal neurological signs are common [3, 
4]. Usually, nausea-vomitings are not present as well as the Küssmaul tachypnea 
due to the absence of hyperketotic acidosis. However, tachypnea can be caused by 
many disorders such as fever, encephalopathy due to cerebral hemorrhage or stroke, 
pain, abdomen complication, pulmonary infection, myocardial infarction with 
shock, etc. Limb ischemia seems more frequent probably due to the increased blood 
viscosity [21].

Biological Signs
The diagnosis of DKA and HHNK is confirmed on biological abnormalities. The 
association of three biological disorders is classically required to diagnose DKA: 
hyperglycemia (> 250 mg/dL), metabolic organic acidosis, and ketonemia. On the 
other hand, HHNK is characterized by a severe hyperglycemia (> 600 mg/dL) asso-
ciated with plasma hypertonicity (> 320 mOsm/kg) with a normal or slightly 
reduced pH and the absence of very low ketonemia [3] (Table 15.1).

Acid-Base Disorders
DKA is classically described as a pure metabolic organic acidosis caused by the 
increased blood KB concentration. Considering the Henderson-Hasselbalch 
approach, KB consume bicarbonates leading to the decrease in plasma pH.  The 
presence of excessive blood KB is detected by calculating plasma anion gap (AG) 
which is high (Na+ − [Cl− + HCO3

−] > 12 mEq/L). Such a high AG metabolic aci-
dosis is associated with a secondary predictable respiratory response that leads to 
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hypocapnia (expected decrease of PaCO2 = 1.3 decrease of bicarbonate) [12, 20]. To 
confirm that metabolic acidosis is solely due to the increased blood level of KB, it 
has been proposed to correlate the relationship between the variation (∆) in plasma 
bicarbonate and in AG [12, 20]. Metabolic acidosis is pure if the decrease in HCO3

− 
explains the increase in AG (∆ HCO3

− = ∆AG) and if the actual measured PaCO2 is 
comparable to the predictable one. However, such an approach has major pitfalls, 
especially because it does not consider the role of weak acids in acid-base equilib-
rium [22–25]. Indeed, hypoalbuminemia is the major source of misinterpretation of 
AG as it causes an underestimation of high values. Therefore, some authors recom-
mend to calculate the corrected AG (cAG) which takes into account blood albumin 
concentration using the following formula: cAG (mEq/L) = AG + 0.25 (40—actual 
Alb) [22, 23]. Despite such a correction, this approach only considers the role of 
bicarbonate in the development of acid-base disorders and ignores totally the role of 
weak acids and nonvolatile buffers. It is preferred to interpret this metabolic disor-
der with the Stewart concept which stipulates that metabolic acid-base disorders are 
caused by variations of independent variables which are the strong ion difference 
(SID) and the weak acid content [25]. In this approach, metabolic acidosis in DKA 
is caused by the excessive blood KB concentration which is responsible for a 
decrease in SID and in turn in pH. The presence of the strong anions KB can be 
detected by calculating the strong ion gap (see chapter “Interpretation of Acid-Base 
Disorders”) which is elevated. Hyperlactatemia is also another classical reason for 
organic metabolic acidosis during DKA which results in a high SIG as well as 
hyperketonemia. In a retrospective study, hyperlactatemia >2  mmol/L and 
>4 mmol/L has been reported to be present in 68% and 40% of DKA, respectively 
[26]. The presence of hyperlactatemia was not associated with a higher mortality or 
length of stay as compared with patients presenting hyperlactatemia in other condi-
tions than DKA. The mechanism of this trouble is not totally understood but might 
be attributed to the acceleration of glycolysis induced by metabolic alkalosis or to 
the administration of catecholamines. In all cases whether considering the AG, 
cAG, or the SIG, the determination of strong anions involved in metabolic acidosis 
requires a specific measurement. Usually, hyperglycemic-related osmotic polyuria 

Table 15.1 Diagnosis and severity parameters of diabetic ketoacidosis (DKA) and hyperosmolar 
hyperglycemic nonketotic syndrome (HHNK)

DKA
HHNKMild Moderate Severe

Glycemia (mmol/L) >14 >14 >14 >14
Plasma pH 7.25–7.35 7.0–7.24 <7.0 >7.3
Anion gap (mEq/L) >12 ≤12
Strong ion gap (mEq/L) ≥5 ≤12
Bicarbonatemia (mmol/L) 15–18 10–14 <10 >15
Ketonemia + ++ +++ ±
Ketonuria +++ ++ + ±
Plasma tonicity (mOsm/kg) Variable >320

The presence of mental status alteration is a clinical sign of severity
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induces an acute renal impairment with a reduction in glomerular filtration rate 
(GFR) which is responsible of an accumulation of weak acids (sulfate, phosphate) 
that worsens metabolic acidosis. Hypoalbuminemia does not impact on the SID and 
the SIG but can add metabolic alkalosis leading to underestimate the severity of 
acidosis.

Another important point is that acid-base disorder in DKA is not rarely a pure 
isolated organic metabolic acidosis but frequently mixed and modifies with resolu-
tion and treatment [27]. In the early period, the reduced GFR induces a decrease in 
renal excretion of ketone bodies which is associated with a concomitant increase in 
urinary chloride excretion in order to maintain urine electroneutrality. This phenom-
enon is responsible of a slight hypochloremic metabolic alkalosis. Such a disorder 
is frequently aggravated by vomitings [12, 20]. The restoration of volemia using 
normal saline is responsible of a persistent metabolic acidosis which progressively 
moves from organic to hyperchloremic caused by two mechanisms: (1) the infusion 
of large volumes of normal saline which contains high chloride concentration, i.e., 
unbalanced solution [28, 29], and (2) the simultaneous improvement in GFR allows 
the urinary excretion of ketone bodies in return to chloride reuptake [30, 31]. At last, 
associated respiratory acidosis or alkalosis can be present. Respiratory acidosis is 
present if the actual PaCO2 is higher than the predictable one and respiratory alka-
losis if PaCO2 is lower than the predictable one. Respiratory alkalosis is frequently 
associated caused by encephalopathy, infection, or hypoxia [24]. Respiratory acido-
sis may develop in case of severe hypophosphatemia and hypokalemia [32].

Patients with HHNK present classically without or a slight metabolic acidosis 
(pH > 7.30 and HCO3

− > 18 mmol/L). However, the underlying illness which has 
precipitated the patients to HHNK is frequently responsible for a metabolic acido-
sis, especially lactic metabolic acidosis in patients with hypotension, hypoxia, and 
shock [3, 4]. In this situation, AG is also elevated, SID reduced and SIG increased. 
The only way to determine the nature of the strong anion which is responsible for 
the trouble is a specific determination.

Ketonemia and Ketonuria
Ketonemia is the key biological disorder but as explained not the sole in 
DKA. However, its evaluation is a cornerstone for evaluating the severity of DKA 
and the efficiency of the treatment. The gold standard determination of serum ketone 
bodies (ketonemia) in the laboratory is long, expansive, and time-consuming. 
Therefore, in clinical practice, it is commonly replaced by a semiquantitative and 
indirect but rapid detection in urines (ketonuria). The efficacy of treatment is based 
on the decreased rate of hyperglycemia and on the decrease of KB concentration 
which is frequently monitored by ketonuria [33]. But such a method shows pitfalls 
as ketone bodies determination by urine dipsticks uses a nitroprusside reagents 
which react only with acetoacetate (and acetone) [34, 35]. When ketonemia is very 
high, the thermodynamic reaction favors the production of ß-hydroxybutyrate from 
acetoacetate and conversely. This explains the discordant results between ketonuria 
and ketonemia (and the evaluation of DKA severity) and why it is not uncommon to 
observe low ketonuria in most severe patients. Also, when the patient’s condition 
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improves and ketonemia decreases, the common trap is to observe a paradoxical 
re-increase of ketonuria which does not indicate a worsening but simply the inverse 
preferential thermodynamic metabolism of ß-hydroxybutyrate into acetoacetate. 
Capillary measurement of ketonemia has been advocated, using point-of-care 
devices, which presents the advantage to be rapid, in real time, and available at 
bedside. However, values from these devices, even with the most recent generation, 
remain insufficiently precise, accurate, and dependent on the staff training [35, 36]. 
Finally, recommendations on the method for measuring ketone bodies production 
(in plasma, capillary, or urine) for the diagnosis of DKA and its severity remain 
debated [33]. The use of point-of-care analyzers for blood KB determination at 
bedside are not really recommended to guide therapy because of a lack of precision 
and accuracy with common available devices [4].

No or slight ketonemia and ketonuria are common in HHNK.

Electrolyte Disorders
In DKA natremia is classically normal or slightly/moderately low. Indeed, hyper-
glycemia can be responsible of plasma hypertonicity, leading to an osmotic extru-
sion of water from cell to the extracellular compartment and to a sodium dilution in 
plasma [3, 17]. Hyperglycemia induces a hypertonic hyponatremia and must really 
be distinguished from hypotonic hyponatremia by calculating plasma tonicity and 
the corrected natremia (cNa) [17, 37, 38]. cNa represents the predictable natremia 
with a normal glycemia. The formula includes a correction factor between 0.4 and 
0.65: cNa (mmol/L) = actual Na + [0.4/0.65 × glycemia] mmol/L). A normal cNa 
(and isotonicity) indicates a normal intracellular hydration. However, even not clas-
sical, DKA can be associated with plasma hypertonicity and normo- and hyperna-
tremia, reflecting the presence of intracellular dehydration. In more than 25% of 
patients, the initial serum potassium level is normal or high due to acidemia, renal 
dysfunction, and above all to insulinopenia [3]. However, total body potassium is in 
fact strongly depleted due to several disorders including digestive losses (vomit-
ings) and renal losses (osmotic polyuria, hyperaldosteronism). The administration 
of insulin rapidly induces hypokalemia which reveals body potassium depletion. 
Phosphatemia follows the same evolution than kalemia.

In HHNK, severe hyperglycemia can be associated with hypertonic hyponatre-
mia but is often associated with hypernatremia which reflects the severity of global 
dehydration. Plasma tonicity is strongly elevated.

Various nonspecific biological abnormalities can be observed in DKA and 
HHNK. Prerenal acute renal dysfunction is common due to hypovolemia and char-
acterized by an increased blood urea nitrogen and creatinine concentrations. The 
incidence and characteristics of renal dysfunction during DKA have been assessed 
in a recent retrospective study including 94 patients [39]. Half of patients presented 
acute kidney injury on the RIFLE criteria, 50% of them being in the “risk” stage. 
The incidence decreased to 25% within the first 24 h. Advanced age, hyperglyce-
mia, and hypoprotidemia were found as independent risk factor of renal dysfunc-
tion. On admission leukocytosis can be moderately elevated (10000–15,000/mm3) 
without any underlying infectious problem, probably due to adrenergic stress. In all 
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cases, infection must be investigated systematically at least by blood and urine cul-
tures and orientated samples if required. Hyperamylasemia and hyperlipasemia 
have been reported to be present frequently without any real pancreatitis. However, 
in case of persistent elevated concentrations or suggestive clinical signs, an abdomi-
nal scan must be performed to eliminate pancreatitis which can be the precipitating 
factor of DKA. Troponin I can be elevated in the absence of acute coronary syn-
drome. This elevation seems to be correlated with an increased mortality at 2 years 
[40]. Due to the severe dehydration, acute kidney injury is more frequent and severe 
in HHNK than in DKA.

In summary: Criteria for diagnosing DKA and HHNK are theoretically different. 
DKA is diagnosed on the presence of hyperglycemia, metabolic acidosis caused by 
hyperketonemia (elevated AG or SIG), variable plasma tonicity, and possible altera-
tions in consciousness. According to the severity of these biological disorders and 
mental status alterations, DKA is classified into three levels of severity, mild, mod-
erate, and severe (Table  15.1). HHNK is characterized by severe hyperglycemia 
associated with severe plasma hypertonicity, no or slight ketonemia and metabolic 
acidosis, and mental status alterations (Table 15.1). However, in practical, frontiers 
in these disorders are not so clear-cut, and classical disorders of DKA can be 
observed in HHNK and vice versa.

15.2.4  Treatment

Treatment of DKA and HHNK is based on four principles (Table 15.2): (1) fluid 
replacement, (2) normalization of blood glucose level using continuous intravenous 
insulin infusion, (3) correction of potassium and other electrolytes imbalances, and 
(4) alkalinization by sodium bicarbonate [3, 11, 41]. Simultaneously, the specific 
treatment of underlying disease and precipitating factors and organ failure support 
are essential. The consideration of these principles is consensual leading to recom-
mendations which can slightly differ in details [3, 11].

15.2.4.1  Fluid Replacement
Volume resuscitation is essential and should begin firstly to correct circulatory vol-
ume and in the same time intracellular dehydration. This intervention alone reduces 
hyperglycemia and ketonemia by diluting blood glucose, by decreasing the secre-
tion of counterregulatory hormones and possible insulin resistance, and by restoring 
renal function. The initial route for rehydration is often parenteral, but oral intake 
can be added in case of the absence of any contraindication (consciousness altera-
tion) and must be resumed as soon as possible. In DKA, mean fluid deficit repre-
sents 6–7 l in adults so that required fluid volume is approximately 15–20 mL/kg/h 
(1–1.5  l) within the first or 2 h [3, 4, 11]. Fluid replacement is performed using 
crystalloids, and 0.9% NaCl remains the reference. Recent studies underline the 
beneficial effects of balanced crystalloid infusion to avoid the development or wors-
ening of hyperchloremic metabolic acidosis during treatment [29, 42, 43]. But all of 
them failed to report any difference in terms of DKA resolution. The subsequent 
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choice for crystalloids depends on the evolution of clinical signs and biological 
parameters, especially plasma tonicity and corrected serum sodium: iso- or hypoto-
nicity/cNa must favor isotonic 0.9% NaCl or balanced solution, while hypertonicity 
and high cNa must favor hypotonic solutions (0.45%), all of them given at a rate of 
500–1000 mL/h. In HHNK, the volume of fluid replacement is usually greater, and 
hypotonic crystalloid can be required to correct severe plasma hypertonicity. Indeed, 
volume expansion and the choice of fluid require a close clinical hemodynamic and 
biological monitoring. When blood glucose reaches 11 mmol/L (200 mg/dL) for 
DKA and 16.5 (300 mg/dL) mmol/L for HHS, 5% dextrose is needed to avoid hypo-
glycemia. This allows to continue insulin infusion until the disappearance of keto-
nemia and to maintain the appropriate speed correction of hyperglycemia. Correction 
of hyperosmolarity should not exceed 3–5 mOsm/L/h.

Table 15.2 General principles of diabetic ketoacidosis treatment [3, 4]

Clinical assessment of the patient
  Fluid replacement
  –  Initial vascular load by 1000 mL of crystalloid (0.9%NaCl or balanced crystalloid) 

followed by a continuous infusion at a rate of 1000 mL/h; check arterial pressure and 
urine output; close more invasive hemodynamic monitoring if necessary

  –  Hemodynamic restoration → continue fluid infusion by hypo- or isotonic crystalloid 
according to plasma tonicity and corrected natremia at a rate of approximately 10 mL/
kg/h

  –  Hypovolemic shock or hemodynamic worsening → increase volume of crystalloid or 
use macromolecules

  – Cardiogenic shock → close hemodynamic monitoring

  – Glycemia <11 mmol/L → add 5% dextrose in association with crystalloid
  Potassium normalization
  –  Kalemia < 3.3 mmol/L: hold insulin infusion, potassium supplementation of 

20–30 mEq/h until reaching a value >3.3 mmol/L
  – Kalemia between 3.3 and 5 mmol/L: potassium supplementation of 20–30 mEq/h
  – Kalemia >5 mmol/L: check kalemia every hour until reaching a value <5 mmol/L
  Insulin infusion
  – Always after the initial fluid replacement; use ultrarapid insulin
  – Initial intravenous bolus of 0.1 U/kg without exceeding 10 U
  – Followed by a continuous infusion at a rate of 0.1 U/kg/h
  –  Adjust the rate of infusion to reach an initial decrease of glycemia by 10% within the 

first hour, then approximately 3–5 mmol/L per hour
  – Decrease the rate of infusion finally to 0.03–0.05 U when glycemia is <11 mmol/L
  Bicarbonates

  – pH > 7 → no indication

  – pH < 7 → discuss the need for 250–500 mL de bicarbonate 1.4% within 1–2 h
  Check
  –  On admission: clinical examination, EKG, blood gas analysis and electrolytes, blood 

urea nitrogen, creatininemia, blood cultures, leukocytes, amylasemia and lipasemia, and 
ketonuria (ketonemia)

  –  Check glycemia and ketonuria every hour until ketonuria disappears; check every 2–4 h 
plasma electrolytes, especially potassium and phosphate, and mental status
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15.2.4.2  Insulin Therapy
Insulin therapy is the second principle of treatment using ultrarapid continuous 
intravenous infusion. This therapy must not be initiated before having restoring vas-
cular volume and supplemented hypokalemia if present [3, 4]. Indeed, insulin is 
well known to cause an intracellular transfer of potassium by stimulating the Na-K- 
ATPase pump [44, 45]. It is also responsible for a decrease in plasma tonicity which 
induces an osmotic shift from the extracellular to the intracellular compartment and 
in turn may worsen or reveal hypovolemic shock. Numerous algorithms recommend 
to begin with an initial intravenous bolus of 0.1 U/kg of insulin followed by a con-
tinuous infusion of 0.1 U/kg/h [3, 4, 11]. Glucose should decrease of 10% in the first 
hour and after at a rate of 3–5 mmol/L/h down to 11 mmol/L. During the first hour, 
the administration of an additional bolus of 0.1–0.14 U is possible if the reduction 
in glycemia is insufficient. Once reduction of BGL is achieved (< 200 mg/dL for 
DKA and <300 mg/dL for HHNK), insulin infusion must not be totally stopped but 
reduced at a rate of 0.02–0.05 U/kg/h while introducing sugar intake or infusion to 
maintain blood glucose levels between 8 and 12  mmol/L (150–200  mg/dL). 
Uncomplicated and slight DKA can be treated with subcutaneous insulin analogs 
[46].

15.2.4.3  Electrolytes Normalization

Potassium
Initial blood potassium level may be normal, high, or low, despite a constant 
total body potassium depletion: hyperkalemia is present in 80% of patients at 
admission, while hypokalemia develops in 60% of cases during treatment [30]. 
Therefore, it is essential to delay insulin infusion until potassium measurements 
are obtained. In case of initial hypokalemia (< 3.3 mmol/L), intravenous potas-
sium supplementation is needed as soon as possible at a rate of 20–30 mEq/h 
(1.5–2 g/h). When kalemia is between 3.3 and 5.2 mmol/L, a dose of 20–30 mEq/L 
of fluid is suggested. For levels >5.2 mmol/L, potassium administration should 
be held and checked within the following 1–2 h [3, 4]. After the initial correc-
tion of hyper- or hypokalemia, a practical method to avoid dyskalemia with 
continuous insulin infusion is to maintain a comparable cumulative quantity of 
exogenous potassium (QK in mEq/L) and of insulin infusion (QI in units): QK/
QI ratio must be equal to 1. The goal is to maintain kalemia in a normal value 
(4–5 mmol/L).

Phosphate
Blood phosphate levels move along with potassium. Despite a constant total body 
phosphate depletion, there is no data supporting a systematical phosphate supple-
mentation as it may cause hypocalcemia [47]. However, it should be provided in 
case of profound hypophosphatemia (<0.30 mmol/L) or in case of moderate hypo-
phosphatemia associated with signs of poor tolerance (hypoxia, anemia, or cardio-
pulmonary failure) at a rate of 20–30 mEq/L [32]. In all cases, phosphate monitoring 
is usually required.
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15.2.5  Bicarbonate Therapy

The use of bicarbonate for DKA has been strongly controversial for a long time 
based on potential deleterious effect of acidosis, especially cardiovascular dysfunc-
tion and worsening insulin resistance. However, some experimental studies support 
the absence of such deleterious effects [48]. Several studies showed that administra-
tion of bicarbonate has no beneficial effect in this indication, even in severe acidosis 
[49, 50]. American last guidelines from 2009 recommended the administration of 
sodium bicarbonate only when arterial pH was <6.9. Indeed, an adequate manage-
ment with fluid replacement and insulin stops ketone bodies production and favors 
their metabolization causing an “endogenous alkalinization” which allows to restore 
a normal pH without any exogenous administration of sodium bicarbonate. A recent 
systematic review of 44 studies (three randomized controlled) has evaluated the 
impact of sodium bicarbonate in the treatment of DKA [51]. The authors conclude 
that sodium bicarbonate shows a trend for a higher risk of hypokalemia, a longer 
delay for blood lactate, and KB normalization. No beneficial effect on mortality, pH 
and glycemia normalization, and insulin requirements was found, but these param-
eters were very difficult to interpret due to a great heterogeneity in studies. At last 
sodium bicarbonate administration was associated with a higher risk of cerebral 
edema in children. Therefore, the indication of sodium bicarbonate must be consid-
ered in the context and according to the evolution of the patient with the treatment.

15.2.6  Structure of Admission, Monitoring, and Complications

Repeated clinical examination is needed especially in case of mental status altera-
tion. Hemodynamic monitoring (at least arterial pressure, urine output) is required 
every hour at the beginning or until the patient becomes stable. EKG is needed to 
verify the absence or not of electric signs of potassium disorder. Glycemia and keto-
nemia/ketonuria should be assessed every hour until glycemia reaches 200 mg/dL 
for DKA and 300 mg/dL for HHNK and until ketonuria disappears. Arterial blood 
gas analysis and electrolytes concentrations (especially potassium), blood urea 
nitrogen, creatininemia, and plasma tonicity should be checked every 2 h until elec-
trolytes and KB normalize. The goal is to reach resolution of DKA and HHNK 
within 6–12 h, the first normalization being for pH.

Such a resolution must not be too rapid, especially the decrease in glycemia 
which exposes to life-threatening complications. The most frequent complications 
of DKA and HHNK are hypoglycemia and hypokalemia (and hypophosphatemia) 
which are caused by high insulin dose and sodium bicarbonate infusion. A close 
biological monitoring associated with appropriate potassium supplementation and 
moderate dose of insulin allows to prevent such complications [3, 30]. The replace-
ment of metabolic organic acidosis by a metabolic hyperchloremic acidosis is usu-
ally with no relevant clinical effect. Hyperchloremic acidosis is the most common 
complications of the treatment of DKA and HHS. If hyperchloremic acidosis per-
sists, it is possible to infuse sodium bicarbonate or give water enterally. The infusion 
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of hypotonic crystalloid in elderly or pediatric patients must be careful because of 
an increased risk of cerebral edema if plasma tonicity reduces too rapidly [3, 4]. 
Such a complication during treatment in children with DKA is responsible for an 
increased mortality and is related to high insulin infusion and volume fluid replace-
ment over the first 4–6 h, severe acidemia. The mechanism by which cerebral edema 
develops is not really clear and might be due to various parameters: a rapid decrease 
in plasma tonicity caused by the intracellular ß-hydroxybutyrate with monocarbox-
ylate transporters or by the rapid decrease in glycemia or by the infusion of 
electrolyte- free infusion [22]. Excessive fluid replacement must be avoided in 
elderly patients with cardiac or renal dysfunction as it exposes to cause acute respi-
ratory failure [52]. This complication occurs during the treatment rather than ini-
tially. Major risk factors are (1) intracellular ions depletion including potassium, 
phosphate, and magnesium; (2) pulmonary edema (cardiogenic or not); and (3) 
respiratory infection.

Considering all of these possible complications and the need for close monitor-
ing, there is no doubt that the management of DKA and HHNK should be per-
formed in a high dependency unit or equivalent. Recent studies report that the 
primary admission of patients with DKA varies strongly according to hospitals, 
from 2 to 87% without difference in hospital length of stay and mortality [10, 53]. 
Hospital with a high rate of ICU utilization had a high volume of DKA admission, 
but the exact reasons for that are unknown. It is reasonable to suggest that the most 
appropriate unit for managing these patients depends on the severity of the patient 
and above all on the capacity of the unit to allow a close monitoring. Rules should 
be that in the unit that the staff is (1) trained to measure accurately and frequently 
blood glucose level and ketonuria and (2) to monitor clinical and biological param-
eters every 2–6  h. ICU is needed in case of severe acidosis (pH  <  7.1, 
HCO3

− < 5 mmol/L), severe ketonemia (> 6 mmol/L), initial hypokalemia, mental 
status alteration, or any organ failure [11].

15.3  Metformin-Associated Lactic Acidosis (MALA)

Lactic acidosis (LA) is an organic metabolic acidosis due to an increased blood 
lactate level caused by an elevation of its production and/or a reduction of its utiliza-
tion. This disorder is commonly defined by the association of an organic metabolic 
acidosis associated to a lactate concentration > 5 mmol/L [20, 28].

15.3.1  Epidemiology of MALA

15.3.1.1  Context and Precipitating Factors
Metformin is the drug of choice in type 2 diabetes allowing to control efficiently 
glycemia while better preventing macrovascular complications than other oral anti-
diabetic drugs or insulin [55]. Its major mechanism of action is a reduction of insu-
lin resistance. It is the first-line therapy in obese diabetic patients owing to its 
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beneficial effects on weight. This drug seems to be also more protective than the 
other oral antidiabetic agents in heart failure patients or after cardiac surgery [56]. 
Because of a fear to precipitate lactic acidosis, physicians remain reluctant for its 
wide indication, and metformin is prescribed in only 65% of good candidates [57]. 
However, large and recent study aiming to assess MALA reports that this complica-
tion is rare [28, 58–61]. The usual incidence varies commonly between 2 and 
9/100,000 patients/year of exposure. A recent systematic review confirms that this 
event remains rare but seems to increase (47/100,000 persons per year) [58]. In a 
10-year retrospective analysis, MALA was reported to be the reason for ICU admis-
sion in 0.12% of all patients: 30% of them were voluntary intoxication and the 
remaining 70% were incidental intoxication [62]. The precise incidence of MALA 
is rather difficult to estimate and unknown because of multiple confounding factors. 
The real implication of metformin in the development of MALA remains a matter 
of debate. Indeed, more recent data failed to demonstrate any difference in MALA 
between diabetic patients treated with metformin and those treated with other oral 
antidiabetic drugs (sulfonylurea) [60, 63–65]. Confusion and complexity due to a 
large association of underlying conditions and drugs that predispose to lactic acido-
sis explain the difficulties to confirm the diagnosis. This problem is highlighted in a 
15-year evaluation issued from a large pharmacological database reporting [66]. 
The authors report that 41.3% of patients were declared to have MALA but only 
10.4% have a correct diagnosis confirmed by the presence of plasma metformin.

Mortality rate of MALA varies strongly from 5 to 61% but seems to be of 50% 
in most studies [58, 67, 68]. Large studies report a decrease over time with a reduc-
tion of the mean value reaching 25% in the most recent years [58, 68]. Mortality rate 
is markedly lower in case of intentional overdose as compared with incidental accu-
mulation [69]: 0% without lactic acidosis and reach 10% in case of moderate lactic 
acidosis [62, 70], up to 80% in case of severe lactic acidosis (pH < 6.9, lactatemia 
>5 mmol/L) and high plasma metformin concentration (>5 mg/L) [71]. Severity of 
metabolic acidosis is a good predictor of fatal outcome [58, 59, 62], but mortality is 
lower for a comparable lactatemia and magnitude of acidosis not related to metfor-
min overdose [64]. The prognostic value of high plasma metformin concentration 
remains controversial [59, 62, 72]. A recent French analysis from pharmacovigi-
lance database reported that plasma metformin concentration was higher in non- 
survival patients. On the other hand, plasma metformin level was higher in patients 
presenting voluntary MALA as compared with those with incidental MALA, but 
mortality rate was higher in incidental MALA [62]. All data strongly suggest that 
the underlying disease, comorbidities, and organ dysfunction, especially renal and 
liver impairment, strongly increase the incidence of MALA and influence the out-
come of these patients [58, 59, 73].

