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Fluid therapy is a rapidly evolving yet imprecise clinical practice based upon broad 

assumptions, species-to-species extrapolations, outdated experimental evidence, and individual 

preferences. Fluid therapy can cause significant harm through fluid overload which increases 

morbidity and mortality. With limited evidence to support our current fluid administration 

practices in cats, greater understanding of the volume kinetics (pharmacokinetics) of intravenous 

fluid and body water physiology in this species would provide valuable data to support safer 

effective fluid therapy practices. This research project explored the potential of volume kinetic 

modelling analysis as determined by hemoglobin dilution and estimated urine output in unveiling 

the distribution, elimination, plasma volume expansion, half-life, and comparative potency of three 

commonly prescribed intravenous fluids in healthy cats. The feasibility of a novel non-invasive 3-

dimensional bladder volume estimation method utilizing bladder circumference tracings obtained 

from point-of-care bladder ultrasonographic images was also investigated. Approximately 

equipotent doses of blinded balanced crystalloid solution (Plasma-Lyte A, 20 mL/kg), hypertonic 

saline solution (5% sodium chloride, 3.3 mL/kg), and synthetic colloid solution (6% tetrastarch 

130/0.4, 5 mL/kg) infused over 15 minutes on separate random occasions revealed similar peak 

plasma volume expansion. The half-life and potency of these solutions were consistent with reports 



 

  

from human and canine studies. Intriguingly, the distribution of all infusions from the central 

compartment was rapid while the elimination was slow in comparison to other species; suggesting 

that cats may have different physiological responses to intravenous fluid infusion, which may 

explain their susceptibility to fluid overload. Computer simulations of hypothetical fluid infusions 

to achieve and maintain plasma volume expansion at steady state revealed the need for substantial 

reduction in the infusion rate following initial fluid bolus. Lastly, non-invasive 3-dimensional 

bladder volume estimation was achieved and showed promising potential in terms of feasibility 

and agreement with a recently published feline geometric linear bladder dimension formula. 

Bladder circumference tracings were easy to perform, reliable, and reproducible among individuals 

with limited point-of-care ultrasonography experience and remained robust when dealing with 

images of various diagnostic qualities. Additional work on volume kinetics and non-invasive 

bladder volume estimation are warranted for further investigation of acute fluid shifts in cats.
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CHAPTER 1 

 

Literature Review 

 

1.1 Introduction 

 

Fluid therapy paradigms are constantly evolving because of new discoveries1-3 as well as 

ongoing discussion and debate4 that focus on the many unanswered critical questions on the ideal 

choice, dose, rate, efficacy, and safety of fluid therapy in healthy and diseased humans and 

animals.4-6 Thus, across species and disciplines, the clinical practice of intravenous (IV) fluid 

therapy and perceptions of their biological effects are often conflicting and perplexing.7   

The limited quantity and poor quality of scientific literature on IV fluid therapy in 

veterinary medicine,8 in particular the feline species, has given rise to empirical fluid therapy 

recommendations9,10 that are based on broad assumptions, speculations, antiquated physiological 

principles, clinician’s anecdotal experiences, or extrapolation from human clinical trials and canine 

experimental models. Extrapolation of data from human and canine studies are less than ideal as 

there may be critical species variations and different kinetics among species and associated with 

the different IV solutions. As a routine treatment of hospitalized patients, fluid therapy has the 

potential to result in electrolyte and acid-base abnormalities and fluid overload that increases 

morbidity and mortality,11 particularly in cats,12 yet we have little evidence to support our current 

fluid administration practices in this species.8 

The recent discovery by the “Fluid Expansion as Supportive Therapy” (FEAST) study in 

African children whereby standard fluid boluses significantly increased 48-hour mortality13,14 took 

the medical profession by surprise and subsequently raised many questions regarding our 

understanding of fluid pharmacokinetics. Since then, clinicians are more receptive to the idea that 

fluids should be considered “drugs” and fluid therapy should be individually prescribed according 

to the four D’s (drug, dosing, duration, de-escalation)3,15 and four phases (resuscitative, 

optimization, stabilization, evacuation)2,15 of fluid therapy. The FEAST study was an important 

reminder that intravenous fluid therapy can exert varying physiologic effects dependent upon the 

context in which they are administered16 and can be detrimental if administered inappropriately.4,5  
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For decades, research in fluid therapy was constrained by the lack of effective methods to 

assess important effects and outcomes. Fluid dynamics and volume expansion effects have been 

investigated using conventional indicator dilution techniques,17,18 blood volume monitoring,18-20 

hemoglobin dilution,21 and bioelectrical impedance analysis.22-24 In 1997, several authors25-28 

pioneered a novel and innovative pharmacokinetic (PK) model adapted for body fluid spaces that 

was able to provide descriptive data on the physiologic behavior of infused IV fluids in terms 

comparable to those employed in conventional PK practice.29 

For the past 20 years, Robert G. Hahn and his research group have been studying and 

refining the concept of volume kinetics (VK), providing a research platform to understand how 

administration of various IV fluids affect body fluid compartments under different physiologic 

conditions. Intravenous fluids can now be studied like pharmaceutical drugs, leading to improved 

understanding of their time-volume effects or elimination half-life on plasma and interstitial fluid 

compartments,30 making evidence-based approaches to fluid therapy possible. Although this 

concept has been studied extensively in humans with over 50 publications across anesthesiology 

and critical care journals,30-32 there are only a handful of experimental studies in animals including 

rabbits,33 pigs,34 and sheep35-44 which originally served as human research models. 

The study of VK in companion animal species is unprecedented and there is no scientific 

literature currently available. This study is the first to investigate VK modelling and analysis in 

cats and simultaneously explore the utility of a non-invasive bladder volume estimation technique 

in this species. The main purpose of this research was to study the volume kinetics in healthy 

conscious experimental cats, by measuring Hb dilution and urinary excretion, following delivery 

of three commonly prescribed resuscitative IV fluid boluses. The secondary goal was to determine 

the feasibility of point-of-care bladder ultrasonography for non-invasive bladder volume 

estimation in cats. 

Prior to the introduction of VK concepts, the various physiological body fluid 

compartments and the established techniques to estimate their volumes depended upon indicator 

dilution methodologies are reviewed. A discussion of the different types of IV fluids and their 

theoretical behaviour related to body fluid compartments will also be highlighted. The focus of 

these discussions will be the feline species with comparisons made with humans when appropriate. 

Other existing comparative literature that is focused on VK, volume expansion, and fluid dynamics 

in species such as rabbits, sheep, and dogs are included where relevant. 
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1.2 Distribution of Body Fluids 

 

Water is the primary constituent of all body fluids and is conceptually distributed into 

various body fluid compartments. To preserve homeostasis, dynamic inter- and intra-

compartmental body fluid and electrolyte shifts occur incessantly until equilibrium is attained.45-47 

Any alterations in physiological state, disease process, or even fluid therapy can disrupt 

homeostasis such that loss or gain of body fluid and electrolytes from one fluid compartment alters 

the volume and composition of the other fluid compartments.45-47 

Total body water (TBW) is conceptually partitioned into 2 main compartments: the 

intracellular fluid (ICF) compartment and the extracellular fluid (ECF) compartment,46,47 of which 

the latter is further compartmentalized into interstitial and lymph fluid, blood plasma, adipose 

tissue, dense connective tissue and bone, along with transcellular fluid.45,47 Estimation of fluid 

compartment size is often expressed as a percentage of lean body weight, a percentage of TBW, 

or in liters (L) precluding direct comparison between individuals. Suggestions to standardize fluid 

volume to body weight or body surface area have been proposed.45,48 In this thesis, volumes of 

body fluid compartments will be conveyed as percentage (%) of lean body weight (BW) to improve 

clarity.  

 

1.3 Mass Balance Principles 

 

1.3.1 Exogenous Indicator-Dilution Technique 

 

The volumes of individual body fluid compartments are conventionally estimated using 

exogenous indicator-dilution techniques. Some examples include but are not limited to, deuterium 

oxide49,50 or radioactive tritium oxide51,52 for TBW determination; bromide48,50,53 for ECF volume 

determination; and radio-iodinated serum albumin,18,54 Evans Blue dye,18,35 or indocyanine green 

dye17,18,37 for plasma volume determination. Based on the law of mass conservation, indicator-

dilution techniques fulfill the mass balance principle at steady-state, whereby the total indicator 

mass following distribution in the fluid compartment will remain the same as the total mass 

injected into the compartment.47,55 Hence, the volume of a body fluid compartment can be 
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estimated provided that the indicator’s concentration following homogenous mixing can be 

accurately determined.48 

Although exogenous indicator-dilution techniques are considered the conventional ‘gold 

standard’ method for volume determination,17,56 they can result in hypersensitivity reactions and 

potential errors as a result of indicator extravasation, plasma turbidity, Hb contamination, or 

controversial back-extrapolation methods.18,57-60 Radioactive isotopes are cumbersome to use and 

there is a significant time delay for exogenous indicators to equilibrate to a steady-state 

distribution.47,48,61,62 This precludes the ability to distinguish between the distribution and 

elimination phases33,63 and does not permit analysis of acute dynamic fluid shifts.35 

 

1.3.2 Endogenous Indicator-Dilution Technique 

 

Robert G. Hahn introduced an endogenous indicator-dilution technique in 1987 using 

blood Hb concentration in humans as an accurate method for estimation of blood volume changes 

following validation with the radio-iodinated serum albumin technique.21 Advantages of using 

endogenous Hb include that Hb is confined solely within the plasma space, not associated with 

time-delay for steady-state equilibrium, much easier to use, and widely measurable in routine 

clinical laboratories.21,63 Therefore, serial measurement of Hb concentrations following IV fluid 

administration can be used to quantify plasma dilution and represent acute dynamic fluid shifts 

within the body.21 The mass balance technique using serial Hb dilution requires the assumption 

that total body Hb remains constant and homogenously distributed within the circulation at all 

times except during sampling losses or hemorrhage, to which correction for Hb losses can be 

made.21,37 

Analysis of Hb dilution has been widely used to estimate intravascular volume status21,64-66 

but its accuracy has recently been criticized due to underestimation of blood loss,67 unreliable 

intra-individual prediction of plasma volume (PV),68 and exponential measurement errors.69 Given 

the potential ripple effect of measurement errors on volume estimation, accurate sampling with 

duplicate and triplicate Hb samples measured using a high-quality method of analysis are 

recommended to ensure low variability.32,69 Recently, a prospective randomized controlled trial 

supported the concept that Hb levels can be reliably estimated using mathematical equations in 

humans experiencing blood loss and hemodilution from crystalloid fluid resuscitation.70  
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1.4 Volumes of Body Fluid Compartments 

 

Using the various exogenous indicator-dilution techniques, TBW of ideal weight adult cats 

has been determined to be approximately 60% of BW,49,52 similar to an average adult human 

being.45,47 Underweight adult cats have a higher mean TBW of approximately 70% BW49,51 while 

overweight adult cats have a lower mean TBW of approximately 50% BW.49,50,61 In comparison 

to lean tissues, adipose tissue has reduced water content45 therefore fluid requirements should be 

calculated based on lean body mass to avoid positive fluid balance.46 

Comparatively, ECF volume estimates for healthy adult cats vary considerably between 

15–30% of BW46 likely as a result of indicator-dilution technique variations, imprecise 

measurement tools, and distribution of the indicator within the vascular space.46,71,72 Furthermore, 

no indicator is truly restricted to the ECF space18,46,48,53 and the best approach for ECF volume 

determination is still inconclusive and widely debated.71 Recent publications report an ECF 

volume of approximately 20% BW in healthy cats,48,50,61 which is similar to the reported values of 

healthy humans.47,53 

Unlike TBW and ECF volume, ICF volume cannot be measured directly and thus is 

determined via direct subtraction of ECF volume from TBW.47,73,74 Using the data obtained from 

experimental feline studies investigating TBW and ECF volumes,48-50,61 ICF volume of adult cats 

would constitute approximately 40% of BW, similar to the value reported for humans.45,47 

The intravascular volume is often considered a discrete fluid compartment confined by the 

endothelium within the circulatory system.47 It is often used interchangeably with blood volume 

(BV) which is conventionally comprised of both ECF (i.e. plasma) and ICF within the cellular 

elements, particularly the red blood cells (RBC).47 Methods of estimation using radiolabelled 

RBCs are considered an accurate and precise method for BV determination in animal species, 

provided that splenic sequestration of RBC does not occur.75-77 The BV of an average adult human 

is approximately 6–7% of BW,45 of which approximately 60% of blood is comprised of plasma 

(3–4% of BW) and 40% is comprised of RBCs although these percentages differ with various 

factors including weight and gender.47 The human spleen contributes only a small percentage of 

RBC into the active circulation during times of acute physiological stress,78 is less affected by 

sympathetic and adrenergic activities,79 and contains 10% of total RBC volume78 which is similar 

to the 9% reported in cats.80  
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Current veterinary literature reports that the feline BV is 40 to 66 mL/kg (4–7% of BW)81,82 

based on previous work which reported a mean BV of 49 ± 10 mL/kg in 25 anaesthetized cats.83 

Historically, a much higher BV between 62 to 69 mL/kg (6–7% of BW) was cited84-86 with most 

of these studies performed in non-splenectomised cats based on the assumption that the feline 

spleen is non-functional.77 However, like dogs,75,87 the functional feline spleen was discovered to 

be a dynamic storage organ for RBCs with storage of up to 20% of the circulating PCV in its 

relaxed state, therefore resulting in marked overestimation and fluctuations in mean BV, RBC 

mass, and PCV in non-splenectomised cats.77,80 The mean BV of conscious non-splenectomised 

cats estimated using radiolabelled RBCs was reported to be approximately 56 mL/kg.77,80 

Meanwhile, the mean BV of splenectomised cats estimated with the same method was reported to 

be approximately 42 mL/kg regardless of conscious or anesthetized state.77,80 Therefore, the 

circulating BV in cats is actually smaller than previously reported, closer to 4% rather than 6–7% 

of BW, and fluid administration should be prescribed to cats with this important distinction in 

mind.  

Most of the intravascular fluid is plasma, the non-cellular part of the blood with 

approximately 25% of the ECF confined within the intravascular space. Water is the main 

constituent of plasma30 and in the past has been thought to be constantly in flux with the interstitial 

fluid through the semi-permeable capillary membranes according to the classic Starling’s principle 

of capillary hydrostatic and oncotic pressure gradient balance.88,89 More recently, the revised 

Starling equation90,91 proposes that fluid flows unidirectionally from the intravascular space to the 

interstitial space, governed by the influence of the endothelial glycocalyx layer, features of the 

endothelial basement membrane, and extracellular matrix of the interstitial space.1,45,92 A recent 

study using radio-iodinated serum albumin measured the mean feline PV as 35.6 ± 2.4 mL/kg54 

which is in agreement with previously reported values ranging from 34 to 49 mL/kg (3–5% of 

BW) in cats93 and 3L (5% of BW) in humans.47 If PV is measured using an indicator-dilution 

method, BV can be calculated and vice versa, as long as the hematocrit (HCT) is known. 

 

𝑃𝑉 = 𝐵𝑉 × (1 − 𝐻𝐶𝑇) Equation 1.1 

 

Meanwhile, approximately 75% of the ECF is believed to reside outside the vascular space. 

Based on the revised Starling equation and glycocalyx model, excess fluid from the interstitial 
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space is now proposed to return to the intravascular compartment via lymphatic drainage with no 

reabsorption through the venous capillaries and venules.1,45,92 In humans, approximately 8 L/day 

of capillary filtrate moves into the lymphatics with approximately 4 L/day reabsorbed in lymph 

nodes and the remainder returning to the circulation through the thoracic duct at steady-state.45,92 

This has not been explicitly described in cats. Studies to determine the interstitial fluid volume in 

cats have also not been published however direct subtraction of PV from ECF volume would thus 

estimate this volume to be approximately 15% of BW,46 similar to what is traditionally accepted 

for humans.47  

Recently, a volume of non-circulating fluid trapped within the endothelial glycocalyx layer 

(EGL),94 an active mesh of membrane-bound glycoproteins, proteoglycans, and diverse 

voluminous mucopolysaccharide glycoaminoglycans95-97 located between the circulating blood 

and luminal side of capillary endothelium,98 has been proposed to be included into the intravascular 

fluid compartment.1 As such, re-evaluation of fluid compartmental dilution studies was deemed 

necessary by some of the leading advocates of the revised Starling mechanism and glycocalyx 

model.1 

Healthy human EGL volume has been estimated to be approximately 700 mL based on a 

recent indocyanine green dilution study56 and up to 1700 mL based on studies measuring the 

distribution volumes of Dextran 40 and labelled RBCs,99,100 however the methodologies employed 

have also been challenged.60,101 Unfortunately, the existence and volume of the non-circulating 

glycocalyx in healthy small animal species remain unexamined. To complicate matters, it is likely 

that the revised Starling equation and glycocalyx model paradigm will continue to evolve and be 

refined in light of ongoing physiologic and clinical trial evidence. In the meantime, traditionally 

established body fluid compartmental volumes will be referenced in this thesis for the small animal 

species. 

 

1.5 Types of Intravenous Fluid 

 

A comprehensive understanding of the kinetics, volume expansion effects, and duration of 

effects of a prescribed IV fluid is critical for clinicians to select the appropriate fluid types, 

volumes, and rates for individual patients in a context sensitive manner.20,102 Distribution of IV 

fluids are based upon the concentrations of water and sodium in the body as well as physiologic 
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impediments to distribution that may exist for individual fluids.45 Theoretically, hypotonic 

sodium-free solutions will equilibrate across TBW, isotonic or balanced fluids containing 

physiological sodium concentration will disperse within the ECF compartment, while solutions 

with plasma equivalent colloid osmotic pressure (COP) are retained within the PV for longer 

periods of time.31 Intravenous fluids are broadly categorized into crystalloid solutions and colloidal 

solutions. 

 

1.5.1 Crystalloid Solutions 

 

Crystalloids are poly-ionic solutions that convey negligible oncotic pressure and are 

permeable across the semi-permeable capillary membrane, thereby capable of entering all body 

fluid compartments.62 Crystalloids exert their effects on the various body fluid compartments 

depending on their tonicity which is determined by their sodium and chloride concentration.103 

Isotonic balanced crystalloid solutions contain similar osmolarity and sodium 

concentration to that of plasma and ECF, thus do not cause significant osmotic fluid shift between 

ICF and ECF compartments.104 Within the intravascular compartment, isotonic balanced 

crystalloids are distributed throughout the plasma volume and the glycocalyx volume.7 Normal 

saline, i.e. 0.9% sodium chloride (0.9% NaCl), has been the mainstay of fluid resuscitation in 

human medicine for decades. Based on a recent online survey of 1496 small animal practitioners 

on the Veterinary Information Network, balanced crystalloid solutions with composition similar 

to that of ECF containing buffer pre-cursors, i.e. Plasma Lyte-148 (PLA) and lactated Ringer 

solution (LRS), are most commonly used during resuscitative efforts of cats and dogs in shock.102 

Isotonic and balanced crystalloid solutions are also commonly used as replacement and 

maintenance fluids.105    

Hypertonic saline (HS) is a hypertonic crystalloid solution with high osmolarity and 

sodium concentration which results in osmotic fluid shift from the ICF compartment to the ECF 

compartment.106 Rapid osmotic fluid shift from the interstitium into the intravascular space leads 

to an increase in interstitial fluid osmolarity which triggers a chain effect of free water movement 

down an osmotic gradient from the ICF to ECF compartments until a new equilibrium is 

reached.104 Hypertonic saline of 3% to 7.5% concentration is typically used for severe 
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hyponatremia, intracranial hypertension, and small volume resuscitation where it can be combined 

with a colloidal solution to prolong the volume expansion effect.104,107 

Hypotonic crystalloid solutions, in contrast, have significantly lower osmolarity and 

sodium concentration in comparison to ECF and plasma.104 These solutions are typically used to 

replenish free water deficits, correct hypernatremia secondary to hypotonic fluid loss, and meet 

daily water and electrolyte requirements during maintenance fluid therapy.105 Hypotonic solutions 

are contraindicated as bolus therapy or intravascular resuscitation as rapid decrease in plasma and 

ECF osmolarity leads to acute fluid shift intracellularly which may result in life-threatening 

cerebral edema.104 

 

1.5.2 Colloidal Solutions 

 

Colloidal solutions are suspensions of large molecular weight (MW) substances within a 

carrier solution that are confined mainly within the plasma compartment and exert their effects 

primarily on the intravascular compartment.103,108 Colloidal solutions commonly used in veterinary 

medicine include natural blood products and synthetic solutions such as dextrans, polygelatins, as 

well as the most commonly used hydroxyethyl starch (HES) solutions of various generations.109 

Hydroxyethyl starch solutions are readily available, affordable, and provide rapid durable 

volume expansion making them an attractive substitute for crystalloids for intravascular 

resuscitation.110,111 Restriction to the intravascular compartment diminishes peripheral edema108 

provided that the EGL is healthy and uncompromised.1,91,92 The large MW of HES molecules has 

also been postulated to allow for absorption into the EGL, further augmenting resistance to 

ultrafiltration of fluid across the capillary barrier.91 

Hydroxyethyl starch solutions are made of polydisperse amylopectin dissolved in an 

isotonic or balanced salt solution. Amylopectin is a natural starch originating from waxy maize or 

potatoes which is hydroxylated to impede instantaneous breakdown by circulating a-amylase.110 

Accelerated plasma HES clearance has been reported in dogs given that they possess up to 3-fold 

higher serum amylase activity as compared to humans.112,113 No report is available for cats 

although the feline serum amylase concentration approximates the canine reference interval.112 

Succeeding generations of HES solutions vary in concentration, average MW, molar 

substitution (MS), and pattern of hydroxyethyl molecule substitution (C2:C6 ratio).110 
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Hydroxyethyl starch solutions are identified based on their concentration (6% vs. 10%), MW (70-

670 kDa), and MS (0.4-0.75). The concentration of HES solutions affects the initial volume effect, 

average MW influences the osmotic effectiveness, while MS and C2:C6 ratio regulate the 

degradation rate of HES solution.110 Hydroxyethyl starch solutions with higher MS (e.g. 

hetastarch, 0.7, pentastarch, 0.5) and/or higher C2:C6 ratio are degraded more slowly than HES 

solutions with lower MS (e.g. tetrastarch, 0.4) and/or lower C2:C6 ratio. In another worldwide 

survey on the use of synthetic colloids among 947 small animal practitioners, tetrastarch is most 

commonly used (64%) in comparison to older generation HES such as hetastarch (25%) and 

pentastarch (8%).109 The reason behind this preference is not entirely clear but likely influenced 

by product availability and cognizance of lower safety profile with older generation HES.110,114  

To date, the safety concerns including acute kidney injury and increased mortality reported 

with HES in humans115-117 have not been convincingly demonstrated in retrospective cohort studies 

of septic and critically ill veterinary patients with the use of new generation tetrastarch solution, 

i.e. 6% HES 130/0.4.118-120 An earlier retrospective cohort study, however, did find significant 

association between older generation pentastarch, i.e. 10% HES 250/0.5/5:1, and increased risk of 

death as well as acute kidney injury in critically ill dogs.121 Although third-generation HES 130/0.4 

is considered an improved and safer HES solution,110 a systematic review of 56 human randomized 

clinical trials (RCT) found no convincing evidence to support this claim in surgical, emergency, 

or intensive care patients due to underpowered and poorly designed clinical studies.122 Lack of 

statistical power to detect differences in clinically important outcomes likely apply to our 

veterinary studies as well.118-120 Other reported concerns of HES in veterinary medicine include 

most notably coagulopathies, volume overload, tissue storage, and rarely anaphylaxis however 

data on cats is severely lacking.10,108,114  

 

1.5.3 Fluid Efficacy, Volume Expansion Efficiency Ratio, or Fluid Potency 

 

Timely restoration and maintenance of effective circulating volume through the expansion 

of the intravascular compartment with appropriate resuscitation fluid to re-establish tissue 

perfusion is the fundamental principle of shock stabilization. The efficacy of a resuscitative fluid 

is determined by its capacity to reinstate effective circulating volume, organ perfusion, and cellular 

oxygenation while keeping excessive fluid loading and positive fluid balance to the lowest level 
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possible.108 Infusion of any resuscitative fluid in an appreciable volume will generate some degree 

of PV expansion.20,62 However, the extent of PV expansion in relation to the volume of 

resuscitative fluid infused, as well as the duration of PV expansion are the primary determinants 

of resuscitative fluid efficacy. Fluid efficacy and volume expansion efficiency can be represented 

in percentage as given by Equation 1.2,31 or in ratio as given by Equation 1.3:20 

 

Fluid	efficacy	(%) =
∆	𝐵𝑉	or	∆	𝑃𝑉
Infused	volume × 100 Equation 1.2 

 

Volume	expansion	efficiency	ratio, 𝐸𝑅 =
∆	𝐵𝑉	𝑜𝑟	∆	𝑃𝑉
Infused	volume Equation 1.3 

 

Parallel to fluid efficacy and volume expansion efficiency, fluid potency is another 

expression of fluid activity deduced by the volume required to produce an effect of a given 

magnitude. The comparative intravascular volume expansion of different resuscitative fluid types 

in humans and dogs have been thoroughly reviewed10,108 while the volume expansion efficiency 

across time has been described in dogs.20 Unfortunately, limited scientific data are available in 

cats.54,123-129 In a recent systematic review investigating the quality of IV fluid therapy research in 

veterinary medicine, only 139 of 7258 IV fluid therapy studies (63 dogs, 7 cats, 39 horses, 30 

cattle) published in the Commonwealth Agricultural Bureaux International (CABI) database over 

the past 50 years met the inclusion criteria for review.8 A majority of these studies were descriptive 

and do not allow reasonable translation to clinical practice, with more than 50% failing to fulfill 

the minimum standards of CONsolidated Standards of Reporting Trials (CONSORT) guidelines 

particularly in the area of specific outcome variables identification, trial design stipulation, sample 

size determination, randomization, and blinding.8 

Based on reports of canine hemorrhagic and resuscitative experimental models, isotonic 

balanced crystalloids are reported to distribute swiftly across the entire ECF compartment, with 

60–80% of the infused volume moving out of the intravascular compartment into the interstitial 

space within 30–60 minutes, thereby necessitating massive fluid volumes up to 12.2:1 ratio to 

adequately restore and sustain effective circulating volume in cases of progressive hypovolemia 

and hemorrhage.19,20,130-132 Isotonic and balanced crystalloids do not recruit fluid into the 

intravascular space from other fluid compartments.133 Similar data are not available for cats. 
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Hypertonic saline conversely causes a transient osmotic shift from the extravascular to the 

intravascular compartment.20 Hypertonic saline is useful for rapid small volume resuscitation in 

hemorrhagic trauma patients as the increased tonicity within the intravascular compartment draws 

fluid primarily from the intracellular to the intravascular space,106,107 temporarily restoring 

effective circulatory volume. However, the volume expansion of HS is short-lived and was found 

to be less than 30 minutes in a normovolemic canine resuscitative experimental model.20 Osmotic 

diuresis and swift equilibrium of sodium cations throughout the ECF compartment to maintain 

homeostasis were speculated to be responsible for the short duration of effect.20,134 The role of HS 

solutions in shock resuscitation has not been adequately investigated in veterinary medicine102 and 

the majority of studies published thus far have only evaluated 7.2% to 7.5% HS solutions with 

limited information on the clinical effects of other HS concentrations.124,125,135-138 Unfortunately, 

cats that were recruited into a clinical trial evaluating treatment of clinical shock in dogs and cats 

using HS were all randomized to the control isotonic solution group.125 In a hemorrhagic shock 

experiment achieved through exsanguination to mean arterial pressure of 50 mmHg in 

pentobarbital anesthetized cats, 4 mL/kg of 7.5% NaCl given intravenously over 2 minutes induced 

rapid restoration of hemodynamic stability but the duration of effect was less than 30 to 60 

minutes.124  

A recent pilot study investigated the efficacy of small volume resuscitation using 7% HS 

(2 mL/kg) and a combination of 7% HS (2 mL/kg) with 6% HES 130/0.4 (2 mL/kg) in a 

heterogenous feline population (n = 10) with non-cardiogenic shock unresponsive to initial 

balanced crystalloid resuscitation (15–20 mL/kg LRS over 15 minutes).129 Only 60% of subjects 

required a single HS or HS-HES fluid bolus, while 40% required a second fluid bolus (4 mL/kg 

HS or 4 mL/kg HS-HES) 10 minutes later to achieve stabilization.129 Stabilization was achieved 

in 33 (range, 15–60) minutes following 3 (range, 2–6) mL/kg of HS or 4 (range, 2–6) mL/kg of 

HS-HES.129 Unfortunately, the information from this pilot study is limited and should be 

interpreted with caution given the lack of a control group to assess the effects of HS and HS-HES 

solution, limited sample size for analytical treatment comparison, heterogeneity of study 

population, and the inadequate macrocirculatory or microcirculatory monitoring in determining 

resuscitation end-points.  

