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Abstract

Most hospitalized patients depend on the continuous and precise administration of drugs. Unfortu-
nately, multi-infusion is prone to dosing errors because of the complex interplay between different
factors that disturb the administration of drugs. Also additional influences, such as air in the lines, can
negatively influence the administration. The aim of this research is to model the effects of flow rate
changes and air bubbles to improve understanding and increase awareness of dosing errors in practice.
Instead of only studying the characteristics of multi-infusion components, this research focuses on pre-
dicting the behavior of the multi-infusion system as a whole. In addition, the risks of air bubbles are
evaluated, because the more subtle effects of bubbles during infusion are not yet studied in detail.

An analytical model is made which predicts the flow output of two parallel connected infusion
pumps ending in a catheter during flow rate changes. A model is developed starting from equations
that describe the influence of compliance, dead volume and Poiseuille flow effects on administration
in function of hardware parameters and flow rate. These theoretical expressions are specified to apply
them in a model, and all separate components are joined together into one comprehensive model. An
appropriate transition between push-out effect and the set flow rate was implemented with an equation
which incorporates Taylor dispersion. Then the model outcomes are validated with in vitro spectro-
photometric measurements.

The clinical relevance and impact on administration of dosing errors caused by air in infusion setups
are investigated, and a model is presented showing the consequences of bubbles in a line with an air
filter. First, the general impact of volume change during pressure changes are studied. Second, hemi-
spherical and cylindrical bubbles are checked if they will disturb the flow profile, increase resistance
and/or interrupt the administration.

A model is constructed which displays the outflow of two pumps during flow rate changes. The
modeled results show quite accurate when a drug reaches a certain flow rate and are in agreement
with the in vitro measurements. The major advantage compared to existing models is the overview
it provides of multiple administration disturbing effects during infusion. Although there are minor in-
consistencies, an extended model could be applied beyond its educational purpose such as a real-time
infusion predicting tool in the clinic.

The more subtle effects of air bubbles on the administration were unveiled. Hemispherical bubbles
have a very limited influence on the resistance and concentration profile. Possible volume changes of
bubbles during pressure changes are in general inconsequential. Cylindrical bubbles which obstruct the
entire diameter of a line, prohibit the development of a Poiseuille flow profile and prolong the arrival
time of newly added drugs. This means that clinician might underestimate the time in which a drug is
delivered to the patient. Furthermore, cylindrical bubbles interrupt the administration for a significant
amount of time when an air filter is incorporated in the infusion set. This interruption is especially
detrimental during the administration of inotropes, and should be avoided.

ii Modelling multi-infusion: the effects of flow rate changes and air on drug administration
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Chapter 1

Introduction

Infusion devices are one of the most used medical devices in any hospital. They are indispensable in
modern healthcare, where 80% of hospitalized patients depend on the continuous use of pharmaceuticals
[1]. Intravenous infusion systems deliver liquid medicine and nutrition through an infusion line to
patients at a specific flow rate. Infusion devices are operated throughout the hospital for all kinds of
treatments and a variety of patients. Especially syringe pumps are useful in the operating room (OR)
and neonatal intensive care unit (NICU) due to their accuracy. This accuracy is beneficial for delicate
patients, when precise administration of small doses are required [2].

When different kinds of medications are administered at the same time, multiple infusion pumps are
needed. Multi-infusion is the simultaneous delivery of distinct liquids from different sources through a
single access point. It is necessary to connect multiple sources of medication to a single catheter to
reduce the number of access points, as shown in Figure 1.1. This number of access points in the body
is limited due to physiological reasons and to reduce the infection risk [3].

Unfortunately, multi-infusion setups are not as accurate as generally expected. Multi-infusion is
prone to dosing errors because of the complex interplay between different components with various
properties. This regularly causes unforeseen situations in the administration of drugs using multiple
infusion devices simultaneously.

In this chapter, infusion technology in general and the various components are discussed. To
understand the underlying principles of infusion, some relevant fluid dynamic principles are briefly
explained. Subsequently, the physical causes of dosing errors are presented. The last section of this
chapter describe the purpose and research objectives.

1.1 Infusion in the clinic

Administering medication directly via the bloodstream has many benefits, since the substances are
distributed rapidly to where they are needed. In general, three kinds of devices deliver fluids intraven-
ously: gravity flow regulators, volumetric infusion pumps and syringe pumps [4]. Gravity flow regulators
generate flow by pressure differences caused by gravity. They consist of an infusion bag and a drip
chamber by which the flow is controlled by adjusting the amount of drops per minute. Volumetric in-
fusion pumps also administer medicines from a bag, but use a peristaltic motion to push fluids through
the line according to the set flow rate. The gravity and volumetric based systems are usually used
for larger infused volumes such as NaCl and total parenteral nutrition. Syringe pumps are often used
for potent pharmaceuticals and for low flow rate infusion when a more controlled flow is required [2].
Because syringe pumps are used for the most meticulous situations, their dosing errors have the largest
impact on a patient. Therefore syringe pumps will be the main focus in this research.

The working of a syringe pump is relatively easy. When a syringe is inserted in a pump, the device
grabs the plunger and moves it according to the set flow rate. The flow is generated by moving the
piston, which pushes the liquid out the syringe. To transport the fluid from the pump to a patient,
connecting lines are required. Perfusor lines come in different sizes and some are equipped with build-in
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CHAPTER 1. INTRODUCTION

filters, clamps or check valves.

Figure 1.1: Example of a clinical setup: 1© Syringe pumps with syringes in a docking station, 2© Check
valves, 3© Extension line, 4© Manifold, 5© Collecting line, 6© Inline filter, 7© Catheter.

To reduce the number of access points, fluids are often administered through a single access site. It
is preferred to use as little intravenous access points as possible, therefore a collecting line is used which
collects the medicines from multiple syringes [3]. Y-extensions or manifolds are often incorporated in the
clinical setup to connect multiple lines. The complete infusion setup consists of different components.
First, an extension line is connected from the syringe to the collecting line or a manifold. Second, the
collecting line is attached to a catheter. Lastly the fluid enters the bloodstream through a venipuncture.
An example of a clinical setup is illustrated in Figure 1.1.

Combining multiple infusion devices can lead to unforeseen situations. The output of the pumps
which operate in parallel with each other differentiate more than anticipated by caregivers. Research
shows that the administration of multiple devices is counter intuitive [5]. In the UK alone are each
year more than 200 incidents involving infusion pumps. The majority of the problems is related to the
over-infusion of drugs, which can be fatal [4]. Although most of these incidents are caused by humans,
the devices themselves are not flawless. The dosing errors occur due to multiple reasons, which will be
discussed in section 1.3. Accurate dosing is crucial, especially in the NICU, ICU or OR. Since errors in
dosage can have negative consequences for the patient, many studies are devoted to the accuracy of
these devices.

The associated risks for the patient depend on the medication and the condition of the patient. For
example, neonates with a blood volume of around 100 ml are more vulnerable to dosage fluctuations
than adults [6]. Babies can be born premature, up to 16 weeks too early. These neonates receive fluid,
electrolytes, food, analgesics, narcotics, inotropes and/or other drugs simultaneously. In the NICU
typical fluid flow rates are usually between 0.1 and 5 ml/h. Neonates can only handle small infusion
volumes, therefore, drugs have to be very concentrated. This means that even a small deviation in
flow rate results in a large deviation in administration [7].

Although syringe pumps are set to a desired flow rate, deviations can still occur. In fact, every single
change in pump settings influences the administration of the other connected drugs. This research uses

2 Modelling multi-infusion: the effects of flow rate changes and air on drug administration



CHAPTER 1. INTRODUCTION

focuses on situations concerning the NICU, but the resulting models which predict dosing errors will
also be applicable in general multi-infusion situations.

1.2 Physics of infusion technology

The principles behind infusion are based on fluid dynamics and the material properties of the infusion
setup. For the sake of simplicity the properties of medication in infusion lines are assumed to be the
same as for water. In fact, earlier experiments showed that the influence of a slightly different viscosity
is negligible [8]. Furthermore, it is assumed that due to the low velocity in infusion lines, the flow is
steady and laminar [9]. In Appendix D an overview of the relevant flow characteristics can be found.
The Reynolds number is provided, which is the ratio of inertial forces to viscous forces, and the Péclet
number, which is defined to be the ratio of the rate of advection by the flow to the rate of diffusion.
The numbers make it clear that in both cases advection is most influential, but the flows occur on the
edge of a microfluidic flow regime.

Flow in infusion lines is often simplified as a plug flow velocity profile in a tube. However, this
simplification is inadequate to describe the infusion behavior accurately. In reality the flow has a
Poiseuille flow profile in which the fluid particles at the central longitudinal axis of the catheter travel
faster than fluid particles near the wall. The entrance length is so small that the flow can be treated as
fully developed in the infusion system [10]. In addition, the Dean number is small, which means that
bends in the lines have only limited influence on the flow profile.

Figure 1.2: A plug flow profile is displayed on the left hand, and a Poiseuille flow profile on the right.

Infusion setups are characterized by their resistance (R) and compliance (C). The equation for
resistance is derived from the Hagen-Poiseuille law, that describes the pressure drop in the laminar flow
flowing through a long cylindrical line, described as

∂p

∂z
=

8η

πr4
q, (1.1)

with pressure p, distance z, radius r, viscosity η, length l and flow q. When approximating ∂p/∂z by
∆p/l the equation can be rewritten to

∆p = Rq with R =
8ηl

πr4
. (1.2)

Equation 1.2 is comparable to the electrical analog of Ohm’s law. It shows that the resistance is
primarily determined by the diameter of the line, thus thin lines have an increased resistance.

Compliance is defined as the volume change ∂V caused by the change in pressure ∂p, or in a
formula as

C =
∂V

∂p
. (1.3)

In infusion setups the compliance is caused by the elasticity of the components. Because compliance
is inversely related to the Young’s modulus E, a higher E results in a lower compliance [10]. Most
components are made of plastics like PE and PVC, which are easily deformable and happen to have
low Young’s moduli. Therefore, the setup is vulnerable to compliance effects.

Modelling multi-infusion: the effects of flow rate changes and air on drug administration 3



CHAPTER 1. INTRODUCTION

1.3 Physical causes of dosing errors

Dosage errors in multi-infusion are caused by mainly three factors; dead volume, mechanical compli-
ance and Poiseuille mixing. The combination of the three factors results in delayed delivery times and
over/undershoots of medication, which makes administration inaccurate and unpredictable [5]. The
following paragraphs explain why these factors occur and which outcome they have on the administra-
tion.

1.3.1 Dead volume

Medication in the syringe travels more than a meter through the infusion line before reaching the
patient. This travel distance results in the following two effects.

Start-up effect: The fluid in the syringe has to travel through the complete infusion line to reach
the patient, which requires time. Because time is needed to overcome the distance between the syringe
and patient, the medication delivery is delayed. At low flow rates of only 1 ml/h it can take up to an
hour before the medication arrives at the patient through an unprimed line and another hour for the
flow to stabilize [11]. Priming the lines with the administered fluid prevents most of the delay time.
However, dosing errors, originating from the syringe or somewhere else in the line, will arrive at the
patient with a delay because of the start-up effect.

Push-out effect: Mixtures already inside the collecting line (where all drugs mix together) are
influenced by the settings of all the pump speeds. All content in the collecting line is transported at
the total flow rate of all connected pumps. This is the reason that problems occur when the flow rate is
adjusted. For example, consider two pumps that are connected to the same collecting line. Increasing
the speed of pump 1 will result in a temporary overdose of the other, because the fluid stored inside
the collecting line will be pushed out at a higher rate due to the increased total flow [12, 13, 14]. The
process is visualized in Figure 1.3.

Figure 1.3: Illustration of the ’push-out’ effect in two syringe pumps before (a) and after a set point
change (b) [5].

4 Modelling multi-infusion: the effects of flow rate changes and air on drug administration
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1.3.2 Compliance

Various components of the infusion setup are compliant, which will influence the flow rates. Although
the largest contribution in compliance results from the syringes due to the compressibility of the plunger,
other specific components will also alter the total compliance of the system [15, 11]. In the next two
paragraphs the effects induced by compliance are described.

Compliance effect: When the flow rate of one pump is increased, the pressure in the whole infusion
system increases too. This causes further compression of the plungers and expansion of the barrels.
Due to the compression, more volume near the plunger becomes available for the fluid. Initially, the
fluid will substitute the compressed volume of the plunger and will not be extruded at the same time,
so the outflow pauses shortly. During this pause there is no outflow from this syringe, causing a delay
in administration. When the plunger no longer compresses, the flow rate is restored slowly. Because of
this process, it will take longer before the set flow is reached. The compliance effect is characterized
by an inverse exponential decay flow curve over time until the increased set flow rate is reached, as
seen in Figure 1.4. When lowering the set flow rate, the effect is characterized by an exponential decay
flow curve.

Figure 1.4: Illustration of the compliance effect: A syringe is pumping fluid in the direction of the
arrows. If the flow rate is increased, the pressure in the system will increase. Due to this pressure,
components can expand, and thus store extra fluid. The flow rate increase is therefore delayed [15].

Backflow: When the flow speed of one pump is increased, the pressure inside the whole system
will rise and the plunger will compress because of its compliance. The compressed volume can now be
filled by the fluid. If the flow rate between two pumps differs greatly, the fluid can flow back into the
infusion line heading to the pump at the lowest flow rate. This back flow is characterized by dosing
deviations starting with a temporary delivery stop followed by an overdose [12, 16].

Modelling multi-infusion: the effects of flow rate changes and air on drug administration 5



CHAPTER 1. INTRODUCTION

1.3.3 Poiseuille mixing

A Poiseuille flow profile consist of regions with different velocities. The range of velocities over the
diameter causes a spread of potential dosing errors, named Poiseuille ’mixing’ by [9]. Distortions
induced by compliance or dead volume will be influenced by this spreading effect.

1.4 Research objectives

Current solutions to tackle infusion problems are limited to recommendations that try to minimize the
negative side effects of dead-volume, compliance, free flow and occlusions. Instead of only studying
the characteristics of multi-infusion components, this research focuses on predicting the behavior of
the multi-infusion system as a whole. In this way, the flow behavior can be modeled to provide insight
in the interacting effects of multiple pumps. Modelling the effects of flow rate changes and air bubbles
might improve understanding and increase awareness of dosing errors in practice. The ultimate aim of
modeling infusion is to provide medical staff with immediate feedback of the consequences of their flow
rate changes or even making infusion pumps which automatically compensate for unwanted effects as
far as possible.

This study works towards an educational tool which predicts the behavior of infusion systems; it
will indicate when medication is delivered and at which flow rate exactly. The aim of this study is
to make an analytical model which predicts the flow output of two parallel connected infusion pumps
ending in a catheter during flow rate changes. This model will include the effects of compliance,
push-out and dead volume and takes the flow profile into account. The mathematical modeled dosing
errors are compared to the real behavior of different multi-infusion systems retrieved from in vitro
spectro-photometric experiments.

In addition to predicting the combined dosing errors of during a flow rate change, the risks of air
bubbles are evaluated. The general influence of air on the compliance of the system is commonly
known, but the more subtle effects of bubbles during infusion are not yet studied in detail. The effects
which might impair drug delivery are studied one by one to gain insight into their impact. The relevance
of these effects are discussed and a model is presented showing the consequences of bubbles in a line
with an air filter. This detailed review will make it possible to advise clinicians about the invisible
dangers of air bubbles.

6 Modelling multi-infusion: the effects of flow rate changes and air on drug administration



Chapter 2

Literature study

This chapter gives an overview of research about infusion related topics that are used to study the
necessary background for our model. In the first section a synopsis of recent multi-infusion models
is given. The second section elaborates on the model of our research group. In the third section, a
summary is given of the findings about air bubbles in infusion systems. The last section presents an
outlook of modeling multi-infusion. Height differences and valves in multi-infusion are not yet included
in this research, hence a literature review of those subjects can be found in Appendix A for future use.

2.1 Literature overview infusion models

In the past years several studies modeled several aspects of infusion. In table 2.1 an overview is given
of the studies focused on the development or validations of models which predict infusion situations
and components. Fifteen studies are included in table 2.1, of which two Simulink model studies, two
numerical algorithms and five models based on the plug and well-mixed flow.

Most infusion models are designed for very specific circumstances. Modelling research has tended to
focus on understanding behavior of specific components [17, 18, 19, 20] rather than complete infusion
systems. Although these models are essential to comprehend the influence of specific components,
their specificity impedes general application in practice.

More extensive models which take multiple side effects into account, were developed by Murphy
[21] and Lovich [22]. Murphy’s Simulink models attempted to include multiple dosing errors causing
phenomena and therefore combined the effects of resistance and compliance [21, 16]. Lovich took
another approach, their plug and well-mixed models were validated in various situations. These two
models predict the behavior of infusion in several different situations in two extremes, that is the limit
of plug flow and the limit where fluids are completely mixed. Between these two extremes the actual
behavior will be found [22]. These general models were already able to present a more complete picture
of the total dosing errors compared to the specific models.

Some of the aforementioned models do not include a realistic Poiseuille flow profile. Parker [23],
Konings [9] and Hutton [24] have implemented a Poiseuille flow profile in their models. Parker’s
algorithm solves a Taylor dispersion based differential equations numerically to model the drug con-
centrations in the infusion lines. Their approach is limited by the assumption that the compliance
of the system does not play a major role during flow rate changes if the setup has been running at
steady state [23]. This assumption seems only valid in low compliant setups and therefore limits the
applicability to high compliant situations, e.g., setups with 50 ml syringes. On the other hand, the
model of Konings does incorporate compliance, resistance and the Poiseuille flow combined. However,
their model consists of disjoint sections which makes it complicated to model a complete system [9].

All models considered, a model which takes every side effect in consideration and is easy to use, is
still missing. Konings’ model is not yet elaborated in such way that it is easy customizable to different
setups. The algorithm of Parker [23] is promising, but not elaborated enough yet for large scale
implementation. Furthermore, there is a large gap between designing an well-functioning algorithm

Modelling multi-infusion: the effects of flow rate changes and air on drug administration 7



CHAPTER 2. LITERATURE STUDY

and using it in practice. As a well-functioning algorithm in practice might still be far away, a more
complete model which provides insight for clinicians might be a step towards a better use of infusion
systems.

8 Modelling multi-infusion: the effects of flow rate changes and air on drug administration



CHAPTER 2. LITERATURE STUDY

Table 2.1: Literature overview: modelling infusion systems

Author Modeling Method Summary
Jayanthi and
Dabke [2006]
[17]

Flow rate prediction based
on Poiseuille’s law

Predicts the flowrate through a catheter using gravity driven infusion based
on Hagen-Poiseuille’s law to investigate the effects of cannula length.

