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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 Although quills have been replaced by needles and plas-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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Abstract
Common methods to detect phlebitis may not be sufficient for patients in the in-
tensive care unit (ICU). The goal of this study was to investigate the feasibility of 
infrared (IR) thermography to objectively detect phlebitis in adult ICU patients. 
We included a total of 128 adult ICU-patients in a pilot and subsequent valida-
tion study. Median [interquartile range] age was 62 [54-71] years and 88 (69%) 
patients were male. Severity of phlebitis was scored using the visual infusion 
phlebitis (VIP)-score, ranging from 0 (no phlebitis) to 5 (thrombophlebitis). The 
temperature difference (ΔT) between the insertion site and a proximal reference 
point was measured with IR thermography. In 78 (34%) catheters early phlebitis 
and onset of moderate phlebitis was observed (VIP-score of 1-3). In both the 
pilot and the validation study groups ΔT was significantly higher when the VIP-
score was ≥1 compared to a VIP-score of 0 (P <0.01 and P <0.001, respectively). 
Multivariate analysis identified ΔT (P <0.001) and peripheral venous catheter 
(PVC) dwell time (P =0.001) as significantly associated with phlebitis. IR ther-
mography may be a promising technique to identify phlebitis in the ICU. An in-
creased ΔT as determined with thermography may be a risk factor for phlebitis.
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Introduction
Phlebitis, i.e. inflammation of a superficial vein, is one of the most common com-
plications associated with the use of peripheral venous catheters (PVCs).1 Phlebi-
tis may occur in conjunction with the formation of a blood clot (thrombophlebitis) 
but the exact relation between phlebitis and thrombus formation is unknown.2,3 
As phlebitis may cause veins to become unfit for future intravenous access it is 
important that phlebitis is identified in a timely manner so that serious or lasting 
complications can be prevented.1,2,4

To our knowledge, there is no generally accepted gold standard for the assess-
ment of phlebitis, which is illustrated by the fact that there are over 70 different 
scoring systems for identifying and classifying the severity of PVC-related phle-
bitis.5 The Visual Infusion Phlebitis (VIP) score is one of the most frequently used 
scoring systems for assessing phlebitis in the United States.6,7 The VIP-score de-
scribes 6 levels of severity which all correspond to a number of visually identifi-
able signs, ranging from 0 (no phlebitis) to level 5 (thrombophlebitis).8 For exam-
ple, when a patient experiences pain or when redness is observed at the insertion 
site this corresponds to a VIP-score of 1 (early onset phlebitis). 

Patients in the intensive care unit (ICU) receive twice the amount of medication 
compared to patients on a regular ward.9 As this often requires intravenous ac-
cess, phlebitis may be more likely to occur in this group. However, the VIP-score 
is less suitable for use in the ICU as scoring pain is difficult in ICU patients who are 
often sedated or receive analgesics. Early signs of phlebitis, such as a VIP-score 
of 1, are therefore easily missed, which may lead to worsening of the phlebitis.

The VIP-score does not take an increased skin temperature around the insertion 
site into account, although this is considered to be a sign of phlebitis.10 As an 
elevated temperature is likely to occur in conjunction with signs of inflammation 
such as redness and pain, this may facilitate the detection of phlebitis using infra-
red (IR) temperature measurements. An important advantage of IR thermography 
is that it does not require the skin surrounding the insertion site to be touched, 
which reduces the risk of contamination. The temperature at a nearby unaffected 
site could be used as a reference, and the temperature difference (ΔT) between 
the insertion site and nearby reference point may be indicative for the presence 
of phlebitis. IR thermography has already been applied in the detection of fe-
ver, deep venous thrombosis, peripheral circulatory impairment, breast cancer 
and malignant melanoma.11,12 IR thermography may be an objective alternative to 
scoring systems that do not take skin temperature into account. However, the de-
tection of superficial vein phlebitis with IR thermography has not been described 
before. Therefore, the objective of this study was to investigate the feasibility of 
IR thermography in phlebitis detection in adult ICU patients.

Methods
This study was a prospective single-center observational study which consisted 
of a pilot and a subsequent validation study. Ethical approval was obtained from 
the Institutional Review Board of the University Medical Center Groningen, The 
Netherlands (METc.2016/119). Informed consent was waived as this was an ob-
servational study and study data were analyzed anonymously.
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Setting  
This study was performed in a 42-bed level III ICU of a university hospital in The 
Netherlands. Nearly every patient admitted to the ICU has a PVC which is newly 
inserted in the emergency room, operating room or in the ICU in an aseptic way 
following hospital protocols. After hand disinfection with alcohol (Sterillium®) the 
insertion site is cleaned using chlorhexidine 0.5% dissolved in 70% alcohol. The 
most suitable catheter and gauge is selected. Then, using non-sterile gloves the 
catheter is inserted by a trained nurse or physician. The catheter is then fixated 
using a transparent sterile dressing. The ICU nurses daily inspect the insertion site 
and the relevant extremity. They assess pain, extravasation, hematoma, irritation 
and infection. The sterile dressing is replaced when it no longer adheres to the 
skin, is damp or dirty and the infusion system (IV bags, lines and other disposable 
connectors) is replaced every 96 hours. Indications for PVC removal are phlebitis, 
subcutaneous administration, expiration of the indication, occlusion or leakage of 
the catheter.

Patient selection  
As this was a feasibility study, no formal sample size calculation was performed. 
Both the pilot and validation substudies included all adult ICU patients receiving 
IV treatment through one or more PVCs within their respective study periods. 
Patients below the age of 18 years, patients requiring immediate care (e.g. during 
resuscitation), patients in a strict isolation regime, patients refusing to be part of 
the study, and those on comfort measures were excluded.

Data collection   
The pilot study was conducted in the period from April 18th until May 12th of 2017 
and the validation study was conducted from October 19th until November 11th of 
2017. Data collection was performed in daily rounds including all eligible patients 
present in the ICU. Patients who met the inclusion criteria were assessed using 
a case report form (CRF), which incorporated known risk factors sex, PVC loca-
tion, PVC dwell time, antibiotic administration, infusion fluids, and the VIP-scoring 
system.7,13,14 Two researchers independently assessed the insertion site and then 
discussed the VIP-score together to reach consensus on the grade of phlebitis. A 
full description of the VIP-scoring system is listed in the supplementary material 
(Supplementary material: Table S1). For every PVC a separate IR measurement 
was performed and a separate CRF was filled in. When a patient had multiple 
PVCs at the same time, the order in which they were assessed was arbitrary. Tem-
perature data from the IR images were downloaded from the camera and pro-
cessed daily after data collection. 

Pilot study
The primary objective of the pilot study was to investigate the feasibility and re-
quirements of using an IR camera in the detection of phlebitis. A Fluke TiX580 
infrared camera (Fluke Europe B.V. Havé-Digitap, NL) was used for this purpose. 
This camera has a measurement range between -20 degrees Celsius (°C) and 
+800°C and a reported accuracy of ±2°C. In order to increase reliability of the IR 
measurements both the insertion site and a reference point approximately 10 cm 
proximal from the insertion site were captured in a single IR image (Supplemen-
tary material: Figure S1). We hypothesized that the occurrence of phlebitis would 



2

21

Use of infrared thermography in the detection of superficial phlebitis in adult
 intensive care unit patients: A prospective single-center observational study

21

Use of infrared thermography in the detection of superficial phlebitis in adult
 intensive care unit patients: A prospective single-center observational study

2

lead to a higher local skin temperature compared to the reference point. This 
difference in temperature in degrees Celsius (ΔT) was acquired from the infrared 
images using Fluke SmartView version 4.1 software.

