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2.1

Fluid therapy for the surgical patient

Introduction

The terms “crystalloid” and “colloid” were coined by Thomas Graham
in the early nineteenth century. He discovered that some substances diffused quickly through parchment paper and tissue membrane from animals and that they also formed crystals after drying. He named these
small molecular substances crystalloids to differ them from larger molecular substances. Administration of saline solutions during the cholera outbreak in the nineteenth century was described by O’Shaughnessy and
later published in The Lancet by Thomas Latta in 1832. Sydney Ringer
(1834–1910) studied the effects of various inorganic salts on the functions
of the heart and smooth musculature. He discovered that very precise
concentrations of Na+, K+, Ca++, and Cl− were required in irrigation solutions to optimize protoplasmatic activity. These studies culminated in
the creation of a primary form of a solution that today bears his name.
Crystalloids can be described as solutions containing small molecules less
than 30 kilodaltons (kDa), mainly consisting of salt or sugar. To compile
a solution that contains all crystalloid plasma components at physiological concentrations and at the same time is protein free, has a neutral pH,
and is isotonic is not possible. Current crystalloids have varying levels of
electrolyte content and may also have lactate or acetate; they are used for
bolus, resuscitation, and maintenance infusions. In the past, much was
focused on isotonicity and less on the physiological electrolyte pattern.
Colloids can be described as macromolecular substances of different
sizes that are microscopically dispersed and remain afloat in carrier solutions. Colloids can either be artificial (dextran, hydroxyethyl starch, gelatin) or natural (albumin, plasma). Colloids are supposed to expand plasma
volume more consistently and remain in the vascular space, although it
appears that during critical illness, the volume effects of infused crystalloids and colloids are almost equal. Regardless of whether crystalloids or
colloids are used, a majority of commercially available solutions are isotonic, which means they are iso-osmolar with plasma, with an osmolarity
of approximately 280–300 mOsmol/kg water. On the contrary, hypertonic
salt solutions (3%–7.5% sodium chloride) are available and have a very
high level of osmolality. These solutions sometimes contain a colloid in
addition (dextran or hydroxyethyl starch).

2.2
2.2.1

Crystalloids
Solutions providing basic fluid requirements/rehydration

The basic fluid requirement consists of replacement for evaporation, loss
of water and electrolytes through sweat (perspiratio sensibilis), urine, and
the small amount that is passed through defecation. Sodium has a crucial
impact on the extracellular fluid volume. Potassium is the predominant
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cation in the intracellular compartment, electrophysiologically active and
important to renal function (see Chapter 1). Calcium is required for neuronal excitability and electromechanical coupling of muscle cells. During
anesthesia and surgery, the level of antidiuretic hormone is increased,
which reduces the elimination of free water. If the patient is administered hypotonic solutions, S-Na will decrease, with potentially dangerous
hyponatremia. This could have deleterious effects on brain cells, particularly in small children [1].
Pure glucose solutions distribute to all fluid spaces. Glucose solutions
supply a basic number of calories, which in many situations may help to
prevent hypoglycemia. The glucose content can vary (2.5% or 5%, i.e., 25
or 50 mg/mL) depending on the nutritional status of the patient. A certain
amount of water is released during the metabolism of glucose and acetate,
which makes a positive contribution to the total water balance.

2.2.2

Isotonic sodium chloride

Isotonic sodium chloride (9 mg/mL, 0.9% w/v of NaCl) is usually
described as “normal” or “physiological,” reflecting that it has an
osmolality similar to plasma and the interstitial space (see Table 2.1).
It is made from common salt that has been dissolved in sterile water.
The solution provides a chloride content that is higher compared to
plasma. Consequently, isotonic sodium chloride will result in an excess
of chloride ions and can lead to the development of hyperchloremic acidosis, explained by the fact from Stewart’s concept that the strong ion
difference (SID—the sum total of sodium, potassium, and magnesium
minus the sum total of chlorides and lactate) determines pH in extracellular fluid (ECF) [2]. The SID is usually +40 in the ECF, but the equivalent
total figure in isotonic sodium chloride is 0. Supplying sodium chloride will therefore decrease the SID and cause acidosis. In animals and
healthy volunteers, it has been demonstrated that chloride induces vasoconstriction and decreases glomerular filtration rate. It also prevents the
release of renin and lowers systemic blood pressure [3].
Despite this, isotonic saline is still one of the most commonly used
crystalloid solutions in the world. It is cheap and compatible with blood,
which in the early days was an important issue. This has partly been overcome with multilumen infusion catheters.