Levine et al.
[2013] [18]

Resistance prediction
based on Poiseuille’s law

Prediction of the resistance of multi-lumen extensions according to the
Poiseuille equation.

Hutton and
Thornberry
[1986] [24]

Laminar flow model for
instantaneous injected
volume delivery

Models the behavior of the injectate which mixes with the main flow using a
laminar flow model considering the concentration under conditions of
Poiseuille flow.

Chen et al.
[2002] [19]

Modified Bernoulli equa-
tion

Fluid in the lines is modeled by using a modified Bernoulli equation from [25].
Pressure, mean velocity, elevation, and the total frictional pressure loss are
taken into account to relate the flow rate with the pressure in intravenous
catheters of a fluid resuscitation system.

Simon et al.
[2011] [20]

Generalized Maxwell model
for pressure/flow estima-
tions

Models infusion tubes as Maxwell elements which are composed of a spring
and a dashpot to predict gravity-fed infusion outflow. It integrates Torricellis
theorem and considers the continuous change in the internal diameter of the
tubing at the flow control clamp location.

Konings et
al. [2017] [9]

Analytical model Model where contents of the catheter are approached using the Z-transform
and explicit expression are derived. The model incorporated the Poiseuille flow
profile, resistance, compliance and internal volume to predict dosage errors.

Murphy and
Wilcox
[2009] [21]

Simulink model The Poiseuille equation and compliance relation are combined in a Simulink
model. This mathematical model of a one infusion pump system predicts the
outflow during a pump height change.

Murphy and
Wilcox
[2010] [16]

Simulink model A model based on the Poiseuille equation of a two syringe pump infusion
system which takes compliance in consideration. The model is built in
Simulink and used to investigate the volume storage when the patient access
site becomes occluded.

Parker et al.
[2015] [23]

Numerical algorithm The algorithms numerically solves on Taylor dispersion based differential
equations to model the drug concentrations in the infusion lines. The flow
rates of the carrier and drug flows are first raised until they reach the set
level. Then, the algorithm decreases the flow rates rapidly as the correct
concentrations proceed toward their final desired rates as calculated by the
algorithm to maintain a steady drug delivery.

Parker et al.
[2017] [26]

Numerical algorithm This algorithm is an improvement of the algorithm of 2015 [23]. Now the
carrier flow rate is limited to balance the acceleration of the initiation of drug
delivery with the goal of minimizing excess fluid.

Lovich et al.
[2005] [22]

Plug and well-mixed model Plug flow model and well-mixed model to predict the effects of changing the
flow rate of one of the pumps and dead volume during piggy-back infusion.
For the well-mixed model, the concentration of a drug is described with a
differential equation for the mass balance.

Lovich et al.
[2006] [13]

Plug and well-mixed model Continues with the model of 2005 and calculates the mass of drug stored in
the reservoir of the dead volume to predict changes in drug delivery
depending on alterations in carrier flow and infused drug dose rate. Now more
detailed information is available about the interplay of alternating the flow
rates and dead volume on perturbations in drug delivery.

Lovich et al.
[2007] [27]

Plug and well-mixed model Continues with the model of 2005 and aims to predict the kinetics of drug
delivery through different central venous catheters.

Ma, Lovich
et al. [2011]
[28]

Plug and well-mixed model Continues with the model of 2006 to evaluate infusions in pediatric
anesthesia. Especially the effects of dead volume and infusion rates on the
delivery of drugs were investigated.

Tsao, Lovich
et al. [2012]
[29]

Plug and well-mixed model Continues with the model of 2005 and 2006. This study models how
steady-state drug delivery is affected by a second drug infusion in the same
lumen.
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2.2 Analytical multi-infusion model of Konings et al.

Konings et al. developed a framework of equations which describe the influence of compliance, dead
volume and Poiseuille mixing effects on the administration. The mathematical framework especially
includes the effect of the Poiseuille profile. The framework consists of explicit expressions for a two
pumps setup (Figure 2.1) that relate the dosing errors to hardware parameters (resistance, internal
volume of the catheter, and the mechanical compliance of the syringes) and pump flow rate settings
[9].

The system containing two pumps, connected to a catheter with extension lines is shown in Figure
2.1. Pump 1 is set to increase or decrease in flow rate at time tstart. Pump 2 is kept at the same
flow rate the entire simulation. The model designed in Chapter 3 is based on the equations derived by
Konings et al., therefore a comprehensible recap of their paper is given in the following sections.

Konings et al. derived formulas for RC, push-out and distorted RC effects, which will be elaborated
step by step. First the dosing errors related to the resistance and compliance during a flow rate change
are derived from an electrical equivalent circuit. Because it is impractical to include the dead volume
effect in this electrical approach, the push-out effect in combination with Poiseuille flow was derived
subsequently in a different fashion. In the third section, the influence of the flow profile on the RC
dosing error of Pump 2 is explained, and characteristic deformation parameters of the dosing error are
derived.

Pump driven syringe

Extension line

CatheterCollecting line

M P

Figure 2.1: Infusion setup which is modelled, with mixing point M and the point P (catheter tip) where
the contents of the catheter are released in the bloodstream.

2.2.1 Dosing error derived from electrical equivalent circuit

A convenient way to model a multi-infusion system is as a RC circuit. Konings et al. modeled the
setup of Figure 2.1 into an electrical equivalent circuit shown in Figure 2.2. In this figure R1,2 represent
the resistances of line 1 and line 2, C1,2 the compliance of syringe 1 and 2 and Rcath the resistance
of the catheter. Expressions for the dosing error were derived from this circuit using Kirchhoff’s laws
and the step input signal (shown in Figure 2.3).

The output of the RC circuit is visualized in Figure 2.3. In the red curve, representing Outflow 1,
the compliance effect can be clearly distinguished as it shows a typical RC step response. The curve of
Outflow 2 coincides with the input of pump 2, except for the interval immediately after the flow rate
change at tstart at 0.2 h. In this interval a distorted dip emerges in the outflow, which is caused by
the compliance effect. This dip occurring in Outflow 2 due to RC effects during a flow change will be
referred to as ’RC dosing error of Pump 2’ and can be described as Equation 33 from [9].

Because the RC circuit is an electrical simplification of a system determined by fluid dynamics, the
dead volume effect is not included. The absence of dead volume means that the RC dosing error of
Pump 2 now occurs immediately after tstart, instead of later in time. The dead volume effect and
accompanying flow profile will play a major role in section 2.2.3, where the delay and deformation of
the RC dosing error of Pump 2 are dealt with.
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Pump 1 C1

R1

Rcath

Patient

R2

C2 Pump 2

Figure 2.2: Electrical circuit which is the electrical equivalent of the multi-infusion setup with 2 pumps
in Figure 2.1. Pumps and syringes are replaced by current sources and capacitors. The infusion line
and catheter are replaced by resistors.

h

h

RC dosing error of Pump 2

Figure 2.3: Input and output of the multi-infusion resembling circuit of Figure 2.2.
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2.2.2 Push-out effect in combination with Poiseuille flow

The main weakness of this electrical model to predict infusion, is that dead volume effects are not
incorporated. Therefore Konings et al. derived equations which calculate the delay in outflow caused
by the dead volume.

It is straightforward to quantify the required time to fill the dead volume in the case of a plug flow
profile. The collective dead volume Vcath [ml] is the internal volume as measured from the mixing
point (where medication from all syringes comes together) up to the distal catheter tip. Since the fluid
inside an infusion line travels with a flow rate u [ml/h], the delay time tdelay is easily calculated as

tdelay =
Vcath
u

. (2.1)

Figure 2.4 shows the outflow if the push-out effect was the only factor that affects the flow rate.

h

h

tdelay

Push-out e!ect

dela

Figure 2.4: Push-out effect

In reality a plug flow profile does not occur in this situation, instead the flow is characterized by
a Poiseuille flow profile. So the delay caused by a Poiseuille flow profile is calculated instead. In a
Poiseuille flow profile the fluid particles travel faster at the center line than near the wall of the tube
because of the parabolic flow profile shape. The velocity along the center line equals twice the average
velocity, which means that the tip of the flow profile reaches the end point of the catheter in a time
t = tdelay/2 according to [9]. The Poiseuille delay time tPoisDelay is defined as

tPoisDelay =
tdelay

2
[9]. (2.2)

However, it should be noted that the concentration profile will disperse over time and affect the first
arrival time of particles. This process is elaborated in Section 2.2.4.

Figure 2.5 compares the outflow affected by the push-out effect with and without a Poiseuille
profile. The expression for tPoisDelay is used to determine the transition point between the push-out
effect and the start of transition to a stable flow rate. The outflow is constant between the tstart (after
the RC response) and tPoisDelay. From tPoisDelay onward the transition effect (discussed in detail in
Section 3.2.2) will appear.

2.2.3 Poiseuille influence on RC dosing error of Pump 2

In Section 2.2.1 the RC dosing error of Pump 2 is introduced, which was not yet directly applicable
to multi-infusion. Originally, the RC dosing error of Pump 2 occurs at the moment of flow change
(tstart). If no infusion line/catheter would be present and the output of the syringe would be measured
immediately, the same results would be obtained as demonstrated in Figure 2.3. However, this is not
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h

h

tPoisDelay

Poiseuille e!ect

Out"ow 1 with Poiseuille e!ect

Out"ow 1 without Poiseuille e!ect

Out"ow 2 with Poiseuille e!ect

Out"ow 2 without Poiseuille e!ect

Poiseuille e!ect

PoisDelay 3tPoisDelay

Figure 2.5: Poiseuille effect

the case. The dosing error in the syringe output is first transported to the end of the line, consequently,
the RC dosing error of Pump 2 is subject to the flow profile. The Poiseuille flow profile deforms the
RC dosing error of Pump 2 in such way that the RC dosing error of Pump 2 dip is spread out in time.
Therefore, the RC dosing error of Pump 2 arrives earlier in the catheter than in a simplified plug flow
profile and is deformed by the parabolic flow profile shape.

Figure 2.6 shows the evolution of the RC dosing error of Pump 2 in time. The left graph depicts
the general RC dosing error of Pump 2 (simplification of Equation 33 from [9]), which would occur if
no dead volume was present. The right graph depicts the reshaped RC dosing error of Pump 2 caused
by the transportation through the catheter. The deformation of the initial dosing error is based on the
variables tcentral, tPoisDelay, and 2σ under influence of the Poiseuille flow profile. The dashed arrows
indicate the location of the RC dosing error of Pump 2 in the catheter.

It is important to understand how the reshaping parameters of the RC dosing error of Pump 2 are
obtained. Since an analytical approach is used, a specific method is applied to reshape the RC dosing
error of Pump 2. In short, this method entails that the mixing effect on the RC dosing error of Pump
2 due to the Poiseuille profile can be described as a convolution [9].

To start with, a generic expression of the concentration contents in the catheter for the Z-transform
is derived. Further, it is known that the Poiseuille flow profile causes a mixing effect which can be
expressed as a linear relation between concentration and distance along the line. Imagine that the
catheter is divided in vertical slices, then this mixing effect is applied to slices in the catheter combined
with a certain weight function. The necessary concentration content in these slices were already
obtained, and can now be altered by the mixing effect in the Z-domain. Therefore, the summation of
the mixing effect multiplied by the weight function can be calculated as a convolution on the generic
expression of the contents in the catheter. In this way are the slices mathematically altered during
transport in the catheter. More details on this method can be found in [9].

The method to alter the RC dosing error of Pump 2 throughout the catheter is executed in the
Z-domain. This means that the characteristics of the reshaped RC dosing error of Pump 2 can also
be obtained in the Z-domain. A possible approach to do this, is to use its moments. A moment is a
specific quantitative measure of the shape of a function and so a moment determines the shape of a
function. Expressions of the moments in the Z-domain can be obtained to reshape the RC dosing error
of Pump 2 and the expressions of the moments of the general (unchanged) RC dosing error of Pump
2. Both moment calculations are necessary to obtain the reshaping variables tcentral, tPoisDelay, and
2σ. Equations for the reshaping variables were derived in [9]; however, additional elaboration of these
equations is required before they can be implemented in a model.
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h

h

tcentral

2σ

tPoisDelay

h

h

General RC dosing

error of Pump 2

Reshaped RC dosing

error of Pump 2

Figure 2.6: On the left the graph of the general RC dosing error of Pump 2, which is a simplification of
Equation 33 from [9] and on the right the reshaped RC dosing error of Pump 2 based on the calculated
variables tcentral, tPoisDelay, 2σ under influence of the Poiseuille flow profile. The dashed arrows
indicate the location of the RC dosing error of Pump 2.
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Figure 2.7: Evolution (from left to right) of the concentration profile acting on an initial plug shaped
injection. a. in the absence of diffusion b. in the presence of diffusion resulting in Taylor dispersion.
Adapted from Angelescu [30].

2.2.4 Taylor dispersion transition

The current approximation used in [9] for the transition from the push-out effect to a steady-state flow
is too simplistic. In Figure 2.5 we discussed the outflow through a catheter of a two pump system.
The transition from tPoisDelay to 3 tPoisDelay is displayed as a straight slope between the two points.
This slope is based on the fact that the Poiseuille profile causes a mixing effect which ensures a linear
relation [9]. This would indeed be correct if no other phenomena would arise. An appropriate equation
for the transition between push-out over/undershoot and the set flow rate is desired to improve the
accuracy of the model.

It is important to understand which phenomena affect the transition. The flows occurring in the
infusion system exist on the edge of the micro-flow regime. This means that viscous forces are equally
or even more important than inertial forces. The infusion system is concerned with slow and small-scale
flows, where effects such as Taylor dispersion play a major role. The flows are characterized by low
Reynolds numbers and a high Péclet number (as shown in Appendix Table D).

Taylor dispersion is diffusion caused by a gradient in the flow velocity profile and occurs under
specific conditions. In the case of a Poiseuille profile, the flow velocity will shape the plug flow of dye
into a parabola. Subsequently, diffusion blurs the boundaries of the parabolic concentration gradient.
The diffusion occurs perpendicular to the flow direction, known as Taylor dispersion. Particles on top
of the parabolic shape diffuse in the direction of the wall and particles at the bottom of the parabola
diffuse towards the center of the line. In the end, dispersion smooths out the radial concentration
gradient until a plug with an only axial varying concentration profile remains. This process is visualized
in Figure 2.7. The smeared plug will move downstream at the average flow velocity [30, 31, 32].

Taylor dispersion occurs under two specific conditions:

1. The first condition assures dispersion only occurs when the diffusion time across the channel
is shorter than the convective transport along the channel. In other words, the time needed for
particles to diffuse with diffusion coefficient D in radial direction over the intersection with radius
r should be smaller than the time needed to travel a distance L along the channel at average
velocity U . Hence following equation must hold

r2

D
� L

U
(2.3)

to have a regime in which diffusion is relevant [30]. If this condition is not fulfilled, no Taylor
dispersion would occur.

There is no complete agreement on the exact formulation of this first condition. Until now
slightly different equations have been used in several researches. Recent literature generally
applies Equation 2.3 [33, 34, 30], while older studies tend to multiply a factor with the diffusion
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coefficient [35, 36, 37, 38, 39]. Despite the different versions, the situations in this research meet
the most strict requirement of Equation 2.3.

2. The second condition ensures that the diffusivity is not dominant, which would otherwise cause
the dispersive effect to be negligible. This means that the diffusion time across the cross section
of the line should be slower than the convection time corresponding to the radius. Therefore,
following condition

r2

D
� r

U
(2.4)

should be fulfilled. If previous condition is not accomplished, convection would not influence the
axial spreading of the concentration profile [30]. In order that the longitudinal molecular diffusion
may be negligible compared with the dispersive effect Taylor [36] defined following limitation,

r U

D
� 6.9 (2.5)

which can be rewritten as P é� 13.8. The equation has the same meaning as Equation 2.4. In
general, axial molecular diffusion is only important for Péclet numbers less than about 100 [40].

When both conditions are full-filled, Taylor dispersion will arise. The dispersive effect can be
introduced in the model with equation 29 of [32], which describes dispersion as en error function.

2.3 Air bubbles

When using infusion devices, small air bubbles may develop or get trapped inside the system. When
temperature and pressure changes take place, the bubbles can increase in size. Despite adequate
priming, air bubbles regularly occur in clinical practice [41]. Ideally air bubbles should be avoided, but
avoiding air collecting inside the infusion system is quite an effort.

Most air bubbles in infusion lines eventually arrive in the patient, where their presence is not without
risks. Gas bubbles that enter the body follow the blood stream until they obstruct small vessels, which
can cause (lethal) complications [42, 43, 44, 45]. Though there is no consensus on the size from which
air bubbles are harmful, it is generally thought them being a clinical threat from roughly 50 µl onward
[41, 46]. Because of the associated risks, larger bubbles are avoided as much as possible, but smaller
bubbles can remain in the administration set despite the best efforts of caregivers. Although a smaller
total infused volume of air is less hazardous in the body, smaller gas bubbles can have adverse effects
on drug delivery as well [46].

Air entrapped in infusion setups has a negative influence on the zero drug delivery time, which is the
undesired time without infusion [47]. Schulz et al. studied the effect of entrapped air on drug delivery
after a vertical displacement. A pump with a 50 ml syringe at a flow rate of 1 ml/h was lowered 50
cm, which prolonged the zero drug delivery time with approximately 51% when 1 ml air was included
in the syringe. If 2 ml air was included the zero drug delivery time increased with approximately 220%
[47]. These results clarify the effect bubbles have in an infusion setup.

The origin of the prolonged zero drug delivery time and delayed time for occlusion alarm to sound
can be found for the largest part in the increased compliance of the system caused by the bubbles. It is
shown that air bubbles increase the compliance of the setup up to 10% for a 10 ml syringe setup and
5% for a 50 ml syringe setup [48], but this increase is probably dependent on the size of the bubble.
Increased compliance causes air bubble to disturb the detection of occlusions in setups. Multiple studies
confirmed that including air in IV-sets results in a longer time before an occlusion alarm sounds after
occlusion of the infusion line [47]. Furthermore air bubbles do increase the resulting infusion bolus
after the occlusion is resolved [47].

The presence of small air bubbles in delivery lines incorporating a pressure-sensing disc can result
in unstable fluid delivery according to Davey et al. [46]. Air bubbles get stuck inside the pressure disks
and temporarily block the fluid pathway. The path is blocked until the pressure becomes high enough
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while the pressure disk inflates to move the bubble. When the pressure lowers and the pressure disk
deflates, the bubble will return to its blocking position and the process repeats. This results in a fast
oscillating outflow rate with large deviations from the intended flow rate of 1 ml/h [46].