Validation study 
The results of the pilot study indicated that statistically significant temperature 
differences were present in patients with and without signs of phlebitis. We there-
fore continued the study with protocol refinements. This included the use of an 
adapted measurement protocol, with an additional reference point and a more 
accurate IR camera.

In the validation study the reference points were measured to be 10 cm from the 
insertion site, whereas in the pilot study this distance was estimated. A disposable 
ruler was placed on the extremity which was photographed. Depending on the 
location of the insertion site this rendered one or two reference points; one 10 cm 
proximal and/or one 10 cm distal the insertion site. This distal reference point was 
added because the proximal reference point could be affected by inflammation, 
thereby possibly reducing the reliability of the ΔT value. Both reference points 
and the insertion site were always captured within the same IR image to improve 
reliability. ΔT was measured between the insertion point of the PVC and the ref-
erence points on the same extremity. 

In the validation study a FLIR T1030sc IR camera was used, which has a mea-
surement range between at -40°C and +650°C and it an accuracy of ±1°C. Also, 
core body temperature as measured with a bladder probe was recorded from 
the patient monitor.

In both the pilot and the validation groups, demographics, reason of admission, 
and data on known risk factors for phlebitis, including BMI, immunologic deficien-
cy, COPD, diabetes, and disease severity score APACHE-IV were recorded.14–16

Statistics  
All data were analyzed with SPSS (IBM SPSS Statistics for Windows, Version 24.0 
Armonk, IBM Corp.). For continuous variables, the mean with standard deviation 
(SD) is presented when normally distributed. In case of a skewed distribution, the 
median with interquartile range (IQR) is presented. Categorical variables are dis-
played as frequencies followed by percentages. Grouping was performed based 
on VIP-score (VIP-score =0 vs. VIP-score ≥1). For assessing statistical significance 
the Student’s t-test, Mann Whitney U-test, chi-square test or Fisher exact test 
were used. The statistical significance was determined at a two-sided P-value of 
≤0.05.

Backward stepwise multivariate logistic regression was performed for the com-
bined pilot and validation study data and included variables that were described 
in literature as risk factors. Catheters inserted were the units of analysis. All vari-
ables that had a univariate relation with phlebitis with a P <0.10 were included 
in the stepwise multivariate analysis. At each step the variable with the largest 
P-value was removed from the analysis until the multivariate model contained 
only variables that had a significant relation with phlebitis at a P <0.05.
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Results
Results for the pilot and validation study groups are presented separately. Base-
line patient characteristics of the pilot and validation study groups are provided 
in Table 1. In the pilot study 103 unique PVCs were studied in 57 ICU patients and 
in the validation study 126 PVCs were studied in 71 ICU patients. Depending on 
the length of ICU stay some PVCs were monitored for multiple days. A total of 691 
bedside measurements was performed. 66% of all unique insertion sites was rat-
ed a VIP-score of 0, 32% VIP 1 and 2% of VIP 2 or higher (Supplementary material: 
Table S2). 

IR temperature measurements for the pilot and validation studies are present-
ed in Table 2. The absolute temperature at the insertion site as determined by 
infrared thermography was higher in patients with a VIP-score ≥1 compared to 
patients with a VIP-score of 0 in both groups (pilot, validation; P =0.006, P <0.001). 
The ΔT was higher for patients with a VIP-score ≥1 compared to patients with a 
VIP-score of 0 in both groups (pilot, validation; P =0.002, P <0.001). It must be not-
ed that ΔT in both groups was calculated using the proximal reference point, as 
a distal reference point was not always available (e.g. when the insertion site was 
located in the hand or foot). The validation study showed that in particular the ΔT 
between the insertion site and proximal reference point showed a good discrim-
ination between a VIP-score of 0 and ≥1. 

PVC characteristics for the pilot and validation study groups are listed in the sup-
plementary material (Supplementary material: Table S3). Both in the pilot and in 
the validation study groups PVC dwell time was significantly higher in patients 
with a VIP-score ≥1 compared to VIP 0 (pilot study median [IQR] VIP 0 vs. VIP ≥1; 21 
[7.7-63.2] vs. 91.5 [29.5-258.7] hours, P <0.001. The validation study median [IQR] VIP 
0 vs. VIP ≥1; 28 [19.2-70.5] vs. 100.5 [52.2-172.0] hours, P <0.001). Body temperature 
had a linear relationship with both the temperature at the insertion site and the 
temperature at the proximal reference point (Supplementary material: Table S4).

Univariate and multivariate logistic regression analyses for the combined pilot 
and validation studies are displayed in Table 3. PVC dwell time and ΔT were both 
associated with phlebitis (P <0.001 for both variables).
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Table 1. Characteristics of patients in the pilot and validation study groups

Characteristics Pilot study Validation study

Number of patients 57 71

Male, n (%) 35 (61) 53 (75)

Age, median [IQR] 65 [55-73] 61 [52–71]

Admission diagnosis

Medical, n (%) 34 (60) 30 (42)

Surgical, n (%) 23 (40) 41 (58)

Admission type

Elective, n (%) 20 (35) 23 (32)

Non-elective, n (%) 37 (65) 48 (68)

Comorbidities

COPD, n (%) 8 (14) 13 (18)

Diabetes, n (%) 6 (10) 12 (17)

Immunologic deficiency, n (%) 5 (9) 7 (10)

BMI

Underweight BMI <18.5, n (%) 2 (3) 0 (0)

Normal BMI 18.5-25, n (%) 26 (46) 37 (52)

Overweight BMI 25-30, n (%) 21 (37) 22 (31)

Obese BMI >30, n (%) 8 (14) 12 (17)

APACHE IV, median [IQR] 63 [48–78] 67 [54–86]

n=56 n=68

IQR: Interquartile range
COPD: Chronic Obstructive Pulmonary Disease 
Immunologic deficiency: Patient received immunosuppressive therapy, corticosteroids, 
chemo- or radiotherapy, or has humoral or cellular deficiency
BMI: Body Mass Index
APACHE: Acute Physiology and Chronic Health Evaluation
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Table 2. Infrared temperature measurements of the pilot and validation study groups 
in degrees Celsius

Characteristics VIP-score 0 VIP-score ≥1 Pc

Pilot study group n=79 n=24

Insertion site, median [IQR] 32.0 [29.8 – 33.8] 33.8 [32.4 – 35.5] 0.006

Proximal reference point, 
median [IQR] 33.0 [31.6 – 35.0] 34.2 [32.8 – 35.1] 0.097

ΔTa, median [IQR] -0.90 [-2.10 – 0.10] 0.6 [-1.25 – 1.23] 0.002

Validation study group n=72 n=54

Insertion site, median [IQR] 32.5 [31.0 – 34.5] 34.5 [33.2 – 35.8] <0.001

Proximal reference point,      
median [IQR] 33.4 [31.9 – 35.0] 34.5 [33.5 – 35.8] 0.002