Since the first publication of HES administration in dogs in 1966, the veterinary literature 

has expanded to include clinical reports of the use and dosages of HES in small animals (mainly 
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dogs) which often differ in the patient populations studied and HES solutions administered, 

making it difficult to draw specific conclusions.10 Colloidal resuscitation has been demonstrated 

to be most efficacious in the treatment of intravascular hypovolemia, with 80-100% of the infused 

volume remaining in the intravascular space.108 In addition to the inherent pharmacokinetic 

properties of HES solutions, the patient’s intravascular volume status also influences the extent of 

intravascular volume expansion. Similar HES solutions had lower volume expanding effects in 

patients who were normovolemic than patients who were hypovolemic.10 

Holbeck and Grande investigated 6% HES 200/0.5 infusion in a model of feline intestinal 

perfusion and metabolism during Escherichia coli endotoxemia.139 Although this study provided 

excellent data that colloid infusion may serve to improve therapy and survival in septic feline 

patients, a control group receiving crystalloid solution to better define the volume expansion 

benefit of HES over crystalloids was not included. Similarly, another feline study on HES explored 

the potential renal adverse effects of HES 130/0.4 and mortality in critically ill cats but did not 

investigate fluid efficacy or volume expansion effects.120 

Past data from healthy human participants and research animals have established that 2–4 

times crystalloid to colloid infusion volume (2–4:1 ratio) are necessary to attain equivalent 

intravascular volume expansion and similar hemodynamic endpoints.6,140 However, a number of 

recent critically ill human clinical trials including the “Efficacy of Volume Substitution and Insulin 

Therapy in Severe Sepsis” (VISEP) trial,115 the “Crystalloid Morbidity Associated with Severe 

Sepsis” (CRYSTMAS) trial,141 “Scandinavian Starch for Severe Sepsis/Septic Shock” (S6) trial,117 

and the “Crystalloid versus Hydroxyethyl Starch Trial” (CHEST)116 revealed a surprising marginal 

volume sparing effect of colloids, with the cumulative total crystalloid to colloid infusion volume 

approximating a 1.2–1.4:1 ratio in contrast to the anticipated volume expansion efficiency 

predicted from the theoretical physiologic properties of colloidal solutions. A systematic review 

of 56 RCTs involving HES 130/0.4 resuscitation in the surgical setting also found a considerably 

lower crystalloid to colloid infusion volume ratio of 1.8:1.122 These studies have led to the 

speculation that colloidal solutions may have a much larger volume of distribution than previously 

thought.108 Another possible explanation of these findings involves disruption of the intravascular 

compartment or the EGL. When the EGL is compromised as a result of systemic inflammation 

and upregulation of cytokine production, it augments fluid dissemination out of the intravascular 

space,142 and diminishes the volume expanding differences between crystalloids and colloids.62,143 
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When colloidal solutions escape into the interstitium, reduction in the oncotic pressure gradient 

across the capillary barrier make further extravasation more likely.142 Aggressive fluid 

resuscitation is said to exacerbate the already compromised integrity of vascular barrier by causing 

direct damage to the EGL.1,144 Hypervolemia has also been suggested to promote atrial natriuretic 

peptide release that contributes to shedding of the EGL56,145 however this is still a matter of 

debate.60  

 

1.5.4 Fluid Half-Life (Duration of Effect) and Steady State 

 

 Recently, the concept of half-life (𝑡:/;) for IV fluid was introduced, allowing easier and 

direct comparison of the duration of effects of various IV infusions under different physiological 

conditions.30 Analogous to the 𝑡:/; of drugs, the 𝑡:/; of an IV fluid is the time required to achieve 

a 50% reduction in infused fluid concentration and can be further classified into distribution half-

life or elimination half-life.146 If a substance is delivered as a constant rate infusion, it generally 

takes approximately 4 to 5 elimination half-lives for the substance to reach a steady state or stable 

concentration whereby the elimination rate is the same as the infusion rate.146 

 

1.5.5 Fluid Prescription: Recommended Shock Dose and Rate 

  

A key concept in prescribing a fluid resuscitation dose and rate in shock patients is to 

actively gauge the degree and speed of ongoing fluid losses and titrate to effect rather than infusing 

a predetermined volume. This is followed by frequent reassessment for the need of additional 

resuscitation or hemodynamic support directed towards meeting specific cardiovascular goals 

targeted to the individual patient. This approach is known as end-point resuscitation in veterinary 

literature147 and early goal-directed therapy in human literature.148,149 

The standard reported shock dose of isotonic balanced crystalloid solutions for cats is 45–

60 mL/kg.150-153 This recommendation was likely extrapolated from hemorrhagic shock models 

where 10–30% blood loss created obvious compensatory shock responses in anesthetized dogs.130 

Given that only approximately 50% of hemodynamically unstable human critically ill patients are 

fluid responders,154,155 fluid challenges of 10–20 mL/kg in increments over 15 to 30 minutes153 
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followed by reassessment of individual cardiovascular response are recommended to guide further 

treatment decisions. 

The usual concentration of HS used to treat shock is 7.2% to 7.5% and the total shock 

dosage for cats has been reported to be 3–4 mL/kg given over approximately 5 minutes.124,153 

Clinical data using 3% or 5% HS156 in the treatment of hemorrhagic shock is almost nonexistent 

in both human and veterinary literature.102,137,138 Feline studies are even rarer with only a few 

reports available.123-125 In a hemorrhagic shock experiment in anesthetized cats, administration of 

4 mL/kg of 7.5% NaCl (2400 mOsm/L) via the intraaortic (aortic root) route over 2 minutes 

resulted in sudden decrease in myocardial performance leading to hypotension, bradycardia, and 

death in several cats.124 This was suspected to be due to a sudden increase in myocardial osmolality 

resulting in myocardial dysfunction and cardiovascular failure.157 Hence, administration of HS has 

been recommended to not exceed a rate of 1 mL/kg/min.20,134 

The total shock dose of synthetic colloids, typically the newer generation HES, in cats is 

reported to be 5–10 mL/kg with typical bolus doses of 2–5 mL/kg administered to effect in 

incremental boluses over 10 to 20 minutes153 according to the individual patient’s response. Some 

authors prefer the combination of 6% HES 130/0.4 and isotonic balanced crystalloids as their 

primary means of fluid support.10,158 In cats, a small volume infusion technique comprising 5–10 

mL/kg of crystalloid and 2–5 mL/kg of HES followed by reassessment prior to administration of 

subsequent doses has been recommended.10 

In veterinary medicine, direct comparative data corroborating the equipotency of the 

aforementioned doses of various resuscitative fluid choices are not available and these 

recommendations are mainly based on reported positive response or extrapolated from human 

studies. 

 

1.6 Pharmacokinetics of Intravenous Fluid Therapy 

 

Pharmacokinetics (PK) and pharmacodynamics (PD) are complex disciplines that utilize 

advanced mathematical principles that practitioners sometimes find difficult to comprehend. 

PK/PD analysis requires some mathematical and statistical background, combined with an 

understanding of biology, pharmacology, and physiology. However, PK/PD is pivotal in 

understanding ways to enhance efficacy and decrease harm for any exogenous substance 
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prescribed in clinical practice.159 Pharmacokinetic analysis and simulation are the established 

approach to guide pharmaceutical dose and frequency prescription as it describes the concentration 

of a substance in the body over time, whereas PD illustrates the dose-related effect of a substance 

in the body over time; in tandem these 2 branches of pharmacology are critical to clinical drug 

delivery.159  

 

1.6.1 Basic Pharmacokinetic Concepts 

 

 Pharmacokinetics is defined as the quantitative analysis of a substance’s absorption, 

distribution, and elimination process.159 Pharmacokinetics outline the time course of a substance’s 

concentration within the body, and the information is used to regulate the substance’s dose and 

frequency.159 Absorption, distribution, metabolism, and excretion forms the classic principles that 

make up the ADME acronym that describes PK.160 

An accurate description of the administration of a particular substance (dose, route, time) 

is essential for the interpretation of PK data.161 Absorption is the process where a substance travels 

from the site of administration to the site of measurement,159 while bioavailability refers to the 

fraction of administered substance entering the systemic circulation.162 During and after the 

absorption phase, distribution occurs when the substance travels to and from the site of 

measurement.159 Volume of distribution (𝑉2) describes the extent of substance distribution into 

body tissues and fluids, and is the apparent volume needed to account for all substances within the 

body.163 Finally, elimination occurs when metabolism and excretion exceed absorption.159,161 The 

term excretion, which is defined as the irreversible loss of chemically unchanged compound, is 

routinely confused and used interchangeably with the term elimination, which is the irreversible 

loss of substance from the site of measurement.162 Most substances are eliminated by first-order 

process which occurs when the amount of substance eliminated in a set time interval is directly 

proportional to the amount of substance in the body, such that the fraction of elimination over time 

remains constant.163 Zero-order elimination, on the other hand, occurs when the amount of 

substance eliminated for each time interval is constant regardless of the amount of substance in 

the body, hence the fraction of elimination is variable.163 
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1.6.2 Basic Pharmacokinetic Models 

 

The management of a substance by the body is an intricate process as the various 

components of ADME occur simultaneously, thereby constantly altering substance concentration 

in tissues and fluids. Application of mathematical principles simplify and help to describe these 

complex body processes and facilitate the anticipation of a substance’s behavior within the 

body.163 The most fundamental model utilized in PK is the compartmental model, often designated 

by the number of compartments needed to depict the substance’s behavior in the body, e.g. one-

compartment, two-compartment, and multi-compartment models. 

An important concept to understand is that compartments do not represent a specific organ 

or fluid space, but rather a group of body tissues or fluid spaces that possess similar substance 

distribution patterns. Blood (plasma) and highly perfused tissues such as the heart, lungs, liver, 

and kidneys are often collectively regarded as the central compartment (i.e. vessel rich group), 

while moderately (i.e. muscle) and poorly perfused tissues (i.e. adipose tissue, cerebrospinal fluid) 

are considered the peripheral compartment.164 Compartmental models are termed deterministic 

because the type of compartmental models that best describe the PK of a substance is determined 

by the substance’s concentrations.163 

If a substance’s plasma concentration-time profile best fits a one-compartment model, this 

denotes that the substance distributes instantaneously and rapidly throughout the body.164 The 

plasma concentration-time profile displays a mono-exponential decline as only a single process, 

i.e. elimination contributes to the decrease in plasma concentration.164,165 The distribution phase is 

too swift to be captured by the plasma concentration-time profile. On the other hand, if a 

substance’s PK is better described by a two-compartment model, the substance first distributes in 

the central compartment and more slowly to a peripheral compartment. The substance distributes 

back and forth between these two compartments and leaves the body from the central 

compartment.164 This leads to a plasma-concentration time profile with a bi-exponential decline 

characterized by two distinct phases: the distribution phase which is the initial steep decline in 

plasma concentration, and elimination phase which is the subsequent slower decline in plasma 

concentration sustained by redistribution of substance from the peripheral compartment.165 

The merit of any model depends on how well it mimics the substance’s concentration in 

the body. Typically, the simplest model that sufficiently predicts changes in substance 
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concentration over time is selected.163 A concentration-time curve can be plotted following serial 

substance plasma concentration measurement and logarithmically transformed to demonstrate a 

mono-phasic or bi-phasic time profile,164 and used to predict any unknown concentrations.163  

 

1.6.3 Basic Volume Kinetic Concepts 

 

Volume kinetics (VK) is an adaptation of PK theory allowing insights into the effects of 

IV fluid on theoretical body fluid compartments.25,30,32,166,167 This approach describes PV 

expansion during and after IV fluid infusion changes over time.27 Volume kinetics can also be used 

to simulate any infusion fluid choice or rate to achieve desirable PV expansion, and to explore the 

distribution-elimination pattern of IV fluids under various physiological conditions.32 Visual 

inspection of the dilution-time curves provides imperative information on the magnitude and time 

course of plasma expansion following actual IV fluid infusion.26 Meanwhile, computer simulation 

of dilution-time profiles for any hypothetical fluid infusion using the generated kinetic parameter 

estimates allow insight into how IV fluid therapy should be planned.  

When ADME concepts are put into the context of IV fluid administration, the absorption 

is instantaneous, and bioavailability is 100%. Metabolism is not relevant, therefore leaving only 

distribution and elimination to be considered. The central concepts of both PK and VK analysis 

are therefore dependent upon volume of distribution and clearance of an administered substance.31 

As in PK, a theoretical mathematical model can be constructed to simplify the body processes for 

the analysis and simulation of IV fluid distribution and elimination.32 The basic mathematical 

models developed in VK are the volume of fluid space (VOFS) kinetic models. These are 

designated by the number of fluid spaces necessary that mimic the kinetics of IV fluid within the 

body akin to traditional PK, i.e. one-volume fluid space (1-VOFS) and two-volume fluid space (2-

VOFS) kinetic models.25 Both PK and VK models are admittedly challenging to conceptualize 

given that they are mathematical derivatives that do not possess precise tangible anatomical or 

physiological connections.31  
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1.6.4 Conventional Pharmacokinetic Principles and Analogous Concepts in Volume 

Kinetics 

 

In PK studies, appropriate doses and dosing intervals are calculated via computer 

simulation after repeated experimental measurements of the test substance’s plasma concentration 

are conducted and compared with theoretical computer-generated concentration-time data using 

non-linear least squares regression.166 Unlike pharmaceuticals, water is the main basal constituent 

of both infusion fluid and plasma,30,31 therefore plasma concentration of IV fluid has to be 

expressed in a different manner. Blood Hb has become an attractive endogenous dilution indicator 

for BV estimation21 and correlates inversely with blood water concentration.26 Therefore, serial 

measurement of acute changes in Hb concentration, which is confined to the intravascular space, 

can be used as a surrogate marker for IV fluid concentration in VK.32,166 Serum albumin has been 

explored as a potential endogenous dilution indicator for VK analysis, however loss of albumin 

into the interstitium precludes its use.26 The main assumption of VK modelling and analysis is that 

Hb remains constant and distributes homogenously with the infused fluid in the circulation, such 

that serial Hb changes are reflective of IV fluid kinetics.  

Volume of distribution in conventional PK cannot be applied to fluid therapy given that 𝑉2 

increases as a direct consequence of IV fluid administration. Therefore, the volume of expandable 

body fluid space (𝑉) replaces 𝑉2 in VK.33 Depending on the VOFS kinetic model used, 𝑉 can be 

further categorized as the volume of expandable central body fluid space (𝑉$) and the volume of 

expandable peripheral body fluid space (𝑉7). The 𝑉 can only be estimated from plasma dilution 

measurement and represents the functional fluid space actually expanded by IV fluid.26 Therefore, 

𝑉 may not always equate to the size of body fluid spaces estimated by external indicator-dilution 

techniques that disperse into the ECF spaces of minimally expandable structures such as bone, 

cartilage, dense connective tissue, and organs confined by tight fibrous capsules.33 

With the exception of the above interpretation differences, the mathematical solutions and 

data analysis are analogous to those of PK compartmental modelling. Volume kinetic models are 

based on the assumption that plasma dilution follows a mono-exponential (1-VOFS kinetic model) 

or bi-exponential (2-VOFS kinetic model) curve. The dilution-time profiles, sometimes augmented 

by urinary excretion,168 are entered into commercial computer software and fitted to the differential 

equations describing the fluid shifts in these kinetic models.25 Non-linear least-squares regression 
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fitting is used to generate the best estimates of unknown parameters in the differential equations 

relevant to each VOFS kinetic model.25 Subsequently, analytical solutions to the differential 

equations are solved to compute 𝑉 as well as the kinetic constants governing fluid distribution.25 

Similar to PK modelling, of the two models presented, the one with the simplest solution should 

be chosen31 and a statistical test can be applied to select the best fitted model for presentation.169,170 

Agreement between model predicted renal clearance (𝐶𝑙-) and actual urine output measurement 

may also assist in final model selection.32 

Computer simulation of dilution-time profiles for hypothetical fluid infusion can be 

accomplished by inputting the mean parameter estimate values obtained from non-linear least-

squares regression fitting into the differential equation solution describing the kinetic model.25 

Various commercial mathematical programs such as MATLAB® (MathWorks® Inc, Natick, MA, 

USA)171,172 or specialized PK/PD modelling and simulation software such as Phoenix WinNonlin® 

or Phoenix® NLMETM (Certara USA, Inc., Princeton, NJ, USA)173 can be utilized for this purpose. 

 

1.6.5 History and Evolution of Volume Kinetic Modelling 

 

The original VK models were first developed based on the concept of clearance and plasma 

dilution.25-27 The most commonly encountered problems with the earlier VK analyses included 

overestimation and poor precision of 𝑉7 due to the inability to distinguish between fluid 

distribution-elimination as a result of large parameter intercorrelations, analytical errors, and 

negative elimination parameters.25,26,63,174 Measured urinary excretion was included as an input 

variable to the VK analysis but failed to significantly improve the models.168 Over the years, 

several modifications were made to refine and improve the robustness of these models. As a result 

of these adaptations, parameter estimates from VK studies are challenging to interpret and compare 

when derived using different VOFS kinetic models and methodologies. This has led to the 

modification of the VK approach to allow for a single comprehensive model solution for isotonic 

balanced crystalloid solutions.63 

Since the modifications by Drobin in 2006, the 2-VOFS kinetic model can be used to 

investigate all experiments regardless of the amount of urine output31 which had previously 

rendered a more logical 2-VOFS into 1-VOFS kinetic model because of statistical fitting. In this 

modified analysis, the fractional volume expansion is substituted with absolute volume expansion, 
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flow rate (unit: mL/min) parameters are substituted with rate parameters (unit: /min), and the 

existence of 𝑉7 is acknowledged but its size is not estimated.63 Despite these changes, Drobin’s 

modified model still describes the same functional system as the antecedent models,27,168,174,175 and 

is able to rationally address bi-directional fluid flux, i.e. outflow when plasma dilution is high, 

inflow when distributed fluid exerts greater force than 𝑉$.63 In addition, progressively sophisticated 

extensions have been developed to address specific clinical research questions including three-

volume kinetic modelling which accounts for hypertonic osmotic fluid shifts,36,175 volume turnover 

kinetics to predict fluid dynamics following haemorrhage and fluid resuscitation,40 and population 

kinetic modelling that enables the inclusion of various physiological covariates.176-178  

Currently, the VK approach has gradually moved away from the clearance model to a 

micro-constant model where clearance variables (𝐶𝑙, 𝐶𝑙2, 𝐶𝑙') are substituted by rate constants 

(𝑘:', 𝑘:;, 𝑘;:, 𝑘') and fractional volume expansion ((34HI4)
I4

) is replaced by absolute volume 

expansion (𝑣$ − 𝑉$).30 The same Hb-derived plasma dilution is still used to indicate the volume 

expansion of 𝑉$ resulting from the infusion.179 The micro-constant model is preferred over the 

clearance model as fluid volumes within the different body fluid spaces are directly apparent and 

unequal fluid distribution across 𝑉$ and 𝑉7 compartments can be further investigated.30 

With the evolution of VK models over the years, many parameters have been represented 

differently and terms have been used interchangeably in the literature. This is further complicated 

by the common discrepancy between PK computer programmes as well as between studies 

reported in the literature.180 This has created a great degree of confusion making PK and VK 

difficult to understand. Consistency in the use of symbols, units, and nomenclature would 

hopefully clarify the precise meaning of the term or concept as defined, curtail erroneous 

interpretation, and allow meaningful comparison between studies. 

The following symbols and abbreviations are deduced to be equivalent depending if a 

clearance model or a micro-constant model is presented: 𝑉: = 𝑉$, 𝑉; = 𝑉) = 𝑉7, 𝑣: = 𝑣$, 𝑣; =

𝑣) = 𝑣7, 𝑘E = 𝑅', 𝑘i = 𝐶𝑙' = 𝑘', 𝑘j = 𝐶𝑙 ≡ 𝑘:', and 𝑘) = 𝐶𝑙2 ≡ 𝑘:;/;:.25,32,63,179 The clearance 

and micro-constant models are essentially one and the same, except that the former deals with 

fractional volume expansion and flow rate (unit: mL/min), while the latter deals with absolute 

volume expansion and rate (unit: /min). To improve uniformity and clarity, the parameters, 

symbols, and abbreviations analogous to those used in PK180,181 are defined under “List of 
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Symbols, Abbreviations, or Nomenclature” and will be used throughout this thesis. Comparison 

of conventional PK and analogous VK parameters are summarized in Table 1.1. 

 

Table 1.1: Comparison of conventional pharmacokinetic and analogous volume kinetic parameters 

 

Parameters Pharmacokinetics Volume kinetics 

Modeled entity 

(unit) 

Mass, 𝑋	

(mg) 

Volume expansion, (𝑣 − 𝑉)	

(mL) 

Quantity in body 

(unit) 

Amount, 

𝐴 = 𝐶7 × 𝑉m2(nn)o	

(mg) 

Volume expansion, 

(𝑣 − 𝑉) =
𝐻𝑏 𝐻𝑏()) − 1⁄
1 − 	𝐻𝐶𝑇 × 𝑉 

(mL) 

Primary input 

variable 

(unit) 

Concentration, 

𝐶7 =
𝐴

𝑉m2(nn)o
	

(mg/mL) 

Plasma dilution, 	
(𝑣 − 𝑉)
𝑉 =

𝐻𝑏 𝐻𝑏()) − 1⁄
1 − 	𝐻𝐶𝑇 	

(dimensionless) 

Key parameters of 

interest 

(unit) 

Volume of distribution, 

𝑉m2(nn)o =
𝐴
𝐶7
	

(mL) 

 

Total clearance, 𝐶𝐿r 

(mL/min) 

Volume of body fluid space, 

𝑉 or 𝑉$ 

(mL) 

 

Clearance model: 

𝐶𝑙, 𝐶𝑙2 

(mL/min) 

 

Micro-constant model: 

𝑘:', 𝑘:;, 𝑘;: 

(/min) 

Intravenous 

infusion rate 

(unit) 

𝑅' 

(mg/min) 

𝑅'	

(mL/min) 
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Zero-order 

elimination rate 

constant 

(unit) 

𝑘'	

(/min) 

Clearance model: 

Basal fluid losses, 𝐶𝑙' 

(mL/min) 

 

Micro-constant model: 

Basal fluid losses, 𝑘' 

(mL/min) 

First-order 

elimination rate 

constant 

(unit) 

𝑘:'	

(/min) 

Clearance model: 

𝐶𝑙	

(mL/min) 

 

Micro-constant model: 

𝑘:'	

(/min) 

Intercompartmental 

rate constants 

(unit) 

𝑘:;/;: = 𝑘:; + 𝑘;:	

(/min) 

Clearance model: 

Distribution clearance, 𝐶𝑙2	

(mL/min) 

 

Micro-constant model: 

𝑘:;/;: = 𝑘:; + 𝑘;:	

(/min) 

Change in quantity 

per time 

(unit) 

𝑑𝐴
𝑑𝑡 = 𝑅' − 𝑘:' × 𝐶7())	

(mg/min) 

Clearance model: 

𝑑(𝑣 − 𝑉)
𝑑𝑡 = 𝑅' − 𝐶𝑙 ×

m𝑣()) − 𝑉o
𝑉  

(mL/min) 

 

Micro-constant model: 

𝑑(𝑣 − 𝑉)
𝑑𝑡 = 𝑅' − 𝑘:' × m𝑣()) − 𝑉o 

(mL/min) 
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Rate of elimination 

(unit) 

𝑅uv = 𝑘:' ×	𝐶7())	

(mg/min) 

Clearance model: 

𝑅uv = 𝐶𝑙 ×
m𝑣()) − 𝑉o

𝑉 	

(mL/min) 

 

Micro-constant model: 

𝑅uv = 𝑘:' × m𝑣()) − 𝑉o	

(mL/min) 

Renal clearance 

(unit) 
𝐶𝐿- =

Amount	in	urine
𝐴𝑈𝐶 	

(mg/min) 

Clearance model, 𝐶𝑙 ≅ 𝐶𝑙-: 

𝐶𝑙- =
∑urine	volume

𝐴𝑈𝐶	for	plasma	dilution	

(mL/min) 

 

Micro-constant model, 𝑘:' ≅ 𝐶𝑙-: 

𝐶𝑙- =
∑urine	volume

𝐴𝑈𝐶	for	volume	expansion	

(mL/min) 

Elimination half-

life 

(unit) 

𝑡:/; =
0.693 ×	𝑉m2(nn)o

𝐶𝐿r
	

(min) 

Clearance model: 

𝑡:/; =
0.693 × 𝑉

𝐶𝑙-
	

(min) 

 

Micro-constant model: 

𝑡:/; =
0.693
𝑘:'

	

(min) 

𝑋, mass; 𝐴, amount; 𝐶7, plasma drug concentration;  𝑉m2(nn)o, apparent volume of distribution at 

steady-state; 𝑣, volume of expanded body fluid space; 𝑉, volume of expandable body fluid space; 

𝐻𝑏, hemoglobin; 𝐻𝑏()), hemoglobin at any time 𝑡; 𝐻𝐶𝑇, hematocrit; 𝑉$, volume of expandable 

central body fluid space; 𝐶𝐿r, total clearance; 𝐶𝑙, first-order clearance; 𝑘:', first-order elimination 

rate constant; 𝐶𝑙2, distribution clearance; 𝑘:;, central to peripheral intercompartmental rate 

constant; 𝑘;:, peripheral to central intercompartmental rate constant; 𝑅', intravenous infusion rate; 
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𝐶𝑙' or 𝑘', zero-order basal fluid losses; 𝑘:;/;:, intercompartmental rate constant; 𝑅uv, rate of 

elimination; 𝑣()), volume of expanded body fluid space at any time 𝑡; 𝐶7()), plasma drug 

concentration at any time 𝑡; ≅, approximately equal to; å, sum of; 𝐶𝐿- or 𝐶𝑙-, renal clearance; 

𝐴𝑈𝐶, area under concentration-time curve; 𝑡:/;, half-life31,32,180,181  

 

1.6.6 Two-Volume Fluid Space Kinetic Model 

 

 
 

 

Figure 1.1: Two-volume fluid space (2-VOFS) kinetic model. Adapted from previous VK 

work.25,26,32,63,182-184 The symbols in black represent the current micro-constant model,63,183,184 

whereas the symbols within red parentheses represents the original model25,26 and the symbols 

within blue parentheses represent the clearance model.32,182 

 

Most IV fluids can be modelled using a 2-VOFS kinetic model,166 also referred to as the 

bi-exponential model. The 2-VOFS kinetic model has been reported to describe the effects of fluid 

therapy in human patients receiving crystalloid infusions during surgery, general anesthesia, 

dehydration, and hypovolemia,32 but does not seem to describe the situation in healthy human 

volunteers26,27,175 likely due to the rapid elimination of infused fluids. 

The 2-VOFS model, as illustrated by Figure 1.1, suggests that IV fluid administered at a 

certain rate (𝑅') would expand the volume of a central body fluid space (𝑉$) to a larger volume 

𝑉$  𝑉7 

𝑣7 

𝑣$  

(𝑉;) (𝑉:) 

(𝑣;) 

(𝑣:) 

𝑘' 𝑘:' 

𝑘:; 

𝑘;: 
𝑅' 

(𝑘j) (𝑘i) 

(𝑘E) 
(𝑘)) 

(𝐶𝑙2) 

(𝐶𝑙') (𝐶𝑙) 
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(𝑣$).32 As transcapillary hydrostatic pressure and COP changes, the fractional volume expansion 

(34HI4
I4

)26,32 or absolute volume expansion (𝑣$ − 𝑉$)63,183,184 distributes fluid to a peripheral body 

fluid space (𝑉7) which in turn expands to a greater volume (𝑣7). To maintain homeostasis, these 

central and peripheral body fluid spaces would try to retain their initial volumes respectively.26,32 

The net rate of volume exchange between the central and peripheral body fluid spaces is governed 

by the volume expansion difference between 𝑉$ and 𝑉7 multiplied by the distribution clearance 

(𝐶𝑙2) in the clearance model,32,182 or the intercompartmental rate constant (𝑘:;/;:) in the micro-

constant model.63,183,184 In the micro-constant model, 𝑘:;/;: can be further categorized into central 

to peripheral intercompartmental rate constant (𝑘:;) and peripheral to central intercompartmental 

rate constant (𝑘;:) akin to PK analysis.63,183 

Fluid elimination occurs from the central body fluid space via two mechanisms: (a) 

baseline water loss which is accounted for by a zero-order elimination rate constant (𝐶𝑙' or 𝑘'), 

often pre-set between 0.3 to 0.5 mL/min in humans,47,174,175 and (b) dilution-dependent, primarily 

renal mechanism governed by a first-order elimination rate constant (𝐶𝑙 or 𝑘:').32 The rate of 

elimination is given by the product of fractional volume expansion (34HI4
I4
)26,32 or absolute volume 

expansion (𝑣$ − 𝑉$),63,183,184 and the first-order elimination rate constant. The total elimination is 

the sum of 𝐶𝑙' and 𝐶𝑙 in the clearance model, or the sum of 𝑘' and 𝑘:' in the micro-constant 

model. When 𝑣$ eventually approaches 𝑉$, the total elimination approximates 𝐶𝑙' in the clearance 

model or 𝑘' in the micro-constant model.32 

The unknown parameters in the 2-VOFS kinetic model that are estimated by non-linear 

least-squares regression curve-fitting procedure are 𝑉$, 𝐶𝑙2 (or 𝑘:;/;:), and 𝐶𝑙 (or 𝑘:').31 If urine 

output is measured, 𝐶𝑙' (or 𝑘') can be estimated to include all other body fluid not allocated by 

the VK model along with the basal fluid loss.32,168 The first-order elimination rate constant (𝐶𝑙 or 

𝑘:') is then set to a fixed value determined by the total urinary excretion obtained. In this scenario, 

𝐶𝑙 (or 𝑘:') is analogous to renal clearance (𝐶𝑙-) which is calculated by dividing the urine output 

by the integral of the plasma dilution-time curve, also known as the area under concentration-time 

curve (𝐴𝑈𝐶) following the assumption that half of the 𝐶𝑙' (or 𝑘') also appeared as urine.168 The 

following differential equations describe the clearance model for the 2-VOFS kinetic model:30 
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𝑑𝑣$
𝑑𝑡 = 	𝑅' −	𝐶𝑙' − 	𝐶𝑙

(𝑣$ −	𝑉$)
𝑉$

−	𝐶𝑙2 ~
(𝑣$ −	𝑉$)

𝑉$
−	
m𝑣7 −	𝑉7o

𝑉7
� Equation 1.4 

 

𝑑𝑣7
𝑑𝑡 = 𝐶𝑙2 ~

(𝑣$ −	𝑉$)
𝑉$

−	
m𝑣7 −	𝑉7o

𝑉7
� Equation 1.5 

 

The differential equations describing the micro-constant model for the 2-VOFS kinetic model are 

as follows:30 

 
𝑑𝑣$
𝑑𝑡 = 	𝑅' −	𝑘' −	𝑘:'

(𝑣$ − 𝑉$) −	𝑘:;(𝑣$ − 𝑉$) + 𝑘;:m𝑣7 − 𝑉7o Equation 1.6 

 
𝑑𝑣7
𝑑𝑡 = 	𝑘:;

(𝑣$ − 𝑉$) − 𝑘;:m𝑣7 − 𝑉7o Equation 1.7 

 

Comparing Equation 1.4 for the clearance model with Equation 1.6 for the micro-constant model, 

𝐶𝑙2 is obtained as the product 𝑉$ and 𝑘:;/;:.30 Similarly, 𝐶𝑙 is the product 𝑉$ and 𝑘:'.30 

 

1.6.7 One-Volume Fluid Space Kinetic Model 

 

Intravenous fluid plasma dilution-time profiles unfortunately do not always display the bi-

exponential form of a 2-VOFS kinetic model and may statistically fit the 1-VOFS kinetic model 

better.32 A common scenario where this occurs is when crystalloids are eliminated rapidly from 

the body,27,175 leading to an increased 𝐶𝑙: 𝐶𝑙2 (or 𝑘:': 𝑘:;/;:) ratio. This reduces the time for full 

𝑉7 expansion prior to elimination, therefore 𝑉$ and the partially expanded 𝑉7 fuse into a moderate 

size single body fluid space, allowing 1-VOFS kinetic model to sufficiently describe these 

dilution-time profiles.32 In addition, colloidal solutions containing large MW molecules that do 

not extensively distribute into the extravascular tissues theoretically should be described by the 1-

VOFS kinetic model.31 
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Figure 1.2: One-volume fluid space (1-VOFS) kinetic model. Adapted from previous VK 

work.25,26,32,63,182-184 The symbols in black represent the current micro-constant model,63,183,184 

whereas the symbols within red parentheses represents the original model25,26 and the symbols 

within blue parentheses represent the clearance model.32,182 

 

The 1-VOFS kinetic model, also known as the mono-exponential model, is illustrated by 

Figure 1.2. As the name suggests, IV fluid administered at a given rate (𝑅') is thought to expand 

the volume of a single body fluid space (𝑉) to a larger volume (𝑣).32 Elimination of fluid still 

occurs via basal fluid losses (𝐶𝑙' or 𝑘') and a dilution-dependent, primary renal mechanism 

governed by a first-order elimination rate constant (𝐶𝑙	or 𝑘:').32 The unknown parameters in the 

1-VOFS kinetic model that are estimated by non-linear least-squares regression curve-fitting 

procedure include 𝑉 and 𝐶𝑙 (or 𝑘:').31 The fractional volume expansion ((3HI)
I

) in the clearance 

model or absolute volume expansion (𝑣 − 𝑉) in the micro-constant model, is obtained from plasma 

dilution computed from serial Hb concentration. Similar to the 2-VOFS kinetic model, 𝐶𝑙' (or 𝑘') 

and 𝐶𝑙 (or 𝑘:') can be estimated through VK modelling or calculated if urinary output is available. 