Air bubbles passing through a line which does not lie horizontal influence the outflow when ascending
and descending. Davey et al. gravimetrically investigated the administration when a larger air bubble of
70 ml proceeds through an infusion line with a pressure disk and alternately ascending and descending
pathways. They observed that the bubble passing through upward and downward sections of tubing
was related to changes in fluid pressure upstream of the bubble. The upstream fluid pressure controls
the output and changes herein will increases or decrease the flow at the outlet. In the vertical sections
of the line a hydrostatic pressure difference arises where the air bubble counteracts the flow on its way
down and supports the flow when going upwards due to buoyancy. This outflow behavior was produced
by the bubble in combination the additional compliant effect of the pressure disk [46].

Batista et al. investigated the flow rate error in setups with and without air bubble. The flow
rate error was determined for a 10 ml B. Braun Omnifix syringe and a B. Braun OPS 50 ml syringe,
connected to a 1.5 m line. The flow rate error did not change significantly when the set up included
extra air [48].

Air bubbles can be reduced by using filters [49, 41] but this raises other adverse effect like increased
compliance and the add-on to the tubing increases resistance to flow, as indicated by a pressure drop
through the filter [50]. According to work from Batista et al. filters have the biggest influence on the
compliance of the system because of air trapped inside [48]. Besides that, having more elements in a
setup increases the risk of having air trapped in the set-up, which also influences the compliance and
so the start-up delay [48].

In general, these studies suggest that air within infusion syringes adds an additional compliance
term to the total compliance of the system, which acts on the zero drug delivery time, occlusion alarm
time and interact with filters. Several works concluded that because of these negative consequences
any air in infusion systems should be avoided or carefully removed.

2.4 Outlook of modeling multi-infusion

Numerous attempts are made to predict multi-infusion and to quantify the consequences of air bubbles.
Still there is a need for a more complete multi-infusion predicting model and a better understanding of
the impact of bubbles. Several things are still lacking in current research.

No complete model exists yet which shows the dosing error including compliance, push-out, dead
volume effects and takes the flow profile into account. Until now only separate equations are available
which predict the dosing error of a specific side effect, but a complete model which combines all
effects is nonexistent. Uniting earlier insights about infusion would make a major contribution to the
understanding of multi-infusion.

Although air bubbles are generally omitted in infusion lines as much as possible, the detailed
consequences of bubbles in infusion are poorly understood. Especially in situations where bubbles occur
in the lines but will not enter the patient, risks are not always recognized. A better understanding of
the influence air bubbles might make clinicians more aware of the potential hazards.

In the specific case where we continue to work from Konings’ model, one essential transition is
missing. An appropriate equation for the transition between push-out over/undershoot and the set
flow rate is lacking. The current approximation for this transition is over-simplistic. Investigation
of the transition phenomenon in the relevant flow regime would improve the accuracy of a potential
model.
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Chapter 3

Simulation of flow rate changes in
multi-infusion: An in vitro modeling
study

- This chapter is presented in paper format -

Background: Multi-infusion is prone to dosing errors because of the complex interplay
between different factors that disturb the administration of drugs. They lead to unpre-
dictable situations, delayed delivery and over/undershoots of medication. The aim of this
research is to make a complete model which combines all disturbing effects simultaneously.
An analytical model is made which predicts the flow output of two parallel connected in-
fusion pumps ending in a catheter during flow rate adjustments. Methods: A model is
developed starting from equations that describe the influence of compliance, dead volume
and Poiseuille flow effects on administration in function of hardware parameters and flow
rate. These theoretical expressions are specified to apply them in a model. Thereafter
all separate components are joined together into one comprehensive model and the model
is extended with Taylor dispersion. Then the model outcomes are validated with in vitro
measurements. Results: The modeled results are in agreement with the in vitro measure-
ments. Literature values for the resistance and compliance can be used in modeling, but
the accuracy depends strongly on the precision of the characteristic values of the setup.
Although minor inconsistencies, the model shows great potential to predict dosing errors.
Conclusions: The model simulates the outflow of medication including compliance, dead
volume and concentration profile. Progress is made in describing the transition effects and
combining all adverse effects together. The model offers insight into multi-infusion during
flow rate changes, which might be useful in practice.

3.1 Introduction

Infusion devices are indispensable in modern healthcare where 80% of the hospitalized patients depend
on the continuous administration of pharmaceuticals [1]. When multiple drugs are administered intra-
venously at the same time from different infusion devices, this is defined as multi-infusion. Because
the number of vascular access points in the body is limited due to physiological reasons, it is neces-
sary to connect multiple medicines to one single catheter. Multi-infusion is essential for vulnerable
patients who depend on the uninterrupted delivery of multiple drugs. Especially syringe pumps are
useful due their ability to deliver small doses continuously to delicate patients [2]. Administering the
correct amounts of medication is crucial. Unfortunately, infusion setups are not as accurate as generally
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expected by clinical staff. Multi-infusion is prone to dosing errors because of the complex interplay
between different components having various properties. This regularly causes unforeseen situations
in the administration when multiple infusion devices are used simultaneously. During the first nine
months of 2018, eight Dutch hospitals reported almost 200 incidents related to infusion, of which 18
incidents with potentially severe or fatal outcomes [51].

Dosage errors in multi-infusion are caused by mainly three factors; dead volume, mechanical com-
pliance and Poiseuille mixing, which make administration inaccurate and unpredictable. The dead
volume is the amount of volume a drug will flow through before reaching the patient, which delays
the administration. This dead volume can cause an increased or decreased flow rate when the total
flow rate in the catheter is changed [12, 13, 14]. The compliance effect means that due to compliant
components, the volume inside the infusion setup changes during pressure fluctuations. This internal
volume change can cause a decrease in outflow [11]. The effects already have a negative impact on the
administration individually, but combined their effects are even more severe. Together they result in
delayed delivery times and over- or undershoots of medication. Moreover, the interplay of these effects
makes the administration of multiple devices unpredictable and counter intuitive [5].

Many attempts are made to make infusion technology safer and more accurate, which has led
to several recommendations for multi-infusion setups and usage. Current solutions to tackle infusion
problems are focused on recommendations that minimize the negative side effects of dead-volume,
compliance, free flow and occlusions. Although the characteristics of multi-infusion components are
widely studied, the variability among setups used in clinical practice makes it hard to find one general
solution. How the effects of various components combine and what their resulting impact is, is often
not clear.

Providing more insight in infusion situations might help clinicians to make the right decisions. For
example, when the delivery of a drug is increased instantly the patient does not immediately respond to
the increased dose. When no reaction is observed after a certain time interval, additional drug has to be
administered. The exact time interval wherein the drug arrives at the patient is mostly unknown, which
makes it hard for medical staff to intervene at the right moment. Providing information about this
time interval can be advantageous for the patient and could reduce the risk of an over- or underdose.
Modelling could prove a helpful tool to generate these insights.

This paper works towards an educational tool which predicts the behavior of infusion system;
it will indicate when medication is delivered and at which flow rate exactly. For use in the clinic,
it is important that calculations can be performed quickly. Applying numerically fluid visualization
techniques to model multi-infusion is computationally demanding and therefore unsuitable to use in
clinical practice. To circumvent this issue, Konings et al. derived explicit expressions to model infusion
scenario’s. These expressions can be solved analytically, in contrast to conventional time-consuming
numerical CFD simulations [9].

The aim of this paper is to make an analytical model which predicts the flow output of two
parallel connected infusion pumps ending in a catheter during flow rate changes. This model will
include the effects of compliance, push-out and dead volume and takes the flow profile into account.
The mathematical modeled dosing errors are compared to the real behavior of different multi-infusion
systems retrieved from in vitro spectro-photometric experiments. Getting insight in the combined
effects, and knowing how they alter the flow is an important step to a realistic multi-infusion model.

The model will be based on the equations derived in ’Analytical method for calculation of deviations
from intended dosages during multi-infusion’ [9]. More details about these mathematics and additional
equations needed to transform the analytical framework to a workable model are derived in the next
section. The results and discussion sections investigate how well the developed model approaches the
in vitro experiments.
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Figure 3.1: Infusion setup which is modelled. Where M is the mixing point of the fluids and point P
(catheter tip) where the contents of the catheter are released in the bloodstream.

3.2 Method

To develop a multi-infusion simulation model, we adapted the method by Konings et al. [9]. This
method presents a framework of equations which describes the influence of compliance, dead volume
and Poiseuille flow effects on administration. The framework consists of explicit expressions for a two
pumps setup that relate the dosing errors to hardware parameters (resistance R, internal volume of the
catheter, and the mechanical compliance C of the syringes) and pump flow rate settings [9].

Our system contains two pumps, connected to a collecting line with extension lines as shown in
Figure 3.1. The collecting line is connected to a catheter, which together will be considered as one
part wherein the disturbance due to the change in diameter in the connection point is neglected. The
dead volume inside the collecting line and catheter is defined as Vcath. Pump 1 is set to increase or
decrease in flow rate at time tstart. Pump 2 is kept at the same flow rate the entire simulation. The
system uses equations of separate effects:

1. Equations for the push-out effect, including the influence of the flow profile.

Equation 3.22 [9] in Appendix II, which describes the push-out effect, will be implemented in the
composite model. How the push-out effect alters a two pump set up is demonstrated in Figure
3.2. In this figure, Poiseuille delay time tPoisDelay is the time needed for fluid to arrive at the
patient in case of a Poiseuille flow,

tPoisDelay =
tdelay

2
[9], (3.1)

with delay time tdelay, the time needed for fluid to arrive at the patient in case of plug flow,

tdelay =
Vcath
u

[9]. (3.2)

2. Equations for the RC dosing error of Pump 2 during a flow rate change, including the influence
of the flow profile.

The RC dosing error of Pump 2 is the dosing error caused by resistance and compliance effects
during a flow change. The dosing error of Pump 2 is shown in Figure 3.3 as the dip in the outflow
in step 2. Figure 3.3 elucidates the procedure of the second concept of Konings et al. in a visual
synopsis. The procedure to obtain equations for the RC dosing error of Pump 2 can be divided
into five steps.

Step 1 The dosing errors related to the resistance and compliance during a flow rate change are
derived from an electrical equivalent circuit. The shape of the initial RC dosing error of
Pump 2 is described as in Equation 3.23 [9] in Appendix II.

Step 2 The in- and output of the circuit of step 1 are generated. It is impractical to include the
dead volume effect in this electrical approach, consequently, it is more convenient to add
this effect in the following step.
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Figure 3.2: Outflow with and without Poiseuille effect

Step 3 The push-out effect in combination with Poiseuille flow is implemented in step 3, where
the Poiseuille flow profile disturbs the dosing error which is transported through the
catheter.

Step 4 The influence of the flow profile on the RC dosing error of Pump 2 is calculated and
characteristic deformation parameters of the dosing error are derived.

Step 5 A corrected version of step 2 is now presented in step 5 wherein the characteristics of the
new RC dosing error of Pump 2 can be described with Equations 27-31, 42 of [9], which
will be elaborated in the next section.

The Konings model [9] consists of separate equations. Up till now only separate equations predict
the dosing error of a specific side effect, but a complete model which combines all effects simultaneously
did not exist. In our current implementation all equations are integrated in one model that simulates
outflow of medication and includes effects like compliance, dead volume and flow profiles. To transform
the two mathematical concepts of Konings et al. to an operable model, some additional equations
have to be included.

This section continues with the elaboration of the deformation parameters of the RC dosing error
of Pump 2 and derives additional needed equations. Thereafter the model is extended with dispersion,
which characterises the transition from the push-out effect to the set flow rate. When all parameters
and equations are obtained, all separate components are joined together into a comprehensive multi-
infusion model. This complete implemented model will consist of the components displayed in Figure
3.4. All necessary equations are discussed in the following sections.
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Figure 3.3: Overview of the method of Konings et al. [9]: 1. Electrical circuit representing the multi-
infusion setup with two pumps. 2. Input and output of the multi-infusion resembling circuit. 3. The
RC dosing error of Pump 2 is reshaped under the influence of the Poiseuille profile. 4. On the left the
graph of the general RC dosing error of Pump 2 from Equation 3.4 and on the right the reshaped RC
dosing error of Pump 2 based on the calculated variables tcentral, tPoisDelay, 2σ under influence of
the Poiseuille flow profile. The dashed arrows indicate the location of the RC dosing error of Pump 2.
5. The resulting outflow corrected for the flow profile.
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Set values for setup variables: initial flow rates, flow
rate change, R, C, start time and catheter volume

1© The push-out effect is calculated from Equation 3.2 and 3.1

2© The RC start-up effect is incorporated in the push-out ef-
fect during the flow rate change of pump 1 as the inverse of 3.4:

ustart−up(t) ≈ ∆QPush−out

[
1− 1

2

(
e
− 100 t
CsyrRcath − e−

t
2CsyrRcath

)]
(3.3)

3© Implement the transition with Taylor disper-
sion Equation 3.19 between tPoisDelay and 3 tPoisDelay

4© The equations from 3.2.1 calculate the variables to obtain
the reshaped RC dosing error* eq. 3.33, which adds to 3©

All effects are combined together in one graph,
wherein the flow rate is plotted in function of time

Figure 3.4: Overview of the steps of the model.

3.2.1 Influence of Poiseuille flow profile on RC dosing error of Pump 2

First implementation of the Konings model is to include Poiseuille influence on the RC dosing error of
Pump 2, when the RC dosing error of Pump 2 is transported through the catheter.

The RC dosing error of Pump 2 is described in Equation 3.23 [9] in Appendix II as a rather lengthy
equation, but can be simplified. Although very small variations between components of the same type
can occur, the resistances of the two identical extension lines R1 and R2 are assumed to be equal.
Both R1, R2 and the resistance of the collecting line are assumed to be small compared to Rcath,
because the catheter has a much smaller diameter than the other lines. Therefore, the resistances will
be described as a function of the catheter resistance Rcath. Furthermore, the compliance of the two
identical syringes C1 and C2 are assumed to be equal and are referred to as the compliance of the
syringe Csyr. Applying these assumptions to Equation 3.23 [9], results in following expression of the
RC dosing error of Pump 2, ψ(t).

ψ(t) ≈ −1

2
∆Q

(
e
− 100 t
CsyrRcath − e−

t
2CsyrRcath

)
, (3.4)

where ∆Q stands for the change in flow rate of pump 1 and t denotes the elapsed time.
To include Poiseuille flow, Equation 3.4 needs adjustments for the parameters tcentral, tPoisDelay,

2σ from Figure 3.3, which are influenced by the Poiseuille flow profile [9]. The method to alter the
RC dosing error of Pump 2 throughout the catheter is carried out in the Z-domain. This means that
the characteristic parameters of the reshaped RC dosing error of Pump 2 can also be obtained in the
Z-domain. A possible approach to do this, is to use its moments. Moments are a specific quantitative
measure of the shape of a function, so a single moment determines one aspect of the shape of a
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function. Expressions of the moments are derived in the Z-domain to reshape the RC dosing error of
Pump 2 and the expressions of the moments of the RC dosing error of Pump 2. Most equations for
the parameters were already derived in [9]. These equations were elaborated to be implemented in a
model.

Two kinds of moments are calculated: those from the Z domain and those from the RC dosing
error of Pump 2. Afterwards the characteristic parameters are obtained by equating the moments from
the Z domain to the moments of the RC dosing error of Pump 2, to obtain the reshaping parameters
tcentral, tPoisDelay, and 2σ. An extensive derivation of the moments and parameters can be found in
Appendix III.

Moments from Z domain

First the moments from Z-transform are calculated directly to provide the characteristics to which the
general RC dosing error of Pump 2 should be deformed.

• Zeroth moment: The zeroth moment in the Z-domain 0thZ is calculated according to Equation
27 from [9],

0thZ ≈
L

γVcath
∆QRcathCsyr, (3.5)

with γ the length of a vertical slice (voxel) and L the length of the catheter and collecting line.

• First moment: The first moment in the Z-domain 1stZ is described by Equation 29 of [9], which
can be written as

1stZ =
4L∆QC2

syrR
2
cathufinalN

2

LV 2
cath

(3.6)

with ufinal1 the final flow rate of pump 1. Calculating tcentralZ , the tcentral in the Z-domain,
using Equation 30 of [9] results in

tcentralZ = 4RcathCsyr (3.7)

• Second moment: The standard deviation σZ is already derived in [9] and can be implemented
directly,

σZ =

√
C2
syrR

2
cath

(
(∆Q)2 + 12 ∆Qufinal1 + 48 u2

final1

)
+ 3 V 2

cath

√
3 ufinal1

. (3.8)

Moments from the reshaped RC dosing error of Pump 2 due to the Poiseuille profile

To quantify the new shape of the RC dosing error of Pump 2, the zeroth, first and second moment are
calculated from the equation of the reshaped dosing error. The reshaped RC dosing error of Pump 2
ψres will have following shape

ψres(t) = −1

2

(
e−

100 t
RCres − e−

t
2RCres

)
∆Qres (3.9)

The new reshaped value for Rcath ·Csyr is named RCres and ∆Qres is the new reshaped ∆Q due
to the Poiseuille flow profile.

• Zeroth moment: The zeroth moment of the reshaped RC dosing error of Pump 2 is calculated
by integrating the RC dosing error of Pump 2. The final result is approximated as

0thψres ≈ ∆QresRCres. (3.10)
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• First moment: The first moment of the reshaped RC dosing error of Pump 2 ψres, is calculated
as

1stψres ≈ 2 ∆Qres (RCres)
2. (3.11)

tcentralψ is the central moment of the reshaped RC dosing error of Pump 2. Using the definition
of tcentralψ results in

tcentralψres =
1stψres
0thψres

= 2RCres. (3.12)

• Second moment: The central second moment is calculated as

2ndψres ≈ 4 ∆Qres (RCres)
3. (3.13)

The standard deviation of ψres, σψres , results in

σψres =

√√√√2ndψres
0thψres

= 2RCres. (3.14)

Derivation deformation parameters

In the last section, we obtained the parameters for tcentral, σ and earlier also tPoisDelay in Equation
3.1. These and the moment equations are now used to quantify the variables to insert in the equation
of the reshaped RC dosing error of Pump 2. The reshaped RC dosing error of Pump 2 will have
following shape, now including the additional displacement in time tExtra, time over over which the
reshaped RC dosing error is displaced.

ψres(t) = −1

2

(
e−

100 (t−tExtra)

RCres − e−
t−tExtra
2RCres

)
∆Qres (3.15)

• RCres can be obtained from 3.14 as

RCres =
σψres

2
=
σZ
2

(3.16)

Because the σ’s should match, σψres can be substituted by σZ , which variables are all input
values.