15.3.2  Pharmacokinetic and Pathophysiology of MALA

Metformin is absorbed for 40% in the upper small intestine (duodenum and proxi-
mal jejunum), while only 10% is absorbed in the ileum and colon [59]. Its 
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bioavailability is of 50–60%, with no protein bound in plasma. Metformin is not 
metabolized and eliminated unchanged for 90% by kidneys (10% in feces). 
Metformin can accumulate in some tissues such as the kidneys, liver, and intestine. 
Therapeutic plasma concentration is classically <1.34 mg/L, and intra-erythrocyte 
concentration is <1.65 mg/L. Excessive erythrocyte concentration reflects a chronic 
accumulation, while plasma elevated concentration reflects rather an acute accumu-
lation. The elevation of both signs an acute or chronic accumulation.

The mechanism by which metformin can cause MALA is multifactorial [74]. 
The most important is the inhibition of mitochondrial respiration which is suggested 
in intoxicated patients by the initial decreased VO2 and increased oxygen venous 
saturation [75]. More precisely, metformin inhibits complex I of the mitochondrial 
respiratory chain in a concentration-dependent manner [76]. Such phenomenons 
associated with a suppression of glycerophosphate dehydrogenase cause a reduc-
tion in hepatic gluconeogenesis leading to increase lactate accumulation [77]. An 
elevation of lactate production is also possible due to (1) an acceleration of glycoly-
sis caused by an increased NAD/NADH ratio and in turn an increased activity of 
pyruvate kinase [78], an increased production of lactate from the intestinal glycoly-
sis [78, 79]. Considering these mechanisms, it seems that oxygen deficit is not 
involved in this disorder explaining why MALA is commonly classified as a type B 
lactic acidosis. However, such a classification is artificial as MALA is frequently 
observed in unstable and hypoxic conditions [54]. Therefore, lactic acidosis 
observed in metformin intoxication is frequently of a mixed origin, type A and B 
(with hypoxia).

15.3.3  Diagnosis of MALA

15.3.3.1  Clinical Presentation
The context frequently facilitates the diagnosis considering the history of the patient, 
its treatments, and comorbidities. Acute events such as sepsis, shock, cardiac heart 
failure, gastrointestinal disorders, or drugs which predispose for MALA must be 
searched. All of the predisposing factors are characterized by the presence of hypo-
volemia and dehydration. In more than 60% of cases, MALA occurs in patients with 
a worsening renal dysfunction [60, 62, 74]. The diagnosis of MALA is accepted 
after eliminating other diagnosis which can possibly induce lactic acidosis. However, 
lactic acidosis can be caused by multiple disease, and it can be difficult to know the 
chronology of the events (“what is the egg? what is the chicken”?). Clinical history 
and examination are essential to detect an underlying disease that is responsible for 
the development of MALA.

Clinical signs of MALA are often nonspecific signs. Frequently patients present 
weakness, gastrointestinal disorders (in 10–30 % of patients) such as nausea- 
vomitings, abdominal pain, anorexia, myalgia, altered mental status, shortness of 
breath, hypothermia, hemodynamic instability due to vasoplegia, or cardiac dys-
rhythmia [59, 80]. The diagnosis of certitude is based on the presence of a metabolic 
lactic acidosis (pH  <  7.35 associated with hyperlactatemia >5  mmol/L) and the 
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presence of plasma metformin. In a retrospective study including 49 MALA, good 
and poor outcome patients exhibited similar lactate levels [81], while in another 
study, lactate levels were in higher in poor outcome patients [62]. Acute kidney 
injury with hyperkalemia is also frequent [82]. A retrospective study found that a 
prothrombin activity <50% on admission was associated with a poor prognosis [62]. 
An supratherapeutic plasma metformin level (> 5 mg/L) allows to confirm the diag-
nosis. The intra-erythrocyte metformin level is interesting because it reflects the 
chronic accumulation of metformin and can be into account to stop renal replace-
ment therapy [72]. But such measurements are not widely available in emergency 
and the treatment must not be delayed in case of suspicion of MALA.

From a practical point of view, MALA occurs in three conditions. In the first 
case, an underlying cause explains lactic acidosis (shock, liver failure, hypoxia), 
and the presence of metformin is only anecdotal. In this situation, the prognosis is 
poor. In the second case, metformin represents the main cause of lactic acidosis, and 
the prognosis is often favorable. Intentional poisoning is the main origin of this late 
figure [62]. In the third condition which is the most common, an underlying cause 
of lactic acidosis is aggravated by metformin accumulation [83].

15.3.4  Treatments of MALA

15.3.4.1  Curative Treatment
Life-threatening supportive nonspecific treatment of organ failure is needed. Renal 
replacement therapy (RRT) with bicarbonate buffer is the first-line treatment of 
MALA [62, 80, 84]. Such a management allows to support renal dysfunction which 
is frequent and to accelerate metformin elimination. In a population of MALA 
patients, the RRT group and the non-RRT group had comparable outcome despite 
the greater severity in the RRT group [85]. The indication of renal replacement 
therapy is based only on clinical cases and pharmacokinetic data showing clearly a 
rapid reduction in plasma metformin levels under RRT, but until now there is no real 
clinical comparative study showing that RRT improves morbi-mortality. However, 
indications for RRT include a lactate concentration greater than 20 mmol/L, pH less 
than or equal to 7.0, shock, failure of standard supportive measures and decreased 
level of consciousness [80, 85]. Extracorporeal treatment should be continued until 
the lactate concentration is less than 3 mmol/L and pH greater than 7.35. At each 
time close monitoring is warranted to determine the need for additional courses of 
extracorporeal treatment.

The technique of RRT is controversial [62, 80, 85]. On a theoretical point of 
view, because metformin is a small molecule, intermittent hemodialysis is com-
monly preferred and recommended initially. However, due to its large volume of 
distribution, there is often a rebound re-increase in plasma metformin level which 
requires to perform an additional session of intermittent RRT. Seidowsky et al. [62] 
reported that normalization of elevated plasma metformin levels needs a prolonged 
session of RRT of at least 15 h to avoid any rebound. Continuous renal replacement 
therapies may be considered if hemodialysis is unavailable and is the technique of 
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choice in patients with hemodynamic instability. Moreover, continuous RRT offers 
the advantage to eliminate continuously tissue metformin accumulation as shown 
by the decrease of intra-erythrocyte metformin concentration. Alkalinization by 
sodium bicarbonate has no interest in this indication and could even worsen intra-
cellular acidosis.

15.3.4.2  Preventive Treatment
Prevention of metformin-associated lactic acidosis is essential and is based primar-
ily on compliance with contraindications (Table  15.3). However, several studies 
have shown that contraindications are not respected in 24–73% of cases [65, 86]. 
Judicious prescription of this treatment by doctors is not optimal [57]. Caution must 
be the rule in case of an association with favoring drugs (nonsteroidal anti- 
inflammatory molecules, phosphodiesterase inhibitors, diuretics, angiotensin- 
converting enzyme inhibitors, angiotensin II receptors blockers, etc.) or in case of 
situations at risk such as renal function impairment, conditions with a high risk of 
hemodynamic instability, and contrast medium products injection. Education of 
patients is insufficient as they do not know that they must stop temporarily metfor-
min during these acute events [82]. The most important point is to check renal 

Table 15.3 Contraindications and caution for metformin prescription

Definitive and temporarily contraindications to metformin
  – Hypersensibility to metformin chlorhydrate
  – Diabetic ketoacidosis, hyperosmolar hyperglycemic nonketotic syndrome
  –  Renal insufficiency or renal function impairment (creatinine clearance < 60 mL/min): 

stop temporarily metformin in case of acute renal failure until restoration of renal 
function

  –  Acute diseases predisposing to induce renal dysfunction: hypovolemia, dehydration, 
severe sepsis, shock, contrast iodinated medium product (stop temporarily for 24 hours, 
then check renal function, and decide according to renal function restoration)

  –  Chronic or acute disease susceptible to induce tissue hypoxia: cardiac or respiratory 
insufficiency, myocardial infarction, and shock

  – Liver failure, acute alcohol intoxication
  – Pregnancy, lactation
Caution prescription

  – Age ≥ 80 years (until confirming a normal renal function)
  – Liver disease
  – Concomitant administration of cationic drug
  – Stop temporarily metformin prescription in case of:

   • Creatininemia >150 μmol/L
   •  All hypoxic conditions (respiratory insufficiency, sepsis, myocardial infarction, 

dehydration)
   •  During 24–48 h after an infusion of iodinated medium contrast product and checking 

renal function
   •  No stop before elective minor; stop 12–24 h before moderate surgery and after surgery 

until beginning oral intake and after checking renal function; stop metformin 24 h 
before major surgery with high risk of hemorrhage or hemodynamic instability

15 Acute Complications of Diabetes



358

function after introduction of potentially nephrotoxic drugs and to stop temporarily 
metformin until renal function recovers.

15.4  Hypoglycemia

Hypoglycemia is an inextricable complication of diabetes treatment. Diagnosis is 
based on Whipple’s triad involving symptoms consistent with hypoglycemia, blood 
glucose less than 0.5 g/L, and a rapid resolution of symptoms with normalization of 
glycemia. Moderate hypoglycemia is treated by the patient himself, whereas severe 
hypoglycemia requires external help.

15.4.1  Epidemiology

Hypoglycemia is the most common metabolic complications of diabetes. It affects 
both type 1 diabetes and type 2 treated with insulin or oral antidiabetic agents [87]. 
The incidence of hypoglycemia represents 5.6% of acute diabetic complications 
and decreases since 10 years [5]. This incidence is different depending on the type 
of diabetes, type of treatment, and glycemic targets. Risk factors for hypoglycemia 
are strict metabolic control assessed by a low HbA1c [88], the occurrence of epi-
sodes of severe hypoglycemia, an impaired awareness of hypoglycemia, and the 
absence of C-peptide and sleep.

15.4.2  Consequences of Hypoglycemia

Unlike healthy subjects, all the adaptive mechanisms to fight against hypoglycemia 
in type 1 diabetes are altered over time. Insulin levels resulting only from the exog-
enous input are no longer adjustable according to glucose levels. Moreover, hypo-
glycemia is no more an effective stimulus of glucagon synthesis. Then, physiological 
adaptation to hypoglycemia involves only the adrenergic response, which deterio-
rates over time, especially during episodes of hypoglycemia. In a long history of 
diabetes, counterregulatory mechanisms can become ineffective, and patients pres-
ent a hypoglycemia without any consciousness or perception, which reflects dia-
betic dysautonomia [89].

Clinical symptoms of hypoglycemia depend on the activation of the autonomic 
nervous system and brain glucose deprivation. The autonomic nervous response to 
hypoglycemia leads to anxiety, palpitations, sweating, and feeling hungry. 
Neurological symptoms related to glycopenia are many and varied: malaise, mood 
and behavior troubles, cognitive dysfunction (difficulty of concentration or speech, 
inability to make decisions), seizures, or coma. The hypoglycemic encephalopathy 
is the most severe form which can be responsible directly or not of 2–4% of diabetes 
deaths [90].
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15.4.3  Prevention of Hypoglycemia

Prevention of hypoglycemia is based on two principles. Patient education should 
enable the acquisition of knowledge about the disease, its treatment, and the adapta-
tion thereof in case of hypoglycemia. Some techniques resensitize the hypoglyce-
mia unawareness patient to hypoglycemic episodes. These are the strict avoidance 
of hypoglycemia for at least 3 weeks or a psychoeducational program improving the 
accuracy of patients to detect symptoms associated with hyper- and hypoglycemia 
[91].

15.4.4  Curative Treatment

Ingestion of carbohydrates by the patient is enough to correct nonsevere episodes of 
hypoglycemia (fruit juice, sugar, biscuit, food, etc.). This treatment has a transient 
effect and must be followed by a meal or a snack. Parenteral route is needed to give 
a glucose solution in severe hypoglycemia. Continuous glucose administration 
should also follow to avoid hypoglycemia recurrence. Glucagon is sometimes used 
in type 1 diabetic patients but has no indication in type 2 diabetic patients since it 
also stimulates insulin secretion.

 Conclusions
Acute complications of diabetes remain relatively frequent despite improve-
ments in their prevention. Pathophysiology of hyperglycemic crises is very close, 
and the fundamentals of their treatment are similar. Metformin-associated lactic 
acidosis remains an uncommon condition during appropriate use of this drug. In 
case of non- compliance to contraindications, the patient is exposed to a greater 
risk of developing this poor outcome complication whose treatment is based on 
renal replacement therapy. Finally, hypoglycemia is the most common acute 
complication of diabetes but also the least serious in terms of mortality.
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16Neuroendocrine Dysfunction 
in the Critically Ill Patients

Antoine Roquilly and Karim Asehnoune

16.1  Introduction

Thanks to the medical progress over the past decades, patients nowadays survive 
previously lethal sepsis, trauma, or acute illnesses [1]. About 25% of ICU patients, 
however, enter a chronic phase of critical illness, during which organ support is 
often required for weeks.

Patients with acute life-threatening conditions such as septic shock or sever 
trauma frequently develop organ failure even if these organs have not been directly 
injured by the initial stress. These organ failures are traditionally attributed to the 
effects of pro-inflammatory mediators that induce macro- and microcirculatory 
changes resulting in tissue hypoxia and cellular damages. However, if things were 
so simple, organ failures should be irreversible, especially for organs with low 
regenerative capacity such as kidneys. Although renal insufficiency frequently 
evolves toward an almost “ad integrum” restitution of renal function in survivors. It 
is also remarkable that the functionally injured organs remain almost normal histo-
logically, in particular in terms of architecture and tissue structure with very few 
apoptotic phenomena or cell necrosis. These findings suggest that systemic inflam-
mation induces functional alterations rather than structural impairment of organs. 
Cells enter a state of hibernation which allows the organ to be preserved by decreas-
ing its function [2]. This state of “metabolic sleep” is directly attributed to the 
inflammatory response as well as to the neuroendocrine response, both of which are 
strongly entangled. This response should be beneficial, by limiting the insults of the 
organs during the inflammatory storm.

The endocrine system, especially the hypothalamic–pituitary axis, plays an 
essential role in the metabolic adaptation to aggression [3]. Even partial 
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dysregulation of the endocrine response increases the morbidity and mortality 
associated with severe stress, resulting in increased weight loss and ICU-acquired 
weakness, prolonged weaning of mechanical ventilation, and susceptibility to sec-
ondary infections. Two phases of endocrine dysregulation can be defined in criti-
cally ill patients: an early phase characterized by a peripheral resistance to 
hypothalamic- pituitary hormones and a later one corresponding rather to a central 
deficit of hypothalamic hormones.

16.2  Physiological Response to Severe Stress (Table 16.1)

16.2.1  Time Course of the Response of the Hypothalamic–
Anterior Pituitary Axes to Acute Stress

Early phase. The first phase of the endocrine response lasts for 7–10 days. In the 
early hours of a stress, inflammatory mediators (such as TNF-α, Interleukins 1 
and 6) are released by innate immune cells, mainly dendritic cells and mono-
cytes, and epithelial cells. These cytokines powerfully activate the hypotha-
lamic–pituitary axis and trigger a complex endocrine response that must allow 
the organism to survive the aggression. This early endocrine response initiates 
the consummation of the body’s protein mass of up to 10% of total muscle mass 
in 1 week [4]. The objective of this hormone-induced catabolism is to provide 
injured tissues and organs with poor stock of energy (brain, heart) with endoge-
nous energetic substrates allowing rapid healing despite the decrease in exoge-
nous caloric intake. The releases of amino acids, fatty acids, and glucose 
consecutive to proteolysis, lipolysis, and gluconeogenesis is therefore a phenom-
enon of adaptation to acute stress [5].

Late phase. This second period, which begins after the seventh day, lasts for 
several months. It is characterized by an endocrine status very different from the 

Table 16.1 Neuroendocrine dysfunction in the early and the chronic phases of critical illness

Hormones Phase I (early) Phase II (chronic)

Growth hormone 
axis

GH (pulsatile) ↑ Peripheral resistance ↓ Pituitary 
dysfunctionIGF-I ↓ ↓ ↓

GH-BP ↓ ↑
Thyroid axis TSH (pulsatile) ↑ = Lack of peripheral 

activation
↓ Pituitary 

dysfunctionT4 ↑ = ↓
T3 ↓ ↓ ↓
rT3 ↑ ↑ =

Sex hormone axis LH (pulsatile) ↑ = Leydig cells 
alterations

↓ Pituitary 
dysfunctionTestosterone ↓ ↓ ↓

Axe corticotrope ACTH ↑ Peripheral resistance ↓ ? (endothelin)
Cortisol ↑ ↑ ↓ = ↑

Prolactin PRL (pulsatile) ↑ Hypothalamic 
stimulation

↓ ?
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early days. After the first week, mediators of inflammation are no longer found in 
the blood of critically ill patients [6], and the mechanisms of endocrine dysregula-
tion are therefore essentially linked to a reduction in the synthesis of hypothalamic 
hormones. Mechanisms are widely different; however, the energy metabolism of the 
body remains profoundly altered. Free fatty acids are no longer used which results 
in fatty liver disease, and energetic substrates are recruited via the pursuit of 
increased muscle and bone proteolysis [7]. This persistent catabolic phase results in 
prolonged muscle weakness, with failure of ventilatory weaning. This period is 
associated with high susceptibility to infections and mortality in intensive care units 
of nearly 25% of patients [8]. Full recovery can take several years in survivors and 
sometimes never occurs [9].

The hypothalamic–pituitary axis is composed of five axes which can, separately 
or in concert, encounter a dysfunction and cause complications.

16.2.2  Growth Hormone (GH)

Resting state. The pulsatile release of GH from the pituitary gland is stimulated by 
hypothalamic GH-RH (GH-releasing hormone) and inhibited by somatostatin [3]. 
Ghrelin, a highly conserved hormone expressed in the hypothalamus and in the gut, 
is also a key driver of pulsatile GH release. Blood levels of GH alternate between 
peaks and indices within the day. The effects of GH on the body are essentially 
indirect, mediated by IGF-I (insulin-like growth factor) which stimulates muscle 
anabolism, mitogenesis, and lipolysis and is responsible of hyperglycemia by 
peripheral insulin resistance.

Response to stress: acute peripheral resistance. Despite the pulsatile release of 
GH, GH insufficiency is mediated by a reduction in the number of receptors of GH 
on myocytes and hepatocytes. This peripheral resistance to GH is mediated by the 
inflammatory cytokines produced during the systemic inflammatory response. The 
collapse of IGF-I and IGF-BP (IGF-binding protein) limits the negative retro- 
control on the pituitary axis and results in high blood levels of GH [10]. Theoretically, 
acute GH insufficiency is beneficial because initial catabolism provides endogenous 
energy substrates necessary for the response to aggression: increased lipolysis and 
blood glucose, which is parallel to the rise in blood levels of GH [11].

Response to stress: the late hypothalamic insufficiency. Blood levels of GH 
slightly decrease as compared to the early phase but remain higher than normal 
values. The loss of pulsatility of the GH release during this period is responsible 
of the GH insufficiency characterized by persistent low levels of IGF-I and 
IGF-BP [12]. The negative feedback of GH on the hypothalamus is retained, 
which may explain the decrease of GH-RH. During this phase, the supply of syn-
thetic GH-RH makes it possible to raise the blood levels of GH, IGF-I, and 
IGF-BP, which confirms the correction of peripheral resistance to GH and sug-
gests a hypothalamic disorder. This relative deficit in GH (loss of pulsatility by 
GH-RH collapse) leads to a low muscle anabolism and limits the weight-recovery 
capacities of critically ill patients [7, 13].
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16.2.3  Pituitary–Adrenocortical Axis

Resting state. The hypothalamic cortico-releasing hormone (CRH) stimulates the 
pituitary secretion of adrenocorticotropin hormone (ACTH). The morning peak of 
ACTH stimulates the adrenal release of cortisol which therefore has a nycthem-
eral rhythm of secretion characterized by a peak in the morning at 8:00 and a 
valley at night. The negative feedback of cortisol on CRH and ACTH avoids 
hypercorticism.

Response to stress: the early phase. Inflammation mediators, such as II-6, 
activate the hypothalamic–pituitary axis leading to early and massive release of 
CRH and ACTH. The nycthemeral rhythm of secretion of cortisol is thus abol-
ished, and there is an early hypercorticism which is an essential mechanism of 
adaptation to stress [14]. After several days of resuscitation, there is a decrease 
in cortisol-binding globulin resulting in elevation of free cortisol, even though 
total cortisol is low. During critical illness, reduced cortisol breakdown, related 
to suppressed expression also and activity of cortisol-metabolizing enzymes, 
contributed to hypercortisolemia and hence corticotropin suppression [15]. 
Cortisol activates gluconeogenesis lipolysis and induces insulin resistance to 
favor the supply of substrates to organs with poor stock of energy such as the 
brain. Cortisol also plays an important role in hemodynamic homeostasis and the 
maintenance of an optimal blood pressure: (1) cortisol stimulated the renal 
angiotensin and the sympathetic nervous systems resulting in hydrosodic reten-
tion and high volemia; (2) cortisol increases systemic vascular resistance by sen-
sitizing peripheral receptors to vasoactive amines [16], which is essential in the 
early hours of systemic inflammation; and (3) it lowers the threshold of maximal 
extraction of oxygen from the blood, which promotes tissue oxygenation even in 
case of low blood flow. All these phenomena increase the perfusion of organs and 
hasten tissue healing. Cortisol also controls the initial overwhelming systemic 
inflammation response [17]. In intensive care, the importance of the initial peak 
of cortisolemia was correlated with the amount of stress experienced by the 
patient. Paradoxically, in the most severe patients, low cortisol levels are a pre-
dictor of adverse outcome, a probable marker of endocrine dysregulation [18]. 
Depending on the condition, 25–65% of patients develop adrenal insufficiency 
related to resuscitation, which is defined as an insufficient elevation of corti-
solemia in response to stress [19], a so-called state of “critical illness-related 
corticosteroid insufficiency” [20]. Its etiology is unknown; however, a genetic 
predisposition that alters the pituitary response to inflammatory cytokines is 
strongly suspected [21]. Blood levels of inflammatory cytokines are higher in 
critically ill patients with adrenal insufficiency than those with normal adrenal 
function [22, 23]. In conclusion, critical illness-related corticosteroid insuffi-
ciency is associated with hemodynamic instability, hospital-acquired infection, 
and increased mortality. These data suggest that hypercorticism is an essential 
component of the response to aggression, preventing systemic complication of 
an overwhelming inflammatory response.
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Response to stress: the late phase. This period is characterized by persistent high 
levels of cortisolemia while the blood levels of ACTH are back to normal values. 
This late hypercorticism is probably mediated by high concentrations of endoge-
nous endothelin [24]. During this late phase, hypercorticism can be responsible of 
delayed healing due to continued nitrogen catabolism.

16.2.4  Pituitary–Thyroid Axis

Resting state. The release of thyroid-stimulating hormone (TSH) is regulated by the 
hypothalamic thyroid-releasing hormone (TRH). The pulsatile secretion of TSH 
results in thyroid release of thyroxine (T4), an inactive hormone, that is converted 
into tri-iodothyronine (T3) which is the efficient hormone or in reverse T3 (rT3), an 
inactive hormone. T3 exerts inhibitory feedback on TSH and has important effects 
on cell growth and metabolism.

Response to stress: the acute phase. The blood levels of T3 are drastically 
decreased, while the levels of inactive hormones (rT3, T4, and TSH) are elevated. 
This hypothyroidism is correlated with severity of the acute stress [25]. Inflammatory 
cytokines (TNFα, IL 1, and 6) participate directly in this “low-T3 syndrome” by 
reducing the peripheral activation of the inactive T4 hormone. The theoretical 
advantage of hypothyroidism is a reduction of cell metabolism while the energy 
supply is jeopardized during the systemic inflammatory response.

Response to stress: late phase. Levels of T3 and T4 are diminished, while TSH 
one is normal. TRH gene expression in the hypothalamus of patients dead in inten-
sive care units is low [26], demonstrating the hypothalamic origin of the late hypo-
thyroidism in critically ill patients.

16.2.5  Pituitary–Sex Hormones Axis

Resting state. Gonadotrophin-releasing hormone (GnRH) is released by the hypo-
thalamus and stimulates the secretion of luteinizing hormone and thus indirectly of 
sexocorticoids, including testosterone. Testosterone is a powerful anabolic hormone 
that stimulates protein synthesis, especially muscle. Prolactin (PRL) is rapidly 
released in response to stress. T-and B-lymphocytes possess PRL receptors which 
regulate their activity. Changes in PRL production are related to immune alterations 
in critically ill patients.

Response to stress: early phase. There is a transient increase in LH, but the tes-
tosterone level is diminished. This phenomenon contributes to the decrease of anab-
olism in the early days of ICU hospitalization [27]. PRL is one of the first hormones 
released in large quantities in the blood in response to stress, but its effect on the 
immune response in humans has been poorly investigated.

Response to stress: late phase. Hypogonadotropism, characterized by low levels 
of GnRH and of testosterone, accentuates long-term weight loss [28].
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16.3  Diagnosis of Endocrine Dysfunction in Critically 
Ill Patients

With the exception of the pituitary–adrenocortical axis, the diagnosis of endocrine 
dysregulations is not specific to critically ill patients. Given the variety of mecha-
nisms and the rapid evolution of these disorders, it is essential to simultaneously 
dose the pituitary hormones and the peripheral hormones before and after stimula-
tion tests of the various neuroendocrine axes (see [29] for review).

16.3.1  Growth Hormone (GH)

Static assays should include both the GH and the IGF-I. There are two stimulation 
tests: the insulin test and the GH-RH test. The insulin test is based on stimulation of 
the somatotropic axis by iatrogenic hypoglycemia with a nadir of less than 
2.2 mmol/L induced by the intravenous injection of 0.1 ui/ kg of rapid insulin. The 
main limitations of this insulin test are the risk of hypoglycemia in a sedated patient 
and the insulin resistance which can make it difficult to achieve severe hypoglyce-
mia. The GH-RH test, which is thus the reference, consists in the intravenous injec-
tion of the hypothalamic hormone (1 μg/kg ivd) followed by four measurements of 
the plasmatic concentration of GH over 90 min. An increase in GH in response to 
GH-RH injection would confirm the hypothalamic origin of a GH defect.

16.3.2  Pituitary–Adrenocortical Axis

In intensive care units, the loss of the nycthemeral rhythm allows to test this axis 
without the usual time constraints. Free cortisol is the active form of the hormone 
and may therefore be a better reflection of the state of the adrenal axis [30]. However, 
there is currently no consensual threshold of free cortisolemia that defines adrenal 
insufficiency in ICU, and its dosage is not routinely available in clinical practice. 
Evaluation of adrenal function in resuscitated patients is typically done by a stan-
dard stimulation test with Synacthène® (250 μg IVD of ACTH and assay of corti-
solemia at T0 and T30 T60 min). This dose of ACTH is supraphysiological and 
allows to stimulate the adrenals even in case of peripheral resistance to ACTH and 
thus evaluates the adrenal reserve in cortisol. The short corticotrophin test (using a 
1 μg injection of ACTH) could be more sensitive, but this method may have a low 
positive predictive value for response to hydrocortisone therapy. Absolute adrenal 
insufficiency is characterized by a basal cortisol level below 3 μg/dL. An alteration 
of the response to ACTH means that the adrenal glands will no longer be able to 
handle a new stress and is so-called critical illness-related corticosteroid insuffi-
ciency. Most published studies define adrenal insufficiency associated with resusci-
tation with a baseline cortisol concentration of less than 15 μg/dL and/or an increase 
of less than 9 μg/dL in the corticotrophin test [31, 32]. The real threshold defining 
an adrenal insufficiency in intensive care units is likely to vary depending on the 
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extent of stress and systemic inflammation, and the measurement of inflammatory 
mediators (such as C Reactive protein [33]) to the corticotrophin test could enhance 
the selection of patients requiring steroids.

16.3.3  Pituitary–Thyroid Axis

Static assays should include TSH-us, T3, and T4. For the dynamic test, TSH-us is 
measured 30 min after the injection of TRH (250 μg).