ΔTa, median [IQR] -0.45 [-1.98 – 0.48] 0.45 [-0.30 – 0.90] <0.001

Distal reference point,           
median [IQR] 33.7 [31.7 – 35.3] 34.9 [32.7 – 36.0] 0.074

n=47 n=42

ΔTb, median [IQR] -0.40 [-1.40 – 0.70] 0.10 [-0.90 – 1.62] 0.129

n=47 n=42

IQR: Interquartile range
aTemperature difference between insertion site and the proximal reference point on the 
same extremity
bTemperature difference between insertion site and the distal reference point on the 
same extremity
cMann Whitney U test 
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Table 3. Univariate and multivariate analysis of phlebitis

Univariate analysis Multivariate analysis

Variable Odds 
ratio 95% CI P Odds 

ratio 95% CI P

Age 0.985 0.965 – 1.005 0.145

Sex 0.691 0.372 – 1.285 0.243

BMI 1.067 0.996 – 1.142 0.064

PVC side 1.017 0.588 – 1.758 0.952

PVC in foot 1.490 0.498 – 4.456 0.476

PVC dwell time 
(hours) 1.007 1.003 – 1.010 <0.001 1.006 1.002 – 1009  0.001

ΔT (oC) 1.667 1.351 – 2.057 <0.001 1.494 1.202 – 1.855 <0.001

Elective admission 0.433 0.223 – 0.838 0.013

Immunologic 
deficiency 0.666 0.267 – 1.665 0.385

COPD 1.144 0.540 – 2.424 0.726

Diabetes 1.279 0.597 – 2.741 0.527

Antibiotic use 1.857 0.961 – 3.590 0.066

Infusion fluids 1.215 0.305 – 4.835 0.782

Admission diagnosis 1.323 0.752 – 2.323 0.331

APACHE IV score 1.006 0.995 – 1.018 0.264 AUC: 
0.76

CI: Confidence interval
BMI: Body mass index
PVC: Peripheral venous catheter
ΔT: Temperature difference between the insertion site and the proximal reference point 
on the same extremity 
Immunologic deficiency: Patient received immunosuppressive therapy, corticosteroids, 
chemo- or radiotherapy, or has humoral or cellular deficiency
COPD: Chronic Obstructive Pulmonary Disease
APACHE: Acute Physiology and Chronic Health Evaluation
AUC: Area under the ROC curve using the multivariate function (with PVC and ΔT dwell 
time as independent variables) for predicting phlebitis as defined by VIP-score ≥1
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Discussion
The objective of this study was to investigate the feasibility of IR thermography in 
phlebitis detection in adult ICU patients. A pilot study was conducted to identify 
the initial requirements for the practical application and the initial feasibility of IR 
thermography in the detection of phlebitis. The results of the pilot study were 
confirmed in a more formalized validation study.

The ΔT values were used to indicate the difference in temperature between un-
affected skin and the catheter insertion site, as a single absolute temperature 
measurement might provide less information on the presence of a local inflam-
matory process. Patients with a higher ΔT were more likely to show early signs of 
phlebitis. Although the validation study used a more precise measurement of ref-
erence points, ΔT values measured between the insertion site and the proximal 
reference point were associated with phlebitis in both study groups. The fact that 
the ΔT values were relatively small overall may be partly explained by the rela-
tively cold infusion fluid with a room temperature of approximately 20 degrees 
Celsius, reducing the temperature difference of the insertion site compared to 
the reference point. When a patient develops phlebitis, the local inflammatory re-
sponse raises the temperature at the insertion site, being one of the classic signs 
of inflammation.17 Hence the measured temperature at the insertion site will be 
higher than that of the reference point. These findings suggest that IR thermog-
raphy may be useful to objectively identify phlebitis in early stages.

As far as we know, the detection of superficial vein phlebitis with IR thermography 
has not been described in literature before. Most medical applications of IR ther-
mography focus on the detection of deep venous thrombosis, severe infection 
and non-invasive cancer detection12,18–24. These applications often examine ther-
mal patterns of an affected limb and the interpretation is interpreter-dependent. 
In the current study numerical temperature values from the IR images were used 
instead, which is a more objective method. Hypo- or hyperthermia may have an 
influence on the IR thermography measurements as it may affect the patient’s 
skin temperature. Before it is used in clinical practice the impact of factors that 
influence IR measurements, such as hypo- and hyperthermia, cold infusion fluids 
and heat blankets, requires further investigation.

In our multivariate model we found that PVC dwell time was a risk factor for the 
occurrence of phlebitis, which is in agreement with previous studies.13,14,25–27 Other 
risk factors described in literature, such as gender, age, antibiotics, BMI, chronic 
obstructive pulmonary disease (COPD), diabetes, immunologic deficiency or in-
sertion site were not significant in this study.13,16 Patients with COPD (who are often 
smokers) and diabetics may be more vulnerable to phlebitis.16,28 Although statis-
tical power probably is an issue with respect to our data, the lack of evidence for 
gender as a risk factor is congruent with Salgueiro-Oliveira et al. (2012).

34% of insertion sites were rated with a VIP-score of ≥1, which falls within the 20-
40% range reported in earlier studies.1,13,29 It is noteworthy that the current study 
was performed in the ICU whereas other studies were performed in general wards 
or surgical departments.13,16 The high level of care and relatively short length of 
stay in the ICU and consequently shorter duration that PVCs are in place may 
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explain why mostly early stage phlebitis (VIP-score of 1) was observed.

Some limitations apply to our study. The researchers were not blinded and ICU 
nurses knew the goal of this observational study which may have led to increased 
vigilance for signs of phlebitis. Although all insertion sites were scored by two 
researchers, inter-rater agreement on the VIP-score was not recorded. The VIP-
score was used for determining the grade of phlebitis at the insertion site. A lim-
itation of the score we used is that it has not been validated for patients who 
are admitted to the ICU and who are often sedated and receive analgesics. This 
may influence the VIP-score because only slight pain can already result in a VIP-
score of 1. Also, insertion sites in dark skinned people were more difficult to score 
with this subjective measuring instrument. In this study we did not correct for the 
temperature nor for the administration rate of the infusion fluid. Fast infusion of a 
cold fluid could make the temperature at the insertion site lower than that of the 
reference point, possibly leading to false negative results. 

In a follow-up on this study we plan to track patients from ICU admission to dis-
charge from the general ward. Prevalence and severity of phlebitis at the ward 
may be higher as nurses at the ward typically have less time to manage infusion 
insertion sites than ICU nurses. Also, comparing the level of agreement between 
IR thermography and the VIP-score could provide insight in the accuracy of IR 
thermography in the detection of the various grades of phlebitis. A comparison of 
IR thermography and the VIP-score with a third measurement, e.g. ultrasonogra-
phy (which is widely used to assess the condition of the veins) may reveal whether 
there are performance differences between IR thermography and the VIP-score 
in the detection of phlebitis.30 Although the quality/price ratio has improved for 
IR cameras, higher accuracy and speed are generally related to a higher price. 
Considering IR measurements only take a minute to perform and require minimal 
instructions for use, this may ease the introduction of IR thermography in the ICU.