The following differential equation describes the clearance model for the 1-VOFS kinetic 

model:32,182 

 

𝑑𝑣
𝑑𝑡 = 𝑅' − 𝐶𝑙' − 𝐶𝑙

(𝑣 − 𝑉)
𝑉  Equation 1.8 
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𝑣 

(𝑉) 

(𝑣) 

𝑘' 𝑘:' 

𝑅' 

(𝑘j) (𝑘i) 

(𝑘E) 

(𝐶𝑙') (𝐶𝑙) 
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In comparison, the differential equation that describes the micro-constant model for the 1-VOFS 

kinetic model is as below:63,183,184 

 
𝑑𝑣
𝑑𝑡 = 𝑅' − 𝑘' − 𝑘:'(𝑣 − 𝑉) Equation 1.9 

 

1.6.8 Volume Kinetic Models in Physiological Contexts 

 

Recall that a PK compartment model and a VOFS kinetic model are mathematical concepts 

that describe body spaces which a substance or fluid appears to occupy, but do not correspond to 

an actual anatomical space or physiological volume.31,165 In PK analysis, 𝑉2 is theoretical and does 

not equate to a real volume.164,165 A substance could have a large 𝑉2 that substantially exceeds the 

total body volume,165 but essentially suggests that the substance is highly distributed in tissues.164 

The smallest 𝑉2 is the PV163 which suggest that the substance is poorly distributed and confined to 

the plasma.164 Similarly, this concept applies to 𝑉 and 𝑉$ which substitute for 𝑉2 in VK analysis. 

In human crystalloid VK studies, the size of 𝑉$ of a 2-VOFS kinetic model has been 

reported as 3 to 4 L (4–6% of BW) in healthy volunteers,26,31,168,175 similar to the expected47 and 

measured human PV.176 On the other hand, the size of 𝑉 for crystalloid solutions is usually twice 

the size of PV when analyzed using a 1-VOFS kinetic model (Robert G. Hahn, research director 

and professor of anesthesia & intensive care, personal communication, February 5, 2019).168,175,179 

As for colloid VK studies in healthy human volunteers, the size of 𝑉 of a 1-VOFS kinetic model 

was also found to be analogous to the PV.179 If IV fluids behave similarly in healthy cats, the size 

of 𝑉$ or 𝑉 for a 5 kg adult cat following crystalloid infusions should approximate 150 to 250 mL 

(3–5% of BW)54,93 or 300 to 500 mL respectively, and the size of 𝑉 following colloid infusions 

would approximate 150 to 250 mL. 

The size of 𝑉7 in adult humans was discovered to be 6 to 8 L (8–11% of BW),26,175,185 

smaller than the expected size of interstitial fluid space (11 L or 15% of BW).47 The 𝑉7 

encompasses about 66.6% of the interstitial fluid space since bones, cartilages, dense connective 

tissues, and organs with tight fibrous capsule are either not expandable or minimally expandable 

by fluid.26,33,185 Unlike the conventional exogenous indicator-dilution techniques, VK only 

highlights expandable body fluid spaces.26 Some interstitial tissues have increased compliance for 
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volume expansion while others require very elevated fluid pressure before expansion can 

occur.45,186 The 𝑉7 was discovered to be larger when massive fluid infusions beyond what is 

routinely safe for feline and human species were administered in sheep.38 The precision of 𝑉7 is 

often lower than 𝑉$26,32,168 but is less crucial since the size of 𝑉7 does not contribute significantly 

to interpretable knowledge.63 So far, 𝑉7 of significantly smaller size than 𝑉$ has never been 

reported.63 

In healthy organisms, there should be no restriction on fluid movement into the peripheral 

body fluid space or return to the central body fluid space. Distribution clearance (𝐶𝑙2) or the 

intercompartmental rate constant (𝑘:;/;:) can be appointed the same value for bi-directional flow 

based on the assumption that fluid is equally prone to flow in either direction.32 Alternatively, 

uneven distribution can be analyzed using the micro-constant model by splitting 𝑘:;/;: into 𝑘:; 

and 𝑘;: which could serve to quantify the accumulation of peripheral edema.30,35,37 Fluid exchange 

is considered normal with 𝑘:; that is twice as high as 𝑘;:.177,183 

According to the model, the parameter 𝐶𝑙 (or 𝑘:') that is estimated by the non-linear least 

square regression curve fitting should approximate the renal clearance (𝐶𝑙-), since the ultimate 

destiny of IV fluid is elimination via the kidneys.31 It is however important to remember that 

parameter estimates generated from VK modelling are not absolute measurements of physiologic 

body fluid variables, but rather are unique estimates of abstract concepts and provide some insights 

into the body’s handling of IV fluid.31 The first-order elimination rate constant has been found to 

correlate well with urine output in human volunteers receiving isotonic crystalloids26,27,168,174 and 

normovolemic conscious sheep.35 However, a discrepancy in measured and estimated values 

resulting in underestimation of 𝑉7, was reported in sheep during general anesthesia receiving 

positive pressure ventilation.35 The most common way to calculate the elimination half-life (𝑡:/;) 

of infused fluid is by utilizing 𝐶𝑙- which is obtained by dividing urinary output with the AUC for 

fractional or absolute volume expansion in the clearance or micro-constant model respectively.30 

Current recommendations for experimental design originating from human VK analysis 

include utilizing an adequate IV infusion volume, e.g. 20–25 mL/kg crystalloid fluid bolus over 

30 minutes, to minimize “noisy” data and estimation errors associated with smaller and faster 

infusion volumes.32,69 Many fluid dynamic studies have infused fluids over 30 minutes to several 

hours17,187 and these prolonged infusion times preclude the differentiation of actual volume effects 
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from distribution-excretion effects.20 In VK studies, successive blood sampling over a period of 

time, usually 3–4 hours, is necessary to capture and understand the dynamic fluid flux within the 

body.32 Physiologic variations as a result of a change in body position, splenic contraction and 

sequestration, dehydration, hypotension, and the use of diuretic or adrenergic drugs, can affect 

extrapolation of RBC mass to vascular volume changes20,32 and should be minimized during the 

study period. Although of little importance in humans,78 catecholamine-mediated splenic 

contraction is known to cause a transient increase in HCT and BV in dogs, cats, and sheep31,77,80,188 

making splenectomy a consideration in the experimental research setting. 

 

1.6.9 Hemoglobin-Derived Plasma Dilution 

 

Plasma and Hb are the main components of the central body fluid space and the change in 

𝑉 or 𝑉$ is directly proportional to plasma dilution.26 Serial measurement of Hb concentrations 

following IV fluid administration can therefore be used to quantify plasma dilution in the blood. 

Hemoglobin dilution must be converted to the corresponding plasma dilution considering ECF, 

and not RBCs, are expanded by the infused fluid. Moreover, PV is the actual entity that distributes 

across body fluid spaces and from which water is ultimately eliminated from the body. Plasma 

dilution which equals the dilution of 𝑉 or 𝑉$ is used to quantitate fluid volume load. As such, the 

concentration of IV fluid, or volume expansion, is expressed in terms of Hb-derived plasma 

dilution as a function of time,32 given by the reference Equation 1.10. This reference equation can 

be applied directly into the non-linear least square regression curve-fitting procedure if blood 

sampling and hemorrhage are negligible. 

 

Plasma	dilution,
𝑣()) − 𝑉

𝑉 =

𝐻𝑏(') − 𝐻𝑏())
𝐻𝑏())

1 − 𝐻𝐶𝑇 =

𝐻𝑏(')
𝐻𝑏())

− 1

1 − 𝐻𝐶𝑇  
Equation 1.10 

 

Simultaneously measured RBCs are diluted similarly to Hb during IV fluid loading but 

quantified using a different technique by the automated hematology analyzer. Therefore, if 

available, RBC count and RBC mass could also be included in the curve-fitting procedure to 

improve precision and accuracy.32 The same calculations using the reference Equation 1.10 are 
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performed for RBC count and RBC mass over time, and the mean value for Hb-derived plasma 

dilution and RBC-derived plasma dilution can be used as the overall plasma dilution.189 

Packed cell volume (PCV) and HCT are measures of RBC mass. Although often used 

interchangeably, PCV and HCT represent different ways of determining the RBC fraction within 

the blood. Packed cell volume is directly measured following microhematocrit centrifugation until 

RBCs become tightly packed at the bottom of the microhematocrit tube. However, complete 

compaction does not occur and approximately 3–4% of plasma traps among the cells.47 Hence, 

measured PCV frequently overestimates the true RBC fraction. Hematocrit, on the other hand, is 

a calculated value obtained from automated hematology analyzers and is the product of mean 

corpuscular volume (MCV) and the RBC count, both of which are directly measured by the 

analyzer (eClinPath.com, Cornell University, http://www.eclinpath.com/hematology/tests/ 

hematocrit/, November 22, 2018). It is for this reason that HCT is preferred over PCV for 

determination of plasma dilution. 

 

𝐻𝐶𝑇 =
𝑀𝐶𝑉 × 𝑅𝐵𝐶	𝑐𝑜𝑢𝑛𝑡

10  Equation 1.11 

 

1.6.10 Corrections for Hemoglobin Loss  

 

Serial blood sampling can result in sufficient loss of Hb creating a “false” dilution that is 

unrelated to IV fluid therapy. Therefore, blood loss and sampled volume should be corrected prior 

to the curve-fitting procedure. The calculations to correct for Hb loss consider the PV expansion 

instead of plasma dilution. To account for sampling loss, change in BV is calculated by estimating 

the total Hb mass in the circulation from which blood loss is subtracted.21 An assumption of initial 

BV has to be preset to time 0.31 The total baseline Hb mass (𝑀𝐻𝑏(')) is first obtained, then the 

total Hb mass corrected for sampling at any time (𝑡), followed by the expanded BV corrected for 

sampling at any time (𝑡):32 

 

𝑀𝐻𝑏(') = 𝐵𝑉(') × 𝐻𝑏(') Equation 1.12 

 

𝑀𝐻𝑏())$�jj. = 𝑀𝐻𝑏(') − �(𝑠𝑎𝑚𝑝𝑙𝑒𝑑 + 𝑏𝑙𝑒𝑑)	𝑣𝑜𝑙𝑢𝑚𝑒 × 𝐻𝑏())� Equation 1.13 
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𝐵𝑉())$�jj. =
𝑀𝐻𝑏())$�jj.
𝐻𝑏())

 
Equation 1.14 

 

Changes in BV at any time (t) can be provided by Equation 1.15, and the BV expression can be 

easily transformed to PV using Equation 1.16: 

 

∆	𝐵𝑉 = 𝐵𝑉())$�jj. − 𝐵𝑉(') Equation 1.15 

 

𝑃𝑉 = 𝐵𝑉 × (1 − 𝐻𝐶𝑇) Equation 1.16 

 

𝑃𝑉()) = 𝐵𝑉()) × ~1 − 𝐻𝐶𝑇 ×
𝐻𝑏())
𝐻𝑏(')

� Equation 1.17 

 

Corrected	plasma	dilution,
𝑣()) − 𝑉

𝑉 =
𝑃𝑉()) − 𝑃𝑉

𝑃𝑉  Equation 1.18 

 

The relationship between baseline Hb (𝐻𝑏(')) and diluted Hb at any time (𝑡) is written as 
�i(�)
�i(�)

 in the reference Equation 1.10, whereas the inverse relationship is used in Equation 1.17 and 

Equation 1.18.32 The lower Hb concentration must be placed as the denominator of the ratio in the 

reference Equation 1.10 to arrive at a correct proportion between changes in Hb and water volume. 

The degree of error introduced by the wide range of initial BV has been shown to be 

forgiving,174 however the error related to frequent blood sampling and the use of successive Hb 

ratio for volume estimation should not be ignored as the volume-estimation errors can increase 

exponentially.69 Therefore, averaging duplicate and triplicate Hb measurements on a blood sample 

should be considered as it can greatly improve accuracy.69 

 

1.6.11 Corrections for Alteration in Mean Corpuscular Volume and Osmotic Fluid Shift 

 

When investigating IV fluids that alter plasma osmolality, for example HS or glucose 

infusions, a correction for changes in MCV should also be made. Mean corpuscular volume can 

be altered in humans following infusion of HS because of osmotically induced decreases in 
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intracellular water, this has also been reported in dogs and cats.190 Changes in MCV can be 

considered by the addition of a term for the relationship between the baseline (𝑀𝐶𝑉(')) and at any 

time (𝑡) into Equation 1.17 above: 

 

𝑃𝑉()) = 𝐵𝑉()) × ~1 − 𝐻𝑐𝑡 ×
𝐻𝑏())
𝐻𝑏(')

×
𝑀𝐶𝑉())
𝑀𝐶𝑉(')

� Equation 1.19 

 

If hypertonic or glucose solutions are infused, an osmotic fluid shift theoretically occurs 

across the cell membrane and water moves from the ICF space (approximately 40% of BW) to the 

ECF space (approximately 20% of BW).47 Using species-specific baseline serum osmolality 

(𝑂𝑠𝑚(')), which is approximately 295 mOsm/kg for humans,32 and approximately 317 mOsm/kg 

for cats,191 the translocated volume (𝑓)) can be obtained from Equation 1.20:36,175 

 
𝐵𝑊 × 20% × 𝑂𝑠𝑚(') + infused	osmoles
𝐵𝑊 × 20%+ 𝑓) + infused	volume

=
𝐵𝑊 × 40% × 𝑂𝑠𝑚(')

𝐵𝑊 × 40%− 𝑓)
 Equation 1.20 

 

The osmotic force diminishes progressively with subsequent amount of infused fluid; therefore, 𝑓) 

should be entered as a linear function in the analysis process such that 𝑓) at each point in time is 

governed by the total amount of infused fluid.32 

 

1.6.12 Previous Work in Human Medicine 

 

 There are now more than 50 research publications in human medicine describing the VK 

of isotonic crystalloids, balanced crystalloids, hypertonic solutions, and colloids under diverse 

surgical and physiological conditions.30-32 Although first introduced two decades ago, VK studies 

continue to appear in the scientific literature177,192-197 and the research method is starting to gain 

recognition,15,16 especially in light of the increasing debate on the safety and changing practices of 

fluid therapy.  

The first in vivo VK study described the effects of commonly used equipotent IV fluid 

boluses on the expandable fluid spaces in healthy male human volunteers (mean 80 kg).26 Balanced 

crystalloid (25 mL/kg acetated Ringer’s solution over 30 minutes) was found to generate the 
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largest plasma dilution, while the dilutions corresponding to colloidal solution (5 mL/kg 6% 

Dextran 70 in 0.9% NaCl over 30 minutes) and HS (3 mL/kg 7.5% NaCl over 30 minutes) were 

comparable but with a longer duration of effect.26 Urinary excretion was not measured and 𝑘:' 

(reported as 𝑘j in the original model) was computed by VK modelling.26 This work was further 

extended to investigate the effects of different balanced crystalloid infusion rates (25 mL/kg 

acetated Ringer’s solution over 15, 30, 45, and 80 minutes) and volumes (12.5 mL/kg acetated 

Ringer’s solution over 30 minutes) in healthy female human volunteers (mean 60 kg).27 Acetated 

Ringer’s solution was discovered to have a more effective and extended plasma expansion effect 

when infused over a longer time period, reaching a maximum effect of 36% volume expansion 

(550 mL in an adult human) regardless of infusion rates.27 

Over the years, VK analysis has provided some mechanistic explanations as to why and 

when patients are sensitive to large volumes of fluid.198 Slow fluid distribution to the peripheral 

compartment has resulted in a 50–75% larger plasma dilution during a crystalloid infusion than 

would be expected if distribution had been immediate.32 In healthy conscious volunteers, isotonic 

balanced crystalloids are reported to take up to 25 to 30 minutes to distribute following IV 

infusion.32 Due to this lag time for crystalloids to equilibrate between plasma and interstitium,174 

PV expansion during the actual infusion is much larger than the commonly suggested expansion 

of 20–25% of the infused volume.32 Several studies have shown that the immediate PV expansion 

can be substantial. In a group of normovolemic human volunteers, 50% of a 2 L acetated Ringer’s 

solution given over 20 minutes was retained within the intravascular compartment at the end of 

the infusion.174 In a study where acetated Ringer’s solution was infused continuously throughout 

transurethral resection of the prostate (TURP) in male adults under general anesthesia,199 fluid 

retention averaged 60% of the infused volume. The fraction of infused fluid that persists in the 

intravascular compartment is higher for slower infusions.27 Therefore, crystalloids may be better 

PV expanders than currently acknowledged, provided that the infusion is continuous and not 

administered as a bolus. 

Volume kinetics has also been used to describe the distribution and elimination of isotonic 

and hypertonic fluids within the body.175 When IV administration of 25 mL/kg of 0.9% NaCl was 

used as a reference fluid and compared to an equal volume of LRS, acetated Ringer’s solution, 5 

mL/kg of 7.5% NaCl, and 3 mL/kg of 7.5% NaCl in 6% dextran solution (HSD), all infused over 

30 minutes, plasma dilution efficiency according to the AUC of dilution-time profiles was found 
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to be 0.88, 0.91, 3.97 and 7.22 respectively in 10 healthy male volunteers (mean 81 kg).175 Based 

on VK analysis and simulation, the strength of these respective fluids to dilute the plasma by 20% 

within 30 minutes was 0.94, 0.97, 4.44 and 6.15 times greater than of 0.9% NaCl respectively.175 

Urinary excretion was found to be 1.8 times larger than the infused volume of HS, and 2.7 times 

larger when HSD was administered, which the authors attributed to natriuresis induced by sodium 

load.175 In this study, comparison between fluids was complicated by the need for several models 

including a three-volume fluid space model for hypertonic fluid to account for possible osmotic 

fluid shift (𝑓)). 

In a more recent study,179 the volume effects of 10 mL/kg of 6% HES 130/0.4/9:1 

(Voluven®), 20 mL/kg of acetated Ringer’s solution, and a combination of HES and acetated 

Ringer’s solution administered 75 minutes apart was explored using VK in 10 healthy male 

volunteers (mean 79 kg). The kinetic models were successfully fitted to all experiments using the 

1-VOFS kinetic model for HES and the 2-VOFS kinetic model for acetated Ringer’s solution. The 

𝑉$ for HES in both series of experiments was 3.14 L (approximately 5% of BW), close to the PV 

estimated by anthropometry, with a 𝑡:/; of 2 hours179 similar to the  𝑡:/; reported in the product 

monograph.200 Hydroxyethyl starch was found to induce diuresis with 85% of the infused volume 

excreted as urine when administered alone.179 The 𝑉$ for acetated Ringer’s solution averaged 4.88 

L (approximately 6.2% of BW) with a 𝑡:/; of 88 minutes,179 similar to the 𝑡:/; of 82 minutes 

reported with 2% dehydration induced by furosemide.182 The authors thus attributed the prolonged 

𝑡:/; to mild dehydration following an overnight fast. The 𝑡:/;	of acetated Ringer’s solution was 

otherwise reported to average 21 minutes in euhydrated conscious volunteers.182 When combined 

with HES, the distribution and elimination of acetated Ringer’s solution occurred more slowly 

than in the single-infusion experiments.179  

Volume kinetic modelling has been used to evaluate IV fluid dynamics using different 

types of IV fluid solutions26,175,179 as well as fluid shifts during inhalation anesthesia,201 epidural 

anaesthesia,202,203 subarachnoid block,201,204-207 dehydration,182,184 haemorrhage,174 sepsis,195 

surgical trauma,185,208 glucose supplementation,209-211 and pre-eclampsia.212 Of note is that all of 

these studies were conducted exclusively by the same group of researchers, perhaps due to the 

intricacy of these analyses. This research tool has not found widespread utilization by other 

research groups. Other models of microcirculatory fluid shifts using mass balance principles and 

bioelectrical impedance instead of plasma dilution, however, have been explored.22,213 
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Other international research groups have published on the development of locally modified 

mathematical fluid kinetic models214-216 and external validation attempts of these models.217-219 In 

2006, a group of Korean researchers applied the original 1-VOFS and 2-VOFS kinetic models to 

a group of male (n = 4) and female (n = 2) human volunteers receiving 15 mL/kg LRS over 30 

minutes.215,216 Computer simulation of various IV infusion styles, i.e. block pulse infusion 

(infusion over 30 minutes), step infusion (constant rate infusion at 50 mL/min), or impulse infusion 

(rapid bolus at 1000 mL/min), were also performed. In the 1-VOFS kinetic model, an average 𝑉 

of 8.9 L (range 8.7–11.8 L) was reported for the male volunteers,215 which was twice the 𝑉 of 4.5 

L reported in the original study.26  In the 2-VOFS kinetic model,216 average 𝑉$ and 𝑉7 of 6.5 L 

(range 1.4–7.7 L) and an erroneous 3.6 L (range 6.2–12.9 L) respectively were reported for the 

male volunteers which were significantly different from the original study.26 Although the authors 

concluded that 1-VOFS and 2-VOFS kinetic models adequately represent the kinetics of human 

volume expansion in their experiments, these papers were poorly written with lack of clear 

methodology and discussion, and the clinical relevance of their experiments is unknown. Further 

interpretation and inference beyond reporting the generated VK estimates is not possible. 

 

1.6.13 Previous Work in Animal Research Models 

 

 To date, VK analysis has only been utilized in rabbits,33 pigs,34 and sheep35-44 which served 

as experimental research models for human medicine. Sheep and pigs are common biomedical 

research models for the study of major human physiological systems including the cardiovascular, 

respiratory, and renal systems due to their well-defined anatomy, physiology, and large body size 

which permits frequent blood sampling as well as instrumentation with monitoring and sampling 

devices.220,221 Translation of experimental work in animal models to human is feasible although 

some species differences exists such as the reservoir function of the spleen. Thus far, VK 

modelling and analysis in sheep, rabbits, and pigs appeared robust with clinically relevant results 

that are physiologically sound, providing credibility for wider application to other mammalian 

species that share similar cardiovascular-renal anatomy and physiologic characteristics. 

The distribution and elimination of IV fluids have been investigated under the influence of 

inhalant anesthesia,35,37,41 various fluid infusion rates and duration,36,38 hemorrhage,40 

hypoproteinemia,43 sepsis,33,39 and use of vasoactive agents42,44 in sheep, rabbit, and pig models. 
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Aside from the aforementioned studies performed by the same group of researchers, there is only 

one veterinary study that investigated real-time IV fluid dynamics using a different method in 

healthy anesthetized dogs.20 Studies exploring the use of VK in companion animal species could 

not be identified following an exhaustive search of the English literature from the MEDLINE® 

database using search terms such as “volume kinetic”, “fluid kinetic”, “fluid dynamics”, “fluid 

behaviour”, “fluid distribution”, “fluid elimination”, “fluid half-life”, “canine”, “feline”, “dog”, 

“cat”, and “veterinary” via the PubMed®, Europe PubMed Central® (PMC), and Ovid® search 

engines. Therefore, VK studies in animal research models and the sole canine study form the only 

basis for additional discussion of fluid dynamics in veterinary medicine. 

In 2002, Brauer and colleagues investigated the effect of isoflurane anesthesia on the fluid 

dynamics of isotonic crystalloid infusion (25 mL/kg 0.9% NaCl over 20 minutes) in 6 

normovolemic splenectomised sheep (mean 42 kg).35 Using a cross-over experimental design, the 

2-VOFS kinetic model revealed that isotonic crystalloid solution was rapidly eliminated from 𝑉$ 

via urinary excretion (median 863 mL, range 604–1122 mL) in conscious sheep; however when 

anesthetized and mechanically ventilated, urinary excretion was markedly reduced (median 9 mL, 

range 4–150 mL) resulting in peripheral fluid accumulation.35 Unlike indicator-dilution 

techniques, VK analysis was able to demonstrate how fluid elimination from 𝑉$ transpired more 

rapidly than accounted for by urinary excretion, thus rather than being excreted, the fluid 

distributed and accumulated within the peripheral space.37 Plasma volume expansion was 

otherwise similar for both groups and reached 40–50% fluid efficacy at the immediate end of the 

infusion despite the marked differences in fluid distribution and elimination.35 Estimated VK 

parameters correlated well with parameters measured using the indicator-dilution technique with 

Evans blue dye in the conscious sheep and 𝑉$ was 1.6 L (approximately 4% of BW).35 However, 

𝑘:' (reported as 𝑘j) predicted by VK analysis (58.5 mL/min) was significantly different from the 

manual calculation using median urinary excretion (0.6 mL/min) when sheep were anesthetized 

and mechanically ventilated.35 Estimates of 𝑘:' by VK analysis erroneously underestimated 

peripheral fluid accumulation by corresponding to the sum of urinary output and extravascular 

fluid accumulation.35 This led to the discovery that 𝑘:' simply reflects net fluid outflow from 𝑉$ 

and does not approximate urinary excretion of infused fluid as previously presumed.26,27,168,202 

Unfortunately, the combination of mechanical ventilation and isoflurane anesthesia in the study 

group precluded separation of individual intervention effects. 
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A subsequent experimental cross-over study by Connolly and colleagues in 7 

normovolemic splenectomised sheep (mean 28 kg) effectively demonstrated that isoflurane 

anesthesia, rather than mechanical ventilation, significantly decreased urinary excretion and 

promoted ECF accumulation during isotonic crystalloid volume loading (25 mL/kg 0.9% NaCl 

over 20 mins).37 This study was conducted very thoroughly using 4 protocols: conscious 

spontaneous ventilation, conscious mechanical ventilation through tracheostomy tube, 

anesthetized spontaneous ventilation, and anesthetized mechanical ventilation. In this study, 

baseline PV (approximately 5% BW) increased rapidly during the 20-minute infusion achieving a 

40% fluid efficacy at the immediate end of the infusion.37 This degree of immediate fluid 

expansion corroborated previous study findings in normovolemic sheep35 and human 

volunteers.174 However, despite the initial PV expansion, rapid decline of volume expansion 

immediately ensued for a duration of 30 minutes (14% fluid efficacy) followed by a slower phase 

of decline until the end of the 3-hour experiment (4% fluid efficacy).37 Interestingly, the major 

findings of Connolly’s study were contradictory to a common expectation that positive pressure 

ventilation alters circulating blood volume and peripheral fluid accumulation by impeding venous 

return and changing cardiac output.222,223 The physiologic mechanism by which isoflurane inhibits 

diuretic response to volume load and increases extravascular fluid retention has not been 

determined but reduced glomerular filtration rate and renal blood flow, as well as the involvement 

of antidiuretic hormone and atrial natriuretic peptide have been speculated to be possible 

contributing factors.37 A recent matched case-control study of 23 dogs, anesthetized for an elective 

orthopaedic procedure receiving 10 mL/kg/hr of intravenous LRS for 4 hours, reported similar 

findings of decreased urine output production (<0.5 mL/kg/hr) and substantial peripheral fluid 

retention as evidenced by significant BW gain, positive fluid balance, as well as increased TBW 

and ECF volume measured using bioimpedance spectroscopy.224 

Around the same time, Brauer and colleagues studied the impact of infusion duration of 

0.9% NaCl (6 mL/kg over 5 minutes, 24 mL/kg over 20 minutes) and 7.5% NaCl in 6% dextran 

solution (HSD) (4 mL/kg over 2 minutes and 20 minutes) in 6 conscious splenectomised sheep 

(mean 36 kg).36 The maximum arterial plasma dilution at the end of the 5-minute and 20-minute 

0.9% NaCl infusion were 10% and 22% respectively. Meanwhile, maximum arterial plasma 

dilution after 2-minute and 20-minute of HSD infusions were 24% and 21% respectively. 