16.3.4  Pituitary–Sex Hormones Axis

There is no dynamic test to explore this axis. The static dosages of testosterone and 
of PRL are sufficient to explore these pathways.

16.3.5  Limits of Assessment Methods in Critically Ill Patients

Direct stimulation of the hypothalamic–pituitary axis by inflammatory cytokines 
attenuates the daily oscillations of hormonal levels. Thus the hormonal assays, in 
particular concerning the corticotropic axis, can be carried out without any time 
constraints. However, many drugs can disrupt test results. Etomidate inhibits the 
synthesis of cortisol. A single injection is responsible for a relative adrenal insuffi-
ciency for a period of 8–72 h [34, 35]. A Synacthene® test is therefore of signifi-
cance in the diagnosis of critical illness-related corticosteroid insufficiency only if 
the test is performed no sooner than 12 h after an injection of etomidate. The use of 
dopamine also decreases secretion and anterior pituitary function, which aggravates 
catabolism, dysfunction of cellular immunity, and induces hypothyroidism [36]. 
The use of dopamine should therefore be taken into account when interpreting thy-
roid dosage assays.

16.4  Indications of Hormonal Treatments in Intensive  
Care Units

16.4.1  Growth Hormone (GH)

Takala et al. conducted a randomized clinical trial in 1999 evaluating the benefit of 
GH therapy in intensive care patients hospitalized more than 7 days [37]. In this 
study, a 14-day treatment by GH increased the blood levels of IGF-I and restored 
anabolism with better weight gain of patients. However, these beneficial effects 
were counteracted by the high incidence of treatment-related adverse events such as 
a blunt in the rate of hospital-acquired infections, a protraction of mechanical ven-
tilation, and an excess in mortality (relative risk of death = 1.9, 95% CI [1.3, 2.9]). 
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This disappointing result is probably explained by the supraphysiological dose of 
GH which is known to induce digestive atrophy and hyperglycemia and to activate 
lipolysis. In another study, the combination of GH with glutamine therapy improved 
the protein balance of severe traumatized patients but increased insulin resistance 
and did not improve clinical outcomes [38]. For the future, a treatment with the 
hypothalamic hormone (GH-RH) may be more efficient than direct injection of GH 
because the GH-inhibitory retro-control on the pituitary gland would be preserved, 
ensuring a physiological adaptation of the levels of GH to the patient’s needs. 
However, there is currently no data from the literature to validate this hypothesis.

16.4.2  Thyroid Hormones

Treatments with thyroid hormones (TRH and T3) have been proposed to treat the 
acute hypothyroidism observed in critically ill patients. A 5-day infusion of TRH in 
protracted critical illness reactivated blunted TSH secretion, with preserved peripheral 
responsiveness, and induces a shift toward anabolic metabolism [39]. In a clinical 
trial, treatment with T3 improved the cardiac function of children undergoing cardiac 
surgery and decreased their length of stay in intensive care unit [40]. However, there 
is not yet sufficient evidence to recommend such treatment in daily practice [41].

16.4.3  Androgens

In a large population of severe burn patients, testosterone administration signifi-
cantly reduced protein catabolism, increased intracellular amino acid intake, and 
reduced muscle wasting [42]. In a non-randomized study, oxandrolone, a synthetic 
androgen, decreased weight loss, improved functional status, and accelerates heal-
ing of severe burn patients [43]. Since high initial blood levels of estradiol were 
correlated with the occurrence of infections and of organ failure in trauma patients 
[44], early opotherapy using these two hormones does not appear promising in this 
population. To date, there is no treatment with androgens that is not recommended 
in critically ill patients.

16.4.4  Hydrocortisone

In 2000, Annane et al. showed that the response to a standard synacthen test was 
correlated with mortality in septic shock patients [18]. In this study, the rate of mor-
tality was higher in patients with an increase in total cortisol levels smaller than 
9 μg/dL after stimulation with 250 μg IVD of ACTH and/or basal cortisol levels 
below 15 μg/dL (so-called non-responders) than in patients with a basal cortisolemia 
between 15 and 34 μg/dL and a delta bigger than 9 μg/dL after the stimulation. Two 
years later, the same authors demonstrated that a treatment with “physiological” 
dose of hydrocortisone (200 mg/day for 7 days) associated with a mineralocorticoid 
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(fludrocortisone) reduced the mortality from 63 to 53% (RR 0.67, 95% CI [0.47–
0.95]) in non-responder septic shock patients [45]. In 2008, the CORTICUS study 
[34] failed to reproduce these results, since this time mortality was not altered by 
treatment (39% vs. 36%, p = 0.69) [46]. Three important remarks may explain why 
CORTICUS did not validate the results obtained previously: (1) the inclusion of all 
the initially planned patients was not performed due to the result of an intermediate 
analysis; (2) mortality in the control group is lower than in the initial study (63% vs. 
39%), which reflects the inclusion of patients less severe than in the princeps study; 
and (3) the time to inclusion of patients is greater in CORTICUS (8 h vs. 72 h after 
onset of septic shock). In these two studies, the incidence of side effects with the 
treatment was low, and hydrocortisone accelerated the weaning of vasoactive 
amines, probably because it increases the sensitivity to 1-adrenoceptor stimulation 
and of its effects on salt retention [47, 48]. When analyzing the effects of glucocor-
ticoids in septic patients, it is of major importance to consider both the regimen dose 
and the duration of the treatment. In a review of literature with meta-analysis, pro-
longed (7–10 days) low dose (200 mg/day) of hydrocortisone has been associated 
with a reduced rate of mortality, while short course (2 days) of higher doses was 
ineffective to prevent death of septic patients [49]. Glucocorticoid treatment induces 
hyperglycemia, but the addition of intensive insulinotherapy to hydrocortisone did 
not improve mortality of septic patients [50]. Moreover, the addition of mineralo-
corticoid appears optional [50].

Other patient populations are affected by critical illness-related corticosteroid 
insufficiency such as trauma [17], brain injury [19], and cardiac surgery patients 
[20]. In cardiac surgery patients, hydrocortisone administration reduced the dura-
tions of catecholamine support and of the intensive care length of stay [51], and 
dexamethasone may reduce the rate of postoperative atrial fibrillation [52]. In severe 
burn patients, hydrocortisone reduces the duration of vasopressor treatment without 
delaying skin healing [53]. In severe trauma patients [54] and in severe traumatic 
brain injured patients [55], prolonged low dose of hydrocortisone reduced the 
occurrence of hospital-acquired pneumonia and the duration of mechanical ventila-
tion. This surprising effect is explained by the immunological effects of hydrocorti-
sone in patients suffering from systemic inflammation [56]. Indeed, hydrocortisone 
counteracts the development of critical illness-related immunosuppression such as 
the formation of suppressive natural killer cells [57] and to prevent an overwhelm-
ing inflammatory response to secondary infection [58]. Finally, glucocorticoid 
administration may prevent long-term psychological disorder which is frequently 
observed in critically ill patients (such as post-traumatic stress disorder) [59, 60]. 
Taking these results altogether, treatment of critically ill patients with prolonged 
low dose of hydrocortisone is probably beneficial in case of refractory shock, of 
high risk of post-traumatic pneumonia, or of high risk of death septic patients.

 Conclusions

The neuroendocrine dysfunctions observed in critically ill patients initiate a 
phase of intense catabolism and a state of acquired-immunosuppression, both 
of  them are responsible of hospital-acquired infections, difficult weaning of 
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mechanical ventilation, and late mortality [3, 8]. Usual cares, such as early 
enteral nutrition [61], are insufficient to reverse the complications associated 
with neuroendocrine dysregulations observed in patients, thus supplementations 
with hormonal treatments are thus appealing.

It is important to understand the mechanisms of these neuroendocrine dys-
functions to timely diagnose them. In the acute phase of the response to severe 
stress, the pituitary hormones are actively secreted, but the effector organs are 
resistant to their effects. For instance, blood levels of cortisol higher than in 
healthy controls do not exclude critical illness-related corticosteroid insuffi-
ciency [32]. During the chronic period, which can last for several months, the 
pituitary production of hormones drops, and the blood levels of the effector hor-
mones remain low. Given the rapid modifications between these two periods, the 
interpretations of blood test results are tricky, and the selection of patients requir-
ing treatment remains challenging.

To date, clinical trials evaluating hormone therapy in intensive care units have 
most often given disappointing results, perhaps because they have only evaluated 
the treatment of one hormonal axis, neglecting the potential combination of hor-
monal defects in patients. The rapid reactivation of the somatotropic, thyrotropic, 
and gonadal axes is likely to increase anabolism and stop the intense catabolism 
of resuscitation patients, but few trials have been conducted on these axes. 
Treatment with hydrocortisone improves the prognosis of subgroup of patients 
without treating all the endocrine alterations listed in this review. Treatments 
with hypothalamic hormones are likely to reactivate the pituitary as a whole but 
also to induce the production of peripheral effector hormones such as IGF-1 or 
T3. Randomized clinical trials using synthetic extracts of hypothalamic hor-
mones, and/or combining simultaneous opotherapy of several endocrine axes, 
are expected in the near future.
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17Hyperglycemia in ICU

Carole Ichai and Jean-Charles Preiser

17.1  Introduction

Stress hyperglycemia refers usually to a transient elevation of blood glucose 
level (BGL) which occurs during acute diseases in patients without previous 
evidence of diabetes. This metabolic disorder is frequent and can reach up to 
50% of critically ill patients [1, 2]. Many data support the relationship between 
stress hyperglycemia and an increased morbidity and mortality. A great enthusi-
asm has been triggered in 2001 after the first clinical trial showing that a tight 
glycemic control (TGC) in intensive care unit (ICU) reduced significantly the 
mortality rate and improved several other outcome variables in critically ill 
patients [3]. However, further studies failed to confirm these results leading to 
question about the real benefit and external validity of a TGC in ICU [4–8]. The 
recent discussions and controversies revealed the complexity of the metabolic 
response to stress.
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17.2  Blood Glucose Level in Physiological and Pathological 
Conditions

17.2.1  Regulation of Glycemia

The regulation of BGL results from three essential mechanisms [1, 9]:

 – The hormonal regulation consists in an equilibrium between the hypoglycemic 
insulin hormone and the counter-regulatory hyperglycemic hormones (glucagon, 
epinephrine, cortisol).

 – The neurological regulation is triggered by glucose sensors which are located in 
various cells and which activate or inhibit different messages and pathways.

 – The liver via an autoregulation.

These signals modulate carbohydrates metabolism by controlling glucose turn-
over and pathways, especially endogenous glucose production (EGP) and glucose 
entry in the cells. The translocation of glucose transporters (GLUT) represents the 
essential mechanism by which glucose crosses the membrane and enters into the 
cells [1, 10] (Table 17.1). Among these transporters, GLUT-1 is particularly involved 
in non-insulin-mediated tissues [1, 9]. GLUT-2 regulates the flux of glucose through 
hepatic cell membranes. GLUT-4 is mainly regulated by insulin and regulates there-
fore the entry of glucose in insulin-mediated tissues, i.e., adipose tissue, heart, and 
skeletal muscles (Fig. 17.1a).

Table 17.1 Different types, localization, and functions of GLUT transporters

Name Tissue expression Substrate affinity
Class I
  • GLUT-1
  • GLUT-2

  • GLUT-3
  • GLUT-4

  • Red blood cell, brain
  •  Renal tubular cells, 

β-pancreatic, epithelial, and 
intestinal cells

  • Neurons, placenta
  •  Adipose tissue, skeletal and 

cardiac muscles

  •  Stimulated by the decrease of 
glycemia and by cytokines 
(glucose uptake by non-insulin-
mediated tissues)

  • Low affinity
  • High affinity
  •  Glucose uptake on insulin-

mediated tissues
Class II
  • GLUT-5
  • GLUT-7
  • GLUT-9
  • GLUT-11

  • Testis, intestine, muscle
  •  Testis, intestine, muscle, 

prostate
  • Liver, kidneys
  •  Placenta, kidneys, muscle, 

pancreas

  • Fructose transportation
  •  Glucose transportation outside the 

endoplasmic reticulum

Class III
  • GLUT-6
  • GLUT-8
  • GLUT-10
  • GLUT-12

  • Brain, spleen, leukocytes
  • Brain, adipocytes, testis
  • Liver, pancreas
  • Heart, prostate, breast cancer

Unknown
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Fig. 17.1 (a) Insulin and glycemia in physiological condition. Insulin allows the entry of glucose 
in insulin-mediated tissues (heart, skeletal muscles, and adipose tissue) by activating GLUT-4 
transporters leading to reduce glycemia (insulin is a hypoglycemic hormone). Consequently, the 
entry of glucose in non-insulin-mediated tissues via GLUT-1 (and 3) transporters decreases, as 
well as in the liver (GLUT-2). (b) Stress hyperglycemia and insulin resistance. The decreased 
glucose uptake by insulin-mediated tissues via GLUT-4 transporters defines peripheral insulin 
resistance. In the liver, the endogenous glucose production (EGP) is maintained by glycogenolysis 
and gluconeogenesis (alanine, glycerol, lactate) which are stimulated by the counter-regulatory 
hormones: this is the central insulin resistance. The resulting hyperglycemia increases in turn glu-
cose uptake by the non-insulin-mediated tissues (GLUT-1 and GLUT-3), a phenomenon which is 
accentuated by proinflammatory cytokines
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17.2.2  Mechanisms of Hyperglycemia in ICU

On a theoretical point of view, stress hyperglycemia and hyperglycemia caused by 
diabetes (essentially type 2) appears as two different situations. Diabetes-related hyper-
glycemia is caused by the association of an insulin resistance and the inability of the 
pancreatic ß cells to secrete a sufficient amount of insulin to overcome insulin resis-
tance, leading to a chronic high BGL. Stress hyperglycemia is induced by transient 
complex interactions between counter- regulatory hormones, insulin, and proinflamma-
tory mediators (cytokines) that lead to an acute elevated BGL secondary to an activa-
tion of EGP and a peripheral insulin resistance (Fig. 17.1b) [1, 11, 12]. The severity of 
stress hyperglycemia is variable within time, according to the type, severity of the dis-
ease, the inflammation, and the stage of illness [13]. The divergences between the two 
pathophysiological patterns are probably overestimated, since the preexistence of type 
2 diabetes is often overlooked and as ICU-acquired diabetes is frequent [2, 14, 15].

17.2.2.1  Increase in Glucose Production
Glucose production is increased under the influence of catecholamines and main-
tained by the counter-regulatory hormones and inflammatory mediators [1, 9]. The 
hepatic glucose production results from gluconeogenesis and in a less proportion 
from glycogenolysis. Gluconeogenesis is essentially activated by glucagon, as com-
pared with epinephrine and cortisol, while glycogenolysis is initiated in the early 
phase by catecholamines and sustained by epinephrine and cortisol. Tumor necrosis 
factor-α (TNFα) might favor gluconeogenesis by stimulating the release of gluca-
gon [11].

17.2.2.2  Insulin Resistance
Two types of insulin resistance are classically described [1, 12, 16]. Peripheral insu-
lin resistance is characterized by the inability of skeletal muscles and adipocytes to 
uptake glucose. This phenomenon is the consequence of an impaired post-receptor 
insulin signalling and a downregulation of GLUT-4 transporters. Central insulin 
resistance is defined by an impaired ability of insulin to suppress hepatic EGP. This 
latter pathway seems to be less altered than peripheral insulin resistance during stress 
(Fig. 17.1b). All these modifications lead to an increased entry of glucose in insulin-
mediated tissues, via a cytokine-mediated upregulation of GLUT-1. Cytokines cause 
a complex alteration of the post-receptor insulin signalling caused by modifications 
of metabolic pathways and translocation of GLUT-4.

17.3  Biochemical Rational for the Control of BGL in ICU

17.3.1  Hyperglycemia and Glucotoxicity

Glucose is commonly the preferential source of energy for different organs (brain, red 
blood cells, immune cells) in various conditions [9, 17]. Therefore, stress hyperglycemia 
has been considered for a long time as a beneficial and appropriate response in critically 
ill patients, allowing to deliver the adequate energy demand in tissues [18]. However, 
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such a response is triggered by severe inflammation and neuroendocrine disorders 
which may cause harmful and adverse effects if prolonged and severe. Because facilita-
tive glucose transporters GLUT-1 and GLUT-3 are upregulated during critical illness, an 
acute excessive entry of glucose independently of insulin saturates non-insulin-medi-
ated tissues. This abnormal upregulation is activated by numerous factors such as proin-
flammatory mediators, counter-regulatory hormones, and hypoxia [14]. Various 
mechanisms of adverse effects of high glucose concentration have been reported [1, 10]. 
Alterations in mitochondrial protein and an excessive oxidative stress with a high pro-
duction of reactive oxygen species (ROS) develop due to a shift of glycolysis toward 
usual secondary metabolic pathway (pentose phosphate, hexosamines, polyols) [17]. 
Acute hyperglycemia causes also lipotoxicity by increasing lipolysis and exacerbates 
muscle catabolism. Other consequences of this abnormal signalling are the exacerbation 
of cellular inflammatory pathways, decrease in complement activity, modifications of 
the innate immune system, endothelial and hepatic mitochondrial dysfunctions, and 
abolition of preconditioning and of protein glycosylation [19–22]. All these tissue 
derangements are responsible of organ complications and failure. Glucotoxicity exacer-
bates the inflammatory and oxidative stress response, creating a vicious circle.

17.3.2  Potential Beneficial Effects of Insulin

Binding of insulin to its receptor triggers an autophosphorylation which activates two 
major signalling pathways: the metabolic pathway activates phosphoinositol 3-kinase 
(PI3K) via the “insulin receptor substrate (IRS)” and the mitogenic pathway induces 
a cascade activation of protein kinases (MAPK) via the activation of Shc/Grb2. Some 
beneficial effects of insulin are attributed to the higher insulin signalling associated 
with a muscular GLUT-4 activation. Beside these effects on glucose metabolism, 
insulin greatly modifies lipid metabolism: it reduces lipolysis of adipose tissues by 
inhibiting lipase and adiponectin activity [23]. The resulting decrease in lipid blood 
concentration favors the antioxidant effect and improves the insulin sensibility by 
reducing the proinflammatory phenomenons. Insulin exerts also protective anabolic 
effects which are characterized by a higher protein synthesis and a reduction in mus-
cular proteolysis. Moreover, due to the activation of the mitogenic pathway, it exerts 
non-metabolic effects: regulation of cell proliferation and apoptosis resulting from a 
cascade of protein phosphorylations, improvement of endothelial function due to the 
activation of the endothelial NO synthase (e-NOS) and an inhibition of the inducible 
NOS (et une inhibition de la NOS inductible), anti-inflammatory effects secondary to 
the blockade of the NF-kappa B pathway, and reduction of lipotoxicity [19, 23].

17.4  Hyperglycemia in ICU: A Risk Factor of Poor Outcome

Numerous observational clinical trials have shown that hyperglycemia at admission 
in ICU is associated with an increased risk of morbi-mortality. Most of them were 
initially performed in diabetic patients undergoing cardiac surgery. The large obser-
vational study of Portland begun in 1987 and included 6500 patients within 12 years 
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[24]. During this period, the goal for glycemic control in the perioperative period 
progressively changed, aiming to reach at last a target of BGL < 140 mg/dL as com-
pared with initial BGL above 200 mg/dL. Moreover, while BGL control was only 
performed by subcutaneous insulin perioperatively, intravenous insulin was intro-
duced progressively, and BGL control was sustained within the 3 postoperative 
days. The authors showed that a glycemia <10 mmol/L was independently associ-
ated with a lower mortality and infection rate following cardiac surgery. Based on 
these results, they recommended to maintain BGL < 8.3 mmol/L during surgery and 
within the 3 following postoperative days of cardiac surgery in diabetics [25]. Other 
studies have confirmed the relationship between perioperative hyperglycemia and 
the increased risk of death and morbidity such as stroke or infections [24, 26]. In a 
“before-after” trial, the implementation of a protocol for controlling BGL during 
and after surgery has found an improved survival rate in 300 diabetic patients [27]. 
A retrospective study performed in diabetic patients undergoing cardiac surgery 
reported that a poor glycemic control was associated with a higher occurrence of 
postoperative complications [28]. However, the impact of a preoperative hypergly-
cemia in nondiabetic patients or noncardiac surgery remains controversial [29–31]. 
The association of a poor outcome and preoperative hyperglycemia has been 
reported in a retrospective trial, regardless the diabetic status of the patients [32].

The relationship between hyperglycemia and poor outcome is also well described 
in medical patients with myocardial infarction [33, 34], stroke, and cerebral hemor-
rhage [35]. Nevertheless, the increased risk of mortality associated with a high BGL 
on admission remains controversial in nondiabetic brain- injured patients [36, 37]. 
The association between hyperglycemia and a higher morbi-mortality is also 
reported in various types of critically ill patients, medical and surgical [37–40] as 
well as trauma patients [41].

17.5  Glycemic Control in ICU: From a Tight to a Moderate 
Control

17.5.1  The Rational

Beneficial effects of maintaining mean BGL < 8 mmol/L were suggested by retro-
spective analysis of a large cohort of critically ill patients [42, 43]. However, none 
of these trials allows to conclude about a causality between hyperglycemia and the 
adverse outcomes. Therefore, hyperglycemia is considered also as a marker of ill-
ness severity and might be an appropriate metabolic response.

At the beginning of the twenty-first century, Van den Berghe et al. [3] were the 
first to perform a large landmark interventional randomized trial aiming to assess the 
impact of a TGC in critically ill surgical patients. More than 1500 patients were ran-
domized in a group targeting normoglycemia (4.4–6.1 mmol/L/80–110 mg/dL) ver-
sus a control group targeting a conventional BGL (10–12.1 mmol/L/180–210 mg/
dL). Results were very impressive as in-ICU and in- hospital mortality was signifi-
cantly reduced in the TGC group as compared with the noninterventional one. The 
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beneficial effect on survival was greater in the subgroup of patients hospitalized in 
ICU for more than 5 days. Moreover TGC reduced also morbidity, especially infec-
tious episodes, acute kidney injury, anemia, polyneuropathy, and length of ventila-
tion and of stay in ICU.  These data conducted in a strong enthusiasm and rapid 
widespread changes in our practical management of glycemic control in ICUs.

Within the following 15 years, numerous trials tried to replicate these first find-
ings, but all failed. The Leuven team performed a second trial using the same design 
in medical ICU patients [44]. The comparison between groups failed to demonstrate 
significant difference in hospital mortality. However, morbi- mortality was lower in 
the interventional subgroup of patients with an ICU length of stay of >3 days. The 
following large trials tried to validate these results and to determine the optimal 
glycemic target [4–8]. All of them were designed to compare an interventional 
group with a strict glycemic control (normoglycemia 4.4–6.1 mmol/L) and a control 
group. The target BGL in the control group differed among trials: between 10 and 
11 mmol/L [4–6], between 7 and 10 mmol/L [7], or below 10 mmol/L [8]. In two 
monocentric randomized studies, there was no difference in mortality between the 
two groups [4, 5]. The VISEP study [6] focused on septic critically ill patients and 
failed also to demonstrate a reduction in 28- and 90-day mortality in TGC group as 
compared with the control group. No difference in ICU mortality was found in the 
large multicentric Glucontrol trial which included 1078 medicosurgical ICU patients 
[7]. The NICE-SUGAR international randomized study published in 2009 included 
more than 3000 mixed critically ill patients expected to require ICU hospitalization 
for at least 3 days [8]. The authors reported a higher 90-day mortality in the TGC 
group than in the control group. Such a difference was found regardless of the sub-
type of patients, i.e., surgical, medical, and those with or without diabetes. However, 
no difference between groups was observed concerning morbidity (length of stay, 
number of days with mechanical ventilation, renal replacement therapy, and 28-day 
mortality).

Six meta-analyses have been published [45–50] and report controversial results, 
probably because of various inclusion criteria. The two oldest [45, 49] conclude that 
short-term mortality and morbidity are lower in the TGC group. In contrast, the four 
most recent, which include the large NICE-SUGAR study, do not report any differ-
ence in mortality between groups [46–48, 50]. Beneficial effects of TGC could be 
influenced by some factors. Indeed, Griesdale et  al. [47] demonstrate a possible 
beneficial effect of TGC only in the subgroup of surgical patients. As reported in the 
meta-analysis of Marik et al. [48], parenteral nutrition delivering high amounts of 
carbohydrates and calories might be harmful, leading to a misinterpretation of ben-
eficial glycemic control strategy. The lack of external validity of the Leuven 1 study 
can be related to the local practice of administration of large amounts of intravenous 
glucose as parenteral nutrition, thereby requiring high doses of insulin to treat the 
induced hyperglycemia. Early parenteral nutrition has been later assessed by the 
same team against late parenteral nutrition in adults [51] and children [52] and con-
sistently associated with adverse effects. Hence, the evaluation of the effects of 
TGC in the absence of early PN is urgently required.

There are few randomized studies assessing the effects of TGC during surgery. 
TGC versus conventional glycemic control (<10 mmol/L) was evaluated in patients 
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(with and without diabetes) undergoing cardiac surgery. Postoperative glycemic 
control was similar in both groups in the postoperative period. The sole intraopera-
tive TGC did not change the outcome of patients [53].

Based on these data, the initial enthusiasm for a widespread TGC with intensive 
insulin therapy in ICU moved progressively to disappointment with a moderate gly-
cemic control [54, 55].

17.5.2  Factors Influencing the Effect of Glycemic Control

Conflicting results conducted to better understand the factors involved in the poten-
tial beneficial or deleterious effects of glycemic control. Therefore, the initial sim-
ple universal sole target of mean BGL in ICU becomes now a complex individualized 
and personalized range of BGL with multiple measurements. Many parameters are 
now considered as a source of conflicting and heterogenous results and must be 
taken into account in the management of glycemic control in ICU [56].

17.5.2.1  The Optimal BGL Target
Only Van den Berghe et  al. [3] succeeded to compare really euglycemia (4.4–
6.1 mmol/L) with hyperglycemia. All following studies failed to maintain normo-
glycemia in the interventional group, and only morning values were reported. 
Moreover from 2005, due to substantial practical changes in practices, targets for 
BGL were lower than 10 mmol/L. As a result, an overlap in BGL and a substantial 
reduction in differences in glycemia between groups were present and might explain 
the absence of positive results. TGC is constantly associated with an increased risk 
of hypoglycemia, leading to question about a counter-harmful effect. Finally, results 
are strongly influenced by case mix (nature and severity of diseases). In clinical 
practice, it appears very difficult to maintain ICU patients with euglycemia without 
increasing the occurrence of hypoglycemia. The global consensus now is to main-
tain BGL lower than 10–11 mmol/L and higher than 4.4 mmol/L to avoid deleteri-
ous effects of both excessive hyperglycemia and severe hypoglycemias. The 
potential benefits of TGC in critically ill patients need to be assessed against stan-
dard care when technological improvements (continuous glucose monitoring, 
closed-loop systems) will allow a safe and effective clamp of BGL at a predefined 
and individualized value [57].

17.5.2.2  Impact of Hypoglycemia
The substantial increased risk of hypoglycemic episodes makes TGC very difficult. 
An increased risk of 5–25% is largely reported [3, 6–8, 44, 58]. The association 
between severe hypoglycemia (< 2.2  mmol/L) and an elevation in mortality has 
been found [6, 7]. In contrast, Van den Berghe et al. [3] did not found differences 
between patients presenting or not hypoglycemic episodes. In the NICE-SUGAR 
study [8], 6.8% of patients experienced at least one episode of severe hypoglycemia 
(15-fold increased risk), but no long-term sequelae was observed. Despite using a 
computerized-assisted glucose control system, hypoglycemia has been reported to 
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be present in 69.6% of patients versus 36.1% in the control group [59]. Regardless 
the study group, isolated and moderate hypoglycemias were more frequent (81% of 
hypoglycemia) but without any serious adverse events. Multiple (>3 episodes) and 
severe (<2.2 mmol/L) hypoglycemic episodes were present in 19% of patients with 
hypoglycemia and were associated with a higher mortality.