Conclusion
This study shows that infrared thermography may be a promising and helpful 
technique to objectively identify the early development of phlebitis in the ICU. An 
increased ΔT appears to be a risk factor for phlebitis.
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Abstract
Parenteral drug guides (PDGs) are used as a reference for medical professionals 
in Dutch hospitals. PDGs contain individual monographs on each drug with in-
structions for the preparation, storage and administration of parenteral solutions. 
Currently, Dutch hospital organizations maintain their own PDGs independently. 
We assessed the similarities and dissimilarities in the management and content 
of PDGs in the Netherlands with a semi-structured survey and an analysis of drug 
monographs. A total of 49 participants involved in PDG management in different 
hospitals agreed to participate in the survey and 109 monographs were collected 
and analyzed. We found that the majority of data in Dutch PDGs is extracted from 
the same four literature sources and databases, resulting in largely similar mono-
graphs. A major difference between monographs is the number of drug-drug 
compatibilities listed, for example ranging from 0 to 125 compatibilities for van-
comycin monographs, underscoring the difficulty in compatibility data manage-
ment. Thirty-two (65%) participants indicated that their PDG was not up-to-date. 
The possibility of a joint Dutch PDG must be examined as it may both reduce 
redundant PDG maintenance work and associated costs and it may facilitate safe 
concurrent administration of intravenous drugs.
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Introduction
Hospitals in the Netherlands commonly use parenteral drug guides (PDGs) as a 
reference for medical professionals how to handle parenteral drugs safely. PDGs 
consist of multiple monographs that contain instructions for the preparation, stor-
age, and administration of parenteral drug solutions. A PDG is commonly em-
bedded in a designated document management software package that allows 
a content manager to track, review and submit changes to a monograph. Simul-
taneously, medical professionals are able to consult the most recent version of 
that monograph at the bedside. An example of a monograph is provided in the 
supplementary material (Supplementary material: File S1).

At this time dozens of Dutch PDGs are locally maintained by hospital pharmacists 
which is also common practice in many European countries. To our knowledge 
joint nationwide PDGs are available to medical professionals in Belgium, Den-
mark, France, Norway, and in the United Kingdom.1–5 The main provider of drug 
stability and preparation data for Dutch PDGs is the Royal Dutch Association for 
the Advancement of Pharmacy (in Dutch: KNMP) with support from the Dutch 
Association of Hospital Pharmacists (in Dutch: NVZA). Data that are not present in 
this database, but are relevant for clinical practice (e.g. drug compatibilities), are 
often retrieved from other databases such as Micromedex and Stabilis.6,7 It is the 
responsibility of the local pharmacists within each hospital to assess which data-
bases and which levels of evidence suit their local information needs.

The degree of overlap in Dutch PDGs is currently unknown. Although a large pro-
portion of drug data is provided by the KNMP there is no way to verify how much 
of this information is used in a local PDG, nor from which sources additional data 
is retrieved. The different sources may vary in quality, and as they are processed 
manually there also is a risk of transcription or interpretation errors.8–11 As a result 
this could affect the quality of PDGs, which in turn may affect treatment decisions 
and patient safety. We therefore aim to provide an overview of practices related 
to the management and content of PDGs in different Dutch hospitals.

Materials and methods
Ethical approval for this study was waived by the Institutional Review Board of 
the University Medical Center Groningen, the Netherlands (METc.2020/093). A 
semi-structured survey was conducted by telephone interviews to assess the 
current practice in terms of the use and maintenance of PDGs in Dutch hospitals. 
Two researchers were involved in contacting participants between January and 
March 2020. When a survey could not be conducted over the telephone (e.g. 
when a participant was occupied), the survey was conducted via e-mail. All 71 
Dutch hospital organizations were asked to participate in this study.

The questions of the survey are listed in the supplementary material (Supple-
mentary material: Table S1). 

Following the survey questions, participants were asked to share the mono-
graphs of three common drugs (vancomycin, flucloxacillin, and furosemide) from 
their PDG.
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Data processing
Numeric survey responses were summarized using the mean ±SD when they 
were normally distributed. The median and interquartile range (IQR) was used for 
non-normal data. Qualitative survey responses were processed and summarized 
in text by a researcher. 

The content of each monograph was read and the unique components (e.g. doc-
ument version number, preparation instructions, Y-site compatibility) were listed. 
Frequencies of occurrence were determined for each component, as were the 
number of items within a certain component type when applicable (e.g. number 
of different Y-site compatibilities).

Results
Participants
A total of 49 representatives from different Dutch hospitals involved in the main-
tenance of, with responsibility for the content of their local PDG, agreed to partici-
pate. Forty-seven (96%) participants were hospital pharmacists and two (4%) were 
pharmacy-technicians.

A total of 4 (8%) university hospitals, 13 (27%) top-clinical hospitals, and 32 (65%) 
general hospitals were represented by the participants. The mean ±standard de-
viation (SD) bed count was 510 ±241.

Questionnaire responses
Questionnaire responses are summarized in Table 1. The iProva software suite 
(Infoland B.V., Veldhoven, the Netherlands) was used in 43 (88%) hospitals. Other 
data management systems used were Manual Master (ManualMaster Interna-
tional, Papendrecht, the Netherlands) as well as an Access database (Microsoft 
inc., Redmond, WA, United States of America). One hospital stored their collec-
tion of monographs as Word documents, of which the content was copy-pasted 
into iProva when a drug was used in clinical practice.

The median [IQR] number of persons directly involved in the maintenance of local 
PDGs was 2 [2-3]. Persons who were involved were hospital pharmacists, pharma-
cy-technicians, residents, quality assurance officers, interns, and medical doctors. 

Some hospitals use separate drug monographs per patient group (e.g. neonates, 
children, and adults), and others used a single monograph to accommodate drug 
data for all patient groups. Likewise, dosing protocols can be part of a drug mono-
graph and sometimes they are stored in a separate document within the PDG.

The update frequency varied considerably between hospitals. The majority of 
hospitals (92%) set a predefined time after which monographs became outdated 
and required revision. This period varied from 1 to 5 years. In 4 (8%) cases revisions 
were only performed upon request by clinicians.

Estimated maintenance time varied from 1 to 20 hours per week. In most cases 
there was no time specifically reserved for the maintenance of the PDG, which 
had to be performed ad hoc in addition to other tasks. 
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Almost all participants (94%) indicated that (in)compatibilities were included in 
their PDG. In some cases incompatibilities were omitted from the PDG. When this 
was the case, a statement was added saying all combinations that were not ex-
plicitly listed as compatible, must be considered to be incompatible. One hospital 
used custom software and a database for the storage and retrieval of compatibil-
ity data. Compatibilities in this database were updated annually in collaboration 
with an external software manufacturer. Another hospital provided a clickable 
link within each monograph from which a separate compatibility chart could be 
accessed.

Twenty (41%) participants indicated that compatibility charts were used in some 
departments of their hospital, most frequently in critical care, gynecology and an-
esthesiology departments. In some cases these charts were created or support-
ed by the local hospital pharmacy, in other cases they were created and main-
tained by the departments that used them. A common reason not to endorse the 
use of compatibility charts is that they are frequently not updated together with 
their corresponding monographs, hence they are not always up to date. 