2.2.3

Balanced solutions

To replace the inevitably absent negative charges after as exact replication of the concentrations of strong ions as possible, metabolizable
anions are used. Anions could be either acetate (acetic acid), lactate (lactic
acid), gluconate (gluconic acid), malate (malic acid), or citrate (citric acid).
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Consuming H+ ions and oxygen, these anions are metabolized in the
liver (mainly lactate) or in muscle (mainly acetate and malate) to replace
HCO3−. Replacing Cl− with lactate decreases the total Cl− load, and when
lactate is metabolized in the liver Na+ is released, which could react with
other anions. Ringer solutions usually have a Cl− level of 110 mmol/L in
contrast to 154 mmol/L as in isotonic saline.
The chemical equation for the oxidative breakdown of lactate to bicarbonate is
CH3−CHOH−COONa + 3 O2 = 2 CO2 + 2 H2O + NaHCO3
Ringer’s lactate (in the United Kingdom labeled as Hartmann’s solution) is used almost everywhere in the world. In Scandinavia researchers
found that the decomposition of lactate is first and foremost dependent
on the liver but also to a certain degree on the kidneys. When lactate is
supplied exogenously, the gluconeogenesis is the principal pathway for
lactate. This could have implications for perioperative care. A report published by the National Academy of Sciences in the United States in the
late 1990s suggested that lactated Ringer should be modified because the
D-lactate moiety available in most preparations had adverse effects in
critically ill patients.
Acetate, on the other hand, can be metabolized by most cells in the
body, which implies they should be more suitable for critically ill patients.
The chemical equation for the reaction of sodium acetate with oxygen is
CH3−COONa + 2 O2 = CO2 + H2O + NaHCO3
Compared to lactate, acetate produces HCO3− more quickly, creates
moderate O2 consumption, has lower effect on the respiratory quotient,
is unchanged in patients with diabetes, and can be used as a hypoxia
marker. Like Ringer’s lactate, the sodium level in Ringer’s acetate is considerably lower compared to plasma. This has been regarded as a disadvantage, and therefore the sodium level was increased in Ringerfundin
to resolve this shortcoming. However, this solution also contains a
higher concentration of chloride (127 mmol/L) compared to Ringer’s
acetate (110 mmol/L).

2.2.4

Plasma-Lyte

Plasma-Lyte is a solution with an osmolality and electrolyte content more
similar to plasma. The buffering capacity consists of gluconate, which
is a slow-acting weak buffer. The solution has mainly been used in the
United Kingdom and South Africa but is now registered in other countries. Many think it is the “ideal” crystalloid. However, a large clinical
trial in Australia and New Zealand has shown no differences in acute
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kidney injuries or death in critically ill patients when comparing buffered
crystalloid such as Plasma-Lyte to isotonic saline [4].

2.2.5

Pure buffer solutions

Sodium bicarbonate, 50 mg/mL (Na+ 600 mmol/L, HCO3− 600 mmol/L with
an osmolality of approximately 1,000 mOsmol/kg H2O, pH 8), is a hypertonic infusion solution used to treat metabolic acidosis. Bicarbonate essentially has an extracellular buffering effect that eliminates CO2. That is why
respiratory insufficiency with PaCO2 > 6.5–7 kPa (~50 mmHg) is a relative
contraindication for administering sodium bicarbonate, since it will require
enhanced ventilation work to eliminate exogenously administered CO2.
To facilitate extra- as well as intracellular acidosis treatment, a
combination buffer based on trometamol, bicarbonate, and acetate has
been developed (Tribonat ®). The solution has the following composition: Na+ 195 mmol/L, HCO3− 155 mmol/L, phosphate 20 mmol/L,
acetate 200 mmol/L, trometamol (tris-hydroxymethyl-aminomethane)
300 mmol/L; osmolality 800 mOsmol/kg. Infusion of this solution produces both extracellular (HCO3−) and intracellular (metamol) buffering,
as well as a slower buffering effect when the acetate metabolizes. The
phosphate content reduces the risk of hypophosphatemia development
during the correction of acidosis.

2.2.6

Mannitol

Mannitol is an osmotic carbohydrate (contains 150 mg/mL with approximately 930 mOsmol/kg H2O) that is excreted in the kidneys but not
reabsorbed in the tubules. The high osmolality attracts fluid from the
intracellular to the extracellular space. Mannitol is used when kidney failure is imminent and to treat brain edema due to traumatic injuries.