Nevertheless, the real impact of glycemic control-related hypoglycemia on ICU 
patients outcome remains questioned as the causality is not established [58–61]. 
Many additional markers of severity are also associated with an increased risk of 
hypoglycemic episodes: mechanical ventilation, renal replacement therapy, sepsis, 
catecholamines, brain injury, etc. [5, 60, 61]. Despite a relationship between cell 
necrosis and acute severe hypoglycemia, other aggravating factors might be respon-
sible for the deleterious effects. In an experimental model, Suh et al. [57] showed 
that neuronal injury and death occur not really during glucose deprivation but rather 
during the hyperglycemic rebound caused by the exogenous administration of glu-
cose. This phenomenon is associated with a substantial increase in ROS production. 
At last, in patients with acute myocardial infarction, spontaneous hypoglycemia is 
associated with a higher occurrence of adverse events as compared with those with 
“iatrogenic” insulin-related hypoglycemia [58, 63, 64].

17.5.2.3  Type of Patients
Numerous data suggest that the harmful effects of hyperglycemia depend on the 
type of ICU population:

 – Surgical versus medical patients: Beneficial effects of glycemic control seem to 
be higher in surgical than in medical critically ill patients [3, 45, 47]. Reasons for 
that remain unclear: target BGL easily reached, less severe patients, homogenous 
population, better monitoring, etc. A consensus seems to be accepted for control-
ling glycemia in cardiac surgery [24]. In this population, BGL control must be 
initiated during and within the 3 days following surgery or within all days in 
ICU.

 – Brain-injured patients: Stress hyperglycemia is frequent in brain-injured patients 
[65]. The relationship between hyperglycemia and a poor outcome in patients 
with stroke or traumatic brain injury (TBI) is largely reported, especially with 
BGL exceeding 11 mmol/L [66–68]. On the other hand, hypoglycemic episodes 
could worsen the neurological outcome as glucose remains an important source 
of energy. Vespa et al. [69] showed that a reduction in extracellular glucose con-
centration is frequent within the 50 h following TBI and is associated with an 
increased poor 6 months neurological outcome. Numerous studies using cerebral 
microdialysis confirmed that intensive insulinotherapy targeting 
BGL < 6–7 mmol/L reduces extracellular brain glucose concentration and ele-
vates in turn the risk of insufficient glucose supply [69–74]. A concomitant 
increase in lactate and glutamate brain interstitial concentration with a reduction 
of lactate-to-pyruvate ratio suggests a cerebral metabolic crisis [74]. Several ran-
domized trials assessing the impact of BGL control in TBI failed to demonstrate 
an increased risk in mortality or a worsened neurological outcome [75–79]. But 
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all of them were associated with a higher occurrence of hypoglycemic episodes. 
A recent meta-analysis including 1248 brain-injured patients does not show any 
beneficial impact of TGC on mortality [80]. More patients present a worsened 
neurological outcome when BGL is >12 mmol/L. The occurrence of hypoglyce-
mia is higher in the interventional group, but there is large heterogeneity and no 
more mortality in patients presenting hypoglycemia. In summary, hyperglycemia 
>10–11 mmol/L worsens the neurological outcome without affecting mortality 
rate. “Tight” glycemic control (< 8  mmol/L) does not improve the prognosis 
while increasing potential hypoglycemic episodes and cerebral metabolic crisis. 
Therefore, the range of BGL which procures safety and efficiency is between 8 
and 10 mmol/L [80, 81].

 – Diabetics versus non diabetics: The deleterious impact of acute hyperglycemia 
seems to be lower in diabetics than in nondiabetics [39, 40, 82]. In a case- 
control prospective trial, non-survival diabetic patients had a longer time with 
BGL > 11 mmol/L as compared with those surviving [40]. BGL > 10 mmol/L 
is not associated with a poor outcome in a cohort of critical illness diabetics 
compared with those without diabetes [39]. A recent retrospective cohort trial 
assessed the impact of hyperglycemia in 3529 critically ill patients stratified 
according to the presence or not of diabetes [83]. The risk of mortality in both 
groups was analyzed using a logistic regression and comparing two BGL tar-
gets, moderate (90–140 mg/dL) versus TGC (80–110 mg/dL). Whether moder-
ate or TGC strategy, diabetic patients presented higher mean BGL.  But, 
moderate glycemic control was significantly associated with a reduction in 
30-day mortality risk in diabetics (OR = 0.65), while it was increased in nondia-
betic patients (OR = 1.36). In both groups, the frequency of moderate and severe 
hypoglycemia was higher with TGC. Such results have been recently confirmed 
in a retrospective analysis of prospectively collected data including 44,964 
patients of 23 ICUs [84]. Results shows that mean BGL ≥ 140 mg/dL is associ-
ated with an increased risk of mortality in patients without diabetes, whereas 
mean BGL between 110 and 180 mg/dL is associated with a decreased risk of 
mortality in patients with diabetes. In a before and after study, higher BGL was 
associated with an improved outcome of patients with type 2 diabetes [85]. All 
of these results underline that acute and chronic hyperglycemia cause different 
response [2, 86]. A recent prospective observational study supports this hypoth-
esis [86]. Measurements of HbA1c were performed in 1000 critically ill patients 
allowing to distinguish patients without preexisting diabetes (< 6.5%) from 
those with unrecognized diabetes (> 6.5%) and those with a well-controlled or 
not known diabetes. Critical illness-associated hyperglycemia is the most fre-
quent cause of high BGL, present in near 50% of patients. Normoglycemia is 
present in 22.7% of patients while 22% of them present known diabetes and 
5.5% unrecognized preexisting diabetes. The risk of death increases by 20% for 
each increase in acute glycemia of 1 mmol/L in patients with stress hyperglyce-
mia and in those with well-controlled preexisting diabetes (HbA1c  <  7%). 
Mechanisms by which acute and chronic hyperglycemia influences the outcome 
of ICU patients remain unclear. Adaptative changes at the cellular level caused 
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by chronic high BGL are evoked: a downregulation of GLUT transporters 
causes a reset for relative neuroglycopenia and protects the cell from an acute 
and massive glucose entry (glycotoxicity) [87].

17.5.2.4  Nutrition
The management of nutrition, i.e., amount of calories, route of nutrition, and glu-
cose delivery, varies greatly among studies [46]: parenteral nutrition of 1000 kcal/
day with 200 g of carbohydrates in the Leuven study [3] versus enteral nutrition of 
800 kcal/day in the NICE-SUGAR one [8]. It may be hypothesized that high glu-
cose delivery by parenteral nutrition might cause severe hyperglycemia and that 
intensive insulin therapy would have induced in turn beneficial effects. In the NICE-
SUGAR study, the increased mortality in the BGL control might be attributed to the 
very early BGL normalization leading to an inappropriate inhibition of the adapta-
tive stress hyperglycemia [16]. A recent meta-analysis reports that beneficial effects 
on mortality are only present when caloric delivery is performed for at least 80% 
parenterally [88].

17.5.2.5  Metrics or Domains of Glycemic Control
Not only high mean BGL is associated with adverse outcome in ICU. BGL vari-
ability was rapidly demonstrated to be an independent risk factor too. Egi et al. [89] 
firstly reported in 7049 critically ill patients that glycemic variability (identified by 
the standard deviation, SD) was independently associated with a higher mortality. 
Numerous further studies confirmed these data [89–93]. The more glycemic vari-
ability increases, the more mortality rate increases too, especially in quartiles of 
mean BGL between 80 and 140  mg/dL [90–92]. Such a relationship has been 
recently confirmed in a large retrospective trial including more than 6000 patients 
with and without diabetes [94]. Results show that BG variability (SD) is associated 
with 30-day mortality, even after adjustment for comorbidities, severity, hypoglyce-
mia, and presence of diabetes. This association is higher in nondiabetics than in 
diabetics. Several mechanisms have been evoked to explain this phenomenon [89, 
93]. Less BGL variability could reflect more attention in medical and nurse care or 
less patient severity. Another hypothesis is that great variation in glycemia would 
cause real biological toxicity, especially an increased oxidative stress and apoptosis 
[62, 94]. Nowadays it is well established that beside BGL variability, other param-
eters are involved in the adverse effects of hyperglycemia [95]. All of these param-
eters are described as glucose “metrics” or “domains” which are classified into three 
types: central tendency, dispersion, and metrics of hypoglycemia. Metrics of central 
tendency include mean and median BGL, time-averaged BGL, and hyperglycemic 
index. Metrics of variability are SD, mean amplitude of glycemia, coefficient of 
variation, glycemic lability index, maximum glucose, etc. Metrics of hypoglycemia 
is the minimum value of BGL. These factors have been assessed in four ICUs [95]. 
The authors report that all of them (except mean and median BGL) are indepen-
dently associated with a higher mortality. Moreover, even independent each from 
the other, the association of these three metrics increases the risk of death. Finally, 
such an association is different among the case mix (trauma, cardiac surgery, brain 
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injury). Differences in the impact of metrics are confirmed according to the pres-
ence or not of diabetes [83, 96]: critically ill patients presented greater glycemic 
variability than those without diabetes. Nevertheless, the association between these 
metrics and the risk of mortality is less important in patients with than those without 
diabetes. A recent retrospective large trial has compared the impact of time in tar-
geted BG range on mortality between patients with and without diabetes [97]. In 
agreement with previous data, results support that time in BG range between 70 and 
140 mg/dL is associated with a better survival in patients without diabetes. Diabetic 
patients have more frequently BG out of the target range, but this is not associated 
with a higher risk of mortality. Moreover, more of these data demonstrate the cau-
sality between metrics and the harmful effects. One should argue that the dispersion 
of metrics is only a marker of severity rather than the cause of mortality.

17.5.2.6  Glucose Measurements and Protocol
Techniques for BGL measurement strongly influence glycemic values. Three 
parameters are essentially involved: the site of sample, devices used for measure-
ments, and continuous or intermittent techniques. BGL can be measured using 
point-of-care glucose meters or blood gas analyzers. All data conclude that the 
accuracy of glucometers is insufficient [98–102]. Rules of accuracy required by the 
International Health Organization were developed for all monitoring devices at 
home and not for critically ill patients. Such devices may interfere with various 
substances (ascorbic acid, acetaminophen) or conditions (hypotension, hypother-
mia, anemia, acid-base disorders) [98, 99, 103, 104]. Moreover, depending on the 
enzyme used for measurement (glucose oxidase or glucose 1- dehydrogenase), val-
ues can be over- or underestimated.

Besides the devices, sample site must be considered [98, 99] and may be a source 
of error. Arterial BG concentration is higher than the venous one [100, 105]. 
Sampling in capillary is totally inaccurate in ICU with values being between arterial 
and venous ones. Moreover, many parameters frequently present in critically ill 
patients, such as microcirculation abnormalities, vasoconstriction (catecholamines), 
peripheral edema, and hypotension, cause errors in BGL values. In these situations, 
rapid changes in BGL require a delay to reach a constant capillary concentration 
[106]. Measurements with point-of-care devices are on whole blood and need to be 
converted to plasma values which are higher. In summary, point-of-care devices and 
capillary and venous samples are inaccurate in unstable critically ill patients. Such 
management can lead to failure to recognize abnormal BGL, especially hypoglyce-
mia which require life-threatening treatment.

Several techniques of continuous glucose monitoring are now available for criti-
cally ill patients. The technology is based on in vitro or ex vivo (vascular or intersti-
tial site measurements). Theoretical advantages of these techniques are to detect and 
treat earlier changes in BGL but above all to provide trends monitoring of 
BGL. Delay between measures varies between 1 and 5 min, allowing a better report-
ing of glucose control metrics. Holzinger et al. [107], in a randomized study, failed 
to demonstrate any improvement in glycemic control but found a reduction in hypo-
glycemic episodes. But, more randomized controlled studies comparing the 

C. Ichai and J-C. Preiser



391

beneficial impact of a continuous monitoring on the intermittent measurements are 
needed to recommend this technique.

Glucose control requires to implement a protocol. At least, dynamic scale proto-
cols combining glucose target and the previous value of BGL and the insulin infu-
sion are needed. Static protocols must be prohibited [108]. Automatic model 
predictive control algorithm is safe and effective [109, 110]. In a randomized con-
trolled study, including 2684 patients, the impact of a computer decision support 
system has been compared with a conventional method of glycemic control [111]. 
The authors failed to demonstrate any differences in 90-day mortality in the com-
puterized system group despite a lower BGL than in the control group. Moreover, 
more hypoglycemic episodes occurred in the interventional group, and BG variabil-
ity was not different between groups.

17.6  Practical Management of Glycemic Control in ICU: 
Recommendations

Nowadays, glycemic control in ICU raises complexing questions. Despite growing 
data, there is no absolute conclusive evidence, and many questions remain unan-
swered. Hyperglycemia and hypoglycemia are probably harmful, but unblinded 
studies cannot confirm totally that and will not be performed in the future. Moreover, 
the precise range in which glycemia fails to be protective and becomes harmful is not 
known. A sole universal target of mean BGL in all patients is too simple and not the 
right goal to improve the outcome of ICU patients. The management of glycemic 
control becomes more and more complex and requires to take into account various 
parameters: the metrics of BGL, the type of patients, and the prevention of repeated 
and severe hypoglycemic episodes. The general consensus is first to avoid both 
harmful excessive hyperglycemia by maintaining BGL  <  10  mmol/L and severe 
hypoglycemia (<2.2 mmol/L). Most experts recommend an “intermediate or moder-
ate glycemic control” targeting a range of mean BGL between 7.8 and 10 mmol/L in 
nondiabetic and well-controlled known diabetic critically ill patients [2, 55, 56, 80, 
99]. In poor-controlled diabetic patients (HbA1c  >  7%), a higher range of BGL 
seems more appropriate (up to 11 mmol/L) is acceptable. In brain-injured patients, it 
is strongly suggested to favor intermediate BGL in order to prevent hypoglycemic 
episodes and monitor BGL tightly [80]. Methods for glycemic measurements con-
cerning the site samples and the devices as well as appropriate markers of glucose 
control are described by experts [55, 99]. Most important messages are that: (1) 
samples should be drawn from an arterial line in patients equipped with an indwell-
ing arterial catheter, and if not possible from venous sampling, capillary samples 
should be avoided; (2) capillary samples are authorized in non-severe patients; (3) 
the reference method for BGL measurement on arterial or venous blood is the central 
laboratory, and blood gas analyzer can be used if delays with the laboratory are too 
long; (4) in not severe patients, measurements on capillary samples can be performed 
on glucometers; (5) each team must know the characteristics of their devices and 
above all the limitations for accurate measurements (interferences). Finally, each 
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team must adapt to its glycemic control protocol taking into account its population, 
its target BGL, its devices for BGL measurements, and its system for performing 
glycemic control (computerized or noncomputerized dynamic protocol). A large 
French audit has reported that 80% of ICUs had implemented a protocol in 2009 and 
that mean BGL was maintained in the current intermediate recommended BGL 
[112]. The incidence of hypoglycemia was low. However, data were collected only 
on 1 day, and other metrics than mean BGL were not collected.

 Conclusion
Harmful effects of excessive hyperglycemia are well accepted in critically ill 
patients. Following the first enthusiasm following the Leuven study, several stud-
ies tried to confirm these results but failed. None succeed really to compare dif-
ferent groups as glycemic overlap. Despite these disappointed results, the story 
of glycemic control continues and becomes more complex. Controversial data 
help us to improve our knowledge concerning the impact of glucose disorders in 
critically ill patients. The sole goal of controlling mean blood glucose level is 
insufficient, and beneficial effects of glycemic control must take into account 
other metrics of glucose control such as BGL variability, time in the target, 
occurrence of hypoglycemia, etc. The type of patients and their severity also 
influences the impact of such a strategy. Therefore, the precise optimal BGL is 
unknown and probably not universal. Nowadays, it seems reasonable to recom-
mend a moderate glycemic control, aiming to maintain BGL between 7.8 and 
10 mmol/L which represents the best deal for efficiency and safety.
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18Nutritional Requirements in Intensive 
Care Unit

Marie-Pier Bachand, Xavier Hébuterne, 
and Stéphane M. Schneider

18.1  Introduction

Energy requirements are the amount of macro- and micronutrients needed to bal-
ance energy expenditure in order to maintain reserve, good metabolic, and physi-
ologic functions. Nutritional support in the intensive care unit (ICU) is a challenge. 
The critically ill patients exhibit hypermetabolism, proteolysis with nitrogen loss 
and accelerated gluconeogenesis and glucose utilization [1]. The degree of meta-
bolic response to aggression depends on the extent and severity of insult and is 
mediated through the release of cytokines and counterregulatory hormones like 
tumor necrosis factor, interleukins 1 and 6, catecholamines, glucagon, and cortisol. 
There are also many other endocrine modifications induced by stress in ICU, like 
insulin resistance and reduced thyroid and sex hormones secretion (see chapter x). 
Many factors influence metabolic needs during acute illness such as mechanical 
ventilation and the administration of vasoactive or sedative agents. Nutritional 
needs depend also on the disease, severity of illness, nutritional state before ICU, 
and comorbidities of the patient. Metabolism and energy needs of the critically ill 
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patients seem to be dynamic, changing through the continuum of the ICU stay [2]. 
Like Griffiths of Liverpool [3] said, failure to give adequate oxygen to the critically 
ill would universally be considered unacceptable practice (…) similarly, a failure 
to provide food to a captive would elicit international condemnation (…) Why, 
then, does the provision and delivery of nutrition receive such a low profile in the 
ICU? The difficulty to assess nutritional needs in critically ill patients may be the 
answer.

18.2  Energy Needs

For most critically ill patients, protein requirements are higher than normal. Loss of 
total body protein is inevitable in the first days of ICU, even with an aggressive 
nutritional approach, primarily due to the catabolism of muscle. On the other hand, 
over- and underfeeding are both noxious. Thus, it is important to clearly identify the 
goals of nutrition, as determined by energy requirements. The goals of nutrition 
support in ICU are to minimize weight loss (especially loss of lean body mass), 
provide nutrients to support the immune system, and obtain positive or balanced 
nitrogen balance. Nutrition support won’t stop initial catabolism but will minimize 
it to allow optimal chance of maintaining muscle function. This allows patients to 
attain physical function and quality of life in the recovery phase. Also, the increased 
metabolic needs related to stress are likely to accelerate the development of malnu-
trition. Indeed, nutritional support in ICU has to be able to restore the nutrient defi-
cit in malnourished patient.

18.2.1  Therapeutic Index of Energy Provision

Determining energy needs in critically ill patients is quite challenging, but underes-
timation and overestimation of daily energy expenditure may result in adverse out-
comes [4]. The target of energy requirements has evolved in these past few years, 
from 40 to 25 kcal/kg/day. The last ESPEN (European Society for Clinical Nutrition 
and Metabolism) [5, 6] guidelines date from 2009. In 2014, guidelines by French- 
speaking societies: SFAR (Société Française d’Anesthésie-Réanimation), SFNEP 
(Société Francophone Nutrition Clinique Métabolisme), and SRLF (Société de 
Réanimation de Langue Française) were released [7]. Finally, in 2015, new guide-
lines from ASPEN (American Society for Parenteral and Enteral Nutrition) and 
SCCM (Society of Critical Care Medicine) were also released [8]. Current guide-
lines detail the optimal delivery of nutritional support and recommend specific 
energy and protein needs. Yet, no published data have validated these standard daily 
caloric intake targets. Although there is general consensus that excessive hypocalo-
ric (< 25% recommended daily caloric intake) or hypercaloric (>125%) feeding 
should be avoided, controversy still exists over what feeding targets should be [9]. 
Some authors claim for hypocaloric feeding, although we still don’t know much 
about the consequences of it today ([10] and [11]).
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18.2.1.1  Risks of Underfeeding
A high number of acutely ill patients (30–50%) are in a malnourished state [12]. 
The prevalence can be as high as 45% for chronic respiratory diseases [13]. Obese 
people are also at risk of malnutrition in and out of the ICU; indeed, a recent study 
showed that sarcopenia and sarcopenic obesity were prevalent in the ICU (56% and 
24% of patients, respectively, between CT imaging and SGA assessment). 
Misclassified individuals in ICU were predominantly male, minority, and over-
weight or obese patients [14]. Malnutrition can be difficult to assess in critically ill 
patients because traditional nutrition assessment tools (albumin, transthyretin, and 
anthropometry) are not validated in the ICU [8]. Also, only 50% of critically ill 
patients meet their caloric and protein goals on the third day of ICU stay, a percent-
age that decreased to 30% at day 7 [15]. Recent data reveal a 6-month mortality rate 
of 40% after ICU discharge for sepsis admission. Many of these deaths are believed 
to occur indirectly as a consequence of hypercatabolism, loss of lean body mass 
during ICU, lack of adequate physical activity, and, ultimately, weakness and inabil-
ity to mobilize [12]. Moreover, contrary to simple lack of intake, aggression induces 
the most accelerated breakdown of body protein reserve causing faster malnutrition 
[16]. Indeed, a patient’s nutritional status often becomes significantly more compro-
mised during their ICU stay [12].

For critically ill patients, there are clear evidences that energy and protein intake 
are significantly associated with outcomes [17]. Impact of early enteral nutrition 
(EN) on patient outcome is a dose-dependent effect [8]. Indeed, the first goal of 
nutritional support is to obtain nitrogen equilibrium or, ideally, positive nitrogen 
balance to aid healing and restore lean body mass. If nutritional needs are not cov-
ered, the patient will use its own protein stores, including muscle amino acids for 
gluconeogenesis. Underfeeding in the ICU may therefore lead to malnutrition, mus-
cle weakness, and impaired immunity. Despite recommendations for early EN in 
critically ill patients [6], in practice there is a disparity between prescribed calories 
supply and delivered calories [18]. This reflects many factors including cautious 
decision-making in the early phases of stress, absence of protocols in many ICUs, 
interruption of nutrition for digestive complications, investigations, large gastric 
aspirates, patient transfer, physical therapy, airway management, and prolonged 
fasting for procedures [6, 15, 19]. All pose challenges and may induce energy defi-
cit, especially with EN. Many studies have shown that this deficit can reach 400–
800 kcal per day, and there is a correlation with the rate of opportunistic infections, 
multi-organ failure, surgery, bedsores, longer length of stay, and mechanical venti-
lation days [20, 21]. This energy deficit carries short- and long-term consequences, 
such as a worse prognosis and more infectious complications. Moreover, a retro-
spective study of 295 ICU patients showed a mortality rate of 2.43  in patients 
receiving less than 60% of energy requirements during the first week [22]. Also, a 
prospective study done on 61 medical ICU patients who received EN for at least 7 
days showed that the quantity of nutrition administered was 86 ± 30% of the quan-
tity prescribed [23]. The patients in whom goals were not achieved during the first 
4 days had a higher mortality rate than the other group who achieved the nutritional 
goals (73.3 vs. 26.1%; p = 0.002). In an observational study with 2772 ICU patients, 
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the odds ratio for 60-day mortality was 0.76 (0.61–0.95) for each 1000 kcal supply 
and 0.84 (0.74–0.96) for each 30 g of protein supply. This benefit only concerned 
patients with BMI under 25 or over 40 [17]. A study on well-nourished patients 
showed a higher morbidity and mortality with these energy goals [24]; these results 
parallel the ones of the famous Veterans Administration study that showed paren-
teral nutrition (PN) was deleterious in non-malnourished patients (perioperative 
total parenteral nutrition in surgical patients [25]). Overall, before studies in favor 
of permissive underfeeding, ESPEN guidelines recommend that “All patients 
receiving less than their targeted enteral feeding after 2 days should be considered 
for supplementary PN” [6].

18.2.1.2  Risks of Overfeeding
Overfeeding in the ICU has been associated with increased carbon dioxide produc-
tion, respiratory failure, hyperglycemia, and fat deposits in the liver. Fat accumula-
tion also increases the production of tumor necrosis factor (TNF) and other 
pro-inflammatory cytokines. Excess carbohydrates induce hyperglycemia that is 
difficult to control with insulin therapy, and increased CO2 production may exacer-
bate gaseous exchange of patients in acute respiratory distress syndrome (ARDS) if 
overfed (see nutritional support in specific critical illnesses). Glucose-based PN 
increases CO2 production by 15% [6]. Hypertriglyceridemia exaggerates intrapul-
monary shunt and hemostasis disorders in ARDS. Also, it has immunosuppressive 
effects; it impairs the reticuloendothelial system and increases opportunistic infec-
tions. Energy excess causes fat mass inflation with cardiac and respiratory conse-
quences [26], longer mechanical ventilation time, and metabolic acidosis. 
Carbohydrate and lipid excess induce a higher thermogenesis and are the cause of 
liver dysfunctions on PN.  An American multicentric study in 1998 has demon-
strated that 32.2–92.8% of patients were overfed in ICU [27].

18.2.2  Quantitative Requirements

In a normal state, energy supply must cover total energy expenditure, which is made 
of resting energy expenditure (REE), diet-induced thermogenesis, and physical 
activity expenditure (mobilization for position changes and respiratory physiother-
apy) [28]. Resting energy expenditure (REE) is defined as the amount of energy 
required by the body at rest during a 24-h period and represents 60–80% of calories 
used by the body. The metabolic response of critically ill patients is characterized 
by an increase in REE.  However, the lack of physical activity in ICU patients 
explains why some of them are not hypermetabolic [29]. A precise evaluation of 
energy needs in these patients is essential in order to avoid underfeeding and over-
feeding, as well as to avoid loss of lean body mass and worsening of any existing 
nutrients deficiencies. Three methods to determine energy requirements exist: indi-
rect calorimetry, weight-based predictive equations (25 kcal/kg/day), or published 
predictive equations [6].
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18.2.2.1  Indirect Calorimetry
The most accurate method to determine calories requirements is to measure REE 
with indirect calorimetry. This method is based on the principle that REE is propor-
tional to O2 consumption and CO2 production and the proportion of fuels being 
utilized is reflected in their ratio, the respiratory quotient (RQ). The RQ provides 
information on substrate utilization. It is a 20-min test that requires trained personal 
[2]. In ICU patients, indirect calorimetry is not always accurate in situations pre-
venting complete collection of expired gases, such as air leaks from the ventilator 
circuit and around endotracheal tubes and CO2 loss across hemodialysis mem-
branes. High settings on ventilation, including inspiratory fraction of oxygen (FiO2) 
above 0.6 may result in false measurements of REE with old instruments [20]. New 
instruments have to be carefully chosen for mechanically ventilated patients [30]. 
Also, agitated and hemodynamically unstable patients will have inaccurate mea-
surements. Therefore, this technique has to be done with small continuous quanti-
ties of nutrients, outside mobilization time, ventilation change, and fever [28]. Other 
than for research, indirect calorimetry is interesting in the recovery phase of the 
patient who has spent more than 10 days in the ICU. It is also useful at extreme ages 
or weights. Studies that analyzed REE in critically ill patients revealed a great dis-
parity, from 1382 ± 130 to 2236 ± 140 kcal/day [31] (Table 18.1).

Although many nutritional experts favor indirect calorimetry for determining 
REE in critically ill patients, no study has yet proven that it should be adopted as a 

Table 18.1 Factors affecting energy expenditure [31]

Patient related
  Diagnosis
  Metabolic disorder
  Sepsis
  Organ failure
  Comorbidity (obesity, diabetes, heart, lung disease, etc.)
  State of consciousness
  Nutritional status
  Food intake
  Body temperature
  Respiratory frequency
Treatment related
  Medications (sedative, analgesics, etc.)
  Ventilator
  Surgery
  Investigations and treatment (hemofiltration, etc.)
  Mobilization (active or passive)
  Ambient temperature
Measurement related
  Time to aggression
  Duration of the measurement (after equilibration)
  Time of day
  Fraction of inspired oxygen (FiO2)
  Air leak on the system
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standard. Recently, TICACOS (tight calorie control study), a prospective, random-
ized controlled, pilot study in 112 mechanically ventilated patients, showed that 
patients receiving tight control of energy balance through the provision of energy 
guided by indirect calorimetry had a higher intake of calories and protein, whereas 
the control group (25 kcal/kg) had a negative cumulative energy balance [32].

