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IFA Commentary (MLNGM)
This chapter takes you back to the basics with an overview of basic definitions, ter-
minology, and concepts. Crystalloids are solutions that contain electrolytes dis-
solved in water and other small water-soluble molecules, with or without dextrose or 
glucose. They are widely used as maintenance solutions, replacement solutions, or 
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resuscitation fluids. Crystalloids are categorized by their tonicity relative to plasma 
and can be isotonic, hypotonic, or hypertonic. And they can be balanced (or buff-
ered) with a strong ion difference (SID) close to plasma or unbalanced (like NaCl 
0.9% with a SID of zero). The SID is important for the effect on the acid–base status 
after administration. There is more and more evidence that imprudent administration 
of crystalloids may lead to morbidity. There are two major concerns in administering 
crystalloids: First is the induction of hyperchloremic metabolic acidosis (HMA), a 
proven side effect of saline. Although animal studies showed HMA can lead to kid-
ney dysfunction and it also seemed to induce morbidity in normal volunteers, there 
was little data on relevant clinical parameters. There is also rising evidence that 
saline can lead to a delay in micturition, although the exact mechanism is unclear. 
Second is the induction of fluid overload or accumulation. It is frequently shown that 
more crystalloids than colloids are needed to achieve clinical stability. Historically, 
colloid vs crystalloid studies showed conflicting data in this matter but in critically 
ill shocked patients the volume expansion effects of crystalloids and colloids may be 
similar based on their pharmacokinetic and dynamic properties. The induction of a 
positive sodium balance also accompanied with fluid accumulation is another expla-
nation why saline may induce fluid accumulation. Even normal kidneys may take 
days if not weeks to get rid of the excess sodium. Other deleterious effects of saline 
are increased potassium levels, renal hypoperfusion, and increased need for vaso-
pressors and renal replacement therapy. A recent systematic reviews and post-hoc 
analyses of the latest major fluid trials including almost 35,000 ICU patients have 
shown a 90% probability that balanced solutions reduce mortality by 1% (range −9 
to +1%). Figure 9.1 shows the combined summary of findings.

Therefore, in patients with sepsis and septic shock, burns, or diabetic ketoacido-
sis, balanced or buffered crystalloids (not containing glucose) are a good first choice 
but not in patients with traumatic brain injury where saline is preferred. 
Gastrointestinal losses may be another indication for (ab)normal saline as it may 
help to correct hypochloremic metabolic alkalosis caused by losses. There is also 
growing body of evidence that maintenance solutions should be hypotonic crystal-
loids, although the pediatric community still favors isotonic solutions. Hypertonic 
crystalloids have been described for small volume resuscitation in specific patient 
populations (e.g., post cardiac arrest) but the sodium burden may outweigh the tem-
porarily beneficial hemodynamic effects. In case of excessive losses, fluids should 
be substituted or replaced by those, mimicking the fluids that are lost (e.g., blood). 
Crystalloid solutions should be prescribed with the same care and caution as we do 
with medication, by giving the right dose of the right fluid at the right time. When 
using crystalloids, avoiding HMA by using balanced solutions seems to be impor-
tant, although the critical dose for a switch from saline is not known. Fluid accumu-
lation is to be avoided as it is proven to induce morbidity and mortality.
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Fig. 9.1  Summary of findings of six randomized controlled trials showing the benefits of balanced 
solutions compared to saline. BS balanced solution, KA ketoacidosis, MAKE major adverse kidney 
event, RRT renal replacement therapy

Learning Objectives
After reading this chapter, you will understand that:
	1.	 Half-life of intravenous fluids is dependent on the pharmacokinetics and pharma-

codynamic properties of the specific fluid.
	2.	 Nearly 75% of isotonic crystalloid fluids leaves intravascular space to interstitial 

after administration.
	3.	 A 0.9% saline is not “normal” and can cause dilutional hyperchloremic metabolic 

acidosis, renal and splanchnic vasoconstriction, glycocalyx, and coagulation dys-
function, especially, when administered in large volumes.

	4.	 The evidence on the benefit of balanced crystalloids over 0.9% saline is equivo-
cal. Because of the physiological rationale of balanced salt solutions and the risk 
of harm associated with 0.9% saline, they are the resuscitation fluids of choice for 
most patients with sepsis, burns, or diabetic ketoacidosis.

	5.	 Saline is preferred over balanced solutions in patients with traumatic brain injury 
and gastrointestinal losses.

	6.	 Hypertonic saline may be used for small volume resuscitation or the treatment of 
raised intracranial pressure or severe symptomatic hyponatremia. However, fre-
quent monitoring of serum sodium and osmolality is recommended with serum 
sodium not exceeding 12 mEq over 24 h and 18 mEq over 48 h.

	7.	 Sodium bicarbonate administration may cause paradoxical acidosis with intracel-
lular acidosis, and there is lack of evidence supporting the use of sodium bicar-
bonate for correction of metabolic acidosis on any patient-centered outcomes.

9  The Place of Crystalloids
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�Introduction

Over the centuries, intravenous fluid therapy has become an integral part of therapeutic inter-
vention in critically sick patients. Crystalloids and colloids have been the mainstay of intrave-
nous fluid resuscitation. First successful use of a crystalloid solution was by Thomas Latta in 
1832, who infused a solution of saline and sodium bicarbonate in cholera patients [1]. In 
1876, Sidney Ringer developed a fluid comparable to blood plasma that enabled a frog’s heart 
to continue beating in vitro [2]. In 1932, Alex Hartmann modified Ringer’s solution by adding 
lactate as a buffer and used it to rehydrate children suffering from gastroenteritis [3].