Eighteen (37%) participants indicated that monographs were shared occasional-
ly with other hospitals. This was often the case when a patient is transferred to 
another hospital that was not familiar with one of the patient’s drugs. Four (8%) 
participants indicated that there was a structural exchange of PDG data with an-
other hospital. 

In 41 (85%) cases the backlog in monographs up for revision was known. Although 
most document management systems allow setting a revision due date for a 
monograph, this functionality was not always used. Therefore, it was not always 
possible to assess the number of monographs eligible for revision. In 17 (35%) 
cases the PDG was up-to-date.

The KNMP database was the only resource that was used in all hospitals.12 Other 
commonly used resources of drug data were the drugs’ Summaries of Product 
Characteristics (SmPCs), Micromedex®, and Stabilis® databases, which were 
used in 40 (82%), 36 (74%), and 33 (67%) cases, respectively.6,7 Table 2 lists the fre-
quencies of data sources consulted by the participants.

Figure 1 shows boxplots that illustrate the diversity in the number of Y-site and IV-
bag (in)compatibilities for vancomycin. Figure S1 (Supplementary material) shows 
boxplots with item counts within selected monograph components for vancomy-
cin. Boxplots with item counts and (in)compatibilities for flucloxacillin and furose-
mide monographs are available in in the supplementary material (Supplementa-
ry material: Figures S2-S5).
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Figure 1. Boxplots with the number of Y-site and IV-bag (in)compatibilities within 36 
vancomycin monographs. Boxes indicate the second (blue; 25-50%) and third (green; 
0-75%) quartile. Whiskers indicate minimal and maximal values.
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Constituents of drug monographs
A total of 109 drug monographs was received. Table S2 (Supplementary mate-
rial) lists the frequencies of occurrence of the different components in the drug 
monographs. Note that document metadata such as the next revision date were 
only counted when they were printed on the monograph. In some cases metada-
ta were accessible through a separate menu within the document management 
system, but not in the document itself. General remarks included special consid-
erations for the administration of a drug (e.g. whether a drug is photosensitive or 
has an unusual color). Administration categories ranged from A to D, indicating 
that a drug must be administered: 

[A] manually using a syringe 

[B] using a manually operated IV system (without a pump) 

[C] using only a volumetric pump

[D] using only a syringe pump 

Dosing instructions often included different administration rates depending on 
the prescribed daily dose and drug concentration. Acute side-effects included 
side-effects that could occur immediately during administration, such as pain 
during injection or allergic reactions. Examples of later side-effects are phlebitis 
and fever.
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Table 1. Characteristics of PDG maintenance

Variable N = 49

PDG software

iProva, n (%) 43 (88)

ManualMaster, n (%) 2 (4)

MS Access, n (%) 1 (2)

MS Word, n (%) 1 (2)

Other, n (%) 2 (4)

Persons involved in maintenance, median [IQR] 2 [2-3]

Monographs in PDG, mean ±SD 367 ±141

Update cycle

1 year, n (%) 1 (2)

2 years, n (%) 9 (18)

3 years, n (%) 25 (51)

4 years, n (%) 3 (6)

5 years, n (%) 7 (14)

no fixed date, n (%) 4 (8)

Estimated update durationa, median [IQR] hours 0.5 [0.3 – 1.0]

Maintenance time available

Total available time, mean ±SD (hours/week) 4.2 ±4.8

Are compatibilities included in monographs?

yes, n (%) 46 (94)

Are compatibility charts used in hospital?

yes, n (%) 20 (41)

Are monographs exchanged with another hos-
pital?

never, n (%) 24 (51)

occasionally, n (%) 18 (37)

structurally, n (%) 4 (8)

unknown, n(%) 2 (4)

Backlogb, mean ±SD 30 ±46
aOf a typical monograph 
bNumber of monographs due for revision 
SD: standard deviation, IQR: Interquartile range
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Table 2. Data sources used to update parenteral drug guides

Data source Used fora Frequency (%)

KNMP Kennisbank13
dosing, stability, interactions, 
preparation, side-effects, 
shelf-life

49 (100)

Summary of product characteristics
dosing, stability, interactions, 
preparation, compatibilities, 
side-effects

40 (82)

Micromedex®6 compatibilities 36 (74)

Stabilis®7 compatibilities, interactions, 
shelf-life 33 (67)

Trissel’s Handbook on Injectable 
Drugs14 compatibilities 16 (33)

PDG from another hospital15
dosing, stability, interactions, 
preparation, compatibilities, 
side-effects

9 (18)

Lexicomp/UpToDate Drug 
Database16,17

dosing, interactions, side-
effects 9 (18)

Farmacotherapeutisch Kompas18 interactions, side-effects 5 (10)

King Guide to Parenteral 
Admixtures19 compatibilities 2 (4)

Pediatric Injectable Drugs20 dosing, preparation, side-
effects 2 (4)

Extended Stability for Parenteral 
Drugs21 preparation, stability 1 (2)

Kinderformularium22 dosing, preparation, 
interactions 1 (2)

aAs reported by participants in this study. Data sources may contain more types of in-
formation than mentioned in this column.
PDG: parenteral drug guide



40

Chapter 3A

Discussion
In this study we assessed the similarities in the management and content of PDGs 
in the Netherlands. We used a semi-structured survey to assess the diversity in 
maintenance procedures. We also obtained monographs of vancomycin, fluclox-
acillin, and furosemide and analyzed their contents. 

We observed considerable overlap both in the maintenance procedures and in 
the components within PDGs. Although many components were present in the 
majority of monographs, the number of items within these components was quite 
different. For example, for vancomycin the median number of mentioned side-ef-
fects within the monographs was 3, but up to 8 different side-effects were men-
tioned in a single monograph (Supplementary material: Figure S1). Likewise, the 
number of (in)compatibilities varied greatly between monographs of the same 
drug, for example ranging from 0 to 125 compatibilities for vancomycin mono-
graphs (Figure 1). This highlights the difference in available information on the 
same drug between PDGs. 

The majority of our participants (88%) used the same software to store and main-
tain their PDG. We also found that the majority of data in Dutch PDGs is based on 
the same literature sources and databases, rendering a large degree of overlap 
in their constituents and redundancy in maintenance procedures throughout the 
country (Figure 2A). At the same time, many hospitals have a sizable backlog of 
monographs that require revision. We therefore believe that a joint PDG main-
tained by hospital pharmacists would not only markedly improve the efficiency of 
maintenance procedures, but may also lead to a higher quality up to date PDG in 
the Netherlands (Figure 2B).

An example of a joint PDG in use today is the Injectable Medicines Guide (IMG), 
or Medusa, which is used in the United Kingdom.1 The IMG contains over 400 
drug monographs and is maintained by National Health Service hospital pharma-
cists. Locally produced drug data and guidelines can be linked to individual drug 
monographs in the IMG. Likewise, organizations that produce their own mono-
graphs for specific drugs can also upload and view them in the IMG. Most orga-
nizations gain access to the IMG by providing and updating monographs which 
can be used by others.23 Such a subscription model may also be considered for a 
joint PDG in the Netherlands.

