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Abstract 
Fluid therapy is often cumbersome to plan since the distribution and the elimination of the administered 

solution are difficult to analyze in the clinical setting. The knowledge of the adequate rate and dose for each 

individual patient and under various physiological conditions would be very attractive to obtain in order to 

avoid fluid overload and hyperglycemia. The overarching objective of this thesis was to develop, validate 

and employ a novel kinetic model for intravenous glucose solutions. 

Methods I: In cooperation with mathematical experts, two new kinetic models were developed and 

designed to include the osmotic fluid shifts that accompany the metabolism of glucose. These models were 

fitted to data obtained when 21 healthy volunteers received approximately 1 L of Ringer’s acetate (control), 

glucose 2.5% or glucose 5% solution over 45 min. II: 6 healthy volunteers received four separate infusions 

of glucose 2.5% solution and the infusion program was chosen to disclose differences in the kinetic 

parameters by varying the infusion rates and infusion time while aiming at avoiding glycosuria: 10 ml kg-1 

and 15 ml kg-1 over 30 min, and 15 ml kg-1 and 25 ml kg-1 over 60 min. III: The volume kinetic model was 

fitted to data from 12 patients receiving 18.75 ml kg-1 (1.4 L) of glucose 2.5% solution during 60 min while 

undergoing elective laparoscopic cholecystectomy. IV: 12 unstressed patients with type 2 diabetes 

received, on two separate occasions, one infusion of an isotonic glucose 2.5% solution at individual rates 

over 30 min and 60 min, respectively. The fluid dose was individually planned, based on the fasting glucose 

level before the experiments started by using the volume kinetic model, to reach a predetermined glucose 

level. V: 12 healthy volunteers received one infusion of glucose 2.5% solution, 19.7 ml kg-1 during 60 min, 

and on a separate occasion, one infusion of glucose 50% solution with insulin and potassium, 5.0 ml kg-1 

during 120 min, while maintaining euglycemia. The dilution-time curves and the concentration-time curves 

for glucose were compared with the results from previous studies comprising infusions of glucose solutions 

(papers I-IV and a study on patients post-op abdominal hysterectomy). The aim was to graphically illustrate 

the risk of hypovolemia after an infusion of a glucose-containing solution. 

Results I: The two-volume kinetic model was fitted to the data.  The volume of distribution (Vd) for the 

infused fluid was 2.5-3.7 (0.2-0.3) L and for the glucose approximately 12 L. Fluid was accumulated in the 

cells after the experiments with glucose infusions (0.2-0.4 L) but no expansion of the intermediary volume 

space could be detected. II: Increased amount of fluid dose resulted in a proportional increase in AUC for 

both the dilution and the glucose. Predictive performance tests demonstrated a high accuracy for the kinetic 

model. III: The elimination of fluid and glucose was reduced to app. 1/3 of the normal values, while the Vd 

for both the fluid and the glucose was within the normal range. IV: The mean deviation of the glucose level 

from the predetermined level at the end of the infusion was 0.4 mmol/L. The Vd for glucose was increased by 

40-60% as compared to healthy subjects. The elimination of glucose was decreased by 37% but a normal 

value was demonstrated for the fluid. V: A strong relationship was found between the glucose level and the 

dilution of plasma. The risk of hypovolemia in response to hypoglycemia was prominent in healthy 

volunteers with rapid elimination of glucose while there was no risk of hypovolemia in connection with 

surgery or type 2 diabetes. 

Conclusions: The two-volume kinetic model described the data from studies I-IV well and typical findings 

were that the Vd for both the water and the glucose compounds of intravenous glucose solutions were 

relatively stable, with the exception of patients with type 2 diabetes (40-60% larger Vd for glucose). The 

clearance for both the administered fluid and glucose differed, however, depending on the physiological 
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conditions. During surgery, the clearance for both the fluid and the glucose were reduced to 1/3 of the values 

seen in healthy unstressed subjects, while in patients with type 2 diabetes, the clearance for the fluid was 

normal, but, the clearance for glucose was reduced by 37% in this group. The kinetic model was validated 

and demonstrated to be linear which makes it possible to simulate the effects of fluid therapy not yet 

conducted. 
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1 ABBREVIATIONS 
 
ml 0.001 liter 
L 1000 ml 
mmol/L mmol of a substance per liter  
mg 0.001 gram 
g 1000 mg 
mosm/kg 0.001 osmole per kg water 
Vd The volume of distribution 

CL, Clearance 
The rate of elimination of a substance, glucose or water molecules. 
In this thesis, referred to the elimination of glucose. 

ki en Kinetic parameter of the endogenous glucose production 
V1 The unstressed expandable central body fluid volume 
v1 The stressed central body fluid volume 
V2 The unstressed expandable intermediary body fluid volume 
v2 The stressed intermediary body fluid volume 
V3 The unstressed expandable remote body fluid volume, i.e. the cells
v3 The stressed remote body fluid volume, i.e. the cells 
kr Dilution-dependent clearance of the fluid 
kb The basal elimination rate of fluid. Fixed. 

k31 / V3 The slope of the dilution of V3

min Minutes 
ADH Anti-diuretic hormone 
ECF Extracellular fluid 
ICF Intracellular fluid 
ECV Extracellular volume 
ICV Intracellular volume 
ANP Atrial Natriuretic Peptide 
BNP B-type Natriuretic Peptide 
NSAID Non-Steroidal Anti-Inflammatory Drug 
SIADH Syndrome of Inappropriate Anti-diuretic Hormone secretion 
CO2 Carbon dioxide 
NO Nitric Oxide 
i.v. Intravenous 
ICU Intensive Care Unit 
EPM Extra-Pontine Myelinolysis 
Hb Hemoglobin, often referred to the concentration of Hb 
RBC Red blood cell count 
MCV Mean corpuscular volume 
BW Body weight 
FFM Fat-free mass 
TBW Total body water 
AUC Area Under the Curve 
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2 INTRODUCTION 
 

Innocentius VIII 

2.1 THE HISTORY OF INTRAVENOUS FLUID THERAPY 

 
In July 1492, the weak and superstitious Pope Innocentius VIII, 

infamous for his low private morals and the one who initiated the long 

and evil witch hunt throughout Europe, was anemic and, in a desperate 

attempt to save his life, the first known intravenous infusion was made. 

The blood donors were three children, who were paid one ducate 

each, and some sources say the resuscitation was carried out via a 

vein-to-vein anastomosis. This attempt ended with the deaths of all of the three donors 

and the Pope (1). 

Interestingly, this blood transfusion was performed at a time when the scientists 

still had not figured out the basic physiological functions of the blood and vascular 

system. One hundred and fifty years later this enigma was solved when the English 

physician William Harvey (1578-1657) observed the action of the heart in small animals 

and fishes and proved that the heart receives and expels blood during each cycle. 

Experimentally, he also found valves in the veins, and correctly identified them as 

restricting the flow of blood to one direction (2; 3).  

Marcello Malpighi 

Harvey could not explain, however, how blood passed from the arterial to the venous 

system. The discovery of the connective capillaries had to wait 60 years until the 

development of the Leeuwenhock microscope and the work of Marcello 

Malpighi (1628-1694), also known for discovering and describing the 

uniqueness of fingerprints, who then crowned the work of Harvey (4). 

Like Galileo, Malpighi was considered to undermine accepted concepts 

of the human nature and, therefore, of the contemporary moral order. 

He was indicted and tried by an ecclesiastical court, which is, of course 

ironic, considering Innocentius VIII´s previous attempt to stay alive 

by means of intravenous infusion of blood.  

 

The first successful blood transfusion to a human was performed in Paris in 1667 by 

Jean Baptiste Denis (1620-1704), physician to Louis XIV, who transfused blood directly 

from the carotid artery of a sheep to a hypovolemic young man. This patient recovered 

but, after the initial enthusiasm, several fatal cases involving similar animal-to-human 

transfusions occurred and the procedure was banned (5; 6).  
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One hundred and fifty years later, in August 1825, Dr. James Blundell, who was the 

attending obstetrician at Guy’s Hospital in London, was summoned to a woman dying of 

postpartum hemorrhage. Together with a surgeon colleague, Mr. Waller, he successfully 

transfused blood from the dying woman’s husband to the patient (5; 6). 

Now the procedure of intravenous infusion of blood was invented and considered 

safe as long as blood was taken from humans and directly infused, without air, into the 

patient. It would not take long before intravenous infusion of water was performed. 

 

The cholera epidemics in Great Britain and Ireland in 1831 spread 

rapidly across the country causing chaos and controversy in the 

medical arena as no treatment could be found. Many physicians 

proclaimed blood-letting or vomiting to be miraculous treatments. 

William O´Shaughnessy of Limerick in Ireland noted, however, that the blood in cholera 

patients was thick and black. O´Shaughnessy drew the correct conclusion that 

the patients lacked water, i.e. they were dehydrated. Together with Drs. Lewin 

and Latta, he planned and performed the first successful intravenous infusions 

of a saline solution in May, 1832. Unfortunately, the saline solution was not 

only unsterile but also very hypotonic and chemically impure, which of course 

led to bacteremia and hemolysis if the necessary large volumes of saline were given. Due 

to these adverse effects and the knowledge that intravenous infusions were not a direct 

cure for cholera, such infusions were not regarded favorable by the leading contemporary 

medical experts (7). 

It would take another 50 years before a solution with water and salt was found with 

roughly the same constituents and concentrations as in body fluids. This was done in 

1883 by the Cardiovascular Physiologist Sidney Ringer, who experimented with various 

solutions containing the chlorides of sodium, potassium, calcium, and magnesium in order 

to obtain a suitable physiological saline solution which would keep the heart beating 

outside of the body. The saline solution was based on calcium-containing London tap 

water from the river and the muscle samples were beating nicely. When he proceeded to 

replace the tap water with distilled water the beating of the hearts became weaker and 

stopped after 20 minutes (8). Thus, by accident, he found that heart muscle beats longer if 

it is oxygenated in a saline solution containing calcium. Later on in the century 2nd and the 

beginning of the current, one of the most common solutions used to support the 

circulation or to rehydrate the extracellular volume still bears Sidney Ringer’s name - 

Ringer’s solution. 

 

http://65.107.211.206/images/cholera.gif
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Successful resuscitation of hypovolemic humans was achieved during World War I with 

crystalloid solutions. After WW I, experiments with colloid solutions were started (9). It 

was, however, not until the 1930s that intravenous solutions became commercial for 

civilian use. The solutions were infused by a device made of rubber. World War II and the 

Korean War produced further developments regarding the use of intravenous solutions 

and insight into the pathophysiology behind hypovolemia and shock (10; 11).  In the 

1950s, the i.v. rubber tubing was replaced by plastics and, in the early 1970s Dr. Schwan 

and Dr. Ganz introduced a technique which placed the i.v. tube in the central circulatory 

system making it possible to measure central pressures and cardiac output (12). It was 

now easier to determine whether the patients were hypovolemic and in need of volume 

support. 

 

 
2.2 HOMEOSTASIS 

 

The concept of homeostasis 

was first articulated by the French 

scientist Claude Bernard (1813-78) in 

his studies on the maintenance of 

stability in the milieu interior. The word 

homeostasis is derived from the 

Greek words for “same” and “steady”, 

i.e. equilibrium. The term refers to 

ways in which the body acts to 

maintain a stable internal environment in spite of environmental variations and 

disturbances. The body is endowed with a multitude of automatic feedback-inhibition 

mechanisms that counteract influences tending toward disequilibrium. 

Homeostasis has survival value because it implies that an animal can adapt to a 

changing environment. However, it can only work within tolerable limits and extreme 

conditions can disable the controlling systems. In these instances, death can result unless 

medical treatment is executed to bring about the natural occurrence of these feedback 

mechanisms. 

The total body water in women amounts to 50% of the body weight and to 60% in 

men. Three physiological body fluid volumes are usually described in the literature: the 

intravascular (8-15% of total body water), the interstitial (16-30%) and the intracellular 

volumes (55-75%) (13).  
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Water can be found in every structure in the body: of course, in the aqueous  blood 

volume and in the cells but also in an intermediary space termed the interstitium (14; 15). 

The interstitial volume, which surrounds most cells of the body, has an amorphous, or gel-

like, ground substance which can be divided into a colloid-rich and a water-rich phase. 

Furthermore, the interstitial volume contains three different types of fibers that are 

functionally important for mechanical support of this structure. The fibers do not have an 

isoelectric point that affect the water balance at a normal pH. The ground substance, 

however, has a low isoelectric point and thus a negative colloidal charge which exerts an 

effect on the water balance (16).  

Fluid movement between the blood 

and interstitial volumes occurs 

across the capillary wall and is 

determined by the Starling forces - 

capillary hydraulic pressure (Fig. left, 

P) and colloid osmotic pressure Fig. 

left, Π). The hydraulic pressure 

gradient across the capillary exceeds the corresponding oncotic pressure gradient, 

thereby favoring the movement of water from the blood volume into the interstitial volume 

(13). The return of fluid into the intravascular compartment occurs via the lymphatic flow.  

Water - permeable membranes are the boundaries drawing up the body’s different 

fluid volumes. The law of osmosis regulates the water content of each fluid volume and 

strives to restore the volumes to an optimal size.  

This is done by keeping the concentration of osmotically active 

solutes in the different fluid compartments at the same level. The 

osmotically active solutes are those that are not permeable across the 

cell membrane and, in principle, they can be divided into two categories. 

Examples of impermeable solutes that require active transport to enter 

the cells are glucose and sodium. The other type of impermeable solute is, for example, 

mannitol, which, however, cannot be transported at all into the cells. Even though the 

composition of osmotically active solutes is very different in the fluid volumes, the sum of 

the concentrations of these solutes is the same. Inequality of water concentrations due to 

temporary differences in solute compositions is only transient since water rapidly diffuses 

from the compartment of lower concentration to the one with a higher concentration of 

osmotically active solutes until the osmolalities are once again equal.  

It is pertinent here to distinguish between the effects an exogenously administered 

solution has on the cells, which is termed tonicity, from osmolality. Hypertonic solutions 
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cause a high osmolality in the extracellular volume and water is subsequently transported 

from the cells to reach equilibrium. Thus hypertonic solutions cause cellular dehydration 

(17). This flux of fluid is reversed upon administering hypotonic solutions which cause 

cellular swelling as the osmolality in the extracellular volume is decreased, which in turn 

generates water transport into the cells (18). 

This thesis focuses on fluids that contain glucose. The glucose molecule is indeed 

an osmotically active solute and has a potential osmotic force which will be described 

later on. A frequently used infusion is 5% glucose solution, which is iso-osmotic but, at the 

same time, becomes hypotonic during the time course of the metabolism of the 

exogenously administered glucose molecules. When glucose is transported into the cells 

and metabolized, only water remains, which in turn will lead to cell rehydration. This is an 

example of the fact that it is not mandatory that an iso-osmotic solution is isotonic. 

The administration of glucose solutions is a key treatment in dehydrated patients as 

these solutions effectively rehydrate the cells. The most frequent type of dehydration 

involves loss of water from all fluid volumes in the body. Consequently, a solution 

containing both glucose and sodium in well balanced iso-tonic proportions is very 

attractive. It has been shown that a well hydrated cell is a prerequisite for the production 

of vital proteins, thus reducing the risk of concomitant dangerous catabolism (14; 15). 

 

 

2.2.1 Defense of Tonicity 

 

The defence of tonicity in the extracellular fluid is primarily the function of hormone 

and thirst mechanisms. The total body osmolality is directly proportionate to the total body 

sodium plus the total body potassium contents divided by the total body water. A 

disproportion between the amounts of these electrolytes or water generates a change in 

the body fluids. 
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Osmoregulation is the regulation of water concentrations in the different body 

fluid compartments. A change in tonicity leads to activities in the feedback control 

systems, including thirst sensation and hormone secretion. Receptors specialized in 

detecting effective osmotic pressures are situated on the hypothalamus next to the 

circulatory system. The hypothalamus sends chemical messages to the closely located 

pituitary gland, which in turn secretes antidiuretic hormone (ADH), also known as 

vasopressin. This hormone targets the kidneys, which are responsible for maintaining a 

normal stable water level. When ADH reaches the kidney tubules, it alters them to 

become more or less permeable to water. If more water is required, the pituitary gland 

produces high concentrations of ADH, which make the tubules more permeable, hence 

enabling the body to prevent water from being lost in the urine. If less water is required, 

low concentrations of ADH make the tubules less permeable. In this way, the tonicity of 

the body fluids is maintained within a narrow normal range. In health, plasma osmolality 

ranges from 280 to 295 mOsm/kg of water, with vasopressin secretion maximally inhibited 

at 285 mOsm/kg and stimulated at higher values 

 

 

2.2.2 Defense of Volume 

 
The volume of the extracellular fluid is determined primarily by the amount of 

osmotically active solute. Sodium and chloride are by far the most abundant osmotically 

active solutes in the extracellular volume. However, changes in chloride concentration 

are, to a great extent, secondary to changes in sodium, thus the amount of sodium in the 

extracellular fluid is the most important determinant of the volume of extracellular fluid. 

Consequently, the major mechanisms defending the volume of the extracellular fluid are 

the mechanisms controlling the sodium balance. It is not surprising that more than one 

mechanism has evolved to control this electrolyte. 
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A decline in the extracellular volume stimulates the secretion of angiotensin II, which in 

turn stimulates aldosterone and ADH secretion. Angiotensin II also stimulates thirst 

sensation and constricts blood vessels, which are important roles in the defense 

mechanism against hypovolemia. Aldosterone stimulates sodium retention by tubular 

reabsorption and therefore strives to keep water in the body. Aldosterone secretion is also 

controlled by the mean intravascular pressure. A rise in aldosterone is, for example, seen 

when rising from a supine position to standing.  

An expansion of the extracellular volume increases the secretion of ANP and BNP by the 

heart. These hormones cause increased sodium excretion and diuresis. 

Loss of water from the body (dehydration) causes a moderate decrease in the 

extracellular volume as water is lost from both the intracellular and extracellular fluid. 

However, a loss of sodium decreases the extracellular volume markedly and eventually 

leads to shock. This can be seen in patients with diarrhea, excessive diuresis (severe 

acidosis, adrenal insufficiency), or patients with excessive sweating. 

The sodium balance plays a key role in volume homeostasis, but there is a volume control 

of water excretion as well. ADH is inhibited when the extracellular volume is increased 

and the reverse happens when the volume is decreased. It is important to know that 

volume stimuli override osmotic stimuli of ADH secretion. 
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2.3 PATHOPHYSIOLOGY 

 

2.3.1 Dehydration 

 

Dehydration is a very common clinical state in hospitalized patients of all categories 

and is an abnormal reduction of all the major fluid volumes. A loss of 5% or more of the 

total body water has clinical consequences, whereas a loss of more than 10% can cause 

a state of shock and the condition is life - threatening. 

