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Chapter 1

General introduction
The first intravenous (IV) injection is commonly attributed to Sir Christopher Wren, 
who in the year 1656 administered wine into the bloodstream of a dog using an IV 
infusion device created out of pig’s bladder and a writing quill.1 In a letter to a for-
mer Oxford colleague, William Petty, Wren states “I Have Injected Wine and Ale in 
a liveing (sic) Dog into the Mass of Blood by a Veine, in good Quantities, till I have 
made him extremely drunk, but soon after he Pisseth it out”.2 Wren continued his 
experiments with many different fluids, however the use of a quill was quite im-
practical as it was difficult to fixate in a vein and was not durable enough. Wren’s 
colleague Richard Lower devised various new instruments to improve Wren’s first 
IV infusion device and so laid the groundwork for IV therapy.3

Presently, IV therapy is one of the most common forms of treatments in hos-
pitals worldwide. Although quills have been replaced by needles and plas-
tic catheters, the basic principle of fluid administration into a vein is still the 
same. Using an infusion pump, IV fluids or drug solutions contained in a sy-
ringe or IV bag are administered through a series of tubes and connectors into 
the bloodstream of a patient at a predefined rate. Vascular access is provided 
by a catheter that is placed in a vein. Peripheral venous catheters (PVCs) are 
placed in a peripheral vein and usually contain a single lumen (Figure 1; left), 
thus allowing a single stream of IV fluids. A central venous catheter (CVC) is 
placed in a central vein and commonly contains two or three lumens that al-
low for separated streams of IV fluids (Figure 1; middle and right, respectively). 
  

         single-lumen dual-lumen triple-lumen

Figure 1. Schematic representation of cross-sections of a single, dual and a triple-lu-
men catheter

In the intensive care unit (ICU) in particular patients receive multiple IV fluids and 
drug solutions simultaneously.4–6 In order to administer these fluids, a typical ICU 
patient is treated by using a combination of volumetric and syringe pumps. Volu-
metric pumps are generally used to deliver moderate to large flows (i.e. 5 to 999 
ml/h) of infusion fluids (e.g. lactated Ringers solution, glucose 5%, or NaCl 0.9%). 
It is also a common scenario that a secondary IV bag with a drug is piggybacked 
with the primary infusion fluid.7 Syringe pumps generally infuse drug solutions 
(e.g. noradrenalin) at lower rates (i.e. 0.1 to 100 ml/h) and are also used when 
more accurate or variable dosing is required. 
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A typical patient in our ICU may be treated using 2 volumetric pumps and 5 sy-
ringe pumps, which are connected to one triple-lumen CVC and two PVCs. As 
ICU patients commonly require more different IV fluids and drugs than there 
are lumens available, fluids originating from the different infusion pumps are of-
ten co-administered through a single lumen of a CVC or a PVC. This so-called 
multi-infusion introduces several challenges and opportunities, which will be ex-
plored in-depth in this thesis. 

Thesis outline
One of the most common complications of IV therapy is phlebitis, which is an 
inflammation of a superficial vein that usually occurs at the insertion site of a 
PVC. As ICU patients commonly receive twice as many drugs as patients on a 
regular ward, phlebitis is more likely to occur in the ICU.8 However, existing tools 
for the identification of phlebitis are not suitable for use in the ICU as they rely on 
subjective symptoms such as pain, and ICU patients are often sedated or receive 
analgesics. Nevertheless, an increased temperature around the insertion site is 
considered to be a cardinal sign of phlebitis that can be measured objectively.9 
Therefore, in chapter 2 we assessed the feasibility of using infrared thermogra-
phy to detect phlebitis by measuring the temperature difference between the 
PVC insertion site and a nearby reference point.

Reliable information on the preparation, storage, and administration of IV drugs is 
critical for clinical practice. Medical professionals in Dutch hospitals rely on par-
enteral drug guides (PGDs) that contain drug monographs to provide this infor-
mation for each individual drug. Although all PDGs once originated from a single, 
countrywide PDG, hospital pharmacists and pharmacy technicians in each Dutch 
hospital organization now independently and manually maintain their own PDG. 
The degree of overlap in Dutch PDGs is currently unknown and it is unclear which 
data sources are consulted to update drug monographs. In chapter 3A we there-
fore assessed the similarities and dissimilarities in the management and content 
of PDGs in the Netherlands. 