18.2.2.2  Equations
Over 200 predictive equations have been published (Table 18.2). The best-known 
equation is the Harris and Benedict [33] equation that takes into account sex, age, 
weight, and height of the patient (Table 18.2).

Predictive equations should be used with caution, especially in obese patients in 
whom they provide an approximate evaluation of energy needs [8]. Also, most pre-
dictive equations are typically derived from studies of healthy non-hospitalized 
individuals, and few have been validated in mechanically ventilated patients. The 
poor accuracy of predictive equations is related to many non-static variables affect-
ing energy expenditure in the critically ill patient. Indeed, equations may underesti-
mate the patient’s needs because of hypermetabolism and can also overestimate it 
because of sedation, paralyzing agents, or mechanical ventilation [48, 49]. Chills, 
temperature, artificial nutrition, infection, burn, catecholamines, and pharmacologic 
paralysis have to be taken into account when calculating the energy needs. Physical 
activity is negligible in ICU patients.

Much software on smartphones and computers use these formulas to estimate 
needs, which significantly lowers the rate of undernutrition in ICU patient [50].

18.2.2.3  Guidelines
Both ESPEN in 2009 and the French-speaking ICU and Nutrition societies in 2014 
recommend 20–25  kcal/kg/day in the acute phase and 25–30  kcal/kg/day in the 
recovery phase [6, 7]. For patients receiving EN, ESPEN recommends reaching 
25  kcal/kg/day in 3 days [5]. There are some differences between ASPEN and 
ESPEN guidelines (Table  18.3). In 2015, ASPEN and SCCM guidelines recom-
mended 25–30 kcal/kg/day over the whole ICU stay, with 50–65% of the energy 
goals should be reached during the first week in order to achieve the clinical benefits 
of EN, else PN should be added [8]. Supplemental PN is indeed not recommended 
during the first week [52]. A study of 59 surgical or polytrauma patients has com-
pared indirect calorimetry to Harris and Benedict equations increased by 50% to 
30 kcal per kg of ideal body weight; there were no difference between these meth-
ods [53]; a lower prevalence of obesity (20%) and the use of ideal body weight for 
calculation may explains these results.

18.2.2.4  Which Weight?
The use of weight in equations supposes that it reflects lean body mass, which is not 
always the case. In practice, we take actual body weight if the patient is not over-
weight and without retention of salt or water (edema, ascites).
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Table 18.2 Anthropometric formulas for basal energy expenditure [2]

Harris-Benedict [33]
Man: BEE = 66.5 + 13.75 × weight (kg) + 5.0 × height (cm) - 6.78 × age (years)
Woman: BEE = 655.1 + 9.56 × weight (kg) + 1.85 × height (cm) - 4.68 × age (years)
Kleiber [34] [34]
Man: BEE = 71.2 × weight (kg)3/4 × [1 + 0.004 × (30 - age (years)) + 0.01 × (height (cm)/
weight (kg)1/3 - 43.4)]
Woman: BEE = 65.8 × weight (kg)3/4 × [1 + 0.004 × (30 - age (years)) + 0.018 × height (cm)/ 
weight(kg)1/3 – 42.1)]
Harris-Benedict modified by Roza and Shizgal [35]
Man: BEE = 13.707 × weight (kg) + 4.923 × height (cm) - 6.673 × age (years) + 77.607
Woman: BEE = 9.740 × weight (kg) + 1.729 × height (cm) - 4.737 × age (years) + 667.051
Mifflin [36]
Man: BEE = 10 × weight (kg) + 6.25 × height (cm) - 5 × age(years) + 5
Woman: BEE = 10 × weight (kg) + 6.25 × height (cm) - 5 × age (years) - 161
Liu [37]
BEE = 13.88 × weight (kg) + 4.16 × height (cm) - 3.43 × age (years) – 112 × sex (man, 0. 
Woman, 1) + 54.34
Fusco [38]
BEE = 12.6 × height (cm) + 11 × weight (kg) - 4 × age (years) - 983
Black [39]
Man: BEE = 1.083 × weight (kg)0.48 × height (m)0.50 × age (years)- 0.13 × (1000/4.1855)
Woman: BEE = 0.963 × weight (kg)0.48 × height (m)0.50 × age (years)- 0.13 × (1000/4.1855)
Fick [40]
BEE = 95.18 × cardiac output × Hb × (SaO2 - SvO2)
Swinamer [41]
BEE = 945 × corporal surface (m2) - 6.4 × age (years) + 108 × T° (°C) + 24.2 × respiratory 
frequency (/min) + 817 × tidal volume (L) - 4349
Ireton-Jones [42]

Ventilator-dependent: Kcal/d = 1784 + 5 (weight (kg)) − 11 (age (years)) + 244 (if men) + 239 
(if trauma) + 804 (if burn)
Spontaneously breathing: Kcal/d = 629 − 11 (age (years)) + 25 (weight (kg)) − 609 (if BMI 
>27 kg/m2)
Frankenfield [43]
BEE = 0.85 × BEE (Harris & Benedict) + 175 × T° (°C) + 33 × respiratory minute volume 
(L) – 6344
Raurich [44]
BEE = 105.5 × sex (man, 1; woman, 0) - 8 × age (years) + 11.7 × weight (kg) + 7.7 × height 
(cm) + 93.2 × T° (°C) + 123.1 × polytrauma (present, 1; absent, 0) − 145.6 × surgery (present, 
1; absent, 0) − 3295
Brandi [45]
BEE = 0.96 × BEE (Harris & Benedict) + 7 × cardiac frequency (/min) + 48 × respiratory 
minute volume (L) − 702
Faisy [46]
BEE = 8 × weight (kg) + 14 × height (cm) + 32 × respiratory minute volume (L) + 94 × T° 
(°C) − 4834

(continued)

18 Nutritional Requirements in Intensive Care Unit



408

In malnourished patients (BMI under 18.5 or 21 if over 70 years of age, loss of 
5% weight in 1 month or 10% in 6 month), the use of actual body weight is a risk 
for refeeding syndrome.

In obese patients (BMI over 30), the use of actual body weight or ideal body 
weight will lead to overfeeding or underfeeding, respectively. We know that there is 
no correlation between weight and energy expenditure if the BMI is over 60 [54]. In 
obese patients, indirect calorimetry is the exam of choice to determine REE.  In 
practice, many alternatives exist [26]: use 20 kcal/kg/day using ideal body weight, 
use 11–14 kcal/kg/day actual body weight for some authors [8, 55], and use a weight 
matching a BMI of 25, use the Hamwi equation [56]:

For men, 48 + [height (cm) − 152] × 1.06
For women, 45.4 + [height (cm) − 152] × 0.89.
Finally, we can use formulas with adjusted body weight:

Table 18.2 (continued)

Penn-state[47]
BEE = REE(0.85) + VE (33) + Tmax(175) -6433
REE = Harris-Benedict
VE = minute ventilation (L/min)
Tmax = maximal body temperature (in Celsius)

BEE basal energy expenditure, Hb hemoglobin, SaO2 arterial oxygen saturation, SvO2 venous oxy-
gen saturation, T body temperature

Table 18.3 Energy requirements in ICU according to the European Society for Clinical Nutrition 
and Metabolism (ESPEN) [5, 6, 51]

Admission disease Energy needs (kcal/kg/j)
Initial phase
Severe malnutrition 25–30
Normal nutritional status 20–25 (woman)

25–30 (man)
Obesity 15
Overweight 20a

Exception
  – Extensive burns 40
Rehabilitation phase
Severe malnutrition 30–35
Normal nutritional status 25–30
Obesity 15
Overweight 25a

Exceptions
  – Extensive burns
  – Severe sepsis
  – Polytrauma patient
  – Necrotizing acute pancreatitis
  – Cardiac, respiratory, hepatic insufficiency

40
30–35
30–35
35–40
35–40

akcal/kg of ideal weight
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Adjusted body weight  =  ideal body weight  +  0.25 × (actual weight  – ideal 
weight).

In the critically ill obese patients, permissive underfeeding or hypocaloric feed-
ing containing at least 2.0 g/kg ideal body weight per day of protein (1.3–1.5 g/kg 
actual weight) is recommended [8, 55].

Finally, for patients who are malnourished or obese and who cannot be weighted, 
we can calculate ideal body weight in function of their height with tables.

18.2.2.5  Changes in Energy Requirements During Time
It is well understood that critical illness and injury is not a homogeneous disease 
process. The metabolic response to insult has three phases with distinct energy 
requirements. It is essential to anticipate the course and stay of patients at the time 
of ICU admission, and to assess caloric and protein intake every day.

The first phase is the acute one characterized by the classic ebb and flow phases 
[57] of shock and sepsis in which the patient undergoes acute resuscitation. It is 
marked by rapid catabolism. There is no reliable data concerning energy expendi-
ture during the first 48 h for most serious critically ill patients, those who are hemo-
dynamically unstable or mechanically ventilated with FiO2 over 60%. If the patient 
survives, this is followed by a more chronic phase; the patient becomes more vul-
nerable to complications and infections. The patient is prone to return to the acute 
phase at this state. If not, he will enter a recovery phase, which coincides with ICU 
discharge and beginning of rehabilitation.

A New Zealand study demonstrated the evolution of energy expenditure in 
diverse diseases (polytrauma, sepsis) in ICU [58–61]. Energy expenditures are situ-
ated around 25 kcal/kg/day between the third and fifth days, then goes up to 30 kcal/
kg/day on the 10th day.

Finally, in the recovery phase, energy expenditure measured by indirect calorim-
etry increases significantly (maybe over 40 kcal/kg/day) but is extremely variable 
from one patient to another, depending on muscle activity, residual muscle mass, 
comorbidities, and other factors [62, 63]. Individual evaluation of REE and estima-
tion of physical activity are needed.

18.2.3  Qualitative Requirements

In critically ill patients, carbohydrates are better used than fat. Besides an important 
role in energy metabolism, carbohydrates are also connected to protein metabolism. 
In fact, amino acids released from protein breakdown in the muscle represent a 
source for gluconeogenesis, while fatty acids are not adequate precursors [6]. 
Carbohydrates represent 65–70% of energy needs (3.8–4.5  g/kg/day of glucose) 
[64]. The minimal amount is 2 g/kg/day [6]. Fat requirements represent 30–35% of 
energy needs (0.7–1.5  g/kg/day of triglyceride). Fat emulsion limits proteolysis, 
volume of solution and supply fat-soluble vitamins, and essential fatty acids. Fatty 
acids can influence inflammatory and immune process. The nature and quantity of 
lipid supply have an important role. The critically ill patients require 9–12 g/day of 
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linoleic acid and 1–3 g/day of alpha-linolenic acid. In general, mixed lipid emul-
sions and those with olive oil are recommended. However, studies comparing olive 
oil based to soybean oil based in critically ill patients did not find any difference in 
infection rate, acute-phase proteins, or major health outcomes [6, 65]. Fish oil, on 
the other hand, may shorten length of stay [6]. However, most studies evaluating 
fish oil in ICU were conducted on heterogeneous populations [66, 67].

Moreover, additional energy provided by dextrose-containing fluids and lipid- 
based medications such as propofol should be accounted when calculating energy 
needs.

18.2.4  Disease-Related Requirements

General rules have to be adapted in function of disease. In ARDS (acute respiratory 
disease syndrome), energy supply will be limited to reduce production of CO2. 
Parenteral fat has to be slowly infused in order to limit pulmonary hypertension and 
intrapulmonary shunt in these patients [68]. However, the latest ASPEN guidelines 
mention that high-lipid low-carbohydrate formulations designed to reduce CO2 pro-
duction are not recommended for routine use in ICU patients with ARDS [8]. 
Results from uncontrolled studies suggest that high-lipid low-carbohydrate formu-
lations are only clinically significant in lowering CO2 production in overfed ICU 
patients [69].

Burn injuries result in hypermetabolism and hypercatabolism. Energy demands 
usually peak about 5–12 days after injury. Aggressive nutritional support is neces-
sary to aid wound healing and improve immunocompetency. Carbohydrate supply 
can go up to 7 g/kg/day, with parallel reduction of fat, which will represent less than 
30% of energy supply [70].

In patients on renal replacement therapy, higher glucose and nitrogen supply are 
necessary to compensate loss in hemodialysis or continuous renal replacement ther-
apy (CRRT) [71, 72]. There is an increased loss of amino acid (10–15 g per day) 
during CRRT [8]. Optimal nutritional requirements, in their quantitative and quali-
tative aspects, for patient with acute kidney injury remain a partially unresolved 
issue. Nutritional needs should be frequently assesses and individualizes [73]. 
Table 18.3 presents ESPEN guidelines in specific situations [5, 6].

18.3  Protein Requirements

In ICU, protein is the most important macronutrient. In the acute phase, hyperca-
tabolism is difficult to overcome with nutrition, and there will be a negative nitrogen 
balance. A recent study showed that early PN did not prevent the pronounced wast-
ing of skeletal muscle observed over the first week of critical illness [74]. Muscle 
catabolism is higher in burns, polytrauma, septic patients, and after surgery [75]. 
Amino acids are used for gluconeogenesis, protein production for immune system, 
healing, and maintenance of organ functions [76]. The short-term protein and lean 
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body mass stores are probably sufficient in patients with ICU stay of 24–48 h [12]. 
However, patients who stay over 3 days may lose large amounts of proteins, up to 
250 g of muscle protein per day (750–1000 g of muscle mass).

In ICU, determining protein requirements is difficult. While energy requirements 
can be assessed by indirect calorimetry, the protein requirements are difficult to 
assess because whole-body nitrogen balance is not a reliable index of adequate pro-
tein synthesis in the liver, gut, and immune system [6].

It is recommended in non-previously malnourished patients to provide 0.20–0.25 g/
kg/day of nitrogen (1.3–1.5 g proteins/kg ideal body weight/day [6] [7] or 1.2–2.0 g/
kg actual body weight/day [8]). It can be increased to 0.35 g/kg/day of nitrogen in case 
of previous malnutrition or important catabolism. In ICU, solutions with a higher 
protein-to-calorie ratio must be used, providing 100–130 kcal per gram of nitrogen. 
The EPaNIC trial revealed significant protein delivery deficits in ICU patients on PN 
[52]. This deficit was due to the utilization of a low-protein PN solution. Hypocaloric 
feeding in ICU participates in worsening the nitrogen balance [77].

While in acute-phase protein, supply cannot overcome muscle proteolysis, in the 
rehabilitation phase, on the other hand, protein supply, if it is insufficient, can con-
stitute a limiting factor for protein synthesis. In clinic, muscle strength recuperation 
and weaning from the ventilator can be delayed in case of insufficient supply. On 
the other hand, an excess of amino acids induces an over oxidation and secretion of 
urea.

Pharmaconutrients, such as glutamine and arginine, are described in Chap. 19.

18.4  Micronutrient Requirements

Early in the course of stressful illness, serum levels of many micronutrients decrease 
significantly because they are consumed, excreted, or sequestered in the liver and 
the reticuloendothelial system. ICU patients are generally hypermetabolic, with 
increased macronutrient, traces element, and vitamin requirements. Providing 
micronutrients is an integral part of nutritional support. Micronutrients supply has 
to be adapted to each patient.

Main electrolytes (sodium, potassium) have to be monitored daily. Critically ill 
patients are prone to fluid and sodium overload. Therefore, no guidelines can be 
appropriate. Plasma levels of other electrolytes such as magnesium and phosphorus 
have to be monitored; their variations are frequent in ICU, especially in malnour-
ished patients who switch to an anabolic status (refeeding syndrome).

Micronutrients, oligo-elements, and vitamins intervene in many metabolic path-
ways (enzymatic cofactors), and some are important for anabolism and healing, 
immune system, antioxidant defenses, and inflammation. Copper, zinc, selenium, 
manganese, and vitamins A, C, and E are the main antioxidant micronutrients. 
Deficiency is frequent in the ICU because of preexisting chronic illnesses, excessive 
losses (digestive, cutaneous, urinary), or consumption during aggression. Oxidative 
stress is associated with impaired prognosis [78, 79]. Thiamine deficiency is also 
frequent in ICU.
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The real needs in micronutrients are difficult to assess and cover in ICU for many 
reasons:

– Nutritional supply guidelines correspond to the lower threshold for the general 
population to prevent deficiency [80]. This threshold is only relative in critically ill 
patients, who are for the majority already deficient. Also, most commercial trace 
element preparations available were developed for stable patients.

– Plasma/serum micronutrient measurements are long, costly, and don’t reflect 
the real status.

– An excessive supply in iron or copper is as noxious as deficiency because of a 
prooxidant status in case of excess and/or in inflammatory situations [81].

Indeed, it is necessary to supply micronutrients at the beginning. EN is supple-
mented in micronutrients. In Europe, an enteral polymeric product supply of 
1500 kcal covers general population needs. This supply is probably insufficient in 
ICU patients, but there is no consensus.

Commercially available PN formulas do not contain micronutrients and have to 
be systematically supplemented (Tables 18.4, 18.5, and 18.6).

Table 18.4 Difference in energy and protein requirements in ICU according to different nutrition 
societies

Nutrient Recommendation (kg/day)
Guideline 
source

Energy 20–25 kcal/kg in acute phase of critical illness
25–30 kcal/kg in recovery phase

ESPEN 
2009

In the absence of indirect calorimetry, use 25–30 kcal/kg, or 
predictive equations

ASPEN 
2015

Energy 
needs in 
obese

15 kcal/kg actual body weight/day
20 kcal /kg ideal body weight/day

ESPEN 
2009

Consider hypocaloric feeding in critically ill obese (BMI > 30kg/
m2), e.g. 65–70% of target energy requirements by indirect 
calorimetry, or 11–14 kcal/kg actual body weight for BMI 30–50, 
or 22–25 kcal/kg ideal body weight for BMI > 50

ASPEN 
2015

Protein 1.3–1.5 g protein/kg ESPEN 
2009

1.2–2.0 g protein/kg actual body weight if BMI < 30 kg/m2

2 g/kg ideal weight if BMI 30–40 kg/m2

2.5 g/kg ideal weight if BMI >40 kg/m2

ASPEN 
2015

Glucose Minimum 2 g/kg ESPEN 
2009

Maximal glucose oxidation rate is 4–7 mg/kg/min/24 h
Ideally keep to ≤5 mg/kg/min/24 h

ESPEN 
2009

Fat 0.7–1.5g/kg ESPEN 
2009

Withholding or limiting SO-based IVFE during the first week 
following initiation of PN in the critically ill patient

ASPEN 
2015
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Important supply of antioxidants via intravenous means is discussed; a meta- 
analysis of 11 studies (886 patients) showed a significant reduction in mortality (rela-
tive risk RR = 0.65 [CI 0.44–0.97]) but not on infectious complications [83]. These 
results were not observed with antioxidant combination, and selenium seems to be 
the most effective. Parenteral selenium has shown a significant reduction in all-cause 
mortality in critically ill patients with sepsis in a 2013 meta-analysis (RR 083; CI 
0.70–0.99) [84], even though a large recent international study of enteral micronutri-
ent supplementation (300 μg of selenium, 20 mg of zinc, 10 mg of beta carotene, 
500 mg of vitamin E, and 1500 mg of vitamin C) in ICU patients failed to show any 
clinical benefit [85]. ESPEN guidelines recommend selenium supplementation in the 
range of 350–1000 μg per day at initial bolus followed by continuous infusion [6]. 
During severe pancreatitis, the early administration of selenium (100 μg in the first 
24 h and 500 μg on the following days) lowers mortality risk [86]. Vitamin C can be 
efficient at 1–3 g per day for 2–7 days [87]. This vitamin is rapidly deficient in ICU 
patients. There is less evidence about zinc supplementation [78]. Standard micronu-
trient admixtures will cover the needs in the majority of cases.

However, major burns have large exudative losses of copper, selenium, and zinc: 
randomized trials have shown clinical benefit from doses calculated supply to com-
pensate these losses [88]. CRRT is another condition in which there is continuous 
effluent loss of water-soluble micronutrients.

Table 18.5 Parenteral and enteral supply of trace elements compared to nutritional supply guide-
lines in healthy adults [82]

Elements
RDA 
M/W

Nutritional 
supply in 
enteral 
nutrition

Addamel®

N® IV
Nutryelt® 
IV

Supplementary IV 
experts opinions

Chromium (μg) 65/55 25–300 10 10

Copper (mg) 2/1.5 1.2–10 1.3 0.3 Severe burns, 3.75 mg
Fluoride (mg) 2.5/2 0–4 0.95 0.95

Iodine (μg) 150 130–700 131 130

Iron (mg) 9/16 10–40 1.2 1.0
Manganese (mg) 2–3 1–10 0.3 0.055
Molybdenum 
(μg)

30–50 0.48–5.8 19 20

Selenium (μg) 1 μg/
kg

50–200 30 70 Severe burns, 375 μg
Head injury, acute 

pancreatitis
500 μg

Zinc (mg) 12/10 10–30 6.5 10 Severe burns, 40 mg
Head injury, hepatic 

insufficiency, 
transplantation, 15 mg

Digestive fistula, 
diarrhea, 15–30 mg

RDA recommended dietary allowance
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 Conclusion
The goals of nutritional support in the ICU are to minimize weight loss, loss of 
protein during the initial phase, and to provide nutrients to support the immune 
system and healing. Clinical evaluation of energy needs can be complex, espe-
cially for extreme BMI, and can require REE measurement by indirect calorim-
etry. Actual energy expenditure is important information for deciding the optimal 
caloric content of nutrition. If overfeeding in terms of energy is noxious, nitrogen 
needs are always increase. Both over- and underfeeding increase complication 
rates in ICU. Finally, micronutrients have to be adapted for each patient with 
possibility to supplement some with selenium and vitamin C.
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19Pharmaconutrition in the Critically 
Ill Patient

Jean-Charles Preiser, Christian Malherbe, 
and Carlos A. Santacruz

19.1  Introduction

Critically ill patients might benefit from specialized nutrients provided in addition 
to macro- and micronutrients. Initially, the theoretical basis for specialized nutrition 
support relates to the altered immune response associated with the prolonged 
inflammatory status. For instance, immune-enhancing or immune-modulating nutri-
tion formulas have been considered as logical and attractive options in critically ill 
patients [1]. Subsequently, changes in the composition of nutritional formulas were 
brought to compensate for specific deficiencies.

The clinical effects of pharmaconutrition will be reviewed and followed by a 
description of its individual components. Indeed, clinical results of pharmaconutri-
tion can widely vary according to the concentration of each component and the 
specific type of disease they were used in.

19.2  Clinical Effects of Pharmaconutrition

Several clinical trials have been published on the use of pharmaconutrition in criti-
cal illness. Most trials have heterogeneous populations and different methodologies. 
Systematic reviews and meta-analyses on pharmaconutrition have been published 
[2, 3]. A recent publication by Marik and Zaloga [4] reported a positive effect with 
the use of pharmaconutrition on the rate of infection and length of stay. Older 
reviews [5–7] have shown similar results, with reduced infection rate and length of 
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stay in the ICU. However, the moderate quality of the individual studies decreasedv 
the strength of current guidelines, implying low-grade recommendations to use 
immunonutrients in selected categories of patients [8, 9].

Now, the issue of pharmaconutrition is not restricted to immune-modulating for-
mulas. In fact, specific amino acids, modified lipids, and supplemental antioxidants 
have been marketed to meet the particular needs of critically ill patients.

19.3  Specific Amino Acids

There has been a long-standing interest for the incorporation of specific amino 
acids in nutrition formulas for the critically ill. Indeed, the synthetic capabilities 
may be altered and the stores of some amino acids may be depleted. Consequences 
of such deficits are related to each disease state and may vary between individuals. 
For example, a decreased availability of the constitutive elements of glutathione 
(cysteine, glutamate, and glycine) and the most active intracellular endogenous 
antioxidant could increase oxidative stress [9]. Likewise, taurine is another amino 
acid with antioxidant properties. The most studied amino acids include glutamine, 
arginine, and alpha-ketoglutarate ornithine, all having been assessed in prospective 
randomized trials.

19.3.1  Glutamine

Glutamine has some favorable clinical effects [10]. Glutamine is the most abundant 
nonessential amino acid in all the body. 60% of glutamine is stored in skeletal mus-
cle in the form of free amino acid. Glutamine is also synthesized in nearly every 
tissue by glutamine synthetase and hydrolyzed via a glutaminase present in mito-
chondria. Glutamine is implicated in several physiological mechanisms: (1) trans-
portation of proteins and protein-related waste products; (2) intermediate metabolite 
for the synthesis of de novo amino acids and nucleic acids, an especially important 
pathway in tissues with a high turnover such as immune and epithelial cells in the 
digestive tract; (3) antioxidant synthesis, as a precursor for glutamate and thus syn-
thesis of glutathione; and (4) energetic substrate for ATP production (Table 19.1).

During critical illness, the stores of glutamine are rapidly depleted, as de novo 
synthesis is limited. Low glutamine levels are inversely related to survival in criti-
cally ill patients [11]. Moreover, parenteral nutrition solutions lack glutamine, 
thereby increasing the risk for a specific deficit when used exclusively.

19.3.1.1  Parenteral Glutamine Supplementation
The rationale supporting the supplementation of glutamine in patients receiving 
parenteral nutrition is based on the absence of this amino acid, due to its insolu-
bility. The benefit of supplemental intravenous glutamine was demonstrated by 
Griffiths et  al. [12] and Goeters et  al. [13], who reported a 6-month survival 
advantage with the use of intravenous glutamine supplementation [13]. This 
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benefit was attributed to a reduction in infection rate and organ failures when the 
ICU stay lasted more than 5 days [14], consistent with another study on 104 sur-
gical patients [15].

19.3.1.2  Enteral Glutamine Supplementation
Enteral glutamine supplementation was suggested to preserve the immune function 
of the gastrointestinal tract. Even though some benefit was found in some earlier 
studies [16–19], the largest studies did not confirm a beneficial effect [20] or even 
found an increased mortality rate associated with the use of high doses of enteral 
and parenteral glutamine early in the course of severe critical illness [21].

19.3.1.3  Current Recommendation for the Use of Supplemental 
Glutamine

According to international guidelines [8, 9, 22, 23], intravenous glutamine supple-
mentation is recommended in patients receiving exclusive parenteral nutrition, but 
no longer in other situations.

19.3.2  Arginine

Arginine is synthetized from citrulline by the kidneys. Important physiological roles 
of arginine include the production of nitric oxide (NO) by the NO synthase enzymes, 
the function of arginase, regulation of in gene expression, cellular proliferation, 
immune response, intestinal cell homeostasis, and wound healing [24, 25]. So, argi-
nine has many pleiotropic effects and is implicated in numerous functions.

19.3.2.1  Clinical Data
Even though some trials reported an inverse correlation between arginine levels and 
the outcome of critically ill patients [26–28], no benefit was associated with argi-
nine supplementation [29].

Table 19.1 Physiological effects of glutamine

Metabolic
  • Protein synthesis
  • Inter-organ protein and carbonic transporter
  • Gluconeogenesis precursor
  • Renal ammonic production
Immunologic
  • Immune cell replication
  • T cell helper functions
  • IgA synthesis
Gut function
  • Enterocytes life cycle
  • Gut-associated lymphoid tissue function (GALT)
Antioxidant
  • Glutathione synthesis
  • Taurine synthesis
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19.3.2.2  Current Recommendation
Arginine supplementation is not recommended for critically ill patients [8, 22].

19.4  Modified Lipids

Independently of their high caloric content (9 kcal/g for palmitic acid), fatty acids 
exert multiple roles in the inflammatory cascade, cell membrane modulation, and 
gene expression properties. Hence, changes of the structure of dietary lipids are sup-
posed to influence these pathways.

19.4.1  Medium Chain Triglycerides

Theoretical benefit with the use of medium-chain triglycerides (MCT) comes from 
the idea of a better energetic profile than long-chain triglycerides, associated with an 
immediate cofactor-less metabolism. Nutrition formulas rich in MCT are a mix (usu-
ally 50/50) between long-chain triglycerides (LCT) and MCT. These kinds of lipids 
are not involved in cellular membrane structure and do not exert immune effect.