  Clinical findings, unrelated to age, in patients with dehydration are:  tongue dryness, 

longitudinal tongue furrows, upper body muscle weakness, dryness of the mucous 

membranes of the mouth, speech difficulty and sunkenness of the eyes (19). Decreased 

skin elasticity is often referred to as a clinical symptom of dehydrated interstitial fluid 

volume. However, this symptom is uncertain as the skin in many individuals is without 

high elasticity in a healthy state.  

Most symptoms are nonspecific and secondary to electrolyte imbalances and tissue 

hypoperfusion and include fatigue, weakness, muscle cramps, thirst, and postural 

dizziness. More severe degrees of volume contraction can lead to end-organ ischemia 

manifested as oliguria, cyanosis, abdominal and chest pain, and confusion or reduced 

consciousness. Signs of intravascular volume contraction include decreased jugular 

venous pressure, postural hypotension, and postural tachycardia. Larger and more acute 

fluid losses lead to hypovolemic shock, manifested as hypotension, tachycardia, 

peripheral vasoconstriction, and hypoperfusion—cyanosis, cold and clammy extremities, 

oliguria, and altered mental status. 

 

2.3.1.1 Hypo-osmolal Dehydration 

 
Loss of both salt and water develops into a vicious circle as the sensation of thirst 

forces the patients to drink water. This water often lacks sufficient salt, which further 

reduces the extracellular volume as the added water ends up in the cells.  Hyponatremia 

concomitantly with swelling cells generates a high gradient across the cell membranes. 

This can lead to increased neuromuscular irritability (muscular twitching) and cardiac 

arrhythmias.  
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A small extracellular volume elicits the secretion of aldosterone. This is called 

secondary hyperaldosteronism because it is not initiated as primary hypercorticism in the 

adrenal cortex. 

 

2.3.1.2 Iso-osmolal Dehydration 

 
This is a proportional loss of water and solutes which cause no concentration 

gradient across the cell membrane. The loss of water is mainly from the extracellular 

volume. 

 

2.3.1.3 Hyperosmolal Dehydration 

 
This causes intracellular dehydration as the osmolality of the extracellular volume is 

high, which leads to water transport from the cells to the interstitial and intravascular 

volumes. 

The hyperosmolality in the extracellular fluid liberates ADH to preserve water in the 

body. A key symptom here is very small urine volumes. 

It is important to choose the right fluid with the correct osmolality in these cases. If 

hypertonic solutions are given to these patients, an aggravation of the intracellular 

dehydration occurs simultaneously with interstitial and intravascular overhydration. 

Intracellular dehydration can lead to respiratory arrest and death.  

If deprived of water and at sea, it is not recommended to drink sea water as this is a 

hypertonic saline solution which will speed up the intracellular dehydration and lead 

eventually to death. 
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2.3.2 Overhydration 

 
This is the state of an abnormal increase in total body water, in particular, the extracellular 

volume contains too much water and salt. The interstitial fluid volume is increased and 

this is termed edema. Overhydration often occurs in connection with fluid therapy and 

leads to pulmonary edema, fatigue, edema of the lower limbs and formation of intra-

abdominal edema. This is a frequent problem in connection with surgery, anesthesia, and 

intensive care.  

 Most patients have efficient physiological reserves that provide substantial 

tolerance of both under- and overhydration. However, a significant subset of critically ill 

patients requires precise therapy for acceptable outcomes and most patients benefit if 

fluid therapy is optimized. A significant number of patients receive excessive fluid 

therapy with resulting volume overload and organ dysfunction (20). Pulmonary edema, 

paralytic ileus, abdominal compartment syndrome and ischemic cardiac dysfunction are 

associated with perioperative fluid overload (21-24). Fluid overload alone is not normally 

the primary cause of such organ dysfunction, but overhydration worsens and 

complicates the dysfunction and associated morbidity (25). Edema may also contribute 

to tissue hypoxia, delayed wound healing, and increased risk of infection. On the other 

hand, inadequate or delayed fluid resuscitation promotes intestinal ischemia (26; 27), 

which is one of the initiating causes of sepsis and multiorgan failure. Therefore, 

optimizing the patient’s conditions using invasive hemodynamic monitoring reduces the 

incidence of complications (27-30), which amounts to approximately 25% (31) and 50% 

(22) after surgery lasting > 2 hours in healthy and diseased patients, respectively.     

The problem of excessive total body water in connection with fluid therapy also 

exists in patients that have not undergone surgery or been at the intensive care unit. 

These patients with excessive total body water often show a multifaceted medical history 

with one or more of the following diseases: 

1. Renal failure with a decreased glomerular filtration rate, which reduces the ability 

to excrete sodium. 

2. Increased hydrostatic venous pressure due to cardiac insufficiency, which 

increases sympathetic tone and thus releases the renin-angiotensin-aldosterone 

cascade causing sodium retention. 

3. Decreased concentration of plasma protein (albumin), which can be caused by 

liver insufficiency, malnutrition, malignancies, or abnormal losses in the urine. 
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4. Capillary damage, which causes increased capillary permeability and, 

subsequently, protein leakage into the interstitial volume, leading to local edema 

due to water translocation according to the Starling equation. This is a usual 

finding in patients undergoing major surgery but also in patients with tissue 

hypoperfusion and patients with sepsis. The phenomenon is often referred to as 

third-spacing (32). 

5. Obstruction of lymphatic drainage. 

6. Certain medications, such as NSAIDs, activate aldosterone, which leads to sodium 

retention and overhydration. 

 
 

2.4 FLUID BALANCE IN CONNECTION TO SURGERY 

 

One of the most critical aspects of patient care is management of the composition of 

body fluids and electrolytes. Most diseases, many injuries, and even operative traumas 

have a great impact on the physiology of fluids and electrolytes in the body. A thorough 

understanding of the metabolism of salt, water, and electrolytes and of certain metabolic 

responses is essential to the care of surgical patients. 

An extracellular fluid volume deficit is the most common fluid disorder in the surgical 

patient. The lost fluid is not water alone, but water and electrolytes in approximately the 

same proportion as they exist in normal extracellular fluid. The most common causes of 

an extracellular fluid volume deficit are losses of gastrointestinal fluids from vomiting, 

nasogastric suction, diarrhea, and fistular drainage. Other common causes include 

sequestration of fluid in soft-tissue injuries and infections, intra-abdominal and 

retroperitoneal inflammatory processes, peritonitis, intestinal obstruction, and burns.  

 

 

2.4.1 Hypovolemia 

 
The size of the circulating blood volume is a vital assessment parameter to have in 

order for the physician to take the necessary actions both in the operating room and at the 

intensive care unit. A marked reduction of blood volume leads to clinical shock, which 

requires immediate fluid resuscitation. However, even a smaller volume depletion, which 

does not lead to an acute shock situation, generates a redistribution of blood volume from 

several organs, such as the skin, kidney, and gastrointestinal tract, to vital organs in order 

for them to be adequately perfused. This scenario is often combined with a normal arterial 
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blood pressure and is therefore termed normotensive compensated shock. A high 

proportion of patients undergoing cardiac and intra-abdominal surgery, and those in 

intensive care units or with sepsis, are thought to have this form of compensated shock 

and lack adequate fluid resuscitation (33-35). Furthermore, mobilization of interstitial fluid 

from organs with large tissue mass and fluid reservoirs, such as skeletal muscle and skin, 

contributes in an important way to restoring plasma volume in the event of blood loss (36; 

37).  

The reduced perfusion and oxygenation leads to intestinal mucosal ischemia with a 

resultant decrease in gastric intramucosal pH which is an important predictor of outcome 

in critical care (38-40). Untreated hypovolemia also leads to an increased inflammatory 

response with effects on tissues quite distant from the ischemic site (40).  

Against this background, it is apparent that the size of the vascular volume in 

patients is pertinent, but, surprisingly, the blood volume often is not measured (35).  

 

 

2.4.2 Hormone Response Affecting Body Fluid Changes in Connection with Surgery 

 

Elevated ADH secretion is a characteristic of trauma, hemorrhage, open-heart 

surgery, and other major operations to restrict body water loss. This elevated level 

typically persists for 1 week after the trauma. 

ADH (antidiuretic hormone or vasopressin) is synthesized in the anterior 

hypothalamus and transported by axoplasmic flow to the posterior pituitary for storage. 

The major stimulus for ADH release is elevated plasma osmolality, which is detected by 

sodium-sensitive hypothalamic osmoreceptors. ADH release is enhanced by angiotensin 

II stimulation, opioids, anesthetic agents, pain, and elevated glucose concentrations. All of 

these agents are frequently seen when looking at a surgical patient’s medical report.  

Changes in effective circulating volume by as little as 10 percent can be sensed by 

baroreceptors, leading to ADH release. In the kidney, ADH promotes reabsorption of 

water from the distal tubules and collecting ducts and, peripherally, ADH mediates 

vasoconstriction. This effect on the splanchnic circulation may cause the trauma-induced 

ischemia/reperfusion phenomenon that precedes gut barrier impairment.  

Furthermore, ADH is, on a molar basis, more potent than glucagon in stimulating 

hepatic glycogenolysis and gluconeogenesis. The resulting hyperglycemia increases the 

osmotic effect that contributes to the restoration of an effective circulating volume. 

The syndrome of inappropriate antidiuretic hormone secretion (SIADH) refers to the 

excessive vasopressin release that is manifested by low urine output, highly concentrated 



 

   - 21 -

urine, and hyponatremia. This diagnosis can be made only if the patient is euvolemic. 

Once normal volume is established, a plasma osmolality below 275 mOsm/kg H2O and a 

urine osmolality above 100 mOsm/kg H2O are indicative of SIADH.  

This syndrome is commonly seen in patients with head trauma and burns.  

In the absence of ADH, central diabetes insipidus occurs and there is voluminous output 

of dilute urine. Frequently seen in comatose patients, the polyuria in untreated diabetes 

insipidus can precipitate a state of hypernatremia and hypovolemic shock. Hyponatremia 

is further described in chapter 2.6. 

 

 

2.4.3 Fluid Balance During Pneumoperitoneum 

 
During laparoscopic surgery insufflations of CO2 into the peritoneal cavity are 

performed in order to adequately visualize the intra-abdominal organs. Insufflations are 

carried out to reach an abdominal pressure of approximately 11-13 mmHg. A rise in the 

abdominal pressure has been shown to exert effects on hemodynamic parameters. It is 

well-known that the induction of pneumoperitoneum leads to an increase in mean arterial 

pressure, ventricular filling pressures and systemic vascular resistance (41-45). However, 

pneumoperitoneum does not alter the central blood volume or cardiac output even though 

it induces an increase in peripheral vascular resistance. This might be due to an increase 

in heart rate and heart muscle contractility (46-48). Some studies have demonstrated an 

increase in cardiac output and intrathoracic blood volume, but these patients received 

intravenous fluid therapy before the measurements (49; 50).  

Some studies have shown an increase in ADH secretion, but these measurements 

have all been done during pneumoperitoneum with patients in a head-up tilt position, 

which is probably an expression of hypovolemia more than an expression of 

pneumoperitoneum per se. This suggests that the elimination of water is decreased in 

order to compensate for the decrease in plasma volume. The origin of increased arterial 

pressures and vascular resistance cannot be explained by an activation of the 

sympathetic nervous system since the measured epinephrine and norepinephrine release 

is low. However, regional catecholamine release from renal or splanchnic vascular beds 

cannot be ruled out. 

It is suggested in the literature that hypovolemia in combination with head-up 

positioning of the patients is not advisable; consequently a thorough clinical examination 

regarding the patient’s fluid balance is recommended to prevent hypovolemia.  
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2.5 FLUID BALANCE IN PATIENTS WITH DEFICIENT GLUCOSE METABOLISM, 

AND IN THE ELDERLY 

 
 

2.5.1 Diabetes 

 

Studies on patients with type 1 diabetes have shown that even though the total 

plasma volume is not changed, there is a redistribution of plasma volume from the arterial 

side to the venous side, possibly as an effect of impaired activity or response of 

endothelium-derived nitric oxide (NO) (51; 52). However, the literature on this subject is 

very limited, but one might assume that diabetes per se does not strikingly affect the 

distribution, or the elimination, of intravenous infusions of glucose solution, by means of 

volume kinetic measurements if the patient (paper IV): 

 

1. is well-controlled, i.e. glucose within the normal range, 

2. does not have any acute disease, 

3. does not have renal impairment, 

4. does not have cardio-vascular insufficiencies, 

5. does not have autonomic neuropathy, 

6. does not take any medication that interfere with the body water, 

 

It is unusual, however, for a patient with diabetes to satisfy all of these requirements.  

Renal impairment affects the elimination of both water and salt, leading to a higher 

risk of overhydration and interstitial edema. Atherosclerosis reduces the elasticity of the 

blood vessels, which, in theory, would lead to a less effective expansion and pathological 

distribution of the vascular volume if needed. Furthermore, capillary leakage of protein, 

reduced NO production, and impaired local renin-angiotensin-aldosterone system is 

associated with endothelial dysfunction and inflammation (53-56). Therefore, it is likely 

that patients with diabetes do have altered handling of infusion fluids, even though it is not 

detectable using the volume kinetic method in a small, stable, and well-controlled group of 

diabetics (Paper IV). An impaired autonomic nervous system can lead to resting 

tachycardia, a potential postural hypotension with 30 mmHg or more, and nocturnal 

diarrhea. These features of autonomic neuropathy can disguise or imitate signs of 

disturbances of the water balance, and diarrhea can of course lead to dehydration. 
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2.5.1.1 Ketoacidosis 

 
Patients with type 1 diabetes are at risk of ketoacidosis, which is an elevated 

concentration of the strong acetoacetic acid (or ketone bodies). This acid is produced 

from lipolysis-generated free fatty acid metabolism in the liver in the absence of sufficient 

circulating insulin. The plasma insulin level required to suppress lipolysis and the 

formation of ketone bodies is less than 1/10 of that necessary for glucose regulation. 

Consequently, patients with type 2 diabetes are not at risk of developing ketoacidosis as 

these patients have increased plasma levels of circulating insulin. 

Treatment consists of insulin infusions, which stimulates intracellular glucose 

uptake. Potassium is also infused since hypokalemia will occur otherwise due to 

considerable amount of potassium transportation into the cells along with the substantial 

glucose uptake during this therapy. Together with insulin, a lot of fluid is necessary to 

correct the acidosis. The fluid loss in ketoacidosis is mainly due to osmotic diuresis. 

However, vomiting, fever, and hyperventilation may add to the of average water loss of 3-

10 L. Up to 50% of this fluid loss is derived from the intracellular volume and the 

remaining 50% from the extracellular volume. With this large fluid loss the patients often 

present with circulatory hypovolemic shock (57). At the start of treatment, priority should 

be given to restoring the intravascular volume and to improve tissue perfusion; otherwise, 

insulin cannot reach its receptors.  Even though the body lacks hypotonic fluid, isotonic 

solutions should be given initially since they are more potent for restoring the circulating 

plasma volume (58). Since the isotonic solutions are distributed over both the vascular 

and the interstitial volumes, the fluid dose required is four times the vascular deficit in 

order to effectively restore the circulating plasma volume. These solutions have been 

suggested to become fully distributed throughout the total extracellular volume in 

approximately 30 min (59). 

After the initial treatment with isotonic solutions and when hemodynamic stability 

has been secured, the intravenous fluids may be changed to a hypotonic solution, such 

as 0.45% saline, to restore total body fluid losses and to avoid hyperchloremia. Glucose 

levels decrease satisfactorily with a rate of approximately 5 mmol/L per hour if treatment 

consists of intravenous infusion of insulin (initial i.v. bolus dose 0.15 IU/kg continued with 

0.1 IU/kg per hour i.v.) (60). During the first two hours, the glucose levels decline more 

rapidly in response to insulin, but mostly to the concomitant fluid therapy and volume 

expansion. Together with the rehydration and insulin-mediated glucose disposal, the liver 

reduces the endogenous glucose production and thus the plasma glucose levels decline. 

Furthermore, catecholamine release and the termination of osmotic diuresis lead to 
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further expansion of the intravascular volume. When plasma glucose reaches about 14 

mmol/L, glucose should be added to the hypotonic saline solution to maintain the glucose 

level at 11-14 mmol/L while the i.v. insulin treatment is still continued. Thus, paradoxically, 

in this situation with hyperglycemia as the prime pathogenesis of ketoacidosis, glucose 

5% solution without electrolytes can play a roll in providing free water while keeping the 

glucose at a steady-state level during the insulin treatment (57).  

Ketoacidosis begins to resolve as insulin reduces lipolysis; however, sodium 

bicarbonate is sometimes needed to reach a normal pH until the ketone bodies are 

cleared by the kidneys and the brain. 

 

2.5.1.2 Diabetes and Aging 

 
Both forms of diabetes cause accelerated aging. Thus, the risks involved with fluid 

therapy in these patients are similar to those who are much older but without diabetes 

(61). When the results of the Diabetes Control and Complications Trials are translated 

into age-induced physiological changes, the type 1 diabetic who has poor control of blood 

sugar ages approximately 1.75 years physiologically for every chronologic year of the 

disease and 1.25 years if blood sugar has been tightly controlled. The corresponding 

figures are 1.5 years and 1.20 years for patients with type 2 diabetes (61).  

This means that the physiological age of patients with diabetes is considerably 

higher than his or her calendar age just by virtue of having this disease (62). This is 

particularly true when discussing old age and surgery as adverse perioperative outcomes 

substantially correlate with the age of the patient (61; 63-66).  

 

2.5.2 Fluid Balance in the Elderly 

 
Aging steadily increases the relative ratio of lipid to aqueous body tissues, which 

increases the total body mass functioning as a reservoir for lipid-soluble drugs. 

Consequently, the water composition is changed toward a drier state, but with a 

discrepancy between genders. Women undergo a particularly striking increase in total 

body lipid and there is a considerable reduction of intracellular water with little net overall 

change in body weight. Elderly men undergo a more generalized and multicompartmental 

loss of tissue mass and experience a remarkable contraction of both intracellular and 

interstitial water (67). The change in total body water in both genders adds up to a 10% 

reduction compared to younger people. 
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As much as 30-40% of all the geriatric patients are undernourished and dehydrated 

when admitted to hospital. This magnitude has also been demonstrated in studies on the 

tenants of nursing homes (68-70). Besides the change in body composition, elderly 

people’s sensation of thirst is reduced, which indeed puts this population at a high risk of 

becoming dehydrated (71-73).  

There is not much literature on the subject, but one article suggests that elderly 

people have lower concentrations of ADH before surgery and that the aged group tended 

to have an increase in sodium and chloride retention and an increase in anion gap after 

surgery (74). In the normal state, however, elderly patients have lower responsiveness to 

ADH and impaired ability to conserve sodium and concentrate urine. Furthermore, they 

have a functional hypoaldosteronism (67). 