Drug incompatibility is a common issue in the ICU as the co-administration of in-
compatible drugs or fluids can lead to precipitation, inactivation, occlusion, cath-
eter failure or even embolism.10 ICU patients typically have a triple-lumen CVC 
that facilitates the separated administration of incompatible drugs and fluids. It is 
the ICU nurse’s responsibility to determine which drugs can be safely co-admin-
istered through each lumen using Y-site compatibility data derived from the PDG 
and compatibility charts. Unfortunately, these sources are often incomplete as 
many important combinations of drugs have not been studied or because con-
tradictory results have been published. Existing compatibility studies often do 
not reflect the drug concentrations, contact time and temperatures as they occur 
in ICU practice. In chapter 3B we therefore developed a systematic Y-site com-
patibility testing procedure that better reflects ICU practice. This procedure was 
subsequently applied to drug pairs that were commonly administered simulta-
neously in the ICU.

When a sufficient number of IV lumens is not available, additional invasive PVCs 
or CVCs must be used which increases the risk of catheter-related complications 
such as bloodstream infections and phlebitis.11–14 In order to reduce the number 
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of required lumens in the ICU, it is common practice to administer a separator 
fluid between two incompatible solutions. This volume must be sufficient to avoid 
mixing between the two solutions, but should also not be excessive due to the 
patient’s fluid intake restrictions.15,16 The factors affecting the volume of separator 
fluid required to safely separate two incompatible solutions are unknown. There-
fore, in chapter 4 we studied whether and how the administration rate, drug sol-
vent, choice of separator fluid, its administration rate, and the tubing volume af-
fects the volume of separator fluid required to safely separate incompatible drug 
solutions.

Most errors that occur in the ICU are related to IV therapy and the likelihood of 
adverse events increases by 3% with each additional IV drug.17,18 A large propor-
tion of these errors (40%) is directly related to the use of infusion pumps and often 
related to administration rates that are too high or too low. The usability of infu-
sion pumps is commonly identified as an important contributor to the incidence 
of such medication errors.19–24 The presence of a multitude of infusion pumps thus 
poses additional challenges for the ICU nurse, since the nurse is the primary op-
erator of infusion pumps at the bedside. Combined with a sometimes hectic work 
environment in the ICU and a vulnerable patient population, the risk of errors and 
the severity of their consequences is considerable.25 In chapter 5 we developed a 
new user-interface for the centralized control and monitoring of multiple infusion 
pumps. We subsequently compared the usability of this user-interface with that 
of a conventional setup of multiple infusion pumps.

Another approach to reduce the number of required IV lumens involves a new 
procedure of drug administration called multiplex infusion. During multiplex in-
fusion, incompatible solutions are sequentially administered through a single lu-
men, while being separated by a third solution that is compatible with the two 
flanking solutions. A centralized control system is required to choreograph the 
timed alternation of multiple infusion pumps that cannot be reliably performed 
manually. In chapter 6 we developed and tested an algorithm that schedules 
alternating IV administrations of multiple incompatible infusion packets through 
a single lumen, taking compatibility-related, pharmacokinetic and pharmacody-
namic constraints into account. The performance of this multiplex algorithm was 
compared to a conventional scheduling procedure as executed by ICU nurses.

Occlusions (blockages) of IV tubing can occur when stopcocks are not opened 
completely or when IV tubes are kinked. Occlusions can prevent vital and 
time-critical medication from being delivered into the bloodstream of patients. 
Using the conventional method of occlusion detection the pressure measured 
by an infusion pump is compared to a pre-set alarm limit, which it typically set 
between 300 and 800 mmHg.26–29 However, using this conventional method it 
can take up to 2 hours before an occlusion is detected when a pump is set at 
a low rate (≤1 ml/h).30 In order to improve the speed of occlusion detection we 
developed and evaluated the performance of three new occlusion detection al-
gorithms in chapter 7.
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