• Secondly the new value for the ∆Qres is obtained by rearranging Equation 3.10 and substituting
3.16,

∆Qres =
0thZ

RCres
= 2

0thZ
σZ

(3.17)

• Additional displacement is calculated by adding the additional delay time, thus tExtra results in

tExtra = tcentralZ − tcentralψ + 3 tPoisDelay

= 4RcathCsyr − 2RCres + 3 tPoisDelay,
(3.18)

where the 3 tPoisDelay is added as the reference point for the displacement.
The last four derived equations can now determine the reshaped RC dosing error of Pump 2 ψres

with the initial values of the flow rates, flow rate step ∆Q, Vcath, R and C. This reshaped dosing
error can now be implemented to model the multi-infusion system.
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3.2.2 Taylor dispersion transition

An appropriate equation for the transition between push-out over/undershoot and the set flow rate is
lacking. The current approximation used in [9] for the transition from the push-out effect to a steady-
state flow is over-simplistic. In Figure 3.2 we discussed the outflow through a catheter of a two pump
system, where the transition from tPoisDelay to 3 tPoisDelay is displayed as a straight slope between the
two points. This slope emerges from the fact that the Poiseuille profile causes a mixing effect, which
ensures a linear relation [9]. This is correct if no other phenomena would arise, however this is not the
case. Instead, the transition is affected by Taylor dispersion, because the flows are characterized by
low Reynolds numbers and a high Péclet number. The infusion system is characterized by slow and
small-scale flows, where effects such as Taylor dispersion play a major role.

Taylor dispersion is diffusion caused by a gradient in the flow velocity profile and occurs under
specific conditions. In the case of a Poiseuille profile, the radial flow velocity gradient will blur the
boundaries of the parabolic concentration profile and smooth out the radial concentration gradient
until a plug with only an axial varying concentration profile remains. The smeared plug will move
downstream at the average flow velocity [30, 31, 32].

Taylor dispersion occurs under two specific conditions; these ensure that diffusion time across
the channel is shorter than the convective transport along the channel and that the diffusivity is
not dominant [36]. The situations in this research meet both requirements according to the flow
characteristic numbers, which can be found in Appendix D.

The dispersive effect is introduced in the model with equation 29 of [32], which describes dispersion
as:

c

c0
=

1

2
+

1

2
erf

(
x− U t

2
√
kt

)
k =

r2 U2

192D

(3.19)

with c the concentration, c0 the initial concentration, r the average radius, U the average velocity and
x the position along the line. Because the lines are bend, Dean flow could have been an additional
influence on this profile. However, the Dean number is so small that this effect is negligible.

3.2.3 Compilation and implementation multi-infusion model

The various equations described earlier can predict the administration all together. Konings’ [9] equa-
tions of separate events that influence dosing errors and additional equations described in the previous
section can now be combined into one extensive model. Figure 3.4 presents an overview of the steps
taken by the program to visualize the total administration. All components are first calculated separ-
ately and added step-by-step in one graph.

3.2.4 Validation

Validation measurements

The model will be validated by a comparison with in vitro measurements. Therefore, the outflow of two
different fluids in the setup of Figure 2.1 is measured with absorption spectrophotometry. Real-time
inline absorption spectrophotometry is used to measure the concentration of the two dyes inside an
infusion line. This technique is based on the fact that different dyes have different light absorption
spectra such that the different fluids, that mimic pharmaceuticals, can be distinguished.

The absorbance spectra of the dyes in the central line are measured inside the flow cell (Z flow cell
w/SMA 905, FIAlab), see Figure 3.5. The mixture of diluted dyes inside the flow cell absorb light from
the light source (SLS201L/M, THORLABS) at a specific wavelength range.

To determine the concentration of different dyes in the mixture, a linear regression calibration
method is used [52]. The linear regression Equation 3.20 describes the relation between spectral
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absorbance and its concentration. Multiple of these equations are applied for each absorber at a
selected wavelength.

Ai = ai · ci + bi. (3.20)

Here, Ai is the absorption of dye i at its characteristic wavelength (wavelength at which the dye absorbs
the most light), ai is the regression coefficient of dye i, ci is the concentration of dye i and bi is the
intercept value of the regression model of dye i. Coefficient a and b are obtained by finding the linear
relation between the measured intensity at its characteristic wavelength and the concentration during
calibration measurements. Subsequently, the vectors a and b are available for actual measurements to
find the unknown concentrations c from the measured absorbance spectra A. The flow rate of each
dye is calculated from the measured outflow, concentration, and the starting concentration of every
syringe.

Figure 3.5: Illustration of experimental setup.

The multi-infusion setup, illustrated in Figure 3.5, performs the flow and spectrometric measure-
ments. Two 50 ml syringes (Plastipak, BD) with two different dyes are connected to an extension set
(Alaris CC & P7000 G30302M, BD). These lines are attached to an y-connector (SmartSite Extension
Set, BD), which is connected with perfusor lines (71100.20, Vygon) to a double lumen umbilical cath-
eter (1272.04, Vygon) which enters the flowcell. A light source and spectrometer (QE65000, Ocean
Optics) are coupled to the flow cell via two optical fibers (600 m UV-VIS, Ocean Optics). From the
flow cell the fluid is led to the Coriolis mass flow meter (Coriflow M12P, Bronkhorst) which measures
the total outflow. MATLAB R2017a (Mathworks) is used for data analysis. After the flow meter an
infusion line leads the fluid to a measuring cup.

During experiments, the pumps (Alaris CC Plus, BD) are first set to a specific flow rate. When a
steady flow rate is reached, the flow rate of pump 2 is changed to a different value. The experiment
is repeated 6 times.

Two different dyes, Indigo Carmine (IC) and Allura Red (AR), are used in the experiments. For
modelling purposes, the diffusion coefficient of Allura Red at 4.34·10−6 cm2/s [53] will be used in the
model, although also different diffusion coefficients are found for AR and IC in literature [54, 55].

Verification RC values

The model requests values for R and C, which are acquired from literature. Because the values of R
and C depend on the specific setup, they might be hard to approach with literature values. Therefore,
the RC time from the measurements is compared to the RC time based on the literature values, to
check whether literature values are specific enough to use in modelling. The RC time is deduced from
in vitro measurements with Equation 3.3.
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3.3 Results

3.3.1 RC values

First the RC time is determined using the setup. The literature values of R and C are compared with
the in vitro measured values in Table 3.1. The R value, retrieved from [56], is 1145 Pa·h/ml for both
the catheter and flow meter together. The C value found in literature for a 50 ml syringe is 1.5 · 10−5

ml/Pa, where the compliance of the line is negligible [48]. Because the difference between literature
and measurement values appears small, the literature values are used during the evaluation of the
model.

RC time (h) C (ml/Pa) R (Pa·h/ml)

Literature 0.017 1.5 · 10−5 1145
in vitro measurements 0.02 ± 0.01 - -

Table 3.1: Comparison between RC times from literature and in vitro measurements.

3.3.2 Simulations

The six in vitro measurements showed comparable behavior. The results of three of three of them are
presented in Figure 3.6 and 3.7, combined with the model outcomes. Figure 3.6 shows the output of
the two pump infusion system of Figure 3.1 where the flow rate of pump one is increased from 3 ml/h
to 5 ml/h. First thing to notice is the similarity between the experimental and modeled outflows, which
seem to coincide in most places. The graph of Figure 3.6 is accompanied by numbers representing the
different effects as presented in Figure 3.4. We recognize the large push-out effect at number 1. The
pushed out volume in the outflow of pump 2 is in the beginning characterized by the RC start-up effect
at number 2. At the end of the push-out effect, the outflow in pump 2 decreases gradually because of
the transition of the concentration profile at number 3. The Reshaped RC effect adds to the start of
this transition as a subtle increment at number 4. The outflow of pump 1 shows the opposite transition
at number 3 and 4 and increases until the set flow rate is reached.

Figure 3.7 shows the experimental and modeled output of a system where the flow rate of Pump
1 was increased from 4 ml/h to 6 ml/h and afterwards back to 4 ml/h, while Pump 2 was kept at 2
ml/h. The same behavior as in Figure 3.6 is visible during the flow rate increase and in the opposite
direction during the flow rate decrease. The graphs of both pumps coincide mostly, but the modeled
output deviates somewhat more from the experimental output during the final transitions to the set
flow rate.

The pumps have an accuracy of ± 2% their flow rate [57], however, the measurement uncertainty is
larger, up to ± 0.25 ml/h. The measurements have a large uncertainty because low concentrations of
dye are used in the experiments. This makes the measured flow rates more susceptible to inaccuracies
in the preparation of the solutions and therefore more prone to flow rate deviations. Because flow
rate deviations are most likely due the measurement uncertainty, the model’s initial and final flow rate
output of pump 1 was adjusted to match the offset in the in vitro measurements. This makes it easier
to compare the measurements and modeled outcomes.

3.3.3 Dosing error volume

The modeled flow rate of Pump 2 first causes an overshoot and afterwards a slight undershoot, as seen
in Figure 3.6. The volumes of these over/undershoots are presented in Table 3.2. The major dosing
error volume of Pump 2 is the volume calculated between the first two intersections with the set flow
rate. The minor dosing error volume is the volume calculated after the second intersection with the set
flow rate. In the in vitro measurements the major dosing error is not ensued by a minor error, which
means that the minor error only occurs in the model.
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Figure 3.6: Comparison a© between in vitro measurements, model outcomes and set flow rates. The
flow rate of Pump 1 was increased from 3 ml/h to 5 ml/h, while Pump 2 was kept at 2 ml/h. The
model is adjusted to correct for the offset of the in vitro measurements. The administration distorting
effects are numbered: 1. Push-out effect, 2. RC start-up effect, 3. Transition with Taylor dispersion, 4.
Reshaped RC dosing error of Pump 2 added to the Taylor transition. All effects occur in both curves.

Figure 3.7: Comparison b© (left) and comparison c© (right) between in vitro measurements, model
outcomes and set flow rates. The flow rate of Pump 1 was increased from 4 ml/h to 6 ml/h and
afterwards to 3 ml/h, while Pump 2 was kept at 2 ml/h. The model is adjusted to correct for the
offset of the in vitro measurements.
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Pump 2 Major dosing error Major dosing error Minor dosing error
of measurement (ml) model (ml) model (ml)

Comparison a© (Fig. 3.6) 0.23 0.26 -0.024
Comparison b© (Fig. 3.7) 0.19 0.17 -0.025
Comparison c© (Fig. 3.7) -0.35 -0.29 0.036

Table 3.2: Comparison of the approximated dosing error volumes of the Pumps 2 of the three meas-
urements and the modeled results.

3.4 Discussion

3.4.1 RC values

The values for R and C found in literature and obtained from the measurements are similar, but not
equal. As the deviation is small, we choose to use literature values in our model, as that gives separate
R and C values and is more ease to use in our model. Using the literature values mimics the scenario
wherein the specific RC time of a setup is unknown. Now it can be checked whether general literature
values suffice to give an accurate prediction of the administration, even without an exact RC value.
The approximation from literature seems accurate enough to make decent assumptions about dosing
errors. This means that using values found in literature can be specific enough to use in the model.

3.4.2 Simulations

The models shows an adequate prediction of a real life situation in vitro setup. The experimental
results also have multiple similarities with Tsao et al.’s measurements, which show similar behavior [29].
However, the model in this research has a clear advantage over the plug flow/well mixed predictions
of Tsao et al. [29]. The current model gives a more precise estimation, instead of an interval wherein
dosing errors occur.

Given that the model is based on several assumptions, the results from the model should be treated
with some caution when applying it in more complex situations. Since the focus of the study was to
make a relatively simple model, it has several limitations; the model is only valid when Rcath is high
compared to R1,2, all syringes and extension lines should be identical, the flow rate of Pump 1 cannot
be zero and the outcomes rely heavily on the accuracy of the model input, such as Vcath. In the paper
[9], however, a more generic method for arbitrary values of R has been provided.

RC effects

The RC start-up curves of the experimental data (shown at number 2 in Figure E.3) have a continuous
shape, whereas the model predicts a rather abrupt transition between the vertical part and the curvature
of the curve. The shape of the RC start-up effect in the model relies mainly on the dependency between
the resistances of the lines and the catheter resistance. The model assumes that R1,2 → 10−2 ·Rcath,
which simplifies the actual flow rate output to Equation 3.3. This simplification causes the angular
shape of the models’ start-up, which appears initially vertical before it curves. The angular shape could
be avoided by a more precise equation which keeps the resistance of the line R1,2 in consideration. A
better approximation for the RC start-up, instead of Equation 3.3, would be

uRCstart−up ≈ ∆QPush−out

(
1− 1

2

(
e
− t
CsyrRcathx − e−

t
CsyrRcathx+2CsyrR0

))
(3.21)

where x is
R1,2

Rcath
. Although the ratio between the line and catheter resistance would improve

the shape of the approximation, it will increase the complexity of the model. The fact that the
resistances of the lines are an additional variable to the model, makes choosing the right parameters
more cumbersome. Moreover, the necessity that the resistance of the line should be known, might limit
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the application in practice. Determining the values of the resistances can be impractical because infusion
setups are often altered during intravenous therapy. On the other hand, knowing the resistances of the
used materials in a setup can contribute to a better understanding of the administration characteristics
in general.

Taylor dispersion transition

The model of Taylor transition is in line with measurements in Figure 3.6 at number 3. Despite a
slight non-alignment at the start and end of the curve, the results confirm the occurring of Taylor
dispersion. The modeled curve seems to have a somewhat more pronounced s-shape compared to the
actual measurements. The pronounced s-shape suggests that the diffusion coefficient is higher than
necessary for a correct prediction. Model tests with different diffusion coefficients showed that the used
value of the dispersion coefficient was around two times higher than necessary for a correct prediction.
A noticeable disagreement is presumable, since various values for the diffusion coefficient of Allura Red
and Indigo Carmine are found in literature [54, 55]. Despite the fact that the literature values have
the same order of magnitude, a small adjustment in the diffusion coefficient will change the shape,
i.e. a smaller diffusion coefficient will alter the s-shape towards a more linear transition. The chosen
coefficient in the model is slightly higher than anticipated and there is certainly room to improve the
method of choosing the correct diffusion coefficient.

The question remains how the diffusion coefficient of the dyes relates to the diffusion coefficients of
medication. Different medications possess different properties, and so different diffusive characteristics.
This could make it challenging to ascertain the proper coefficient.

In Figure 3.7 the deviation of the Taylor transition between the measurement and model is more
evident. The general shape of the transition is satisfactory, but the deviation between the modeled
and measured transition appears almost parallel in the second part of 3.7. The cause of this parallel
shift is hard to explain. Further in vitro measurements would be needed to determine exactly how the
discrepancy is induced.

The new model overlooked one additional contribution to the axial spreading of the concentration
profile. Until now the flow concentration was considered to be a well-defined plug entering the collecting
line, which eventually shapes according to the Poiseuille flow profile, see Figure 3.8 left. However, this
is not what happens in reality. In reality the flow enters the line gradually, when the flow rate increases
gradually. After a flow rate change, the flow rate increases over time in a curve, as seen in Figure
3.3 number 5 in pump 1. This start-up effect causes a spreading in the incoming concentration
profile, shown in Figure 3.8 right. This effect was not taken in consideration when creating the model.
Therefore, the Taylor transition between the push-out over/undershoot and the set flow rate should
be adjusted for this initial concentration profile, even though the Taylor transition already gives decent
results.

RC dosing error of Pump 2

The RC dosing error of Pump 2 is visible as a subtle increment in the modeled outflow at the start
of the transition curve, shown at number 4 in Figure 3.6. The measurement results are less smooth
than the modeled results, therefore the presence of the RC dosing error of Pump 2 is less pronounced
in the in vitro measurements. It could be argued that it is slightly visible in Pump 1 of Comparison a
and b. However, Pumps 2 in Comparison a and b, and both pumps in Comparison c demonstrate no
pronounced signs of an RC dosing error of Pump 2 in the in vitro measurement. This contrast makes
it debatable whether the RC dosing errors of Pump 2 are present or the bulges can be attributed to
the irregularities of the measurements. The reason for these somewhat contradictory results is not
entirely clear, but might have something to do with the measurements not being precise enough or an
overlooked damping effect. The experiments performed had realistic R and C values, which should
make RC dosing error of Pump 2 appear. However, higher R and C values might be necessary to make
the RC dosing error measurable. Further research is required to assess the relevance of the RC dosing
error of Pump 2.
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Figure 3.8: The concentrations of the fluid of Pump 1 at the mixing point. Above, the concentration
distribution inside the line. Below, the concentration value from zero to maximum (1) as a function
of the longitudinal position along the line. Left: simplified concentration profile when the flow rate
increases instantaneously. Right: realistic concentration profile when the flow rate increases under the
influence of the RC start up effect.

A limitation of the RC dosing error of Pump 2 is the absence of the influence of Taylor dispersion.
Equation 3.15 for the reshaped RC dosing error of Pump 2 is only influenced by the Poiseuille flow
profile, while in reality dispersion would influence this process. In the future, also the effect of dispersion
could be added to the reshaping of the RC dosing error.

Another difference between the model and measurements related to the RC dosing error is the
minor dosing error as quantified in Table 3.2. In the modeled outcomes of Pump 2 we see that the
flow rate does not transition directly to the set flow rate, but first slightly surpasses this value before
reaching the set flow rate. This overcompensation is caused by the addition of the RC dosing error of
Pump 2. Without the RC dosing error of Pump 2, the model would transition gradually to the set flow
rate.

3.4.3 Dosing error volume

The experimental dosing error volumes are in line with the modeled dosing error. The major dosing
error volumes are in reasonable agreement with each other and differ up to a maximum of ±17%. As
discussed in the previous section, the RC dosing error of Pump 2 causes minor dosing error, which does
not occur in the measurements.

3.4.4 Application in clinical practice and future research

This study is a step towards a better understanding of phenomena occurring during multi-infusion. The
model in its current form could serve an educational purpose to provide more insight in the counter
intuitive behavior of multi-infusion. The model has the potential to be extended to more than two
pumps or other infusion hardware, which would make it more analogous to clinical situations. The
extended model could be a useful aid for real-time decision making in clinical practice as an interactive
bedside tool. Another promising application could be as the base for a control system, which optimizes
administration automatically based on knowledge from this model.