2.2.7

Hypertonic saline with or without colloid

In the 1930s, it was discovered that it was possible to prevent tissue
preparations from swelling by storing them in a hypertonic solution.
In 1980, studies showed that the addition of small volumes (4–6 mL/kg
body weight) of hypertonic salt (7.5% NaCl; 2,400 mOsmol/kg H2O) provided treatment for hypovolemic shock and improved survival in animal
models. Hypertonic solution mobilizes extravascular fluid from the interstitial and intracellular spaces into the bloodstream. Together with hemodilution and vasodilation there is also a de-swelling of endothelial cells,
which improves microcirculation. This was considered an ideal solution
for prehospital and military use (approximately 250 mL hypertonic NaCl
was equivalent to 3 L Ringer’s acetate).
The effects of hypertonic infusion solution are summarized in Table 2.2.
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Table 2.2 Physiological effects of hypertonic solutions
Fluid redistribution
Mobilization of fluid from extra- and intracellular spaces into the bloodstream
results in:
• increased intravascular volume
• hemodilution
• decreased blood viscosity
• increased venous return
• increased preload for the heart
• increased cardiac output
Vascular dilatation
The vasodilating effects of hypertonic solutions result in:
• decreased afterload
• improved regional blood flow
• decreased cardiac workload
Cellular decongestion
The edema-reducing effects of hypertonic solutions result in:
• improved capillary blood flow
• decreased tissue enema
• increased diuresis

The hypertonic effect is, however, short lived. Adding a colloid will
substantially prolong the effect of retaining fluid in the vascular space.
Examples of these solutions are as follows: NaCl 7.5%, NaCl 7.5%/6% dextran 70 (Rescueflow®), both with osmolality 2,462 mOsmol/kg H2O and
in NaCl 7.2% 6% hydroxyethyl starch (HES) 200/0.4–0.65 HyperHAES®
(osmolality of 2,464 mOsmol/L).
Clinical experiences of fluid therapy using hypertonic crystalloid–
colloid mostly come from prehospital and military settings. Randomized
studies in Australia and North America have, however, shown that despite
promising laboratory findings there is no clinical benefit in neurological
or mortality outcomes [5–7].
In Latin America, hypertonic saline at 3% is commonly used as a
“bridge,” to transiently maintain mean blood pressures above 45 mmHg
of mean arterial pressure in bleeding patients, until bleeding is controlled
and blood products are available. Some studies have shown similar effects
of the use of 3% versus 7.5% of hypertonic saline [8].

2.3

Colloids

Thomas Graham used the name “colloids” (from the Greek collodion,
meaning “a gluey substance” or “glue”) since they diffused very slowly
through parchment or membrane and did not form crystals such as
albumin and gel-like compounds. The large molecules found in colloid
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solutions expand the plasma volume, resulting in a colloid osmotic pressure that is the equivalent of the natural pressure of the plasma. Colloid
solutions are retained longer in the intravascular fluid compared to crystalloid solutions, which means that presumably smaller quantities are
needed. A positive effect is achieved more quickly than when the same
volume of crystalloid is administered. In addition, there is considerably
less expansion of the interstitial fluid space, which in turn decreases the
amount of edema, improves microcirculation, and therefore also provides better conditions for an adequate oxygen supply to the tissues.
This applies to patients whose glycocalyxes are intact (see Chapter 1).
Due to side effects and lacking volume effects, there is little evidence to
justify the use of colloids in critically ill patients. In elective surgery, the
evidence is less clear. This will be further explained in other chapters in
this book [9].
Colloids are categorized either as natural or as artificial colloids.
There has been debate ongoing for many years about which colloid, if any,
to use and discussion of the merits of colloid solutions versus crystalloid
solutions. The results of studies carried out do not indicate any general
advantages of one solution over the other.

2.3.1

Natural colloids
2.3.1.1

Plasma

Plasma infusion expands the intravascular fluid space slightly less than
the volume of fluid supplied. Plasma is less effective as a volume expander
compared to an infusion of equivalent volumes of dextran, starch, or albumin solutions. This is because plasma contains elements that increase capillary permeability. Infusion of plasma causes activation of inflammatory
responses and cascade systems may be activated. As such, plasma should
only be administered if there is justification to do so, mainly to provide
coagulation factors or coagulation inhibitors.