Therefore, the authors concluded that VK variables obtained during a short infusion can be used 
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to predict the outcome of longer infusions, even if the longer infusion also delivers a larger 

volume.36 This work involving clinically relevant IV fluid doses suggests that VK model conforms 

to linearity such that kinetic parameters obtained can be used to simulate the outcome of other 

experiments. Two years later, Svensen and colleagues published their findings on the VK effects 

of various isotonic crystalloid infusion volumes and rates (25 mL/kg, 50 mL/kg, 100 mL/kg of 

0.9% NaCl over 20 minutes) in 6 conscious, splenectomised sheep.38 Elimination of isotonic 

crystalloid solution from 𝑉$ was found to be proportional to the magnitude of plasma dilution 

regardless of infused volumes and rates, and elimination occurs via expansion of 𝑉7 when renal 

excretion fails to increase in proportion to the volume of infused fluid.38 Therefore, large and rapid 

fluid boluses that exceed short-term renal excretory capacity contribute to peripheral fluid 

accumulation. This study also revealed that markedly supraphysiologic infusion doses exceed the 

limits of linearity of a VK model. 

In 2010, Brauer and colleagues found that severe acute hypoproteinemia induced by 

plasmapheresis does not reduce the PV expansion of isotonic crystalloid infusion (27 mL/kg 0.9% 

NaCl over 20 mins) in non-hemorrhaged, non-splenectomised sheep.43 Plasma volume expansion 

reached approximately 20% at the end of the infusion and stayed at 10–15% during the 

experiment.43 No difference in the PV expansion and cumulative urinary output was found 

between hypoproteinemic and normal sheep. This is contrary to the conventional physiological 

reasoning which predicts that a reduction in plasma oncotic pressure will increase fluid filtration, 

resulting in accumulation of interstitial fluid, reduced plasma protein concentration in capillary 

filtrate, and increased lymph flow. Splenic contraction and release of RBCs into the circulation 

affecting the accuracy of plasma dilution calculations were speculated to contribute to the findings 

however no evidence of hemoconcentration was documented,43 making this explanation less 

likely. Interestingly, humans and Nagase mutant rats with the rare congenital disorder of 

analbuminemia were discovered to exhibit only mild edema and efficiently preserve 50–60% of 

normal plasma COP through the increase of globulin osmotic efficiency and maintenance of total 

protein concentrations within the 5 to 6 g/dL range.45 In Brauer’s study, depletion of mean total 

protein concentration from 5.4 g/dL to 2.5 g/dL following plasmapheresis resulted in a parallel 

reduction in mean plasma COP from 20 mmHg to 9.6 mmHg.43 It is intriguing to know if a plasma 

COP of 50% is sufficient to maintain normal fluid filtration as in the congenital disorder of 

analbuminemia. 
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In 1997, Svensen and colleagues investigated the volume effect of a balanced crystalloid 

solution (25 mL/kg acetated Ringer’s solution over 30 minutes) in 10 conscious rabbits (mean 4.4 

kg) and found that early endotoxemia alters the body’s handling of crystalloid solution.33 The 

expandable volume, 𝑉, which represents distribution to the ECF space decreased from 473 ± 37 

mL (10% of BW) to 327 ± 54 mL (7.5% of BW), and the rate of elimination, 𝑘:' (reported as 𝑘j 

in the original model) increased from 2.9 ± 0.5 mL/min to 5.9 ± 2.8 mL/min during early 

normotensive endotoxemia.33 Visual comparison of individual plasma dilution-time curves 

demonstrated markedly variable volume effect of acetated Ringer’s solution following endotoxin 

administration. This study provided a glimpse into the net effects of various pathophysiological 

responses to endotoxemia on the volume effect of IV crystalloid solution, however individual 

responses that could account for the observed changes could not be isolated. The 𝑉 of 10% BW 

obtained in healthy rabbits was in agreement with the size of 𝑉 obtained in healthy humans26,27 but 

smaller than the anatomical ECF volume (approximately 20% of BW) to which crystalloids were 

expected to distribute across. 

Almost a decade later, Svensen and colleagues found contradictory results in a population 

of septic sheep.39 The authors found that the distribution and elimination of isotonic crystalloid 

infusion (25 mL/kg 0.9% NaCl over 20 minutes) in 6 splenectomised sheep (mean 42 kg) were 

unchanged by early or late sepsis induced by Pseudomonas aeruginosa bacteremia.39 Plasma 

volume expansion was 312 ± 50 mL (approximately 29.7% fluid efficacy), 386 ± 34 mL 

(approximately 36.7% fluid efficacy), and 400 ± 51 mL (approximately 38% fluid efficacy) in the 

control, early sepsis, and late sepsis group.39 These results were contrary to clinical impressions 

that fluid requirements are greatly increased in septic patients due to increased vascular 

permeability and rapid loss from the intravascular space. The elimination pattern of isotonic 

crystalloid in septic sheep was similar to control animals and septic sheep also were able to 

maintain similar levels of PV expansion in response to fluid infusion. The difference between the 

septic rabbit model33 and septic sheep model39 was postulated to be due to the different 

hypodynamic and hyperdynamic septic shock states respectively. 

Following these studies, fluid dynamics were explored subsequent to administration of 

vasoactive agents (dopamine, isoprenaline, phenylephrine) in a population of healthy awake 

sheep.42 Vasoactive drugs were discovered to markedly change the distribution and elimination of 

crystalloid fluid, thereby altering the PV expansion, urinary excretion, and the risk of peripheral 
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edema.42 An 𝛼:-adrenergic receptor agonist (phenylephrine) was found to promote renal excretion 

of infused fluid at the expense of fluid distribution to the periphery thus limiting the volume 

expanding effects of the fluid infusion, while 𝛽:-adrenergic receptor agonist (isoprenaline) had the 

opposite effect. The interaction between fluid administration and vasoactive drug 

(norephinephrine, phenylephrine, dopamine, and esmolol) delivery was recently further explored 

in an experimental sepsis model in sheep.44 Results were similar in most respects to the healthy 

sheep model42 in that 𝛼:-adrenergic receptor stimulation with vasoactive drugs accelerated the 

distribution and elimination of infused fluid, while 𝛽:-adrenergic receptor stimulation retarded the 

distribution and elimination of infused fluid. Having said that, 𝛼:-adrenergic receptor stimulation 

did not increase urinary excretion (elimination) to the same extent as it did in healthy awake 

sheep42 due to the compounding inhibitory effects of sepsis, general anesthesia, and hypovolemia 

on diuresis, therefore worsening overall peripheral fluid accumulation.44 In addition, the tendency 

for peripheral fluid accumulation in the septic sheep model was also pronounced due to the virtual 

absence of fluid redistribution from peripheral tissues, in particular when phenylephrine was 

given.44 The results of this study suggest that crystalloid fluids given in the early phase of sepsis 

have a marked tendency to accumulate in extravascular peripheral tissues, and drugs that exert a 

strong stimulating effect on 𝛽:-adrenergic receptors help to limit this aberrant fluid distribution 

thereby improving hemodynamics through more effective PV expansion. 

Aside from the aforementioned animal research models performed by the same research 

group, there is only one veterinary study that investigated fluid dynamics of various IV fluid 

solutions in a prospective crossover experimental study involving 4 healthy anesthetized dogs 

(range 23–25 kg).20 Silverstein and colleagues utilized a non-invasive continuous in-line 

hematocrit monitor (Crit-LineTM IIR hematocrit monitor, In-Line Diagnostics, Kaysville, UT) that 

optically measured hematocrit along an extracorporeal circuit established between a central venous 

jugular catheter and a cephalic venous catheter to describe the real-time BV changes over 4 hours, 

following rapid IV fluid administration.20 This monitor provides HCT value and calculates percent 

change in BV every 20 seconds. Each dog served as its own control and received the following 

treatments on separate occasions every week: 80 mL/kg of 0.9% NaCl at 150 mL/min, 20 mL/kg 

of Dextran 70 at 150 mL/min, 30 mL/kg of 6% hetastarch at 150 mL/min, 4 mL/kg of 7.5% NaCl 

at 1 mL/kg/min, and no IV fluid as control.20 In this study, immediate and rapid increases in BV 

were described during the infusion of each IV fluid bolus. The volume expansion effect of each 
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IV fluid bolus was directly influenced by the volume of fluid administered, with 0.9% NaCl 

resulting in the greatest increase in BV (76.4 ± 10.0% change) followed by synthetic colloids (35.9 

± 7.3% percent change for Dextran 70; 27.2 ± 6.4% percent change for HES), and finally 7.5% 

NaCl (17.1 ± 3.2% percent change) immediately at the end of the infusions.20 Although the volume 

expanding effect of HS was significantly less than that of any other fluid, its efficiency ratio (ER) 

was the greatest (2.7 ± 0.5) of all the fluids while the ER for 0.9% NaCl was the smallest (0.8 ± 

0.1). The ER for Dextran 70 and HES were 0.9 ± 0.4 and 1.1 ± 0.3 respectively. Upon discontinuing 

both 0.9% NaCl and HS infusions, the rise in BV ceased immediately with a steep decline in BV 

for 10 minutes followed by a more gradual decline thereafter. The fall in BV in the 0.9% NaCl 

group fell below that of HES by 30 minutes post-infusion. In contrast, the rise in BV continued for 

10 minutes at the end of colloid infusions and a plateau was observed for the remainder of the 

experiment. By 240 minutes, colloidal solutions sustained the greatest volume expansion (25.6 ± 

16.1% and 26.6 ± 8.6% for Dextran 70 and HES, respectively) compared to the crystalloid 

solutions (18.0 ± 9.7% and 2.9 ± 6.1% for 0.9% NaCl and HS, respectively).20 Similar to VK 

studies of healthy conscious human volunteers,32 isotonic crystalloid resulted in a substantial BV 

increase during the infusion period (76.4 ± 10.0% change) and distributed into the ECF 

compartment by 30 minutes post infusion with only approximately 25% of the delivered volume 

remaining within the intravascular space.20 

Following publication of this study by Silverstein and colleagues, IV fluid expansion and 

retention of differing resuscitative fluids have been widely disseminated in the veterinary literature 

and textbooks and generalized to the feline species. The use of a non-invasive continuous in-line 

hematocrit monitor in Silverstein’s study was an innovative and unique method which obviated 

the need for repeated invasive blood sampling, the use of sophisticated mathematical modelling, 

or isotope administration to estimate BV. However, this method requires placement of a central 

venous catheter, general anesthesia, and the use of an extracorporeal circuit which is not practical 

in the clinical setting, except for patients receiving renal replacement therapies. 

 

1.7 Ultrasonographic Estimation of Bladder Volume  

  

Urine output, if available, may serve as a valuable input variable in VK analysis. The ideal 

method to quantify bladder volume and measure urine output production is through the placement 
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of an indwelling urinary catheter. Unfortunately, feline urethral catheterization has been associated 

with iatrogenic injury to the bladder225 or urethra,226 urinary tract infection and inflammation,227 

as well as potential urethral spasm and functional obstruction228 following urinary catheter 

removal. Moreover, cats require chemical restraint for this invasive clinical procedure. Hence, an 

easy to use, repeatable, and accurate non-invasive method of bladder volume estimation would be 

invaluable for urine production monitoring in both the research and clinical setting. 

Ultrasonographic estimation of bladder volume is a common practice in human hospitals. 

The clinical utility of portable bladder ultrasound in determining human bladder volumes has been 

reported to provide acceptable accuracy with good levels of inter-rater reliability following 

training and a significant reduction in unnecessary catheterizations.229 Non-invasive bladder 

volume estimation using linear ultrasonographic bladder dimensions,230 cross-sectional area,231 

linear radiographic measurements,232 as well as the effect of body positioning on bladder volume233 

have been investigated and extensively published in dogs. Acquisition of ultrasonographic 

measurements in dorsal recumbency was reported to generate more accurate bladder volume 

estimation in comparison to lateral recumbency in dogs.233 External validation of the original 

canine linear bladder dimensions formula developed by Atalan and colleagues230 in a population 

of paraplegic dogs restrained in right lateral recumbency found good correlation (R2 = 0.62) but 

clinically unacceptable mean bias of -21.68 mL (95% CI -95.67 to 139.03 mL) between 

ultrasonographic bladder volume estimation and actual bladder volume measured by intermittent 

bladder catheterization.234 The wide variation reported by Carwardine and colleagues234 could be 

attributed to the potential gravitational displacement of the urinary bladder from a neutral position 

in lateral recumbency, thus altering the bladder dimensions captured by the ultrasound beam with 

subsequent impact on measurements and bladder volume calculations. 

To the best of our knowledge, only one recent study investigated the potential of point-of-

care ultrasonographic estimation of bladder volume in cats using a 2-dimensional (2D) 

ultrasonographic linear bladder dimension formula derived for cats.235 This study reported 

acceptable volume prediction compared to actual catheterized bladder volumes of 14 client-owned 

cats with urethral obstruction.235 This feline formula was first derived from simple linear 

regression using water balloons as a surrogate of feline urinary bladders based on the assumption 

that the bladder conforms to a uniform spheroid geometry. Measurements of linear bladder 

dimensions obtained through the cysto-colic view of abdominal focused assessment using 
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sonography for triage (AFAST) examination in right lateral recumbency were inserted into the 

identified best fitting equation of maximum length x height x width x 2p.235 In this study, a median 

bias of -4.1 mL (range -30.1 to 14.9) and a percentage difference of -6.6% (range -26.2 to 19.6) 

were reported against the actual catheterized bladder volumes,235 underestimating the true urine 

volume by a mean of <10% which was similar to the previously published canine formula.230 As 

with canine studies in the past,231 the authors encountered ill-defined caudal bladder margins 

necessitating extrapolation or approximation of the longitudinal length measurements which could 

have affected their study results. Given the extremely small sample size (n = 14), the use of a non-

biological surrogate for geometry formula derivation, and the lack of interobserver analysis, 

further validation of this formula in a larger population of cats including interobserver 

reproducibility is required. 

Numerous formulas published for human bladder volume assessment,236 and the existing 

veterinary formulas,230,235 multiply the product of maximum bladder length, width, and height by 

a correction coefficient based on an oversimplified assumption that the bladder has a uniform 

spheroid geometry. Bladder shape, however, can be very dynamic ranging from round, ellipsoid, 

cuboid, triangular, to undefined in both adults236 and children.237 Anecdotally, this is also seen in 

veterinary clinical practice with an under-filled bladder taking a more triangular or pear shape 

while a mid-range to large size bladder tends to be more oval to ellipsoid in shape. Bladder shapes 

can be irregular237 or in-between standard geometrical shapes236 making classification ambiguous. 

The need for different correction coefficients for every bladder shape classification to improve 

estimation accuracy is also impractical.236,237 In addition to size,237 bladder dimensions have also 

been reported to change with position,233 adjacent space occupying intraabdominal structures such 

as a full colon,232,238 probe pressure,230,236 ill-defined or poor orientation of reflecting 

surfaces,231,239 or bladder extension beyond the ultrasound field of view resulting in considerable 

impact on the accuracy of ultrasonographic bladder volume estimation.240  

Recently, manual tracing of the bladder outline using 3-dimensional (3D) bladder 

ultrasound images in six planes 30° apart followed by automatic reconstruction into a continuous 

rendered volume using a virtual organ computer-aided analysis (VOCAL) software was found to 

be more precise than conventional 2D ultrasonographic linear bladder dimension formulas when 

bladder shapes were irregular.240 Furthermore, conventional equations that assumed bladders to 

have a spheroid geometry were found to produce significantly higher errors, supporting the notion 
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that these assumptions are erroneous and inaccurate for bladder volume determination.240 Three 

dimensional ultrasonography was recently introduced to the veterinary field with the 

cardiology241-246 and theriogenology247-250 specialties being the forerunners of this new modality. 

Unfortunately, 3D ultrasonography is still not widely available in veterinary medicine due to 

cost242,250 and the challenging technical difficulties associated with a steep learning curve requiring 

additional training.241,250 Since conventional 2D ultrasonography is easily accessible to most 

veterinarians, the development of a more complex yet reliable method of bladder volume 

estimation that does not rely on geometric assumptions using 2D orthogonal bladder images would 

be valuable as long as automated algorithms could be programmed into common ultrasound 

systems for quick and reliable bladder volume computations. Sophisticated yet instantaneous 

chamber quantification and volumetric measurements have been achieved in the field of 

echocardiography251 and are widely used in clinical practice. 

 

1.8 Conclusion 

 

Given the significant paucity of scientific data related to fluid delivery in the feline species, 

this research is designed as a pilot study to evaluate the potential of VK modelling in assessing the 

distribution and elimination pattern of commonly prescribed IV fluids in cats. This research aims 

to provide greater understanding of fluid behaviour and body water physiology in cats, so that 

modern evidence to support safer and more effective fluid therapy practices in this species would 

be available. Understanding the complexities of fluid balance in this species would allow for safer 

fluid therapy with less risk of fluid overload and potentially life-threatening pulmonary edema 

formation. At the same time, bladder volume estimation using point-of-care ultrasonography is 

investigated as a potential non-invasive technique to provide additional urinary excretion input for 

VK analysis. 
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CHAPTER 2 

 

Evaluation of the Distribution and Elimination of Balanced Isotonic Crystalloid, 

5% Hypertonic Saline, and 6% Tetrastarch 130/0.4 Using Volume Kinetic Modelling and 

Analysis in Healthy Conscious Cats 

 

Formatted for publication in the Journal of Veterinary Emergency and Critical Care 

 

2.1 Abstract 

 

Objective – To investigate the distribution, elimination, plasma volume expansion, half-life, 

potency, and ideal fluid prescriptions of three commonly prescribed intravenous (IV) fluids in 

healthy conscious cats using a novel volume kinetic (VK) modelling analysis. 

Design – Prospective, randomized, blinded, interventional cross-over study. 

Setting – Research facility. 

Animals – Ten healthy conscious cats.  

Interventions – Each cat received 20 mL/kg of balanced isotonic crystalloid (PLA), 3.3 mL/kg of 

5% hypertonic saline (HS), and 5 mL/kg of 6% tetrastarch 130/0.4 (HES) over 15 minutes on 

separate occasions. 

Measurements and Main Results – Hemoglobin concentration, RBC count, HCT, heart rate, and 

blood pressure were measured at baseline, 5, 10, 15, 20, 30, 40, 50, 60, and every 15 minutes 

thereafter until 180 minutes. Urine output was estimated every 30 minutes using point-of-care 

bladder ultrasonography. Plasma dilution derived from serial hemoglobin concentration and RBC 

count served as input variables for pooled and individual fluid VK analyses. In general, the 

distribution of all IV fluids was rapid while the elimination was slow. The half-life of PLA, HS, 

and HES were 49 minutes, 319 minutes, and 104 minutes respectively. The prescribed fluid doses 

for PLA, HS, and HES resulted in similar peak plasma volume expansion of 27-30%. The potency 

of HS was 6 times higher than PLA and 1.7 times greater than HES; while HES was 3.5 times 

more potent than PLA. Simulation of ideal fluid prescriptions to achieve and maintain 15% or 30% 

plasma volume expansion revealed the importance of substantial reduction in infusion rates 

following initial IV fluid bolus. 
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Conclusions – Volume kinetic analysis is a safe, feasible research tool that can provide data on IV 

fluid kinetics and body water physiology in cats. The rapid distribution but slow elimination of IV 

fluids in healthy conscious cats matches anecdotal reports of fluid overload susceptibility in cats 

and warrants further investigation. 

 

2.2 Abbreviations 

 

	(')  at baseline 

	())  at time 𝑡 

1-VOFS one-volume fluid space 

2-VOFS two-volume fluid space 

𝐴𝑈𝐶  area under the plasma dilution-time curve 

CI  confidence interval 

CV  coefficient of variation 

DAP  diastolic arterial pressure 

Hb  hemoglobin 

HR  heart rate 

HES  6% tetrastarch 130/0.4 

HS  5% hypertonic saline 

IM  intramuscular 

IV  intravenous 

𝑘:'  first-order elimination rate constant 

𝑘:;  central to peripheral intercompartmental rate constant 

𝑘;:  peripheral to central intercompartmental rate constant 

PK  pharmacokinetics 

PLA  balanced isotonic crystalloid 

𝑅'  infusion rate 

SAP  systolic arterial pressure 

𝑡:/;  elimination half-life 

𝑉  volume of expandable body fluid space 

𝑣  volume of expanded body fluid space 
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𝑣 − 𝑉  volume expansion 

	$  central 

	7  peripheral 

VK  volume kinetics 

 

2.3 Introduction 

 

 The clinical practice of intravenous (IV) fluid therapy in human and veterinary medicine 

is changing based on new findings1-3 as well as ongoing debate4 regarding ideal fluid choice, dose, 

rate, efficacy, and safety of fluid therapy.4-6 Limited veterinary scientific literature on IV fluid 

therapy7 has given rise to empirical fluid therapy recommendations that are based on broad 

assumptions, historical physiological principles, clinician’s anecdotal experiences, or 

extrapolation from human clinical trials and canine experimental models. Extrapolation of data 

across species are less than ideal as there may be critical species variations in body water 

physiology and fluid dynamics associated with different IV solutions. Fluid therapy has the 

potential to result in fluid overload that increases morbidity and mortality,8 especially in cats,9 yet 

little evidence exists to support current fluid administration practices in this species.7 The landmark 

publication reporting increased mortality following standard fluid boluses in African children with 

severe infection10 took the medical profession by surprise and subsequently raised many questions 

regarding our understanding of fluid pharmacokinetics (PK). Since then, there has been a 

momentous shift in fluid therapy paradigms towards fluid stewardship,11 context-sensitive fluid 

therapy,12 and treating fluids as drugs.3,5 Recently, the diverse elimination half-life (𝑡:/;) of 

balanced isotonic crystalloid and colloid solutions, administered under a wide variety of 

physiological conditions, has provided further scientific evidence to the importance of context-

sensitive fluid therapy.13 

For over two decades, a group of researchers has developed and refined an innovative PK 

model adapted for body fluid spaces known as volume kinetic (VK) modelling,14-18 providing a 

mathematical research platform to understand the effects of IV fluid administration on body fluid 

spaces. Volume kinetics, or in simplistic terms PK of IV fluids, is able to provide descriptive data 

on the distribution and elimination of IV fluids administered under various physiological 

conditions in expressions comparable to those employed in conventional PK.17 Visual inspection 
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of the plasma dilution-time curves provide information on the magnitude and time course of 

plasma volume expansion during and following actual IV fluid infusion.15 Using generated VK 

parameter estimates, subsequent computer simulation of plasma dilution-time curves allows 

insight into how IV fluid therapy should be planned.16,17 With increasing emphasis on safe and 

responsible fluid prescription, VK is gaining recognition11,12 as IV fluids can now be studied like 

pharmaceutical drugs leading to improved understanding of their time-volume effects or 𝑡:/; on 

plasma and interstitial fluid compartments,13 making evidence-based approaches to fluid therapy 

possible. 

The principles of VK are beyond the scope of this manuscript and readers are directed to 

current reviews published on the subject.13,16,17 In essence, VK models are designed based on the 

notion that IV fluid infused at a prescribed rate (𝑅') expands the volume of expandable body fluid 

space (𝑉). The concentration of IV fluid represented by plasma dilution alters the volume of 

expanded body fluid space (𝑣) over time as it is distributed and eliminated from the body fluid 

space. Elimination occurs in proportion to volume expansion (𝑣 − 𝑉) governed by a first-order 

elimination rate constant (𝑘:'). Distribution of IV fluids can be described using kinetic models 

analogous to the compartmental models in PK analysis. Intravenous fluid can distribute within a 

single body fluid space, or be distributed between two body fluid spaces, the central (𝑣$) and 

peripheral (𝑣7) compartment, in proportion to volume expansion of each respective body fluid 

space governed by first-order bi-directional intercompartmental rate constants (𝑘:; and 𝑘;:). The 

schematic diagrams of the one-volume fluid space (1-VOFS) and two-volume fluid space (2-

VOFS) kinetic models are shown in Figure 2.1.  

Although VK has been studied extensively in humans and animal research models,13,16,17 

this concept is novel in companion animal species and scientific literature is not available. Hence, 

this preliminary study was designed to answer the fundamental research question of whether VK 

modelling can be utilized in cats to study IV fluid kinetics and body water physiology in this 

species. The primary objective of this study was to investigate the distribution and elimination of 

three commonly prescribed IV fluids, i.e. balanced isotonic crystalloid (PLA), 5% hypertonic 

saline (HS), and 6% tetrastarch 130/0.4 (HES), in healthy conscious cats using VK modelling and 

analysis. The secondary objective was to describe the plasma volume expansion, half-life, potency, 

and ideal fluid prescriptions of PLA, HS, and HES. We hypothesized that VK modelling can be 

safely applied to healthy cats in a research setting through demonstration of similar peak plasma 
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volume expansion effect when approximately equipotent doses of the aforementioned IV fluids 

were administered. We further hypothesized that the plasma dilution-time curve of PLA, HS, and 

HES would be different based on the conventional understanding of the physiological behaviour 

of balanced isotonic crystalloids, hypertonic crystalloids, and synthetic colloids in the mammalian 

body. 

 

2.4 Materials and Methods 

 

This prospective, randomized, blinded, three-treatment and three-period (3 x 3) cross-over 

experimental study was performed at the Ontario Veterinary College, University of Guelph. This 

study, which required the sampling of approximately 24 mL of blood per cat over a duration of 3 

weeks, was approved by and conducted in accordance with the guidelines of the University of 

Guelph’s Animal Care Committee. Ten male intact purpose-bred domestic shorthair cats were 

enrolled into this study between June to July 2017. Each cat was certified healthy based on physical 

examination, CBC, serum biochemistry profile, total thyroxine level, urinalysis, symmetric 

dimethylarginine level, and N-terminal pro B-type natriuretic peptide level. All cats underwent a 

7-day acclimatization period and were conditioned to tolerate general handling, simple restraint 

techniques, and wearing an anti-anxiety shirta as well as light neck bandages. Throughout the entire 

study period, these cats were fed a commercial dry kibble and had ad libitum access to fresh water.  

 

2.4.1 Instrumentation 

 

Two days prior to the experiment, each cat was instrumented with a central venous jugular 

catheterb under general anesthesia. Sedation included butorphanolc (0.4 mg/kg IM) and 

dexmedetomidined (3 µg/kg IM), followed by propofole induction (2–3 mg/kg IV) and 

maintenance of general anesthesia using isofluranef in oxygen. Following placement, the central 

venous catheters were flushed and locked with unfractionated heparing (100 U/mL) according to 

catheter volume (0.23 mL). Sedation was reversed with atipamezoleh (equal volume to 

dexmetetomidined IM). The catheter sites were inspected daily, cleaned as needed with aqueous 

chlorhexidine gluconate 0.05% solutioni, and the heparing lock was replaced each day throughout 

the study period. When difficulty or inability to aspirate the catheter was encountered, forceful 
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flushing of the catheter with small volumes of 0.9% normal saline was first attempted. If saline 

flush was unsuccessful in restoring catheter flow, tissue plasminogen activatorj (250 ug/mL) was 

instilled into the partially occluded catheter lumen (0.23 mL) and aspiration was reattempted after 

a 1-hour dwell time. When required, replacement of central venous catheters was performed at 

least 24 hours prior to the next scheduled experiment using similar technique and general 

anesthesia protocol. 

 

2.4.2 Experimental Procedure 

 

Food and water were withheld during each 3-hour experimental period. Each cat received 

50 mg (£5 kg body weight) or 100 mg (>5 kg body weight) trazodonek orally followed by 0.4 

mg/kg butorphanolc intravenously 90 minutes later. Following light sedation, a 22-gauge, 1-inch 

IV catheter was established in the cephalic vein. A low stress environment was maintained 

throughout the entire experiment with cats wearing an anti-anxiety shirta, using feline pheromonel, 

and implementation of light and noise reduction. 

Each cat received three randomly assigned IV fluid boluses on three separate days with a 

minimum 72-hour washout period between treatments. Intravenous fluid treatment consisted of 20 

mL/kg of balanced isotonic crystalloid solutionm (PLA), 3.3 mL/kg of 5% sodium chloride 

solutionn (HS), and 5 mL/kg of 6% tetrastarch 130/0.4 solutiono (HES) administered over 15 

minutes through the peripheral catheter using a calibrated fluid pumpp. The fluid doses were 

selected on the basis of clinically relevant volumes and approximately similar volume expansion 

effect.15 The sodium content of the prescribed PLA and HS doses were similar, while the 

prescribed HES dose was based on a 1:4 ratio to crystalloid infusion.19 Subject order and treatment 

sequences were randomized by an individual independent to the study using an online research 

randomizerq. Fluid delivery was provided by individuals independent to the study such that 

investigators remained blinded to fluid treatments until data analysis. 

 

2.4.3 Measurements and Data Collection 

 

Duplicate blood samples (0.4 mL x 2) were collected at baseline prior to each fluid 

administration. Subsequently during IV fluid infusion, single blood samples were collected every 
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5 minutes for the first 20 minutes, then every 10 minutes until the 60-minute time point, and every 

15 minutes thereafter until completion of the 3-hour observation period (total of 18 blood samples). 

At each blood sampling occasion, 0.4 mL of whole blood was collected into a 500 µL EDTA 

microtainer tube and a total of 0.4 mL of saline flush was returned to the cat. Blood samples were 

collected from the central venous catheter using a three-syringe technique as follows: instillation 

of 0.2 mL of saline flush followed by aspiration of at least 0.5 mL of diluted blood sample, 

collection of desired blood sample, then return of initial diluted blood sample followed by an 

additional 0.2 mL of saline flush. Hemoglobin (Hb) concentration, red blood cell (RBC) count, 

and hematocrit (HCT) were analyzed by an automated hematology analyzerr of an accredited 

laboratory within 4 hours from each blood draw. 

At similar time points for blood sampling, systolic arterial pressure (SAP), diastolic arterial 

pressure (DAP), mean arterial pressure (MAP), and heart rate (HR) were recorded using an 

oscillometric blood pressure devices. During the study, paired sets of longitudinal and transverse 

cysto-colic ultrasound images were acquired for each cat positioned in dorsal recumbency at 

baseline and every 30 minutes throughout the experiment. Urine output measurements were 

obtained using the novel non-invasive 3-dimensional bladder volume estimation method described 

in Chapter 3. The average bladder volume estimations from two investigators were used to estimate 

urine output. 