Y-site (in)compatibilities are relevant for clinical practice as incompatibilities are 
known to cause inactivation of drugs, precipitation and embolism.24–26 Nurses 
who require compatibility data to safely co-administer two drugs through a sin-
gle intravenous (IV) line are required to look up both relevant monographs. When 
these are inconsistent, the most recently updated monograph must be followed. 
In intensive care units (ICUs) where patients receive twice the number of different 
drugs compared to a regular ward, the number of drug pairs adds complexity 
to this already cumbersome process.27 Therefore, compatibility charts are often 
derived from a PDG as they allow nurses to identify (in)compatibilities more effi-
ciently.25,28,29
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When the compatibility of one drug pair has changed, the two relevant drug 
monographs must be updated to be consistent. However, as monographs are 
usually updated only one at a time, inconsistencies can easily arise within a sin-
gle PDG. Participants in our study indicated that including compatibility data in 
monographs is often a difficult process. Multiple participants indicated that they 
did not update compatibilities data at all unless it was requested by clinicians. 

Currently we are developing a collaboration model where hospitals in the Neth-
erlands can contribute to a publically accessible compatibility database. We 
therefore developed a digital Y-site compatibility chart that interfaces with our 
local PDG so that it is updated automatically on a daily basis. Hospitals are able 
to tailor the chart to their local needs and can submit compatibilities that are 
missing in the chart. These additions are reviewed by local experts before publi-
cation. A public proof-of-concept version of this chart can be found online and is 
available in both the Dutch and English language.30 In the future more drug data 
and functionalities may be added. For now it provides an example how drug data 
may be accessed in a centralized manner.

A limitation of this study is that it was not possible to compare the content of 
complete PDGs. Hence in this study we asked participants to share drug mono-
graphs of a few commonly used drugs. We investigated the constituents of these 
monographs but we did not compare their overall agreement, quality or correct-
ness. Although we expect that a joint PDG would improve efficiency and reduce 
costs in the long term, the costs and benefits of a joint PDG must be investigated 
in a future study. The responsibility for the development and maintenance of a 
joint PDG monographs in the Netherlands should lie in the hands of a profession-
al organization such as the KNMP or the NVZA. 

Conclusions
The majority of data in Dutch PDGs is based on the same literature sources and 
databases, rendering a large degree of overlap in their content and redundan-
cy in maintenance procedures. Most Dutch PDGs are not up to date and drug 
compatibility data in particular are difficult to maintain. We therefore recommend 
examining the cost and benefits of a potential joint Dutch PDG as it may eliminate 
redundant maintenance work as well as associated costs. 
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Abstract
Background 
Y-site compatibility testing of intravenous (IV) drug combinations is not standard-
ized in the literature, and the compatibility of many common intensive care unit 
(ICU) drug combinations is still unknown. We combined and adapted existing 
Y-site compatibility testing procedures to better reflect ICU conditions. 

Methods 
Our testing procedure was defined based on previous Y-site compatibility stud-
ies. A total of 19 combinations of 13 IV drug solutions relevant to our ICU have an 
unknown or uncertain Y-site compatibility and were assessed according to this 
procedure. They were visually examined after 0, 30, 60, and 120 minutes, and 
quantitatively analyzed using HPLC-DAD analysis after a 2 h period at both 20°C 
and 37°C. Combinations were compatible when no visual changes occurred and 
quantitative analysis showed a recovery between 90% and 110%. 

Results 
Visual analysis indicated that 6 combinations were immediately incompatible. 
Quantitative analysis showed 4 combinations with at least one drug with a re-
covery <90%. The compatibility of 9 combinations could not be established using 
HPLC-DAD analysis. 

Conclusions 
According to our systematic procedure for the evaluation of simultaneous Y-site 
administration 6 combinations were incompatible and 4 combinations were 
compatible. A suitable analytical method must be developed for the remaining 9 
combinations in order to determine their compatibilities.
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Introduction
In the intensive care unit (ICU) patients commonly receive multiple intravenous 
(IV) drug solutions simultaneously.1–3 When the number of drug solutions is larger 
than the number of available IV lumens, different intravenous drugs need to be 
administered concurrently through a single lumen and Y-site incompatibility is a 
major concern. The co-administration of incompatible drugs can lead to precipi-
tation, inactivation, occlusion, catheter failure and embolism.4 In order to avoid in-
compatibilities, additional IV catheters are often placed, increasing the likelihood 
of catheter-related complications such as catheter-related blood stream infec-
tion or (thrombo)phlebitis.5 The ability to safely combine multiple drugs through 
a single lumen reduces the need for the placement of additional IV catheters. 
Therefore, knowledge of Y-site compatibility is essential for the prevention of IV 
therapy related complications. 

ICUs frequently use a compatibility chart of common IV drug solutions to decide 
which drugs can be co-administered through the same lumen.4,6,7. Our university 
medical center maintains a parenteral drug guide (PDG) that contains instructions 
for the preparation and administration of over 585 different intravenous drugs, as 
well as known Y-site compatibilities. This PDG is the primary source for the com-
patibility chart used in our ICU (Figure 1) and is maintained by a team of pharmacy 
technicians and hospital pharmacists with Micromedex® as its primary source 
of information on drug compatibilities.8 Unfortunately the chart we use is incom-
plete as many important combinations of drugs have not been studied or be-
cause contradictory results have been published.9 

The Y-site compatibility analysis of IV drug pairs has not yet been standardized. 
According to a review of 93 compatibility studies, a wide variety of different proce-
dures for assessing the Y-site compatibility of drug pairs is used.10 There is neither 
consensus regarding which physicochemical parameters should be evaluated 
nor which acceptance criteria should be used to determine compatibility.3 Hence, 
many compatibility studies present conflicting results or use drug concentrations 
and conditions that do not reflect ICU practice. We therefore developed a sys-
tematic procedure to establish the compatibility of pairs of intravenous drugs of 
which the Y-site compatibility is not known or uncertain according to the litera-
ture. We subsequently applied this procedure for some of the most commonly 
used drug pairs in our ICU.
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legenda

code betekenis advies
C verenigbaar Deze medicijnen kunnen chemisch gezien over één lumen gegeven worden
I niet verenigbaar Deze medicijnen kunnen niet over één lumen gegeven worden
U verenigbaarheid onbekend Het is niet bekend of deze medicijnen door één lumen gegeven mogen worden. Bel de ziekenhuisapotheek voor advies

U verenigbaarheid onbekend Dit is een onbekende combinatie volgens het handboek parenteralia. 
Op verantwoordelijkheid van het bestuur ICV mag deze combinatie gezamenlijk toegediend worden
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Figure 1. Compatibility chart. Green, red, and orange squares respectively indicate a 
combination of drugs that is compatible, incompatible or has an unknown compati-
bility.
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Methods
Selection of drugs and concentrations for analysis. 
A database of 207,146 intravenous drugs and fluids (administered between March 
of 2014 and February of 2016 on our adult ICU) was used to select 56 drug pairs 
suitable for analysis (see Figure 2).The original database contained fields for drug 
name, concentration, start time and date, end time and date, volume adminis-
tered, and an anonymized patient identifier for each of the 3,361 patients. From 
these data, all simultaneously administered drugs could be retrieved on a patient 
level, from which the unique drug pairs were identified. Drug pairs that were not 
in our compatibility chart, or those that were consistently flagged as either com-
patible or incompatible in both our PDG and the Micromedex® database were 
excluded from further analysis. Vasoactive drugs (dobutamine, dopamine, iso-
proterenol, epinephrine and norepinephrine) and drugs that were not allowed as 
per summary of product characteristics to be co-administered with other drugs 
(e.g. insulin and nimodipine), were also excluded. Propofol was excluded as its 
opacity makes it unsuitable to perform a visual analysis. Drugs that were no lon-
ger in use in our ICU were also excluded from analysis. The above selection crite-
ria led to 19 drug combinations that were tested in this study.