2.3.1.2

Albumin

Plasma protein levels and the physiological significance of albumin are
summarized in Box 2.1.
Albumin is a natural colloid and the predominant protein in human
plasma. Albumin accounts for 60%–80% of the colloid osmotic pressure
in the bloodstream. Normal transcapillary leakage is 5%–10% per hour.
The albumin is returned to the bloodstream via the lymphatic system.
Leakage may increase in the event of trauma or septic conditions, which
leads to redistribution of the albumin so that a much larger proportion
ends up in the interstitial fluid space (“albumin trapping”). Extravascular
edema may be formed from the albumin binding the fluid, which impedes
microcirculation and impairs oxygenation of the tissues.
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BOX 2.1 PLASMA PROTEIN LEVELS AND THE
PHYSIOLOGICAL SIGNIFICANCE OF ALBUMIN
Plasma protein levels g/L

Approximately 70 g/L in total (adults 65–80 g/L, children 45–75 g/L):
• Albumin: 45 g/L
• Globulins: 25 g/L
• Fibrinogen: 3 g/L
Physiological significance of albumin:
• Regulates transvascular fluid flow
• Binds anions and cations reversibly
• Transports free fatty acids, hormones, enzymes, trace elements,
drugs, etc.
• Has detoxifying effects
• Catches free radicals
• Has an inhibiting effect on platelet aggregation
Source: Hahn, R.G., et al., Acta. Anaesthesiol. Scand., 60(5), 569–578, 2016.

2.3.2

Artificial colloids

2.3.2.1

Dextran

Dextran consists of polysaccharides made of glucose. It is excreted to a
certain degree through kidneys, the remaining part being broken down
in the plasma into carbon dioxide and water.
The most common preparations are 6% dextran 70; 3%, 4%, and 6%
dextran 60; and 3.5% and 10% dextran 40. Its ability to expand plasma
volume varies from between slightly less than infused volume (3% 60)
to more than the infused volume (10% 40), while 6% dextran 70 has the
longest duration. Dextrans improve rheology and are also used for prophylaxis of thrombosis (Table 2.3). Dextran inhibits platelet aggregation,
lowers factor VIII/von Willebrand factor levels, reduces leukocyte adhesion, and can also be used in thromboprophylaxis. Intravascular accumulation may increase in the event of kidney disease.
The maximum dose recommended is 1.5 g/kg body weight in a
24-hour period. To reduce the risk of allergic reaction, low molecular
dextran-1 (Promit®, 20 mL 15% dextran 1) is administered to bind the
reactive points on any antibodies directed towards dextran. Antibodies
may have been created because of administration of dextran earlier in life
or may occur naturally in the gastrointestinal system. Dextrans can also
interfere with blood group tests and crossmatch.
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There is a risk of overhydration if dextran is administered too quickly.
This risk applies to patients with latent or manifest heart failure.

2.3.2.2

Gelatin

Gelatin consists of polypeptides made from bovine gelatin. If kidney
function is normal, it is excreted quickly through the urine. There is a certain risk of histamine-mediated anaphylaxis, although this risk applied
more to older, now deregistered, gelatin solutions. The main gelatin solution used is a succinylated gelatin (modified fluid gelatin) 4% solution in
a physiological common salt solution with a molecular weight of approximately 35 kDa. The volume effect of this lasts about 2–3 hours. Thereafter
the solution is eliminated in two phases, with a half-life of around 8 hours
in the first phase and several days in the second phase. The gelatin is
excreted primarily through the urine; only around 1% of the infused dose
is metabolized.

2.3.2.3

Starch

The following parameters are usually stated to determine the biochemical
properties of hydroxyethyl starch:
•
•
•
•

Mass concentration
Mean molecular mass
Degree of substitution
Pattern of substitution