 

2.4.4 Plasma Dilution Determination 

 

The average coefficient of variation (CV) for Hb concentration and RBC count were 

determined using the respective duplicate baseline measurements.15 The mean of the duplicate 

baseline measurements served as the initial baseline values for that experiment. The average 

plasma dilution derived from serial Hb concentrations and RBC counts were obtained using the 

equation:17,20 

 

Plasma	dilution,
𝑣()) − 𝑉

𝑉 = ~
𝐻𝑏(') 𝐻𝑏())⁄ − 1

1 − 𝐻𝐶𝑇 +
𝑅𝐵𝐶(') 𝑅𝐵𝐶())⁄ − 1

1 − 𝐻𝐶𝑇 � ÷ 2 Equation 2.1 
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These calculations were performed using computer softwareu. To determine whether Hb correction 

was necessary, 3 randomly selected experimental data sets were analyzed using plasma dilution 

derived from corrected17 and uncorrected Hb concentrations. The differences in VK data output 

utilizing plasma dilution with and without Hb correction were compared. The remainder of the VK 

analyses were performed using the uncorrected plasma dilution. 

 

2.4.5 Volume Kinetic Modelling 

 

All data sets regardless of fluid type were first analyzed together and fitted to both 1-VOFS 

and 2-VOFS kinetic models. Following that, data sets were analyzed separately according to the 

different fluid types and fitted to both kinetic models. Sub-analysis of HS infusion was also 

performed using a 3-VOFS kinetic model taking into account the effects of osmotic fluid shift.21 

The statistical significance of the various kinetic models was tested, and the best model was 

selected using the log-likelihood ratio test. The differential equation used for the 1-VOFS kinetic 

model was: 

 
𝑑𝑣
𝑑𝑡 = 𝑅' − 𝑘:'(𝑣 − 𝑉) Equation 2.2 

 

The differential equations used for the 2-VOFS kinetic model were: 

 
𝑑𝑣$
𝑑𝑡 = 	𝑅' − 𝑘:'

(𝑣$ − 𝑉$) −	𝑘:;(𝑣$ − 𝑉$) + 𝑘;:m𝑣7 − 𝑉7o Equation 2.3 

𝑑𝑣7
𝑑𝑡 = 	𝑘:;

(𝑣$ − 𝑉$) − 𝑘;:m𝑣7 − 𝑉7o Equation 2.4 

 

Serial plasma dilution and estimated urine output were used as input variables for VK 

analysis. Estimated urine output was included to stabilize the kinetic models. Intravenous infusion 

rates (𝑅') for PLA, HS, and HES were obtained directly from the prescribed fluid dosages. The 

average estimated urine output measured throughout the study were used to estimate k10 as follows: 
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Elimination	rate	constant, 𝑘:' =
Estimated	urine	output

AUC	for	volume	expansion Equation 2.5 

 

The fixed parameters in the VK models, i.e. 𝑉$ for the 2-VOFS kinetic model, 𝑉 for the 1-

VOFS kinetic model, as well as the kinetic constants governing fluid distribution (𝑘:; and 𝑘;:) 

and elimination (𝑘:'), were generated using a specialized PK modelling and simulation softwarev 

for nonlinear mixed effects. 

 

2.4.6 Volume Kinetics and Covariate Analysis (Population Kinetics) 

 

Fluid type, SAP, DAP, MAP, HR, age, and body weight were evaluated as potential 

covariates in the VK model. The continuous variables SAP, DAP, MAP, and HR were evaluated 

at every time point, while age and body weight were examined once for each individual data set. 

The first-order conditional estimation with extended least squares (FOCE-ELS) search routine was 

applied to provide maximum likelihood estimates for fixed and random effects. A search for trends 

in plots of random effects was also used to identify potentially significant covariates. A covariate 

was accepted if it significantly improved the curve-fit (p <0.01) through reduction of log likelihood 

(-2 LL) greater than the critical value of 6.64, the confidence interval was statistically significant, 

and the inter-individual variability or coefficient of variance (CV) was less than 50%.  

The influence of statistically significant covariates on VK was simulated using computer 

softwareu. The best estimates of the model parameters were then inserted into Equation 2.2, 

Equation 2.3, and Equation 2.4. The analytical solutions to the differential equations of respective 

kinetic models were solved using the optODE function. The goodness-of-fit of the model was 

illustrated by comparing the observed experimental data with the model predicted data, with and 

without consideration of covariate effects. 

 

2.4.7 Plasma Volume Expansion, Half-Life, Fluid Potency, Ideal Fluid Prescriptions 

 

The magnitude of plasma volume expansion for PLA, HS, and HES was obtained from the 

respective plasma dilution-time curves and is presented as percentage. The half-life is represented 

by 𝑡:/; in minutes and was obtained by the equation: 
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Elimination half-life, 𝑡:/; =
�� ;
���

 Equation 2.6 

 

Fluid potency is an expression of fluid activity defined by the volume required to produce an effect 

of a given intensity. The comparative potency of PLA, HS, and HES was illustrated using computer 

simulation of a standardized arbitrary fluid dose using VK parameter estimates generated from the 

statistically justified models. The ideal PLA, HS, and HES fluid prescriptions to achieve and 

maintain 15% or 30% plasma volume expansion were also simulated using VK parameter 

estimates generated from the respective statistically justified models. 

 

2.5 Statistics 

 

Volume kinetic analyses were performed by an independent individual (RGH) using two 

computer software programsu,v following unblinding of fluid treatments. Statistical significance 

was set at a p-value of <0.05. The VK parameter estimates are reported as mean and 95% 

confidence interval (95% CI). Basic descriptive analysis was performed using an open source 

online statistical programv. The baseline Hb concentration, RBC count, and HCT were normally 

distributed and presented as mean ± SD. The SAP, DAP, MAP, HR, and estimated total urine 

output were not normally distributed according to the Shapiro-Wilk test; logarithmic (base 10) 

transformation improved the data distribution of the estimated total urine output. Therefore, SAP, 

DAP, MAP, and HR are presented as median and interquartile range (IQR). Estimated total urine 

output and body weight are presented as mean ± SD, while age is presented as median and range. 

 

2.6 Results 

 

Ten male cats with a median age of 33 weeks (range 27–33) and mean body weight of 4.79 

± 0.69 kg completed all phases of the study with no adverse effects. All cats maintained normal 

activity levels and good appetite. No vomiting, diarrhea, abnormal respiratory patterns, or other 

concerning constitutional signs were recorded. Central venous catheters were replaced in 4 cats 

over a duration of 3 weeks due to inadvertent catheter dislodgment (n = 1), catheter site infection 

(n = 1), and non-salvageable catheter occlusion (n = 2). Throughout the study periods, all cats were 

normotensive with a median SAP of 116 mmHg (IQR 108–124) and median MAP of 86 mmHg 



 

  80 

(IQR 74–93; mean 84 ± 17 mmHg). The median HR was 157 beats per minute (IQR 139–187). 

The mean baseline Hb concentration and HCT at the start of the study were 99.5 ± 11.0 g/L and 

30.3 ± 3.4% respectively. The final Hb concentration and HCT recorded at the end of the study 

were 76.9 ± 9.5 g/L and 23.8 ± 2.8% respectively.  

 Thirty experimental data sets (10 sets of PLA, 10 sets of HS, and 10 sets of HES) were 

acquired from 10 cats on three separate days. One set of PLA data was determined to be unsuitable 

for inclusion in the analysis based on serial plasma dilution that exceeded 3 SD from the mean, 

likely due to spurious baseline measurement. Of the total 540 paired serial Hb concentrations and 

RBC counts, 37 (6.8%) measurements were removed due to incomplete data and 18 (3.3%) 

measurements from the unsuitable PLA data set were excluded from further analysis. The average 

CV for baseline Hb concentration and RBC count were 3.53% and 3.38% respectively. The 

estimated total urine output for cats receiving PLA, HS, and HES were 37.3 ± 26.5 mL, 16.2 ± 8.4 

mL, and 19.5 ± 14.8 mL respectively. The mean infusion rates (𝑅') for PLA, HS, and HES were 

6.5 mL/min, 1.1 mL/min, and 1.6 mL/min respectively. 

 

2.6.1 Sample Correction 

 

A total of 18 blood samples, which approximates 8 mL of whole blood, were collected 

from each cat for every individual experiment. The plasma dilution-time curve with and without 

correction for Hb loss from serial blood sampling of the 3 randomly selected experimental data 

sets did not differ substantively. The plasma dilution-time curves began to diverge after 35 minutes 

and continued to diverge gradually over time (Figure 2.2). In comparison to uncorrected plasma 

dilution, VK analysis using corrected plasma dilution (n = 3) resulted in lower 𝑉$ and higher 𝑘:' 

with the differences within an acceptable range of 2–10%. 

 

2.6.2 Pooled Fluid Analysis 

 

Twenty-nine data sets regardless of fluid type were analyzed together and fitted to both 1-

VOFS and 2-VOFS kinetic models. The VK parameter estimates of both kinetic models are 

summarized in Table 2.1. The goodness-of-fit of urine output and plasma dilution for both kinetic 

models are illustrated in Figure 2.3. The 2-VOFS kinetic model was statistically justified based on 
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the reduction of -2 LL from 292 to 264, and thus is considered the better model for pooled fluid 

analysis. 

In the 2-VOFS kinetic model, covariate analysis identified fluid type and MAP as 

significant covariates as supported by the improved residual plots (Figure 2.4). Subsequent sub-

analysis demonstrated that fluid type was a covariate to 𝑉$, while MAP was a covariate to 𝑘:;. 

With PLA as the reference fluid, the covariances between the different fluid types and 𝑉$ 

were -1.840 (95% CI -2.089 to -1.590) for HS and -1.298 (95% CI -1.621 to -0.975) for HES. 

Therefore, the 𝑉$ of individual fluid types can be expressed as the population 𝑉$ to the base of the 

natural logarithm of the covariance between a specific fluid type and 𝑉$: 

 

𝑉$	E�2E3E2��v = 𝑉$	7�7�v�)E��	𝑒	���� ¡���¢	(¢.£.		¤¥¦:	',			§¨:	H:.©ª',			§«¨:	H:.;¬©) 

 

The covariance between MAP and 𝑘:;	was 0.053 (95% CI 0.029–0.077). The individual 𝑘:; can 

be expressed by the equation: 

 

𝑘:;	E�2E3E2��v = 𝑘:;	7�7�v�)E�� 
𝑀𝐴𝑃E�2E3E2��v
𝑚𝑒𝑎𝑛	𝑀𝐴𝑃 ®

$�3�jE��$u

 

 

2.6.3 Individual Fluid Analysis 

 

The PLA data set (n = 9), HS data set (n = 10), and HES data set (n = 10) were analyzed 

separately according to fluid type and fitted to both 1-VOFS and 2-VOFS kinetic models. Sub-

analysis of HS infusion was also performed using a 3-VOFS kinetic model, taking into account 

the effects of osmotic fluid shift. The 2-VOFS kinetic model was statistically justified for PLA 

and HS, while the 1-VOFS kinetic model was statistically justified for HES based on the reduction 

of -2 LL. The VK parameter estimates of statistically justified kinetic models for PLA, HS, and 

HES are summarized in Table 2.2. As depicted by Figure 2.5, the observed urine output values for 

HS and HES do not align well with the values predicted by the statistically justified fitted models. 

Covariate analysis for PLA (n = 9) demonstrated trends in the plots of random effects, 

however none of the tested covariates were statistically significant. The 𝑡:/; for PLA was 49 

minutes (95% CI 29–147). On the other hand, MAP was identified as a significant covariate to 𝑘:' 
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for both HS and HES with a covariance of -2.865 (95% CI -5.350 to -0.380) and 2.904 (95% CI 

0.017–5.790) respectively. The individual 𝑘:' can be expressed by the equation: 

 

𝑘:'	E�2E3E2��v = 𝑘:'	7�7�v�)E�� 
𝑀𝐴𝑃E�2E3E2��v
𝑚𝑒𝑎𝑛	𝑀𝐴𝑃 ®

$�3�jE��$u

 

 

In consideration of MAP as a significant covariate to 𝑘:', the 𝑡:/; for HS and HES when MAP 

was 84 mmHg were 319 minutes (95% CI 188–1054) and 104 minutes (95% CI 69–213) 

respectively. 

 

2.6.4 Plasma Volume Expansion and Fluid Potency 

 

The plasma dilution-time curves of PLA, HS, and HES administered at the presumed 

equipotent doses demonstrated an almost identical peak plasma volume expansion of 

approximately 27–30% (Figure 2.6). Computer simulation of a standardized 6 mL/kg bolus of each 

solution administered over 15 minutes using VK parameter estimates generated from the 

statistically justified 2-VOFS kinetic models for pooled fluid analysis illustrates the different fluid 

potencies in Figure 2.7. Of the IV fluids investigated, HS was 6 times more potent than PLA and 

1.7 times more potent than HES. Meanwhile, HES was 3.5 times more potent than PLA. 

 

2.6.5 Simulation of Ideal Intravenous Fluid Infusions 

 

The ideal PLA, HS, and HES fluid prescriptions to achieve and maintain 15% or 30% 

plasma volume expansion in a 5 kg healthy conscious cat simulated using VK parameter estimates 

generated from the respective statistically justified models are summarized in Table 2.3 and Figure 

2.8.  

 

2.7 Discussion 

 

 This preliminary exploratory study demonstrated the safety, feasibility, and potential of 

VK modelling and analysis in evaluating the distribution, elimination, plasma volume expansion, 
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half-life, potency, and ideal fluid prescriptions of PLA, HS, and HES in healthy conscious cats 

using serial Hb- and RBC- derived plasma dilution supported by estimated urine output. All cats 

successfully completed each phase of the experiment with only minor indwelling central venous 

catheter complications and tolerated the frequent blood sampling well. The frequency of 

measurement time points was sufficient to complete the VK analysis, although the 3-hour 

observation period did not capture the return of plasma dilution to baseline. Kinetic models were 

successfully fitted to all experimental data sets and a novel approach of VK analysis, where all 

fluids were analyzed in a unified model, produced similar findings as the conventional individual 

fluid analysis approach. Overall, the results generated from this study were logical and 

physiologically sound. The demonstration of similar peak plasma volume expansion following 

administration of approximately equipotent fluid doses, as well as half-life and fluid potency that 

conforms to expectations suggest that VK modelling and analysis has the potential to investigate 

IV fluid kinetics and body water physiology in cats. 

Population kinetics is a PK analysis technique that identifies and quantifies sources of 

variability in substance concentrations between individuals, such that associations between patient 

characteristics, e.g. age, body weight, physiologic variables, or disease state, and the differences 

in PK can be used to customise therapy.22 In this type of analysis, all data from all individuals is 

considered at the same time in a unified model using a nonlinear mixed effects modelling 

approach.23 Although analyzing all fluid types together seems counterintuitive, the ability of 

covariate analysis to identify fluid type and MAP as key covariates and determine the degree of 

variability on the kinetic model mitigated the issue. Insertion of relevant covariances into the 

generated formulas allows simulation of individual fluids, while a unified model enables a 

simplified view of the overall experimental outcome. Analyzing different types of IV fluids 

together in a unified model has not been previously reported, however the experimental data were 

successfully fitted with the 2-VOFS kinetic model being statistically justified. Regardless of 

whether pooled or individual fluid analyses were performed, the overall findings and conclusions 

were similar, suggesting that multiple approaches to VK modelling and analysis can be considered 

along with increasing confidence in the models due to their robustness. 

When individual fluid analyses were performed, the 2-VOFS kinetic model was better 

fitted to PLA, while the 1-VOFS kinetic model was appropriate for HES in our population of 

healthy conscious cats. This is consistent with VK studies of healthy conscious human 
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volunteers,15,21,24 except in situations where rapid fluid elimination allowed the 1-VOFS kinetic 

model to sufficiently describe the kinetics of crystalloid infusions.15,21,25 The 3-VOFS kinetic 

model was explored for HS however it failed to add significant advantages without compromising 

model simplicity. The 2-VOFS model was found to be appropriate for HS in our study, similar to 

the findings in human volunteers.21  

When compared to the individual fluid analysis, the goodness-of-fit plots generated from 

pooled fluid analysis revealed better agreement between the observed experimental data and model 

predicted data, suggesting that pooled fluid analysis may have more precision. The poor agreement 

between the observed and model predicted urine output of individual fluid analyses, in particular 

for HS and HES (Figure 2.5), may be a result of inaccuracies in estimating urine output using 

point-of-care ultrasonography. However, it is interesting that the imprecisions only involved HS 

and HES infusions, possibly due to the small volumes of urine generated in these experiments. A 

second elimination compartment was tested post-hoc without improvement of these models, 

suggesting that the estimated urine output truly represents fluid elimination. Regardless, urine 

output is not a crucial input variable in VK analysis although it serves to stabilize the VK model, 

if available.26 Alternative explanations to the discrepancy between estimated urine output and 

model predicted urine output for HS and HES include increased glomerular filtration rate as a 

result of fluid shifts from other parts of the body,27 effects of natriuresis,21,28 or decreased water 

reabsorption from the presence of filtered oncotic macromolecules.24 The effects of natriuresis are 

considered less likely given the equimolar sodium ion administered for HS and PLA. 

In comparison to healthy humans, the rates of bi-directional fluid distribution from the 

central to the peripheral compartment (𝑘:;) and vice versa (𝑘;:), were found to be very fast in our 

study subjects. The distribution phase of PLA in our healthy cats was between 5–10 minutes, at 

least 3–4 times faster than the reported 25–30 minutes in healthy human adults receiving 

crystalloid infusions17,29 and healthy anesthetized dogs.30 These findings are based on the plasma 

dilution-time curves, whereby the distribution phase is represented by the initial steep decline in 

plasma dilution at the end of the fluid boluses. In humans, the lag time for IV fluids to equilibrate 

between the plasma and the interstitium allows for cumulative plasma volume expansion up to 50–

70%31,32 by the end of a fluid bolus. It is possible that fluid distribution occurred while IV infusion 

was still ongoing in our cats. When IV fluids were analysed individually in our study, the 

distribution of PLA from the central to the peripheral compartment was 5 times faster than HS. 
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We believe this may in part be due to the increase in transcapillary hydrostatic pressure and fluid 

filtration related to the total volume of administered fluid. This rapid distribution phase in healthy 

cats suggests that cats may have a more pliable, compliant interstitial matrix33 and increased local 

capillary blood flow may be an additional contributing factor.34 

Interestingly, in our population of healthy conscious cats, the rate of fluid elimination as 

described by 𝑘:' was found to be very slow for all individual fluid types, in contrast to healthy 

conscious sheep35,36 and healthy human volunteers.15,21,25 A marked reduction in fluid elimination 

is reported in anesthetized human patients undergoing various surgical procedures,13,17 and is also 

documented in experimental anesthetized sheep.35,36 When renal excretion fails to increase in 

proportion to the volume of infused fluid, whether under general anesthesia35-37 or when subjected 

to supraphysiologic infusions,38 low fluid elimination augments plasma volume expansion and 

increases the risk of interstitial edema formation from the surplus infused volume. 

Furthermore, our data suggest that the rate of fluid elimination for PLA was twice as rapid 

as HES and up to 7 times faster in comparison to HS. The 𝑡:/; of PLA, HS, and HES in our 

population of healthy conscious male cats were found to be 49 minutes, 319 minutes, and 104 

minutes respectively. The 𝑡:/; of PLA is comparable with studies in human volunteers, where the 

median 𝑡:/; was reported to be between 20–60 minutes depending on gender, stress levels, and 

hydration status.15,25,31,39-41 For colloids, the oncotic macromolecule 𝑡:/; of 130/0.4 HES in healthy 

human volunteers was discovered to be much prolonged at 12 hours42 and 16 hours43 in those with 

renal impairment. Of note, these 𝑡:/; do not reflect duration of plasma volume expansion which is 

of key interest to clinicians. In VK studies performed in healthy human volunteers, the 𝑡:/; of 

130/0.4 HES which reflected the actual decay of plasma volume expansion was 2–3 hours,15,24 

which is similar to our reported 𝑡:/; of 104 minutes. This is also consistent with the reported 

systemic circulation 𝑡:/; in the product monograph.44 Direct comparison of the 𝑡:/; of HS with 

other studies is not possible due to the different strength utilized in our study. Based on our 

traditional understanding of the physiological mechanism of HS in the body,27 we expect HS to 

have a shorter 𝑡:/; and more rapid elimination due to the effects of natriuresis.28 However, given 

that we administered equimolar sodium load for both HS and PLA, the significantly prolonged 

𝑡:/; of 319 minutes and slower elimination rate might be a consequence of renal vasoconstriction 
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as a result of tubuloglomerular feedback mechanism activation from detection of increased 

chloride ions. 

Although cats remained normotensive throughout the experiments, MAP was found to be 

a significant covariate for fluid distribution out of the central compartment (𝑘:;) in the pooled fluid 

analysis, and fluid elimination (𝑘:') for HS and HES. As MAP increases, transcapillary fluid 

filtration contributes to the increased fluid distribution while stimulation of baroreceptors and 

activation of renal blood pressure regulation feedback system promotes fluid elimination. The only 

unexpected finding was a negative covariance between MAP and 𝑘:' for HS, in which an increase 

in MAP decreases fluid elimination. The reason for this phenomenon is uncertain at this time. 

There are many ongoing debates about the volume efficacy and plasma volume expansion 

effects of various IV fluids. Data pertaining to the comparative intravascular volume expansion 

effectiveness of different fluid types in humans and dogs have been thoroughly reviewed.45,46 

Unfortunately, limited scientific data are available in cats, hence we prescribed fluid doses that we 

considered represented approximately equipotent volume expansion effects. Interestingly, the 

plasma-dilution time curves of 20 mL/kg PLA, 3.3 mL/kg HS, and 5 mL/kg HES administered 

over 15 minutes generated an almost identical peak plasma volume expansion of approximately 

25%. The 4:1 ratio of isotonic crystalloid to colloid appeared to be valid in our population of 

healthy cats. This is different from the results of recent critically ill human clinical trials47-50 that 

showed a cumulative total crystalloid to colloid infusion volume approximating a 1.2–1.4:1 ratio. 

When microvascular circulation is considered, our population of healthy cats are thought to have 

an uncompromised endothelial glycocalyx layer which may have preserved the volume expanding 

effects of HES.51-53 Conversely, the argument that our large-volume and rapid PLA infusion rate 

(𝑅') in euvolemic cats may have resulted in direct endothelial glycocalyx damage leading to 

instantaneous fluid distribution is also possible but considered unlikely since all IV fluid types 

assessed distributed swiftly in general. Rapid large-volume crystalloid resuscitation has been 

associated with increased biomarker glycocalyx shedding in a recent canine hemorrhagic shock 

model.54 Hypervolemia has also been suggested to promote atrial natriuretic peptide release that 

contributes to endothelial glycocalyx shedding,55 although the subject matter is controversial.56 

Plasma atrial natriuretic peptide levels were not measured or investigated in our study.   

Following computer simulation of a standardized arbitrary IV fluid dose for all 3 fluids, 

HS was found to be 6 times more potent than PLA and 1.7 times more potent than HES, while 
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HES was 3.5 times more potent than PLA. In general, the potencies of these fluids were in line 

with findings from other human and canine studies,17,21,30 albeit experimental differences exist in 

the use of different strengths of hypertonic saline and types of synthetic colloid solutions. Unlike 

the previous canine study,30 our study had the advantage of equipotent fluid doses and plasma 

volume expansion effect, thus removing the confounding effect of total fluid volume administered, 

allowing direct comparison between individual fluids.  

In summary, the data generated from VK analysis in this population of healthy conscious 

cats appears to support anecdotal reports9 that cats are more susceptible to the harmful effects of 

fluid therapy. Our work using this novel approach to IV fluid analysis suggests that cats are 

different from other species studied, in that commonly utilized IV fluids which we investigated as 

part of this study protocol distribute more rapidly into the peripheral compartments yet are 

eliminated more slowly from the body. Low fluid elimination augments plasma volume expansion 

and increases the risk of interstitial edema formation from the surplus infused volume. This 

significant finding may be the key to the increased susceptibility of this species to fluid overload. 

Computer simulation using VK parameter estimates generated from pooled and individual fluid 

analyses highlighted the need for substantial reduction in the constant rate infusion following the 

initial fluid bolus of all 3 fluids in order to prevent fluid overload and to maintain the desired 

plasma volume expansion at steady state. This specific recommendation, however, must be taken 

in context and is only applicable to healthy conscious euvolemic cats without any ongoing fluid 

losses. Additional work is warranted to determine the IV fluid kinetics in dehydrated, 

hypovolemic, or hypotensive cats that represent the clinical population that would be subjected to 

IV fluid resuscitation followed by ongoing maintenance fluid therapy. 

 

2.7.1 Study Limitations and Future Recommendations 

 

As a preliminary study, our study had a number of limitations. Firstly, the Hb-dilution 

technique used in this study to quantify plasma dilution has not been validated in cats. This 

technique, however, has correlated well with other plasma volume determination techniques that 

utilized radio-iodinated serum albumin,57 blood water desiccation,15 Evans Blue dye,35 and 

indocyanine green dye36 in humans and sheep. Secondly, our study subjects were not 

splenectomised therefore the effect of RBC sequestration and release on plasma dilution 
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determination is unknown. Feline splenic contraction is reported to be brief and transient, lasting 

only 2 minutes and reaches a steady-state PCV within 20 minutes.58 Regardless, initiatives to 

reduce stress and sympathetic stimulation were implemented throughout each experiment. 

Recently, the use of trazodone in healthy cats was discovered to significantly decrease systolic 

blood pressures without resulting in hypotension by reduction of systemic vascular resistance via 

𝛼:-adrenergic antagonism,59 contrary to a previous report in the literature60 that was available at 

the time of our study inception. Therefore, it is possible that trazadone may have had some effects 

on MAP or pre-capillary sphincter tone, and indirectly influenced our study results. Until 

additional evidence is available, gabapentin may be considered as an alternative oral sedative 

agent61 to trazodone to avoid potential influence on fluid kinetics. 

As with most veterinary studies, our sample size was small (n = 10) but considered 

acceptable for a preliminary study. For this type of experiment, erroneous baseline measurements 

had significant consequences as evidenced by the exclusion of an entire data set even though 

subsequent serial measurements were appropriate, which further reduced our study sample size. 

The wide 95% CI of IV fluid half-lives suggest that our preliminary sample size may be 

inadequate. Most importantly, the data generated from this novel study provides useful information 

for sample size calculation and power analysis of subsequent feline VK studies.  

In addition, the average CV of baseline Hb concentration of 3.53% and RBC of 3.38% 

obtained in our study were higher than the recommended 1% for VK studies.17 Accurate 

measurements and high-precision laboratory analysis are important to reduce between-sample 

variability that would affect serial plasma dilution determination and subsequent VK analysis.17 

Homogeneity within the sampled blood achieved by adequate mixing is crucial to the quality of 

analytical results. Specimens idled for over 30 minutes have a tendency to settle despite 

anticoagulation and if not thoroughly mixed, Hb values can be overestimated or underestimated 

depending on whether the concentrated cellular layer or plasma-diluted later was measured.62 

Since simultaneously measured RBCs are diluted similarly as Hb during IV fluid loading but 

quantified using a different technique by the automated hematology analyzer, the mean value for 

Hb-derived plasma dilution and RBC-derived plasma dilution was used as the overall plasma 

dilution to improve precision and accuracy.20 This is important as measurement error was shown 

to have compounding and exponential effects on serial plasma dilution calculation.63 
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For the same reasons above, corrections for Hb loss from blood sampling or hemorrhage 

have been recommended prior to the curve-fitting procedure as serial blood sampling can result in 

sufficient Hb loss creating a “false dilution” that is unrelated to IV fluid therapy.17 This, however, 

was not performed in our study since the blood sample volume at each sampling time point was 

small (0.4 mL). In addition, an assumption of initial blood volume is necessary to account for 

sampling losses,16 which meant having to introduce more uncertainties and potential source of 

error into the model. Although the degree of error associated with the use of varying initial blood 

volume is acceptable in humans,20,31 the feline blood volume reported in the current veterinary 

literature is based on a small number of past experiments58,64,65 and ranges widely from 40 to 66 

mL/kg66,67 depending on whether cats are splenectomised or not.58,65 The plasma dilution-time 

curve of 3 randomly selected experimental data sets did not differ substantively following 

correction of Hb loss. However, the plasma dilution-time curves continued to diverge gradually 

over time (Figure 2.2), likely due to compounding effects as more Hb was lost from repetitive 

blood sampling.  

Frequent blood sampling over the duration of 3 weeks led to documented iatrogenic anemia 

as low as HCT of 20% by the end of the study. The implication of repeated blood sampling was 

small in our study as each study subject served as their own matched control in a cross-over design 

and new baseline measurements were established for each individual experiment. Although cats 

in this cross-over experimental study tolerated the frequent blood samplings well, if unlimited 

resources are available, a longer between-experiment period should be considered to allow 

recovery from iatrogenic anemia. However, unless a non-invasive method of serial Hb 

measurement is developed and validated for VK studies, VK modelling and analysis would likely 

remain a research tool as the requirement for repetitive invasive Hb sampling precludes it from 

widespread clinical use. For future studies, we recommend the exploration of non-invasive 

hemoglobin monitoring technology for potential translation of VK modelling and analysis to the 

clinical population. Exploration of bioelectrical impedance technology as an adjunct tool to further 

support and complement the findings of VK analysis is also suggested.  

Given that our study subjects came from a population of healthy cats, the results of this 

study cannot be translated to clinical patients. A homogenous group of intact male cats was 

enrolled in our study due to subject availability. Inclusion of both sexes would be more 

representative of our target population and allows evaluation of sex as a potential covariate, 



 

  90 

however a larger sample size may be required to retain statistical power. Lastly, VK modelling 

and analysis can be an inherently complex and sophisticated research method to characterize the 

PK of IV fluids. To use the information generated effectively, one must possess some 

mathematical and statistical background, combined with an understanding of biology, 

pharmacology, and physiology. Data collection is simple and straightforward; however, data 

analysis and interpretation involve a steep learning curve for those who are unfamiliar with these 

concepts. However, some coaching and training in these areas would accelerate this learning curve.  