3.5 Conclusion

A model is constructed to offer insight into multi-infusion during flow rate changes in a two pump
infusion setup. The modeled results are in agreement with the in vitro measurements and are an
advancement regarding existing models. The major advantage is the overview it provides of multiple
administration disturbing effects during infusion. Considerable progress has been made in describing
the transition effect following on the push-out effect and combining all effects together.
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Despite some limitations, the model has potential to be extended and be used for clinical applica-
tions. The flexibility of the model is limited because the accuracy depends strongly on the precision of
the model input variables; the characteristics of the setup. These characteristics might be inconvenient
to estimate, and confine the accuracy of the model. Although there are minor inconsistencies, as
in the Taylor transition and RC dosing error of Pump 2, the model shows great potential to predict
dosing errors. Extending the model with more pumps and different infusion hardware could lead to
applications beyond its educational purpose such as a real-time infusion predicting tool in the clinic.
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Appendix I: List of Symbols

ustart−up(t) Flow rate during the start-up effect

0thψres Zeroth moment of the reshaped RC dosing error of Pump 2, ψres

0thZ The zeroth moment in the Z-domain

1stψres First moment of the reshaped RC dosing error of Pump 2, ψres

1stZ First moment in the Z-domain

2ndψres Second moment of the reshaped RC dosing error of Pump 2, ψres

βpushout2 The magnitude of the push-out effect, see 3.22

∆Q Flow rate change

∆QPush−out Difference in flow rate between uold1 and βpushout2

∆Qres Reshaped ∆Q due to the Poiseuille flow profile

γ length of a vertical slice (voxel), see Figure XXXXXXXXXXXXXX

λ(t) Distance that the fluid would have travelled without the Poiseuille mixing effect

ψ(t) RC dosing error of Pump 2

ψPOISk Dosing error due to mechanical compliance, defined in Eq. 23 of [9]

Ψp(z) Z-transform of ψPOISk and defined in Eq. 3.27

ψres(t) Reshaped RC dosing error of Pump 2 due to the Poiseuille flow profile

σ Standard deviation, see Fig. 3.3 number 4

σψres Standard deviation of ψres

σZ Standard deviation based on the second moment

ADiff (z) Defined in Eq. 3.26. ADiff (z) is Z-transform of the ratio ak representing the volume
fraction of a specific fluid in voxel k, described in [9]

C Compliance

c Concentration

c0 Initial concentration

C1,2 Compliance, see Fig. 3.3

Csyr Compliance of syringe

D Diffusion coefficient

L Length of the catheter and collecting line

N Amount of voxel slices in the catheter

R Resistance

r Average radius of the collecting line and catheter

R1,2 Resistance of the extension lines, see Fig. 3.3
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Rcath Resistance of catheter, see Fig. 3.3

RCres Reshaped Rcath · Csyr value due to the Poiseuille flow profile, in other words, the
RC value of the Reshaped RC dosing error of Pump 2

t time

tcentralψres Central moment of reshaped RC dosing error of Pump 2

tcentralZ tcentral in the Z-domain

tcentral Central moment, see Fig. 3.3 number 4

tdelay Delay time, that is the time needed for fluid to arrive at the patient in case of plug
flow

tExtra Additional displacement of the reshaped RC dosing error of Pump 2 over time due
to flow profile

tPoisDelay Poiseuille delay time, that is the time needed for fluid to arrive at the patient in case
of a Poiseuille flow

tstart Time when the flow rate of Pump 1 is changed

U Average velocity

u Flow rate

ufinal1 Flow rate of Pump 1 after the flow rate step

uold1 Flow rate of Pump 1 before the flow rate step

upump2 Flow rate of pump 2

Vcath Collective dead volume of catheter and collecting line

W (z) Z-transformed weight factor, defined in [9]

x Position along the infusion line

Appendix II: Equations from Konings et al. [9]

Part of Equation 8 of [9]:

βpushout2 = upump2
ufinal1 − uold1

uold1 + upump2
if 0 < t < tPoisDelay (3.22)

Equation 33 of [9]:

ψ =
(e
− t
θfirst − e−

t
θsecond ) ∆QRcath Csyr√
b2 − 4ac

θfirst =
1

2
(b−

√
b2 − 4ac)

θsecond =
1

2
(b+

√
b2 − 4ac)

a = RcathR1 +RcathR2 +R1R2

b = C1 (Rcath +R1) + C2 (Rcath +R2)

c = C1 C2

(3.23)
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Appendix III: Derivation of moments and deformation parameters

Moments from Z domain

First the moments from Z-transform are calculated directly to provide the characteristics to which the
general RC dosing error of Pump 2 should be deformed.

• Zeroth moment: The zeroth moment in the Z-domain 0thZ is calculated according to Equation
27 from [9],

0thZ =
L

γVcath

∫ ∞
0

ψ(t) dt =
L

γVcath

199 ∆QRcathCsyr
200

≈ L

γVcath
∆QRcathCsyr,

(3.24)

with ψ(t) the RC dosing error of Pump 2, Vcath the extended catheter volume which is the the
volume between the mixing point and the end of the catheter, γ the length of a vertical slice
(voxel) and L the length of the catheter and collecting line.

• First moment: The first moment in the Z-domain 1stZ is described by Equation 29 of [9], which
can be written as is

1stZ = lim
z→1

(z − 1)
(
−z ∂Ψp(z)

∂z

)
1− 1

z

(3.25)

with Ψp(z) the Z-transform of ψ(t), which is for this procedure defined as ψPOISk described in

Eq. 23 of [9]. Wherein (z−1)

1− 1
z

= z which is irrelevant in the limit z−→1, but makes it easier

to solve the equation. Using Equation 17 of [9] for ADiff (z), the Z-transform of the volume
content ratio in a voxel,

ADiff (z) =
L

γ Vcath

∫ ∞
0

ψ(t) z
−λ(t)
γ dt, (3.26)

in Equation 26 for Ψp(z) together with 25 of [9], combines to

Ψp(z) = ADiff (z2)W (z) =
L

γ Vcath

∫ ∞
0

ψ(t) dt z
−2λ(t)
γ . (3.27)

W (z), a Z-transformed weight factor, will be omitted in 3.27 because it is not relevant in the limit
z−→1 where W (z) becomes 1. So only the expression for ADiff from Equation 3.26 remains.
The integral in the original equation of ADiff is separated in an expression in time and λ(t).
λ(t) is the distance that the fluid would have travelled without the Poiseuille mixing effect. λ(t)
does not contribute in the integral in the Z-domain and it will be separated for now because λ
is considered to be independent of t during the Z transform.

Elaboration of 3.25 with 3.27 gives

1stZ =
2
∫∞

0
ψ(t) dt λ(t)N2

LVcath
, (3.28)

where γ is substituted by L/N with N being the amount of slices. Solving
∫∞

0
ψ(t)λ(t) dt using

Equation 11 of [9] gives for

∫ ∞
0

ψ(t)λ(t) dt =
L
∫∞

0
ψ(t) t ufinal dt

Vcath
=

2L∆QC2
syrR

2
cathufinal

Vcath
(3.29)
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with ufinal1 the final flow rate of pump 1. Substitution of 3.29 in 3.28 yields

1stZ =
4L∆QC2

syrR
2
cathufinalN

2

LV 2
cath

(3.30)

Calculating tcentralZ , the tcentral in the Z-domain, using Equation 30 of [9] results in

tcentralZ =
Vcath

ufinal 0thZ

4 L∆QC2
syrR

2
cathufinalN

2

LV 2
cath

=
Vcath

L
γVcath

ufinal∆QRcath Csyr

4 L ∆QC2
syrR

2
cath ufinalN

2

LV 2
cath

=
1

L
4RcathCsyrN

2

= 4RcathCsyrN

(3.31)

Were γ is substituted by 1, which means L = N .

• Second moment: The standard deviation σZ (based on the second moment) needs no further
elaboration and can be implemented directly from Equation 42 of [9] as

σZ =

√
C2
syrR

2
cath

(
(∆Q)2 + 12 ∆Qufinal1 + 48 u2

final1

)
+ 3 V 2

cath

√
3 ufinal1

. (3.32)

Moments from the reshaped RC dosing error of Pump 2 due to the Poiseuille profile

To quantify the new shape of the RC dosing error of Pump 2, the zeroth, first and second moment are
calculated from the equation of the reshaped dosing error. The reshaped RC dosing error of Pump 2
ψres will have following shape

ψres(t) = −1

2

(
e−

100 t
RCres − e−

t
2RCres

)
∆Qres (3.33)

The new reshaped value for Rcath ·Csyr is named RCres and ∆Qres is the new reshaped ∆Q due
to the Poiseuille flow profile.

• Zeroth moment: The zeroth moment of the reshaped RC dosing error of Pump 2 is easily
calculated by integrating the RC dosing error of Pump 2 from zero to infinity. The final result is
approximated as

0thψres =

∫ ∞
0

ψres(t) dt =
199 ∆QresRCres

200
≈ ∆QresRCres. (3.34)

• First moment: The first moment of the reshaped RC dosing error of Pump 2 ψres is calculated
as

1stψres =

∫ ∞
0

ψres(t) t dt =
39999 ∆Qres (RCres)

2

20000

≈ 2 ∆Qres (RCres)
2.

(3.35)

tcentralψ is the central moment of the reshaped RC dosing error of Pump 2. Using the definition
of tcentralψ this results in

tcentralψres =
1stψres
0thψres

= 2RCres. (3.36)

Modelling multi-infusion: the effects of flow rate changes and air on drug administration 37



CHAPTER 3. SIMULATION OF FLOW RATE CHANGES IN MULTI-INFUSION: AN IN VITRO
MODELING STUDY

• Second moment: The central second moment is calculated as

2ndψres =

∫ ∞
0

ψ(t) (t− 2RCres)
2 dt =

3980199 ∆Qres (RCres)
2

1000000

≈ 4 ∆Qres (RCres)
3.

(3.37)

Because the variance is calculated, (t − 2RCres)
2 is used as multiplier in the integral. The

standard deviation of ψres, σψres , is calculated as

σψres =

√√√√2ndψres
0thψres

= 2RCres. (3.38)
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Chapter 4

Behavior of air in infusion

During the preparation of infusion sets, air can get trapped inside the lines. Although bubbles carry risks
for the patient, avoiding them is quite an effort [41]. Air does not only pose a risk when injected into the
bloodstream [42, 43, 44, 45], but also has negative consequences for the drug administration [46]. Air
inside an infusion setup increases the compliance of the system [48], prolongs the time without infusion,
and extends occlusion alarm times [47]. Furthermore, air bubbles increase the resulting infusion bolus
after the occlusion has been resolved [47].

Beside these consequences on the administration, details about the more subtle effects of bubbles
during infusion are not yet fully known. The effects which might impair drug delivery are studied one
by one to gain insight into their impact. In addition, the relevance of these effects that influence
administration are discussed.

For a first approximation, only simple infusion lines and air filters are incorporated in this research.
Only unrestricted air bubbles in intravenous lines with and without filter are considered. Air trapped
in pressure sensors or other components is not yet included because of the very specific behavior of
different components.

This chapter will review the characteristics of bubbles and their influence on the administration.
Following sections examine the occurrence of air in infusion lines. The impact of these bubbles on
administration is discussed in later sections. In the end, a model is presented of the behavior of
bubbles in a line with an air filter.

4.1 Bubble appearance in infusion lines

4.1.1 Bubbles in the line

Bubbles appear mainly in two shapes, see Figure 4.1, but in many different sizes. First, there are
cylindrical bubbles that fully occlude the cross section of the line, and second, hemispherical bubbles
that are attached to the wall and only partly occlude the line. Bubbles that move freely through the
line without wall contact are exceptional, because they tend to attach to the wall quickly or coalesce
with other bubbles, to form larger ones.

Air tends to aggregate in a certain shape, such as a sphere/cylinder, to reduce its surface tension.
According the principle of surface tension, the system gains energy by minimizing the liquid surface
area [58]. A bubble is the most efficient shape and therefore small amounts of air shape into a sphere
inside the lines or tend to merge with other bubbles to minimize the surface area. When bubbles grow,
at some point it becomes more energy efficient to deform from a sphere to a cylinder which touches
the walls. Different shapes of air in distilled water in infusion lines are depicted in Figures 4.1 and 4.2.
Figure 4.2 shows that the seemingly ’hemisperical’ bubbles are more wedge shaped in reality.

Bubbles can be transported through the line. The cylindrical bubbles move through the flow as
they are pushed by the fluid upstream. Hemispherical bubbles are less likely to travel through the tube
solely, because they tend to stick to the wall. Whether they displace depends on the flow rate and can
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Figure 4.1: Cylindrical bubble in an infusion line as seen by the naked eye, where air is shown white
and distilled water blue.

Figure 4.2: Hemispherical shaped bubbles which adhere to the wall.

occur at high flow rates.

4.1.2 Appearance as seen in clinical practice

Bubbles occur in different sizes depending on the clinical scenario. It is generally believed that bubbles
larger than 0.05 ml have a negative influence on the body and could cause air embolisms [41, 46].
Although 0.05 ml bubbles will probably also cause dosing errors, the harm done in the vessels by the
bubble itself might be larger than the side effects of the resulting dosing error.

Despite the belief that bubbles larger than 0.05 ml should be avoided, this is not exactly what
happens in clinical practice. Air filters filter out bubbles before they reach the patient, causing larger
bubbles to occur in the lines. The fact that air bubbles will not enter the patient because of the filter,
makes clinical staff slightly inconsiderate about air in the line. The sense of security provided by the
air filter can result in air bubbles up to 0.08 ml inside a line, as reported by nurses during an interview.
They observed up to approximately 10 cm long bubbles in a infusion line of 1 mm diameter. This
means that the presence of an air filter makes users less cautious, causing them to incorporate more
air. Without a filter, users tolerate maximal 0.050 ml of air in a line. When an air filter is included,
bubbles up to 0.079 ml can be accepted by the user.

It is important to understand in which clinical situations exactly these bubbles occur. Therefore,
practices at the NICU of the UMC Utrecht were studied by interviewing nurses. It was found that
nurses perceive bubbles in the extension line connected to the syringe. This extension line is on the
other side attached to the main line, which comprises an air filter and ends in the catheter. Most
air bubbles arise when the syringe is being connected to the extension line and become visible in the
extension line as shown in Figure 4.3.

Figure 4.3: The two most occurring configurations of bubbles (in blue) inside an extension line.
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4.2 Modeling approach

To quantify the behavior of bubbles, the effects in the lines are studied. Step by step every single effect
which might impair drug delivery is considered and its relevance is discussed.

4.2.1 Effects of air in the lines

The effects of air inside a line can be divided into three groups:

1. The general impact of volume change during pressure changes is studied by calculating to what
extent a pressure change in the system causes bubbles to shrink or expand.

2. Hemispherical bubbles are expected to hinder the flow. Hence it is checked if they increase the
resistance of a line.

Then, the disturbance on the concentration profile by a hemispherical bubble is investigated with
computational fluid dynamics simulation software.

3. Cylindrical bubbles will disturb the flow profile and change the dosage of drugs being administered.

Bubbles occluding the entire diameter of the line cause changes in the flow and concentration
profile. It will be estimated how a bubble alters the arrival time of a new inserted drug, considering
the different concentration profile.

Furthermore, bubbles can segregate when two lines join into one single line. The effect of this
segregation due a junction is described.

Another disturbance arises when a bubble leaves through a filter and it temporarily interrupts
the administration of drugs. This process is studied with an experiment and modeled with a RC
circuit, based on the experimental results.

Figure 4.4 gives an overview of all affecting factors induced by air in the lines. All effects mentioned
are summarized in this graph and will be elaborated in following sections.

Effects of
air bubbles

*negligible compared to other effects

Volume change during
pressure changes*

Cylindrical bubbles

Hemispherical
bubbles

Interrupted
administration

Disturbed flow
profile : plug flow

Resistance increase*

Flow profile
distortion*

Interruption of
specific drug

administration

Interruption of total
administration

Figure 4.4: Overview of effects induced by air in infusion lines.
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4.3 Modeling results

4.3.1 Bubble volume change during pressure changes

Inside an infusion line, bubbles occupy a volume which depends om the external pressure on the bubble.
When raising or lowering the flow rate of a connected pump, the pressure in the system will increase
or decrease respectively. A pressure increase causes bubbles to shrink and a pressure decrease causes
bubbles to expand. When a bubble decreases in size, the reduced bubble volume should be replaced by
fluid. Fluid that will not be transported in the direction of the patient at the same time, which results
in a delayed fluid delivery. The same holds for an enlarging bubble, which pushes some surrounding
fluid away, resulting in an slightly accelerated administration of the fluid. In this way, the changing
volume of a bubble influences the administration.

The size of the volume change depends on the pressure changes the bubble experiences. The two
sources of pressure changes are the pressure drop between the start and end of the infusion set up, and
the change in pressure during a change in flow rate.

The first kind of pressure change a bubble can experience is the change in pressure during a change
in flow rate. The compliance C of air bubbles was measured to be

C =
∆V

∆P

∣∣∣∣
air

· (volume of air bubble), (4.1)

with ∆V
∆P

∣∣
air

= 1.02 · 105 m2/N [59]. A bubble of 0.08 ml is the maximum bubble size observed in
this study that occurs in the lines when an air filter is included. This bubble will theoretically have a
compliance of 8.06 · 10−7 ml/Pa. This value is significant compared to the compliance of a setup with
a 10 ml syringe and infusion line, which equals 0.21 ·10−5 ml/Pa [48]. In comparison with a setup with
a 50 ml syringe and infusion line the compliance equals 1.5 · 10−5 ml/Pa, which makes the influence
of a bubble less important.

To illustrate the impact of the bubble’s compliance on its volume, the volume change during a flow
rate change is calculated. This volume change is calculated with Equation 4.1 and 1.2. The resistance
is estimated to be 1972 Pa·h/ml, based on values from a 1 Fr catheter [56] and an approximation for
the resistance of the other components.

The volume of a bubble changes with 4% due to the difference between the internal pressure at
1 ml/h and at 3 ml/h. This means it induces an error of maximal 2,8 µl when a bubble of 10 cm is
present. Redoing this calculation for a 4 Fr catheter results in a volume change of only 0.1%. Even
larger catheter radii will make the volume change even smaller. This means that the volume changes
caused by a change in flow rate are negligible.

The second pressure change a bubble encounters is due to the pressure drop over the infusion lines,
which might lead to a slight volume change of the bubble. The pressure in the system is highest at the
start and reduces towards the end of the line. The effect of the pressure drop over the line is expected
to be minimal. We saw no visible difference in length between the start and end position was shown
in a 8 cm long bubble in a 2 m long extension line (CAIR) of 1 mm diameter at a flow rate of 5 ml/h.
The change in bubble length was smaller than 0.5 mm, which equals a volume change of up to 0.39
µl. This volume change is small compared to other effects during administration and will therefore be
neglected.