Crystalloids are described as fluids containing electrolytes (e.g., sodium, potassium, chlo-
ride). They lack the large proteins and molecules found in colloids and plasma, and 0.9% 
saline has been the most commonly prescribed crystalloid over many years. But recently, 
balanced solutions are catching more attention. Despite the ubiquity of fluid therapy, this 
intervention remains a subject of an ongoing controversy. An “ideal fluid” remains elusive. 
More information on albumin use can be found in Chap. 10, while other colloid solutions 
like starches and gelatins are discussed in Chap. 11.

�Fluid Physiology

All intravascular fluids tend to redistribute throughout the body. After administration, 
intravascular half-life of any given intravenous fluid varies depending on the pharmacoki-
netic and pharmacodynamic properties of the fluid. Some of the factors that determine the 

Case Vignette
Mr. B, an 82-year-old male, with past history of hypertension on hydrochlorothia-
zide, was admitted with history of acute central abdominal pain for the past few 
days, associated with vomiting. On examination, he was drowsy but obeying simple 
commands, his extremities were cool to touch with a heart rate of 108/min, he has a 
blood pressure of 70 mmHg systolic, respiratory rate 28/min, and temperature 36.9 
°C.  His abdomen was distended and diffusely tender with absent bowel sound. 
Arterial blood gas analysis showed evidence of high anion gap metabolic acidosis 
with lactate 5 mmol/L. Combined with the CT findings of a pneumoperitoneum, a 
diagnosis of bowel perforation with peritonitis and septic shock was made. He was 
planned for an emergency laparotomy after initial resuscitation. At laparotomy, he 
was found to have a duodenal perforation with bowel loop adhered to it. Perforation 
repair and peritoneal toileting was performed, and he was moved to the ICU.

Questions
Q1. What will be the most appropriate fluid for initial resuscitation of this patient?
Q2. Which fluid to be chosen for maintenance intravenous therapy now?

A. Singh and A. Chawla
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in vivo activity of intravenous fluids are its tonicity, oncotic pressure, acid–base properties, 
and integrity of the endothelial glycocalyx (see Chaps. 2 and 3). A fundamental rationale 
for intravascular fluid resuscitation is to sustain an effective circulating intravascular vol-
ume. Interestingly, around 75% of a crystalloid volume load ends up in the interstitium.

Total body water (TBW) is divided functionally into extracellular (ECW) and the intra-
cellular water (ICW), confined to dedicated fluid spaces separated by the cell membrane. 
ECW is further divided into intravascular and interstitial fluid spaces (Table 9.1). Figure 9.2 
illustrates fluid composition in a 70 kg male. These two compartments of ECW are sepa-
rated by capillary membrane with pores. Intravascular volume depends on the net balance 
between plasma oncotic pressure and hydrostatic pressures. This relationship was mathe-
matically expressed by Starling in his famous Starling equation [4]:

	 Net driving pressure of intravascular fluid Pc Pi pc pi= −( ) − −( ) 	

Pc hydrostatic pressure in the capillary, Pi hydrostatic pressure in the interstitium, pc 
oncotic pressure in the capillary, pi oncotic pressure in the interstitium.

Table 9.1  Fluid compartments and their composition

ECW ICW
TBWPlasma ISF CSF ICFST ICFRBC

% of body weight 4.7 20 0.3 31.5 3.5 60
Na+ (mEq/L) 143 137 145 10 19 64
K+ (mEq/L) 4 3 3 155 95 88
Ca2+ (mEq/L) 2 2 2 <0.1 <0.1 0.8
Mg2+ (mEq/L) 2 2 2 10 5 6
Cl- (mEq/L) 107 111 125 10 52 54
Lac- (mEq/L) 1 1 1.5 1 1 1
Other anions (mEq/L) – – – 34 9 18
HCO3

– (mEq/L) 25 31 24 11 15 19
Albumin (g/dL) 5 <1 <0.1 <0.1 <0.1 <1
A− (mEq/L) 16 <1 1 118 42 66
SID (mEq/L) 42 31 24 130 57 85

Table summarizes the simplified composition of different body fluid compartments, schematically 
divided into extracellular (ECW) and intracellular (ICW) water. In addition, the theoretical average 
composition of total body water (TBW), resulting from the mixing of ICW and ECW, was calculated 
and reported in the table. Adapted with permission from Langer et al. according to the Open Access 
CC BY Licence 4.0 (Langer T, et al. Intravenous balanced solutions: from physiology to clinical 
evidence. Anaesthesiol Intensive Ther. 2015;47 Spec No: s78-88)
CSF cerebrospinal fluid, ECW extracellular water, ICFRBC red blood cells fluid, ICFST “standard” 
intracellular fluid, ICW intracellular water, ISF interstitial fluid, Na+ sodium concentration, K+ 
potassium concentration, Ca2+ ionized calcium concentration, Mg2+ ionized magnesium concentra-
tion, Cl− chloride concentration, Lac− lactate concentration, other anions sum of the concentration 
of other anions, HCO3

− bicarbonate concentration, A− dissociated, electrically charged part of “non-
carbonic buffers” (ATOT), SID strong ion difference. All concentrations, except for albumin, are 
expressed in mEq/L

9  The Place of Crystalloids
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Fig. 9.2  Fluid distribution in a 
70 kg man. The human body 
consists of 60% water. The 
total body water (TBW) is 
separated into intracellular 
water (ICW, 66%) and 
extracellular water (ECW, 
33%). The ECW consists of 
the intravascular fluid (IVF, 
25%) and extravascular fluid 
(EVF, 75%), mainly intersti-
tial fluid

More recently, Starling’s description of fluid dynamics has been challenged. With the 
discovery of endothelial glycocalyx, a lining inside the endothelium, it is now realized that 
movement of fluid is much more complex. Glycocalyx is negatively charged and contrib-
utes as a natural barrier of the vessel walls. Glycocalyx is fragile and is affected by various 
factors like ischemia, sepsis, hypoxia, and inflammation. Woodcock and colleagues pro-
posed a revised Starling model that considers the composition of intravascular fluid, inter-
stitial fluid, and physical characteristics of the transvascular barrier, i.e., endothelial 
glycocalyx [5]. This revised model shows that at low capillary hydrostatic pressures, trans-
capillary fluid losses for both crystalloids and colloids are similar [5]. Starling’s model and 
its revised form are described in more detail in Chap. 2.