The mass concentration determines the oncotic value. If 6%, the product
contains 6 g HES per 100 mL solution, which makes it iso-oncotic with
plasma. The mean molecular mass is given in kilodaltons (kDa). The
closer the mean molecular mass is to the renal threshold of 40–70 kDa,
the more it is eliminated by the kidney. The degree of substitution gives
the proportion of hydroxylated glucose units of the total number. That
is, a degree of 0.4 means that of 10 glucose units in the original molecule,
4 have a hydroxyethyl group in Positions 2, 3, and 6. HES is differentiated into high (0.7), medium (0.5), and low substituted (0.4) preparations.
The pattern of substitution that is the ratio of hydroxylation at Position 2
(strong interference with plasma amylase) and Position 6 (weak interference with plasma amylase) is also an important issue. The higher the C2/
C6 ratio, the longer duration in the circulation.
There are several different preparations available that are made from
HES. There are several HES solutions differentiated by the molecular
weight (MW 70–450 kDa), the substitution ratio (0–1), and the concentration (6% or 10%). Starch molecules with a weight of more than 70 kDa
to some extent are broken down by amylase and then secreted via the
kidneys. Other parts accumulate in reticulo-endothelial tissues and have
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been attributed as a cause of pruritus. Available preparations for perioperative use are HES 130/0.4 (corn starch) and HES 130/0.42 (potato starch).
The potato starch is mixed with a balanced solution (Tetraspan®), and corn
starch solutions are mixed either with a common salt solution (Voluven®)
or a balanced solution (Volulyte®). HES preparations with larger molecular sizes are registered in the United States (Hespan® and Hextend®), but
are not used in Europe.
In the early 2000s, it was suspected that HES with larger molecular
sizes (>200 kDa) caused kidney problems in critically ill patients. Although
this was thought to be attributed to the molecular size per se [10], it has
now been established that nephrotoxic problems also occur with lower
molecular sized preparations in critically ill settings [11,12]. Although
there are conflicting opinions and the perioperative and trauma settings
have shown no evidence of renal problems [13–16], HES has been widely
restricted; as of the time of publication of this book the products have been
black boxed by many regulatory authorities around the world. However, it
has been suggested that there may be an intraoperative safe area to replace
blood loss before the threshold of transfusion. In critically ill patients the
investigational studies were done when patients were already resuscitated and the glycocalyx was more damaged; therefore there still might
be a window for use of HES during an initial stabilization phase.

2.4

Volume kinetics (VK)

Infusion fluids have traditionally been described in relation to their
expected ability to fill anatomical spaces such as the vascular and interstitial spaces. In reality, the pattern is more complex [17,18]. Fluid distribution
is dependent on well- and less-perfused parts of the body. Apparently,
a two-volume model would best suit isotonic solutions during anesthesia and surgery, dehydration and hypovolemia. If the rate of infusion is
known, distribution volumes of central and peripheral volumes can be
calculated together with elimination rate constants and intercompartmental constants. This will elucidate directions and rate of fluid movements between spaces. A simple sketch of a two-volume model is shown
in Figure 2.1.
It would be tempting to resemble the central fluid space (Vc) with the
plasma volume and the peripheral volume (Vt) with the interstitium (see
Figure 2.1). This is not entirely true. The fractional dilution of the plasma
expansion would change the pressure in tissues and thereby merely
reflect distribution of fluid over time. The elimination constant between
spaces (Cld) rather reflects differences in perfusion and changing permeability between body regions. Stated in other words, the estimates derived
from VK are not measurements of anatomical spaces but rather functional
volumes indicating how the body handles fluid.
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Ro
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Vt
Vc

k12

Central
space

k21
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Peripheral
space
Vt

k10

Figure 2.1 Two-volume model for volume kinetics. Infusion rate (Ro) will
expand a central space (Vc, difference between expandable vc and Vc) with an
elimination rate constant of k10. The fluid infusion at some points will expand
a peripheral space Vt governed by k12 and return constant k 21. The following
equations apply:

dvc
= Ro − k 10 (v c − Vc ) − k 12 (v c − Vc ) + k 21 (v t − Vt )
dt


(2.1)

dvt
= k 12 (v c − Vc ) − k 21 (v t − Vt )
dt


(2.2)

v c − Vc [ Hb/ hb] − 1
=
Vc
(1 − Hct )

(2.3)



Equations (2.1) and (2.2) are differential equations that can be solved with nonlinear regression. Equation (2.3) expresses the Hb-derived fractional plasma dilution
and indicates the volume expansion of Vc. Hb, hemoglobin; Hct, hematocrit.

Currently, VK has had little clinical impact. The most important contribution from this research field is that it has broadened our understanding of how fluids are handled by the body. It has, however, been hampered
by the lack of obvious receptors and the need for plasma dilution as a
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central key for calculation of parameters. To clarify parameter estimates,
the models require stressful infusions and repetitive endogenous dilution markers. The latter is currently an obstacle since frequent invasive
observations are not possible in the clinical area. Noninvasive determinations of hemoglobin are not precise enough to allow robust calculations.
Recently, there have been commendable efforts to use population kinetics to allow for confounding factors such as gender, age, and underlying
pathology [19,20].