 

2.7.2 Conclusion 

 

In conclusion, our study demonstrated that VK modelling and analysis is a safe and feasible 

research tool that has the potential to provide valuable data on IV fluid distribution, elimination, 

half-life, plasma volume expansion, fluid efficacy, and body water physiology in cats. The 

preliminary results generated from VK analysis revealed rapid distribution but slow elimination of 

IV fluids in healthy conscious cats that matches anecdotal reports related to susceptibility of cats 

to fluid overload and warrants further investigation. The prescribed fluid doses of 20mL/kg PLA, 

3.3 mL/kg HS, and 5mL/kg HES administered over 15 minutes produced approximately similar 

peak plasma volume expansion of 27–30%. The half-life and potency of HS was the longest and 

greatest followed by HES, while PLA had the shortest half-life and was least potent. Simulation 

of ideal fluid prescriptions to achieve and maintain a 15% or 30% plasma volume expansion at 

steady state in a 5 kg healthy conscious euvolemic cat revealed the importance of substantial 

reduction in constant rate infusion following initial IV fluid bolus in this population.  
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2.9 Footnotes 

 
a ThunderShirt®, ThunderWorks, Durham, NC, USA. 
b MILACATH® guidewire, single lumen, 20Ga x 12cm with integrated extension set, MILA 

International, Inc., Florence, KY, USA. 
c Torbugesic®, Zoetis Canada Inc., Kirkland, QC, Canada. 
d Dexdomitor®, Zoetis Canada Inc., Kirkland, QC, Canada. 
e Propofol Injection, Fresenius Kabi Canada Ltd., Toronto, ON, Canada. 
f AErrane Isoflurane USP, Baxter Healthcare Corporation, Deerfield, IL, USA. 
g Heparin Sodium Injection USP, Fresenius Kabi Canada Ltd., Toronto, ON, Canada. 
h Antisedan®, Zoetis Canada Inc., Kirkland, QC, Canada. 
i Sterilin, Inopro Inc., Repentigny, QC, Canada. 
j Activase® rt-PA, Hoffmann-La Roche Limited, Mississauga, ON, Canada. 
k TEVA Trazodone, TEVA Canada Limited, Toronto, ON, Canada. 
l Feliway®, CEVA Animal Health Inc., Cambridge, ON, Canada. 
m PLASMA-LYTE A Injection, Baxter Corporation, Mississauga, ON, Canada. 
n 5% Sodium Chloride Injection USP, Baxter Corporation, Mississauga, ON, Canada. 
o VOLUVEN®, Fresenius Kabi Canada Ltd., Richmond Hill, ON, Canada. 
p VET-PRO VIP 2000TM Veterinary Infusion Pump, Caesarea Medical Electronics Ltd., 

Staufenburgstr, Lichtenstein, Germany. 
q Urbaniak, G.C., & Plous, S. (2013). Research Randomizer (Version 4.0) [Computer 

software]. Retrieved on June 24, 2017, from http://www.randomizer.org/. 
r Siemens ADVIA 2120i Hematology Analyzer, Siemens Healthcare GmbH, Henkestr, 

Erlangen, Germany. 
s Cardell® Veterinary Vital Signs Monitor, Model 9401, Midmark, Tampa, FL, USA. 
t MATLAB®, R2013b, MathWorks® Inc, Natick, MA, USA. 
u Phoenix® NLMETM, version 1.3, Pharsight, St. Louis, MO, USA. 
v RStudio Team (2018). RStudio: Integrated Development for R. (Version 1.2.1206.2) 

[Computer software]. Retrieved on April 14, 2019, from http://www.rstudio.com/. 
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2.11 Tables 

 

Table 2.1: VK parameter estimates of both 1-VOFS and 2-VOFS kinetic models for pooled fluid 

analysis (n = 29) in healthy conscious cats. 

 

VK Model VK Parameter 
Estimate 

Mean (95% CI) 
CV 

1-VOFS 𝑉, mL 409 mL (280 – 538) 16.05 % 

 𝑘:', /min 0.003 /min (0.002 – 0.004) 17.59 % 

2-VOFS* 𝑉$, mL 139 mL (83 – 195) 20.49 % 

 𝑘:', /min 0.007 /min (0.004 – 0.010) 22.76 % 

 𝑘:;, /min 0.326 /min (0.117 – 0.534) 32.53 % 

 𝑘;:, /min 0.190 /min (0.128 – 0.252) 16.71 % 

* denotes statistically justified model based on reduction of -2 LL 

VK – volume kinetic; CI – confidence interval; CV – coefficient of variance; 1-VOFS – one-

volume fluid space; 2-VOFS – two-volume fluid space; 𝑉 – volume of expandable fluid space; 𝑘:' 

– first-order elimination rate constant; 𝑉$ – volume of expandable central fluid space; 𝑘:; – central 

to peripheral intercompartmental rate constant; 𝑘;: – peripheral to central intercompartmental rate 

constant  
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Table 2.2: VK parameter estimates of statistically justified VK models for individual fluid analysis 

in healthy conscious cats. 

 

IV Fluid Types 
PLA 

Mean (95% CI) 

HS 

Mean (95% CI) 

HES 

Mean (95% CI) 

Sample size, n 9 10 10 

VK model* 2-VOFS 2-VOFS 1-VOFS 

𝑉$ or 𝑉 
74.25 mL 

(28.93 – 119.57) 

32.41 mL 

(22.11 – 42.72) 

80.33 mL 

(58.59 – 102.07) 

𝑘:' 
0.014 /min 

(0.005 – 0.024) 

0.002 /min 

(0.000 – 0.004) 

0.007 /min 

(0.003 – 0.010) 

𝑘:; 
0.753 /min 

(0.199 – 1.308) 

0.141 /min 

(0.018 – 0.263) 
- 

𝑘;: 
0.161 /min 

(0.089 – 0.233) 

0.186 /min 

(0.048 – 0.323) 
- 

* denotes statistically justified model based on reduction of -2 LL 

IV – intravenous; PLA – balanced isotonic crystalloid; HS – 5% hypertonic saline; HES – 6% 

tetrastarch 130/0.4; CI – confidence interval; n – sample size; VK – volume kinetic; 2-VOFS – 

two-volume of fluid space; 1-VOFS – one-volume of fluid space; 𝑉$ – volume of expandable 

central fluid space; 𝑉 – volume of expandable fluid space; 𝑘:' – first-order elimination rate 

constant; 𝑘:; – central to peripheral intercompartmental rate constant; 𝑘;: – peripheral to central 

intercompartmental rate constant  
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Table 2.3: Simulated* IV infusion rates of PLA, HS, and HES to achieve and maintain 15% or 

30% plasma volume expansion in a 5 kg healthy conscious cat.  

 

IV Fluid 

Types 

Desired Plasma 

Volume 

Expansion 

To Achieve To Maintain 

via 15-minute Bolus via CRI 

(mL/kg)  (mL/min)  (mL/min) (mL/hr) 

PLA 
15 % 12.0 4.0 0.15 9.0 

30 % 24.0 8.0 0.30 18.0 

HS 
15 % 1.8 0.6 0.02 1.2 

30 % 3.6 1.2 0.04 2.4 

HES 
15 % 3.0 1.0 0.04 2.4 

30 % 6.0 2.0 0.08 4.8 

* simulated using VK parameter estimates from 2-VOFS kinetic model of pooled fluid analysis 

IV – intravenous; CRI – constant rate infusion; PLA – balanced isotonic crystalloid; HS – 5% 

hypertonic saline; HES – 6% tetrastarch 130/0.4  
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2.12 Figures 

 

 
 

 

 
 

Figure 2.1: One-volume fluid space (1-VOFS) and two-volume fluid space (2-VOFS) micro-

constant kinetic models. Adapted from previous VK work.68-70  
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Figure 2.2: Plasma dilution-time curve with and without correction for Hb loss from serial blood 

sampling.  
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Figure 2.3: Goodness-of-fit plots of observation (open circles) and individual predictions (colored 

lines) against time for the 1-VOFS and 2-VOFS kinetic models of pooled fluid analysis.  
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Figure 2.4: Residual plots for the 2-VOFS kinetic model of pooled fluid analysis before (top) and 

after (bottom) considering the covariate effects of fluid types and MAP.  
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Figure 2.5: Goodness-of-fit plots of observation (open circles) and individual predictions (colored 

lines) against time for PLA, HS, and HES using respective statistically justified kinetic models. 
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Figure 2.6: Plasma dilution-time curves illustrating approximately similar peak plasma expansion 

for 20 mL/kg of balanced isotonic crystalloid (PLA), 3.3 mL/kg of 5% hypertonic saline (HS), and 

5 mL/kg of 6% tetrastarch 130/0.4 (HES) administered intravenously over 15 minutes in healthy 

conscious male cats. 
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Figure 2.7: Computer simulated plasma dilution-time curves for PLA, HS, and HES that illustrates 

the different fluid potencies. Simulation performed using VK parameter estimates generated from 

the statistically justified 2-VOFS kinetic models for pooled fluid analysis.  
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Figure 2.8: Computer simulated IV infusion rates for PLA, HS, and HES to achieve and maintain 

15% or 30% plasma volume expansion in a 5 kg healthy conscious cat. Simulation performed 

using VK parameter estimates generated from respective statistically justified kinetic models. 
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CHAPTER 3 

 

A Pilot Study to Determine the Feasibility of a Novel 3-Dimensional Mathematical 

Algorithmic Computation of Feline Bladder Volumes Using Point-of-Care Longitudinal 

and Transverse Cysto-Colic Ultrasonographic Images 

 

Formatted for publication in the Canadian Journal of Veterinary Research 

Accepted for publication in the Canadian Journal of Veterinary Research – January 2019 

 

3.1 Abstract 

 

Conventional geometric formulas for bladder volume estimation assume that bladders have 

a perfectly uniform spheroid geometry. However, bladders are often irregularly shaped especially 

when under-filled or distorted by a full colon resulting in inaccurate ultrasonographic linear 

measurements and volume estimation. This pilot study investigates the feasibility, inter-observer 

reliability (reproducibility), robustness, and agreement of a novel 3-dimensional bladder volume 

computation method using bladder circumference tracing compared to a published feline linear 

bladder dimension formula. Two hundred and twenty-eight paired sets of longitudinal and 

transverse B-mode bladder ultrasound images were acquired by two observers with different point-

of-care ultrasonography skills using 10 healthy purpose-bred cats positioned in dorsal recumbency 

at various time points. Using strict criteria for Lin’s concordance correlation coefficient, inter-

observer agreements (n=223) were found to be substantial (0.95-0.99) with statistically significant 

but clinically non-significant median differences (biases) of 0.96mL (IQR -0.16 to 2.46, p<0.001) 

and 0.23mL (IQR -0.88 to 1.97, p=0.006) when bladder circumference tracings were made on 

similar sets of ultrasound images respectively. Inter-observer agreements improved from 

substantial (0.95-0.99) to almost perfect (>0.99) strength-of-agreement as ultrasound image 

quality increased. The bladder circumference tracing method showed moderate (0.90-0.95) 

strength-of-agreement with the recently published feline linear bladder dimension formula with 

significant additive median differences (biases) of -6.76mL (IQR -9.06 to -3.88, p<0.001) 

and -6.44mL (IQR -11.41 to -3.81, p<0.001) recorded by each observer (n=111, n=83) 
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respectively. Data obtained from orthogonal ultrasonographic bladder circumference tracings 

justify further investigation into its utilization for estimating bladder volume in cats. 

 

3.2 Introduction 

 

The clinical utility of portable bladder ultrasound in determining human bladder volumes 

has been reported to provide acceptable accuracy with good levels of inter-rater reliability 

following training and a significant reduction in unnecessary catheterizations (1). Although 

urethral catheterization remains the gold standard for precise measurement of bladder volume and 

urine output production, this procedure is time consuming, requires heavy sedation or general 

anesthesia in cats, and often results in iatrogenic urinary tract injury (2), urinary tract infection (3), 

as well as urethral spasm and functional obstruction following removal of the urinary catheter (4) 

particularly in the feline species. Hence, easy to use, repeatable, and accurate non-invasive imaging 

modality for bladder volume estimation would be invaluable for urine production monitoring in 

both research and clinical setting, especially in oligoanuric patients with acute kidney injury, end-

stage renal failure, and those at risk for urinary retention or obstruction due to dysfunctional 

voiding, neurogenic or atonic bladder disorders. Bladder volume estimation in canine patients has 

been extensively reported (5-9) however only one study using a 2-dimensional ultrasonographic 

linear bladder dimension formula derived for cats has evaluated feline bladder volume and reported 

acceptable volume prediction (10).  

Numerous formulas published for human bladder volume assessment (11), and the existing 

veterinary formulas (5,10), multiply the product of maximum bladder length, width, and height by 

a correction coefficient based on an oversimplified assumption that the bladder has a uniform 

spheroid geometry. Bladder shape, however, is very dynamic and ranges from round, ellipsoid, 

cuboid, triangular, to undefined with considerable impact on the accuracy of ultrasonographic 

bladder volume estimation (11,12). Bladder shape and dimensions have also been reported to 

change with position (8), adjacent space occupying intraabdominal structures such as a full colon 

(7,13), bladder size (12), probe pressure (5,11), ill-defined or poor orientation of reflecting surfaces 

(6,14), or bladder extension beyond the ultrasound field of view resulting in poor accuracy (15). 

Manual tracing of bladder outline in six planes followed by automatic reconstruction into a 3-

dimensional solid rendered volume using specific software was found to be more precise than 
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conventional 2-dimensional ultrasonographic linear bladder dimension formulas when bladder 

shapes were irregular (15). Furthermore, equations that assumed bladders to have a spheroid 

geometry were found to produce significantly higher errors, supporting the notion that these 

assumptions are erroneous and inaccurate for bladder volume determination (15). 

Given the limited availability of 3-dimensional ultrasonography in veterinary medicine 

(16) when conventional 2-dimensional ultrasonography is easily accessible, the development of 

automated software that could be programmed into common ultrasound systems for quick and 

reliable bladder volume computations is desirable. We were unable to find veterinary studies 

exploring bladder circumference tracings rendered into 3-dimensional structure for bladder 

volume estimation. Our goal, therefore, was to explore this novel method of bladder volume 

estimation using coordinates obtained from bladder circumference tracing through longitudinal 

and transverse cysto-colic ultrasonographic views aligned in 3-dimensional space for 

mathematical algorithmic bladder volume computation in cats. The primary objective of this study 

was to evaluate the feasibility, ease of use, and reliability (reproducibility) of ultrasonographic 

bladder circumference tracing in estimating feline bladder volume via inter-observer agreement 

between two individuals with different point-of-care ultrasound experience. The second objective 

was to determine the robustness of this novel method by exploring the impact that ultrasound 

image quality has on inter-observer agreement. The final objective was to assess the agreement 

and differences (biases) between this novel bladder circumference tracing method and a recently 

published feline linear bladder dimension formula (10). 

 

3.3 Materials and Methods 

 

This study was approved by and conducted in accordance with the guidelines of the 

University of Guelph’s Animal Care Committee. B-mode ultrasound images were collected from 

10 healthy male intact purpose-bred domestic shorthair cats that were part of an experimental study 

investigating volume kinetics of intravenous fluid therapy between June to July 2017. The study 

images were acquired while cats received three randomly assigned intravenous fluids on three 

separate days with a minimum 72-hour washout period between treatments (Research Randomizer 

version 4.0, Geoffrey C. Urbaniak & Scott Plous, Middletown, Connecticut, USA). Each cat 

received 50mg to 100mg trazodone hydrochloride (TEVA Trazodone, TEVA Canada Limited, 
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Toronto, Ontario, Canada) orally and 0.4mg/kg butorphanol tartrate (Torbugesic, Zoetis Canada 

Inc., Kirkland, Quebec, Canada) intravenously prior to the start of every experiment. Anti-anxiety 

shirts (ThunderShirt®, ThunderWorks, Durham, North Carolina, USA), feline pheromone 

(Feliway®, CEVA Animal Health Inc., Cambridge, Ontario, Canada), a dimly lit room with slowly 

rotating disco light and calming music were used to reduce stress throughout the experiment. 

 

3.3.1 Ultrasound Image Acquisition 

 

Prior to the study, two observers with different point-of-care ultrasound experience, a first-

year emergency and critical care resident (observer A: XTY) and a third-year veterinary student 

(observer B: SC), underwent a 60-minute training session with a diplomate of the American 

College of Veterinary Emergency and Critical Care (SB) to practice acquiring point-of-care 

abdominal focused assessment with sonography for trauma (AFAST) cysto-colic ultrasonographic 

images. During the study, paired sets of longitudinal and transverse cysto-colic ultrasound images 

were acquired, one set by each observer for each cat positioned in dorsal recumbency at baseline, 

every 30 minutes over a 3-hour observation period following intravenous fluid administration, and 

immediately post-void if attainable. A 4.0-11.0MHz electronic microconvex array transducer and 

ultrasound machine (8C Wide Band Microconvex Probe and LOGIQ 5 Expert, GE Healthcare, 

Chicago, Illinois, USA) were used throughout the experiment instead of interchanging with a linear 

array transducer probe (6) to maintain consistency. Acoustic coupling gel (Aquasonic 100, Parker 

Laboratories Inc., Fairfield, New Jersey, USA) was used on widely clipped ventral abdomens and 

probe pressure was minimized to prevent bladder shape distortion. Longitudinal images were 

acquired by gentle placement of the transducer perpendicular to the abdominal wall along the 

bladder’s long axis and moving the transducer from side to side until a maximum longitudinal 

section was identified (5). While maintaining the same contact point, the transducer was rotated 

90º and moved cranially and caudally until a maximal transverse section was identified to acquire 

the transverse images (5). In situations where the entire bladder could not fit into the ultrasound 

field of view, single longitudinal and transverse images with the bladder positioned in the center 

of the field, were acquired instead of composite images (5) as it is impossible to avoid image 

overlap. 
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3.3.2 Ultrasound Image Analysis 

 

A total of 228 paired sets of longitudinal and transverse cysto-colic ultrasonographic 

images were obtained. Uppercase letters “A” and “B” were used to represent bladder volume 

estimates by observer A and B, while corresponding lowercase letters “a” and “b” represented the 

set of ultrasound images acquired by observer A and B respectively. All ultrasound images were 

exported and analyzed using an open source medical DICOM image viewer (OsiriX Lite 9.5.2, 

Pixmeo SARL, Bernex, Geneva, Switzerland).  

 

3.3.3 Novel 3-Dimensional Mathematical Bladder Volume Computation Using Bladder 

Circumference Tracings 

 

The maximum bladder circumference of both longitudinal and transverse views was 

manually traced using the pencil function to create a region of interest (ROI) following calibration 

to the ultrasound depth of field. The bladder circumference tracings followed the outline of 

tapering bladder trigone if visible. All circumference tracings were recorded in centimeters. Each 

observer first created ROIs on the ultrasound image set acquired by them (Aa, Bb) followed by 

the other observer’s set of ultrasound images (Ab, Ba) independently. Each observer was blinded 

to the other’s measurements. For images in which the bladder margin was not easily 

distinguishable: (i) poorly-defined bladder fluid-tissue interface that cannot be confidently traced 

or (ii) extension beyond the ultrasound field of view (Figure 3.1A), a priori consensus was to 

temporarily remove individual points at the edge of discernible bladder margin and allow 

formation of an automated boundary curve (Figure 3.1B). Individual points were replaced on the 

automated boundary curve formed (Figure 3.1C) to provide sufficient coordinates for alignment 

and generation of a 3-dimensional model. The ROIs were exported into a software program written 

by a mathematician (ARW) using Python (Python 3, Python Software Foundation, Beaverton, 

Oregon, USA). The program first aligned the orthogonal bladder circumference tracings in 3-

dimensional space followed by volume computation using cross-sectional areas at different depths 

assuming the longitudinal and transverse circumference tracings are connected by elliptical quarter 

arcs in each quadrant (Appendix A). Reasonable assumptions about the bladder shape were made 
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in the case of large indentations. The resulting bladder volume estimates generated by the software 

were recorded. 

 

3.3.4 Quality of Ultrasound Images 

 

A categorical cumulative scoring system (score 0=poor, score 1=intermediate, score 

2=excellent) was created and used to score every set of ultrasound images (Table 3.1). A point was 

assigned for every image within the set (two images: a longitudinal image and a transverse image) 

wherein a well-defined bladder fluid-tissue interface was easily distinguishable without the need 

for automated boundary curve formation and when the entire bladder was located within the 

ultrasound field of view (Figure 3.2A-F). The quality of all ultrasound images was assessed and 

determined by observer A. Blinding was unattainable for this section due to annotations on the 

ultrasound images identifying the observer who acquired the images. 

 

3.3.5 Bladder Volume Computation Using Published Linear Bladder Dimension Formula 

 

From the 228 paired sets of ultrasound images, a subset of 111 pairs was randomly selected 

for measurement of linear bladder dimensions to calculate bladder volume using a recently 

published feline formula (10). The maximum bladder length, height, and width were measured in 

centimeters on each set of ultrasound images by both observers independently. The linear bladder 

dimensions were measured after bladder circumference tracings were created so that the bladder 

outline was clearly highlighted. The maximum bladder length and height were measured on 

longitudinal images at the widest point from the cranial bladder margin to the caudal bladder 

margin, and from the dorsal bladder margin to the ventral bladder margin, respectively (Figure 

3.3A). The maximum bladder width was measured on corresponding transverse images at the 

widest point across the lateral bladder margins (Figure 3.3B). Each observer was blinded to the 

other’s measurements. Bladder volumes were estimated using the formula: bladder volume = 

length x width x height x 0.2p where length is maximal longitudinal bladder length, width is 

maximal transverse bladder width, and height is maximal longitudinal bladder height (10). 
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3.3.6 Statistical Analysis 

 

Statistical analyses were performed by an independent statistician using SAS for Windows 

(SAS/STAT® version 9.4, SAS Institute Inc., Cary, North Carolina, USA). The majority of the 

bladder volumes were not normally distributed according to the Shapiro-Wilk test; logarithmic 

(base 10) and cube root transformation were performed, however neither transformation improved 

the overall data distribution. As there is no equivalent non-parametric test for continuous variable 

concordance correlation coefficient analysis (William Sears, University of Guelph, personal 

communication, August 17, 2018), Lin’s concordance correlation coefficient was used on the 

original non-transformed data to assess inter-observer agreement (reproducibility) using bladder 

circumference tracing for volume estimation as well as between-method agreement comparing 

bladder circumference tracing and the published feline formula for volume estimation (17). Four 

directional (Aa x Ba, Bb x Ab, Aa x Bb, Ba x Ab) inter-observer agreements (reproducibility) were 

initially explored followed by sensitivity analysis (18) to assess the impact of ultrasound image 

quality on the robustness or consistency of inter-observer agreement. The relationship between 

observers and between volume estimation methods were first examined using scatter plot graphs 

and Bland-Altman plot analysis (19). The non-parametric Wilcoxon signed rank test was employed 

to compare the differences (biases) between observers and between methods, as the differences 

were not normally distributed despite data transformation. Statistical significance was set at a p-

value of <0.05. Our results are presented as concordance correlation coefficient (rc) and z-

transformed 95% confidence intervals (CI) (17). The strength-of-agreement criteria for Lin’s 

concordance correlation coefficients were set as: almost perfect (>0.99), substantial (0.95-0.99), 

moderate (0.90-0.95), and poor (<0.90) (20). The lower limit of 95% CI for rc was compared to 

the above criteria (20) to assess the degree of equivalence between observers and between 

methods. Body weight is presented as mean ± standard deviation. Age and differences (biases) are 

presented as median and interquartile range (IQR) or range where appropriate.  

 

3.4 Results 

 

Ten cats with a median age of 33 weeks (range 27–33) and mean body weight of 4.79 ± 

0.69 kg completed all phases of the study. A total of 902 longitudinal and transverse cysto-colic 
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ultrasonographic images (observer A: 456 images, observer B: 446 images) were acquired from 

10 cats at 8 predetermined time points on three separate days. The overall median estimated 

bladder volumes obtained during these time points from 10 cats throughout the study was 30.42mL 

(range 0.20–130.08). Of these images, 243/902 (26.9%) could not include the entire bladder within 

the ultrasound field of view, and 276/902 (30.6%) had regions of poorly-defined bladder fluid-

tissue interface that cannot be confidently traced. Therefore, 519/902 (57.5%) of these images 

potentially utilized the automated boundary curve which was employed at the discretion of 

individual observers. 

Of the 228 paired sets of ultrasound images, 5 paired sets were excluded from statistical 

analysis due to missing data. The four directional (Aa x Ba, Bb x Ab, Aa x Bb, Ba x Ab) inter-

observer agreement assessments, using 223 paired measurements, were found to have substantial 

strength-of-agreement with the lower one-sided 95% CI for each rc consistently between 0.95-

0.99 (Table 3.2).  Significant median differences (biases) of 0.96mL (IQR -0.16–2.46, p<0.001) 

and 0.23mL (IQR -0.88–1.97, p=0.006) were detected between observer A and B when the bladder 

circumference tracings were made on the same set of ultrasound images (Aa x Ba, Bb x Ab) 

respectively. The patterns of agreement between observers were similar for all combinations as 

demonstrated by representative scatter plot graph (Figure 3.4A) and Bland-Altman plot (Figure 

3.4B). 

From the set of ultrasound images acquired by observer A, 41/228 images (18.0%) were 

categorized as excellent quality, 117/228 (51.3%) as intermediate quality, and 70/228 (30.7%) as 

poor quality. The set of ultrasound images acquired by observer B followed a similar trend with 

34/223 (15.2%) images categorized as excellent quality, 116/223 (52.0%) as intermediate quality, 

and 73/223 (32.7%) as poor quality. Inter-observer agreements when bladder circumference 

tracings were made on the same set of ultrasound images improved from substantial (0.95-0.99) 

strength-of-agreement to almost perfect agreement (>0.99) as the image quality increased (Table 

3.3). This finding remained valid for both sets of ultrasound images acquired by each observer (Aa 

x Ba, Bb x Ab) respectively. 

Twenty-eight of the 111 randomly selected paired subsets of images used to compare 

volume estimation methods were excluded from statistical analysis for observer B due to missing 

data. Bladder volume estimation using the bladder circumference tracing method showed moderate 

strength-of-agreement (observer A: rc=0.949, 95% CI 0.933–0.961, n=111 and observer B: 
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rc=0.952, 95% CI 0.934–0.966, n=83) with the published feline linear bladder dimension formula. 

Significant median differences (biases) of -6.76mL (IQR -9.06 to -3.88, p<0.001) and -6.44mL 

(IQR -11.41 to -3.81, p<0.001) were obtained by observer A and B respectively between methods. 

The patterns of agreement between methods were similar for both observers as illustrated by 

representative scatter plot graphs (Figure 3.4C) and Bland-Altman plots (Figure 3.4D). 

 

3.5 Discussion 

 

This study demonstrated the feasibility, reliability (reproducibility), and robustness of an 

alternative bladder volume estimation technique by substantive inter-observer agreement between 

two individuals with different point-of-care ultrasonography experience, minimal impact of image 

quality on inter-observer agreement, and moderate between-method agreement with a previously 

published ultrasonographic feline linear bladder dimension formula (10). A specially written 

mathematical algorithm using coordinates generated from the bladder circumference obtained 

through non-invasive point-of-care longitudinal and transverse cysto-colic ultrasonographic still 

images aligned the 2-dimensional tracings into a 3-dimensional space prior to volume 

computation. As a dimensionless quantity, degree of measurement error is difficult to interpret and 

the cut-off values that constitute sufficiently high agreement and reliability are often subjective 

(21). As such, we adopted strict criteria (20) to enhance our confidence when evaluating the 

performance of a new method.  

The strength of inter-observer agreements between two individuals with varied point-of-

care ultrasound experience was found to be substantive, similar to studies evaluating inter-rater 

agreement between general practitioners and specialists using point-of-care ultrasonography for 

abdominal organs of low-to-moderate complexity (22-24). The bladder is a superficial fluid-filled 

echolucent structure that is easily identifiable by point-of-care ultrasonography and not requiring 

extensive ultrasonography skills or training (25). Although there were significant median 

differences (biases) between observers when bladder circumference tracings were made on the 

same set of ultrasound images, the degree of difference (bias) of <1mL was considered clinically 

non-significant.  

Precise measurement of bladder dimensions necessitates optimal visualization of bladder 

margins to minimize extrapolation and improve the accuracy of volume estimation (5,6,10,12,15). 
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Similar to other studies, the most commonly encountered situation during ultrasound image 

acquisition was ill-defined fluid-tissue bladder margins from poor orientation of reflecting surfaces 

(6,14) and bladder extension beyond the ultrasound field of view (15). To overcome these issues, 

we attempted to minimize extrapolation through standardization of bladder circumference tracing 

and linear bladder dimension measurements by setting a priori measurement guidelines. Our 

results suggest that image quality had minimal impact on inter-observer agreement, demonstrating 

the reproducibility and robustness of our method against the shortcomings of poor image quality. 

However, indirect inferences on the accuracy of our proposed method cannot be made based on 

these findings alone and further investigation assessing accuracy using actual bladder volume is 

required.  

Direct comparison to previous methods of bladder volume estimation is challenging due to 

differences in species, study population, ultrasound technology, patient positioning, and the 

challenges of measuring actual bladder volume in cats (1,4,5,8-13,15). A recently published linear 

bladder dimension formula for cats was derived from simple linear regression using water balloons 

as a surrogate of feline urinary bladders based on the assumption that the bladder conforms to a 

uniform spheroid geometry (10). Similar to findings in human adults (11) and pediatric patients 

(12), our collection of feline bladder ultrasound images documented a dynamic range of bladder 

shapes and sizes (Figure 3.5A-F). We did not however, categorize them into geometric shapes, as 

that was not the objective of the study, nor do we support this oversimplified assumption. Bladder 

shapes can be irregular (12) or in-between standard geometrical shapes (11) making classification 

ambiguous. The need for different correction coefficients for every bladder shape classification to 

improve estimation accuracy is impractical (11,12). In human medicine, performance of automatic 

portable bladder-specific ultrasound scanners that operate through creation of a 3-dimensional 

bladder model based on fluid-tissue border detection is still sub-optimal in individuals with 

irregularly shaped bladders (15) as volume computation is based on a presumed ellipsoid shape 

(13). Most recently, 3-dimensional ultrasonography by manual tracing of bladder outline in 

multiple planes followed by automatic solid rendered volume reconstruction using specific 

software was found to be more accurate than conventional 2-dimensional geometric formulas (15). 