HPLC-DAD analysis was used for the quantitative compatibility assessment. In or-
der for the analysis to be clinically relevant, concentrations of drugs administered 
in our ICU as described in our PDG were used in this study. Table 1 contains the 
concentration, type of solvent and the preparation method of each drug used in 
this study. Where possible, glucose 5% was preferred over NaCl 0.9% to comply 
with preferred practice in our ICU to minimize salt loading. 
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Figure 2. Data flow for the selection of drug pairs suitable for compatibility analysis. 
PDG: parenteral drug guide, MM: Micromedex, ICU: Intensive care unit.

207,146 individual drug 
administrations

388,994 simultaneously 
administered drug pairs

569 unique drug pairs 

388,425 duplicates

499 drug pairs excluded
• Not in compatibility chart (246)
• Compatibilities consistent 

between PDG and MM (170)
• Vasoactive drugs (35)
• Co-administration not allowed 

(29)
• Propofol (15)
• No longer used in ICU (4)70 unique drug pairs

14 drug pairs excluded
• No suitable analytic technique 

(14)

56 drug pairs suitable 
for compatibility 
analysis*

*19 of the 56 drug pairs were analyzed in this study.
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Table 1. Solvents, preparations and final concentrations of continuously administered 
ICU drugs 

Drug Preparation Volume
ml

Final concentration
(mg/ml unless 
otherwise indicated)

clindamycin 12 ml (1,800 mg) + 36 ml glucose 
5%

48 37.5

clonidine 4 ml (0.6 mg) + 46 ml NaCl 0.9% 50 0.012

dexmedetomidine 4 ml (0.4 mg) + 46 ml glucose 5% 50 0.008

esomeprazole 80 mg + 50 ml NaCl 0.9% 50 1.6

furosemide 25 ml (250 mg) + 25 ml NaCl 0.9% 50 5

heparin 4 ml (20,000 IU) + 46 ml glucose 
5%

50 400 IU/ml

hydrocortisone 200 mg + 4 ml WFI + 46 ml 
glucose 5%

50 4

magnesium 
sulfate

50 ml (5,000 mg) 50 100

midazolam 50 ml (100 mg) 50 2

morphine 20 ml (200 mg) + 30 ml glucose 
5%

50 4

nicardipine - 1

potassium 
chloride

- 1 mmol/ml

sodium phosphate 10 ml (30 mmol) + 40 ml glucose 
5%

50 0.6 mmol/ml

WFI: water for injection
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Materials
Table S1 (Supplementary material) lists all concentrations, volumes, manufac-
turers, batch numbers and expiration dates of drugs and solvents used in this 
study. All IV drugs were prepared in standard laboratory glassware. Polystyrene 
round bottom test tubes (16x95 mm) were used when measuring the pH and 
performing analyses. Another set of test tubes consisted of soda-lime glass flat 
bottom test tubes (Murray, S & Co Ltd, 75*16*0.85 mm; internal diameter 14.3 mm). 
A Memmert B30heating stove was used to heat the test tubes to 37 ±1°C. 

The pH was measured using a Metrohm 780 pH-meter coupled with a Metrohm 
6.0238.000 glass electrode with an integrated Pt-1000 temperature sensor.

The HPLC-DAD setup comprised of a Hitachi (Hitachi Ltd., Tokyo, Japan) 5430 
Diode Array Detector (DAD), a Hitachi 5310 column oven, a Hitachi 5210 autosam-
pler and a Hitachi 5110 pump. The stationary phase was a Knauer LiChrospher 
100-5 RP 18e (Knauer GmbH, Berlin, Germany) column, the eluent consisted of 
470 ml acetonitrile, 150 μl triethylamine, 400 μl phosphoric acid (80%) and 530 ml 
ultrapure water. All used chemicals were HPLC grade. 

Procedure
Temperature 
The solubility and in particular the interaction of drugs may be influenced by 
changes in temperature. In case of IV lines being used in the ICU, the tempera-
ture may vary between room temperature and body temperature (approximately 
20°C and 37°C, respectively). IV lines often partially run from the pump to the 
patient’s bed and then under the bedsheets near or touching the patient’s body. 
Consequently, each drug pair was kept for 2 h at 20°C and at 37°C respectively 
to reflect room temperature and the temperature under the patient’s blanket, 
respectively. The test tubes were taken out for approximately 7 minutes for each 
measurement.

Visual analysis
Time was recorded from the moment of mixing the two drugs. At time points 0, 
30, 60 and 120 minutes (T0, T30, T60, and T120 respectively) a visual analysis was 
performed by checking for changes in clarity, degree of opalescence, coloration, 
number of particles and gas bubbles. All of the findings and results were immedi-
ately documented in a standard form (Supplementary material: File S1).

A total of three sets of three test tubes were used, where every set contained a 
tube with drug A, a tube with drug B and a 1:1 volume combination of drugs A and 
B. Visual analysis was performed in flat bottom soda glass test tubes and every 
tube was filled with 6.5 ml of solution.

All visual tests were performed with the unaided eye. In order to compare the 
clarity and degree of opalescence of the combination of drug A+B to that of drugs 
A and B separately, drug solutions were held against a black background in dif-
fused daylight as described in monograph 2.2.1 ‘Clarity and degree of opales-
cence of liquids’ of the European Pharmacopoeia 9.0.11 
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In order to determine a possible change in coloration the combination A+B was 
compared with the separate drugs A and B against a white background in dif-
fused daylight as described in monograph 2.2.2 ‘Degree of coloration of liquids’ 
from the European Pharmacopoeia 9.0.12 Additionally, combination A+B was com-
pared to the separate drugs A and B with regard to the presence of particles and 
gas bubbles.

A set of three round bottom polystyrene test tubes, each filled with 2 ml of solu-
tion, was vortexed prior to pH analysis. The pH of each solution was measured at 
0, 30, 60 and 120 minutes. The pH measurements were only used to explain (in)
compatibilities and were not used to determine whether two drugs were com-
patible.

Quantitative analysis
After passing the visual tests, drug combinations were subjected to HPLC-DAD 
analysis.

Another set of three round bottom polystyrene test tubes, each filled with 4 ml of 
solution, was used for quantitative analysis after the 2 h test period. This 2 h test 
period was considered to be sufficient to exceed the maximum time two drugs 
run simultaneously through an infusion line after being combined via Y-site in our 
ICU.