4.3.2 Hemispherical bubbles that adhere to the wall

Resistance increase

Hemispherical bubbles that attach to the walls and do not cover the entire diameter might increase the
resistance in the line. Low flow rates are usually unable to transport the bubbles, hence the bubbles
will stay in place. Simplifying the case of bubbles attached to a wall, makes it possible to evaluate the
additional resistances due to hemispherical bubbles. Because surface tension preserves the shape of the
hemisphere at these low flow rates, bubbles can be approximated as a short section with a decreased
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diameter in the line as shown in Figure 4.5. The compliance of bubbles in the lines appeared to be
insignificant, thus bubbles are considered rigid over the tested pressure interval.

1 mm

Air

0.5 mm

Figure 4.5: Top: Hemispherical bubble in a line. Bottom: Line with a decreased diameter to approx-
imate the effect of a hemispherical bubble in a line.

With Poiseuille Equation 1.2 the additional resistance due to the narrow section is estimated. Since
the length of this narrowing is very small, the resistance of the line increases with only 1% when a
hemispherical bubble of 0.5 mm radius is present. Besides the fact that the resistance of the line is
unimportant compared to the catheter in the first place, the slight increase caused by multiple bubbles
will not change this.

The likelihood of a hemispherical bubble occurring in the catheter is probably poor. Unfortunately,
the bubble behavior inside the catheter could not be investigated. Potential bubbles were imperceptible
due to the opaque material of the catheter. If bubbles do occur, they are more likely to be a plug
covering the entire cross section.

Flow profile distortion

Bubbles covering the diameter of the line might partially interfere with the flow profile. This could
result in a distortion of the flow profile.

In order to identify the influence of a small bubble, the concentration profile is studied with finite
element analysis. A line with a hemispherical shaped extrusion, which simulates a bubble, was replicated
in COMSOL Multiphysics 5.4 (COMSOL AB, Stockholm, Sweden). The influence of a bubble is
visualized in a flow starting with a Poiseuille profile. The simulation presented in Figure 4.6 is performed
at a flow rate of 5 ml/h in a 1 mm diameter line.

The flow profile distortion shown by the simulation in Figure 4.6 seems insignificant. The concen-
tration profile appears almost unchanged despite the hemisphere. Therefore these partial flow distorting
effects are not further addressed.

4.3.3 Cylindrical bubbles

When hemispherical bubbles accumulate to complete-obstructing bubbles, other effects will come into
play. Accumulated bubbles that cover the complete diameter of the line have a more significant effect
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Figure 4.6: Concentration profile in a 1 mm diameter line with a bubble and a concentration varying
from 0 (dark blue) to 1 mol/mm3 (dark red). Flow is directed from left to right and time steps evolve
from top to bottom.

on the administration of drugs. Their impact on the flow profile is more prominent and causes additional
delays.

Disturbed flow profile: plug flow

Bubbles obstructing the entire diameter of a line disturb the flow profile, in other words they prohibit
the development of a Poiseuille profile. Cylindrical bubbles have one major consequence on the flow
profile; the Poiseuille tip entering the line will be flattened.

In clinical practice, bubbles mostly invade a setup when syringes are replaced or added to the setup
or at stopcocks. A bubble appears in an infusion line in front of the newly infused drug from the
syringe. The bubble prevents the flow from developing a Poiseuille profile and plug arises in the line,
as can be seen in Figure 4.7.

Distilled water

+ dye
Air

Distilled

water

Figure 4.7: A 1 mm diameter extension line with distilled water mixed with dye, and air.

In Figure 4.8 the possible concentration profiles in an infusion line are displayed with and without
a bubble. Initially a Poiseuille profile develops in a tube and carries the concentration as in profile (a).
Since Taylor dispersion occurs in the line, profile (a) transforms slowly to a dispersed concentration
profile (b). Profile (b) has a gradient from the new to the old mixture. Profile (c) depicts the
concentration plug due an air bubble in front of the new drug.

The three flow profiles have a different time before the first particles arrives at the patient. A
Poiseuille profile (a) will deliver after tPoisDelay, which is two times faster than a plug shaped flow (c).
A plug shaped flow (c) delivers after tdelay, which is the time needed to deliver the first fluid at the
average flow velocity.

In practice, Taylor dispersion (b) will blur the concentration profile of a Poiseuille flow (a) and delay
the arrival of particles. The time needed for the first particles to arrive at the patient is somewhere
between tdelay and tPoisDelay. The exact time of arrival depends on different variables, such as
the diffusion coefficient. The approximated arrival time, which is the time after which 5% of the
concentration profile has arrived, and can be formulated as
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a 

b

c

Figure 4.8: Concentration profiles in an infusion line: a) Poiseuille profile, b) dispersed Poiseuille profile,
c) plug flow. Red displays the new drug that entered the line, the old mixture which was present is
shown as white. In the second line, an air bubble is shown in blue.

Approximate arrival time (b) = tdelay −
1
2

√
k · (29.3 k + 21.6 x U) + 2.7 k

U2
, (4.2)

k =
r2 U2

192D
(4.3)

which is derived from Equation 3.19, with U the average velocity in the line, r the average radius,
x the position along the line and diffusion coefficient D. This means that normally the approximate
arrival time is shorter than tdelay, because the fastest particles travel faster in a Poiseuille flow with
Taylor dispersion.

Therefore, the drug delivery is delayed when a plug shaped flow (c) occurs due a bubble, instead of
a dispersed Poiseuille profile (b). A dispersed Poiseuille profile (b) cannot develop if a bubble is located
in front of the delivered drug, which prolongs the arrival time of drugs when bubbles are present. This
is especially relevant when a new drug is added to the set up. Although approximation 4.3 is not
yet experimentally confirmed, the estimation shows that the effect of bubbles can be relevant for the
predictability of dosage. A lack of dispersed Poiseuille profile extends the time needed before first
administration.

Interruption of specific drug administration

Bubbles which come across a junction can split in multiple bubbles, see Figure 4.9. Bubbles often
emerge from the attachment point between a syringe and a line. The end of this extension line is
connected to a junction, where the fluid is added to the collecting line which ends in the patient. In
the junction multiple lines with different flows come together. Therefore a bubble possibly splits when
it passes the junction.

Experiments confirmed that that there is a chance large bubbles split. Very long bubbles will split
into multiple bubbles and the gaps between are filled with the carrier fluid coming from the other line,
depending on the flow rate. This phenomenon is shown in figure 4.9.

The way they split depends on the capillary number, and so the flow rates of the two joining
fluid flows. The capillary number is the ratio between the viscous drag forces and surface tension
acting across the liquid gas interface. The interaction between air and liquid in the line is therefore
dependent on the capillary number. More details on the specific relation between capillary number
and flow patterns of a bubble can be found in [31]. For now, it is only important to be aware of this
phenomenon, because individual bubbles alter the flow profile and so the arrival time of drugs.
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Figure 4.9: Schematic of bubble segregation when two lines come together. Adapted from [31].

4.3.4 Cylindrical bubbles and air filters

Interruption of total administration: Experiment

Air that escapes through an IV filter influences the administration. An experiment is conducted to
understand the complications of air in infusion lines with an inline filter.

Purpose The aim of this experiment was to illustrate the adverse events of bubbles escaping from
the line on the administration. Therefore, we analyzed and measured the behavior in a simplified NICU
setup.

Method In the NICU, the infusion set presented in Figure 4.10 is used. Since this set contains an air
filter, air bubbles can occur distal to the filter in the line without being administered to the patient.
Because the infusion set is rather complex, it is substituted by a 1 mm diameter line of 177.2 cm with
a filter, shown in Figure 4.11.

Experiments are initially conducted with the simplified setup, as shown in Figure 4.12. The setup
was primed with distilled water, thereafter a bubble is injected. The 50 ml syringe is attached to the
line and set to flow rate of 5 ml/h. The end of the infusion line connects to a mass flow meter (Cori
flow M12P, Bronkhorst). The length of the bubble was measured during the experiment by filming the
line next to a ruler.

The experiment is repeated with the NICU infusion set afterwards to check if the results are
comparable. The setup is shown in Figure 4.10, wherein syringe (b) and (c) are connected to the
infusion set with an extension line. These connection points were chosen to assure that air would not
accumulate in the lines of (a), (b) and (c). Syringe (a) and (b) were set to 1 ml/h and (c) to 3 ml/h,
which equals a total flow rate of 5 ml/h. The bubble was added to the extension line of (c).

Results Figure 4.13 shows the results of the flow rate during the administration with a bubble through
a line with a filter. During the first rise in flow rate, the system builds up pressure 1© until a stable
flow rate is reached. The flow rate stabilizes until the air bubble arrives at the filter. When the air
leaves the filter, the flow rate drops 2©. Once the complete air bubble has left the line, the system
starts regaining pressure and the flow rate rises again 3©. The second rise and drop of flow rate are
characterized in the same way as during the start-up of the pump, as an exponential RC curve.
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Figure 4.10: NICU infusion set. Adapted from Snijder et al. [56].
.

Figure 4.11: Simplification of the NICU infusion set by a 1 mm diameter extension line with a filter.
Adapted from Snijder et al. [56].

The RC time defines the reaction of the system to flow rate changes, which will later be relevant
for modelling purposes. Extracting the RC times of the three measurements in Figure 4.13 gives the
RC values presented in Table 4.1. Another interesting outcome is the time interval with a reduced flow
rate when a bubble leaves through the filter. In Figure 4.14 is shown how long it takes until the flow
rate reaches 95% of the set flow rate again from the moment a bubble reaches the filter.

Length bubble (cm) RC time start-up (s) 1© RC time drop (s) 2© RC time recovery (s) 3©

5.5 57 16 41
8.6 60 12 37
10.3 51 12 41

Table 4.1: RC times for the different sections of 4.13 for different bubble sizes, with an uncertainty of
± 2.

The experiment with the NICU setup was repeated five times for different bubble lengths between
7 and 34 cm. The general shape of the outflow graph was comparable to the results of the simplified
infusion line. However, in one experiment with a bubble of 11.05 cm, no sudden flow rate drop found
in the results.

Discussion Figure 4.13 demonstrates that a bubble does not only stop the infusion during the release
of air from the filter, but also delays the continuing infusion because of the pressure build-up in the
system again. Figure 4.14 shows that air bubbles can disturb the infusion rate for up to 2 minutes.
This time depends on the bubble size and specific setup, because the delay is characterized by the RC
time.

The RC times in Table 4.1 give an impression of the behavior of the setup. Remarkably, the RC
times differ throughout the experiment. This finding unveils the time dependency of the RC time of
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Figure 4.12: Illustration of experimental setup to measure the impact of air.
.

the setup with air. The RC time is maximal during the start-up and minimal during venting. The
large drop in RC time during venting might be explained by the fact that the last part of the collecting
line becomes unused. During venting, the air bubble does not push the preceding fluid, but leaves
through the filter. The last part of the line is no longer an active part of the system then, therefore,
the resistance and compliance generated by the last part of the setup do not contribute to the RC time
of the system at that moment.

The difference between the RC time of the start-up and recovery could be attributed to a change
in the compliance of the set-up with and without a bubble. This explanation could be verified by
calculating the RC time a second time after the air is released. Another reason for the variability of
the RC time might be the filter, which has a large influence on the compliance of the system. Earlier
research attributed the increase in compliance to entrapped air inside the filter [48]. A varying amount
of air present in the filter might therefore cause variations in the RC time over time.

The time needed for a bubble to escape is significantly lower than expected. The bubble occupies
a certain volume and is pushed out at the set flow rate. With these two given, the time needed to
leave the filter can be calculated. However, the calculated times do not match the experimental values.
A bubble leaves the filter up to 77% faster than anticipated. A possible explanation is the sudden
reduction of the resistance and compliance due to the ’unused’ last part of the line. The last part
is no longer an active part of the system during venting, and will therefore cause a decrease of the
resistance and compliance. This reduction in RC might ease the outflow of the bubble. In addition,
the push-out could be enhanced by the stored compliance of the syringe. When the resistance and
compliance decrease suddenly, the volume stored inside the syringe will be released because of the
compressed plunger. This release causes an increased flow rate during the venting of the line.

During the experiments the RC time of the system varied. The original RC time of the setup itself
(without air) is presumably the RC time during the recovery of the flow rate. In the period of zero
flow rate, the RC value decreases. For now this reduction is estimated to be 0.33% of the original
RC value based on the average of the experiments. The RC time during the initial start-up was also
altered because of the air and is on average 140% of the original RC time.

Remarkably, one of the measurements with the NICU setup showed no sign of a bubble. No
sudden flow rate drop was visible, while the other four measurements show comparable behavior to
the experiments with a simplified infusion set. Possibly the air got stuck at a non-visible part of the
infusion set. Further experiments might explain the cause of this aberration.

Conclusion The experiments demonstrated the impact of air bubbles in lines with a filter. The results
reveal that the RC time of the recovery increases the time without infusion more than anticipated. An
interruption of flow for only a few seconds can cause a flow rate reduction which lasts three times as
long. Insight has been gained in the behavior of bubbles which interact with the changing resistance
and compliance of the setup over time. The experiments highlighted the importance of preventing air
bubbles in infusion setups, even when an air filter is included.
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1 2 3

Figure 4.13: Flow rates of a simplified NICU infusion set at 5 ml/h with various bubble sizes. Where
1© indicates the start-up, 2© the drop and 3© the recovery.

Interruption of total administration: Model

The interruption of the administration is the major negative consequence of air inside an infusion
line with an incorporated air filter. Air released through the filter accounts for a temporary reduced
administration of all fluids. A model is designed to estimate the impact of different-sized bubbles on
the administration,

A single syringe infusion system, as used in the experiment, can be modeled as a parallel RC
circuit with a current source. After defining the system matrices using Kirchhoff’s laws, the differential
equations can be solved and the output computed. The model is made in MATLAB 9.2.0 R2017a
(The Mathworks, Natick, MA, USA) and presented in Appendix G.

The experiments showed that when a bubble leaves the system, the flow rate drops. It seems
reasonable to suppose the outflow stops during the release of air. To verify this assumption, the input
for the model is specified as plotted in Figure 4.15. Herein the set flow rate is steady until the bubble
reaches the filter, then the flow is stopped until all air has left the line.

The output of the model is comparable with the experimental results. The same characteristic
curves are visible, but the values for the RC times are only an approximation and therefore not exactly
the same.

The model uses the results for the RC times of the previous measurements. The RC time during
the recovery of the flow rate is chosen as regular the RC time of the setup, and the reduction/increase
in RC time is also based on the measured results.

As discussed earlier, the time needed for the air to leave the line can be predicted. However, this
time is longer than displayed in the experiments. The model compensates for the overestimation of the
time a bubble needs to leave the filter. In the model, the time needed for venting is reduced by 33%.

The percentage to alter the RC times and time for the air to leave the line are only estimations based
on experiments. These numbers make it possible to provide a qualitative idea of the behavior. The

Modelling multi-infusion: the effects of flow rate changes and air on drug administration 49



CHAPTER 4. BEHAVIOR OF AIR IN INFUSION

0 2 4 6 8 10 12
0

20

40

60

80

100

120

140

Ti
m

e 
w

ith
 re

du
ce

d 
flo

w
 ra

te
 (s

)

Length bubble (cm)

Figure 4.14: Time until flow rate reaches 95% of the set flow rate again, after a bubble leaves through
the filter.

percentages given are dependent on the setup and size of the bubble. The correct relations between
bubble sizes, setup and RC times can be studied in detail, but are not elaborated here. Although
additional data will improve the accuracy of the model, the relevance is limited. The model was made
to gain understanding of the impact of air.
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Figure 4.15: Model output of a single syringe system, as response to an input which represents a
start-up of the flow rate and an interruption due venting of air through a filter in the line.

4.4 Conclusion

This chapter has underlined the importance of the more subtle effects of air bubbles during infusion,
which might impair drug delivery. Different shapes of bubbles were found to have different consequences
for the administration, but some effects appeared less influential than expected.

1. The calculation showing that bubbles increase the compliance of a setup, is consistent with earlier
studies [48].

Other effects seemed negligible on the administration of drugs. Although volume changes of
bubbles are related to their compliance, the volume changes caused by pressure changes are in
general inconsequential. Pressure changes due to the pressure drop over the infusion line between
the start and end of the infusion set, might theoretically lead to a volume change of the bubble.
However, in experiments, the effect of the pressure drop over the line seemed insignificant. In
addition, volume changes of bubbles caused by a change in flow rate are negligible, even in small
catheters.

2. Hemispherical bubbles in a 1 mm diameter line have a very limited influence; they cause a
negligible resistance increase and create an insignificant distortion in the concentration profile.

3. Cylindrical bubbles obstructing the entire diameter of a line can prolong the arrival time of
newly added drugs. A bubble prohibits the development of a Poiseuille flow profile, causing
a plug shaped flow instead, which increases the time of first arrival. The exact amount of
additional delay is a subject for further research, because the approximation of Equation 4.3 is
not yet experimentally confirmed. A correct estimation for the delay time can be relevant for the
predictability of administration.

A side effect related to air filters, is the interruption of the administration when bubbles are
released. Experiments demonstrated that a bubble does not only stop the infusion during the
release of air from the filter, but also delays the continuing infusion because the pressure has
to build up in the system again. Air bubbles can disturb the infusion rate for up to 2 minutes,
depending on the bubble size, and the resistance and compliance properties of the setup. The
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interruption of administration during the release of air through a filter is the most important
outcome for clinical practices. Clinicians trust manufacturers when they promise fast venting
without air bubbles remaining, but the side effects due to venting are not considered.

Taken the experimental and modeled results together, these findings advise to avoid air in infusion
setup, especially filter are included in the setup. Further research to improve the model might
not be necessary, because it only serves limited educational purpose.

All problems regarding air can be omitted by avoiding bubbles in the first place, although this is often
challenging. There were avoiding bubbles is not possible, caregivers should be aware of unnoticeable
administration interruptions when using filters and the prolonged arrival time of newly added drugs.
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Chapter 5

General discussion

In this research, we aimed to model the effects of flow rate changes and air bubbles to improve
understanding and increase awareness of dosing errors in clinical practice. More specifically, first, to
make a model which predicts the flow output of two parallel connected infusion pumps during flow rate
adjustments, and which simultaneously combines all disturbing effects by compliance, dead volume and
the flow/concentration profile (Chapter 3). Second, to investigate the clinical relevance and impact of
dosing errors caused by air in infusion setups on the administration (Chapter 4).

The develloped model is based on equations from a theoretical framework from Konings et al.
[9], such as the equations for the push-out effect and for the RC dosing error of pump 2. In our
implementation the equations were integrated into one model that simulates the outflow of medication.
The theoretical expressions were worked out first to determine the new shape of the RC dosing error
of pump 2 due the flow profile. An appropriate equation for the transition between push-out effect
and the set flow rate was not explicitly described by [9]. Therefore, this transition was implemented
by incorporating Taylor dispersion. When all parameters and equations had been obtained, all separate
components were joined together into a comprehensive model. The mathematical modeled outflows
were then compared to the real behavior of a multi-infusion system, retrieved from in vitro spectro-
photometric experiments.