The elimination of water and solutes is reduced with age since almost 50% of the 

kidney’s functional units, the glomeruli, present in young adults may be gone or rendered 

nonfunctional by 80 years of age. The renal blood flow decreases by about 10% per 

decade in the adult years and the reduced vascularity of these organs in the elderly 

increases the risk for acute ischemia. Acute renal failure is responsible for 20% of all 

perioperative deaths among elderly surgical patients (67). 

It is not recommended to have a special fluid replacement strategy for these 

patients, but they do require meticulous calculation and monitoring of fluid and electrolyte 

balance. 

There is often a need to supply extracellular volume, but the importance of 

administering free water to the cells must also be considered since a dehydrated cell per 

se induces catabolism (14; 15). In the clinical setting, treating patients safely with free 

water is only possible by adding glucose to the solution. Glucose solutions are therefore 

widely used for intravenous fluid balance and nutritional support (75-80).  

Glucose solutions for the aged are, however, cumbersome to plan as this population 

has a progressive decrease in the ability to handle a glucose load. Studies comparing 

young and older individuals show that when giving 25 g of i.v. glucose, the elderly 

required 50% longer postinfusion time to return to the fasting glucose level. The 

mechanism of glucose intolerance in the elderly has not been demonstrated, but the 

reason for it is probably insulin antagonism or impairment of insulin function as no 

pathological pattern has been observed in the rates of insulin secretion or inappropriate 

timing of insulin release (67). This calls for a cautious evaluation of the need and rate of 

infusion of intravenous glucose solutions in this group of patients. 
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2.5.3 Insulin Resistance in Connection with Surgery 

 
Insulin resistance develops in response to nearly all kinds of surgical procedures, 

even elective surgery. There are numerous studies describing this phenomenon and, 

during the last 5-10 years, the question has been raised as to whether hyperglycemia 

following insulin resistance is to the benefit or disadvantage of the surgical patient.  

In some situations, for example in hemorrhage, insulin resistance can be potentially 

helpful. The glucose production of the liver increases and causes hyperglycemia and thus 

elevated osmolality in the plasma volume. The hyperosmolality in plasma generates a flux 

of water from the cells to restore the blood volume. However, with the progress in medical 

science and the development of new surgical instruments and procedures, many of the 

adverse outcomes of surgery have been reduced and the physiological metabolic 

response to trauma is now considered to be unfavourable. Along with the volume of blood 

loss and the type of surgery performed, insulin resistance was the most important 

parameter determining the length of the hospital stay (81).  

During the last 10 years many studies have been made with the aim of analyzing 

what happens if therapy is included to lower the raised blood glucose levels due to insulin 

resistance. Several studies show that aggressive control of the glucose level prevents 

infections (82; 83). Furthermore, a tight control of the glucose level, maintaining glucose 

at 4.5 - 6 mmol/L, reduced the mortality by 43% in the ICU and by 34% in the hospital 

while marked reductions in morbidity also occurred. This was compared with a matched 

group who received conventional intermittent insulin treatment for glucose levels above 

12 mmol/L (84). Therapy including exogenous insulin, even in smaller doses, is beneficial 

when considering protein breakdown (85). Patients tend to become anabolic and, 

moreover, insulin also stimulates the production of collagen and laminin in wound healing 

after graft surgery in patients with severe burns (86; 87).  

An aggressive strategy to keep the glucose level down with insulin probably results 

in a reduction of the endogenous production of glucose (88). Another way of reducing 

insulin resistance in connection with surgery is to provide the patients with a carbohydrate 

- rich drink before the onset of surgical stress (89).  

The reason for discussing the phenomenon of insulin resistance during surgery in 

this thesis is that the plasma volume strongly correlates with the glucose level. In the 

beginning of the 1990s, studies were conducted to verify the physiological mechanism 

behind the correlation between plasma volume and glucose level. Several suggestions, 

such as an assumed impact of epinephrine, norepinephrine, and insulin, were 
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investigated, but no conclusions could be drawn (90-93). In paper V in this thesis, the 

relationships of these parameters are very clearly demonstrated and the basic 

mechanism seems to be simple. The osmotic force of the glucose molecule governs the 

flux of body fluid. As discussed later in chapter 10, it seems, albeit in theory, that insulin 

resistance can develop as a physiological defense against hypovolemia. People with a 

rapid insulin response but under no stress showed marked hypovolemia upon receiving a 

glucose load of 50 g intravenously. In patients with diabetes type 2 and during 

cholecystectomies, no such sign of hypovolemia occurred when glucose levels returned 

to baseline. 

 

2.6 MORE RISKS OF INTRAVENOUS FLUID THERAPY 

 
The adverse effects of intravenous fluid therapy are of course mainly iatrogenic as 

too large or too small fluid volumes are administered leading to hypovolemia and 

overhydration, respectively. Furthermore, too much or too little electrolytes lead to 

disturbances in tonicity. These effects have been discussed earlier.  

Three important adverse effects related to the rate of infusion of normal saline and 

whether glucose - containing solutions should be given under special conditions are 

discussed below. 

Hyponatremic encephalopathy is an osmotic imbalance between the extracellular 

fluid and the brain cells, leading to net flux of water into these cells with resultant cerebral 

edema. In most cases, patients are asymptomatic and morbidity is low, but, if 

hyponatremia persists, the brain swelling exerts pressure on the rigid skull. This 

circumstance can lead to necrosis of the cells, and possible herniation, if the expansion is 

more than about 5% of its volume (94). The treatment of hyponatremia has previously 

been controversial because of the risk of central or extrapontine myelinolysis (EPM) if 

sodium is given to fast. Rapid correction with isotonic saline or hypertonic saline to a 

normal sodium value should be avoided. Current guidelines advise cautious correction 

with additional sodium but with careful monitoring of the serum sodium level which may 

increase with not more than 3.0 mmol L-1 h-1 (the upper limit is under debate) and not less 

than 0.5 mmol L-1 h-1 (95). Cautious correction of low sodium concentrations are 

recommended as brain damage from hyponatremic encephalopathy due to delayed 

onset of therapy is at least 24 times more likely than brain damage due to improper 

therapy (96; 97). 

In situations where there are elevated insulin levels but impaired glucagon secretion, 

the risk of hypoglycemia occurs. During labour and delivery, the risk of hypoglycemia may 
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be present as the neonate has a delayed response to falling glucose levels (98). I.v. 

glucose solutions to women in labour have been questioned as many of these women 

already have high glucose levels due to increased levels of catecholamines. It seems as 

though glucose doses of 25 g or more to the mother produce a clinically significant 

increase in insulin and thus the risk of hypoglycemia is apparent due to the impaired 

counteracting glucagon secretion (99; 100). Furthermore, as soon as the child is delivered 

and the glucose infusion is terminated, the stress hormone levels declines and the 

mothers are at risk of marked hypoglycemia (101). However, analysis of the glucose 

levels in the cord shows no adverse effect on the fetal blood when studying the effects of 

nonglucose - containing solutions (102).  

Infusion of glucose solutions, particularly solutions containing more than 2.5% 

glucose, at rather rapid rates in healthy volunteers have been shown to generate a risk of 

hypovolemia which is connected with hypoglycemia. This risk has been studied before by 

Hilsted et al. in the early 1990s, but without clarifying the background behind this 

phenomenon (90-93). In paper V, this adverse effect is analyzed and a clear relationship 

was found to exist between glucose and water elimination. Since glucose exerts a 

potential osmotic force on water, hypovolemia occurs concomitantly with hypoglycemia 

(V). 
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3 VOLUME KINETICS 
 
 

3.1 THE BENEFITS AND DRAWBACKS OF MODELING 

 
Fluid therapy is indeed a key treatment in many clinical situations such as supporting the 

circulation, treating different types of dehydration and electrolyte abnormalities. 

Furthermore, these fluids are also frequently used as transport agents of other medicines 

requiring intravenous administration and the sum of each fluid volume bolus can be 

substantial. 

 

The current guidelines for fluid therapy are, however, not based on the direct effects on 

the body tissues containing water. Recommendations of fluid dosages and rates are more 

based on experience, rules of thumb and often related to the indirect volume effects of the 

treatment such as the hemodynamics, correction of electrolyte levels or regulating 

diuresis.  

 

Many attempts have been made to measure the direct body volume effect of different 

exogenously administered intravenous fluid solutions. The methods used in these 

experiments are mainly based on the technique of labeling different substances using 

isotopes (90; 103-105). However, some use direct measurements of specific anatomical 

locations by extensive invasive methods (106; 107). Several limitations can be outlined of 

these techniques; 

 

1. The body volume calculations are based on the isotope substance 

and the assumption is made that the body water exerts its effect in the 

same space.  

2. When estimating the body volume an extrapolation of the size of body 

fluid volume back to time zero is used. Thus, the estimation of the size 

of the body fluid volume can only be done sparsely for every infusion 

of a labeled substance. This is due to the time needed to collect 

sufficient data for the regression calculation. 

3. Repeated injections of radioactive substances may cause too high 

levels of radioactivity in the body. 
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4. These methods are not suitable for analyzing dynamic processes in 

body fluid volumes as they do not provide information of changes in 

the size and elimination of total body water over time. 

5. In the clinical setting, none of these techniques have been found 

suitable as it is difficult to analyze these results quickly and the 

methods are often technically too advanced to handle at a hospital 

ward. 

6. The wick technique is too invasive and only reflects body fluid 

composition at one specific anatomical location. 

 

Modeling is an attempt to describe already observed complex mechanisms in 

understandable terms. The drawbacks of modeling are that it only gives estimates on the 

effects on the whole body. There are limitations when analyzing effects on different organ 

tissues and no precise correlation can be made between a specific anatomical location 

and a model derived compartment. 

 

Volume kinetics for glucose solutions is a mathematical tool which, however, certainly 

have some benefits; 

 

1. No labeled exogenously administered substance is required to 

perform the analysis. 

2. With the exception of an intravenous line, no further invasive 

measure is required. 

3. Volume kinetics analyzes the dynamic effect of intravenous 

solutions on the total expandable body fluid volumes. 

4. No advanced laboratory equipment or time-consuming routines are 

required. 

5. Volume kinetics combines the kinetics of both the water and the 

glucose molecules, thus intertwining these events, and brings an 

important light to the dynamic changes in body fluid volumes which 

are connected to the metabolism of glucose. 

6. With the aid of a modern computer, the volume kinetic model is a 

method which is easy to apply clinically and have the prerequisites 

for computer-controlled fluid administration systems in the future. 

7. Volume kinetic parameters can easily be compared between 

different populations of patients, i.e. giving estimates of water 
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distribution and elimination in different age groups, with various 

types of diseases and pharmaceuticals. 

8. By using volume kinetics it is possible to predict the effects of 

infusions not yet administered on the plasma volume as measured 

by dilution. 

9. Furthermore, volume kinetics can help to predict the effects of 

infusions on the glucose levels. 

10. This tool can be of important help to generate new hypothesis. 

11. Moreover, volume kinetics can be used to design new studies. 

 
At a first glance upon methods to measure water balance it is natural to think that a 

direct measurement in different body fluid volumes should be the most accurate way to 

describe changes in the body fluid volumes. However, with the exception of the blood 

volume, the milieu interior is concealed from clinical and practical measurement 

methods.  

 

Theoretical concepts, such as volume kinetics, have not accelerated in proportion to 

many other discoveries in the medical disciplines over the last decades. A lack of lateral 

thinking and cross-over communication has inhibited bridging between medical and 

mathematical sciences which might be the reason as to why this kind of research has 

been delayed. 

   

 

3.2 BASIC PHARMACOKINETICS 

 

Intravenous fluids must indeed be regarded as a drug and therefore, as in the case with 

any other drug, we find it necessary to study what the body does to these aqueous drugs 

(pharmacokinetics). 

 

The action of any drug requires the presence of an adequate drug concentration in the 

fluid volume bathing the target tissue. In many cases the time-course of a drug’s action 

simply reflects the time-course of the rise and fall of its concentration at its site of action. 

The exception to this are certain “hit and run” drugs, whose effects remain after their 

concentration has dropped to zero. Examples are cytotoxic agents, aspirin or drugs that 

bind irreversibly to targets receptors. 
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The relationship between the administration of a drug, the time-course of its distribution 

and the magnitude of the concentration attained in different regions of the body are the 

main concepts of the part of pharmacology that is termed pharmacokinetics.  

 

The two fundamental processes that determine the concentration of a drug at any 

moment and in any region of the body are; 

 

• Translocation of drug molecules 

• Chemical transformation of drug molecules 

 

It is only by the movement of molecules or by the formation or disappearance of 

molecules that the concentration of a drug in any given region can change. 

 

In general, what distinguishes one drug pharmacokinetically from another are its 

diffusional characteristics, in particular its ability to cross non-aqueous diffusion barriers, 

which are composed of cell membranes that separate the various aqueous compartments 

of the body (i.e. plasma, interstitial and intracellular volumes). Water diffusion occurs 

since it is this process that delivers drug molecules to and from the barriers. Furthermore, 

the rate of drug diffusion depends mainly on its molecular size. Large molecules move 

slow and small molecules move fast. Most drugs, as the water and glucose molecules in 

this thesis, have a molecular weight below 1000 which is small. Thus, for most purposes 

we can regard the body as a series of interconnected well-stirred compartments within 

each of which the drug concentration remains uniform. It is the movement between 

compartments that decides where, and for how long, a drug will be present in the body 

after it has been administered. 

 

3.2.1 Volume of Distribution 

 
The immediate apparent volume of distribution after a bolus administration of any drug, 

Vd, is defined as the volume of fluid required to contain the total amount, Q, of drug in the 

body at the same concentration as that present in the plasma, Cp.(108) 

    

pC
Q

dV =
 

Values of Vd have been measured for many drugs. Some general patterns can be 

distinguished, but the correlation between Vd and a particular anatomical compartment 

might be erroneous. The experimental measurements of Vd is complicated by the fact that 
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the amount of drug present in the body, Q, does not stay constant because of metabolism 

and excretion of the drug during the time the drug distributes in the body’s different 

compartments that contributes to the overall Vd. The calculation of Vd has, therefore, to be 

made indirectly from a series of measurements of plasma concentrations which generate 

concentration-time curves. 

 

Drugs that have small Vd are often strongly protein-bound in the plasma compartment. 

Lipid-insoluble drugs are mainly confined to plasma and interstitial fluids and most of them 

do not penetrate the blood-brain barrier following acute dosing. These types of drug often 

have a slightly larger Vd. Total body water represents approximately 0.55 L/kg, and this Vd 

is only achieved by lipid-soluble drugs that easily can cross over cell membranes. Some 

examples of such drugs are; ethanol, diazepam, morphine, propranolol, and digoxin. The 

latter four examples of drugs have a Vd that is larger than total body water due to the fact 

that they have a binding site somewhere outside the plasma compartment and show 

partitioning into body fat. 

 

3.2.2 Removal of Drugs from the Body 

 
The main routes by which drugs can be removed from the body are; 

 

• The kidneys 

• The Hepato-biliary system 

• The lungs 

 

As shown in the figure on the next page, the elimination of drugs can proceed 

regardless of the drug’s activity level. 

 Excretion via the lungs occurs only with volatile or gaseous agents and drugs that 

are excreted via the biliary system often returns to the body through reabsorption in the 

intestine. Lipophilic drugs are not excreted efficiently by the kidneys since they are 

passively reabsorbed from the tubular fluid along with increasing concentration of the drug 

in this fluid. Consequently, most lipophilic drugs are metabolized to water-soluble 

products (predominantly in the liver) to be more easily eliminated in the urine.  

However, most drugs with the exception of those highly bound to plasma proteins, 

cross the glomerular filter freely. Because of pH partition, weak acids are more rapidly 

excreted in the alkaline urine and vice versa. The function of the kidney is therefore of the 

utmost importance. Several important drugs are liable to cause toxicity in people 
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with decreased kidney function, such as in elderly or patients with renal disease. 

 

 

3.2.3 The Single-Compartment Model 

 
The kinetic behaviour, i.e. the processes of absorption, distribution, metabolism, and 

elimination of drugs, can be presented with models which present views of how the 

system will behave when all of these processes are operating simultaneously. 

Furthermore, these models can be used to predict the time-course of the drug action. This 

is, of course, a very important characteristic from a 

clinical point of view. 

The single-compartment model is a highly 

simplified model of the human body, which consists 

of a well-stirred compartment (of volume Vd) into 

which a quantity of drug Q is introduced rapidly by 

intravenous injection, and from which it can escape 

either by being metabolized or excreted. 

dV
Q

=The initial concentration is 

   
C )0(

The concentration at a later time, t, depends on the rate of elimination of the drug. 

Most drugs exhibit first-order kinetics, as apposed to zero-order kinetics which will be 

discussed later, where elimination is directly proportional do drug elimination. Drug 

concentration then decays exponentially (Fig. left) where CLs is the total clearance of the 
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drug, equal to the sum of both the clearance by metabolism and renal excretion. Taking 

logarithms; (Fig. right).  

 

 

 
 

 
 
 
 
 
 
 
 

CLs
X

/Plotting C(t) logarithmically against t yields a straight line with slope -CL Vd which is 

the elimination rate constant, kel. The time taken for C(t) to decrease by 50% is termed 

T1/2, or half-life, and equals ln2 / kel (0.693  /  kel).The plasma half-life is therefore 

determined by the distribution volume, Vd, and the clearance, CLs. 

The examples above show one bolus administration, however, drugs are often given 

as repeated doses rather than single injections. A continuous infusion may be regarded 

as the extreme of a repeated dose schedule. In this case the plasma concentration 

increases until a steady-state concentration, C (steady-state), is reached where the rate of 

infusion, X, equals the rate of elimination. The rate of elimination is equal to CLs x C (steady-

state), so that; 

During a continuous infusion the  
C statesteady =− )(concentration at steady-state is: 
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The above example illustrates the predicted behaviour of single-compartment model 

with continuous (full line) or intermittent (striped line) drug administration over four days. 

The steady-state concentration approaches exponentially. Repeated injections give a 

more complicated pattern but the principle is the same. The smaller and more frequent 

the doses the more closely the situation comes to that of a continuous infusion and the 

smaller the swings in concentration. 

 

Once again, single-compartment models do only roughly correspond to real life. 

Inclusion of other body compartments, particularly slowly-equilibrating ones, will result in 

additional exponential components. However, drugs such as heparin, warfarin and insulin 

are examples of drugs whose kinetics can be accounted for by the single-compartment 

model as they remain almost entirely in the plasma volume (109; 110). 

 

3.2.4 The Two-Compartment Model 

 
The characteristics of different tissues in the body show various appearances 

regarding capillary permeability and partition coefficient to drugs. Furthermore, the blood 

supply differs between body organs. These are characteristics that the single-

compartment ignores but they can have considerable effect on the distribution and 

elimination of the drug. 