References
1. Moritz ML, Ayus JC. Maintenance intravenous fluids in acutely ill patients.
N Engl J Med. 2016;374(3):290–1.
2. Stewart PA. Modern quantitative acid-base chemistry. Can J Physiol
Pharmacol. 1983;61(12):1444–61.
3. Raghunathan K, Murray PT, Beattie WS, Lobo DN, Myburgh J, Sladen R,
et al. Choice of fluid in acute illness: What should be given? An international
consensus. Br J Anaesth. 2014;113(5):772–83.
4. Young P, Bailey M, Beasley R, Henderson S, Mackle D, McArthur C, et al.
Effect of a buffered crystalloid solution vs saline on acute kidney injury
among patients in the intensive care unit: The SPLIT randomized clinical
trial. JAMA. 2015;314(16):1701–10.
5. Bulger EM, May S, Kerby JD, Emerson S, Stiell IG, Schreiber MA, et al. Outof-hospital hypertonic resuscitation after traumatic hypovolemic shock:
A randomized, placebo controlled trial. Ann Surg. 2011;253:431–41.
6. Bulger EM, Jurkovich GJ, Nathens AB, Copass MK, Hanson S, Cooper C,
et al. Hypertonic resuscitation of hypovolemic shock after blunt trauma:
A randomized controlled trial. Arch Surg. 2008;143:139–48.
7. Cooper DJ, Myles PS, McDermott FT, Murray LJ, Laidlaw J, Cooper G, et al.
Prehospital hypertonic saline resuscitation of patients with hypotension
and severe traumatic brain injury: A randomized controlled trial. JAMA.
2004;291(11):1350–7.
8. Han J, Ren HQ, Zhao QB, Wu YL, Qiao ZY. Comparison of 3% and 7.5%
hypertonic saline in resuscitation after traumatic hypovolemic shock. Shock.
2015;43(3):244–9.
9. Chappell D, Jacob M, Hofmann-Kiefer K, Conzen P, Rehm M. A rational
approach to perioperative fluid management. Anesthesiology. 2008;109(4):
723–40.
10. Brunkhorst FM, Engel C, Bloos F, Meier-Hellmann A, Ragaller M,
Weiler N, et al. Intensive insulin therapy and pentastarch resuscitation in
severe sepsis. N Engl J Med. 2008;358:125–39.
11. Perner A, Haase N, Guttormsen AB, Tenhunen J, Klemenzson G, Åneman A,
et al. Hydroxyethyl starch 130/0.4 versus Ringer's acetate in severe sepsis.
N Eng J Med. 2012;367:124–34.
12. Myburgh JA, Finfer S, Bellomo R, Billot L, Cass A, Gattas D, et al.
Hydroxyethyl starch or saline for fluid resuscitation in intensive care. N Engl
J Med. 2012;367:1901–11.

Chapter two:

Infusion fluids

45

13. Annane D, Siami S, Jaber S, Martin C, Elatrous S, Declere AD, et al. Effects
of fluid resuscitation with colloids vs crystalloids on mortality in critically
ill patients presenting with hypovolemic shock: The CRISTAL randomized
trial. JAMA. 2013;310(17):1809–17.
14. Kancir ASP, Johansen JK, Ekeloef NP, Pedersen EB. The effect of 6%
hydroxyethyl starch 130/0.4 on renal function, arterial blood pressure, and
vasoactive hormones during radical prostatectomy: A randomized controlled trial. Anesth Analg. 2015;120(3):608–18.
15. Van Der Linden P, James M, Mythen M, Weiskopf RB. Safety of modern
starches used during surgery. Anesth Analg. 2013;116(1):35–48.
16. James MF, Michell WL, Joubert IA, Nicol AJ, Navsaria PH, Gillespie RS.
Resuscitation with hydroxyethyl starch improves renal function and
lactate clearance in penetrating trauma in a randomized controlled study:
The FIRST trial (Fluids in Resuscitation of Severe Trauma). Br J Anaesth.
2011;107(5):693–702.
17. Svensen C, Hahn RG. Volume kinetics of ringer solution, dextran 70, and
hypertonic saline in male volunteers. Anesthesiology. 1997;87(2):204–12.
18. Hahn RG. Volume kinetics for infusion fluids. Anesthesiology. 2009;
113:470–81.
19. Norberg A, Hahn RG, Li H, Olsson J, Prough DS, Borsheim E, et al. Population
volume kinetics predicts retention of 0.9% saline infused in awake and
isoflurane-anesthetized volunteers. Anesthesiology. 2007;107(1):24–32.
20. Hahn RG, Drobin D, Zdolsek J. Distribution of crystalloid fluid changes
with the rate of infusion: A population-based study. Acta Anaesthesiol Scand.
2016;60(5):569–78.