It is vital to understand the mechanism for acid–base disturbances in critically ill 
patients which is important for the appropriate prescription of intravenous fluid (tradi-
tional acid–base concepts are discussed in Chap. 6). Stewart’s quantitative physical chemi-
cal approach enables us to understand the acid–base properties of intravenous fluids. 
Stewart’s concept is described in Chap. 6.

�Types of Crystalloids

Crystalloids have been classified on the basis of their tonicity (compared to that of plasma), 
their effects on acid–base balance, and their clinical use.

A. Singh and A. Chawla
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Tonicity  Tonicity or “effective osmolality” is an important property of body fluids, as it 
determines movement of water between extracellular and intracellular compartments (see 
Chap. 2). Osmolality of a solution is defined as the amount of solute (in mmol/L) dissolved 
in the solvent (e.g., water) measured in kilogram (kg). Normal plasma tonicity is 270–290 
mOsm/kg.

Another closely related term is osmolarity, defined as the amount of solute dissolved 
in a solution measured in liter (mOsm/L).

	 Osm Na in mmol L glucose in mg dL ureum in mserum = ×   + [ ] ++2 18/ / / gg dL/ /[ ] 6	

Isotonic Crystalloids  Isotonic crystalloids have a tonicity close to plasma. When admin-
istered to a normally hydrated patient, isotonic crystalloids do not cause a significant shift 
of water between the blood vessels and the cells. Thus, there is no (or minimal) osmosis 
occurring. Commonly prescribed isotonic fluids are Ringer’s lactate (Hartmann’s), 
Ringer’s acetate, Plasma-Lyte, or dextrose 5% in saline 0.9%.

Hypertonic Crystalloids  Hypertonic crystalloids have a tonicity higher than plasma. 
Administration of a hypertonic crystalloids causes water to shift from the extravascular 
space into the intravascular space thereby increasing the intravascular volume. This 
osmotic shift occurs as the body attempts to dilute the higher concentration of electrolytes 
contained within the hypertonic fluid by moving water into the intravascular space. 
Hypertonic solutions may result in cellular dehydration. A commonly used hypertonic 
crystalloid is 3% saline. Other concentrations are 5%, 7.5%, and 23% saline.

Hypotonic Crystalloids  Hypotonic crystalloids have a tonicity lower than plasma. 
Administration of a hypotonic crystalloid causes water to shift from the intravascular 
space to the extravascular space because of the higher concentration of electrolytes in the 
extravascular spaces. This shift of fluid eventually transmits into the tissue cells. Hypotonic 
solutions may result in cellular hydration. Commonly used hypotonic solutions are 5% 
dextrose, 10% dextrose, and dextrose in hypotonic saline (5% dextrose + 0.45% saline).

Unbalanced Crystalloids  Unbalanced crystalloids have been described as intravenous 
crystalloid solutions having a high chloride concentration in comparison with plasma 
chloride levels (96–106 mEq/L). Examples of unbalanced crystalloids are 0.9% saline, 3% 
saline, etc.

Balanced Crystalloids  Balanced (or buffered) crystalloids are defined as intravenous 
crystalloid solutions whose electrolyte composition is closer to that of plasma with a 
strong ion deficit (SID) around 24 mmol/L. They contain physiological or near physiologi-
cal amounts of chloride. The commonest balanced fluids are Ringer’s lactate, Ringer’s 
acetate, Plasma-Lyte, and Sterofundin.

9  The Place of Crystalloids
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�Isotonic Crystalloids

Crystalloids have been widely used in resuscitating patients with dehydration, trauma, 
burn, and other shock states including septic shock. They along with colloids have been 
the mainstay of resuscitation though the latter has fallen out of favor because of their 
deleterious effects on the human body (discussed in more detail in Chaps. 10 and 11). 
Major guidelines including surviving sepsis guidelines recommend isotonic crystalloid 
as the initial choice of fluid for resuscitation [6, 7]. Isotonic crystalloids are also rou-
tinely used as maintenance fluids especially in children. In this section, we shall dis-
cuss about isotonic crystalloids most widely used for resuscitation (Table 9.2).

Table 9.2  Characteristics of isotonic intravenous fluids and comparison to human plasma

Plasma
Ringer’s 
lactate

Ringer’s 
acetate

D1% in 
balanced 
solution

D5% 
in 
0.9% 
NaCl Plasma -yte

NaCl 
0.9%

Sterofundin 
ISO

Na+ (mEq/L) 136–145 130 132 140 154 140 154 145
K+ (mEq/L) 3.5–5 4 4 4 – 5 – 4
Ca2+ (mEq/L) 2.2–2.6 3 3 2 – – – 5
Mg2+ (mEq/L) 0.8–1 – – 2 – – – 2
Cl− (mEq/L) 96–106 109 110 118 154 98 154 127
Lactate 
(mEq/L)

– 28 – – – – – –

Acetate 
(mEq/L)

– – 29 30 – 27 – 24

Phosphate 
(mEq/L)

– – – – – – – –

Malate 
(mEq/L)

– – – – – – – 5

Gluconate 
(mEq/L)

– – – – – 23 – –

Dextrose 
(mmol/L)

80–120 – – 56 278 – – –

In vivo SID 
(mEq/L)