19.4.2  Monounsaturated Fatty Acids

Theoretical advantages of monounsaturated fatty acids rely on a lower risk of oxida-
tion than polyunsaturated fatty acids, in relation with the susceptibility of double 
bonds to oxidative process. Lipid formulas built on a mixture of olive oil (80%) and 
soybean are considered to be low on polyunsaturated fatty acids, while lipid formu-
las based on soybean oil can contain up to 60% of polyunsaturated fatty acids. 
Current trials have failed to demonstrate a clinical impact on mortality with the use 
of lipid rich formulas.

19.4.3  Lipid Formulas Rich in ω-3 Fatty Acids

The theoretical benefit of ω-3 fatty acid supplementation is the modulation of 
inflammation and immunity. Generally, lipid-rich enteral or parenteral formulas 
contain eicosapentaenoic (C20: 5 ω-3) and docosahexaenoic (C22: 6 ω-3) fatty 
acids. Benefit is thought to derive from inflammatory and immune modulation.

The incorporation of these types ω-3 fatty acids in cell membranes is followed by 
a series of functional changes [30], a reduction in the synthesis of eicosanoids and 
inflammatory immunosuppressive, change in the composition “lipid rafts” (micro-
domains rich in cholesterol and sphingolipids involved in membrane signal trans-
duction) [27], reduction of TNF-α, IL-1β, and IL-6 production by macrophages and 
IL-2-stimulated lymphocytes, shift of the immune response toward a Th2 pheno-
type, and decreased lymphocyte production of cytokines.
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19.4.4  Clinical Data

A large-scale retrospective study demonstrated that intake from 0.15 to 0.20  g.
kg−1 ∙ I−1 fish oil in critically ill patients resulted in a reduction in mortality, infec-
tion, prescription of antibiotics, and ICU length of stay [31]. A prospective confir-
mation of these beneficial effects of parenteral solutions enriched in ω-3 is expected. 
Preoperative conditioning by supplementation with fish oils for 2–3  days (in 
abdominal surgery patients) significantly reduced mortality, the need for mechani-
cal ventilation, and length of hospital stay compared with patients who did not 
have supplementation [32].

Enteral solutions are enriched with ω-3 fatty acids and antioxidants (in compari-
son with another high-fat control solution); administration has reduced cellularity of 
the pro-inflammatory profile in bronchoalveolar lavage from patients with severe 
acute respiratory distress syndrome, increased the PaO2/FiO2 ratio, and reduced the 
duration of mechanical ventilation and ICU length of stay [33–36]. However, these 
findings and these beneficial effects have not been confirmed in more recent studies, 
as expected [37].

19.4.5  Current Recommendations

Current data do not allow a recommendation on the use of parenteral nutrition with 
lipid concentration in critically ill patients. However, recommendations of the 
European Society of Nutrition (ESPEN) [37] suggest the use of mixtures of fatty 
acids (long and medium chains, olive oil and fish oil) instead of soybean oil-based 
standard solutions. The use of enteral solutions enriched with modified lipids is no 
longer recommended [22].

19.5  Antioxidants

Oxidative stress, defined by the balance between antioxidant molecules and antioxi-
dant defenses, is typically increased in critically ill patients, resulting in both 
increased oxidant production and consumption of endogenous antioxidants stocks. 
The effects of this increased oxidant stress are important [9, 38, 39]. For example, 
the bactericidal and the proper functioning of neutrophils, the first line of defense 
against microorganisms requires the production of oxygen free radicals. However, 
the same oxygen free radicals, if not effectively neutralized outside of their site of 
action can trigger significant molecular damage on lipid membranes, proteins, 
nucleic acids and carbohydrates [9, 39].

Prolonged and uncontrolled oxidative stress has been implicated in the pathogen-
esis of organ failure, by interference with multiple cellular processes and depletion 
of cellular energy stores [40]. Lipid peroxidation and oxidative damage to other 
molecules are at the origin of these disorders [40].
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19.5.1  Clinical Effects

Clinical trials to test the effects of antioxidants are heterogeneous differing on the 
type of antioxidant used, antioxidant supplementation given to patients [9, 39], and 
timing of supplementation (early vs. late).

19.5.2  Antioxidant Vitamins

Proof of satisfactory absorption of vitamins A, C, and E (α-tocopherol) administered 
by the enteral route has been tested in critically ill patients and trauma patients [40–42]. 
In both types of patients, a reduction in the incidence of organ failure and death was 
found [42]. Similarly, clinical trials mentioned above in patients with acute hypoxic 
respiratory failure [40–44] have shown favorable results in patients receiving enteral 
nutrition formula enriched with antioxidant vitamins. However, no benefit of a cocktail 
of antioxidant vitamins and selenium was found in the largest published study [21].

19.5.3  Antioxidant Trace Elements

The effects of supplementation with trace elements, which serve as cofactors to 
antioxidant enzymes (selenium, zinc, copper, and manganese), were tested in differ-
ent circumstances and in different forms. Of course, this procedure is less specific 
as vitamins, as trace elements play multiple other roles, but is potentially more 
efficient, since trace elements can detoxify many more free radicals than vitamins 
[45]. In summary, at present, the beneficial effects of the addition of selenium 
 (500–1000 μg IV) were confirmed in the burned and traumatized patient [45], but 
not in septic patients [46, 47] or in patients with at least two organ failures [21].

19.5.4  Recommendations

Based on the available clinical data [9, 22] supplementation with vitamins C and E 
(without specifying, however, dose or timing) and selenium cannot be recom-
mended in patients with other conditions than burn injury. However, trace elements 
and vitamins must be added to parenteral solutions to meet the general recommen-
dations for daily intake [48].

 Conclusion
In spite of strong and convincing rationale, the expected benefits of most pharmaco-
nutrients were not confirmed in prospective randomized controlled trials. However, 
in some subsets of patients (e.g., antioxidants in burns) or situations (intravenous 
glutamine during exclusive parenteral nutrition), the addition of specific nutrients is 
clearly recommended. Still, many questions are still unsolved, including the optimal 
timing, dosing, and monitoring of adverse effects. Future trials need to address these 
issues with the same scrutiny than pharmaceutical studies.
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20Oxygen and Oxidative Stress

Jean-Christophe Orban and Mervyn Singer

20.1  Introduction

Oxygen is a structural and functional compound essential to life. Evoking the toxic-
ity of this molecule could seem inappropriate or even provocative. After its discov-
ery by Priestley in 1774, Lavoisier named it “oxygen” from the Greek words oxys 
and gennan meaning “generating acid”. At the same time, he demonstrated its 
essential role in respiration. This emphasized immediately the duality of this mole-
cule to which the vast majority of living organisms have had to adapt, especially as, 
in particular circumstances, oxygen can be harmful because of its oxidative 
characteristics.

20.2  Reactive Oxygen Species, Antioxidant Defences 
and Oxidative Stress [1–3]

20.2.1  Reactive Oxygen Species

Oxygen is a weak reactive free radical, mostly found as dioxygen. It is utilized in 
the generation of reactive oxygen species (ROS), levels of which can rise markedly 
in certain pathological conditions such as ischaemia-reperfusion injury and sepsis. 
ROS molecules are numerous, with some existing as free radicals (containing an 
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unpaired valence electron). The most important ROS are superoxide ion, hydrogen 
peroxide, hydroxyl radical, hypochlorite and peroxynitrite (Fig. 20.1). Superoxide 
ion can form spontaneously, from various enzymes (e.g. NADPH oxidase) or from 
the mitochondrial electron transport chain. It is converted by superoxide dismutase 
to the less reactive hydrogen peroxide which, in turn, is transformed to water and 
oxygen by catalase and glutathione peroxidase. In the presence of transition metals 
in free form (iron and copper), hydroxyl radical – the most reactive and thus most 
toxic ROS – may result.

Mitochondria are the main source of ROS within the body. In health, nearly 2% 
of oxygen used by the mitochondrial respiratory chain generates ROS.  Other 
enzymes are also responsible for ROS generation such as oxidases (NADPH oxi-
dase, myeloperoxidase), and these are involved in the neutrophil respiratory burst.

Some conditions lead to an excessive ROS production, in particular those related 
to inflammation and ischaemia-reperfusion. This latter phenomenon is character-
ized by the succession of an ischaemia phase (no energetic substrate and oxygen) by 
reperfusion, with restoration of normal (or even supranormal due to increased blood 
flow) oxygen conditions. Contrary to what is commonly assumed, ischaemia is 
often less deleterious than reperfusion. Thus, elevated production of ROS occurs 
during ischaemia [4] and this is sharply increased during reperfusion [5, 6]. Here, 
mitochondria and xanthine oxidoreductase generate large amounts of ROS. This 
latter enzyme normally uses NAD as electron acceptor; however, after ischaemia- 
reperfusion, it uses oxygen resulting in the production of superoxide.

Deleterious effects of ROS are well known as they react with lipids, proteins 
and DNA leading to structural and functional changes. However, ROS are also 
involved in essential physiological processes such as the phagocyte respiratory 
burst and intracellular signalling [7] and also play a protective role in ischemic 
preconditioning [8].

O2 + electrons

Oxidase
Mitochondrial
respiratory chain

O2
-. (superoxide anion) + H+

H2O2(hydrogen peroxide)

H2O + O2

Superoxide dismutase

Catalase
Glutathione peroxidase

HO + OH. (hydroxyl) + Fe3+

Spontaneouslyin
the presence of Fe2+

Fig. 20.1 Main reactive oxygen species and antioxidant enzymes
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20.2.2  Antioxidants

An antioxidant is a molecule or enzyme that, in small amounts, can prevent or delay 
substrate oxidation [9]. Several types of antioxidant defences can be distinguished:

20.2.2.1  Enzymatic Antioxidant Defences
Three enzymes play an essential role in ROS scavenging.

Superoxide dismutase (SOD) catalyses conversion of two superoxide ions and 
two protons into hydrogen peroxide and oxygen [10]. SOD is found in numerous 
species [11]. In humans, three isoforms are described depending on their metal 
cofactor and location. SOD1 and SOD3 have copper/zinc cofactors. SOD1 is 
located in the cytosol and the nucleus, while SOD3 is extracellular and thought to 
play an important role in the vascular tone regulated by nitric oxide by preventing 
superoxide accumulation [12]. SOD2 has a manganese cofactor and is located 
within the mitochondria. It is essential to tamper oxidative stress coming from the 
respiratory chain.

Catalase transforms hydrogen peroxide into oxygen and water, decreasing its 
half-life and also generation of hydroxyl radicals. It is a tetrameric complex con-
taining a heme and is located mainly in peroxisomes. Catalase is linked to NADPH 
that protects and enhances its activity [13].

Glutathione peroxidase oxidizes glutathione by taking an electron from hydro-
gen peroxide [4]. It can also react with other substrates such as lipids, thus explain-
ing its protective effects against lipid peroxidation. The active site contains a 
selenium molecule. This ubiquitous enzyme is found mainly in cytosol and mito-
chondria and represents one of the most important antioxidant defences of the 
organism.

20.2.2.2  Non-enzymatic Antioxidant Defences
Glutathione is a tripeptide composed of cysteine, glutamine and glycine. 
Quantitatively, it is the most important antioxidant defence molecule as intracellular 
concentrations are high (1–10 mM). The reduced form (GSH) has direct antioxidant 
properties, and it is also the cofactor for glutathione peroxidase. Once oxidized to 
glutathione disulphide (GSSG), it is reduced by glutathione reductase in the pres-
ence of NADPH. The glutathione disulphide/glutathione couple is the main thiol 
involved in intracellular redox balance.

Albumin is the main plasma thiol compound and is a major antioxidant. Vitamins 
A, C and E also have antioxidant properties. Vitamins C and E regenerate mutually 
after oxidation. Other natural compounds have antioxidant properties such as flavo-
noids, carotenoids, thioredoxin and some metalloproteins.

20.2.2.3  Pharmacological Defences
Numerous drugs used commonly in intensive care unit or operating theatre environ-
ments offer antioxidant properties. N-Acetylcysteine is a compound containing 
combination of a sulfhydryl (thiol) and acetyl groups. The thiol group is responsible 
for the molecule’s activity, whereas the acetyl group stabilizes the compound. As a 
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source of cysteine, the antioxidant activity of acetylcysteine comes from increases 
in glutathione synthesis and in glutathione-S-transferase activity and by a direct 
action on ROS. It replenishes glutathione stocks and enhances its synthesis when 
utilization is increased. Propofol has a structure close to that of vitamin E explaining 
its antioxidant properties.

Halogenates trigger pharmacological preconditioning, exercising protective 
effects through reducing oxidative stress as well as via other mechanisms. 
Allopurinol inhibits xanthine oxidase activity that is responsible of ROS generation 
after, for example, ischaemia-reperfusion. Iron-binding compounds diminish the 
Fenton reaction and thus reduce hydroxyl radical production.

20.2.3  Oxidative Stress

While ROS are being generated continually, this phenomenon is balanced by anti-
oxidant production. Any imbalance in favour of ROS results in an oxidative stress. 
This arises from an increase in ROS generation and/or decrease in antioxidant lev-
els/activity. In critical illness this disequilibrium is often acute but, in numerous 
diseases, may be chronic (COPD, heart failure, renal failure, diabetes mellitus, 
etc.…).

Direct measurement of ROS levels is very difficult due to their extremely short 
half-life, (approximately 1 ns). Only complex laboratory techniques such as spin 
resonance or spin trapping permit direct measurement; however, these techniques 
are difficult to use in clinical practice. Thus, markers of oxidative injury or reduc-
tions in antioxidant levels be it enzymatic (SOD, catalase, GPX) or non-enzymatic 
(glutathione, thiols, vitamins, etc.) are most frequently measured as indicators of 
oxidative stress. The effects of ROS on different structures can be demonstrated in 
different ways. Terminal lipid peroxidation can be evaluated by isoprostane or 
TBARS (thiobarbituric acid reactive species) levels. Malondialdehyde, commonly 
measured in numerous clinical studies, is a TBARS. Carbonyls result from protein 
alterations, while nitration, chlorination and hydroxylation of amino acids indicate 
the action of ROS on different protein structures. Levels of 8- hydroxydeoxyguanosine 
evaluate DNA modifications.

20.3  Clinical Data

20.3.1  Oxidative Stress and Diseases

The importance of oxidative stress is being increasingly recognized in the patho-
physiology of cardiovascular diseases, cancer, infectious diseases, diabetes and age-
ing [14–17].

Oxidative stress is associated with many situations in the ICU. In shock states 
oxidative stress results from ischaemia-reperfusion and activation of inflammatory 
cells. An increase in ROS generation correlated with clinical severity during both 
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haemorrhagic [18] and septic [19] shock. Multiple organ failure is characterized by 
a decrease in antioxidant defences [20] and an increase in markers of lipid peroxida-
tion [21] and is associated with a poor prognosis [21] though cause and effect 
remains uncertain.

Severe lung diseases such as ARDS and ALI are also associated with oxidative 
stress as assessed by increases in lipid peroxidation [22, 23] and protein carbonyl-
ation [24] and decreases in plasma thiols [25]. Here the cause of oxidative stress 
appears to be the activation of inflammatory cells and the use of high fractions of 
inspired oxygen.

Oxidative stress has also been demonstrated in brain injury and subarachnoid 
haemorrhage. In trauma patients, ischaemia increases ROS production, while in 
subarachnoid haemorrhage, the process differs due to iron released from haemoglo-
bin in the subarachnoid space generating large amounts of hydroxyl radical [26]. 
This may potentially explain the presence of arterial vasospasm after subarachnoid 
haemorrhage, with the degree of oxidative stress being correlated with a poor out-
come [27, 28].

The best example of whole-body ischaemia-reperfusion injury is resuscitated 
cardiac arrest. This should be associated with a major oxidative stress; however, to 
date, only one study has reported an increase in lipid peroxidation markers [29]. 
Indirect proof is however provided by a recent retrospective study showing a rela-
tionship between high partial pressures of oxygen on arrival in critical care and poor 
outcome after resuscitated cardiac arrest [30]. One possible explanation could be 
increased oxidative stress due to hyperoxia.

During surgery, oxidative stress is present in situations involving ischaemia- 
reperfusion. Release of a limb tourniquet results in a significant oxidative stress 
over the first few minutes after deflation but has no systemic impact [31], while the 
sequence of vascular occlusion and recirculation during vascular or cardiovascular 
surgery is also associated with increased oxidative stress [32]. Solid organ trans-
plantation also represents a quasi-experimental ischaemia-reperfusion. Harvested 
organs from brain-dead donors are exposed to ischaemia but remain under protec-
tion due to hypothermia. After grafting, reperfusion leads to an increase in oxidative 
stress [33]. Increased malondialdehyde is reported soon after recirculation of kid-
ney transplants [34], while, after liver transplantation, elevation of malondialdehyde 
begins in the first hour and can last for up to a week afterwards [35]. Antioxidant 
enzymes also increase post-transplant yet exhibit different kinetics.

20.3.2  Antioxidant Treatments

As reactive oxygen species are involved in the pathophysiology of many diseases, it 
is an obvious step to evaluate treatments that reduce or protect against oxidative 
stress.

N-acetylcysteine is, by far, the most tested molecule because of its good antioxi-
dant properties increasing glutathione synthesis and its lack of severe side effects. It 
is best known as an antidote to acetaminophen poisoning where high doses 
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replenish low glutathione levels. However, similar doses given in septic shock 
patients yielded unconvincing results. Obviously, n-acetylcysteine increases anti-
oxidant defences, but the effect on cytokines is inconsistent [36, 37]. Only one study 
has reported a mortality benefit albeit in a small sample size [38]. All of these stud-
ies utilized high-dose acetaminophen, but it is now known that high antioxidant 
levels can lead to detrimental pro-oxidant effects. Several studies have evaluated the 
impact of low-dose acetaminophen on renal function after major surgery, but no 
benefit could be ascertained on meta-analysis [39]. This emphasizes the point that 
oxidative stress is not a “common” phenomenon that could be treated by a “com-
mon” antioxidant therapy.

Albumin infusion has been assessed in ARDS and septic patients [25]. It restores 
the balance between ROS and antioxidants by replenishing the thiol pool. However, 
this intervention did not improve morbidity and mortality. Recent randomized con-
trolled studies (ALBIOS and EARSS) assessing albumin supplementation in septic 
shock patients have yet to be published.

The antioxidant effects of several vitamins are well known. Supplemental admin-
istration of vitamins C and E decreased mortality (45.7% vs. 67.5%) in ICU patients 
[40]; however, the control group received lower vitamin supplementation than usu-
ally recommended (50 mg vitamin C and 10 IU vitamin E). This study may have 
simply demonstrated harm from vitamin deficiency. The REDOXS study recently 
evaluated glutamine and an antioxidant mix of vitamins (beta-carotene, vitamins C 
and E) and minerals (selenium and zinc) on mortality in a general (albeit mainly 
medical) ICU population [41]. While antioxidants had no effect, there was a higher 
mortality rate in those receiving glutamine. In trauma patients, high-dose vitamins 
decreased ICU and hospital stay and mortality, with benefit appearing to be greater 
in the most severe patients [42, 43]. Taken together these results indicate that antioxi-
dant deprivation is deleterious while supplementation is questionable.

Propofol infusion during surgery using a pneumatic tourniquet reduces oxidative 
stress after deflation [44], yet the clinical significance remains unknown. Another 
means of decreasing oxidative stress is by ischemic preconditioning. This consists 
of short periods of ischaemia which allows organs to cope better with longer periods 
of ischaemia. A decrease in oxidative stress is one of the beneficial effects of isch-
emic preconditioning reported after reperfusion [45]. Originally reported in dog 
myocardium [46], it has been replicated in varied organs such as the liver, brain or 
kidney. In clinical practice, ischemic preconditioning enhanced myocardial contrac-
tile function post-cardiac surgery and decreased ventricular fibrillation and tachyar-
rhythmia and cellular injury [47, 48]. Remote ischemic preconditioning can be 
induced by initiating the process on an arm, thereby inducing a protective effect on 
a distant organ. Three sequences of inflation/deflation of a cuff placed on an arm 
resulted in lower troponin levels after cardiac surgery [49] and renal injury after 
major aortic surgery [49]. The beneficial effects of ischemic preconditioning can be 
reproduced using drugs such as halogenates and may be as efficient [50].
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 Conclusions
Oxygen is a deadly poison yet is essential to life. Numerous physiological 
defences control this “fire”; however, oxidative stress may result from an imbal-
ance occurring in numerous pathological situations. Knowledge of all underlying 
mechanisms remains incomplete. Reactive oxygen species also have essential 
physiological functions. While in some cases, the modulation of oxidative stress 
is beneficial, in others it has no effect or may be harmful. Many outstanding 
questions surround antioxidant treatments, in particular related to timing of com-
mencement, duration of treatment, dosage and type.
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21Energy Metabolism: From the Organ 
to the Cell

Hervé Quintard, Eric Fontaine, and Carole Ichai

Our survival state depends on serial metabolic reactions needing energy. Our envi-
ronmental feed is the principal source of this energy. The purpose of this chapter is 
to describe all the organic and cellular mechanisms involved in this production.

21.1  Organic Energy Metabolism

Energy expenditure is delivered in three principal ways: basal metabolism (BM), 
thermoregulation, and muscular exercise.

21.1.1  Basal Metabolism (BM)

It represents nearly 60% of total energy expenditure. It’s the basal needing of our 
organism at rest, to maintain homeostatic cellular condition. It depends on cellular 
type and so on thin mass. This one is composed essentially by muscular and bone 
tissue. We understand so easily that this one depends on age, sex, and genetics. 
Moreover cutaneous tissue is an important way of exchange with environmental 
explaining basal metabolism depending also on cutaneous surface. Hormonal status 
can also impact on basal metabolism particularly thyroid status.

In medical practice basal metabolism evaluation is based on Harris and Benedict 
equation, using weight (W), size (S), sex, and age (A):
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Women BM W S A
Men BM W

: . . . .
: . .

= + + −
= + +
2 741 0 0402 0 711 0 0197
0 276 0 0573 22 073 0 0285. .S A−  

with W in kg, S in m, and A in year.

21.1.2  Thermoregulation

Inversely from other species, mammals conserve at constant temperature in what-
ever environmental condition. This phenomenon, named thermoregulation, has an 
important energy cost because freezing or sweating is needed to maintain tempera-
ture. It is completely different from other species as a crocodile, for example, needs 
only one chicken by week because of an economic metabolism depending on envi-
ronmental condition with no thermoregulation.

21.1.3  Muscular Exercise

It is the most variable part of energy metabolism depending on habitus and way of 
life. This muscular expenditure can raise to 1000 kCal over 8 h in particular extreme 
sportive conditions (ultra, triathlon, etc.). In the same way, a 5 km running corre-
sponds to a 375 kCal expenditure (Fig. 21.1).

20%

10%

10%

20%

20% of basal energy expenditure

60% of basal energy expenditure

Fig. 21.1 Distribution of basal energy expenditure by different organs. While the brain, heart, 
liver, and kidneys account for only 5% of the total body mass, these organs alone account for 
nearly 60% of the basal energy expenditure. Muscle mass is much larger in terms of body mass but 
consumes at rest only 20% of the basal energy expenditure
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21.1.4  Variability in Energy Metabolism

As we explained before, energy expenditure depends physiologically on several 
parameters: BM + thermoregulation + muscular exercise. By the way, this energy 
expenditure can be modified by critical illness. Basal metabolism is indeed directly 
implicated by illness and indirectly by neurohumoral response to sepsis, for exam-
ple. This energy expenditure increased by illness can be modulated by control of 
hyperthermia. Moreover, all the organs are not equivalent in what they need; brain, 
heart, liver, and kidneys represent only 5% of body weight but over 50% of energy 
expenditure at basal situation. Organ composition has an impact also on metabo-
lism. Indeed, adipose tissue doesn’t need a lot of energy. So energy metabolism 
depends on body composition and importance of metabolic tissue in thick mass 
(Table 21.1.).

21.2  Energy Metabolism at Cellular Level

21.2.1  Basics [1–3]

The energy contained in carbohydrates, lipids, and proteins is used by the cell. As 
a first approximation, this energy corresponds to the redox energy of the hydrogen 
atoms of these molecules. During their catabolism, the nutrients are gradually cut into 
smaller and smaller molecules, releasing the hydrogen atoms and providing waste 
(CO2, urea, ammonia, etc.). Catabolism consists of three main steps (Fig. 21.2):

 – In the first group of reactions, the large molecules are decomposed into their 
constituent subunits, proteins into amino acids, polysaccharides into simple car-
bohydrates, and lipids into fatty acids and glycerol. This first step corresponds to 
digestion and mainly occurs outside the cell by the action of enzymes excreted in 
the intestinal lumen.

Table 21.1. Energy expenditure and power developed in different physiological and pathological 
situations in a young 70 kg adult

Situation Energy expenditure Power (watts)
Resting energy expenditure 1600–1800 kcal/day 75–85 W
Daily energy expenditure 2300–2500 kcal/day 110–120 W
Cold exposure 370 kcal/3 h Mean 150 W, max 350 W
Polytrauma 1900–2200 kcal/day 90–100 W
Serious infection 2100–2700 kcal/day 100–130 W
Great burnt 2500–3600 kcal/day 120–170 W
Weight lifting 2–5 kcal in 0.88 s 8000–25,000 W
100 m 12 kcal in 10 s 5000 W
5000 m 375 kcal in 13 min 2000 W
Marathon 3200 kcal in 2 h 10 1700 W
Triathlon 10,000 kcal in 8 h 1400 W
Tour de France 200 Mcal in 23 days 415 W
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 – Once inside the cells, these nutrients are subsequently degraded by specific met-
abolic pathways: glycolysis, beta-oxidation, and deamination of amino acids. 
The release of energy during these reactions does not directly lead to the synthe-
sis of ATP except during glycolysis. This second part of metabolism leads to the 
synthesis of acetyl CoA.

 – The third group of reactions consists the TCA cycle and corresponds to a 
sequence in which acetyl CoA is completely degraded into CO2 and hydrogen. 
CO2, which is the thermodynamically most stable form of carbon, is eliminated 
from the body either as such or combined with ammonia (through ureogenesis). 
The hydrogen released during these various steps is not directly released in solu-
tion, but it is transferred to specific transporters: NAD+, which is reduced into 
NADH + H+ (simply denoted NADH) or FAD which is reduced into FADH2.

The energy in the hydrogen atoms is then released and used for ATP synthesis in 
a specialized intracellular organelle: the mitochondrion (Fig. 21.3). This reaction, 
called oxidative phosphorylation, corresponds to a set of biochemical reactions 
requiring two enzymatic complexes and the inner mitochondrial membrane. This 
membrane delimits the space inside mitochondria (the matrix). The two enzymatic 
complexes embedded in inner mitochondrial membrane are (Fig. 21.4):
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Fig. 21.2 The use of nutrients for ATP production. Fatty acids are metabolized by beta-oxidation, 
carbohydrates by glycolysis, and amino acids by deamination. Pyruvate is a metabolic intermedi-
ate common to carbohydrates and amino acids. Acetyl CoA is the common metabolite of all these 
nutrients, a metabolite that will be used in the TCA cycle. The latter allows the supply of reduced 
equivalents (NADH, FADH2), essential fuels for the respiratory chain, and the final production of 
ATP by oxidative phosphorylation. The final degradation products are water and CO2, as well as 
ammonia from amino acids
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 – The respiratory chain, which releases energy from hydrogen by consuming 
oxygen

 – The ATP synthase, which uses this energy to synthesize ATP from ADP and Pi

The activity of these two enzyme complexes is coupled to a transport of protons 
across the membrane. The energy released during the combustion of hydrogen with 
oxygen is used by the respiratory chain to pump protons from the matrix, thus creat-
ing a gradient of protons from either side of the membrane. Just as the water con-
tained in a dam is a form of energy that can be transformed into electricity, this 
gradient of proton is a force (a potential) pushing the protons back into the mito-
chondria. Since the membrane is almost impermeable to protons, they pass through 
the ATP synthase proton channel, thus allowing ATP synthesis. It must be to note, 
however, that the ATP synthase proton channel is not the only proton channel 
embedded in the inner membrane. Other reactions (mainly transporters) consume 
the gradient of proton. Consequently, the more such reactions increase, the more the 
yield of oxidative phosphorylation (the number of ATP synthesized per number of 
oxygen consumed) decreases.