 

   - 37 -

 
 

The two-compartment model is a widely-used approximation of the body’s handling 

of drugs in which the tissues are altogether assumed to be in one peripheral compartment 

Vdp, which a drug molecule can enter and leave the central compartment, Vcp, which 

normally represents the plasma volume. In this model, an additional exponent is 

introduced into the predicted time-course of the plasma concentration so that it comprises 

one fast (a) and one slow (ß) phase. Thus, in the open two-compartment model, the data 

can not be fitted to a straight line. By comprising the sum of two exponential terms the 

data can, however, be fitted. In this model the drug is easily distributed throughout the 

central compartment, which could consist of plasma, heart and other well-perfused 

organs, and then with a slower rate, k12, to a peripheral compartment. After the 

concentration of the drug has risen to a steady-state, the flow reverses to the central 

compartment, from which elimination of the drug takes place, k21. 
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With respect to the central compartment, the change (the derivate) in the 

concentration of the drug after an intravenous bolus dose can be summarised as follows; 

dpdc
dc CkCCLsk

dt
dC

2112 )( ++−=    where Cdc is the drug concentration in 

the central compartment and Cdp is the concentration in the peripheral compartment. 

And for the peripheral compartment; 

dpdc
dp CkCk

dt
dC

2112 −=    

These two differential equations are the fundamential pharmacokinetic analysis of a 

drug according to the two-compartment model. Curves that decrease continuously over 

time can be described by a sum of exponentials. The plasma concentration over time is; 
tt BeAetC βα −− +=)( where A and B are the concentration levels when the different curves 

are extrapolated back to time zero. 

 

3.3 THE PRINCIPLES OF VOLUME KINETICS 

 
Volume kinetics is a mathematical tool for macroscopic (whole-body) evaluation of 

the distribution and elimination of fluid given by intravenous infusion. Previously, the 

kinetic system has only been applied to fluids exerting their main effect in the 

extracellular volume. This thesis presents an extension of the kinetics to include glucose 

solutions which are characterized by interdependence between glucose and fluid 

kinetics. Thus the volume kinetic model has been further developed to include effects on 
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the intracellular volume as the glucose molecules exert effects on the water balance 

while glucose is transported into the cells. 

 

During the time course of an experiment, the diluton of plasma and the glucose 

concentrations are measured and the rate of fluid given intravenously is noted. When the  

 

 

infusion is terminated, the dilution is measured during a follow-up period usually more 

than 60 min. The achieved dilution-time curve is analyzed in a computer program using 

Matlab 6.5 (Math Works Inc., Notich, MA, USA). This program have been set according a 

random search method for the least-squares fitting procedure to obtain the best estimates 

of the unknown variables in the one-, or several volume models. This means that the 

computer, using the equations stated in the appendix, will search for the best estimates of 

the parameters V1, V2, kr and k31 / V3 when glucose solutions are analyzed. Furthermore, 

the computer program uses traditional pharmacokinetics to calculate the volume of 

distribution (Vd ) for the glucose molecules. Vd for glucose is essential for the volume 

kinetics for the studied fluid only in the aspect of calculating the escape of glucose 

molecules from this volume into another, more peripherally located, compartment. This 

flow of glucose is here considered to be directed only to the cells. This is true if glucose is 

not markedly spilled over into the urine. Having Vd for glucose, the differences in the real 
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outcome of glucose concentrations, which are measured in blood or plasma as mmol/L, 

can then be converted into differences in the amount of glucose molecules in their Vd.  

 

The amount of glucose molecules that is transported into the cells gives us the 

necessary input to calculate the volume of water that accompanies the glucose which is 

accomplished due to osmotic laws.  

The elimination rate of the glucose (CL, or Clearance) derived from the 

pharmacokinetic approach is only reported in the articles as a kinetic parameter for 

glucose but is not essential in the calculations of the movement of fluid between the 

different body fluid volumes. As described later in chapter 3.3.2, only Vd for glucose is 

necessary for this calculation. 

 
3.3.1 Kinetics of infused water 

 
As in traditional pharmacokinetics, the volume of distribution and the elimination 

rate depend on the concentration of the measured drug over time. In volume kinetics 

there are, however, obvious difficulties to measure the concentration of the infused 

water in a body volume of distribution already full of water. The fluid is dissolved in the 

blood, which already contains 80% of water. The rational variable to measure is then the 

dilution of the blood, which can be done by careful measurement of the blood 

 hemoglobin (Hb) concentration. Hb appears to be as good a marker for dilution as the 

water concentration of the blood, which can be accurately determined by desiccation 

(111). 

Furthermore, the volume of distribution of the infused water increases during the 

infusion. In traditional pharmacokinetics no account is taken of the volume of the drug 

that has been administered to the body, and Vd is therefore considered to remain 

unchanged during drug therapy. During fluid therapy, however, the volume of the 
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infused fluid may constitute a considerable portion of the body fluid space in which it 

becomes distributed. This is why the fluid spaces in the schematic drawing of the kinetic 

model do not have fixed walls since they can become expanded by the infused fluid 

(Fig. below). 

 

 

 

For a long time, a kinetic model in which the volume of distribution changes during 

different phases of the turnover of a drug was not available in the pharmacological 

literature. Therefore, two new kinetic models were published in 1997 in which the size of 

the baseline body fluid space expanded by infused fluid could be estimated (112). 

Following this article, volume kinetics have been used to describe the behavior of 

isotonic and hypertonic crystalloid fluid, such as 0.9% saline, 7.5% saline, Ringer’s 

solution and, more recently, of glucose solutions in healthy volunteers and in different 

clinical situations (113-123). The water component of a glucose solution might be 

distributed in two or three body fluid spaces which are expandable. The intravenous 

infusion is given at a constant rate (ki) and enters a central body fluid space having the 

volume (v1). The volume (v1) strives to be maintained at the baseline volume V1 by 

allowing fluid to leave the space at a controlled rate proportional by a constant kr to the 

deviation of v1 from the target volume V1 (this may be regarded as dilution-dependent 

urinary excretion) and at a basal rate (kb, perspiration and baseline diuresis, fixed rate). 

The net rate of fluid exchange between v1 and v2 is considered to occur at a rate 
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proportional to the relative difference in deviation from the target values (V1 and V2) by a 

constant (kt). 

In volume kinetics for glucose solutions an additional volume, V3, has been 

included. Osmotic shifts of fluid take place between V2 and the more remote fluid space, 

V3, and have the strength gk, which is equal to the fluid shift that accompanies the 

uptake of glucose (3.6 mL/mmol of glucose). The last constant, k31, represents the rate 

of redistribution of water after metabolism of the glucose 

 

 

V2 is only reported if it is statistically significant on comparing a biexponential curve to a 

triexponential one by means of an F test (see chapter 7) (124). In cases where an 

intermediate body fluid space between V1 and V3 is not statistically significant, which is 

the most common situation and V2 is then illustrated as a striped open circle (Fig. 

above) or as a fixed box (Fig. next page), the kinetic model is illustrated as in the figure 

above. The differential equations for the different scenarios are shown in the appendix. 

The volume kinetic model is limited with regard to the size of V3 and for practical 

purposes, V3 is set to 40% of the body weight during the kinetic analysis since this 

corresponds to the intracellular volume (125). The parameters k31 and V3 show a close 

interdependence and thus, the parameter k31 is presented as the ratio of k31 and V3. This 

ratio represents the slope of the dilution-time curve for V3 and is reported with the unit 10-3 

min-1. k31 / V3 have very low values since the flow of fluid is expressed in ml min-1 but the 

size of V3 is approximately 40% of the body weight, i.e. 30,000 ml. 

 



 

   - 43 -

 Volume kinetic model presented in papers I-IV 
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Comparison between parameters in traditional pharmacokinetics and volume kinetics, 

based on concentration-time curve and volume-time curve respectively. 

 

 Traditional Pharmacokinetics Volume Kinetic Model 

Input Data Concentration Dilution 

Parameter Vd and CL V and kr

Primary Variable C 
V

Vv )( −
 

Unit 
ml
mg

 No unit 

Elimination CL kr and kb

Distribution 
0C

Q
 v  

Elimination Rate 

Constant 
k 

V
kr  

Rate of Elimination CL x C 
V

Vvkr
)( −

×  

Half-life 
k
2ln

 
rk

V×2ln
 

Steady-state ki = CL ki = kr

Baseline 0 0 

Courtesy Dan Drobin 

Vd = Volume of distribution, CL = clearance, C = concentration, Q = dose, C0 = 

concentration at time zero, v = stressed volume, i.e. the expanded volume, V = 

unstressed volume to which the body strives, 
V

Vv )( −
 = the dilution.  

Other parameters described on previous page. 
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3.3.2 Kinetics of the glucose molecules 

 

As described previously, traditional pharmacokinetics is used to estimate the volume 

of distribution, Vd , and the elimination, CL or Clearance , of the glucose molecules. Only 

Vd for glucose is required to analyze the water movements between different body fluid 

volumes in volume kinetic terms. Repeated measurements of the glucose level in whole 

blood or in plasma are performed concomitantly with the measurements of the Hb levels 

during and after the infusion of intravenous solutions. Vd and the Clearance of glucose are 

calculated by using an iterative algorithm comparing the real outcome glucose 

concentration-time data with theoretical values generated by a computer pharmacokinetic 

program. The pharmacokinetic models used are describing the theoretical physiological 

situation with glucose level over time curve in a simplified, but usually a rather accurate, 

way. In traditional pharmacokinetics, the volumes of distribution are usually illustrated as 

boxes;

   

 

The optimal estimation of Vd and CL in the pharmacokinetic model is said to be 

when the difference between the real outcome and the theoretical glucose concentration-

time curve is as small as possible, which is called nonlinear least-squares regression 

model. It is possible to use one, two, and three compartments to the real outcome data. 

However, experiences from over 100 infusions of different glucose solutions reveal that 

the one-compartment model describes the data best in almost all cases performed by our 

group. Subsequently, in volume kinetics, the open one-compartment model has been 

Two - Compartment Model One - compartment Model 

k12ki = infusion 
Vd  

For  
Glucose 

Clearance 

ki = infusion 
       rate 

Vd 2 
For 

Glucose 

Clearance  

      rate Vd 1 
For 

Glucose k21

Conventional kinetic models. However, in the model for glucose kinetics; 
Clearance should be from Vd 2 if the two-compartment model is better describing 
the data than the one-compartment model. 
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used and the following figure describes the glucose kinetics according to our model. The 

equations are listed in the appendix (Eqn. 1-2). Glucose is administered intravenously 

with the dose Q into an open single-volume of distribution (Vd) from which glucose is 

transported into the cells. If the glucose level exceeds the kidney threshold, glucose is 

spilled over into the urine (Fig. below, dotted line) and this could serve as the traditional 

kexcretion. However, this parameter is not in use in our model as the number of parameters 

will be too many to estimate and, hence, the accuracy of the estimations would be too 

crude. Furthermore, the kidney threshold is individually set and many healthy individuals 

show glycosuria when receiving glucose-containing solutions intravenously even though 

the plasma concentration is not strikingly high.  

 

 

The parameters k, ki en and ki ex, describes the administered glucose. ki en is the 

endogenous glucose production, i.e. the gluconeogenesis in the liver, and ki ex is the 

exogenously administered glucose rate. Clearance is the uptake of glucose molecules to 
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the cell which is illustrated with the box with irregular borders. The metabolism of glucose 

in the cells leads to CO2 and H2O, the latter affecting the kinetics of the fluids at a later 

stage. 

The uptake of glucose to the cells is calculated for each interval between an earlier (time 

1) and a later (time 2) sampling point. 

During the infusions, the uptake of glucose to the cells is obtained accordingly; 

Uptake of glucose = Infused glucose - Vd * (glucose2 - glucose1) 

After the infusions, it is 

Uptake of glucose = Infused glucose - Vd * (glucose1 - glucose2) 

When glucose has entered the cells, a phosphorylation of the molecule occurs to 

hold the glucose molecule inside the cell as it no longer is permeable over the cell 

membrane. This entrapment causes a net change of osmotic gradient over the cell 

membrane and thus, a net flux of water occurs from the extracellular to the intracellular 

fluid volume. 

The calculation of the amount of fluid that accompanies each mmol of glucose is 

based on the fact that 1000 ml of glucose 5% solution is iso-osmotic and isotonic. 

Subsequently, every mmol (278 mmol) of the total 50 g of glucose in these solutions have 

to be transported into the cells and thus have to be accompanied with every ml of water to 

achieve homeostasis in the body. Thus, 1000ml/278mmol = 3.6 ml of water per every 

mmol of glucose is moved into the cells. This uptake is calculated at each interval 

between an earlier and a later sampling point, as previously described, and the results are 
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entered as very important parameters into the kinetic program for the water distribution 

and elimination.  

In the beginning of the work on this thesis, only the exogenous glucose load Cex, 

was studied. In the following papers an additional parameter was added, the endogenous 

glucose production or Cen, which made the estimations a bit more precise. The equations 

are given in the appendix (Eqns. 1, 2). Of course, this parameter is only accurately 

describing the endogenous production at baseline of each experiment. During the course 

of experiment, the Cen is believed to change as a response to several stimuli such as 

higher plasma insulin or glucose levels for example. 

Of course, the glucose molecule exerts the same osmotic effect on water whether 

the molecule has been administered exogenously or endogenously. It is, therefore, the 

net flux of glucose that governs the net flux of water over the cell membrane.  

We have chosen to present every kinetic parameter estimated by the glucose kinetic 

program as their values illustrate typical levels in specific clinical situations, although we 

only use Vd to calculate the water distribution and elimination. Examples are marked 

reductions in Clearance in connection with surgery and in patients with type 2 diabetes. 

   
 

3.4 METHODS FOR MEASURING THE VOLUME OF BODY FLUIDS  

 

The history of determining the volumes of the body fluids goes back to the 1850s 

and the studies on total body water which included drying fresh carcasses. In those days 

the body was divided anatomically into its constituent organs and tissues. However, by 

subdividing the body into its microscopic elements, several classic body composition 

techniques evolved, many of which are in use even today. Most of them rely on a two-

compartment model in which the body is divided into fat and fat-free mass (FFM). Here, 

the fat is the ether-extracted compound and the remainder of the body weight (BW) is 

FFM. Consequently, BW = F + FFM, where FFM is considered to be water, minerals, 

proteins and glycogen. Water constitutes about 72-74% of the FFM (126; 127). 

The classic methods for measuring body composition are all based on this two-

compartment model and they can be divided into the following categories: 

 

• Dilution methods 

• Densitometry 

• Total body potassium method 
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The dilution methods are based on the assumption that an infused volume of a 

substance causes a decrease in the concentrations of blood solids.  

Volume kinetic models use the fractional change in Hb, here termed the dilution or 

hemoconcentration, as a marker for body fluid changes and the concentration-time curve 

is the input for the kinetic analysis. This mathematical tool is not a method for estimating 

the blood volume; its main purpose is to describe the kinetic behavior of the infused fluids. 

However, the kinetic model requires only an estimate of the blood volume to calculate the 

plasma volume that has been removed during the experiments for laboratory tests. Our 

estimate is based on a model by Nadler et al. which is a rather rough but accurate 

prediction model based on both the weight and height of the subjects studied (128).  

As with all other prediction models, there are some limitations since they do not 

measure the studied compound directly.  

An expert panel has evaluated the existing prediction methods based on weight only 

or on both the parameters weight and height and drawn the conclusion that the prediction 

models that use both parameters behave relatively well (129). However, there are 

numerous other techniques for measuring the different body fluid volumes but, they 

include labeling markers of the red cells and the plasma volume. Examples of preferred 

methods are: 51Cr or 99mTc to measure the red cell volume and radioiodine-labeled human 

serum albumin as a plasma marker. These are difficult techniques and require 

radioisotopes which make them unsuitable for use in an ordinary clinical setting. 

Moreover, predictions of plasma volume using albumin may result in errors due to 

continuous interchange of this molecule between the intravascular and extravascular 

spaces. An easier method to use is unlabeled hydroxyethyl starch which is readily 

available and may be of clinical importance even in sick patients, but assessing it is very 

complicated (130; 131). Even though fluorescent labeled starch is easier to examine, it is 

difficult to get commercially and the method still includes tedious blood sampling with 

close attention to timing and repeated spectrophotometric assaying.  

Historically, the most studied plasma marker is perhaps Evans Blue, which is an azo 

dye and was used as the standard plasma marker until the use of radioisotopes was 

developed. It can be measured directly in plasma from absorption of light at 620 nm. This 

direct method can be reliable only if plasma is not turbid or contaminated with hemoglobin 

molecules. Evans Blue has actually been used to estimate the plasma volume in patients 

such as in infants with hemolytic disease and in respiratory distress syndrome (132). The 

use of Evans Blue was, however, eventually abandoned due to reports of sensitivity 

reactions and other unacceptable adverse effects. Furthermore, the procedure of dye 

extraction requires extensive labor. 
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By the discovery in the 1930s  of 2H2O (deuterium), which is a stable isotope of 

hydrogen with an atomic mass of 2 a potential marker of total body water (TBW) was 

introduced(133). In all living organisms, deuterium occurs along with hydrogen in the ratio 

of 15/1,000,000 and by injecting the substance and then measuring the concentration, it is 

possible to calculate the TBW. Deuterium was followed by tritium, 3H2O, and thiourea for 

measuring TBW, thiocyanate and mannitol for measuring the extracellular volume and 

thiosulphate for renal clearance. 

Many of these techniques were abandoned due to tedious laboratory labor and the 

unequal distribution. During the mid- and late 1900s, the introduction of radioisotopes 

made it possible to measure body fluid volumes with higher accuracy. 

The dilution methods are all based on the theory that the amount of the injected 

tracer into an unknown volume is the same both before and after mixing. An adequate 

correction for excretion of the tracer is also made (134).  The basics of the dilution 

methods can then be expressed as; afterafterbeforebefore VCVC ×=×    

after

before
after C

VC
V

×
= beforefrom which is derived;  

 

Cbefore and Vbefore indicate the concentration and volume before mixing. Consequently, 

Cafter and Vafter indicate the concentration and volume after mixing. 

 

Densitometry is based on Archimedes´ principle for estimating the distribution of body 

weight between the fat and fat-free mass. The method is based on the assumption that 

the density of fat is 0.9 kg L-1 and that of the fat-free mass is 1.1 kg L-1. Unfortunately for 

this method, the density of the fat-free mass may vary (127). 

 

The total body potassium method is based on the naturally occurring isotope 40K, which 

emits a characteristic gamma ray (135). The amount of this radiation is known and the 

fact that potassium is mainly an intracellular cation not stored in fat cells enables the 

scientist to calculate the fat-free mass. However, the laboratory setting is extensive and 

the method is further affected by variations in fluid balances and intracellular potassium 

concentrations in various types of disease. 