40 28 29 30 0 50 – 29

Osmolarity 
(mOsm/L)

270–290 274 278 296 308 296 308 312

Tonicity 
(mOsm/kg)

270–290 254 258 NA 286 NA 286 290

Intravenous fluids have been listed according to increasing tonicity
In-vivo strong ion deficit (SID) all organic molecules contained in balanced solutions are strong 
anions. The resulting calculated SID (in vitro SID) is equal to 0 mE/L. Once infused, the organic 
molecules are metabolized to CO2 and water; the resulting in vivo SID corresponds to the number 
of organic anions metabolized. Tonicity (or effective osmolality) is the number of solutes to 
which cell membranes are impermeable. In this context, glucose, which rapidly crosses cell 
membranes, is not included in the calculation

A. Singh and A. Chawla
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�Isotonic Saline or 0.9% Saline

Normal saline is a 0.9% preparation of sodium chloride, equivalent to 154 mmol/L of 
sodium (Na) and chloride (Cl). If sodium chloride completely dissociated in solution, the 
expected osmolality would be two times 154, or 308 mOsm/kg. Interestingly, in-vivo mea-
sured effective osmolality (tonicity) of 0.9% saline of 286 mOsmol/L makes it isotonic to 
plasma, because a small percentage remains non-ionized in water. As such, this fits nicely 
in the normal range of blood osmolality, of 275–290 mOsm/L.

The term “normal” is often misunderstood. Normal solution in physicochemistry is 
described as a solution where 1 mol, or 1 g weight equivalent, of the salt is dissolved in 
1 kg of water. This is not the case with 0.9% saline, which derived its name from red-cell 
lysis studies performed in the 1880s which suggested that the concentration of salt in the 
blood is 0.9%; hence, it is “normal” ECF. However, this seems not correct, but is beyond 
the scope of this chapter.

The “isotonic,” “0.9% saline,” or normal saline was developed by Dr. Hartog Jacob 
Hamburger. It remains unknown how 0.9% saline became known as “normal.” Despite 
being described as normal or physiological, 0.9% saline differs significantly from plasma 
including much higher chloride content, SID of 0, and absence of electrolytes except Na 
and Cl (Table 9.2).

A major issue associated with 0.9% saline is dilutional hyperchloremic metabolic aci-
dosis, seen with infusion of large volumes of saline. Using the term “dilutional hyperchlo-
remic metabolic acidosis” instead of hyperchloremic acidosis is more appropriate as it 
considers SID changes as well as variations in volume and chloride concentration.

Biological effects of 0.9% saline have been shown by numerous studies. In a study of 
patients awaiting intra-abdominal surgery, SID decreased from 40 to 31 mEq/l with a 
simultaneous increase in chloride from 105 to 115 mEq/l, following infusion of 6 l of 0.9% 
saline over 2 h [8].

Animal studies and some clinical data suggest hyperchloremic metabolic acidosis as a 
proinflammatory stimulus causing renal and splanchnic vasoconstriction and circulatory 
and coagulation dysfunction. Renal effects of dilutional hyperchloremic acidosis are most 
widely described. In a study in human volunteers, Chowdhury and colleagues demon-
strated a decrease in renal blood flow and renal cortical perfusion following infusion of 
0.9% saline compared to Plasma-Lyte [9]. However, these changes in renal blood flow and 
renal perfusion following 0.9% saline infusion were not associated with increased concen-
tration of urinary neutrophil gelatinase-associated lipocalin (NGAL), an early marker of 
kidney injury. The decrease in renal blood flow is possibly related to high chloride content 
in the distal convoluted tubule following 0.9% saline and tubuloglomerular feedback. In a 
recent review, Lobo and Awad listed a number of adverse consequences of administering 
0.9% saline (Table 9.3) [11]. However, some of these adverse effects may be manifested 
only at a very high dose and many of these effects are not seen in clinical studies.

The primary advantage of 0.9% saline, over balanced crystalloids, is cost, as it is sig-
nificantly cheaper. 

9  The Place of Crystalloids
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Table 9.3  Possible adverse consequences of large-volume saline administration

Metabolic  �� • Acid–base and pH alterations
 �� • Dilutional and hyperchloremic metabolic acidosis
 �� • Chloride overload
 �� • Sodium overload and accumulation
 �� • Increased potassium levels

Endothelium/fluid 
compartments

 �� • Possible damage to endothelial glycocalyx
 �� • Increased interstitial fluid volume and edema formation
 �� • Capillary leak

Kidney  �� • Acute kidney injury
 �� • Increased need for renal replacement therapy
 �� • Renal edema and capsular stretch leading to intrarenal 

hypertension
 �� • Decreased renal blood flow and renal hypoperfusion
 �� • Decreased glomerular filtration rate leading to sodium 

retention
 �� • Fluid accumulation
 �� • Local renal compartment syndrome

Cardiovascular  �� • Increased vasopressor need
 �� • Hemodynamic instability

Gastrointestinal  �� • Gastrointestinal edema
 �� • Ileus
 �� • Possible anastomotic leak

Hematological  �� • Coagulopathy
 �� • Increased blood loss
 �� • Increased need for blood products

Adapted with permission from Lobo and Awad [10]

�Balanced Crystalloids

Balanced (or buffered) solutions contain different organic anions (such as lactate, acetate, 
malate, pyruvate, and gluconate) to maintain the electrical neutrality. Metabolization of 
these organic anions increases the SID of these solutions in vivo. Hence, these solutions 
become hypotonic in vivo. Despite having an electrolyte content closer to plasma, bal-
anced solutions are neither perfect nor physiological. The concentrations of these organic 
anions present in these solutions are much higher than those of plasma. For example, lac-
tate content of Ringer’s lactate is >25 times than that of plasma. These organic anions have 
variable effects in vivo. Compared to lactate, acetate has less effect on oxygen consump-
tion and carbon dioxide elimination, and it is also metabolized by extrahepatic tissues. But 
high levels of acetate may lead to hypotension and myocardial toxicity. Gluconate is 
metabolized more slowly than lactate. Interestingly, plasma gluconate elevations follow-
ing Plasma-Lyte infusion can cause false-positive tests for galactomannan (a marker used 
for early detection of systemic mycoses especially aspergillosis). Effects of organic anion 
(or buffering substances) are discussed in greater detail in Chap. 24. The SID of balanced 
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crystalloids is different (29 mEq/l for Ringer’s lactate compared to 50 mEq/l for Plasma-
Lyte) producing variable effect on acid–base balance (discussed in Chaps. 6 and 7).