H+

NADH
Shuttle

NADH + O2

NAD+ + H2O

I II III IV

H+

ADP + PiATP

Inner mitochondrial
membrane

Respiratory chain ATP synthase

translocase

Oxidative phosphorylation

a
b

Fig. 21.3 ATP synthesis and oxygen used by mitochondria. A.  Structure of a mitochondrion 
under electron microscopy. The mitochondria have two membranes: an outer and an inner mem-
brane. This inner membrane is larger than the outer membrane and is therefore folded into the 
space delimited by the outer membrane. The inner membrane is impermeable to many solutes 
(including protons) and requires shuttle systems to be crossed. B. The reduced equivalents (NADH 
shown in the diagram) pass through the inner membrane via shuttle systems. They represent the 
substrates of the respiratory chain that functions in the presence of oxygen to produce a gradient of 
proton. The reentry of protons will release the energy necessary for ATP synthesis by the ATP 
synthase. ATP then comes out of the mitochondria through a transporter (ANT)
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Besides the fact that a variable part of the gradient of proton is used for ATP 
synthesis, the number of protons pumped per oxygen consumed is also variable. 
This is due in particular to the fact that NADH and FADH2 are not thermodynami-
cally identical and thus do not enter the respiratory chain at the same level. Without 
going into details, it must be remembered that NADH makes more gradient per unit 
of oxygen consumed than FADH2. Far from being anecdotal, this phenomenon 
explains the fundamental energy difference between carbohydrates and lipids. 
Indeed, the complete metabolism of carbohydrates (glycolysis plus TCA cycle) and 
lipids (beta-oxidation plus TCA cycle) releases proportionately more NADH for 
carbohydrates than for lipids. This explains why, by volume of oxygen consumed, 
carbohydrates are more energetic than lipids (Table 21.2). In other words, if oxygen 
consumption can be related to calorie consumption (taking into account the propor-
tion of lipids and carbohydrates consumed), oxygen consumption can never be 
linked to ATP production.

Apart from the mitochondrial production, the ATP production outside mitochon-
dria (about 5%) plays an important qualitative role. Indeed, within a cell, due to the 
phenomena of compartmentation and delay to diffusion, some enzymatic activities 
mainly depend on this ATP.

ATP synthesis outside mitochondria is classically referred to as anaerobic. This 
anaerobic ATP production can be “lactic” (glycolysis) or “alactic” (adenylate kinase 
and creatine kinase).

Matrix

Intermembrane space

Complex I
n1H+

2e-

NADH + H+
NAD+

Complex III

Cyt c Cyt c

Cyt c

n2H+ Complex IV
n3H+

Cyt a

Cyt a3

2e-

1/2 O2 + 2H+ H2O

Succinate
Fumarate

n1H+

n2H+

n3H+

ADP        ATP

nH+

nH+

ATP

ADP

FADH2

Complex II

Fig. 21.4 Mitochondrial oxidative phosphorylation. The oxidative phosphorylation involves two 
enzymatic complexes. The first constitutes the respiratory chain, which consists of four complexes. 
Complexes I, III, and IV are proton pumps involved in the generation of a gradient of proton. 
Complex I uses NADH, whereas FADH2 enters directly at Complex II, thus bypassing Complex 
I. The second enzymatic complex is ATP synthase. The energy contained in the gradient of proton 
is then released during the reentry of protons into the matrix and used to synthesize ATP, which 
ultimately comes out of mitochondria through the adenine nucleotide transporter (ANT)
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The adenylate kinase (myokinase in muscle) catalyzes the following reaction:

 ADP ADP ATP AMP+ → +  

This reaction is of little importance in quantitative terms because the total mass 
of nucleotides in human body is very small (a few hundred grams), while ATP turn-
over is very high (it is estimated that a man consumes his own weight of ATP per 
day). However, when this reaction occurs (in situation of high energy demand), the 
AMP formed thus triggers several signaling pathways (e.g., via AMPK activation).

Except in the liver, most tissues have another “energy-rich” compound: phospho-
creatine (PCr). It is the phosphorylated form of creatine (Cr) according to the 
reaction:

 Cr ATP PCr ADP+ → +  

PCr is a reserve of energy to dampen large and abrupt variations in ATP con-
sumption (e.g., during initiation of effort), but its full role is not yet elucidated. 
Indeed, the mass of PCr is low relative to the mass of ATP that can be released from 
the glycolysis. It is currently believed that the PCr/Cr couple actually serves to 
channel the diffusion of energy within the cell. The possibility that the energy-rich 
phosphate bond passes from PCr to ATP and then from ATP to Cr, and this is with 
little loss of heat, makes it possible to envisage that the PCr/Cr couple can route 
energy flow within the cell between production and consumption sites. In other 
words, energy would be preferentially transported by an enzymatic creatine kinase 
network, which does not carry ATP itself but carries the phosphate-rich bond. This 
type of metabolic pipeline would allow a faster and more spatially oriented transfer 
than the simple diffusion of ATP into the cytosol.

Table 21.2 The different energy yields obtained with different substrates

Glucose Lipids (palmitic acid) Proteins
  – Molecular weight (g) 180 256 2257.4
  – Daily consumption (kcal) 700 (175 g) 860 (100 g)
  – O2 used (L/g) 0.747 2.01 1.05
  – CO2 used (L/g) 0.747 1.4 0.86
  – Respiratory quotient 1 0.7 0.83
  – NADH produced (mole/mole) 10 30
  – FADH2 produced (mole/mole) 2 15
  – Redox quotient 0.2 0.5
  – Energy per weight (kcal/g) 3.87 9.69 4.7
  – Energy per mole (kcal/mole) 456 1548 450
  – Energy equivalent
     • of O2 (kcal/L) 5.19 4.81 4.5
     • of CO2 (kcal/L) 5.19 6.92 5.44

The body consumes in quantities (grams) less fat than carbohydrates, while energy production in 
Kcal is quantitatively greater with lipids. Quantitatively, glucose has a lower energy yield than 
lipids (3.87 vs. 9.69 kcal/g). Nevertheless, due to a higher production of NADH (relative to 
FADH2), the energy efficiency relative to the O2 consumption is higher with glucose than with 
lipids (5.19 vs. 4.81 Kcal/L). Thus, glucose is the substrate of choice in dysoxia situations
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Lactic anaerobic ATP production relies on the glycolysis that takes place in the 
cytosol and transforms glucose (six carbon atoms) into two lactates (three carbon 
atoms). It releases about 7% of the energy contained in glucose by producing two 
molecules of ATP per glucose molecule, without using oxygen. This is the only 
energy source for red blood cells, which are devoid of mitochondria. From a quan-
titative point of view, this metabolism is not negligible at the level of the organism 
as a whole, considering that the red blood cells represent an anaerobic “organ” of 
about 2.5 kg. Certain cells in the eye, which must be transparent, are also devoid of 
mitochondria and also possess a strictly anaerobic metabolism. Finally, some renal 
medullary cells also have a predominantly anaerobic energy metabolism. In other 
situations and tissues, glycolysis is a complementary source of ATP.  This is the 
case, for example, of muscle tissue in the initial phase of movement and during 
intense exercises. In addition, different experimental results suggest that, due to cel-
lular compartmentation, the ATP provided by glycolysis and that provided by oxi-
dative phosphorylation could play distinct roles. It has been suggested that ATP of 
mitochondrial origin is preferentially used for heart contraction, whereas glycolytic 
ATP is preferentially used for maintaining the membrane potential. In particular 
pathological situations such as chronic hypoxia, circulatory failure, metabolic 
changes related to tumor growth or various aggressions (infectious, traumatic, 
inflammatory, etc.), and the proportion between glycolytic and mitochondrial pro-
duction of ATP can be altered. In the particular case of intense short-term exercise, 
the consumption of glucose-6-phosphate by glycolysis (which may exceed 
500 mmol/min) greatly exceeds the rate at which glucose enters the cell (approxi-
mately 5 mmol/min). In such situation, the substrate of glycolysis comes almost 
exclusively from glycogen stores.

Parallel to ATP synthesis, the transformation of glucose (or glycogen) into pyru-
vate releases four hydrogen atoms. These are recovered by two molecules of NAD+ 
resulting in the formation of two NADH. It should be noted that if the formation of 
lactate is not directly related to ATP production, the reduction of pyruvate to lactate 
regenerates NAD+, whose pool is limited. In other words, in the absence of NAD+ 
regeneration, the ATP production by glycolysis would stop even in the presence of 
large amount of glucose (or glycogen).

In anaerobic glycolysis, pyruvate is the final hydrogen acceptor (when becoming 
lactate), whereas in aerobic conditions, hydrogen is transferred to the respiratory 
chain where oxygen is the final hydrogen acceptor (when becoming water). A defi-
ciency in oxidative phosphorylation (hypoxia or ischemia) results not only in a 
decrease in ATP production but also in hydrogen accumulation (either as NADH or 
as lactate). It must be underlined that, in aerobic organisms such as humans, lactate 
is not excreted as a waste (except for small urine or sweat losses) but is used as a 
metabolite either in gluconeogenesis or in TCA cycle. In both cases, lactate trans-
formation consumes oxygen (gluconeogenesis consumes six ATP provided by oxi-
dative phosphorylation for one synthesized glucose). Therefore, if within a given 
cell, ATP can be synthesized anaerobically, in the whole organism no ATP is pro-
duced without oxygen being consumed (either immediately or in a deferred man-
ner). It should also be noted that, in practice, there is no relationship between lactate 
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concentration and its metabolism (lactate flux). In other words, apart during lactate 
accumulation (which is transient and reversible), the metabolism in a whole organ-
ism is strictly aerobic. When the lactate concentration is stable (at any level), there 
is no anaerobic production of ATP.

21.2.2  Reciprocal Control of the Synthesis and the Use of ATP [4]

It is classically considered that ATP production is dependent on its use. The great 
disproportion between ATP turnover and ATP content imposes a perfect match 
between the use and synthesis; otherwise a deficiency of synthesis, even modest, 
can be quickly responsible for a collapse of ATP concentration. In this classical 
design, the consumption of ATP results in a reduction in the phosphate potential 
(ATP/ADP.Pi), responsible for a stimulation of ATP synthesis consuming the gra-
dient of proton, which in turn is maintained by an increase in oxygen consump-
tion. Thus, it is the decrease in ATP concentration that would stimulate respiration. 
However, this classical design does not reflect the whole reality. For example, the 
drop in ATP concentration during anoxia is much less pronounced than would have 
been expected given the pool and turnover of ATP. This indicates that there is an 
adaptation of the use of ATP to the production capacities. Similarly, as some recent 
studies suggest, an “excess” of ATP could lead to an increase in its use by stimulat-
ing some metabolic pathways. This hypothesis has been proposed to explain, in 
part, the stimulation of cellular respiration after the addition of fatty acids. These 
two concepts are complementary and explain the perfect match between production 
and consumption of ATP. Production increases according to the needs and depend-
ing on substrate availability. The consumption of ATP increases with its availabil-
ity, and conversely the “metabolic arbitrations” (savings) are realized when ATP 
 availability decreases.

21.2.3  The Use of ATP: Different Items of Expenditure

At the cellular level, there are three major items of energy expenditure: active trans-
port, synthesis, and contraction of muscle fibers. It may be considered that life, in 
its simplest form, begins with the constitution of a membrane limiting an internal 
environment different from the external environment. This difference requires active 
transports in order to maintain concentration gradients. In humans, at rest, all trans-
ports apparently use 30–40% of the energy consumed. This underlines the impor-
tance of these ATP consuming transports, which are responsible for:

 – The net transport of different molecules (e.g., cotransport of amino acids)
 – The maintenance of a membrane potential responsible for excitation phenomena 

(action potential)
 – The regulation of the osmolarity (i.e., cell volume)
 – Intracellular signals (e.g., rapid changes in intracellular calcium concentration)
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The synthesis of new molecules by the cells also represents an important cost of 
energy. The theoretical consumption of ATP during these syntheses is known: six 
ATPs are required for one glucose synthesized from two lactates, four ATPs for one 
urea molecule formed from ammonia and aspartate, four ATPs by amino acid incor-
porated in a protein, one ATP by elongation of two carbons during lipogenesis, etc. 
However, it is much more difficult to know the real ATP cost of these syntheses 
in vivo. For example, the formation of urea consumes the equivalent of four ATPs 
but also provides one NADH (regeneration of aspartate) usable for ATP synthesis. 
Conversely, the actual cost of protein synthesis is higher than the four ATPs per 
amino acid, since the energy cost of all upstream steps, such as RNA synthesis, must 
be taken into account. Finally, the degradation of certain intracellular constituents is 
also an expensive mechanism. The best known example is that of protein degrada-
tion which is ATP-dependent. This ATP consumption occurs when labeling the pro-
teins to be degraded (ubiquitin), when making the membranes of the vacuoles 
(autophagy), when maintaining the acidity of the lysosomes, and more generally 
when degrading the intravacuolar constituents.

The last situation of ATP consumption occurs during the contraction of the myo-
fibrils and is observed only in muscle cells.

21.2.4  Cost in ATP

If the energy cost of an ATP varies (see above), the ATP cost for a given activity may 
also vary. This is particularly the case during futile cycles. During gluconeogenesis 
from lactate, two ATPs are consumed during the conversion of pyruvate to phospho-
enolpyruvate (PEP). From PEP, gluconeogenesis can continue to glucose, but PEP 
can return to pyruvate. However, this reaction catalyzed by pyruvate kinase regener-
ates only one ATP. The pyruvate-PEP-pyruvate cycle is a futile cycle that consumes 
one ATP per turn. The more active this cycle is, the more glucose production con-
sumes ATP. However, the ATP cost of this futile cycle is the price to pay for a rapid 
regulation of gluconeogenesis. Indeed, simply interrupt the cycle by inhibiting 
pyruvate kinase in order to immediately increase the production of glucose without 
any additional need for ATP.  In fact, glucagon, which inhibits pyruvate kinase, 
greatly increases gluconeogenesis with a very small increase in cell respiration. 
This example illustrates the essential role played by futile cycles in the fine and 
rapid adjustment of the activity of many metabolic pathways. Futile cycles increase 
energy expenditure, but it is not yet clear how to assess such an increase precisely. 
Depending on the situations and/or the individuals, this expenditure could vary, 
which would have consequences on the total energy expenditure and possibly on 
body weight maintenance.

Similarly, the Cori cycle (lactate formation from glucose in peripheral tissues, glu-
cose synthesis from lactate in the liver) is an ATP-consuming process but has meta-
bolic benefits. If one glucose leads to the formation of two ATPs together with two 
molecules of lactate, the synthesis of one glucose from two molecules of lactate costs 
six ATPs. Thus, to deliver two ATPs to the periphery, it costs six ATPs in the liver. On 
the other hand, considering the qualitative and not only quantitative aspects, the 
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situation is quite different: the ATP produced at the periphery is of glycolytic origin, 
whereas the energy used by the liver for its metabolism mainly comes from fatty acid 
oxidation. Thus, the Cori cycle makes it possible to provide, in fine, energy from lipids 
to tissues unable to metabolize them directly (e.g., red blood cells).

 Conclusion
The overall energy metabolism of the body is the result of basal metabolism, 
thermoregulation, and muscle exercise. It varies according to age, sex, diet, and 
physical activity. It is also rapidly and highly altered in acutely stressed patients. 
Foods, by becoming nutrients, are required by the cells in order to produce 
ATP. Whether they are of carbohydrate, lipid, or protein origin, they will eventu-
ally lead to a common metabolite (acetyl CoA) that will integrate the TCA cycle. 
This TCA cycle will provide the reduced equivalents required for oxidative phos-
phorylation, which can only function in the presence of oxygen (aerobic metabo-
lism). The reaction begins with the creation of a proton gradient generated by the 
respiratory chain. The reentry of the protons allows the final step of ATP synthe-
sis by the ATP synthase. ATP synthesis can also be provided (in much smaller 
quantities) by extramitochondrial anaerobic metabolism. ATP is then used for 
many cellular functions in all organs.
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22Ischemia-Reperfusion Concepts 
of Myocardial Preconditioning 
and Postconditioning

Pascal Chiari, Stanislas Ledochowski, and Vincent Piriou

22.1  Ischemia Reperfusion of the Myocardium

The heart is an organ that requires a significant energy input for its contractile func-
tion. Energy reserves being low, it is dependent on blood supply. Myocardial ischemia 
results from an imbalance between intake and myocardial oxygen requirements.

22.1.1  Determinants of Ischemia

Ischemia is a dynamic process that depends on its duration, the size of the area at 
risk, and the degree of reduction of the myocardial blood flow.

The duration of the ischemic assault is a major determinant. We distinguish a 
first phase of reversible ischemia in the onset seconds of the process. The myocar-
dium, which shortens and thickens during systole, undergoes a passive thinning and 
dilation. There is a decrease in intracellular glycogen clusters and a development of 
a cellular edema. In case of early reperfusion, the cardiac cells regain a normal 
metabolism and function in a matter of hours or days. If the ischemic assault  persists, 
irreversible damage appears. The subendocardium, which is the most vulnerable 
region and receives the least collateral perfusion, is the first to suffer. Necrosis grad-
ually spreads from the endocardium to the epicardium in a “wave front” manner.

http://doi.org/10.1007/978-3-319-64010-5_22
mailto:pascal.chiari@chu-lyon.fr
mailto:stanislas.ledochowski@chu-lyon.fr
mailto:vincent.piriou@chu-lyon.fr


454

The size of the area at risk of infarction, which corresponds to the hypoper-
fused territory normally vascularized by the occluded coronary artery, is another 
key parameter. The more proximal the occlusion occurs, the greater the hypoper-
fused zone will be, resulting in a more extensive damage.

Collateral flow is blood flow which persists in the hypoperfused zone after coro-
nary occlusion. Adjacent areas, unaffected by ischemia and, therefore, normally 
perfused, supply the area at risk mainly from epicardial arteriolar connections. 
Human quantification of this parameter, which varies according to age and disease, 
can be made by positron-emission tomography.

22.1.2  Reperfusion

Coronary reperfusion reduces the size of the ischemic lesion, provided that it hap-
pens early enough. Given the dynamic process leading to necrosis, which follows a 
sigmoid curve, there is a critical time to save the cardiac myocytes. In humans, 
myocardial tissue is recognized as permanently lost after 6 h of ischemia.

Reperfusion is, however, a “two-edged sword” as it is responsible for its own 
specific secondary damage [1]. Reperfusion is accompanied by an acceleration of 
the necrotic process started during ischemia. In an experimental model of an iso-
lated and perfused rat’s heart, reoxygenation of the myocardium is accompanied by 
much greater cellular damage than if ischemia was maintained [2]. The suspected 
mechanisms are probably numerous but concern particularly a massive release of 
reactive oxygen species (ROS), an intracellular calcium (Ca++) overload, alterations 
in myocardial metabolism, and endothelial dysfunction. There are four forms of 
reperfusion injury: reperfusion arrhythmias, stunned myocardium, vascular reperfu-
sion injury or “no-reflow,” and finally lethal reperfusion injury.

22.1.3  Consequences of Ischemia-Reperfusion

22.1.3.1  On Myocardial Energy Metabolism
In normoxic conditions, the main source of ATP is beta-oxidation of fatty acids 
that represent up to 60% of myocardial oxygen consumption. Under certain condi-
tions, such as a high intake of carbohydrates, there is an increase in glucose metabo-
lism, through the mobilization and use of GLUT-1 and GLUT-4 glucose transporters. 
There is, in fact, a competition between the different energetic substrates (fatty 
acids, glucose, and lactate), since the oxidation of fatty acids produces citrate, which 
blocks glycolysis. In normoxic conditions, however, glycolysis is inhibited by high 
levels of citrate and ATP.  Substrates that produce energy only by mitochondrial 
metabolism, such as fatty acids and lactate, are therefore preferred to glucose, which 
can also produce oxygen by anaerobic glycolysis.

In the case of a moderate ischemia, the oxidation of pyruvate and the fatty 
acids beta-oxidation decreases, while the contribution of anaerobic glycolysis to 
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produce ATP increases. This removal of the inhibition of glucose utilization arises 
from the stimulation of phosphofructokinase (PFK), the key enzyme of glycolysis, 
which is stimulated by the fall of ATP (Pasteur effect). The glucose metabolized 
during glycolysis comes from both myocardial glycogen degradation (glycogenoly-
sis) and glucose uptake from the blood. Ischemia leads to a large increase in the 
uptake of blood glucose, which reflects an improved ability of glucose transport 
through the sarcolemmal membrane. As a result, reduction in the supply of glucose 
caused by the ischemic assault is partly offset by a better membrane conductance 
through the increase in the number of GLUT-1 and GLUT-4 transporters. Under 
these conditions, lactate production increases, resulting in an increase in the amount 
of intramyocardial lactate.

In the case of severe ischemia, glucose oxidation and fatty acids beta-oxidation 
virtually cease. Uptake of blood glucose collapses due to the fall of the coronary 
flow, and intracellular glycogen becomes the sole source of ATP production. The 
oxidation of pyruvate, which is conventionally converted into acetyl CoA by pyru-
vate dehydrogenase (PDH), ceases, resulting in the accumulation of 2 H+ protons 
for every molecule of pyruvate formed (decoupling of anaerobic glycolysis and 
oxidation of pyruvate). The decreased blood flow prevents further disposal of the 
by-products of anaerobic glycolysis, and lactate and protons accumulate, resulting 
in intracellular acidosis.

During reperfusion, the heart is exposed to a significant increase in blood levels 
of fatty acids whose oxidation becomes the main source of ATP production, provid-
ing 80–90% of myocardial energy needs [3]. The preferential use of this substrate 
contributes to a decrease in myocardial efficiency as ATP production from fatty 
acids is more expensive in terms of oxygen consumption than glucose (it takes 
about 11% more oxygen to produce the same amount of ATP from fatty acids that 
from glucose). If the oxidation of glucose is stimulated during reperfusion, myocar-
dial efficiency is significantly increased and cardiac function improved [4].

22.1.4  Ionic Cellular Alterations

In normal oxygenation conditions, the H+ protons produced by the hydrolysis of 
ATP are immediately used in its resynthesis, maintaining the intracellular pH stable. 
On the other hand, when ATP is formed during anaerobic glycolysis, the H+ ions 
produced are no longer consumed and, therefore, lie in excess. Furthermore, the 
persistence of a residual mitochondrial respiration, triglyceride hydrolysis, and deg-
radation of adenyl nucleotides also contribute to cellular acidification. The body 
will then seek to restore the intracellular pH balance quickly. Among the mecha-
nisms of pH regulation, stimulation of the sodium-proton (Na+/H+) exchanger at the 
time of reperfusion is a major contributor to the release of H+ ions from the cell but 
at the cost of an inflow of Na+ ions. This resulting accumulation of Na+ ions causes 
a slowing of the operation of the Na+/Ca++ exchanger, or even a reversal of this 
exchange, leading to an entry of Ca++ ions into the cell.
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22.2  Preconditioning and Postconditioning 
of the Myocardium

The traditional approach to myocardial ischemia is to restore a balance between the 
needs and supply of myocardial oxygen. From a pharmacological point of view, an 
extensive literature has discussed the particular interest of the beta-blockers during 
the perioperative stage [5]. Another way to approach this is to analyze the mechani-
cal, metabolic, and electrophysiological disorders induced by ischemia-reperfusion 
and try to jam these phenomena by applying cardioprotective techniques acting on 
the inner workings of ischemia-reperfusion [6].

22.2.1  Early Preconditioning (Figs. 22.1, 22.2, and 22.3)

It has been known since 1986 that the use of short sequences of ischemia- reperfusion 
(too short to induce myocyte necrosis) applied just before a prolonged ischemia 
(sufficient to cause myocardial infarction) reduces dramatically (50–75%) the final 
infarct size [7]. This phenomenon, which results from the activation of an endoge-
nous protection pathway, is called ischemic preconditioning (PreC). This concept 

Ischemia

Control

Preconditioning

Reperfusion

Preconditioning

Control

Reperfusion

Time

100 %

Infarct Size

Fig. 22.1 Ischemic preconditioning. Preconditioning involves the application of brief ischemia- 
reperfusion sequences before a prolonged coronary occlusion followed by reperfusion. It delays the 
onset of infarction by shifting the curve to the right of the kinetics of the appearance of necrosis
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has since been confirmed in many animal models and in humans. This experimental 
finding has also clinical implications, since a number of patients have recurrent 
episodes of angina or silent ischemia in the hours or days preceding a myocardial 
infarction. It has been shown that heart attacks occurring in such patients or those 
with prior angina pectoris are less extensive than when they occur primarily [8].

22.2.2  Late Preconditioning (Figs. 22.2 and 22.3)

When the time between the inducing signal (brief ischemia-reperfusion sequences) 
and the deleterious ischemia increases beyond 2–3 h, the protective phenomenon 
disappears, defining a first “preconditioning window” known as early PreC or clas-
sical PreC. It is then followed by a period of vulnerability that lasts around 12 h 
before the reappearance of cardioprotective capabilities. This second phenomenon 
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Fig. 22.2 Early and late 
preconditioning. Two 
preconditioning (PreC) 
windows have been 
described: an early window 
(1–2 h after the assault) 
and a late window which 
lasts between 24 and 72 h 
after the ischemic assault. 
These time spans define 
the time elapsed between 
the triggering signal and 
definitive ischemia

0 to 3 h

a

Ischemia

b

c

d

12 to 72 h

Reperfusion

Fig. 22.3 Preconditioning and postconditioning. Compared to ischemic conditions (a), early pre-
conditioning (b) consists in triggering a signal that increases tolerance to the deleterious myocar-
dial ischemia just before its onset. Late preconditioning (c) is defined by the triggering of this 
signal 12–72 h before the ischemic process. Postconditioning (d) leads to a similar protection by 
applying a protective signal during the very first moments of reperfusion
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perdures until the third or fourth day, defining a “second window of precondition-
ing” known as late PreC. These two windows are related, the latter being dependent 
on the former during which heat shock proteins (HSP), nitric oxide synthases 
(NOS), or cyclooxygenases-2 (COX-2), among others, are synthesized [9].

22.2.3  Remote Ischemic Preconditioning (RIPC)

Przyklenk et  al. showed that regional myocardial ischemia induced a protective 
effect on an adjacent portion of the heart muscle [10]. Similarly, Dickson et  al., 
demonstrating that ischemic PreC is transferable to another myocardium through 
shared blood in an isolated perfused heart model (Langendorff model), have shown 
the existence of a humoral phenomenon behind this protection [11]. In the same 
vein, ischemia of a distant organ such as the kidney, intestine, liver, lung, brain, or 
skeletal muscle can induce cardioprotection [12, 13]. These organs are also able to 
protect themselves after PreC. Hence, there is a ubiquitous phenomenon protecting 
against tissue ischemia [14].

22.2.4  Postconditioning (Fig. 22.3)

More recently, Vinten-Johansen’s team have shown that the application of brief 
ischemia-reperfusion sequences, not before lethal ischemia as in the ischemic PreC 
but during the first moments of reperfusion, also induced cardioprotection, a phe-
nomenon they called analogy postconditioning (PostC) [15]. But one must keep in 
mind that the time span during which it is possible to protect the myocardium dur-
ing reperfusion is very limited. It has been reported that if the PostC is started even 
1 min after reperfusion, then cardioprotection is ineffective [16]. This latter type of 
cardioprotection has grown considerably, particularly in the field of interventional 
cardiology. It has been shown that it is possible to protect the myocardium of 
patients with acute coronary syndrome during coronary angioplasty, through the use 
of four cycles of 1-min inflation and 1-min deflation of the angioplasty balloon 
within the first minute after stent implantation [17]. This strategy, implemented in 
the first minute of reperfusion, reduced up to 30 or 40% the size of myocardial 
necrosis. This beneficial effect persisted at 6 months and was associated with an 
improved left ventricular ejection fraction at 1 year [18].