 
Of the new techniques developed during the past 20 years, many of which are based on 

the method of delivering energy of some form into the subject and measuring the reaction 

in forms of characteristic energies, perhaps the most studied one is the electrical 

conductance (or bioimpedance measurement). 
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The bioelectrical impedance method is based on the fact that fat is a poor conductor and 

the fat-free mass is a good conductor. The impedance of the whole body largely depends 

on the size and conductivity of the lean tissue or fat-free mass. Body fluids and 

electrolytes are responsible for electrical conductance and cell membranes are involved 

in capacitance. The validity of this technique has been shown to predict TBW relatively 

well in different situations (136). 
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4 AIMS 

 
The overarching objective of this thesis was to develop, validate and employ a novel 

kinetic model for intravenous glucose solutions. 

 

These aims could be subdivided into the following:  

 

1. To engage in the overbridging communication between the mathematical 

and medical sciences in order to attain the necessary mathematical 

competence to set up the equations required for the new volume kinetic 

model in a mathematical program. The kinetics of intravenous infusions in 

healthy volunteers should then be assessed. 

2. To validate the new kinetic model, i.e. investigate the linearity of the 

model. 

3. To see whether the volume kinetic model can be applied to extreme 

physiological situations such as body fluid changes during surgery. 

4. To analyze the body fluid changes in some situations where the infused 

glucose compound is handled in a pathological manner.  

5. To graphically illustrate the relationships between the changes in plasma 

dilution and glucose concentration under various physiological conditions. 
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5 SUBJECTS 
 

The volunteers and patients participating in the following studies gave their informed 

consent after the experiments had all been approved by the Local Ethics Committee. All 

subjects underwent medical examinations and laboratory tests before inclusion. 

 

 

5.1 PAPER I 

 

This article comprises two series of experiments on 21 healthy male volunteers 

without a history of or heredity for diabetes. In total, 22 subjects were included; none of 

the proposed volunteers refuse to participate, but one was excluded due to a, for him 

already known, phobia for needles. 

Twelve individuals aged between 24 and 36, and with the mean age of 28 and mean 

weight of 79 kg (range 62-113 kg) participated in the analysis of glucose 2.5% solution. 

Nine healthy individuals with a mean age of 27 years (range 24-38 years) and a 

mean weight of 79 kg (range 59-88 kg) participated in the experiments with glucose 5% 

solution and Ringer’s solution.  

 

 

5.2 PAPER II 

 

Six healthy volunteers without a history of or heredity for diabetes received on four 

separate occasions glucose 2.5% solutions at different infusion times and doses. The 

mean age was 30 years (24-33 years) and the mean weight was 77 kg (60-95 kg). All of 

the proposed subjects wanted to participate and none were excluded. 

 

 

5.3 PAPER III 

 

12 patients, 10 women and 2 men, without a history or heredity for diabetes or on 

any medications, who were scheduled for an elective laparoscopic cholecystectomy 

participated. The mean age was 40 years (27-51 years) and the mean weight 75 kg (58-

88 kg). In this study, several patients who were asked to participate rejected the offer 
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instantly; two patients withdrew on the same morning the surgical procedure was 

performed. Many patients were not asked because they were too old or on medication. 

 

 

 

 

5.4 PAPER IV 

 

Twelve male patients with type 2 diabetes and with a mean age of 63 years (48-73) 

and a mean body mass index of 29 kg.m-2 (26-38), corresponding to a mean weight of 94 

kg (75-132), consented to participate. All patients had insulin resistance as evidenced by 

a previously performed isoglycemic hyperinsulinemic clamp. All subjects had normal 

kidney function as expressed by the creatinine clearance of 119 (41) ml/min. Their 

glycemic control was achieved by diet plus oral hypoglycemic agents or insulin plus oral 

hypoglycemic agents or insulin alone. The mean HbA1c level was 6.4 % (5.0-8.8). 

In total, 20 male patients were asked but 5 rejected the offer instantly and 3 were 

excluded because their medication was altered between the experiments or their fasting 

blood glucose level was too high on the morning of the experiments. 

 

 

5.5 PAPER V 

 

Forty patients and 40 healthy individuals were studied in 12 separate series of 

experiments. In total, 122 intravenous infusions were given. The individuals had a mean 

body weight of 80 kg  (70-94) and a median age of 37 (27-63) and participated after giving 

their consent. This article comprises unpublished analyses of the results from Papers I-IV 

together with unpublished results from experiments on healthy individuals without heredity 

for or history of diabetes receiving a glucose 50% solution and insulin during one 

analytical set and glucose 2.5% solution during another set. The latter group of volunteer 

comprised physically well-trained fire-fighters with rapid insulin response as indexed by 

the volume kinetic parameter Clearance. Furthermore, this article contains unpublished 

results from one other article on patients that underwent hysterectomy.  
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6 METHODS 
 
 
This table is a summary of the series of glucose infusion analyses performed and 

discussed in this thesis. Articles I and V comprise different experiments which are 

illustrated here by their respective Roman numerals and thereafter the type of solution 

used. During the VGIK experiment, insulin was given during the first 60 min at the dose of 

1.0 IU/kg. Furthermore, paper V comprises unpublished results from articles I-IV. 

The results of the Ringer’s acetate experiments in study I are not presented because 

this solution does not contain glucose.   

 
Group (I2.5%) (I5%) (II) (III) (IV) (VGIK) (V2.5%) (Vpost-op) Totals 

N 12 9 6 12 12 12 13 16 79 
Series 1 1 4 1 2 1 1 1 12 
N infusions 12 9 24 12 24 12 13 16 122 
Measuring 
Points 

408 252 408 408 600 408 442 384 3310 

Infusion 
Rate 
(ml/kg) 

12.5 12.7 10, 15,  
15, 20 18.8 6.6,  

12.5 5.0 19.7 12.5 

Infused 
Volume 
(ml) 

988 1000 760, 1151, 
1147, 1922 1413 622,  

1176 416 1638 875 

Infusion 
Time (min) 

45 45 30, 60 60 30, 60 120 60 45 

Infused  
Glucose (g) 

24.7 25 19, 28.8 
28.7, 48 35.3 15.6,  

29.4 212 40.9 21.9 

 
 
 

 

6.1 PAPER I 
 

This article comprises two studies in which two groups of healthy volunteers received 

infusions of different glucose solutions and Ringer’s solution as a control. 

 

6.1.1 Glucose 2.5% Solution 

After fasting overnight and arriving at the hospital at 07.30 a.m., the volunteers rested on 

a bed for at least 20 minutes to regain body water equilibrium before the experiments 
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started. A cubital vein, on each arm, was cannulated for blood sampling and infusing fluid, 

respectively. 

Quadruplicate samples of blood hemoglobin (Hb) concentration, the red blood cell 

(RBC) count, and the mean corpuscular volume (MCV) were measured at baseline and 

then in duplicate samples until the end of the study at 195 min. 

Duplicate samples of plasma glucose were measured at baseline and then in single 

samples with the same time interval as Hb, RBC, and MCV until the end of the study.  

Venous blood was withdrawn every 5 min for 75 min and then every 10 until the end of 

the study. Furthermore, venous blood was drawn at 0, 45, 125, and 195 min to analyze 

the serum concentration of sodium, potassium, and insulin. 

The participants voided before the experiments started and, in the recumbent 

position, whenever necessary during the study. The sampled urine volume and its 

concentration of glucose, sodium, and potassium was measured.  

Immediately after the samplings of the blood, the arterial pressure and heart rate 

were measured using an automatic instrument (Propaq 104, Protocol Systems Inc., 

Beaverton, OR, USA).   

The sampled plasma volume was replaced by an equivalent amount of saline 0.9%. 

The volunteers were given an i.v. infusion of isotonic glucose 2.5% solution (Na 70, Cl 45, 

and acetate 25 mmol liter -1; Pharmacia, Uppsala, Sweden) at 12 ml kg-1 at a constant 

rate during 45 min via an infusion pump (Flo-Gard 6201, Baxter Healthcare Ltd, Deerfield, 

IL, USA). 

 

6.1.2 Glucose 5% Solution and Ringer’s Acetate 

 
The same procedures were followed in this study as in the one with glucose 2.5% 

solution with the exception of sampling time and type of i.v. fluid. 

Blood Hb, MCV, RBC and plasma glucose were measured every 5 min until the end 

of the study at 135 min. Venous blood was sampled to analyze sodium, potassium and 

insulin at 0, 45, 75, and 135 min. 

The volunteers performed two i.v. infusion experiments with an interval of at least 

one. On one of these occasions, they received 1000 ml of isotonic glucose 5% solution 

(50 g glucose in water without electrolytes; Braun Melsungen AG, Melsungen, Germany) 

corresponding to 12.7 ml kg-1  during 45 min. On the other occasion, the volunteers 

received 1000 ml Ringer’s acetate solution (Na 130, K 4, Ca 2, Mg 1, acetate 30, Cl 110 

mmol liter-1: Pharmacia, Uppsala, Sweden) corresponding to 12.7 ml kg-1 during 45 min.
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6.1.3 Laboratory Techniques 

 
In both studies the blood hemoglobin concentrations were measured on a Technicon H2 

(Bayer, Tarrytown, NY, USA) using colorimetry at 546 nm. RBC and MCV were measured 

with the same equipment, but by light dispersion at two angles using helium neon laser. 

Plasma glucose concentrations were measured with the GLU Gluco-quant reagent 

(Boehringer Mannheim) on a Hitachi 917 (Hitachi Co., Naka, Japan). The coefficients of 

variation for the samples were 1.0% for Hb, 1.2% for RBC, 0.5% for MCV and 1.2% for 

plasma glucose. The serum concentrations of insulin were determined by 

radioimmunoassay (Insulin RIA 100, Pharmacia, Uppsala, Sweden) and the serum 

concentrations of sodium and potassium by the Ektachem 950IRC System 

(Johnson&Johnson Inc, NY, USA). 

 
 

6.2 PAPER II 

 
After fasting overnight, the experiments started at 08.00 a.m. after the volunteers 

had rested on a bed with an equilibrium period of at least 30 min. The cannulation 

technique, hemodynamic measurements, and infusion pump were the same as in paper I.  

Venous blood was collected from the cannula every 5 min during the 30-min 

infusions and every 10 min during the 60-min infusions. After the infusions ended, blood 

was collected every 10 min up to 90 min and thereafter, every 15 min. 

On four separate occasions, each volunteer received one i.v. infusion of iso-osmotic 

glucose 2.5% with electrolytes (Na 70, Cl 45 and acetate 25 mmol liter -1; Pharmacia, 

Uppsala, Sweden). The infusion strategy was chosen to disclose differences in kinetics by 

varying the rate of administration (15, 20, 25, and 30 ml kg-1 h-1) and the infusion time (30 

and 60 min) while still aiming at avoiding glycosuria. 

 

Infusion rate (ml kg-1 h-1) 15 20 25 30 

Infusion time (min) 60 30 60 30 

Infused fluid volume (ml kg-1) 15 10 25 15 

Infused fluid volume (ml) 1151 (97) 760 (64) 1922 (159) 1147 (95) 

Infused glucose (g) 28.8 (2.4) 19.0 (1.6) 48.1 (4.0) 28.7 (2.4) 

Data are means (SEM) when applicable.  

Divide by 0.18 to convert g glucose to mmol glucose. 
 

The laboratory techniques were the same as in paper I with the following exceptions; 
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The blood tests for glucose, Hb, RBC, MCV, insulin, and electrolytes were drawn in 

single samples except the baseline values for the red blood cell values, which were 

measured in triple samples.  

Hb, RBC and MCV were measured with a Technicon Advia 120 (Bayer, Tarrytown, 

NY, USA), but, using the same colorimetry and light dispersion techniques as in paper I 

and with the same coefficients of variation. 

Serum insulin concentrations were measured using a Mercodia insulin ELISA kit 

(Mercodia AB, Uppsala, Sweden) with a coefficient of variation of 5% for the baseline 

level and 4.4% for the higher concentrations in the study. 

The urine volume and its concentration of glucose, sodium, and potassium were 

measured using Hitachi 917 (Hitachi Co., Naka, Japan). 

 

 

6.3 PAPER III 

 
Twelve patients scheduled for elective laparoscopic cholecystectomy gave their 

informed consent to participate in this study. None had a history or heredity for diabetes or 

were on any medication. They arrived after fasting overnight, at the hospital at 07.00 a.m. 

and received no fluid or food before surgery started at 08.30 a.m. One hour before 

entering the operating room, an injection of 2.5-7.5 mg of ketobemidone was given as 

premedication. The cubital veins were cannulated after premedication and blood sampling 

and fluid administration were performed according to the previously described technique 

and the sampled plasma volume was replaced by isotonic saline. Without infusing any 

fluid, general anesthesia was induced with thiopental 5 mg kg-1 and maintained with 

intermittent doses of 0.1 mg of fentanyl every 30 min and continuous administration of a 

gas mixture containing sevoflurane 1-3% in oxygen and ambient air. Tracheal intubation 

was facilitated by i.v. injection of 0.5 mg kg-1 of rocuronium. Monitoring of the patients 

included continuous pulse oximetry and electrocardiography. 

When the first skin incision was made, an i.v. infusion of iso-osmotic glucose 2.5% 

solution (Na 70, Cl 45 and acetate 25 mmol liter -1; Pharmacia, Uppsala, Sweden) was 

started. The dose calculation was based on the estimation of the mean dose required in 

this clinic during this type of surgical procedure: 1.5 L for a patient weighing 80 kg. The 

average cholecystectomy procedure takes approximately 60 min in our clinic, which 

served as the standard infusion time for the participants in this study.  

Venous blood was collected every 5 min during the first 90 min and every 10 min 

thereafter until the end of the study at 240 min. The laboratory techniques were the same 
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as in paper II. The coefficients of variation for the 800 samples were 1.3% for Hb, 1.2% for 

RBC, 0.2% for MCV, and serial testing for insulin yielded 5% for insulin. The 

hemodynamic parameters were measured using an automatic device (Datex-Ohmeda 

Instrumentation Inc., Box 900, Finland) immediately after each blood sampling procedure. 

All patients had an indwelling urinary catheter and the urine was examined according to 

paper II. 

 

 

6.4 PAPER IV 

 
Twelve patients with type 2 diabetes consented to participate in two intravenous 

infusion experiments with glucose 2.5% solution. The volume kinetic experiments were 

conducted after insulin resistance was confirmed and quantified by an isoglycemic 

hyperinsulinemic clamp.  

 

6.4.1 Isoglycemic Hyperinsulinemic Glucose Clamp 

 
Hyperinsulinemic clamping was performed according to De Fronzo et al. (137). In brief, a 

superficial dorsal hand vein was cannulated in retrograde fashion with a 21-gauge 

butterfly needle and kept patent by a slow infusion of saline solution. The hand was kept 

warm by an electric device for intermittent sampling of arterialized venous blood. After 

that, an intravenous catheter was inserted into the left antecubital vein for substrate 

(insulin/glucose) collection. During the 120 min of the test, insulin (Human Actrapid, 40 

mU.m–2.min-1, NovoNordisk A/S) was infused along with 20% glucose (Fresenius Kabi). 

The rate of glucose infusion was adjusted to achieve a blood glucose level compared to 

the subjects’ fasting glucose levels, on the basis of arterialized samples drawn every 5 

min from the dorsal hand-vein catheter (heated-air box at 55°C, University of Nottingham 

Department of Physiology and Pharmacology). 

The glucose clamp-derived index of insulin sensitivity (SI) [10-4 dl kg-1 min-1 / (µU 

/mL)] was calculated from the glucose infusion rate (GIR), corrected for body weight, 

during the final 30 min as follows: SI = GIRSS/GSS x ∆ISS. 

GIRSS is the steady-state GIR (mg/min), GSS is the steady-state blood glucose 

concentration (mg/dl), and ∆ISS is the difference between the basal and steady-state 

plasma insulin concentrations (µU /mL). This calculation is assumed to correct for 

differences in prevailing glucose and insulin concentrations. 

 



 

 

6.4.2 The Use of Volume Kinetics to Estimate Fluid Dose 

 
The hypothesis of this experiment was to test whether the volume kinetic model 

could be used to estimate the fluid dose of glucose 2.5% solution required to reach a 

predetermined level of blood glucose at the end of the infusion. This level was set to 12 

mmol/L as this is often stated in the literature to be the approximate average kidney 

threshold for glucose reabsorption (138; 139). Of course, this level is too high to be 

acceptable in the clinical situation for a longer period. However, in this experimental 

situation, with otherwise healthy patients with type 2 diabetes, we anticipated that the 

maximum level of glucose should decrease relatively fast after the completion of the 

infusion. Furthermore, in a situation requiring fluid therapy, it is necessary not to focus 

only on the glucose level but also to consider the actual supportive fluid volume. Hence, 

we wanted to study how much 

fluid could be administered 

during a short infusion time 

while avoiding severe 

hyperglycemia.   

To avoid overshooting the renal 

infusion.  

Moreover, the computer pro

elaborated algorithm, of the 

load along with the anticipat

experiments of 30 min infus

remaining experiments, the

infusion rate after comparin

simulated blood glucose con

made as long as the real out

The patients arrived a

morning medicines. Furtherm

before the experiments starte
Simulated outcome of 
study not yet performed. 
Rate of infusion was set 
to reach b-glucose level 
of approximately 12 
mmol/L. Simulations 
based on Vd 10 L and Cl 
0.3 L/min 
- 60 -

tubular transport maximum of 

glucose, thus reducing the risk 

of prominent glycosuria, osmotic 

diuresis, and a disturbed water 

balance we performed individual 

simulations before every 

gram was developed to include a correction, based on an 

infusion rate to meet the requirements of increased glucose 

ed increase in insulin secretion (140). During the first seven 

ion (of 24 in total), the corrections were too modest. For the 

 algorithm was altered to increase the correction of the 

g the real outcome for blood glucose compared with the 

centration at the same sampling point. The correction was 

come was below the simulated glucose concentration. 

t 07.30 a.m. after fasting overnight and without taking their 

ore, insulin and oral antidiabetics were discontinued 18 h 

d. At arrival, the fasting glucose level was measured and this 
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result was entered into our volume kinetic model computer program as the baseline value. 

If the glucose level was 11.0 mmol/L or above, the patient was excluded from the study.  

 

To estimate the fluid dose, the kinetic model requires information on the size of the 

volume of distribution of the glucose molecules and at what rate the glucose molecules 

disappear from this volume. The latter parameter is termed clearance (CL). Since the 

hyperinsulinemic clamps disclosed an average 50% reduction on glucose transport into 

the cells in these patients, clearance was reduced by 50% to 0.3 L/min. No evidence was 

found to assume that the size of volume of distribution for glucose is changed in type 2 

diabetes in comparison to that in healthy people. Moreover, insulin resistance during 

surgery, which is indeed a similar situation, discussed in paper III, showed a 67% 

reduction in clearance but no change in Vd which substantiated our decision to maintain 

the same size of Vd in patients with type 2 diabetes as in healthy individuals. Vd, was set 

to 10 L and the estimation of the fluid dose was made and illustrated by a graph shown 

below. The infusion was then started. 