Traditionally, it is believed that balanced crystalloids are contraindicated in the pres-
ence of hyperkalemia or in patients at a higher risk of hyperkalemia (e.g., chronic kidney 
disease) because of their K+ content. However, multiple studies have failed to confirm this 
concept. In a randomized controlled trial (RCT), O’Malley and colleagues compared the 
effects of 0.9% saline vs Ringer’s lactate for intraoperative intravenous fluid therapy in 
kidney transplant patients [10]. The study was prematurely terminated after enrolling 51 
patients as a significantly higher number of patients in saline group developed hyperkale-
mia (defined as serum K+ >6 mmol/L) requiring anti-hyperkalemic measures. There are 
two possible explanations of balanced fluid not producing hyperkalemia. First, K+ content 
of balanced crystalloids gets rapidly diluted in the large extracellular fluid compartment. 
Second, contrary to 0.9% saline, balanced crystalloids do not produce dilutional hyper-
chloremic metabolic acidosis and mobilize K+ from intracellular compartment.

Another possible issue is related to co-administration of balanced crystalloids with 
blood transfusion, because of the theoretical concern about calcium salt being present in 
certain balanced fluids (e.g., Ringer’s lactate or Sterofundin) and possible precipitation of 
citrate and clot formation. Again, this has not been proven in clinical studies [12]. Plasma-
Lyte is approved by the U.S. FDA as suitable for use with blood products.

Buffering substances in the balanced solutions (lactate, acetate, maleate, and gluco-
nate) are metabolized primarily in the liver, and compromised liver function may affect the 
metabolism of these substances. The metabolism of lactate is affected most, compared to 
acetate (as acetate is metabolized in other organs too). In a rat model of hemorrhagic 
shock, Egin and colleagues tested Ringer’s lactate, Ringer’s acetate, Plasma-Lyte, and 
0.9% saline in the presence or absence of a 70% partial liver resection [13]. The authors 
concluded that 0.9% saline is the most inappropriate fluid for resuscitation during shock in 
the presence of hepatic failure. Buffering capacity of lactate is overwhelmed by hepatic 
failure, whereas acetate metabolism remains uncompromised. Gluconate is excreted 
largely unchanged in urine, not being affected by hepatic dysfunction and not having 
much buffering effects. Differential effects of different buffers are discussed further in 
Chap. 23.

�Clinical Evidence: 0.9% Saline Vs Balanced

�Observational Studies

In a before-and-after single center study, Yunos and colleagues tested the effect of restrict-
ing chloride-rich fluid on renal outcome and mortality. They collected baseline data for 6 
months when the ICU was predominantly using chloride-rich fluids (0.9% saline, succi-
nylated gelatin, and 5% albumin) followed by a phaseout period of 6 months before 
switching to chloride-restricted fluid strategy (Plasma-Lyte, hyperoncotic albumin) [14]. 
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Rise in creatinine, incidence of new-onset acute kidney injury (AKI) with RIFLE I and F 
class, and need for renal replacement therapy (RRT) were significantly reduced during the 
chloride restriction period. However, there was no difference in mortality or hospital/ICU 
length of stay between two periods. In a subsequent study, Yunos and colleagues extended 
the chloride restriction strategy for another 6 months and also collected retrospective data 
for chloride liberal period for additional 6 months [15]. The chloride-restricted strategy 
continued to be associated with decreased incidence of AKI and need for RRT. But inter-
estingly, the incidence of AKI in the extended chloride-restricted period was higher com-
pared to the original observation period! Both of Yunos’ studies were criticized for 
following reasons—open-label design, change in the bundle of care, not a single interven-
tion, and possible Hawthorne effect. In a large retrospective observational study, 
Raghunathan and colleagues evaluated the effect of 0.9% saline vs some balanced crystal-
loids as resuscitation fluid in the first 2 days [16]. The balanced crystalloids group had 
lower mortality, and mortality was further reduced in patients receiving higher percentage 
of balanced crystalloids.

�Randomized Controlled Studies

In the SPLIT study, a double-blind, double-crossover, cluster RCT conducted in four 
ICUs, patients requiring intravenous crystalloids were randomized to receive either 0.9% 
saline or Plasma-Lyte [17]. The incidence of AKI at 90 days, the primary outcome of the 
study, was not different between two groups. There was no difference in 90-day mortality, 
need for RRT, or other secondary outcomes between the groups. However, the study was 
criticized because of following reasons: First, indications for crystalloid use (resuscitation, 
maintenance, or replacement) were not specified. Second, mostly postoperative patients 
were enrolled. Third patients enrolled were not so sick (median APACHE II score ~14, 4% 
patients with sepsis or 2.5% with traumatic brain injury). Fourth, chloride levels were not 
measured. Finally, median volume of fluid received was only 2000 ml [17].