22.2.5  Nature of the Protective Signal

This endogenous myocardial protection, typically triggered by a short sublethal 
ischemia, can also be induced by a wide variety of non-pharmacological stimuli 
such as hypoxia, heat stress, pacing, or through the involvement of mechanorecep-
tors during rapid volemic myocardial distension (stretch). Several pharmacological 
interventions can also trigger this protective signal such as the administration of 
adenosine (involvement of A1 and A3 receptors), acetylcholine (M2), bradykinin 
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(B2), endothelin (ET1), angiotensin (AT1) receptor, or adrenergic receptor agonists 
(α1). Activators of ATP-dependent potassium channels (KATP) have a similar effect. 
Finally cyclosporin A, regardless of its immunosuppressive properties, has a protec-
tive effect via the inhibition of cyclophilin D, a key protein of this protective signal-
ing [19]. In the anesthetic arsenal, two agents are known to be cardioprotective 
opioids (δ and κ receivers) and halogenated anesthetics [14, 20, 21].

22.2.6  Mechanistic Approach

Literature that addresses the mechanisms of these cardioprotective phenomena is both 
abundant and complex. The aim of these works is to decipher the phenomenon, to 
understand it, and to ultimately be able to pharmacologically reproduce and amplify 
it [22]. Depending on its nature (brief ischemia, pharmacological or other manipula-
tion), the intensity and duration of the initial stimulus or the studied species differ-
ences may appear in the chain of protective signaling. Signaling of ischemic PreC and 
anesthetic PreC certainly involves common elements, but differences have been sug-
gested by genomic studies [23, 24]. It is quite likely that PreC and PostC use common 
signaling pathways. The heart being located in the blood stream probably also partici-
pates in the protective mechanism. The ischemia-reperfusion sequence generates del-
eterious leukocyte recruitment, particularly through endothelial dysfunction, ROS 
production, and activation of thrombotic phenomena. PreC protects from this effect 
through decreased neutrophil adhesion and ROS production [25]. However, the myo-
cardial tissue itself, as shown by studies on isolated perfused heart models (Langendorff 
model), presents a complex cascade of intracellular events (Fig. 22.4).

Intracellular signaling:

 – The cellular mechanisms are initiated through the activation of membrane recep-
tors by autacoids substances (autacoid triggers) such as adenosine, bradykinin, 
opioid derivatives, natriuretic peptides (ANP, BNP), growth factor peptides 
(IGF-1), or TNF-α, for example [26]. KATP channels have also been identified as 
involved in this mechanism several years ago [27]. These channels are present at 
the sarcolemmal level where patch-clamp studies have shown that their activa-
tion induces potassium output to the extracellular space, thus reducing the action 
potential and maintaining the intracellular pool of ATP. These channels may also 
be present on the inner mitochondrial membrane, but their mechanism of action 
at this level is more hypothetical [28].

 – Several pathways transmit the signal within the cell. The reperfusion injury sal-
vage kinase (RISK) pathway, which involves protein kinase B (Akt) and ERK1/2, 
is well described [29]. It leads to an inhibition of glycogen synthase kinase-3β 
(GSK-3β), an enzyme having a direct effect on mitochondria. Other routes such 
as the survivor activating factor enhancement (SAFE) could also contribute to 
the transmission of the protective signal (Fig. 22.4).

 – All these pathways lead to end effectors that are responsible for the protection 
itself. Research has been focusing for several years on the mitochondria and in 
particular on one of its functions called mitochondrial permeability transition [30].
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The mitochondrial permeability transition: Mitochondria, which store energy 
in the form of ATP, may, following an assault such as ischemia-reperfusion, direct 
the cell to necrosis and/or apoptosis via the permeability transition.

These organelles are delimited by two membranes, the relatively conventional 
external membrane and the inner membrane, folded into numerous invaginations 
and characterized by its imperviousness to molecules and ions. These two mem-
branes define two compartments: the intermembrane space, whose chemical com-
position is relatively close to the cytosol, and that of the mitochondrial matrix 
containing the genome that encodes the synthesis of the necessary metabolic 
enzymes (citric acid cycle, β-oxidation of fatty acids, etc.).

The permeability transition is characterized by the loss of the constitutional per-
meability of the inner mitochondrial membrane, thus providing a free communica-
tion between the matrix and the cytosol [31, 32]. It causes a swelling of the matrix 
and a collapse of the mitochondrial membrane potential (Δψm). This swelling 
impacts ATP synthesis and is even responsible for ATP hydrolysis as the mitochon-
drial enzyme runs in reverse and degrades ATP. It also leads to a rupture of the outer 
membrane, more fragile, causing a leak in the cytoplasm of molecules including 
cytochrome c, which is an activating agent of proapoptotic caspases leading to the 
final pathway of apoptosis.
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Fig. 22.4 Signaling pathways. ANP and BNP, atrial and brain natriuretic peptides; IGF-1, insulin- 
like growth factor; IL-6, interleukine 6; TNF-α, tumor necrosis factor-α; G-R, G-protein-coupled 
receptor; PI3K, phosphatidylinositol-3-kinase; PKG, protein kinase G; Akt, protein kinase B; ERK 
p42/p44, extracellular signal-regulated kinase; STAT3, signal transducer and activator of transcrip-
tion 3; ROS, reactive oxygen species; NO, nitric oxide; RISK, reperfusion injury salvage kinase 
pathway; SAFE, survivor activating factor enhancement pathway; GSK, glycogen synthase 
kinase-3β; SR, sarcoplasmic reticulum; mPTP, mitochondrial permeability transition pore
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This unsealing of the inner membrane is a result of the opening of a nonselective 
megachannel called mitochondrial permeability transition pore (mPTP) (Fig. 22.5). 
It is a multi-protein assembly whose precise constitution is still unknown. 
Cyclophilin D, located in the mitochondrial matrix, is   one of the most relevant com-
ponents of the mPTP. However, other proteins are probably involved in the perme-
ability transition such as the adenine nucleotide transporter (ANT), porin (VDAC 
voltage-dependent anion channel), creatine kinase (CK), hexokinase, the benzodi-
azepine receptor, and proapoptotic proteins of the Bcl-2 family such as BAX [31]. 
The complex 1 of the respiratory chain also probably plays a role in the opening 
sensitivity of mPTP and is possibly even one of its direct components [33–35].

Modulation of the permeability transition: Many compounds are capable of 
influencing the opening of the mPTP, either through its activation or inhibition. Ca++ 
is the main inducer of permeability transition. Ca++ mitochondrial overload induces 

External
membrane

mPTP closed mPTP open

Internal
membrane

CyP-D

Ca++

Solutes + H20

Cytochrome c

Fig. 22.5 Structure of the mitochondrial permeability transition pore (mPTP). The exact structure 
of the mPTP is unknown. Cyclophilin D (Cyp-D) is one of the most relevant components of this 
multi-protein assembly. Its opening is facilitated by a calcic overload, an ROS burst, and/or a cor-
rection of intracellular acidosis. Cyp-D, a protein situated in the mitochondrial matrix, migrates 
toward the internal membrane, thus altering its constitutional impermeability
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mPTP opening, while the use of a Ca++ chelator such as EGTA inhibits it. Intracellular 
Ca++ shifts, particularly during ischemia-reperfusion, are closely related to the sar-
coplasmic reticulum. Numerous studies have examined the relationship between 
mitochondria and reticulum, particularly focusing on their contact zones, the 
mitochondria- associated membranes (MAM), which could be one of the key points 
of cell protection [36, 37]. The matrix pH is also an important element of this regu-
lation since its acidification decreases the opening probability of the mPTP. ROS are 
also potent activators of the mitochondrial permeability transition. Cyclosporin A, 
by binding to cyclophilin D, prevents its attachment to the ANT and thus delays the 
opening of the mPTP [19, 31, 38, 39].

mPTP opening during ischemia-reperfusion: Ischemia is accompanied by a 
very significant acidosis which maintains mPTP closed. It was really only during 
reperfusion that the conditions for the opening of the mPTP are met. Na+/H+ and 
Na+/Ca++ exchangers quickly correct acidosis at the cost of a high Ca++ overload of 
the mitochondrial matrix. There is an associated ROS “burst” due to the replenish-
ment of oxygen in the respiratory chain. Reperfusion, by combining the optimal 
conditions for the opening of mPTP, is a decisive step in the generation of cellular 
damage from ischemia-reperfusion injury.

22.3  Perioperative Cardioprotection

Cardiovascular complications of perioperative myocardial ischemia are a leading 
cause of morbidity and mortality, both in cardiac and noncardiac surgery. Aortic 
clamping, necessary in cardiac surgery, induces a sequence of myocardial ischemia- 
reperfusion. Several studies have shown that elevated postoperative troponin I is an 
independent prognostic factor of morbi-mortality up to 36 months after cardiac sur-
gery [40, 41]. Major noncardiac surgery, such as arterial vascular surgery, especially 
when performed on a coronary artery disease patient, may be complicated by a 
perioperative myocardial infarction whose prognosis remains poor (close to 40% 
mortality) [42]. Extensive research has been done on the perioperative setting to try 
to stop this process. Pharmacological protective strategies by beta-blockers and 
statins in particular have been developed. However, this issue of perioperative car-
dioprotection was clearly marked by the discovery in 1997 of the PreC effect of 
halogenated anesthetic agents [6].

22.3.1  Halogenated Agents and Cardioprotection

Experimental data. On an in vivo animal model, administration of isoflurane prior 
to a sequence of ischemia reperfusion reduced the size of myocardial infarction by 
50% [43]. This effect is inhibited by glibenclamide, a sulfonylurea which blocks the 
opening of KATP channels, thereby confirming the role played by these channels. 
These early works were confirmed by a multitude of animal model studies (in vivo, 
ex vivo, and in vitro) as well as tissue from human atria removed during cardiac 
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surgery [20, 21]. All halogenated agents (from the oldest, enflurane, halothane, and 
isoflurane, to the most recent, sevoflurane and desflurane) are cardioprotective to 
varying degrees depending on experimental conditions. It is considered that here is 
a class effect. There is a dose of anesthetic PreC as there is one for ischemic 
PreC. However, it is not useful to administer a dose greater than one MAC (mini-
mum alveolar concentration) to trigger a protective signal. Furthermore, these anes-
thetics are also capable of inducing a late PreC, since their administration induces a 
myocardial resistance to ischemia for days [44]. Finally, a protective effect was 
found when a halogenated agent was administered during the first moments of 
reperfusion, defining a PostC effect [45, 46].

Clinical studies. So far, the cardioprotective effect of a halogenated agent has 
been mainly studied in the context of cardiac surgery. Despite promising early 
works in terms of reducing postoperative troponin I levels, more recent studies have 
since tempered the enthusiasm by revealing a positive effect only on secondary 
postoperative outcomes such as BNP or cardiac index [47–50]. Despite this, three 
meta-analyses demonstrate the protective effects of halogenated agents [51–53]. 
These studies, based only on small studies, are not consistent in their findings. Some 
found a positive effect in terms of postoperative troponin I elevation, while others in 
terms of mortality.

For noncardiac surgery, two recent studies found no beneficial effect of haloge-
nated compared to intravenous general anesthesia [54, 55]. However, many con-
founding factors may explain this apparent lack of effectiveness [56].

The discrepancy between the experimental studies, all clearly in favor of haloge-
nated agents, and clinical studies may be disturbing. However, this difference is 
probably due to the inherent complexity of clinical research. Clinical studies neces-
sarily mix population with varying ages, conditions, and operating settings (type of 
surgery, different operators, multicenter study, heterogeneous coronary anatomy, 
etc.) with various pathologies and associated treatments.

22.3.2  Clinical Factors Modulating this Anesthetic 
Cardioprotection

Age modulates PreC since it has been shown that the senescent myocardium 
becomes less sensitive to the protective effect of a halogenated agent [57]. Estrogens 
have a protective effect (possibly via an effect on the KATP channels and NO produc-
tion) [58]. Diabetes and hyperglycemia abolish PreC, probably through an ROS 
overproduction [59]. Sulfonylureas, inhibiting the opening of KATP channels, have a 
potentially negative effect on the tolerance to myocardial ischemia and should 
therefore be stopped 24–48 h before surgery [43]. The perioperative phase involves 
many treatments whose effects are variable (e.g., anti-protective effects of theophyl-
line or anti-COX-2, protective effects of nicorandil, insulin, nitrates, or sildenafil). 
General anesthesia also combines anti-protecting agents such as midazolam and 
proven protective agents such as morphine [60, 61]. Ketamine, according to studies, 
could have a positive or a negative effect on PreC [62]. Statins, by acting very early 

22 Ischemia-Reperfusion Concepts of Myocardial Preconditioning and Postconditioning



464

in the synthetic pathway of cholesterol, inhibit other proteins such as protein Rho, 
which interacts with signaling pathways of cell death. Many studies have demon-
strated that the beneficial effects of statins are well beyond their cholesterol- lowering 
effects (pleiotropic effects) [63]. In addition, the discontinuation of statin therapy 
may induce a rebound effect. Indeed, it has been shown that a discontinuation of 
statins in the postoperative phase of an aortic vascular surgery may increase the risk 
of perioperative myocardial infarction by 2.9 [64]. These examples only bear wit-
ness to the difficulties to prove a statistically significant cardioprotective effect.

 Conclusion

The actual trend is to apply a multifocal strategy to protect high-risk patients 
from perioperative myocardial ischemia. Cardioprotective attitudes include the 
use of halogenated agents for anesthesia, glycemic control through insulin ther-
apy, continuation of statins, discontinuation of sulfonylureas, and control of 
alkalosis and hyperglycemia. Only large multicenter studies with a sufficient 
number of patients could ultimately determine whether the beneficial effects of 
PreC and PostC, clearly detectable in experimental conditions, could represent a 
clinically significant protective gain.
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23Targeted Temperature Management 
in Severe Brain-Injured Patient

Hervé Quintard and Alain Cariou

Hyperthermia has been consistently shown to exacerbate brain injuries in animal 
models [1] and has been associated with poor outcome in human studies [2]. Indeed 
hyperthermia can improve excitotoxicity, metabolic dysfunction, inflammation, etc. 
Control of fever is so a basic principle in brain injury cares [3] and will not be dis-
cussed here. However, several recent data described that decrease temperature to 
lower level (32–36 °C), even in case of normothermia, could be helpful to protect 
the brain from injuries. Indeed this targeted temperature management (TTM) is an 
established tool used to protect the central nervous system during surgery for long 
years [4]. Part of this protection is mainly due to a decrease in metabolism [5] and 
in oxygen consumption [6], but also to a decrease in cerebral blood flow [7]. Lot of 
other neuroprotective effects have been described previously as on integrity of 
blood-brain barrier [8], excitotoxic [9], or inflammation mechanism control 
(Fig.  23.1). It has only recently achieved a mainstream role in clinical practice, 
especially in post-cardiac arrest syndrome. Indeed the decrease in core temperature 
improved neurologic recovery after cardiac arrest syndrome as described, 10 years 
ago, by randomized control trials [10]. These observations conducted to a real 
change in ICU management of patients after cardiac arrest and have opened an 
important way of search. Use of TTM in other brain injuries is less conclusive. 
Severe brain injury, secondary to traumatic brain injury (TBI), subarachnoid hemor-
rhage (SAH), stroke, meningitis, or intracerebral hemorrhage (ICH), can be compli-
cated by several mechanisms that induce brain edema and increase in intracranial 
pressure (ICP) [11]. The question to induce hypothermic state in this context is quite 
discussed and can have conflicting aspect.
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23.1  Cardiac Arrest

Sudden cardiac death remains a major public health issue, as highlighted by epide-
miological data, showing that nearly 40,000 people are supported for out-of- hospital 
cardiac arrest (CA) in France each year. Even more problematic, only a very low 
proportion of resuscitated patients will recover and will leave the hospital without 
major neurological impairments [12]. The evidence of further cerebral damage 
occurring during the reperfusion phase encouraged intense research aiming to limit 
the worsening of the neurological lesions occurring during the post-CA period. 
Post-resuscitation fever has been rapidly identified as having a major detrimental 
effect [13]. This culminated 10 years ago with the demonstration that post-CA cool-
ing was an effective treatment in these patients.

Many animal models of cardiac arrest (CA) demonstrated that mild hypothermia 
can provide neuroprotective effects through different mechanisms of action such as 
a decrease in cerebral oxygen consumption, a reduction in apoptosis activation and 
mitochondrial dysfunction, a decrease in cerebral excitatory cascade, a decrease 
in local inflammatory response, a reduction in the production of free oxygen radi-
cals production, and a decrease in vascular and membrane permeability. These con-
vergent experimental effects translated into clinical effects as revealed in the two 
landmark studies published in 2002 [10, 14]. In these two pivotal trials, the imple-
mentation of induced hypothermia (between 32 and 34 °C) permitted to achieve a 
significantly higher survival rate without major sequel as compared with no specific 
temperature management. These studies were decisive and led to a rapid change in 
international guidelines regarding the management of comatose patients after 
CA.  Until recently, it has been strongly recommended to routinely induce a 
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Fig. 23.1 Mechanisms involved in secondary brain injuries and neuroprotective mechanisms of 
hypothermia (blue circles)
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moderate hypothermia (32–34 °C) for 12–24 h in all adults still comatose after res-
toration of spontaneous circulation.

Over the last decade, several clinical findings challenged this recommendation in 
different ways. The most important point that is debated is the level of temperature 
that should be targeted. The targeted temperature management (TTM) trial random-
ized 950 comatose patients after CA who were randomly assigned to 33 °C or 36 °C 
over the first 24 h [14]. This large multicenter study did not retrieve any significant 
difference in any outcome criteria, including survival rate and neurological out-
come. As a consequence, the most recent guidelines considered that a range of tem-
perature between 32 and 36 °C can be used in this setting. Another consequence was 
that the appellation “TTM” is now widely accepted as referring to all intervention 
aiming to obtain and maintain a targeted level of temperature in this situation.

The population that might benefit from induced hypothermia also became an 
important concern. If numerous observational studies further confirmed the benefit 
of this treatment in highly selected patients (i.e., those resuscitated from an out-of- 
hospital ventricular fibrillation or a pulseless ventricular tachycardia), the level of 
evidence remains weaker in patients presenting an initial non-shockable rhythm 
(i.e., those resuscitated from pulseless electrical activity or asystole) and in patients 
resuscitated from an in-hospital CA [15, 16]. In these patients, data are conflicting, 
and if present, the clinical benefit of TTM is highly suspected to be very minor. 
Considering that the risk-benefit ratio is sufficiently favorable, 2015 guidelines 
still recommend discussing the use of TTM in these patients. Ongoing randomized 
studies focusing on these non-shockable patients will probably provide more 
information.

The way to perform an adequate TTM is also a matter of debate. Even if based 
on low quality of evidence, it is generally recommended to use servo-controlled 
devices (i.e., devices driven by a feedback on patient’s temperature). These systems 
are known to faster reach the targeted temperature and to provide a greater stability 
during the maintenance phase [17]. Whether an external or internal device should be 
preferred, it is at that time unknown as no adequately designed studies compared 
these two options.

23.2  Traumatic Brain Injury

Experimental trauma studies described promising results of hypothermia in control 
of increase ICP [11] and neuroprotective properties [8]. Several mechanisms seem 
to be involved. Phillips et al. described action on apoptosis with a decrease in cal-
cium entry via the N-methyl-D-aspartate and ryanodine receptors in cultured hip-
pocampal neurons of brain submitted to trauma [18]. Control of inflammation seems 
to be also involved in protection mechanisms encountered with hypothermia [19].

Clinical studies described hypothermia as a promising therapy in TBI patients 
[20, 21]. In a cohort of 82 patients, Marion et al. described that moderate hypother-
mia (33 °C) conducted for 24 h in patients with severe brain injury and Glasgow 
score between 5 and 7 improved the outcome [20]. Unfortunately, these promising 

23 Targeted Temperature Management in Severe Brain-Injured Patient



472

results were contrasted by several data. Clifton et al. [22] conducted a study on 392 
patients randomized in a normothermic group and a 33 °C group for 48 h but didn’t 
find any effect of hypothermia on recovery; moreover the hypothermic group had 
much more hypotensive episodes. The limit of this study could be the prolonged 
delay reported to hypothermic temperature target, 8 ± 3 h, but the NABISH II study, 
which reduced this time, didn’t find any benefits of hypothermia on recovery. Two 
studies conducted in pediatric population didn’t find neither any interest in thera-
peutic hypothermia in a population of severe injured patients with moreover a trendy 
to a worth neurologic prognosis and an increase in mortality in the group hypother-
mia [23, 24].

The main problem of these several studies is the non-selection of TBI population 
for hypothermia and the heterogeneity of hypothermic methods used. Effect of 
hypothermia on intracranial hypertension (HTIC), which is an independent mortal-
ity risk factor, has been described in the different previous studies [25, 26]. However 
beneficial effect on recovery is not confirmed. In a multicenter randomized control 
study, Shiozaki et al. confirmed the lack of interest of hypothermia in a subpopula-
tion of patient with low ICP [21]. In a large multicenter study of 347 patients, in 
patients with an intracranial pressure of more than 20 mm Hg after traumatic brain 
injury, therapeutic hypothermia plus standard care to reduce intracranial pressure 
did not result in outcomes better than those with standard care alone [27].

23.3  Subarachnoid Hemorrhage (SAH)

Delayed ischemic events can occur after SAH, secondary in part to vasospasm epi-
sodes. As the greatest neuroprotective effects of TTM are seen when treatment is 
initiated before the onset of ischemia, the use of hypothermia to prevent delayed 
cerebral ischemia after subarachnoid hemorrhage (SAH) has been proposed. The 
risk of coagulopathy [28] induced by hypothermia could be a limit, but several data 
described no bleeding risk in this context. Indeed Torok et al. described in an experi-
mental subarachnoid model conducted in rat that mild hypothermia realized up to 
3 h after the event can be neuroprotective and improve functional outcome without 
reported bleeding complications [29]. Moreover several surgical reports have also 
been conducted during aneurysm surgery (clipping surgery), with promising results, 
and no bleeding problem were also reported. This improvement of neurologic out-
come was not however confirmed in a study conducted in 1001 patients needing a 
craniotomy for aneurysm clipping randomized in a normothermic and hypothermic 
group during procedure [30]. Few clinical studies have been conducted in clinical 
SAH. In a group of patient experiencing intracranial hypertension or vasospasm, 
Seule et al. considered mild hypothermia as the last resort treatment, even an impor-
tant rate of complications was reported [31]. Indeed they reported important rate of 
electrolyte disorders (77%) particularly hypernatremia, pneumonia (52%), throm-
bocytopenia (47%), and septic shock syndrome (40%). Moreover a study realized in 
patient with sustained intracranial hypertension and treated with barbiturates and 
hypothermia >72 h or <72 h didn’t find any benefit in prolonged treatment [32].
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So in the context of SAH, no recommendation can be done on therapy with hypo-
thermia, but cooling is a reasonable option for controlling fever or ICP in patients 
when first-line interventions failed.

23.4  Acute Ischemic Stroke

TTM has been described to have positive effect in infarct volume reduction in 
experimental studies. However results are different depending in model of mid-
dle cerebral artery occlusion (MCAO) studied. Indeed hypothermia used in tem-
porary MCAO seems to have better effect in infarct volume reduction than in 
permanent MCAO models [33]. In clinical practice, the problem is quite differ-
ent. Emergency use of thrombolytic transformed the prognosis of patients after 
stroke. The combination treatment would take advantage of additive effect, but 
interaction between recanalization and neuroprotection could occur (decrease in 
alteplase activity in hypothermia, etc.). Combination therapies have been tested 
in experimental studies with a better prognosis in animals receiving thrombolytic 
and cooling. Several clinical studies have been conducted to confirm these data 
and summarized in Table 23.1. Even encouraging data reported in a recent study 
[34], several studies didn’t find any benefits to induce hypothermia after throm-
bolysis [35]. Besides these poor results in neuroprotective effect, more interest-
ing data have been reported in population of patients with malignant middle 
cerebral artery syndrome, decreasing intracranial pressure and improving 

Table 23.1 Literature review of studies on clinical stroke

Year of 
publication Reference Population Therapy

Time
Delay post event
Duration therapy

1998 Schwab 25 malignant 
stroke

External cooling
33 °C

14 h
48–72 h

2000 Copenhagen 
stroke group

17 stroke External cooling
35 °C

12 h
6 h

2001 Schwab 50 malignant 
stroke

External cooling
33 °C

22 h

2001 COOLAID 19 stroke External cooling
32 °C

6 h
12–72 h

2004 COOLAID 2 40 stroke Endovascular cooling
33 °C

12 h

2005 ICTuS 18 stroke Endovascular cooling
33 °C

12 h
12–24 h

2009 Martin Stella 18 stroke Endovascular cooling
33–35 °C

5 h
24 h

2010 ICTuS-L 59 stroke Endovascular cooling
33 °C

6 h
24 h

2014 Hong 75 stroke Endovascular cooling
34.5 °C

As soon as possible
48 h

23 Targeted Temperature Management in Severe Brain-Injured Patient



474

prognosis in a few number of patients studied [36]. Several limitations can be 
opposed to the published clinical data. The optimum timing for inducing hypo-
thermia is not well defined and the prolonged time of treatment. The ongoing 
ICTuS 2/3, assessing combination therapy (thrombolysis and hypothermia) vs 
thrombolysis alone, in a large cohort of patients (1600 patients), will randomize 
patients in two durations of hypothermia 12 or 24 h and will probably respond to 
this question NCT01778855) [37].

Hypothermia is not recommended actually at the acute phase of stroke but can be 
proposed in critical care patients, with cerebral edema not responding to other medi-
cal therapies.

23.5  Meningitis

After meningitis, inflammatory response and increase in ICP can potentially 
occurred and are associated with worth prognosis. TTM could have an anti- 
inflammatory action in this setting. Several experimental studies described promis-
ing results by attenuating this inflammatory response induced by infection [38, 39]. 
In an experimental E. coli meningitis, newborn piglets maintained between 34 and 
35 °C, presented a decrease in ICP, in lactate concentration and TNF, and an increase 
in glucose concentration in CSF [40]. Few data are available in clinical studies. 
Lepur et  al. [41] in a cohort of 10 patients presenting bacterial meningitis with 
increase ICP (approached by transcranial Doppler) described a favorable outcome 
after hypothermia induced for 72–96 h between 32 and 34 °C.  In a randomized 
study conducted in 49 centers in France, patients with documented bacterial menin-
gitis were randomized in a normothermic and hypothermic group (32–34 °C) for 
48 h. After 98 patients included, the study was stopped because of a higher mortality 
rate in the group of hypothermic patients [42]. Consequently, the use of hypother-
mia is not recommended in bacterial meningitis.

23.6  Intracerebral Hemorrhage (ICH)

ICH accounts for 10–15% of strokes but is associated with high level of mortality 
and morbidity. TTM could have a place in secondary mechanisms of injury fol-
lowing hematoma. In experimental studies, conflicting results are reported par-
ticularly depending in time of induction. When delayed hypothermia (>12 h) is 
realized, MacLellan [43] described an improvement in tissue loss and in func-
tional outcome. This improvement is lost when hypothermia is induced less than 
12 h after ICH. Coagulopathy induced by hypothermia is probably responsible of 
this difference; even no data on volume expansion have been reported. Few data 
are available in clinical practice. In an historical cohort of patient, Staykov 
described a better prognosis in patients with ICH treated with mild hypothermia 
for 8–10 days [44]. An ongoing study would assess the tolerability and the adverse 
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events occurring after cooling of 32–34 °C in patients with ICH (GSW  >  7) 
(NCT01607151) [45].

TTM seems experimentally to be an interesting approach to improve prognosis 
in brain-injured animals. Nevertheless few clinical data support its use at the bed-
side. Beside a real place for a decrease temperature in cardiac arrest and in sustained 
intracranial hypertension secondary to traumatic brain injury, few studies support a 
systematic use at the bedside in SAH, stroke, meningitis, or ICH. Moreover a real 
need for search in methods proposed to induce this treatment, in level of treatment, 
and in process for rewarming needs to be defined more accurately before proposing 
TTM as a standard of care in severe brain-injured patients.
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