This was attributed to the lack of bladder shape assumptions and multi-plane tracings which 

improved estimation of poorly-defined bladder margins (15). 
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Our bladder circumference tracing method was based upon strict criteria and demonstrated 

moderate agreement with the published feline linear bladder dimension formula however a 

consistent significant additive median bias of approximately -6 to -7mL was identified. This 

suggests that our method would likely underestimate actual bladder volumes even further since a 

median bias of -4.1mL was reported by Lisciandro and Fosgate against actual bladder volumes 

(10). Whether this significant additive bias would be clinically acceptable requires further 

investigation due to the limitations of the previous study (10) and because our study did not 

determine absolute bladder volume. The bias in bladder volume determination could not be 

explained by a single factor and it is premature to assume that it is an inherent characteristic of our 

computational method. 

In contrast to previous veterinary studies (9,10), our study population involved healthy 

purpose-bred cats with no urinary health issues therefore possible confounding factors such as 

altered bladder wall compliance from detrusor atony (9), feline idiopathic cystitis (4,10), or 

intraluminal space occupying lesions such as neoplasia, bladder hematoma, polyps, or calculi 

affecting bladder dimensions and volume estimation were not present. Our study also had the 

advantage of measuring feline bladders of various shapes and sizes. Bladder shapes are affected 

by bladder size (12) with an under-filled bladder taking a more triangular or pear shape while a 

mid-range to large size bladder tends to be more oval to ellipsoid in shape. In addition, we 

encountered many bladders of undefined shapes often distorted by an adjacent bulging full colon. 

Although it is thought to be safer and easier to restrain animals in lateral recumbency, we adopted 

the dorsal recumbency position for acquisition of ultrasonographic images as it was shown to be 

more accurate for volume estimation than lateral recumbency in dogs (8). A recent study reported 

only good correlation (R2 0.62) with clinically unacceptable mean bias of -21.68mL when 

validating the original canine linear bladder dimension formula (5) against actual bladder volume 

in a population of paraplegic dogs restrained in right lateral recumbency (9). The urinary bladder 

may be displaced by gravity from a neutral position in lateral recumbency, thus altering the bladder 

dimensions captured by the ultrasound beam with subsequent impact on measurements and bladder 

volume calculations. At the time of our study design planning and ultrasound image acquisition, 

the study investigating feline bladder volume estimation using point-of-care AFAST cysto-colic 

view in right lateral recumbency (10) had not been published. Given the different ultrasound 
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scanning position employed, further investigation into the effects of body positioning on bladder 

dimensions and the ensuing volume estimation is required. 

We observed a similar trend to the recently derived feline formula (10) and others (5,9) on 

our scatter plot of bladder volumes in which the line of best fit deviates further from the 45-degree 

line through the origin as bladder volume increases (Figure 3.4C). Interestingly and contrary to 

our results, higher errors were reported at the smallest human bladder volumes when using 3-

dimensional ultrasonography by manual multi-plane bladder outline tracing (15) or automatic 

portable bladder ultrasound (1). This error was attributed to poorly distinguishable bladder margin 

at very small volumes (15). We did not encounter this problem with post-void bladders and instead 

agree with Atalan and colleagues that smaller bladder volumes allow for visualization of the entire 

bladder within the ultrasound field of view (5), thereby reducing approximation and extrapolation 

during bladder measurements. The discrepancy between human and veterinary studies may be 

related to the different ultrasound technology in use and requires further investigation.  

 

3.5.1 Study Limitations 

 

The major limitation of this study is the lack of gold standard comparison with actual 

bladder volumes to assess the accuracy of our proposed method. Multiple urethral catheterizations 

or long-term indwelling urinary catheter placement were not aligned with animal welfare 

principles and our parent study design. Secondly, our study subjects were from a homogenous 

group of intact male cats with similar age, body weight, and body condition. Therefore, the effects 

of potential covariates such as breed, gender, and weight on bladder volume could not be assessed. 

In addition, only single ROI tracings were made by each observer for every set of ultrasound 

images, hence the repeatability of the measurements or within-observer agreement was not 

assessed. Furthermore, Lin’s concordance correlation coefficient analysis was performed despite 

violation of normality assumption given the lack of an equivalent non-parametric test and minimal 

improvement in distribution following data transformation. Lastly, compared to the simplicity of 

bladder volume estimation using conventional geometric formula, our computational method 

involving specially written software may be more intricate and less accessible in its developmental 

phase. Following further investigation and accuracy determination, this 3-dimensional 
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mathematical algorithm has the potential to be incorporated into ultrasound software for automated 

instantaneous volume computation. 

  

3.5.2 Conclusion and Future Recommendations 

 

In a search of the literature, we found no reports on the potential of bladder circumference 

tracing and alignment into 3-dimensional space using 2-dimensional ultrasonography in veterinary 

medicine. Our pilot study showed that rendering a 3-dimensional structure in 3-dimensional space 

using coordinates from biplanar 2-dimensional ultrasonographic still images can be achieved. 

Bladder circumference tracing is easy to perform, reliable, and reproducible among individuals 

with limited point-of-care ultrasonography experience and remained robust when dealing with 

images of various diagnostic qualities. Whether this bladder circumference tracing method 

provides clinically relevant advantages over simple linear measurements is yet to be discovered. 

The results reported here showed promising potential in terms of feasibility, reliability 

(reproducibility), robustness, and agreement with a recently published feline linear bladder 

dimension formula (10). The clinical significance of an additive bias that underestimates bladder 

volumes, however, cannot be determined without further validation. Although 2-dimensional 

ultrasonographic measurements are inferior to 3-dimensional measurements (26), the technical 

challenges and costs associated with 3-dimensional ultrasonography in veterinary medicine limits 

the utility of this technology at this time (16). If our proposed method is found to have good 

accuracy, 3-dimensional volume determination using coordinates generated from point-of-care 2-

dimensional ultrasound images may be sufficient to bridge this gap. For future studies, we 

recommend comparison of actual bladder volume to our proposed method to establish accuracy of 

bladder volume estimation. Comparison to the 2-dimensional biplane method of disks (modified 

Simpson’s rule) volume measurement method used in echocardiography could also be considered. 
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3.8 Tables 

 

Table 3.1: Categorical image quality scoring system assigned to each seta of ultrasound images. 

 

Quality of 

U/S Images 

Score Description 

Poor 0 No images display an easily distinguishable, well-defined bladder 

fluid-tissue interface that can be confidently traced without resorting 

to automated boundary curve formation, or the entire bladder is not 

located within the ultrasound field of view 

Intermediate 1 Single longitudinal or transverse view displays an easily 

distinguishable, well-defined bladder fluid-tissue interface that can 

be confidently traced without resorting to automated boundary curve 

formation, and the entire bladder is located within the ultrasound 

field of view 

Excellent 2 Both longitudinal and transverse views display an easily 

distinguishable, well-defined bladder fluid-tissue interface that can 

be confidently traced without resorting to automated boundary curve 

formation, and the entire bladder is located within the ultrasound 

field of view 
a Each set of ultrasound images comprised of a longitudinal and transverse view of the bladder 

acquired at the specific time point. 

U/S – ultrasound.   
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Table 3.2: Inter-observer agreement (reproducibility) between individuals with different point-of-

care ultrasound experiences. 

 

Inter-observer 

Combinationsa 

n rc 

(95% CI)b 

Bias, Median 

(IQR) 

mL 

Wilcoxon Signed 

Rank Test, p-value 

Aa     x     Ba 223 0.989 

(0.986–0.991) 

0.96 

(-0.16–2.46) 

<0.001* 

Bb     x     Ab 223 0.989 

(0.986–0.991) 

0.23 

(-0.88–1.97) 

0.006* 

Aa     x     Bb 223 0.973 

(0.966–0.979) 

0.55 

(-1.52–2.92) 

0.043* 

Ba     x     Ab 223 0.973 

(0.965–0.979) 

-0.17 

(-1.96–2.41) 

0.944 

a Uppercase letters “A” and “B” represent bladder volume estimates by observer A and B, 

corresponding lowercase letters “a” and “b” represent ultrasound images acquired by observer A 

and B respectively. Example: “Aa” represents bladder volume estimates by observer A using 

ultrasound images acquired by observer A. 
b Using the lower limit of 95% CI for rc, strength-of-agreement for Lin’s concordance correlation 

coefficient is rated as: <0.90, poor; 0.90-0.95, moderate; 0.95-0.99, substantial; >0.99, almost 

perfect (20). 

n – paired sets of ultrasound images; rc – concordance correlation coefficient; CI – confidence 

interval; IQR – interquartile range; * – statistically significant bias (p<0.05) between observers.   
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Table 3.3: Impact of ultrasound image quality on inter-observer agreement (reproducibility). 

 

U/S 

Imagesa 

Quality Score n (%) rc 95% CIb 

 

a Poor 0 70 (30.7) 0.973 (0.958–0.983) 

 Intermediate 1 117 (51.3) 0.993 (0.990–0.995) 

 Excellent 2 41 (18.0) 0.995 (0.991–0.998) 

      

b Poor 0 73 (32.7) 0.981 (0.971–0.987) 

 Intermediate 1 116 (52.0) 0.987 (0.981–0.991) 

 Excellent 2 34 (15.3) 0.997 (0.995–0.999) 
a Lowercase letters “a” and “b” represent ultrasound images acquired by observer A and B 

respectively. 
b Using the lower limit of 95% CI for rc, strength-of-agreement for Lin’s concordance correlation 

coefficient is rated as: <0.90, poor; 0.90-0.95, moderate; 0.95-0.99, substantial; >0.99, almost 

perfect (20). 

U/S – ultrasound; n – paired sets of ultrasound images; % – percentage; rc –concordance 

correlation coefficient; CI – confidence interval. 
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3.9 Figures 

 

 
 

Figure 3.1: (A) Longitudinal B-mode image showing a bladder with poorly-defined bladder margin 

with loss of fluid-tissue interface near the trigone region and extension of bladder apex beyond the 

ultrasound field of view. (B) Same image demonstrating temporary removal of individual points 

(blue dots) at the edge of distinguishable bladder margin to allow formation of an automated 

boundary curve during bladder circumference tracing (green outline). (C) Replacement of 

individual points (blue dots) on the automated boundary curve to provide sufficient coordinates 

for alignment and generation of a 3-dimensional model. 

 



 

  130 

 
 

Figure 3.2: (A-B) Example of a set of poor-quality ultrasound images. (A) Longitudinal B-mode 

image with bladder extending beyond the ultrasound field of view. (B) Corresponding transverse 

image with poorly-defined bladder margins. (C-D) Example of a set of intermediate quality 

ultrasound images. (C) Longitudinal B-mode image showing bladder with clearly distinguishable 

bladder margins and contained entirely within the ultrasound field of view. (D) Corresponding 

transverse image with poorly-defined bladder margins. (E-F) Example of a set of excellent quality 

ultrasound images. Longitudinal and transverse B-mode images displaying bladder with clearly 

distinguishable border and contained entirely within the ultrasound field of view. 
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Figure 3.3: (A) Longitudinal B-mode image showing a large distended bladder extending beyond 

the ultrasound field of view with acquisition of maximal bladder longitudinal length and height 

(red lines) following boundary demarcation by bladder circumference tracing (green curve). (B) 

Corresponding transverse image showing the same bladder extending beyond the ultrasound field 

of view with acquisition of maximal bladder transverse width (red line) following boundary 

demarcation by bladder circumference tracing (green curve). 
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Figure 3.4: Representative scatter plot graphs and Bland-Altman plots (A) Scatter plot graph of 

estimated bladder volumes using the bladder circumference tracing method between observers. 

Line of best fit drawn through individual observation points almost overlaps on the 45-degree line 

through origin which represents perfect agreement. (B) Bland-Altman plot demonstrating the 

pattern of agreement and absolute difference (bias) in estimated bladder volumes using the bladder 

circumference tracing method between observers. (C) Scatter plot graph of estimated bladder 

volumes between the novel bladder circumference tracing method and recently published feline 

linear bladder dimension formula. Line of best fit drawn through individual observation points 

depart from the 45-degree line through origin as the bladder volume increases. (D) Bland-Altman 

plot demonstrating the pattern of agreement and absolute difference (bias) between the novel 

bladder circumference tracing method and recently published feline linear bladder dimension 

formula. LOA, limits of agreement; CI, confidence interval. 
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Figure 3.5: Feline bladders of various shapes. (A) Ellipsoid-shaped bladder. (B) Spheroid-shaped 

bladder. (C) Cuboidal-shaped bladder. (D) Triangular-shaped bladder. (E) Pear-shaped bladder. 

(F) Undefined bladder shape distorted by adjacent full colon.  

  



 

  134 

CHAPTER 4 

 

Summary and Conclusions 

 

4.1 Summary 

 

A comprehensive understanding of the kinetics, volume expansion effects, and duration of 

effects of a prescribed IV fluid is critical for clinicians to select the appropriate fluid types, 

volumes, and rates for individual patients in a context sensitive manner.1,2 The efficacy of fluid 

therapy is determined by its ability to reinstate and maintain effective circulating volume and other 

fluid components, organ perfusion, and cellular oxygenation while keeping positive fluid balance 

to the lowest level possible. Given the significant paucity of scientific data related to fluid delivery 

in cats, this research aimed at providing greater understanding of fluid behaviour and body water 

physiology in cats to support safer and more effective fluid therapy practices. Understanding the 

complexities of fluid balance in this species would contribute to safer fluid therapy with less risk 

of fluid overload and potentially life-threatening pulmonary edema formation.  

Volume kinetics is an adaptation of PK theory allowing insights into the effects of IV fluid 

on theoretical body fluid compartments.3-7 This approach describes changes in PV during and after 

IV fluid infusion over time.8 Volume kinetics can also be used to simulate any infusion fluid choice 

or rate to achieve desirable PV expansion, and explore the distribution-elimination pattern of IV 

fluids under various physiological conditions.5 Visual inspection of the dilution-time curves 

provide imperative information on the magnitude and time course of plasma expansion following 

actual IV fluid infusion9 while computer simulation of dilution-time profiles for any hypothetical 

fluid infusion using the generated kinetic parameter estimates allow insight into how IV fluid 

therapy should be planned.  

This research project was designed to answer the fundamental research question of whether 

VK modelling and analysis can be safely utilized in cats to study IV fluid kinetics and body water 

physiology in this species. Volume kinetics has been studied extensively in humans and animal 

research models,4,5,10 however this concept is unprecedented in companion animal species and 

scientific literature is not available. This preliminary prospective, randomized, blinded 

interventional cross-over study was the first to explore VK in a companion animal species using 
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averaged Hb-derived and RBC-derived plasma dilution; the potential of a non-invasive method for 

quantifying urine production allowing for additional estimated urinary excretion input to augment 

VK modelling and analysis was concurrently investigated. The methodology and results of this 

research were documented in this thesis, with further appendices attached, in the hope that future 

studies can be performed to corroborate or disprove our findings. 

The specific objectives of Chapter 2, namely to investigate the distribution, elimination, 

plasma volume expansion, duration of effect (half-life), and potency of theoretically equipotent 

doses of PLA, HS, and HES fluid boluses in healthy conscious cats using VK modelling and 

analysis, were achieved. Kinetic models were successfully fitted to all experimental data sets 

except for 1 set of PLA data which was identified as likely containing erroneous baseline 

measurement. A novel approach of VK analysis which was not previously reported, where all 

fluids were analyzed in a unified model, was attempted and produced similar findings as the 

conventional individual fluid analysis approach. This finding implies that multiple approaches to 

VK modelling and analysis are possible and supports the robustness of this analytical approach. 

When individual fluid analyses were performed, the 2-VOFS kinetic model was better fitted to 

PLA and HS, while the 1-VOFS kinetic model was more appropriate for HES in our study 

population, mostly consistent with VK studies of healthy conscious human volunteers unless fluid 

elimination is exceptionally high.9,11,12 The 3-VOFS kinetic model adjusting for potential osmotic 

fluid shift did not improve the plasma dilution-time curve fit for HS. 

The presumptive equipotent fluid doses for PLA, HS, and HES administered over 15 

minutes resulted in an almost identical peak plasma volume expansion of 27–30%. Our population 

of healthy cats were thought to have an intact intravascular compartment and endothelial 

glycocalyx layer which may have preserved the 4:1 isotonic crystalloid to colloid volume 

expansion ratio,13-15 unlike reports from critically ill human clinical trials where a considerably 

lower ratio of 1.2-1.4:1 were observed.16-19 The potency of HS in our study was 6 times higher 

than PLA and 1.7 times greater than HES; while HES was 3.5 times more potent than PLA, in line 

with findings from other human and canine studies,2,5,11 although there were differences in the 

strength of hypertonic saline and synthetic colloid solution used. 

In general, the distribution of IV fluids, in particular PLA from the central to peripheral 

compartment, was rapid and instantaneous while the elimination of all fluids was slow. The 

distribution phase of PLA in our healthy cats was between 5–10 minutes, at least 3–4 times faster 
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than the reported 25–30 minutes in healthy human adults5 and healthy anesthetized dogs.2 It is 

likely that fluid distribution occurred while IV infusion was still ongoing in our cats, and we 

speculate that higher local capillary blood flow20 in addition to a more pliable and compliant 

interstitial matrix21 as possible explanations. The exceedingly slow fluid elimination in our study 

was contrary to the reported rates in healthy conscious sheep22,23 or human volunteers8,9,11 but 

rather mimicked the situation under general anesthesia in humans, sheep, and dogs.5,22-24 

Elimination of PLA was twice as rapid as HES and up to 7 times faster in comparison to HS in our 

cats. The 𝑡:/; of PLA, HS, and HES were 49 minutes, 319 minutes, and 104 minutes respectively, 

of which PLA and HES were compatible with studies in human volunteers.8,9,12,25-28 Direct 

comparison of HS with other studies is not possible due to the different solution strengths. 

All the information generated from VK analysis in this population of healthy conscious 

cats can be summarized into one significant finding: the unique body water physiology of the feline 

species results in rapid distribution of IV fluid into the peripheral compartments, and in 

combination with slow fluid elimination from the body may be key to the increased susceptibility 

of this species to fluid overload. Low fluid elimination augments plasma volume expansion and 

increases the risk of interstitial edema formation from the surplus infused volume. Computer 

simulation using VK parameter estimates generated from pooled and individual fluid analyses 

highlighted the need for substantial reduction in the constant rate infusion following the initial 

fluid bolus of all 3 hypothetical fluids in order to prevent fluid overload and to maintain the desired 

plasma volume expansion at steady state. Overall, the results reported in Chapter 2 are clinically 

relevant, valuable, and are important contribution to the limited veterinary literature on IV fluid 

therapy, particularly for cats. The data suggests that in healthy conscious euvolemic cats, plasma 

volume expansion can be sustained with maintenance infusion rate after the delivery of an initial 

fluid bolus, provided that ongoing fluid losses are not present. 

The specific goals of Chapter 3, i.e. to investigate the feasibility, inter-observer reliability 

(reproducibility), robustness, and agreement of a novel 3-dimensional bladder volume 

computation method using bladder circumference tracing compared to a published feline linear 

bladder dimension formula were accomplished. Inter-observer agreements between individuals 

with different point-of-care ultrasonography experience were substantial (0.95-0.99) and improved 

to almost perfect (>0.99) as ultrasound image quality increased, reaffirming that the bladder is an 

easily identifiable structure not requiring extensive ultrasonography skills or training.29 Most of 
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our acquired ultrasound images were categorized as intermediate (52%) to poor (32%) quality, 

however image quality had minimal impact on inter-observer agreement, demonstrating the 

reproducibility and robustness of our method against the shortcomings of poor image quality. Ill-

defined fluid-tissue bladder margins from poor orientation of reflecting surfaces30,31 and bladder 

extension beyond the ultrasound field of view32 were most commonly encountered, as reported by 

other studies. Using strict criteria to enhance confidence for a new method, our bladder 

circumference tracing method demonstrated moderate (0.90-0.95) agreement and consistent 

significant additive median bias of -6 to -7 mL against a recently published feline linear bladder 

dimension formula33 This suggests that our method would likely underestimate actual bladder 

volumes even further since a median bias of -4.1mL was reported by Lisciandro and Fosgate 

against actual bladder volumes.33 Altogether, the results reported in Chapter 3 justified further 

investigation into the utility of this non-invasive technique for estimating bladder volume in cats. 

 

4.2 Future Directions 

 

The major limitation of our preliminary study was the complexity of VK analysis and 3D 

mathematical algorithmic computation of bladder volumes. Both investigations involved 

sophisticated computer programming software and specialized PK modelling software that utilizes 

distinctive PK nomenclature and programming languages that may not be familiar to the general 

scientific audience. Volume kinetic modelling and analysis required some mathematical and 

statistical background, combined with an understanding of biology, pharmacology, and 

physiology. Data collection is simple and straightforward; however, data analysis and 

interpretation involved a steep learning curve for those who are unfamiliar with these concepts. 

However, training courses and first-hand utilization of the PK modelling software would be able 

to accelerate this learning curve. The non-invasive 3D bladder volume estimation method also 

involved specially written software (Appendix A) that may be not be accessible for users without 

mathematical programming background. This 3D mathematical algorithmic computation 

technique is in its infancy phase but has the potential to be programmed into common ultrasound 

systems for automated instantaneous volume computation in the future following further 

investigation and accuracy determination. 
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Another limitation of our study was the lack of gold standard comparison with actual 

bladder volumes to assess the accuracy of our proposed non-invasive 3D bladder volume 

estimation method. Unfortunately, multiple urethral catheterizations or long-term indwelling 

urinary catheter placement were not aligned with animal welfare principles and our study design. 

Urine excretion is not a crucial input variable in VK analysis but serves to stabilize the VK model, 

if available.34 The non-invasive bladder volume estimates generated from Chapter 3 were 

sufficient for the purpose of VK modelling and analysis where consistent bias is tolerable. 

However, future independent studies validating this non-invasive 3D bladder volume estimation 

method with actual bladder volumes obtained through urethral catheterization should be performed 

in healthy cats and clinical cats with feline lower urinary tract disease. Further investigation into 

the effects of body positioning on bladder dimensions and the ensuing volume estimation is also 

required. 

This thesis has provided some important fundamental groundwork for future IV fluid 

therapy studies in cats and opened the doors of collaboration for investigation of other companion 

animal species. Volume kinetic studies can be easily performed in splenectomised dogs with larger 

body size and blood volume, possibly even without sedation given their amenable nature. For those 

faithful to the feline species, subsequent VK studies should explore IV fluid kinetics using different 

rates and volumes of IV fluid boluses, different concentrations of HS, natural colloid such as 

plasma, as well as maintenance fluid therapy such as hypotonic solution in healthy conscious cats. 

Comparison of isotonic and hypotonic solutions for maintenance fluid therapy would be interesting 

as this is a common clinically relevant question for stable hospitalized cats. However, the ability 

to deliver a safe yet adequate hypotonic infusion volume for VK analysis is uncertain and has to 

be explored. Additionally, assessment of IV fluid kinetics over a longer period of time can be 

considered since our study did not capture the return of plasma dilution to baseline. However, this 

warrants further blood sampling and may not provide additional useful information given that  𝑡:/; 

of IV fluids can be determined and computer simulation of plasma dilution-time curves can be 

performed. It is our hope that data from subsequent feline VK studies could corroborate or disprove 

our current research findings. In the future, VK studies can be expanded to investigate the effects 

of hydration status, general anesthesia, mechanical ventilation, and disease states such as sepsis on 

body water handling in research cats. 
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4.2.1 Non-Invasive Hemoglobin Monitoring 

 

The main restriction to widespread clinical use of VK in human medicine is the 

requirement for repetitive invasive Hb sampling.35 Successive blood sampling over a period of 

time, usually 3–4 hours, is necessary to capture and understand the dynamic fluid flux within the 

body.5 This presents a greater challenge in veterinary patients who are much smaller with 

unforgiving blood volumes when repeated samples are needed. A recent multi-institutional study 

involving 3 companion animal ICUs found high prevalence of hospital-acquired anemia (56.3%) 

with apparent association with phlebotomy practices, particularly in cats.36 This finding is similar 

to a retrospective feline study in which frequent blood sampling was associated with the 

development of iatrogenic anemia that increased transfusion requirements.37 Therefore, a non-

invasive modality that could continuously trend a patient’s Hb level with accuracy and precision 

is essential for the safe translation of VK investigation to the clinical population. 

With recent developments in monitoring technologies, non-invasive pulse co-oximeters 

that utilize transcutaneous multi-wavelength spectrophotometric technology (Masimo rainbow 

SETTM Technology, Masimo Corp., Irvine, CA, USA) are now available to continuously or 

intermittently measure total Hb levels. Similar to conventional pulse oximetry, this technology is 

based on the measurement of the differential optical density of various light wavelengths through 

peripheral tissues.38 The proprietary non-invasive rainbow® sensors emit seven or more 

wavelengths of light, and via complex algorithms and filters calculate the Hb concentration based 

on the adsorption of light in the blood.39 This device has been approved to measure non-invasive 

total hemoglobin (SpHb®) in humans and can detect Hb concentrations between 0.0 to 25.0 g/dL 

with specified accuracy of ± 1.0 g/dL when Hb concentration is within the range of 8.0 to 17.0 

g/dL.40 Although this technology has gained widespread popularity in human medicine, its 

accuracy and precision remain controversial.41-44 

Continuous non-invasive SpHb® has been explored to replace invasive blood sampling for 

VK analysis and was found to potentially provide useful kinetic data for group level analysis but 

was unreliable for individual kinetic curves.35 In this experiment, it was concluded that the 

continuous non-invasive SpHb® data generated by Radical-7® Pulse CO-Oximeter® (SET 

V7.4.0.9, Handheld R.7.7.1.0 and D-station R5.1.2.7) was unsuccessful in replacing invasive 

blood sampling for VK analysis given the prominent between-subject variation and exaggeration 
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of plasma dilution.35 Nevertheless, this technology in terms of hardware and proprietary software 

algorithms has been continuously improved over the years but its potential in VK analysis has not 

been re-investigated for almost a decade. 

Although the results of a recent canine study validating non-invasive SpHb® with 

laboratory Hb were disappointing,45 to our knowledge no published studies have investigated the 

potential of non-invasive Hb monitoring in cats. Although our study subjects tolerated the frequent 

blood sampling well, iatrogenic anemia up to HCT of 20% was documented by the end of the 

cross-over experimental study. Given the small body size along with limited blood volumes, 

vulnerability to iatrogenic anemia with frequent phlebotomy, and the lack of information in cats, 

exploration of non-invasive Hb monitoring as an alternative to frequent invasive Hb blood 

sampling during VK analysis is strongly recommended in this species. 

 

4.2.2 Bioelectrical Impedance Analysis 

 

Bioelectrical impedance analysis (BIA) is a non-invasive technology that allows simple, 

rapid, portable, inexpensive measurement of body water composition by providing estimates of 

ECF volume, ICF volume, and TBW through determination of tissue resistance and reactance 

properties. This technology utilizes an electrical current transmitted at alternating low frequencies 

that is painless and undetectable to make predictions about body composition based on the 

assumption that tissues containing lesser amounts of water and electrolytes such as skin, fat and 

bone are poor conductors of electricity, whereas muscle and biological fluids conduct current 

well.46 Recently, the value of BIA in determining trends of fluid gains and losses in the critically 

ill human patient has been supported47,48 and the same technology has been proven effective in 

monitoring acute dynamic fluid changes associated with surgical procedures, dialysis and acute 

kidney injury, sepsis, and trauma in humans.49,50 Prediction of acute fluid shifts using BIA has 

been studied in the equine51 and canine24 species, but not yet in cats. 

Bioelectrical impedance analysis has been validated against the gold standard isotope 

dilution techniques for TBW and ECF in dogs52 and cats.53,54 The impedance value derived from 

tissue resistance and reactance measured by BIA is reliable, however the volume of a biological 

conducting system is estimated using morphological data thus requiring morphological-specific 

equations and accurate resistivity coefficient.55 Since cats in general are more uniform in 
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morphology across different breeds, it would be worthwhile to explore the potential of BIA in this 

species. Although defining TBW, ECF volume, and ICF volume are not easy as there can be a 

wide breed, intra- and inter-individual variability, the trends and changes over time may be more 

important than absolute individual values. Therefore, there is diagnostic value in evaluating the 

utility of BIA as an adjunct modality to assess acute fluid shifts in complement with VK analysis 

through trends and changes in tissue resistance, reactance, and impedance values during and after 

fluid administration. 

 

4.3 Conclusions 

 

Volume kinetic modelling and analysis using serial plasma dilution and estimated urinary 

excretion is a safe and feasible research tool that has the potential to provide valuable data on IV 

fluid distribution, elimination, duration of effect (half-life), plasma volume expansion, fluid 

efficacy (potency), and body water physiology in many species. The rapid distribution but slow 

elimination of IV fluids in healthy conscious cats matches anecdotal reports related to 

susceptibility of cats to fluid overload and warrants further investigation. Non-invasive 3-

dimensional bladder volume estimation can be achieved and showed promising potential in terms 

of feasibility and agreement with a recently published feline geometric linear bladder dimension 

formula. Bladder circumference tracing was easy to perform, reliable, and reproducible among 

individuals with limited point-of-care ultrasonography experience and remained robust when 

dealing with images of various diagnostic qualities. Additional work on volume kinetics and non-

invasive bladder volume estimation are warranted for further investigation of acute fluid shifts in 

cats. 
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APPENDICES 

 

Appendix A 

 

Description of Method for Computing Bladder Volumes from Bladder Circumference 

Tracings Obtained from Longitudinal and Transverse Ultrasound Images 

 

Input 

 

The input to the algorithm is two lists of closely spaced points that represent the bladder 

circumference tracings obtained from a longitudinal ultrasound image and a transverse ultrasound 

image. Each point in these lists contains two coordinates in millimeters. The common direction of 

both views (depth into the body) shall be called 𝑧. The longitudinal direction (along the body axis) 

shall be called 𝑥, and the transverse direction (across the body) shall be called 𝑦. Thus, the two 

curves are denoted by: 

 

𝐿 = {(𝑥vE, 𝑧vE)}E´:
�µ     and    𝑇 = {(𝑦)E, 𝑧)E)}E´:

�� , 

 

where 𝑛v and 𝑛) are the number of points in the longitudinal bladder circumference tracing list and 

transverse bladder circumference tracing list, respectively. An example of the two tracings is 

shown in Figure A.1. 