The SALT-ED study was a single-center, unblinded, multiple-crossover trial comparing 
balanced crystalloids (Ringer’s lactate or Plasma-Lyte) vs 0.9% saline among adults 
treated with intravenous fluid in the emergency department (ED) and were admitted to the 
hospital outside the ICU [18]. A total of 13,347 patients were enrolled, with a median 
crystalloid volume administered in ED of ~1000 ml. There was no difference in the num-
ber of hospital free days, the primary outcome of the study, between two groups. However, 
the incidence of major adverse kidney events (a combination of death, persistent AKI at 
day 30, or new need of RRT, MAKE30), a secondary outcome, was significantly lower in 
the balanced crystalloids group (4.7% vs 5.6%, P = 0.01). It was primarily driven by the 
lower incidence of AKI (defined as doubling of creatinine), not mortality nor the need of 
RRT [18].

In the SMART study, more than 15,000 patients admitted in five ICUs of a university 
hospital were randomized to receive either 0.9% saline or balanced crystalloids (Ringer’s 
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lactate or Plasma-Lyte) as intravenous fluid [19]. The primary outcome, MAKE30, was 
significantly lower in the balanced crystalloid group (14.3% vs 15.4%, p = 0.04). There was 
also a trend towards higher 30-day mortality in the 0.9% saline group. However, the indi-
vidual components of MAKE30, mortality before discharge or at day 30, need for new 
RRT, and persistent kidney dysfunction at 30 days were not different between two groups. 
There were important limitations of both (SMART and SALT-ED) studies: First, both were 
single-center, nonblinded studies requiring external validation of the data. Second, patient 
populations were not so sick with low overall mortality. Third, balanced crystalloids with 
different compositions (Ringer’s lactate and Plasma-Lyte) were clubbed together. Fourth, 
overall fluid volume received were low (median volume received in SMART ~1000 ml; 
median volume ED admission to wards in SALT-ED ~1000 ml). Finally, composite out-
come of MAKE30 with giving similar weightage to death, RRT, and persistent renal dys-
function to decide MAKE30 may not be a true patient centered outcome [19].

Afterwards, the BASICS trial randomized 11,052 patients from 75 Brazil ICUs. They 
performed a factorial 2 × 2 randomization in 1:1:1:1 ratio to each fluid (balanced solution: 
Plasma-Lyte and 0.9% sodium chloride) and each rate of administration (333 ml/h and 999 
ml/h). The conclusions were that the use of a balanced crystalloid compared to 0.9% 
sodium chloride did not reduce 90-day mortality [20] nor did the use of slower infusion 
rates, when a fluid bolus is required compared to a faster rate of infusion [21]. A post-hoc 
analysis showed that there is a high probability that balanced solution use in the ICU 
reduces 90-day mortality in patients who exclusively received balanced fl-uids before trial 
enrollment [22]. Another post-hoc analysis showed that among patients with sepsis, the 
effect of balanced crystalloids vs 0.9% saline on mortality was greater for those whom 
fluid choice was controlled starting in the ED compared with starting in the ICU [23].

Finally, another recent RCT (the PLUS study) compared Plasma-Lyte 148 to 0.9% 
saline, involving 5,037 patients from 53 ICUs of Australia and New Zealand. No increased 
risk of the 90 days mortality was observed with 0.9% saline (22% vs 21.8%, p = 0.9) com-
pared to Plasma-Lyte 148. There was also no significant increased incidence of AKI (mean 
maximal risk in creatinine of 0.41 ± 1.02 mg/dl vs 0.41 ± 1.06 mg/dl) or need of RRT 
(12.9% vs 12.7%) with the use of 0.9% saline compared to Plasma-Lyte 148. The study 
was prematurely terminated due to disruptions from the COVID-19 pandemic. However, 
the futility cutoff was achieved before the termination and it was unlikely that results 
would have been different, if the trial continued. There were a large number of protocol 
deviations, with the use of nonstudy fluids in both groups. Finally, fluids used outside 
ICUs were not controlled and recorded [24].

Subsequently, researchers from these RCTs performed a metanalysis including13 
RCTs and 35,884 patients. From the six RCTs with a low risk of bias (34,450 patients), 
including the PLUS study, the use of balanced crystalloids compared to 0.9% saline in 
critically ill patients was found to produce 9% relative reduction in mortality to 1% rela-
tive increase in mortality. There was high probability of 90% of reduction of mortality 
with the balanced crystalloids. In patients with sepsis, the effect was further pronounced 
with a range of 14% relative reduction of mortality to 1% increase [25].
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To conclude, the negative effects of dilutional hyperchloremic acidosis on patient-
centered outcome have not yet been documented unequivocally. But from a physiological 
standpoint and from limited evidence available so far, balanced fluids are superior over 
saline especially when administered in larger volumes during resuscitation. The use of 
0.9% saline may still have a limited role in resuscitating patients with possible raised 
intracranial pressure, in replacing gastric fluid loss, as drug diluent (when dextrose 5% is 
contraindicated), or when no other isotonic crystalloid is available for resuscitation.

�Hypotonic Crystalloids

Hypotonic fluids have tonicity lower than plasma and the osmolality varies, depending on 
its constituents. The addition of dextrose to hypotonic fluids helps to create isosmotic 
environment to prevent intravascular hemolysis with their administration. However, with 
the intracellular movement or metabolism of dextrose, the fluid becomes hypotonic. They 
are freely redistributed to the interstitium and intracellular compartment based on total 
body water composition, i.e., nearly two-third of the infused volume will move into the 
intracellular space.

Hypotonic crystalloid solutions are mainly used as maintenance fluids. Other use 
includes the treatment of hypernatremia with solute-free water deficits and drug diluents. 
The maintenance fluids are required to replace sensible (e.g., urine, feces, sweat) and 
insensible (e.g., cutaneous or respiratory evaporative losses, fever) losses, in those who are 
unable to replace them enterally. The best maintenance fluid is the one that has not been 
administered. One should only start maintenance solutions if the patient is not able to 
cover his/her daily fluid needs (25 ml/kg/day) orally or enterally.