To investigate the impact of air on dosing errors, the effects which might impair drug delivery were
studied one by one. The relevance of these effects are discussed and a model is presented showing the
consequences of bubbles in a line with an air filter. First, the general impact of volume change during
pressure changes were studied by calculating to what extend a pressure change in the system causes
bubbles to shrink or expand. Second, hemispherical and cylindrical bubbles were checked if they will
disturb the flow profile, increase resistance and/or interrupt the administration.

The constructed model displays the outflow of two pumps during flow rate changes. The modeled
results are in agreement with the in vitro measurements. The major advantage compared to existing
models is the overview it provides of multiple administration disturbing effects during infusion.

Considerable progress has been made by working out and implementing the equations of Konings
model [9] and describing the transition effect following on the push-out effect.

The flexibility of the model is limited because the accuracy depends strongly on the precision of the
model input variables. These variables might be inconvenient to estimate and confine the accuracy of
the model, which might hinder application in practice. Although there are minor inconsistencies, the
model shows great potential to predict dosing errors and offers opportunities for expansion.

The model brought us a step closer to a clinical application and for now it can be used as an
educational tool. Extending the model with more pumps and different infusion hardware could lead to
applications beyond its educational purpose such as a real-time infusion predicting tool in the clinic.

Our research unveiled the more subtle effects of air bubbles during infusion, which might impair
drug delivery. We saw that hemispherical bubbles in a 1 mm diameter line have a very limited influence;
they cause a negligible resistance increase and create an insignificant distortion in the concentration
profile. This implies that caregivers should not worry about these hemispherical bubbles, as long as
they are not abundantly present.
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We saw that bubbles increase the compliance of a setup, as was proved in earlier studies [48]. Despite
this increase, the possible volume changes of bubbles during pressure changes related to compliance,
are in general inconsequential. Both volume changes due to a pressure drop over the infusion line and
flow rate changes cause negligible volume change of air bubbles.

Cylindrical bubbles which obstruct the entire diameter of a line, play a more important role in
infusion. These bubbles prohibit the development of a Poiseuille flow profile and prolong the arrival
time of newly added drugs. This means that clinicians might underestimate the time in which a drug is
delivered at the patient. The exact amount of additional delay is a subject for further research, because
the approximation of Equation 4.3 needs additional (experimental) validation. A precise estimation for
the delay time can be relevant for the predictability of administration and useful for future models.
Whether this difference in arrival time is large enough to conduct additional research is debatable.

The most important result related to air, is the interruption of the administration when bubbles
are released via air filters. Experiments demonstrated that a bubble does not only stop the infusion
during the release of air from the filter, but also delays the continuing infusion because the pressure
has to build up in the system again. An interruption of flow for only a few seconds can cause flow rate
reduction which lasts three times as long. This is an import result in clinical practice. Although this
interruption might seem evident when considering the mechanism of a filter, clinicians are not aware
of this side effect as manufacturers do not warn for it.

5.1 Clinical significance

This study is a step towards a better understanding of phenomena occurring during multi-infusion.
The model can visualize drug mixtures inside a multi-infusion system, which might be used as a tool
to support the healthcare professional. The model in its current form could serve an educational
purpose to provide more insight in the counter intuitive behavior of multi-infusion. The model has the
potential to be extended to more than two pumps or other infusion hardware, which would make it
more analogous to clinical situations.

The model is an attempt to meet the clinical need for a tool that determines the time needed
before a new concentration inotrope reaches the patient when administered in combination with other
pharmaceuticals. The model shows quite accurate when a drug reaches a certain flow rate. An
extended model could be an useful aid for real-time decision making in clinical practice as an interactive
bedside tool. Another promising application could be as the base for a control system, which optimizes
administration automatically based on knowledge from this model.

Most problems regarding air can be omitted by avoiding bubbles in the first place. However,
preventing air in the line can be challenging and might increase the time needed to prepare infusion
sets. Luckily, we saw that hemispherical bubbles have a very limited influence on the administration.
Therefore, they can be neglected, as long as they are not abundantly present. On the contrary, there
were avoiding bubbles is not possible, clinicians should be aware that cylindrical bubbles do play an
important role in the administration.

Cylindrical bubbles which obstruct the entire diameter of a line, should preferably be avoided when
administering fast acting drugs. These bubbles prolong the arrival time of newly added drugs causing
clinicians to underestimate the time in which a drug is delivered at the patient.

In an infusion set including an air filter, cylindrical bubbles should be prevented if possible. These
bubbles cause an interruption of the administration when a bubble is released via the air filter. A bubble
does not only stop the infusion during the release of air from the filter, but also delays the continuing
infusion. A 10 cm bubble can even lead to a flow rate interruption of two minutes. During interviews
with nurses, we learned that clinicians were not aware of this side effect.

5.2 Final conclusions

This thesis presented a multi-infusion model which predicts the outflow of two syringe pumps during
flow rate changes, incorporating compliance, dead volume, flow profile and concentration profile. The
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modeled results showed agreement with in vitro measurements. This makes the model suitable for
expansion and future clinical applications beyond its educational purpose, such as a real-time infusion
predicting tool. We have shown by analyzing the impact of air bubbles on administration that the
effects of hemispherical bubbles are negligible. In contrast, diameter-obstructing cylindrical bubbles
inside infusion lines always have a negative influence on the administration. Cylindrical bubbles prolong
the arrival time of newly added drugs and interrupt the administration for a significant amount of time
when an air filter is incorporated in the infusion set. This interruption is especially detrimental during
the administration of inotropes, and should be avoided.
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and physical model of gravity-fed infusion outflow: Application to soft-bag-packed solutions,”
European Journal of Drug Metabolism and Pharmacokinetics, vol. 36, pp. 197–203, dec 2011. 7,
9

[21] R. S. Murphy and S. J. Wilcox, “High risk infusions - Accuracy compromised by changes in patient
venous pressure,” Journal of Medical Engineering and Technology, vol. 33, pp. 470–474, aug 2009.
7, 9

[22] M. A. Lovich, J. Doles, and R. A. Peterfreund, “The impact of carrier flow rate and infusion set
dead-volume on the dynamics of intravenous drug delivery,” Anesthesia and Analgesia, vol. 100,
pp. 1048–1055, apr 2005. 7, 9

[23] M. J. Parker, M. A. Lovich, A. C. Tsao, A. E. Wei, M. G. Wakim, M. Y. Maslov, H. Tsukada,
and R. A. Peterfreund, “Computer control of drug delivery by continuous intravenous infusion:
Bridging the gap between intended and actual drug delivery,” Anesthesiology, vol. 122, pp. 647–
658, mar 2015. 7, 9

[24] P. Hutton and E. A. Thornberry, “Factors affecting delivery of drug through extension tubing.,”
British journal of anaesthesia, vol. 58, pp. 1141–8, oct 1986. 7, 9

[25] B. K. Philip and J. H. Philip, “Characterization of Flow in Intravenous Infusion Systems,” IEEE
Transactions on Biomedical Engineering, vol. BME-30, no. 11, pp. 702–707, 1983. 9

[26] M. J. Parker, M. A. Lovich, A. C. Tsao, H. Deng, T. Houle, and R. A. Peterfreund, “Novel
pump control technology accelerates drug delivery onset in a model of pediatric drug infusion,”
Anesthesia and Analgesia, vol. 124, no. 4, pp. 1129–1134, 2017. 9

[27] M. A. Lovich, G. L. Peterfreund, N. M. Sims, and R. A. Peterfreund, “Central venous catheter
infusions: a laboratory model shows large differences in drug delivery dynamics related to catheter
dead volume.,” Critical care medicine, vol. 35, pp. 2792–8, dec 2007. 9

[28] H. Ma, M. A. Lovich, and R. A. Peterfreund, “Quantitative analysis of continuous intravenous
infusions in pediatric anesthesia: Safety implications of dead volume, flow rates, and fluid delivery,”
Paediatric Anaesthesia, vol. 21, pp. 78–86, jan 2011. 9

Modelling multi-infusion: the effects of flow rate changes and air on drug administration 57



BIBLIOGRAPHY

[29] A. C. Tsao, M. A. Lovich, M. J. Parker, H. Zheng, and R. A. Peterfreund, “Delivery interac-
tion between co-infused medications: An in vitro modeling study of microinfusion,” Paediatric
Anaesthesia, vol. 23, pp. 33–39, jan 2013. 9, 30

[30] D. E. Angelescu, H. Chen, J. Jundt, H. Berthet, B. Mercier, and F. Marty, “Highly integ-
rated microfluidic sensors,” in Microfluidics, BioMEMS, and Medical Microsystems VI, vol. 6886,
p. 688607, SPIE, feb 2008. 15, 16, 26

[31] P. K. Panigrahi, Transport Phenomena in Microfluidic Systems. Singapore :: wiley, nov 2015. 15,
26, 45, 46

[32] G. Taylor, “Dispersion of Soluble Matter in Solvent Flowing Slowly through a Tube,” Proceedings
of the Royal Society A: Mathematical, Physical and Engineering Sciences, vol. 219, pp. 186–203,
aug 1953. 15, 16, 26
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Height differences in infusion

- This review is part of the Metrology for Drug Delivery II EMPIR project. -

Syringe pumps are occasionally subjected to height changes relative to the patient, which can lead
to undesirable side effects in administration. Infusion pumps are normally located near the bed of the
patient above the level of catheter insertion. This position is a rather practical choice making the
device easy to operate by medical staff. Similarly, the order in which syringe pumps are situated in the
docking station is also a choice of convenience. The height difference, the vertical distance between
insertion site and syringe, is in normally fixed, but can be altered due to syringe exchange without
clamping the line or patient transport. Variations in the height difference between the syringe and
insertion site can lead to undesirable consequences. For example the reported case wherein carrying
a cardiac surgery patient from the operation table into his bed produced various side effects. These
included a critical increase of heart rate, serious hypertension and an elevated left atrial pressure. The
elevation of the connected epinephrine pump relative to the patient initiated an overdose leading to
the adverse reaction [60].

The serious side effects of height changes are caused by a change in the hydrostatic pressure inside
the system due the displacement. A vertical displacement of a pump results in hydrostatic pressure
change inside the system. As can be seen from the general formula of hydrostatic pressure, ∆p = ρ·h·g,
the pressure difference ∆p between the pump and output changes if the height h is adjusted while
gravity g and density ρ remain constant. This pressure adjustment alters the output of the pump and
causes irregular drug delivery [61].

The physiological side effects of changing height differences were experimentally explored by Igarashi
et al. in rabbits [62]. They performed pressure measurements while moving the syringe pumps in height.
Their set-up consisted of a single syringe connected to infusion lines attached to the catheter which was
inserted in a rabbits femoral vein. Sensors in the infusion line, positioned just behind the syringe-line
connection, measured the internal pressure of the system. During the downward movement the system’s
internal pressure increased by 37.5 ± 4.0 mmHg and during upward movement the pressure decreased
with 37.3 ± 3.1 mmHg [62]. In a rabbit model with hemorrhagic shock these changes resulted in a
percentage change of systolic blood pressure of -17 ± 6.9% during downward displacement and 45.7
± 21.5% during upward displacement. Combining these results revealed that the change in internal
pressure induced by the change in height difference can lead to important physiological risks.

The origin of dosing error caused by change in height differences has been widely investigated the
past 20 years. Various publications studied the administration during vertical displacements of the
pump. The experimental setups of the different studies were essentially the same. All setups consisted
of pumps which were displaced and the syringes were connected to an infusion line. The tip of the
infusion line could be immersed into a sampling glass filled with fluid (to simulate venous pressure)
and the outflow was measured on a balance or directly with flow meters. During the experiments the
syringe pump was set at a fixed infusion rate until a steady flow was reached. Initially the pump with
syringe was elevated after which a bolus occurred in the outflow. Afterwards the device was returned
to the initial position which resulted in an aspiration bolus. Both vertical displacements which caused a
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positive or negative bolus were followed by a period without fluid delivery, called the zero-delivery time.
Experiments with this set up were performed comparing different pumps [63, 11], different brands of
syringes [61] [64], different flow rates [65, 66], different infusion lines [67], different syringe sizes [68]
and different heights differences [68]. The zero delivery times, bolus sizes, retrograde bolus sizes and
other characteristics of these studies are compared in an extensive literature review from van der Eijk
et al. [69]. Experiments where the line instead of the pump was subjected to height changes, showed
comparable flow behavior.

Initial investigations into height differences suggested that the variation in administration during
vertical displacement was attributed to gravitational siphoning due loose plungers [63]. Siphoning
means that the loose plungers move in the direction of outflow when the syringe is elevated. This
plunger movement causes additional fluid administration until the plunger reaches the driver head
claws and the motion is obstructed. During the downward movement of the syringe, it works the
other way around. Then the administration decreases when a syringe is lowered and the plunger does
temporarily not move until the driver head pushes the plunger again. Nowadays the free play of the
syringe plunger in modern pump drivers seems to be insignificant because of the clamping of the
plungers. Since siphoning does not justify the origin of the administration errors, the underlying cause
was later sought in the compliance of the system.

The compliance of the system is influenced the most by the hydrostatic volume redistribution which
leads to the flow rate deviations [68]. The irregularity in outflow was related to in internal compliance
of the syringes and infusion lines. The lower the compliance, the smaller the retrograde aspiration and
elevation bolus in the administration [61]. Brotschi et al. showed that the infusion bolus after elevation
is a result from the immediate hydrostatic pressure relief [66]. After displacement it takes the pump
some time to regain pressure again before the normal infusion rate is reached. From these findings can
be derived that compliance plays a major role in administration deviations.

The administration errors are more specifically associated with the size of the syringe, which greatly
contributes to the compliance. The aspiration volume and infusion bolus proved to be related to the
syringe volume. The larger the syringe the larger the flow irregularities after vertical displacement [68].
A relation between compliance and the area of the plunger was noticed when measuring the compliance
of different syringes [68]. This means that in general a larger syringe has a larger compliance. Weiss
et al. assumed that the air space between the rubber seal and the plastic part of the plunger provides
a compressible volume [64]. The plunger tip deforms under the additional hydrostatic pressure, thus
increasing the internal volume which can act as an temporary storage for fluid. This storage leads
to a reduced outflow when lowering the pump and it causes an increased outflow when the pump is
elevated. The soft plunger has the largest contribution to the syringe compliance, where the syringe
wall accounts for only one third of total syringe compliance. The larger the seal of the plunger, the
larger the compliance [68]. For example, a CODAN syringe with a flat plastic plunger and silicone ring
was found to have the lowest compliance. Eventually not only syringes, but also lines influence the
total compliance which influences the fluid delivery [67].

The lower compliance of the CODAN syringe also contributes to a shorter zero drug delivery time.
This reduction in the zero drug delivery amounted 1.5 minutes at 1 ml/h, compared to other wide used
syringes with a rubber plunger tip. A linear relation was found between the zero drug delivery time
and the calculated syringe compliance, which confirms the dominant effect of compliance on aspiration
bolus and zero drug delivery time [68]. Although this syringe performs better in terms of zero drug
delivery time, the compliance is still a clinical risk [64].

The zero drug delivery time after a vertical displacement not solely depends on the compliance,
but also on the infusion rate. The higher the infusion rate, the lower the zero drug delivery time in
all syringe sizes [68]. Kern et al. did comparable research and confirmed this Weiss’s finding. They
discovered an exponentially negative correlation between flow rate and zero drug delivery time [70].
However, a relation between infusion rate and infusion bolus was not found. The zero drug delivery
time of a 50 ml syringe at 1ml/h lowered over 130 cm was accompanied with an infusion bolus of
0.166 ml, but no relation was found between the infusion bolus and infusion rate [68].

A linear correlation between vertical displacement and zero drug delivery time was found. Lowering
a 50 ml syringe at a flow rate of 1ml/h over 130 cm resulted in zero drug delivery time of 12.8 minutes.
From experimental results like these was estimated that the zero drug delivery time per 10 cm of
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vertical displacement for 50 ml syringes increases with one minute at a 1ml/h infusion rate. When the
flow is halved, the delay extends to two minutes [68]. For instance, in a clinical situation are 50 cm
displacements more common, which for a 50 ml syringe at a flow rate of 1 ml results in a zero drug
delivery time of five minutes [68].

Van der Eijk et al. investigated the consequences when elevating two pumps at different flow rates
simultaneously. The pumps were started at flow rates of 0.1 ml/h and 2.5 ml/h and elevated by 30 cm
relative to the catheter after 30 minutes. The elevation temporarily increased the flow of both pumps.
Sixty minutes after the start, the pumps were returned to their original position and both immediately
decreased in flow. The low flow rate of 0.1 ml/h only delivered 50-65% of the intended volume in the
30 minutes after the height decrease [65].

Above all, all studies had one conclusion in common: one should be very careful when displacing
pumps vertically relative to the patient and vertical manipulations should preferably be avoided as much
as possible. Especially precautions should be taken when transporting patients.
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Valves

- This review is part of the Metrology for Drug Delivery II EMPIR project. -

B.1 Anti-reflux valves

Despite the fact that syringe pumps and gravity driven infusion pumps are often combined in clinical
practice, combining these infusion methods involves additional risks. One of those risks is backflow
occurring during an accidental occlusion of the infusion line. To prevent flow in the opposite direction,
valves are incorporated in infusion setups.

When a line is occluded, fluid originating from the syringes or a higher situated infusion bag will
flow in the direction of the gravimetric pump. This backflow results in an underdose for the patient
and a leads to an administered bolus after the occlusion is resolved. It also causes the pumps to react
slower to an occlusion and it takes longer before the occlusion alarm sounds [71]. Even when using the
only syringe pumps, it is possible for higher rate flow to enter the infusion line of low rate medication.
This can cause additional delay for the slowest flowing, and often critical, drug [72].

To prevent backflow and delayed occlusion alarms, anti-reflux valves are used. These are also known
as (back-)check, non-return or one-way valves [73]. The valves prevent backflow into the gravimetric
pump line or the lower flow rate line when a distal occlusion occurs and avoid unintended boluses
[74]. An anti-reflux valve consists of a silicone disc with a plastic casing around it. The disc inside
the piece occludes the valve lumen when back pressure is applied [75]. An anti-reflux valve opens
when the pressure upstream of the valve minus the downstream pressure is higher than the opening
pressure of the valve itself [65]. In other words, when the upstream pressure can overcome the pressure
exerted on the other side of the valve. When an occlusion occurs, the valve prevents backflow into the
gravitational infusion. Because the flow cannot flow into the infusion bag, the pressure builds up and
can trigger the pump’s alarm [71, 12].