 

 
Figure A.1: Bladder circumference tracings. (a) Longitudinal tracing, (b) Transverse tracing. 
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Curve Alignment 

 

The two tracings are first aligned in 3-dimensional space with the following algorithm. The origin 

in the 𝑥-direction is initially set to be the midpoint of the longitudinal tracing, and the origin in the 

𝑦-direction is set to be the midpoint of the transverse tracing: 

 

𝑥vE: = 𝑥vE − ¶ 𝑚𝑎𝑥:·¸·�µ
m𝑥v¸o + 𝑚𝑖𝑛

:·¸·�µ
m𝑥v¸oº 2»     and    𝑦)E: = 𝑦)E − ¶ 𝑚𝑎𝑥:·¸·��

m𝑦)¸o + 𝑚𝑖𝑛
:·¸·��

m𝑦)¸oº 2» . 

 

The 𝑥 and 𝑦 extents of the tracings, and the overall minimum, are calculated: 

 

𝐷½ = 𝑚𝑎𝑥
:·¸·�µ

m𝑥v¸o − 𝑚𝑖𝑛
:·¸·�µ

m𝑥v¸o,  𝐷¾ = 𝑚𝑎𝑥
:·¸·��

m𝑦)¸o − 𝑚𝑖𝑛
:·¸·��

m𝑦)¸o,  and  𝐷 = 𝑚𝑖𝑛m𝐷½, 𝐷¾o. 

 

Forty evenly spaced values of 𝑥$ and 𝑦$ in the range (−𝐷 10⁄ , 𝐷 10⁄ ) are considered. For each 

value of 𝑥$, let 𝑧v¿�½(𝑥$) be the maximum 𝑧 value on the longitudinal curve at 𝑥$ as determined 

by linear interpolation between points (𝑥vE, 𝑧vE), and let 𝑧v¿E�(𝑥$) be the minimum value 

determined likewise. Thus, 𝑧v¿�½(𝑥$) and 𝑧v¿E�(𝑥$) are the top and bottom of the longitudinal 

tracing at 𝑥$. Define 𝑧)¿�½(𝑦$) and 𝑧)¿E�(𝑦$) similarly for the transverse tracing. Now define the 

mean 𝑧 values as: 

 

𝑧v¿u��(𝑥$) =
𝑧v¿E�(𝑥$) + 𝑧v¿�½(𝑥$)

2 ,     𝑧)¿u��(𝑦$) =
𝑧)¿E�(𝑦$) + 𝑧)¿�½(𝑦$)

2 . 

 

For each value of 𝑥$ and 𝑦$, the objective function: 

 

𝑓(𝑥$, 𝑦$) = ÀÁ𝑧v¿�½(𝑥$) − 𝑧v¿E�(𝑥$)Â − Á𝑧)¿�½(𝑦$) − 𝑧)¿E�(𝑦$)ÂÀ + |𝑧v¿u��(𝑥$) − 𝑧)¿u��(𝑦$)| + 𝑃(𝑥$, 𝑦$) 

 

is computed, where 𝑃(𝑥$, 𝑦$) is a penalty term for moving too much in the 𝑥- or 𝑦-directions, 

described below. The first term of 𝑓 measures the difference between the 𝑧-extents of the two 
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curves, and the second term measures the amount needed to move the curves in the 𝑧-direction so 

that both curves have their 𝑧-midpoint at the origin. The penalty function is: 

 

𝑃(𝑥$, 𝑦$) = 𝑡𝑎𝑛 ¶0.48𝜋𝑚𝑎𝑥 ~0,
|𝑥$|
𝐷 20⁄ − 1�º + 𝑡𝑎𝑛 ¶0.48𝜋𝑚𝑎𝑥 ~0,

|𝑦$|
𝐷 20⁄ − 1�º. 

 

Thus, the penalty is zero if both 𝑥$ and 𝑦$ are within 𝐷 20⁄  of the origin, and the penalty increases 

rapidly as 𝑥$ and/or 𝑦$ move farther away. 

 

The values of 𝑥$ and 𝑦$ that minimize 𝑓 are determined, call them 𝑥$* and 𝑦$*. And define: 

 

𝑧$* = 0.5 Á𝑧v¿u��m𝑥$*o − 𝑧)¿u��m𝑦$*oÂ. 

 

Then the longitudinal and transverse tracings are translated by: 

 

𝑥vE: = 𝑥vE − 𝑥$*, 𝑧vE: = 𝑧vE − 𝑧$*, 𝑦)E : = 𝑦)E − 𝑦$*, 𝑧)E: = 𝑧)E + 𝑧$*. 

 

The result of this process yields a set of aligned tracings as illustrated in Figure A.2. 

 

 
Figure A.2: Aligned bladder circumference tracings. 
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Volume Calculation 

 

3-Dimensional Shape Assumptions 

 

Once the tracings have been aligned, the next step is to take cross sections perpendicular to the 𝑧-

axis, fill in the boundary of the surface between the tracing points that are on the 𝑥 and 𝑦 axes, and 

then compute the area of the resulting cross section of the bladder. Assuming the tracings are close 

to elliptical, when one takes a cross section at a specified 𝑧 value, the result will usually be that 

the longitudinal tracing intersects the cross section at one value of 𝑥 > 0 and one value of 𝑥 < 0. 

Similarly, the transverse tracing will usually intersect the cross section at two points, one with 𝑦 >

0 and one with 𝑦 < 0. In this case, we assume that in each quadrant, the cross section of the bladder 

is a quarter ellipse connecting the longitudinal and transverse intersection points. One such 

quadrant is illustrated in Figure A.3(d).  

 

However, due to large indentations in the bladder surface, like the top right of the transverse tracing 

shown in Figure A.3(b), or due to noise in the points, like near the bottom of the transverse tracing 

in the same figure, it is possible that for a given value of 𝑧, the longitudinal and/or transverse 

tracing will intersect the cross section at more than two locations. The algorithm allows the 

longitudinal tracing to intersect the cross section as many as three places with 𝑥 > 0 and as many 

as three places with 𝑥 < 0, similarly for the transverse tracing. If more than three intersections are 

found with 𝑥 > 0, then the closest two are replaced with their average, and this is done iteratively 

until only three intersections remain. Similarly, for 𝑥 < 0 and for the transverse tracing. 
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Figure A.3: Assumed shape of bladder 𝑧-cross sections. Longitudinal tracing and transverse 

tracing intersections with the 𝑧-cross section are blue and red stars, respectively. The assumed 

shape of the bladder away from the axes is the green region. In the following, the notation (𝑚, 𝑛) 

indicates the number of positive longitudinal, 𝑚, and transverse, 𝑛, intersections with the 𝑧-cross 

section. (a) (1,0) The region is a half rose petal. (b) (2,0) The region is a half ellipse, not extending 

above the 45-degree line. (c) (3,0) The region is a half rose petal less half an ellipse whose height 

is no higher than about half the rose petal height at 𝑥¿. (d) (1,1) This is the most common case. 

The region is a quarter ellipse. (e) (2,1) The region is a quarter ellipse less a half rose petal. (f) 

(3,1) The region is a large quarter ellipse less a smaller half ellipse which remains below the 45-

degree line. (g) (2,2) The region is a large quarter ellipse less a small quarter ellipse. (h) (3,2) 

The region is a large quarter ellipse less a small half ellipse centered on the 𝑥-axis, and less a half 

rose petal on the 𝑦-axis. (i) (3,3) The region is a large quarter ellipse less two small half ellipses 

on the 𝑥- and 𝑦-axes. 
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The assumed shape of the bladder circumference in the case where the longitudinal and/or 

transverse tracings have various numbers of intersections on one side of the origin is shown in 

Figure A.3. These curves are drawn for the first quadrant and where the number of intersections of 

the longitudinal tracing with 𝑥 > 0 is equal to or greater than the number of intersections of the 

transverse tracing with 𝑦 > 0, but other quadrants and arrangements are obtained from these by 

rotation and reflection. A description of these curves follows. 

 

a) (1,0): one longitudinal tracing intersection at (𝑥:, 0) and zero transverse tracing 

intersections. The region is a half rose petal as shown in Figure A.3(a), whose equation in polar 

coordinates is: 

 

𝑟 = 𝑥:𝑐𝑜𝑠(2𝜃),    0 ≤ 𝜃 ≤ 𝜋 4⁄ . 

 

The area of this region is: 

 

𝐴� =
𝜋𝑥:;

16 . 

 

b) (2,0): two longitudinal tracing intersections at (𝑥:, 0) and (𝑥;, 0), and zero transverse 

tracing intersections. The region is a half an ellipse as shown in Figure A.3(b). Define the midpoint 

of the two intersection points as: 

 

𝑥¿ = (𝑥: + 𝑥;) 2,⁄  (1) 

 

and define the horizontal semi-axis to be the distance from the midpoint to either intersection:  

 

𝑎 = |𝑥: − 𝑥¿|. (2) 

     

The vertical semi-axis is given by: 

 

𝑏 = 𝑚𝑖𝑛 Á𝑎, Ë𝑥¿; − 𝑎;Â. (3) 
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This prevents the half ellipse from being taller than it is wide, and prevents it from going above 

the 𝑦 = 𝑥 (45 degree) line. The equation for the half ellipse is: 

 

(𝑥 − 𝑥¿);

𝑎; +
𝑦;

𝑏; = 1,    𝑦 ≥ 0. 

 

The area of this region is: 

 

𝐴i =
𝜋𝑎𝑏
2 . 

 

c) (3,0): three longitudinal tracing intersections at (𝑥:, 0), (𝑥;, 0), and (𝑥Í, 0), and zero 

transverse tracing intersections. The region is bounded by a half rose petal and a half ellipse, as 

shown in Figure A.3(c). The equation for the half rose petal in polar coordinates is: 

 

𝑟 = 𝑥Í𝑐𝑜𝑠(2𝜃),    0 ≤ 𝜃 ≤ 𝜋 4⁄ . 

 

The equation for the half ellipse is: 

 

(𝑥 − 𝑥¿);

𝑎; +
𝑦;

𝑐; = 1,    𝑦 ≥ 0, 

 

where 𝑥¿ and 𝑎 are defined by (1) and (2).  The semi-axis 𝑐 is given by: 

 

𝑐 = 𝑚𝑖𝑛 ¶𝑎,
1
2 𝑥Í𝑐𝑜𝑠

(2𝜃$)𝑠𝑖𝑛(𝜃$)º, 

 

where 𝜃$ approximates the value of 𝜃 on the half rose petal when 𝑥 = 𝑥¿ and is specified by: 

 

𝑐𝑜𝑠(𝜃$) =
1
√2

+
𝑥¿
𝑥Í
1 −

1
√2
®. 
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This prevents the half ellipse from being taller than it is wide and prevents it from being taller than 

about half the height of the rose petal curve at 𝑥 = 𝑥¿. Note that for the calculation of 𝑐 we can 

use: 

 

𝑠𝑖𝑛(𝜃$) = Ë1 − 𝑐𝑜𝑠;(𝜃$),    and    𝑐𝑜𝑠(2𝜃$) = 2𝑐𝑜𝑠;(𝜃$) − 1. 

 

The area of the region enclosed by the two tracings is: 

 

𝐴$ =
𝜋𝑥Í;

16 −
𝜋𝑎𝑐
2 . 

 

d)  (1,1): one longitudinal tracing intersection at (𝑥:, 0) and one transverse tracing 

intersection at (0, 𝑦:). The region is bounded by a quarter ellipse: 

 

𝑥;

𝑥:;
+
𝑦;

𝑦:;
= 1,    𝑥 ≥ 0  and  𝑦 ≥ 0, 

 

as shown in Figure A.3(d). The area of the region is: 

 

𝐴2 =
𝜋𝑥:𝑦:
4 . 

 

e)  (2,1): two longitudinal tracing intersections at (𝑥:, 0) and (𝑥;, 0), and one transverse 

tracing intersection at (0, 𝑦:). The region is bounded by a quarter ellipse: 

 

𝑥;

𝑥;;
+
𝑦;

𝑦:;
= 1,    𝑥 ≥ 0  and  𝑦 ≥ 0, 

 

and a half rose petal: 

 

𝑟 = 𝑥:𝑐𝑜𝑠(2𝜃),    0 ≤ 𝜃 ≤ 𝜋 4⁄ , 
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as shown in Figure A.3(e). The area of the region is: 

 

𝐴u =
𝜋𝑥;𝑦:
4 −

𝜋𝑥:;

16 . 

 

f) (3,1): three longitudinal tracing intersections at (𝑥:, 0), (𝑥;, 0), and (𝑥Í, 0), and one 

transverse tracing intersection at (0, 𝑦:). The region is bounded by a quarter ellipse: 

 

𝑥;

𝑥Í;
+
𝑦;

𝑦:;
= 1,    𝑥 ≥ 0  and  𝑦 ≥ 0, 

 

and a half ellipse: 

 

(𝑥 − 𝑥¿);

𝑎; +
𝑦;

𝑏; = 1,    𝑦 ≥ 0, 

 

where 𝑥¿, 𝑎, and 𝑏 are defined by (1)‒(3). The region is shown in Figure A.3(f). The area of the 

region is: 

 

𝐴Ï =
𝜋𝑥Í𝑦:
4 −

𝜋𝑎𝑏
2 . 

 

g)  (2,2): two longitudinal tracing intersections at (𝑥:, 0) and (𝑥;, 0), and two transverse 

tracing intersections at (0, 𝑦:) and (0, 𝑦;). The region is bounded by a large quarter ellipse: 

 

𝑥;

𝑥;;
+
𝑦;

𝑦;;
= 1,    𝑥 ≥ 0  and  𝑦 ≥ 0, 

 

and a small quarter ellipse: 

 

𝑥;

𝑥:;
+
𝑦;

𝑦:;
= 1,    𝑥 ≥ 0  and  𝑦 ≥ 0, 
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as shown in Figure A.3(g). The area of the region is: 

 

𝐴Ð =
𝜋𝑥;𝑦;
4 −

𝜋𝑥:𝑦:
4 . 

 

h) (3,2): three longitudinal tracing intersections at (𝑥:, 0), (𝑥;, 0), and (𝑥Í, 0), and two 

transverse tracing intersections at (0, 𝑦:) and (0, 𝑦;). The region is bounded by a quarter ellipse: 

 

𝑥;

𝑥Í;
+
𝑦;

𝑦;;
= 1,    𝑥 ≥ 0  and  𝑦 ≥ 0, 

 

a half ellipse: 

 

(𝑥 − 𝑥¿);

𝑎; +
𝑦;

𝑏; = 1,    𝑦 ≥ 0, 

 

where 𝑥¿, 𝑎, and 𝑏 are defined by (1)–(3), and a half rose petal: 

 

𝑟 = 𝑦:𝑐𝑜𝑠(2𝜃),    5𝜋 4⁄ ≤ 𝜃 ≤ 3𝜋 2⁄ . 

 

The region is shown in Figure A.3(h). The area of the region is: 

 

𝐴Ñ =
𝜋𝑥Í𝑦;
4 −

𝜋𝑎𝑏
2 −

𝜋𝑦:;

16 . 

 

i) (3,3): three longitudinal tracing intersections at (𝑥:, 0), (𝑥;, 0), and (𝑥Í, 0), and three 

transverse tracing intersections at (0, 𝑦:), (0, 𝑦;), and (0, 𝑦Í). The region is bounded by a quarter 

ellipse: 

 

𝑥;

𝑥Í;
+
𝑦;

𝑦Í;
= 1,    𝑥 ≥ 0  and  𝑦 ≥ 0, 
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and two half ellipses: 

 

(𝑥 − 𝑥¿);

𝑎; +
𝑦;

𝑏; = 1,  𝑦 ≥ 0,            
𝑥;

𝑐; +
(𝑦 − 𝑦¿);

𝑑; = 1,  𝑥 ≥ 0, 

 

where 𝑥¿, 𝑎, and 𝑏 are defined by (1)–(3), and: 

 

𝑦¿ = (𝑦: + 𝑦;) 2⁄ ,     𝑐 = |𝑦: − 𝑦¿|,   and   𝑑 = 𝑚𝑖𝑛 Á𝑐,Ë𝑦¿; − 𝑐;Â. 

 

The region is shown in Figure A.3(i). The area of the region is: 

 

𝐴E =
𝜋𝑥Í𝑦Í
4 −

𝜋𝑎𝑏
2 −

𝜋𝑐𝑑
2 . 

 

Final Volume Calculation 

 

The areas, 𝐴m𝑧 o, of cross sections at 𝑁 (we used 𝑁 = 200) evenly spaced (between the minimum 

longitudinal and transverse tracing point and the maximum longitudinal and transverse tracing 

point) values 𝑧  are computed according to the method described above. The volume of the bladder 

(in mL) is then calculated by integrating these areas via the trapezoid rule: 

 

𝑉 =
1

1000
𝐷Ó
𝑁 Ô

𝐴m𝑧 o + 𝐴m𝑧 Õ:o
2

ÖH:

¸´:

. 

 

where 𝐷Óis the maximum distance in the	𝑧	direction,  

 

𝐷Ó = 𝑚𝑎𝑥  𝑚𝑎𝑥
:⩽E⩽�µ

𝑧vE, 𝑚𝑎𝑥:⩽E⩽��
𝑧)E® − 𝑚𝑖𝑛  𝑚𝑖𝑛:⩽E⩽�µ

𝑧vE, 𝑚𝑖𝑛:⩽E⩽��
𝑧)E®. 

 

Since the measurements are in millimeters, the factor of 1 1000⁄  converts cubic millimeters to 

milliliters.
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ITEM RECOMMENDATION 

Section/
 

Paragraph 

Title 1 Provide as accurate and concise a description of the content of the article 
as possible. 

 

Abstract 2 Provide an accurate summary of the background, research objectives, 
including details of the species or strain of animal used, key methods, 
principal findings and conclusions of the study. 

INTRODUCTION 

Background 3 a. Include sufficient scientific background (including relevant references to 
previous work) to understand the motivation and context for the study, 
and explain the experimental approach and rationale. 

b. Explain how and why the animal species and model being used can 
address the scientific objectives and, where appropria te, the study’s 

relevance to human biology. 

Section 2.1 
 
 
 
 
 
Section 2.3 

 
 
Section 2.3 

Objectives 4 Clearly describe the primary and any secondary objectives of the study, or 
specific hypotheses being tested. 

Section 2.3 

METHODS 
 

Ethical statement 5 Indicate the nature of the ethical review permissions, relevant licences (e.g. 
Animal [Scientific Procedures] Act 1986), and national or institutional 
guidelines for the care and use of animals, that cover the research. 

Section 2.4 

Study design 6 For each experiment, give brief details of the study design including: 
a. The number of experimental and control groups. 
b. Any steps taken to minimise the effects of subjective bias when 

allocating animals to treatment (e.g. randomisation procedure) and when 
assessing results (e.g. if done, describe who was blinded and when). 

c. The experimental unit (e.g. a single animal, group or cage of animals). 
A time-line diagram or flow chart can be useful to illustrate how complex 
study designs were carried out. 

Section 2.4 
Section 2.4.2 
Section 2.4.2 
Section 2.5 

 
Section 2.4 
Section 2.4.2 

Experimental 7 For each experiment and each experimental group, including controls, 
procedures provide precise details of all procedures carried out. For example: 

a. How (e.g. drug formulation and dose, site and route of administration, 
anaesthesia and analgesia used [including monitoring], surgical 
procedure, method of euthanasia). Provide details of any specialist 
equipment used, including supplier(s). 

b. When (e.g. time of day). 
c. Where (e.g. home cage, laboratory, water maze). 
d. Why (e.g. rationale for choice of specific anaesthetic, route of 

administration, drug dose used). 

Section 2.4 
Section 2.4.1 
Section 2.4.2 
Section 2.4.3 
Section 2.4.4 
Section 2.4.5 
Section 2.4.6 
Section 2.4.7 
Section 2.4 
Section2.4.2 

Experimental 8 a. Provide details of the animals used, including species, strain, sex, 
animals developmental stage (e.g. mean or median age plus age range) and 

weight (e.g. mean or median weight plus weight range). 
b. Provide further relevant information such as the source of animals, 

international strain nomenclature, genetic modification status (e.g. 
knock-out or transgenic), genotype, health/immune status, drug or test 
naïve, previous procedures, etc. 

Section 2.4 
Section 2.6 

 
Section 2.4 
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Housing and 
husbandry 

9 Provide details of: 

a. Housing (type of facility e.g. specific pathogen free [SPF]; type of cage or 
housing; bedding material; number of cage companions; tank shape and 
material etc. for fish). 

b. Husbandry conditions (e.g. breeding programme, light/dark cycle, 
temperature, quality of water etc for fish, type of food, access to food 
and water, environmental enrichment). 

c. Welfare-related assessments and interventions that were carried out 
prior to, during, or after the experiment. 

 

N/A 
 

 
Section 2.4 

 

 
Section 2.4 

Section 2.4.2 

Sample size 10 a. Specify the total number of animals used in each experiment, and the 
number of animals in each experimental group. 

b. Explain how the number of animals was arrived at. Provide details of any 
sample size calculation used. 

c. Indicate the number of independent replications of each experiment, if 
relevant. 

 

Section 2.4 

N/A 

N/A 

Allocating 
animals to 
experimental 
groups 

11 a. Give full details of how animals were allocated to experimental groups, 
including randomisation or matching if done. 

b. Describe the order in which the animals in the different experimental 
groups were treated and assessed. 

Section 2.4 

Section 2.4.2 
Section 2.4.2 

Experimental 
outcomes 

12 Clearly define the primary and secondary experimental outcomes assessed 
(e.g. cell death, molecular markers, behavioural changes). 

 
Section 2.3 

Statistical 
methods 

13 a. Provide details of the statistical methods used for each analysis. 

b. Specify the unit of analysis for each dataset (e.g. single animal, group of 
animals, single neuron). 

c. Describe any methods used to assess whether the data met the 
assumptions of the statistical approach. 

 
Section 2.4.6 

Section 2.5 

Section 2.4.5 
Section 2.5 

RESULTS  

Baseline data 14 For each experimental group, report relevant characteristics and health 
status of animals (e.g. weight, microbiological status, and drug or test naïve) 
prior to treatment or testing. (This information can often be tabulated). 

Section 2.4 

Section 2.6 

Numbers 
analysed 

15 a. Report the number of animals in each group included in each analysis. 
Report absolute numbers (e.g. 10/20, not 50%2). 

b. If any animals or data were not included in the analysis, explain why. 

Section 2.6 

 
Section 2.6 

Outcomes and 
estimation 

16 Report the results for each analysis carried out, with a measure of precision 
(e.g. standard error or confidence interval). 

Section 2.6 

Section 2.6.1 

Adverse events 17 a. Give details of all important adverse events in each experimental group. 

b. Describe any modifications to the experimental protocols made to 
reduce adverse events. 

Section 2.6 

N/A 

DISCUSSION  

Interpretation/ 
scientific 
implications 

18 a. Interpret the results, taking into account the study objectives and 
hypotheses, current theory and other relevant studies in the literature. 

b. Comment on the study limitations including any potential sources of bias, 
any limitations of the animal model, and the imprecision associated with 
the results2. 

c. Describe any implications of your experimental methods or findings for 
the replacement, refinement or reduction (the 3Rs) of the use of animals 
in research. 

Section 2.7 

 
Section 2.7.1 

 

 
Section 2.7.1 

Generalisability/ 
translation 

19 Comment on whether, and how, the findings of this study are likely to 
translate to other species or systems, including any relevance to human 
biology. 

Section 2.7 

Section 2.7.1 

Funding 20 List all funding sources (including grant number) and the role of the 
funder(s) in the study. 

Section 2.8 
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ITEM RECOMMENDATION 

Section/
 

Paragraph 

Title 1 Provide as accurate and concise a description of the content of the article 
as possible. 

 

Abstract 2 Provide an accurate summary of the background, research objectives, 
including details of the species or strain of animal used, key methods, 
principal findings and conclusions of the study. 

INTRODUCTION 

Background 3 a. Include sufficient scientific background (including relevant references to 
previous work) to understand the motivation and context for the study, 
and explain the experimental approach and rationale. 

b. Explain how and why the animal species and model being used can 
address the scientific objectives and, where appropria te, the study’s 

relevance to human biology. 

Section 3.1 
 
 
 
 
 
Section 3.2 

 
 
Section 3.2 

Objectives 4 Clearly describe the primary and any secondary objectives of the study, or 
specific hypotheses being tested. 

Section 3.2 

METHODS 
 

Ethical statement 5 Indicate the nature of the ethical review permissions, relevant licences (e.g. 
Animal [Scientific Procedures] Act 1986), and national or institutional 
guidelines for the care and use of animals, that cover the research. 

Section 3.3 

Study design 6 For each experiment, give brief details of the study design including: 
a. The number of experimental and control groups. 
b. Any steps taken to minimise the effects of subjective bias when 

allocating animals to treatment (e.g. randomisation procedure) and when 
assessing results (e.g. if done, describe who was blinded and when). 

c. The experimental unit (e.g. a single animal, group or cage of animals). 
A time-line diagram or flow chart can be useful to illustrate how complex 
study designs were carried out. 

 

Section 3.3 
Section 3.3.3 
Section 3.3.4 
Section 3.3.5 

 
Section 3.3.2 
N/A 

Experimental 7 For each experiment and each experimental group, including controls, 
procedures provide precise details of all procedures carried out. For example: 

a. How (e.g. drug formulation and dose, site and route of administration, 
anaesthesia and analgesia used [including monitoring], surgical 
procedure, method of euthanasia). Provide details of any specialist 
equipment used, including supplier(s). 

b. When (e.g. time of day). 
c. Where (e.g. home cage, laboratory, water maze). 
d. Why (e.g. rationale for choice of specific anaesthetic, route of 

administration, drug dose used). 

Section 3.3 
Section 3.3.1 
Section 3.3.2 
Section 3.3.3 
Section 3.3.4 
Section 3.3.5 
Section 3.3 
N/A 
Section 3.3.1 
Section 3.3.3 

Experimental 8 a. Provide details of the animals used, including species, strain, sex, 
animals developmental stage (e.g. mean or median age plus age range) and 

weight (e.g. mean or median weight plus weight range). 
b. Provide further relevant information such as the source of animals, 

international strain nomenclature, genetic modification status (e.g. 
knock-out or transgenic), genotype, health/immune status, drug or test 
naïve, previous procedures, etc. 

Section 3.3 
Section 3.4 

 
Section 3.3 
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Housing and 
husbandry 

9 Provide details of: 

a. Housing (type of facility e.g. specific pathogen free [SPF]; type of cage or 
housing; bedding material; number of cage companions; tank shape and 
material etc. for fish). 

b. Husbandry conditions (e.g. breeding programme, light/dark cycle, 
temperature, quality of water etc for fish, type of food, access to food 
and water, environmental enrichment). 

c. Welfare-related assessments and interventions that were carried out 
prior to, during, or after the experiment. 

 

N/A 
 

 
N/A 

 

 
Section 3.3 

Sample size 10 a. Specify the total number of animals used in each experiment, and the 
number of animals in each experimental group. 

b. Explain how the number of animals was arrived at. Provide details of any 
sample size calculation used. 

c. Indicate the number of independent replications of each experiment, if 
relevant. 

 
Section 3.3 

Section 3.3.2 

N/A 

 
N/A 

Allocating 
animals to 
experimental 
groups 

11 a. Give full details of how animals were allocated to experimental groups, 
including randomisation or matching if done. 

b. Describe the order in which the animals in the different experimental 
groups were treated and assessed. 

Section 3.3 

 
N/A 

Experimental 
outcomes 

12 Clearly define the primary and secondary experimental outcomes assessed 
(e.g. cell death, molecular markers, behavioural changes). 

 
Section 3.2 

Statistical 
methods 

13 a. Provide details of the statistical methods used for each analysis. 

b. Specify the unit of analysis for each dataset (e.g. single animal, group of 
animals, single neuron). 

c. Describe any methods used to assess whether the data met the 
assumptions of the statistical approach. 

 

Section 3.3.6 

N/A 

 
Section 3.3.6 

RESULTS  

Baseline data 14 For each experimental group, report relevant characteristics and health 
status of animals (e.g. weight, microbiological status, and drug or test naïve) 
prior to treatment or testing. (This information can often be tabulated). 

Section 3.4 

Numbers 
analysed 

15 a. Report the number of animals in each group included in each analysis. 
Report absolute numbers (e.g. 10/20, not 50%2). 

b. If any animals or data were not included in the analysis, explain why. 

Section 3.4 

 
Section 3.4 

Outcomes and 
estimation 

16 Report the results for each analysis carried out, with a measure of precision 
(e.g. standard error or confidence interval). 

Section 3.4 

Adverse events 17 a. Give details of all important adverse events in each experimental group. 

b. Describe any modifications to the experimental protocols made to 
reduce adverse events. 

N/A 

N/A 

DISCUSSION  

Interpretation/ 
scientific 
implications 

18 a. Interpret the results, taking into account the study objectives and 
hypotheses, current theory and other relevant studies in the literature. 

b. Comment on the study limitations including any potential sources of bias, 
any limitations of the animal model, and the imprecision associated with 
the results2. 

c. Describe any implications of your experimental methods or findings for 
the replacement, refinement or reduction (the 3Rs) of the use of animals 
in research. 

Section 3.5 

 
Section 3.5.1 

 

 
N/A 

Generalisability/ 
translation 

19 Comment on whether, and how, the findings of this study are likely to 
translate to other species or systems, including any relevance to human 
biology. 

N/A 

Funding 20 List all funding sources (including grant number) and the role of the 
funder(s) in the study. 

Section 3.6 
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