Solute-free water is lost with insensible losses, and therefore more water than solutes 
are needed for maintaining fluid balance. The sodium concentration in these fluids is 
between 40 and 77 mEq/L and can contain other additional anions and cations to replaces 
the daily losses (Table 9.4). Table 9.4 gives an overview of the different hypotonic solu-
tions. The main indication is to deliver free water in case of cellular dehydration. Recent 
evidence from the MIHMOSA and TOPMAST trials show that hypotonic balanced main-
tenance solutions are preferred over isotonic ones since they will lead to a less positive 
fluid and sodium balance.
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�Hypertonic Crystalloids

�Hypertonic Saline

Hypertonic saline refers to any saline having concentration greater than 0.9% saline. These 
hypertonic crystalloids are available in varying concentrations ranging from 2% to 23% 
saline, but the commonly prescribed is 3% saline. Hypertonic saline 3% is indicated in 
critically ill for small-volume resuscitation, in patients with severe hyponatremia present-
ing with seizures or altered sensorium, and in patients of serve traumatic brain injury (hav-
ing features of raised intracranial hypertension). Hypertonic saline exerts an osmotic effect 
by drawing fluid out of edematous tissues, as it has a higher concentration of sodium 
compared to interstitium.

Hypertonic saline acts on various body systems in different ways: Firstly, it affects 
hemodynamics by raising mean arterial pressure, raising cardiac output and stroke vol-
ume; it also increases left ventricular end-diastolic volume and reduces pulmonary vascu-
lar resistance. Secondly, it increases the total plasma volume and plasma vasopressin 
concentrations due to increased plasma osmolality. Thirdly, neurologic effects are related 
to increases in plasma osmolarity, and higher sodium concentration causes blood to be 
hypertonic compared to cerebral tissue (which has low sodium concentration). This differ-
ence leads to an osmotic gradient promoting the flow of excess water to move out of cere-
bral tissue. Trials showed an ICP improvement for approximately 72 h when sodium levels 
were increased by 10–15 mEq/l with hypertonic saline therapy [26]. Hypertonic saline 
increases capillary vessel inner diameter and plasma volume counteracting vasospasm and 
hypoperfusion by increased cerebral blood flow. These fluids have immune modulation 
and neurochemical properties too.

Hypertonic saline can be administered as bolus or continuous infusion in traumatic 
brain injury. The target serum osmolarity is less than 320 mOsmol/L.  When treating 
patients of increased intracranial pressure with continuous 3% saline infusion, the optimal 
therapy is monitored by sodium levels and targeted between 145 and 155 mEq/l [27]. 
Hypertonic saline can be used as bolus in emergency situations, in concentrations ranging 
from 1.7% to 30% saline, and most often as bolus doses of 250 ml. The serum sodium 
level should be measured within 6 h of administration of bolus doses given. Readministration 
of hypertonic saline should not occur until the serum sodium concentration is <155 mEq/l. 
In head injury, when used in infusion, the rate of infusion has varied from 30 to 150 ml/h 
in light of the sodium levels.

For correction of severe hyponatremia, hypertonic saline is used in form of infusion 
guided by the sodium deficit calculated as total body water × wt (kg) × (desired sodium 
− actual sodium). The rate of sodium correction should be 6–12 mEq/L (0.5 mEq/h) in the 
first 24 h and 18 mEq per L or less in 48 h. A bolus of 100–150 mL of hypertonic 3% saline 
can be given to correct severe symptomatic hyponatremia until sodium levels reach 120 
mEq/L. Limited evidence-supported resuscitation with 3% saline can reduce the total vol-
ume infused, less postoperative complications, and short ICU stay [28]. However, a recent 
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a monocentric RCT failed to found any significant reduction in volume infused with the 
resuscitation using 7.3% saline vs 0.9% sodium chloride in postoperative cardiac surgery 
patients. Besides, a transient but considerable electrolytes and acid–base disturbance was 
noted in the hypertonic saline group [29].

The most serious potential complication of hypertonic saline administration is central 
pontine myelinolysis, characterized by a rapid and irreversible demyelination of the pons. 
Acute renal insufficiency has been seen in patients with traumatic brain injury receiving 
hypertonic saline, and this can be minimized by maintaining euvolemic state in such 
patients.

In comparison to mannitol, hypertonic saline causes less “rebound” ICP and lower 
nephrotoxicity, has no obligatory osmotic diuresis, and can be easily monitored by serial 
sodium levels.

�Sodium Bicarbonate Solution

Bicarbonate is the leading source of CO2 transport in the plasma. However, the regulation 
of bicarbonate is mainly through the kidneys via secretion and absorption. Sodium bicar-
bonate (NaHCO3) is the most frequently used buffer to prevent or treat the metabolic aci-
dosis and treat severe hyperkalemia. NaHCO3 is available in various forms: oral tablets, IV 
injections, and IV infusions. Injectable sodium bicarbonate is mainly available in two 
concentrations: 7.5% (44.6 mEq NaHCO3) and 8.5% (50 mEq NaHCO3). Injectable 
NaHCO3 has high osmolality and can cause thrombophlebitis with prolonged peripheral 
venous administration. However, bicarbonate administration can stimulate release of pro-
inflammatory cytokines, superoxide radical production, apoptosis, and paradoxical intra-
cellular acidosis due to production of CO2.