Blood was sampled every 5 min during, and 30 min after completing the infusions. 

Glucose levels were measured instantly on a YSY 2300 STAT PLUS (YSY Inc., Yellow 

Springs, Ohio, USA) thereby enabling the visualization of the real outcome compared to 

the estimated one. At 1/3 of the infusion time, the real glucose level outcome was 

compared to the estimated one and, if deviations occurred, the rate of infusion was 

corrected (see graph below). In 22 out of 24 experiments the glucose level was lower than 

the estimated one. If large deviations occurred, the fluid dose had to be substantially 

corrected accordingly. However, in this scenario, a more cautious approach was then 

taken in order not to overload the patients with too much water. 

Even though the simulated curve 

showed a maximum glucose level 

above 12 mmol/L (Figure; left, 

arrow at the point of infusion rate 

correction), it appeared as though 

the real outcome came very close 

to this preset level (Figure; next 

page, arrow at the point of infusion 

rate correction). The reason for this 

phenomenon was not clarified until 

a complete volume kinetic analysis 

was performed which showed a 100% larger Vd than in  healthy individuals under normal 

The Real Outcome of Glucose 
level was compared with the 
Computer Simulated Glucose 
level at 20 min. The discrepancy 
required an upward correction of 
the rate of infusion with 30 % in 
this example. 
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settings or under stress, such as in connection to surgery (141). The results of this study 

are presented further and discussed later on in this thesis.  

The laboratory techniques were the 

same as in papers II and III, with 

the exception of the previously 

described measurements of 

glucose levels. Furthermore, C-

peptide concentrations were 

measured using a Mercodia ELISA 

kit (Mercodia AB, Uppsala, 

Sweden) with a coefficient of 

variation of 5% for the baseline 

level and 4.4% for the higher 

concentrations. 
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6.5 PAPER V 

 

This article presents an adverse effect of infusing intravenous glucose 

solutions. During the work on papers I-IV it became clear that some volunteers and 

patients developed hypovolemia when glucose levels fell below the normal range. To 

further investigate the prerequisites for this, we compiled the specific results regarding 

hemodilution as an index of plasma volume changes and glucose levels above baseline 

from previously conducted studies (141). Changes in hemodilution were correlated with 

changes in glucose levels from baseline and over time. 

We also wanted to investigate the effects on plasma volume of strong glucose 

solutions during concomitantly administered insulin infusions (i.e. glucose-insulin-

potassium). A new study was made on healthy firefighters with a rapid insulin response as 

indexed by the clearance for glucose. They participated in two series of infusions. An 

ordinary volume kinetic study was arranged with glucose 2.5% solution, which was 

infused at the rate of 19.7 ml kg-1 during 60 min and served as a control. On a separate 

occasion, the volunteers received glucose 50% solution at the mean rate of 5.0 ml kg 

during 120 min while insulin was infused during the first 60 min with the dose of 1.0 IU kg-

1. The aim was to keep the glucose at a normoglycemic steady-state level and correct the 

glucose infusion rate according to intermittent and instant measurements of glucose 
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levels. The glucose concentrations were analyzed using a HemoCue (HemoCue Glucose 

System, Ängelholm, Sweden) and the Hb concentrations were analyzed according to 

previously described technique. 

 

 

6.6 SODIUM DILUTION METHOD 

 
In papers I-IV the fluid diffusion into the cells was also calculated according to a method 

based on the assumption that sodium is the most important marker of fluid shifts in the 

extracellular volume.  

 

Sodium ions are distributed all over the extracellular fluid and the concentration of this ion 

at any time during or after an intravenous infusion equals the amount of sodium in the 

extracellular volume divided by the size of this volume. The size of the extracellular 

volume is assumed to be 20% of the body weight (142). 

 

Thus, the volume of distribution is presumed to correspond to the dilution of the sodium 

level in serum and the actual amount of infused fluid and the urinary excretion of water 

and sodium (143; 144).  

 

Fluid shifts according to the sodium dilution method are calculated according to the 

formula described in the Appendix and the laboratory techniques are described in section 

6.1.3. 
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7 STATISTICS 
 

In papers I - V the results are expressed as the mean (SD, or SEM). Data showing a 

skewed distribution were given as the median and the 25th and 75th percentile range. 

Correlations between parameters were studied by simple and multiple linear regression; 

P<0.05 was considered significant. Differences between and during the experiments were 

evaluated by repeated-measures analysis of variance. 

The F - test was used as the statistical justification to fit the data to an equation that 

contained one more exponent (n+1) than a simpler equation (n), in the volume kinetic 

model. 

 

( )[ ] ( )[ ]1111 ++++ −÷×÷−= nnnnnn dfdfdfSSQSSQSSQF  

 

Where df is the degree of freedom and SSQ is the sum of squares for the difference 

between the measured dilution of the plasma and the optimal curve fit. A high F value 

makes it more likely that the curve is best described by the more complicated model, and 

the significance testing is done by consulting a standard statistical table. 

In paper II, due to the limited number of subjects (n subjects=6, n infusions=24), an 

ANOVA method was simply not adequate (even though it was performed and no 

significant difference in kinetic parameters could be found), which necessitated another 

statistical method. To investigate whether the dose correlated to the concentration of the 

infused drug, in this case glucose 2.5% solution, the AUC for the dilution and for the 

glucose were correlated to the infused dose of the water and glucose compounds, 

respectively. 

An assessment of the linearity of the kinetic systems is essential if the model is to be 

used to simulate the results of studies not yet conducted. The residual error between the 

measured data points in each experiment and the computer-simulated (predicted) values 

for the group, based on the best parameter estimates, was used to describe how well the 

kinetic model fits the data in paper II. The results were expressed as the median residual 

error, which shows whether the measured data points are systematically higher or lower 

than the predicted ones (i.e. the bias), and the median absolute residual error, which 

reflects the degree of deviation of measured from predicted data points (i.e. the 

inaccuracy). This method is described in the following chapter. 
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7.1 PREDICTIVE PERFORMANCE ANALYSIS OF VOLUME KINETICS 

 
The ability of the glucose parameters and volume kinetic parameters to predict the 

dilution-time curves was evaluated by calculating the residual errors in measured and 

predicted data. A residual error is the distance between a measured value and the value 

obtained by a theoretical model - in this case the volume kinetic model, and can be 

visualized as in the following example: 

 

The approach used here to assess the predictive performance of the volume kinetic 

model is inspired by a study on infusion pumps  (145). In paper II, however, we report 

absolute instead of relative errors since the long period of late dilution close to baseline is 

essential for the estimation of the fluid kinetic parameter k31/V3 , which is the rate of fluid 

returning from the cells to the extracellular volume after glucose has been metabolized 

into CO2 and water. 

 The real outcome of the volume kinetic parameters for the four experiments 

was: 

Infusion rate (ml kg-1 h-1) 
                                                          15                     20                    25                       30 
       

Vd  (L) 8.20 (0.85) 9.24 (0.80) 9.26 (0.69) 10.21 (0.75) 

CL    (L min-1) 0.66 (0.12) 0.61 (0.08) 0.54 (0.03) 0.56 (0.08) 

V1  (L) 2.37 (0.57) 3.16 (0.63) 3.62 (0.50) 3.40 (0.46) 

kr (ml min-1) 100 (69-105) 104 (68-110) 105 (84-199) 125 (121-147)
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These parameters were inserted into a computer simulation program using volume 

kinetics. The mean dilution curve for the real outcome of experiment 15 ml kg-1 h-1 was 

compared with the simulated dilution curves using volume kinetic parameters from the 20, 

25, and 30 ml kg-1 h-1 experiments. This procedure was repeated for the three remaining 

experiments. The achieved residual errors were analyzed to see if there was a difference 

in residual errors if we used the average parameter estimates based on each 

experiment’s own series of 6 infusions or for all 24 experiments. Furthermore, the residual 

errors were compared when using the average parameter estimates for each of the three 

other experiments. 
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8 ETHICAL CONSIDERATIONS 
 
 

Healthy volunteers participated in papers I, II and part of paper V. No signs of 

adverse effects were anticipated or occurred that could be accounted for by the type of 

intravenous solution, the dose or the rate of infusion. In paper I, glucose 5% solution was 

studied and some subjects suffered from hypoglycemia (as discussed in paper V). While 

no symptoms, except the sensation of hunger, were reported a mean increased heart rate 

was demonstrated for this group during the period of hypoglycemia. 

In paper III, the subjects received an indwelling urinary catheter which is not the 

normal procedure in our clinic. However, none of the patients experienced any adverse 

effects (such as infection). No feeling of pain was reported since the catheter was inserted 

after general anesthesia was induced. The blood loss in connection with the surgical 

procedure was 120 ml in one patient while no blood loss was recorded in the others. The 

sampled blood volume of 238 ml was replaced with the equivalent amount of 0.9% saline. 

The total blood volume withdrawn for laboratory analysis did not exceed 250 ml with 

the exception of study II, in which young and healthy individuals participated. In this study, 

340 ml of blood was withdrawn in total. However, this amount was the total of four 

different infusion experiments on four separate occasions with at least two weeks 

between all experiments. 

In paper IV, the patients with type 2 diabetes had good control of their glucose levels 

as reflected by the mean HbA1c of 6.4% (1.1). Glucose levels were increased to 12.0 

(0.4) mmol/L and the osmotic diuresis seen in some experiments was limited and did not 

cause any adverse effect or clinical symptoms. 

Some healthy volunteers in paper V, who received a glucose 50% solution together 

with insulin, had periods of hypoglycemia which was promptly treated with i.v. glucose. No 

clinical symptoms or other adverse effects were reported. 

In summary, the insertion of a i.v. cannula may cause some rapid and transient pain 

in these experiments. The sampled blood volume did not exceed the volume normally 

given by blood donors during one donation session. No volunteer or patient experienced 

any signs of thrombophlebitis, which has been reported in some previous studies during 

infusions of hypertonic 7.5% saline. The adverse effects of having an abnormal glucose 

level was minimized by tight monitoring of these levels, which prompted immediate 

treatment. 
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9 APPENDIX 
 

9.1 EQUATIONS FOR GLUCOSE PARAMETERS 

 
Here, the plasma concentration (Cex) at any time (t) during and after administration 

of glucose at the rate ki ex is determined by the following equation (146): 

                                
dCex

dt
 =  

ki ex

Vd
−

CL
Vd

* Cex(t)                                            
(Eqn. 1) 

The concentration resulting from endogenous production of glucose (Cen) is given by: 

                                   Cen =  
ki en * CL

Vd
                                                          (Eqn. 2) 

The measured plasma glucose concentration is the sum of Cex and Cen. Naturally, the 

endogenous production is responsible for the baseline concentration. Fitting Eqn. 1 and 2 

to the data yields the optimal values for the parameters Vd, CL, and ki en. 

 

9.2 EQUATIONS FOR FLUID PARAMETERS 

 

The overarching aim of this thesis was to develop, validate and apply a volume kinetic 

model for glucose solutions. This was done and a three-volume model was developed 

and presented in paper I. The differential equations are: 
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V2 is only reported if it is statistically significant on comparing a biexponential curve with 

a triexponential one by means of an F test (124). In cases where an intermediate body 

fluid space between V1 and V3 is not statistically significant, the differential equations 

showing the changes in volumes v1 and v3, respectively, are: 
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. 
 
 
 

9.3 EQUATIONS FOR THE SODIUM DILUTION METHOD 

 
The sodium ions (Na) are distributed throughout the extracellular fluid (ECF) volume and 
the concentration of sodium in serum at any time (s-Nat) during or after intravenous 
infusion of fluid equals the amount of Na in the ECF volume divided by the size of the 
ECF volume, i.e. 20% of the body weight (142). These relationships can be expressed as; 
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where s-Na0 and ECF0 are the values at their respective baselines. Naloss is the 
natriuresis (in mmol) and the ∆ICF is the change in the water content of the intracellular 
fluid volume.  
 
The above equation can be rearranged to answer the question of how much fluid is 
diffused into the intracellular volume: 
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10 RESULTS 
 
 

10.1 PAPER I 

 

Three different volume kinetic models were constructed and applied to the results of 

infusions of glucose 2.5% and 5% solutions and Ringer’s acetate in healthy volunteers. 

These kinetic models show the relationships between the disposition of the infused fluid 

and the glucose metabolism. The two-volume model yielded the best curve fits. Adding 

one more volume to the kinetic model, assuming an expansion of the intermediary body 

fluid volume V2, did not improve the curve fit. The three-volume model was either not 

statistically significant or the program could not present meaningful estimates at all. This 

indicated that the i.v. fluid infused expanded the central volume, V1, and the most remote 

fluid volume, V3 (see Fig. above). The infused fluid was, of course, present in the 

intermediary fluid volume, V2, but without expanding it to a detectable level using the 

volume kinetic model. The fluid absorption from V2 to V3, due to osmosis when glucose is 

transported into the cells, did subsequently occur at such a rate that the baseline volume 

in V2 was not substantially affected. Hence, V2 is illustrated as a box in comparison to V1 

and V3 , which are illustrated as expandable balloons.  
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Glucose 2.5% and 

5% solutions 

expanded a functional 

body fluid space of 

similar size to the 

plasma volume when 

account had been 

taken of the fluid shifts 

associated with the 

metabolism of 

glucose. The volume 

expansion of these 

solutions was of the same magnitude as the expansion seen in the plasma volume of 

Ringer’s acetate.  

The mean (SEM) size of V1 was 3.68 (0.31) L for the infusion of glucose 2.5% and 

2.70 (0.22) L for glucose 5% (ANOVA, P=0.03). The elimination rate constant kr differed 

more between the glucose solution experiments, the median (25th, 75th percentiles) 

estimates being 66 (51,134) for glucose 2.5% and the mean (SEM) estimate for glucose 

5% 32 (16) ml min-1. 

The rate of fluid returning from the most remote fluid volume (i.e. the cells), which is 

presented as k31 / V3 (10-3 min-1) and represents the slope of dilution of V3, showed the 
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most interindividual variation and the median (25th, 75th percentiles) estimate was 2.1 (0.1, 

5.2) 10-3 min-1 for the glucose 2.5% solution and 2.6 (1.8, 3.0) 10-3 min-1 for the glucose 

5% solution. 

 The plasma glucose increased markedly in response to the intravenous infusions of 

glucose solutions, whereas the glucose level was marginally decreased, probably due to 

dilution of the plasma, when Ringer’s acetate was infused. 

Approximately 200 ml of water was retained in the cells after the experiments with 

glucose 5% solution. This can explain why the volunteers did not present the same urine 

volume, mean (SEM) 841 ml, as those receiving glucose 2.5%, 1022 ml (145). 

Interestingly, the total urine volume in the Ringer’s acetate experiments amounted only to 

half of the volume infused and about 50% of the urine production in connection with 

infusions of glucose solutions. 

 

10.2 PAPER II 

 

The linearity of the volume kinetic model was tested by calculating the residual 

errors between real outcome and computer-simulated data. Furthermore, correlations 

were elaborated between the AUC (area under the curve) and other measured fluid and 

kinetic parameters.  

The residual errors are shown at the bottom of this figure and the dilution-time 

curves are shown at the top where the thin lines are each individual’s real outcome of 

dilution and the thick line is the computer-simulated average dilution curve based on the 

mean volume kinetic parameters for the subgroup.  

 

 

 

 

 

 

For all 24 experiments, the median residual error was -0.009 (SEM 0.005) dilution 

units (i.e. the bias). This means that the simulation model systematically described the 

plasma volume expansion with -0.009 lower dilution units than the real outcome. Most of 

this error could be attributed to the weakness of the program in simulating glucose levels 
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below baseline. The V1 was therefore slightly overestimated during the late stages of the 

experiments. If only considering data obtained during the infusion and 30 min after 

infusions, the median residual error is reduced to -0.003 (SEM 0.006).  

The median degree of deviation (i.e. the inaccuracy) between the real outcome and 

the simulated dilution of plasma volume was + 0.026 (0.003) which did not change during 

the late stages of the experiment. The error was less than 0.01 dilution units higher if a 

dilution-time curve was simulated using the average parameter estimates for all 24 

experiments, compared with when it was based on its own series of six infusions.  

 

Since the inaccuracy of simulating the dilution by using a computer, expressed as 

the median absolute residual error, did not change if the input kinetic parameters used for 

simulation were based on all 24 experiments or if based on any of the four subgroups, the 

volume kinetic model for glucose 2.5% solution in healthy volunteers is linear and can be 

used for simulation purposes.  

In all 24 experiments, the mean (SEM) V1 was to 3.14 (0.26) liters, kr to 104 (9) ml 

min-1 and the median (25th, 75th percentiles) ratio k31/V3 to 5.5 (0.8, 12.8) 10-3  min-1.  

The correlation between AUC vs. the volume of administered fluid was statistically 

significant. This reflects the fact that the AUC increased with an increase in volume of the 

fluid load.  

The mean (SEM) corresponding kinetic parameters for glucose were: 

Vd 9.23 (0.39) L, clearance 0.59 (0.04) L min-1. The correlation between the AUC vs. the 

amount of administered glucose was statistically significant. Consequently, the AUC 

increased with an increase in the amount of glucose infused. 
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The figures show the plasma dilution, as indexed by the hemodilution measured, 

and the glucose level over time. Plasma glucose increased markedly in response to the 
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infusions and, as expected, more in the two groups receiving the highest infusion rates 
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(25 and 30 ml kg-1 h-1). It was also in these groups that obvious glycosuria occurred 

which, in turn, affected the accuracy of the simulation model.  

The plasma dilution also increased 

markedly in response to the infusions. 

The AUC of the dilution-time profile 

increased with the volume of infused 

solution (Fig. right, top). Furthermore, 

the AUC response (Infused volume / 

AUC) to the infused fluid tended to 

change for higher infusion rates, but 

this relationship was not statistically 

significant (Fig. right, bottom). 

Glycosuria was detected in all of the 

three outlayers. The open circle had the 

most pronounced level of glycosuria 

and was not included in the linear 

regression analysis). This lack of 

linearity could be accounted for by 

glucosuria, which reduced the AUC 

(r=0.51, P<0.01). 

The appearances of the dilution-

time curves are quite similar to those of 

the glucose-time curves. Rebound 

hypoglycemia was observed and 

hypovolemia occurred during the same time-course. This caused the volume kinetic 
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estimations to be less accurate since the program was not sensitive to this situation.  

In conclusion, by using an area method and comparing residual errors after 

simulation, we found linearity for the glucose 2.5% solution when infused at different 

volumes and rates. This means that the kinetic parameters show the same result 

regardless of how fast or how much of the fluid is infused. The dilution of plasma volume 

is dependent on the fluid load administered intravenously. Glycosuria and rebound 

hypoglycemia appeared to be confounders. 