According to measurements of Batista et al. individual check valves do not influence the compliance
of the system [48]. By introducing valves to the setup, the inner volume is separated in partial volumes.
When an occlusion occurs, only this partial volume experiences the pressure build up, which leads to an
alarm. The smaller partial volume has a lower compliance than the infusion setup as a whole, therefore
reduces the time needed to build up pressure [76].

Valves can help to minimize the delay between the time a flow rate change is made in the pump and
the time the drug is delivered to the patient at the new flow rate. Lannoy et al. investigated the impact
of anti-reflux valves on the administration in a dual-infusion setup. In this setup a critical medicine at
a flow rate of 7 ml/h was administered accompanied by a carrier flow of 35, 70 or 115 ml/h. The study
focused on the flow change efficiency of the setup with different carrier flow rates from gravity-driven
infusion, volumetric pump or syringe pump. Flow change efficiency (FCE) is defined as ’the ratio of
the area under the experimental mass flow rate curve to the area under the theoretical instantaneous
mass flow rate curve’ by Lannoy et al. [73]. In other words, the FCE shows in percentage how the
administrated volume over time corresponds to an ideal instantaneous and constant fluid delivery. In
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their experiments at high flow rates (115 ml/h) the anti-reflux valve did not change the FCE of drug
delivery in volumetric or gravity driven pumps. In pump driven carrier flow no influence was seen by
the anti-reflux valves at flow rates above 35 ml/h. Only when using a gravity-driven carrier flow rate
of 35 ml/h, the anti-reflux valve slightly improves the drug delivery by approximately 10% after 10
minutes from the start [73].

There is still doubted about the use of anti-reflux valves as contamination filter. In the light of
infection risks Ellger et al. stated that single anti-reflux valves do not serve as micro-organism filters.
Therefore they cannot be recommended as a way of reducing healthcare-associated infections [77]. On
the other hand, Radke et al. do suggests that including multiple check valves in paired configuration
to prevent retrograde contamination [78].

Although valves improve safety during simultaneous syringe pump and gravity driven infusion
[79],the valves do impact the administration. Numerous studies are conducted to the side effects
of check valves on the administration. The two most relevant effects are a reduction in maximum flow
rate and delay in delivery.

The first disadvantage is the fact that anti-reflux valves impede the medication flow through infusion
lines, causing a decreased maximum flow rate. Batista et al. tested a setup consisting of a pump with
a syringe connected via rigid tubing to a needle. This setup was tested with and without the addition
of a check valve. The tests revealed that when using a 10 ml syringe, the valve causes a flow rate
error of maximum 1.4± 0.9% at 0.5 ml/h compared to the situation without valves. This percentage
decreases at higher flow rates. In the experiments with a 50 ml syringe the error was -2 ± 1% at 0.5
ml/h and becomes less influential for higher flow rates [48]. Hall et al. compared the maximum flow
rate a gravitational pump could deliver with and without anti-reflux valve for 16 and 20G cannula.
Adding valves resulted in a reduction in flow rate of 19 to 38% depending on the type of valve for
the 16 G cannula set up. In the 20 G cannula setup no significant reduction was visible, which might
be because it already has a higher resistance because of the narrow catheter tip [75]. Liu et al. also
confirmed that SmartSite anti-reflux valves significantly decrease flow rates when using four different
sizes of intravenous cannulas (20-14 G) receiving flow from a bag of fluid. The flow rate drop was
most pronounced for larger cannulas, which included a decrease of 74% for the 14 G cannula. [80].

The second disadvantage of anti-reflux valves is the prolonged start-up delay. Van der Eijk et
al. experimented with a pump connected to a line with valve at a flow rate of 2.5 ml/h. When the
setup contained a anti-reflux valve, the the start-up time prolonged from around 1.73 minutes without
anti-reflux valve to a maximum of 3.76 minutes with a valve [65]. Batista et al. measured the start-up
delay for the different syringes combined to 1.50 m line. For the 50 ml syringe at 10 ml/h the start-up
delay endured 30% longer than without valve. For the 10ml syringe the start-up delay was not altered
by the valve at 10 ml/h, however, this time delay increased with of 39% at 2 ml/h [48].

The maximum flow reduction and increase of start-up delay caused by anti-reflux valves can be
related to flow resistance. The real impact of check valves on the administration depends among others
on the programmed flow rate, the position and the opening pressure of the check valve [65].

Although the effects on flow rate and start-up delay are clear, there is no consensus yet about the
use of anti-reflux valves. Liu et al. recommended that clinicians should not consider using an anti-reflux
valve when one aims for the maximum fluid flow rates [80]. Moreover, the function of check valves at
all is questioned by Ellger et al. who proclaims that the effect of anti-reflux valves is doubtful for flows
between 0.1 and 1 ml/h and considers anti-reflux valves not reliable to prevent backflow [77]. On the
other hand, it is generally believed and confirmed by other studies that anti-reflux valves can certainly
prevent backflow and increase the safety of infusion setups [12].

B.2 Anti-siphon valves

Anti-siphon valves or anti free-flow valves are mostly used in combination with syringe pumps to reduce
the risk of accidental free flow. Free flow is an effect which occurs when a syringe barrel or plunger
is not attached sturdy enough in the pump. For example the reported case wherein an insulin syringe
was removed from the pump and placed somewhere else to move a patient from bed to a chair. The
patient would otherwise been impossible to transport due to the limited length of the infusion line.
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Caretakers forgot to put the syringe back in the pump and was left undone for an hour positioned on
a shelf approximately 55 cm above the heart. After notice, the syringe was empty and the patient
had received approximately 40 ml insulin over a short period instead of 0.8 ml which caused mild
hypoglycemia [81].

The administration of fluid without any purposely applied force occurs due to siphoning, which
can cause detrimental events. Syringes positioned high enough above the patient can experience a
gravitational pressure. If this pressure becomes high enough, it can overcome the friction between a
non-secured plunger and the syringe barrel. This effect, called siphoning, can also arise at low height
differences if there is a crack in the syringe causing air inflow [74].

Anti-reflux valves are used to prevent siphoning. Anti-siphon devices purposely induce higher
resistances to forward flow to prevent free flow. The syringe driver therefor must reach a high pressure
before opening the valve [82]. Weiss et al. checked that anti-siphon valves prevented flow into the
syringe assembly after lowering the syringe pump. Without the valve the bolus volume retracted into
the syringe after lowering amounted to an infusion volume corresponding to 0.71 minutes up to 1.31
minutes of normal infusion. The retracted volume depends on the brand of the syringes which is related
to the difference in the compliance of the setup [61].

The increase in resistance in the set up leads to counter effects such as an increased zero drug
delivery time. Research showed that anti-siphon valves influence the length of the zero drug delivery
time. Weiss et al. showed that adding an anti-siphon valve significantly prolongs zero drug delivery
time by 43% up to 88% compared to no valve, depending on the brand and opening pressure of the
valve. These values were measured after a vertical displacement of a single 50 ml syringe in a pump.
After the zero drug delivery time they perceived the rapid delivery of a valve re-opening bolus, which
volume corresponds to the fluid infused within 0.65 to 2.0 minutes at the set 1 ml/h [61]. McCaroll et
al. confirmed these conclusions in comparable experiments. At low flow rate of 2 ml/h the startup time
was significantly longer with all the anti-siphon sets compared to the control. Startup time were found
to be up to 5 times longer. At higher rates of 10 ml/h the time delays were less notable compared to
the control.

The elongation of the zero drug delivery time is related to the increased pressure needed to overcome
the additional resistance of the valve. Weiss et al. analyzed the reasons for the prolonged zero drug
delivery time and concluded that the valves seem to require an additional opening pressure beyond
the valves operating pressure. The increased time until the higher opening pressure is reached is
responsible for the prolongation of zero drug delivery times [61]. Chua et al. found that three lumen
infusion devices with anti-siphon valves can reach 5.5 times the infusion pressures compared to the
devices without valves. However, these elevated pressures were not sufficient to trigger occlusion alarms
[83].

Although anti-siphon devices can prevent dangerous situations, the significant delay in initial flow
that occurs when anti-siphon valves incorporated should be taken into account, according to McCaroll
et al. [82]. Sometimes anti-siphon valves can reduce flow distortions, but Weiss et al. advises against
using anti-siphon valves to reduce flow irregularities at low infusion rates [61]. Another approach is
proposed by Keay et al., who suggest to position syringe pumps not above the level of the patient to
prevent siphonage.
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Appendix C

Volume infusion components

All lines and connectors are weighted with and without water inside. They are measured at least
four times to calculate the inner volume. Also the inside of the flow cell is taken into the calculation.
Approximately 2/3 of the flow cell is filled when decent signal arrives. The obtained results are presented
in Table C.1.

Volume (ml)
Vygon line (1mm) 2.013±0.003
Double lumen umbilical catheter (Vygon 1272.04) 0.19 (per lumen)
Y-connector (1mm) 0.18±0.01
Flow cell 0.17±0.01
2/3 flow cell 0.113±0.007
Vygon line + catheter
2/3 flow cell

2.316±0.008

Table C.1: Volumes of infusion components
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Flow characteristics

Diameter of 1 mm Diameter of 1 mm
5 ml/h 1 ml/h

Reynolds number 1.76 0.35
Entrance length 8.8·10−5 m 1.8·10−5 m
Péclet number1 5201.1 1040.2
Schmidt number1 2947.1 2947.1
Dean number2 0.23 0.06
r2/D 1,3 576.04 s 576.04 s
L/U 4 1130.97 s 5654.87 s
r/U 0.28 s 1.41 s

Table D.1: Flow characteristics.

1 The diffusion coefficient of Allura Red is assumed 4.34·10−6 cm2/s [53].
2 Assuming the radius of curvature could be up to 3 cm.
3 The r is 0.0005 m. Although the fluid travels through a catheter with a smaller radius, the fluid

traveled most of the time through a 1 mm diameter extension line.
4 L is approximated as the length of the extension line, which is 2 m.

Modelling multi-infusion: the effects of flow rate changes and air on drug administration 69



Appendix E

Measurements with offset

Graphs presented in Chapter 3, first with and later without offset correction.
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Outflow Pump 1: Experiment

Outflow Pump 2: Experiment
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Set Flow Rate Pump 1
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Figure E.1: Comparison between in-vitro measurements, model outcomes and set flow rates without
flow rate correction.
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Outflow Pump 1: Experiment

Outflow Pump 2: Experiment
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Figure E.2: Comparison between in-vitro measurements, model outcomes and set flow rates without
flow rate correction.
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Outflow Pump 1: Experiment

Outflow Pump 2: Experiment

Outflow Pump 1: Model

Outflow Pump 2: Model
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Figure E.3: Comparison between in-vitro measurements, model outcomes and set flow rates without
flow rate correction.
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Appendix F

Bubble volumes in infusion lines

Bubble size Volume in 1 mm line Volume in 3 mm line

0.5 mm diameter 0.033 µl
1 mm diameter 0.26 µl
5 mm diameter / 33 µl
1 mm tube length (covering the intersection) 0.78 µl 7.1 µl

Table F.1: Length of bubbles in an infusion line with corresponding bubble volume.
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Appendix G

MATLAB code air filter model

1 f u n c t i o n [ t , x ] = a i r i n f u s i o n l i n e ( lBubb le , tmax )
2 % [ t , x ] = a i r i n f u s i o n l i n e ( lBubb le , tmax ) c a l c u l a t e s the r e s pon s e o f a
3 % RC c i r c u i t which models an one pump i n f u s i o n se t , w i th a time−dependent
4 % compl i ance . A c l i n i c a l example i s a i r i n f u s i o n l i n e (10 , 1200) .
5 %
6 % inpu t : lBubb l e : l e n gh t o f a bubb le i n an i n f u s i o n l i n e [ cm ] .
7 % tmax : maximum time i n s imu l a t i o n [ s ] .
8 % output : t : t ime v e c t o r f o r s o l u t i o n [ s ] .
9 % x : s o l u t i o n a r r a y p r e s s u r e and f l ow .

10 %
11 % Adapted from : TRANSMISSION LINE Q NONLIN from Marce l Rutten , TU/e ,
12 % 2020−01−09.
13

14 %% s a n i t y checks :
15 % p o s i t i v e t ime on l y :
16 i f ( tmax <= 0 )
17 e r r o r ( s p r i n t f ( ’ chosen t imespan ( tmax = %g ) i n v a l i d ’ , tmax ) ) ;
18 end
19

20 % p o s i t i v e t ime on l y :
21 i f ( lBubb l e <= 0 )
22 e r r o r ( s p r i n t f ( ’ chosen bubb le l e n g t h ( l eng thBubb l e = %g ) i n v a l i d ’ , lBubb l e

) ) ;
23 end
24

25

26 %% model i n pu t
27 % model pa ramete r s :
28 FR1 = 5 ; % Flow r a t e ml/h
29 R1 = 1000 ; % Pa/(ml/h )
30 C1 = 1.11 e−5; % ml/Pa % Setup comp l i ance d e r i v e d from

expe r imen t s
31 RC1fac = 1 . 4 ; % f a c t o r w i th which the o r i g i n a l RC va l u e i s

i n c r e a s e d s t a r t−up
32 RC2fac = 0 . 3 3 ; % pe r c en t age o f o r i g i n a l RC va l u e du r i ng f l ow

r a t e s top (= ven t i n g o f the l i n e )
33 tBubb l e f a c = 0 . 6 7 ; % pe r c en t age to which tBubb le i s s ho r t en ed
34

35 % tran s f o rm paramete r s from hour s to seconds
36 FR = FR1 / 3600 ;
37 R = R1 ∗ 3600 ;
38

39 % Bubble pa ramete r s
40 t S t a r t I n t e r r u p t = 846 ; % Time when bubb le a r r i v e s at f i l t e r [ s ]
41

42 vBubble = 0.05ˆ2 ∗ p i ∗ lBubb l e ; % [ ml ]
43 tBubb le = round ( ( vBubble / FR) ∗ tBubb l e f a c ) ; % Length o f bubb le i n t ime [ s ] ,

c a l c u l a t e d l e n g t h i s s ho r t en ed by 67%
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44 t E n d I n t e r r u p t = t S t a r t I n t e r r u p t + tBubb le ; % Time at which a dm i n i s t r a t i o n
resumes a f t e r the bubb le

45 tC en t e r FR I n t e r r u p t = t S t a r t I n t e r r u p t + tBubb le / 2 ;
46

47

48 %% c r e a t e output at s p e c i f i c t imepo i n t s , u s e f u l f o r p o s t p r o c e s s i n g l a t e r
49 % on (50Hz samp l i ng r a t e i n t h i s ca s e ) :
50

51 f s = 50 ;
52 tmax = round ( tmax ∗ f s ) / f s ;
53 t span = l i n s p a c e (0 , tmax , ( tmax ∗ f s ) + 1) ;
54

55 % i n i t i a l c o n d i t i o n s ( homogeneous to beg in w i th ) :
56

57 x0 = z e r o s (2 , 1) ;
58

59 % se t s p e c i f i c o p t i o n s f o r the ode s o l v e r :
60

61 op t i o n s = ode s e t ( ’ Re lTo l ’ , 1e−3, ’ AbsTol ’ , 1e−8) ;
62

63 % run the s imu l a t i o n :
64

65 [ t , x ] = ode23 ( @func , tspan , x0 , o p t i o n s ) ;
66

67 % sepa r a t e p r e s s u r e s from f l ow s :
68

69 p = x ( : , 1 : 2 : end ) ;
70 q = x ( : , 2 : 2 : end ) ;
71

72 % p l o t ou tpu t s :
73

74 u = FR ∗ ( h e a v i s i d e ( t ) − r e c t p u l s ( ( t − tC en t e r FR I n t e r r u p t ) / tBubb le ) ) ;
75 % Repeat i n pu t f o r p l o t
76

77 f i g u r e (1 )
78 s u bp l o t ( 3 , 1 , 1 ) ;
79 p l o t ( t , u ∗ 3600 , ’ L ineWidth ’ , 2 ) ;
80 x l a b e l ( ’ Time [ s ] ’ ) ;
81 y l a b e l ( ’ Flow r a t e [ ml/h ] ’ ) ;
82 t i t l e ( ’ I npu t ’ )
83 y l im ( [ 0 , 6 ] )
84 g r i d on
85

86 s u bp l o t ( 3 , 1 , 2 ) ;
87 p l o t ( t , q ∗ 3600 , ’ L ineWidth ’ , 2 ) ;
88 x l a b e l ( ’ Time [ s ] ’ ) ;
89 y l a b e l ( ’ Flow r a t e [ ml/h ] ’ ) ;
90 t i t l e ( ’ Output ’ )
91 g r i d on
92

93 s u bp l o t ( 3 , 1 , 3 ) ;
94 p l o t ( t , p ∗ 0 .001 , ’ L ineWidth ’ , 2) ;
95 x l a b e l ( ’ Time [ s ] ’ ) ;
96 y l a b e l ( ’ P r e s s u r e [ kPa ] ’ ) ;
97 g r i d on
98

99

100 f u n c t i o n [ xdot ] = func ( t , x ) ;
101 % fun c t i o n s u b r o u t i n e to c a l c u l a t e s t a t e d e r i v a t i v e s
102

103 % s p l i t s t a t e v e c t o r i n t o p r e s s u r e s and f l ow s :
104 q = x ( 2 : 2 : end ) ;
105 p = x ( 1 : 2 : end ) ;
106

107 % update comp l i ance
108 C = C1 ∗ RC1fac ∗ h e a v i s i d e ( −( t − t S t a r t I n t e r r u p t ) ) + C1 ∗ RC2fac ∗

r e c t p u l s ( ( t − tC en t e r FR I n t e r r u p t ) / tBubb le ) + C1 ∗ h e a v i s i d e ( t −
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t E n d I n t e r r u p t ) ;
109

110 % system ma t r i c e s (A, B, C , and D, from sys tems th eo r y ) .
111 % dx/dt = A. x + B. u ; <−− on l y t h i s row needed f o r ode s o l v e r
112 % y = C. x + D. u
113

114 % compose system mat r i x A and i npu t mat r i x B :
115 % system mat r i x A :
116 A = [ −1 /(R ∗ C) , 0 ;
117 −1 /(Rˆ2 ∗ C) , 0 ] ;
118

119 % inpu t mat r i x B :
120 B = [ 1 / C ;
121 1 / (R∗C) ] ;
122

123 % inpu t s i g n a l
124 u = FR ∗ ( h e a v i s i d e ( t ) − r e c t p u l s ( ( t − tC en t e r FR I n t e r r u p t ) / tBubb le ) ) ;
125

126 xdot = A ∗ x + B ∗ u ;
127

128 end % func
129

130 end % a i r i n f u s i o n l i n e
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