Indications of NaHCO3

•	 Hyperkalemia (>6 mEq/l) and arrhythmias, especially in the setting of resuscitation
•	 Alkalization in salicylate intoxication

–– Alkalization is essential (urinary pH 7.5–8.0, arterial <7.6).
–– Higher renal excretion, less fat soluble and less penetration by blood–brain bar-

rier (BBB)
–– No standard dose: 1–2 mEq/kg bolus + maintenance infusion

•	 Alkalinization in rhabdomyolysis [30]
•	 Alkalinization of urine (pH> 6.5) prevents myoglobin casts formation and helps in AKI 

prevention. No RCTs compared NaHCO3 infusion to “classic” IV hydration. The crite-
ria of rhabdomyolysis for NaHCO3 administration is a creatinine kinase (CK) increase 
to 5 times the upper limit of normal value. Start NaHCO3 from CK >10,000.

•	 Sodium-channel blocker toxicity (e.g., tricyclic antidepressants)
–– Mainly based on animal experiments and case reports
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–– Bolus 8.4% NaHCO3 1–2 mEq/kg on electrocardiogram abnormalities, malignant ven-
tricular arrhythmias, or hemodynamic instability followed by maintenance infusion

•	 During CVVH or intermittent hemodialysis for metabolic correction to a base excess of 
0 to −5 (with or without substitution fluid or as a separate SPP)

•	 Prevention of contrast-induced nephropathy (CIN) [31]
–– The use of NaHCO3 may reduce the risk of CIN (serum creatinine may increase by 

0.5 mEq/l or increase by 25%), but no effect on the need of new dialysis or mortality.
–– Moderate heterogeneity, varying study patients, setting, and type of contrast agent.
–– More effect with emergency scans. More effect in studies published before 2008. 

The bolus is better than continuous infusion and in combination with 
N-acetylcysteine (NAC).

–– A meta-analysis of 125 studies favored NaHCO3 infusion over 0.9% saline along 
with N-acetylcysteine, vitamin C, statins, and adenosine antagonists for prevention 
of CIN after coronary angiography [32].

•	 Another meta-analysis including 21,450 patients from 107 studies reported saline and 
N-acetylcysteine are the most effective treatment options that can reduce short-term 
mortality. However, none of the drugs could reduce the requirement of RRT or adverse 
cardiovascular events [33]. However, a recent RCT found no benefit of NaHCO3 infu-
sion over saline in reduction of CIN, mortality, or need of RRT, after coronary angiog-
raphy [34]. Metabolic acidosis with normal anion gap, correcting base excess to 0-5 
(e.g., pronounced gastrointestinal loss, renal tubular acidosis) [35].
–– Dose = 0.3 × weight × −BE

•	 NaHCO3 in the management of metabolic acidosis with high anion gap has been a mat-
ter of debate since long (BE of <−10 [aim is to achieve homeostasis of the internal 
environment as soon as possible]) [36, 37].

•	 The multicenter open-label (BICAR-ICU) RCT evaluated the use of NaHCO3 infusion 
(vs no infusion) in critically ill patients with metabolic acidosis (pH ≤7.20) to target a 
pH >7.3. Sepsis and AKI were present in 61% and 47% of patients, respectively. 
Patients were sick with 83% on invasive mechanical ventilation and 80% on vasopres-
sors. There was no benefit with NaHCO3 in the primary outcome, composite of mortal-
ity from any cause at day 28, and one or more organ failure at day 7. However, in 
subgroup of patients with AKI, the NaHCO3 infusion produced significant difference in 
composite outcome and individual components of mortality and organ failure [38].

Recent Surviving Sepsis Campaign guidelines suggested against using sodium bicar-
bonate therapy for the purpose of improving hemodynamics or reducing vasopressor 
requirements in patients with septic shock and hypoperfusion-induced lactic acidemia 
[39]. (Low quality of evidence). The following are side effects of NaHCO3:

•	 Sodium overload (166.6 mmol/L)
•	 fluid overload
•	 Hypokalemia
•	 Hyperosmolality: cellular dehydration
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•	 Hypocalcemia
•	 Metabolic alkalosis: vasoconstriction
•	 Extravasation
•	 Very careful use in elderly patients
•	 Possible pCO2 increase due to CO2 accumulation

Case Vignette
Q1. What will be the most appropriate fluid for initial resuscitation of this patient?
Recent studies have shown that balanced crystalloids are the best first choice in this 

setting. In case of profound shock and liver failure, exogenous lactate (from 
Ringer’s lactate) may accumulate. Hence, serum lactate values may lose their 
ability to discriminate between ongoing lactate production (DO2/VO2 mismatch) 
and diminished lactate clearance. Therefore, balanced crystalloids not containing 
lactate may be preferred (e.g., Plasma-Lyte).

Q2. Which fluid to choose for maintenance intravenous therapy now?
The best maintenance fluid is the one that has not been administered. One should 

only start maintenance solutions if the patient is not able to cover his/her daily 
fluid needs (25 ml/kg/day) orally or enterally. Recent studies showed that over 
30% of the total fluid amount administered comes from fluids given to deliver 
antibiotics, pain killers, or other drugs. This is called fluid creep and should be 
reduced to a minimum. Fluid creep is defined as the sum of the volumes of elec-
trolytes, the small volumes to keep venous lines open (saline or glucose 5%) and 
the total volume used as a vehicle for medication.

Take Home Messages
•	 Crystalloids like other medications should be used in the right patient, right indi-

cation, right dose, and for right duration.
•	 Balanced crystalloids are resuscitation fluids of choice in patients with sepsis and 

septic shock, burns, or diabetic ketoacidosis.
•	 0.9% sodium chloride is not normal nor physiological and its administration may 

cause harm in critically ill patients.

�Conclusion

Crystalloids are the most common used fluids for critically ill patients. Despite an ongoing 
debate, balanced crystalloids are the preferred resuscitation fluid in most patients, except those 
with traumatic brain injury. Crystalloids should be prescribed like any other ICU medication, 
and selecting the right fluid, indication, dose, and duration is crucial for optimal outcomes.
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