 

10.3 PAPER III 

 

The volume kinetic model was fitted to measurements of the dilution of plasma and 

the plasma glucose concentrations during laparoscopic cholecystectomies. 

The plasma dilution increased markedly during the infusion and decreased to a quasi-

steady state 30 min after completion of the infusion (Fig. below, left and middle). A 

pronounced effect on the plasma volume occurred about 60 min after awakening from 

anesthesia. At this point, many subjects showed a marked hemoconcentration which 

distorted the analysis of volume kinetics (Fig. below, right). Due to this phenomenon, the 

fluid kinetic analysis was performed on the measured data from baseline to the 

termination of anesthesia with the mean (SD) duration of 87 (24) min. The calculations of 

the glucose kinetic parameters were, however, based on all the measured data of plasma 

glucose levels. The mean (SD) duration of the surgical procedure was 65 (27) min. 

 

The median (25th, 75th percentiles) central expandable volume, V1, was 3.89 (2.56, 4.42) L 

and the dilution-dependent elimination of water, kr, was 37 (20, 88) ml min-1. The mean 

(SD) volume of distribution for the glucose molecules 9.14 (1.78) L and the elimination, 

clearance, was 0.211 (0.049) L min-1. A new glucose kinetic parameter was included in 

this article, the endogenous glucose production (ki en), which averaged (SD) 1.1 (0.29) 

mmol min-1.  
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The glucose level tripled during the infusion but returned to baseline during the 3-hour 

follow-up (Fig., above). There was a 5-fold increase in the plasma insulin concentration 

during surgery (Fig., below, bottom) and the concentration was still high at 120 min 

although the glucose level had decreased by 50% at that time.  

 

Interestingly, the ki en correlated with the clearance for glucose (r=0.77, P<0.004, Fig 

above, top). This correlation persisted and became even more pronounced if laboratory 

results of previous studies were included in the analysis. 
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The median (25th, 75th percentiles) urinary excretion was 48 (38, 77) ml at 120 min 

and 127 (105, 185) ml for the entire 240 min experiment. These volumes corresponded 

only to 3.2 (2.7, 6.0) and 9.1 (7.0, 13.9) % of the infused fluid volume respectively. The 

total median (25th, 75th percentiles) urinary sodium excretion was 12.8 (6.4, 18.2) % of the 

administered amount of sodium. Using the sodium dilution method, the intracellular 

accumulation of water was 312 (222, 353) ml after the averaged fluid volume infused of 

1413 (193) ml. 

 

 
 

Nomograms were constructed by the volume kinetic model which simulated the effects on 

the predicted plasma dilution and the glucose level at various rates and infusion times for 

glucose 2.5% solutions in patients.  

 

 

10.4 PAPER IV 

 
The aim of this study was to evaluate whether the volume kinetic model could be used to 

estimate the volume of glucose 2.5% solution required to reach a preset glucose level.  

Furthermore, the volume kinetic analysis was fitted to the real outcome dilution of plasma 

to get the kinetic parameters. 

The patients performed an insulin clamp to verify and quantify the insulin resistance. 

GIR was 3.4 ± 1.5 mg.kg-1.min-1 (normal value approx. 7.0 mg.kg-1.min-1 (137; 147) ) and SI  

4.2 ± 2.9 [10-4dl.kg-1.min-1 /(µU/mL)], which is consistent with insulin resistance. In line with 

the result of the insulin clamp, the kinetic parameter for glucose uptake to the cells, CL, 

was then reduced with 50% to 0.3 L min-1 as compared to healthy, 0.6 L min-1. The 

volume of distribution was set to 10 L which is the normal value for healthy volunteers and 

patients in connection with surgery and, consequently, in a state of insulin resistance. 
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Every patient included in the study, and at both infusion sessions, had an individual 

simulation analysis performed. By entering the fasting baseline glucose level together with 

demographic data, predictions of the volume of distribution (Vd) and the clearance (CL) for 

glucose in a computer simulation program, the estimated required fluid volume dose was 

proposed to reach the preset level of 12 mmol/L. The simulation program allowed one 

correction in fluid rate at 1/3 of the infusion time.  

  

With the exception of maximum glucose level, the results presented are for all of the 24 

experiments. The mean (SD) amount of fluid infused, during the 30-min infusion,  
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622 (221) ml and, during the 60-min infusion, 1176 (367) ml. This fluid dose yielded a 

maximum mean (SD) glucose level of 11.6 (0.8) mmol/L during the 30-min infusion (the 

first 7 experiments excluded, 11.0 (1.1) mmol/L with every experiment included) and of 

12.0 (0.7) mmol/L during the 60-min infusion. Without the correction of the infusion rate 

(arrows in Figs.) at 1/3 of the infusion time, the computer program suggested that the 

patients would have a median (25th, 75th percentiles) 0.3 (0.1, 0.6) mmol/L lower glucose 

level during the 30-min infusion (all experiments included) and a 0.5 (0.1, 0.9) mmol/L 

lower level during the 60-min infusion. This indicates that the computer simulation 

program, based on volume kinetic principles, performed well in predicting the required 

fluid dose to reach the preset glucose concentration in this study. Correcting the infusion 

rate did not have a major impact on the maximum glucose level.  
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The mean (SD) expandable central volume, V1, was 3.67 (1.86) L and kr was 99 (46) 

ml min-1 and they did not differ between the two infusion studies. The parameter k31 / V3 

differed between the infusions, the median (25th, 75th percentiles) being 9 (2, 44) 10-3 min-

1 for the 30-min infusion and 27 (6, 49) 10-3 min-1 for the 60-min infusion. The mean (SD) 

maximum dilution averaged 11.2 (4.4) % for the 30-min infusion and 13.6 (4.8) % for the 

60-min infusion. 

The kinetic parameters for the glucose molecules were: Vd 19.8 (5.1) L and 

clearance 0.37 (0.12) L min-1, and the endogenous glucose production was 2.6 (0.9) 

mmol min-1 at the beginning of the experiment. These parameters did not differ between 

the two experiments. 

No significant change in blood pressure or heart rate occurred during the 24 

experiments. The fluid volumes administered were fairly high, considering the medical 

history and a relatively high mean age, but no patient had dyspnea or signs of peripheral 

edema. They all felt subjectively well before, during, and after the experiments. 

All subjects had normal kidney function as expressed by the mean (SD) creatinine 

clearance of 119 (41) ml/min and the urinary excretion amounted to 72 (32) % of the 

infused fluid volume. None of the patients had glycosuria at baselin;, however, during the 

experiments, the median (25th, 75th percentiles) glucose excretion amounted to 0.9 (0.4-

3.3) % of the infused amount of glucose during the 30-min infusion and 0.8 (0.4-3.3) % 

during the 60-min infusion. More apparent glycosuria (>1%) was seen in 9 out of 24 

experiments and, in 7 out of these 9, the maximum blood glucose level was above 12 

mmol/L. Consequently, only 2 out of 9 experiments showed marked glycosuria when the 

maximum glucose level reached was below 12 mmol/L (chi-square, P<0.01).  
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Since the preset glucose level was reached with small deviations and the key kinetic 

parameters, for both the fluid and glucose molecules, did not differ between the 

experiments, nomograms were constructed. These illustrate the effects on plasma dilution 

and glucose levels during infusion of glucose 2.5% solution at various fluid rates and 

infusion times in patients with type 2 diabetes.  
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10.5 PAPER V 

 
 

The present compilation of data from 122 infusion experiments on volunteers and 

patients show that there is a strong relationship between plasma glucose and plasma 

volume over time when glucose is administered as an intravenous solution. This time-

dependent correlation showed a P  value of < 0.001 in all series of experiments whereas 

the r- value differed, but was not lower than 0.79. 

In healthy volunteers, there was a strong linear relationship between these two 

parameters, both during and after the infusions (Fig. A, left below). Patients with insulin 

resistance (Figs. B and C, below), exhibited relationships between glucose level and 

plasma volume which were more scattered, and no hypoglycemia occurred.  
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However, a pronounced risk of becoming hypovolemic during hypoglycemia was 

demonstrated in the healthy volunteers with very rapid clearance of glucose molecules 

(>0.8 L min-1). These volunteers participated in two series of experiments including 

glucose 2.5% solution and glucose 50% solution with insulin and potassium (Figs., 

below). Furthermore, healthy volunteers having normal clearance of glucose (0.6 L min-1) 

but receiving glucose 5% solution also presented this pattern of becoming hypovolemic 

while being hypoglycemic (Figs., below).  
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11   DISCUSSION 
 

This thesis presents the development and application of a mathematical tool, termed 

volume kinetic model, which describes the processes in the body fluid volumes in 

connection with infusions of intravenous glucose solutions. Furthermore, the model has 

been validated and the results show that it is linear.  

The normal physiological mechanisms, involving the action of stretch receptors and 

hormones, engaged in the elimination of excessive fluid volumes operate together with 

osmotically driven elimination of water, which is strongly dependent on the cellular uptake 

of glucose. Thus, the distribution and elimination of fluid is mainly based on both the fluid 

dose and the amount of glucose infused during fluid therapy. We have therefore 

developed a model that intertwines the kinetic results of both the water and glucose 

compounds in glucose solutions. The kinetic parameters are presented in papers I-IV 

while the relationships between glucose level and hemodilution in Paper V are illustrated, 

under various physiological conditions, graphically.  

The volume kinetic model for glucose solutions is an extension of the kinetic models 

previously developed for intravenous fluids exerting their effects in the extracellular 

volume (111; 112). Applying an additional exponent to include a third peripheral volume 

makes it possible to couple the transport of glucose into the cells with the associated 

flux of fluid (paper I). Hence, the volume kinetic model for glucose solutions describes 

the distribution and elimination of fluid in connection with the metabolism of glucose. Of 

course, as with all kinetic models, it is a mathematical tool describing the fluid changes 

from a macroscopic view, but it serves rather well for a whole-body evaluation of the 

distribution and elimination of intravenous fluids. 

About 100 infusions of glucose solutions have been fully analyzed with this model 

and typical findings include the observation that the infused fluid expands a central body 

fluid volume (V1) of the size 3-4 L and a cellular hydration which has a much longer 

timecourse than the hydration of V1. Solutions with 5% glucose or stronger cause a 

plasma volume expansion of the same level as Ringer’s solution and  part of the infused 

water remains for a relatively long time in the cells after the infusions. Rapid infusion of 

a glucose solution frequently leads to hypovolemia in certain physiological situations 

because the elimination of water from the extracellular volume is brisk while water also 

enters the cells. The effects on the intravascular cellular volumes are presented in the 

figure below. Increased cellular accumulation of fluid when infusing the stronger glucose 

solution may explain the reduced fluid elimination seen.  
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The elimination constant for the water molecules, kr, decreases substantially when 

studying a population of patients under extreme stress (paper III) as compared to 

unstressed patients or healthy volunteers (papers I, II, IV). The typical value of kr in an 

unstressed situation seems to be about 100 ml min-1 while it decreases by more than 

60% in immediate connection with surgery. However, only two days after major surgery, 

kr has been shown to be back to normal values (141). In the studied group of well-

controlled patients with type 2 diabetes, but without a medical history or laboratory signs 

of kidney dysfunction, kr was at the same level as in healthy volunteers. The effects on 

the hemodilution of the central expandable volume, V1, are presented in the following 

figure which shows the scenarios of different values on kr. The elimination rate constant 
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(kr) is varied to amount to 110, 70, 40, and 20 (irregular curve) ml/min but the same fluid 

dose. 
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Model linearity in kinetics 

is very important if it is to be 

used clinically. If linearity has 

been demonstrated, as in 

paper II, the model can predict 

an outcome of a study not yet 

conducted (148). Furthermore, 

linearity of a kinetic model 

makes it possible to simulate, 

which, in turn, may generate 

hypotheses and design for new 

studies. Thus, in the case of 

the volume kinetic model, it is 

possible to predict both the 

dilution effect of the water 

molecules administered and 

the change in glucose level 

generated by an infusion of 

glucose solution, the latter of 

which was presented in Paper 

IV.  
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In this study, the model predicted the glucose levels and the model’s performance of this 

prediction as compared to the real outcome is illustrated in these figures. The open 

circles represent the real outcome for blood glucose concentration. The graphs with 

filled squares represent the predicted blood glucose concentration before the 

experiments started. The predictions overestimated the increase in b-glucose levels 

during the infusion. The reason for this was that the starting estimate of the volume of 

distribution for the glucose molecules, Vd, was set to 10 L, which is the normal size of Vd 

for healthy subjects but also for patients with insulin resistance caused by trauma (paper 

III). However, the final kinetic analysis performed later on revealed that Vd was much 

larger. This phenomenon will be discussed further in this section. Another reason to the 

overestimation of the increase in glucose level was, the slightly higher clearance (0.37 L 

min-1) than the used for simulation purposes (0.3 L min-1). Moreover, it takes 

approximately 20-40 min before insulin has reached adequate levels. As discussed 

later, the Vd for glucose is not changed but the clearance rate of glucose from this 

volume into the cells does substantially increase along with the increase in insulin 

secretion. During this time, when a lot of glucose molecules leave the Vd and when the 

aim is to reach a higher preset glucose concentration in this volume, more glucose-

containing fluid is required. Consequently, it was necessary to increase the infusion rate 

to accomplish the goal. The results from paper IV are shown in the following table: 

 

Infusion 

Time 

(min) 

Predicted 

Fluid Dose (ml) 

at min 0 

Real Outcome 

after Correction of 

Fluid Dose (ml) 

Change in  

Fluid Dose (%) 

30 479 (181) 622 (221) 34 

60 905 (376) 1176 (376) 34 

Data are reported as the mean (SD) 

 

 The change in fluid dose was performed according to an algorithm which was 

developed and adapted to the anticipated steady increase in glucose uptake during the 

time-course of the infusions (140).  

Model linearity has been demonstrated for glucose 2.5% solution, which enables 

the construction of the nomograms presented in papers III and IV. These nomograms 

cannot be looked upon as guidelines to be used in the clinic today as they are based on 

the results of studies on very small populations which are either healthy or well-

controlled patients with type 2 diabetes. They merely serve as illustrations of what 
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volume kinetics can achieve if large validation studies can be made on varying 

conditions of acute distress and subgroups of chronic illnesses. 

The size of the expandable fluid volume, V1 (3-4 L), and Vd (appr. 10L) for glucose 

have been presented consistently with much smaller values than the size of the 

extracellular volume in which both the glucose and water molecules are distributed.  

The size of V1 is similar to the size of the plasma volume and, thus, it is remarkably 

smaller than the expected total extracellular volume. This is even more remarkable as 

no expansion of a body fluid volume more peripherally (V2) could be demonstrated in 

any of the experiments with relatively rapid infusions of glucose solutions. Since the 

volume kinetic model is limited, the body fluid volume representing the cells, V3, is, for 

practical reasons, assumed to correspond to 40% of the body weight at baseline (125). 

Since the volume of V3 is set to this percentage, the kinetic parameter presented in the 

articles is k31 / V3, which represents the slope of the dilution of V3. This parameter shows 

a large variability and is very difficult to estimate when the dilution-time curve is under 

baseline. Any dilution of V3 is due to the osmotic effect on the water molecules when 

glucose enters the cells. Applying the law of osmotic homeostasis, water must enter the 

cells together with glucose if the infused solution is isotonic and, consequently, the 

volume kinetic model is set according to this prerequisite. Even though a relatively large 

volume of the infused fluid is accumulated in the cells, differences in k31 / V3 values have 

little effects on the plasma dilution as indicated by the figure below.  

 

The ratio k31 / V3 is set to 0.1 (irregular line), 5, 15, and 50 10–3 min–1. A 500-fold lower 

value on k31 / V3 generates only 10% larger plasma dilution. The reason for the low 

values of k31 / V3 (unit 10–3 min–1) is that the rate k31 is expressed with the unit ml min–1 

and a typical value is 10 or below. In contrast, the volume of V3 is approximately 32,000 

ml (an 80-kg individual).  
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The flux of fluid into the cells is often substantial as is the dilution of the central 

expandable volume, V1. Both of these effects are present during the infusion of glucose 

solutions which, leads to a dilution-dependent elimination of water from V1 while water is 

also rapidly transported into the most remote body fluid volume, V3, which is considered 

to be the cells. Intracellular accumulation of 10-30% of the infused water is often seen 

several hours after the infusions ended, which indicates that this process of eliminating 

water from V1 prevails during a long period of time. This finding is confirmed by the 

sodium-dilution method. 

Computer simulations (Fig. below) indicate that V2 is likely to be expanded when 

clearance for glucose and the elimination rate for the water molecules, kr, are very low. 

These parameters were substantially reduced in study III, however, V2 was not detected 

to be expanded. It may be explained by the relatively high variability of the curves and 

the fact that the curve-fitting was based on data from a rather reduced timeframe, 2h. 

Of course fluid is present in and flows through the intermediary body fluid volume, 

V2. However, the net flux of water does not reach such a level for the kinetic model to 

detect any expansion of V2. The reasons may be explained by the facts that water is 

briskly eliminated from V1 to produce urine and to hydrate the cells. Another reason 

could be that the kinetic model is too insensitive. 
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This figure illustrates the predicted dilution of V1 when the infused fluid expands a 

different number of body fluid spaces. Two liters of Ringer´s solution expands one and 

two fluid spaces, respectively (Fig. top). Simulations were based on original data (114; 

149). The expansion of the plasma volume during infusion of one liter of glucose 2.5% is 

illustrated in the bottom figure. The appearances of the curves represent different 

scenarios of expansion of two and three body fluid spaces, respectively. The average 

parameter estimates from paper II were used but, for the additional volume, the size of V2 

was assumed to have the same characteristics as those of Ringer´s solution, whereas kr 

was reduced to 25% of the "real" value. In this way, it is possible to predict scenarios in 

which the intermediary space also gets expanded. In study III, the prerequisites for this 

situation were presented but the kinetic model did not detect any expandable fluid space 

between the plasma and cellular volume, which leaves us with the understanding that, 

maybe, the volume kinetic model has to be further refined. However, when comparing the 

outcome of the volume kinetic model with the sodium dilution method in paper III, the 

kinetic model presented rather accurate results. 
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 In the following figure, the comparison of the plasma dilution (top) and the 

volume change (bottom) between healthy and unstressed volunteers in laboratory setting 

(left) and patients undergoing laparoscopic surgery (right) is shown. Calculations based 

on 1000 ml of glucose 2.5% solution during 60 min in individuals weighing 75 kg. 

 

 

 

The figures mainly illustrates the effects on the central expandable fluid volume of 

the difference in the elimination rate constant, kr , for the water molecules and in the 

elimination of glucose, CL. These parameters were reduced to almost 1/3 during 

surgery as compared to healthy volunteers.  

 

The work with volume kinetics focuses on the distribution and elimination of water. 

The kinetics of the glucose molecules is simply included to better present how the body 

handles the administered water in connection with the infusion of an intravenous 

glucose solution. The only kinetic parameter necessary for this calculation is the volume 

of distribution, Vd, of glucose. Other kinetic parameters (such as CL, ki en) for glucose 

have been presented as interesting findings but they do not serve the purpose of 

calculating the amount of water that is taken up by the cells.  

The glucose molecules readily penetrate the vascular membranes and can thus mix 

with the total extracellular space. An open one-compartment model may then represent 
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the extracellular space in terms of a single, well-stirred and homogeneous compartment. 

The one-compartment model has been used in previous studies by others to calculate 

the Vd for glucose and the real outcome data in all of our studies could best be fitted to 

this single-compartment model (150-156). Other studies propose that the entire glucose 

kinetics after intravenous injection of glucose can be best described by a two- or even a 

three-compartment model (157; 158). A review of studies performed on glucose kinetics 

in general and endogenous glucose production in particular show that all approaches 

yield approximately the same results when an appropriate model of the system is used 

(159). In some cases, the possible reasons as to why a one-compartment model is less 

representative in comparison to a multicompartment model may be; 

 

• The length of the postinfusion time to monitor glucose  

• The concentration-time curve of glucose is effected by both insulin and 

counteracting hormones 

 

It has been shown that monitoring of glucose levels during a postinfusion period of 

more than 22 min is required for the plasma glucose to equilibrate with the interstitial 

glucose concentration and, hence, to obtain the necessary data to represent a single-

compartment model (160). This requirement was, however, well met in all of the papers 

in this thesis. Interestingly, in the case of patients with diabetes type 2, the blood 

glucose levels were not back to baseline until at least 100 min after the infusions ended 

(Paper IV). One might assume that, in some cases, the postinfusion monitoring of 

glucose might require a longer timeframe than the proposed 22.7 min to fully examine 

the kinetics of glucose. Other research groups have injected a bolus dose of glucose in 

healthy subjects and patients with critical disease, but monitored glucose levels only 

during 11 min (max) after the injection. The size of the Vd for glucose reported was 

about 6-8 L (153; 161). These experiments did not proceed with the monitoring of 

glucose levels until a clear decrease of plasma glucose had been shown. In papers I, II, 

and III, the Vd for glucose was larger, about 10 L, which possibly may be referable to 

longer monitoring times.  

Another reason why a multicompartment model may be best represented is the 

possibility that the computer program used to fit the data to a kinetic model analyze the 

concentration-time curve for glucose erroneously as a two-compartment model due to 

hormone effects, such as glucagon. These hormones counteract the falling glucose 

levels (to decrease the risk of hypoglycemia) after the infusions of glucose have been 

completed and high insulin levels still prevail. The decay of the glucose concentration 
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would then be slower when reaching baseline values. The result may be that the, quite 

erroneously, data will be better fitted to a two-compartment model instead of a one-

compartment model. 

In healthy subjects and patients without diabetes, the 30-40% lower value of Vd for 

glucose, as compared to the expected extracellular volume, can be explained by the 

existence of two different kinds of interstitial pools: one that rapidly exchanges glucose 

and another that exchanges glucose slowly with the plasma volume (162; 163). The fast 

pool is generally insulin-insensitive and the slow pool is insulin-sensitive. Moreover, the 

fast pool consists of extracellular fluid of highly perfused organs such as the heart, 

lungs, brain, kidneys, and the liver (although the liver is an insulin-sensitive organ). In 

contrast, the slow pool consists of the interstitial fluid in less perfused organs such as 

muscle, fat, and subcutaneous tissues. 

In paper IV, a 40-60% larger Vd (19.8 L, SD= 5.3) was seen in patients with type 2 

diabetes even after correction for body weight (BW), as shown in the table. The size of 

Vd in this paper was similar to that of the expected extracellular volume (18.8 L). 

Regarding this point, there is no obvious reason for the larger Vd in this patient group as 

compared to the other populations studied. 

 

Papers I 2.5% I 5% II III IV 
Post-op 

(141) 

Vd           (L) 

Mean   (SD) 

12.3  

(0.9) 

11.5  

(0.4) 

9.2  

(0.4) 

9.1  

(1.8) 

19.8  

(5.3) 

10.2 

(2.7) 

Vd / BW   

            (L kg-1) 

0.15 

(0.01) 

0.14 

(0.01) 

0.12 

(0.01) 

0.12 

(0.02) 

0.21 

(0.06) 

0.15 

(0.04) 

 

There is, however, a large age difference between the populations in study IV and 

those in the other studies. Furthermore, the patients with diabetes were all on 

medications for both glycemic control and cardiac protective medicines such as ACE- 

inhibitors and beta-blockers. None of the volunteers or patients in the other studies were 

on any medication before the experiments started (Papers I-IV). Radioisotopic studies 

demonstrate, however, that insulin affects neither the size nor the exchange rates of the 

rapidly exchanging glucose pools and that the plasma equivalent Vd is likely to be a 

good approximation of the true glucose Vd, even though derived mathematically from 

plasma glucose data only. In contrast, the size of the slowly exchanging glucose pool 

can be altered by insulin administration (158; 162-164). The patients in paper IV had 

their insulin and oral antidiabetic medication discontinued 18 h before the experiments 



 

   - 93 -

started, but the physiological effects of the medicines on the Vd for the glucose 

molecules may have required a longer washout time to reduce the effect on the Vd. 

Beta-blockers, such as propranolol, have been shown to decrease the cardiac output (in 

the healthy) at the expense of the peripheral intravascular circuit (165). This 

phenomenon may imply a further alteration of the perfusion of the already slowly 

exchanging pool of glucose which, in turn, might exert effects on the size of the Vd for 

glucose. ACE- inhibitors have been shown to markedly increase the risk of 

hypoglycemia events but no studies analyzing any possible effect on the Vd for glucose 

have been found. 

 

Fluid therapy is essential in many clinical situations such as in supporting the 

circulation and treating different types of dehydration and electrolyte abnormalities. The 

current guidelines for fluid therapy are not, however, based on the direct effects on the 

body tissues containing water. Recommendations for fluid dosages and rates are based 

on experience, rules of thumb, and indirect volume effects of the therapy, such as 

securing stable hemodynamic parameters, proper urine excretion, or maintaining 

homeostasis in electrolyte concentrations. 

As many as 30-40% of all the geriatric patients admitted to hospital and 

approximately 50% of the residents in nursing homes are undernourished and probably 

also dehydrated (68-70). Intravenous glucose solutions are widely used to rehydrate 

patients who are unable to maintain an adequate water and nutritional balance by oral 

intake. This is often a problem in pediatric and geriatric patients as their ability to 

compensate for fluid losses is limited by the age factor. The percentage of body water in 

children is higher than in adults and the water composition in the elderly is changed 

towards a drier state  (19). Furthermore, the sensation of thirst is reduced in the elderly, 

which leads to an increased risk of dehydration. Gastroenteritis in children and 

dehydration in geriatric patients frequently leads to hospitalization and intravenous 

rehydration (78; 79; 166).  

Fluid overload and hyperglycemia are important concerns when planning 

intravenous fluid therapy with glucose solutions. The problem with hyperglycemia is 

particularly delicate when treating the increasing number of elderly patients with type 2 

diabetes. Moreover, it is of the utmost importance to keep all of the body fluid spaces well 

hydrated. The cells require a balanced water concentration to produce proteins; 

dehydrated cells are likely to initiate body catabolism, an unwanted process in times of 

concomitant acute disease (14; 15).  
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Volume depletion of the central body fluid space, i.e. the blood or plasma volume, 

can be detrimental even in smaller degrees. Smaller volume depletion of blood volume 

may have no striking effect on the hemodynamic parameters since vasoconstriction 

assists in the redistribution of blood to vital organs. Consequently, reduced blood flow to 

several organs, such as the skin, kidney and gastrointestinal tract, leaves them without 

enough oxygen to maintain a normal arterial blood pressure (i.e. normotensive 

compensated shock) (167-169). A decrease in the oxygenation and perfusion of these 

organs leads to intestinal mucosal ischemia with a resultant decrease in the gastric 

intramucosal pH, which is an important predictor of outcome (33; 38; 170). Furthermore, 

volume depletion with these effects also leads to exaggerated inflammatory and immune 

responses that exert effects not only at the primary ischemic site, but also on distant 

tissues (171). These results are similar to the clinical features of bacterial sepsis and 

systemic inflammatory response syndrome. 

It is evidently so that patients with an acute illness may suffer serious, unexpected 

and unwanted consequences of concomitantly relatively small volume depletions. Routine 

monitoring with the traditional tools such as central venous pressure, pulmonary artery 

wedge pressure, cardiac output, and urinary output have been ruled the guideline for fluid 

or blood transfusion, or both, but they are not reliable indicators of the size of the 

circulating blood volume (172). These tools indicate changes in blood volume but the 

correlation coefficients are poor generally. The reason for this is that the mechanisms that 

maintain the relationships between the plasma volume, the blood volume and the red cell 

volume are intertwined and complex and do not operate effectively and changes in blood 

volume may not be detected with these instruments due to selective vasoconstriction 

(132). Thus, to study the benefits of intravenous fluid therapy it is not enough to measure 

circulatory pressures and cardiac or urinary output, nor is it sufficient to calculate the 

dilution effects of intravenous fluid therapy based only on Hb concentrations. To 

distinguish between changes in Hb concentration and changes in blood volume it may be 

recommendable to use a reliable direct technique for measuring the size of the plasma 

volume, such as hydroxyethyl starch, together with a method which accurately calculates 

the distribution and elimination of the administered fluid treatment (115; 130; 131). 

Naturally, the assessment of such therapy must rely on measurements before, during, 

and after intervention. This thesis presents a fairly reliable method to calculate the 

distribution and elimination of administered fluid based on changes in Hb concentration. 

However, a useful tool to easily and accurately measure the plasma volume has not yet 

been presented but, as previously stated, the method including hydroxyethyl starch might 
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be adequate. The guidelines could then include algorithms as proposed in the following 

figure. 

 
 

 

It is not the purpose of this thesis to present a novel technique to measure the size 

of the different anatomical body fluid volumes. Volume kinetics describes the changes of 

the different functional, expandable, body fluid spaces over time, comparing baseline 

values of plasma dilution with effects during and after fluid therapy. Of course, having the 

precise baseline values (the size of the plasma, interstitial and intracellular volumes) 

would make the volume kinetic model even more attractive. However, as previously 

discussed, these volumes are rather difficult to accurately measure but it is probably 
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necessary, in the future, to include such measures to proceed with extensive clinical 

outcome studies.  

Even though the volume kinetic model combined with a rapid, accurate and easy 

method for analyzing the size of the plasma volume at baseline is an attractive mix of 

measures, the goal of the therapy has to be determined.  

This may, however, be the next large research area to explore; if we accept the 

added labour and expense required to assess the size of the plasma volume at baseline 

in the clinical setting, how will we use this mix of methods to guide fluid resuscitation in 

volume depleted patients with various diseases? Should we simply aim for normal 

plasma volume values? Will normal plasma volumes be excessive in conditions in which 

there is vasoconstriction and decreased vascular capacitance from increased 

sympathetic tone typical of patients with severe pain, head injury, and heart 

insufficiency? What will the optimal plasma volume be in conditions associated with 

impaired gas exchange from increased pulmonary capillary permeability? How will the 

interplay be described between blood volume and other commonly monitored variables 

that we use to assess organ tissue perfusion, including heart rate, arterial, pulmonary 

artery, and central venous pressures, cardiac output, urine output and gas exchange 

across the lung? Furthermore, should we focus only on the plasma volume? Are there 

circumstances in which focus should be directed toward the peripheral fluid spaces and 

what are their target sizes in various illnesses? 

Armed with the volume kinetic model (to guide the fluid therapy towards a 

predetermined goal) and a rapid and reliable method to measure baseline value of the 

plasma volume, we stand with potential clinical tools which will be used to manipulate 

physiological states, many of which not yet fully understood. Since the primary goals of 

the fluid therapy are not clarified, a cautious design of future clinical studies must be 

recommended. 
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12    CONCLUSIONS 
 

A kinetic model for analyzing the distribution and elimination of intravenous glucose 

solutions has been developed. It comprises three body fluid volumes, between which fluid 

flows at estimated rates. The elimination of the administered solution is dependent on the 

effect on hemodilution of the infused fluid in the central expandable volume, which is 

considered to be the plasma volume. The distribution of the infused fluid are intertwined 

with the metabolism of glucose. The osmotic property of the glucose molecule exerts 

substantial effects on the body water. When glucose is transported into the cells, water 

flows from the extra- to the intracellular fluid volume. When glucose has been 

metabolized, CO2 and water remains, and the flux of water is reversed.  

Furthermore, the volume kinetic model was applied to data from healthy volunteers 

in laboratory settings and in patients undergoing laparoscopic cholecystectomy. As the 

model is developed for glucose-containing solutions, another study focused on the 

handling of these fluids in patients with insulin resistance. 

Typical findings were that the volumes of distribution for both the water and the 

glucose compounds were relatively stabile. The central expandable body fluid volume 

was 3-4 L and the volume of distribution for glucose was approximately 10 L, with the 

exception of the group with type 2 diabetes which showed a 40-60% increase of this 

volume. 

The clearance for the water and glucose compounds differed, however, significantly 

under various conditions. During surgery, the clearance for both the water and the 

glucose molecules were substantially reduced, approximately to 1/3 of the values seen in 

healthy subjects. In patients with type 2 diabetes, the clearance for the infused water was 

within the normal range, but, the clearance for glucose was reduced to 63% of the normal 

value. 

The model was validated and linearity was presented in healthy volunteers (paper 

II), which makes it possible to simulate the outcome of experiments not yet conducted. 

However, glycosuria and rebound hypoglcycemia appeared to be confounders. 

Simulations were performed and the results were presented with nomograms (papers III, 

IV), which represent illustrations of the future clinical benefits of volume kinetics. 
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13 LIMITATIONS 
 

If glucose solutions are given intravenously to individuals with a prompt insulin 

response and at a fairly rapid rate, problems are likely to occur in the analysis of the 

volume kinetic parameters. In these, often, unstressed individuals, the dilution-time curve 

follows the concentration-time curve for glucose and, frequently, both curves go below 

baseline. Thus, hypovolemia is associated with hypoglycemia. Dilution below baseline 

cause problems to fit the data to the volume kinetic model; the parameters are estimated 

with larger errors, the slope of the dilution-time curve of the most remote fluid space (k31 / 

V3) is sometimes even not described with reliable values, and in a couple of cases, the 

elimination rate constant (kr) has a negative value. Another factor that distorts the 

modelling process is glycosuria.  

Glucose solutions have not been found to expand the intermediary space, V2, to a 

detectable level. This may be due to physiological reasons; the fluid infused into plasma 

exerts a hemodilution effect which is in the same level as the effects caused by Ringer’s 

solutions. Consequently, elimination of the fluid from V1 to the urine is rapid. In addition, 

the water molecules are, due to osmotic forces, transported into the cells along with the 

metabolism of glucose. The remaining water from the infusion is then exerting effects in 

the rapidly exchanging pool of glucose molecules, i.e. the plasma volume and the 

immediate adjacent interstitial fluid. Thus, the remaining part of the infused water is not 

large enough to expand the intermediary fluid space, V2. In cases with low diuresis and 

slow elimination of glucose to the cells, such as during surgery, it is anticipated that an 

expansion of the V2 occurs. This was not the case in paper III, although the prerequisites 

were presented, which raised the question whether the kinetic model has to be further 

refined to detect this kind of changes. 

The volume kinetic model is a mathematical tool which can describe the sizes of the 

different expandable body volumes, and the elimination and the distribution of 

intravenously infused fluids. Furthermore, if model linearity can be demonstrated, it can 

be used to simulate the effects of fluid therapy not yet performed. The model can not, 

however, predict the precise plasma volume. It would be very attractive to know the 

baseline size of the plasma volume before treatment starts and proceeds with the 

guidance of volume kinetics. The physician would then have the necessary information to 

set the goal of the fluid therapy.  
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14 FUTURE PROSPECTIVES 
 

Volume kinetics have been used in many different clinical situations to analyze the 

distribution and elimination of various intravenous fluids such as Ringer’s acetate, lactated 

Ringer, normal saline, albumin and glucose solutions of different strength. The kinetic 

parameters have been reported and the changes in these parameters in response to 

certain stimuli have been presented. 

There is, however, just one experiment that is needed to test the hypothesis that 

volume kinetics can be used to guide intravenous fluid administration toward a 

predetermined goal in patients with acute illness. It is advisable to perform a study similar 

to study IV, but, with the aim of simulating the dose required to reach a predetermined 

plasma dilution. Paper IV in this thesis shows that it is possible to guide the infusion rate 

with only one or two prediction operations using volume kinetics to reach a preset goal of 

the infusion. In this case, patients with type 2 diabetes were studied and the infusion of 

glucose 2.5% solution was guided toward a preset target level of blood glucose.  

Healthy volunteers, as controls, and hospitalized patients with type 2 diabetes and 

with concomitant acute illness should be studied using volume kinetics to guide an 

infusion of glucose 2.5% solution toward a predetermined dilution of plasma volume in the 

same way as in paper IV. The only difference from the latter study is that the preset goal 

is changed from glucose level to dilution of plasma volume. The main reason to, once 

again, study patients with diabetes are that the patients in paper IV were well-controlled 

and currently healthy with the exception of insulin resistance. If linearity and high accuracy 

of the model can be proved even in this kind of study on patients with acute illness, it is 

time for a large clinical trial on patients hospitalized due to acute illness and in need of 

volume support. 

A prospective randomized study should be designed in such a way that one group of 

hospitalized patients receives fluid according to general guidelines present today and the 

other group should be analyzed individually using volume kinetics to prevent such risks as 

hyper/hypoglycemia or overhydration. The primary endpoint should be altered as 

compared to the endpoints in many studies previously conducted by our research group. 

This time, the emphasis will lie on the quality of life and the secondary endpoints will be 

the number of days of hospitalization and adverse effects. It is of the utmost importance 

for our group to go ahead with such methods as we are convinced that volume kinetics 

can play an important role in redefining the guidelines used in the hospitals for the 

administration of intravenous solutions and, thus, improve the outcome of this therapy. 
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Furthermore, there is a large interest in further studies in the relationship between 

hypovolemia and hypoglycemia. The hypothesis of the future study is that this situation 

can be prevented by drinking water when the glucose level has fallen toward baseline 

after a glucose infusion or eating a big meal.  Beside volume kinetics, bioimpedance and 

the hydroxyethyl starch method will be used together with measurements of 

catecholamine levels to evaluate the stress that may be initiated by the hypovolemia, or 

hypoglycemia. A group of volunteers which will not receive water, after the glucose level 

has decreased to baseline, will serve as control. 
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