HPLC-DAD analysis was carried out according to the Systematic Toxicologi-
cal Identification Procedure (STIP) setup which is the standard for toxicological 
screening in the Netherlands.13 The STIP database contains retention times and 
UV-spectra for a standardized eluent and is used for the rapid detection of the 
400 most common drugs and their metabolites used in the Netherlands.14 In brief: 
a standardized C-18 column and a standardized mobile phase are used to sep-
arate compounds in a mixture. Retention times and UV-spectra of the separated 
peaks are compared to a library for positive identification. 

A suitable dilution factor was determined for each drug to obtain an acceptable 
signal intensity with the HPLC-DAD analysis (Supplementary material: Table S2). 
A drug could be diluted with water for injection (WFI) and subsequently with mo-
bile phase, or only with mobile phase if the dilution factor was low. However, 
esomeprazole was diluted with NaCl 0.9% to prevent degradation which would 
occur in mobile phase or in WFI. A calibration curve was made in triplicate for 
each individual drug and consisted of three points (75%, 100% and 125% of the 
theoretical concentration) after suitable dilution of the licensed product. Drug 
concentrations were calculated using integrated peak areas. Peak purity analysis 
was used to evaluate whether the API was separated from degradation or reac-
tion products.

Two hours after drugs A+B were combined 2 samples of drug A, drug B and the 
combination of drug A+B were taken at 20°C and 37°C. The samples were subse-
quently analyzed with HPLC-DAD after dilution. The integrated HPLC-peaks were 
converted to concentrations with a 95% confidence interval (CI) using the above 
described calibration curve. A difference of <5% between results of the duplicate 
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samples of the same drug or combination taken at the same temperature was 
considered acceptable for HPLC-DAD analysis. The calculated recovery of drug 
A and B in a combination A+B was corrected for the (possible) decay of the sepa-
rate drugs A and B after 2 h of analysis. 

Final evaluation of compatibility results. 
There were two criteria that had to be met in order for a drug pair to be qualified 
as compatible (Figure 3). First it was required to pass the visual analysis. This was 
achieved if the combination of drugs A and B did not have more particles or air 
bubbles, was not more opalescent, and was not more intense in color than drugs 
A and B separately. 

Second, chemical compatibility was analyzed. If the amount of APIs of drugs A 
and B when combined remained between 90% and 110% after the 2 h at both 20 
and 37oC the compounds were classified as compatible. This 10% deviation is in 
compliance with Dutch regulations.15

In cases where a drug A lacked a chromophore, API concentrations for drug A 
could not be measured and compatibility could not be concluded. Nevertheless, 
based on the chromatogram of drug B in the combination A+B incompatibility 
could still be concluded when in the chromatogram of B the API concentration 
was outside the 90-110% range. 

Figure 3. Flow chart representing the steps to determine the compatibility of a combi-
nation of drugs A and B.

Combination 
A + B

Standardized visual
analysis

compatible?

Quantitative analysis 
90 < API* < 110%?

Compatible

no
Incompatible

Incompatible
no

yes

yes

*API = Active pharmaceutical ingredient
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Results
Visual compatibility
The visual compatibility results are summarized in Table 2. Full visual compatibil-
ity test results for all time points T0, T30, T60, and T120 are available in the supple-
mentary material (Supplementary material: Table S3). Most of the analyzed drug 
pairs appeared to be compatible for at least 2 h at both 20°C and 37°C. Combina-
tions 8 and 9 showed a slight discoloration into pale yellow after 2 h of testing at 
both 20°C and 37°C. Combinations 1, 10, 13, 15, 17, and 19 directly turned opales-
cent, and therefore were considered incompatible at T0. 

Quantitative analytical compatibility
The quantitative analytical compatibility results are summarized in Table 2, and a 
more detailed overview is available in the supplementary material (Supplemen-
tary material: Table S4). 

For most drugs it was possible to identify the active pharmaceutical ingredient 
(API) peak by comparing retention times from the STIP library to the measured 
retention times (clindamycin, clonidine, furosemide, heparin, labetalol, midazol-
am, morphine and nicardipine). The API peaks of hydrocortisone and nitroglycerin 
could be confirmed by consulting Clarke’s Analysis of Drugs and Poisons Fourth 
Edition.16 The API peaks of dexmedetomidine and esomeprazole could not be 
retrieved from the STIP database or from other databases, therefore they were 
determined based on their respective chromatograms after injection of a refer-
ence sample.

Magnesium sulfate, potassium chloride and sodium phosphate lack a chromo-
phore, and could not be analyzed with HPLC-DAD. The concentration of mid-
azolam in combination 1 was less than 90% after 2 h at both 20°C and 37°C. In 
combination 3 the peak of furosemide overlapped with the peak of clonidine. 
In combination 5 the peak of clonidine partially overlapped with the peak of hy-
drocortisone. In combination 6 the peak of midazolam overlapped with the peak 
of clonidine. In combination 8 the peak of hydrocortisone overlapped with the 
peak of esomeprazole. The API peak of nicardipine could not be detected using 
HPLC-DAD in combination 10 but other peaks were visible instead. In combina-
tion 13 both furosemide and midazolam reached concentrations below 90%. The 
difference between duplicate measurements for midazolam at 37°C was 8.4%. 
The spectrum of hydrocortisone in combination 18 when combined with sodi-
um phosphate contained API peaks which were significantly lower and wider 
compared to the peaks in the spectrum of hydrocortisone. However, as the area 
under the curve (AUC) indicated concentrations between 90-110% and the API 
concentration of magnesium sulfate could not be determined, the compatibility 
was considered to be unknown. Combination 19 showed a concentration of mid-
azolam <90% at both 20°C and 37°C. All of the other combinations contained API 
concentrations between 90% and 110 % and all differences between duplicate 
measurements were <5%. 
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Table 2. Overall results of physicochemical analysis on combinations of drugs in ICU 
concentrations 

ID Drug Visual Quantita-
tive

Total Conclusion

1 clindamycin + midazolam I I I Incompatiblea 

2 clonidine + 
dexmedetomidine

C C C Compatiblea,b

3 clonidine + furosemide C U U Unknown

4 clonidine + heparin C C C Compatiblea,b

5 clonidine + hydrocortisone C U U Unknown

6 clonidine + midazolam C U U Unknown

7 clonidine + nicardipine C C C Compatiblea,b

8 esomeprazole + 
hydrocortisone

P U U Unknown

9 esomeprazole + 
magnesium sulfate

P U U Unknown

10 esomeprazole + nicardipine I I I Incompatiblea

11 esomeprazole + potassium 
chloride

C U U Unknown

12 furosemide + magnesium 
sulfate

C U U Unknown

13 furosemide + midazolam I I I Incompatiblea

14 furosemide + morphine C C C Compatiblea,b

15 heparin + nicardipine I C I Incompatiblea

16 hydrocortisone + 
magnesium sulfate

C U U Unknown

17 hydrocortisone + 
nicardipine

I C I Incompatiblea

18 hydrocortisone + sodium 
phosphate

C U U Unknown

19 midazolam + sodium 
phosphate

I I I Incompatiblea

C: compatible, I: incompatible, U: unknown, P: partly. 
aat 20°C and 37°C
bfor at least 2 hours
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Discussion
From existing Y-site compatibility studies we propose a systematic procedure 
for the investigation of Y-site compatibilities for drug combinations used in the 
ICU. Using this procedure, a visual analysis is performed over a period of 2 h at 
both 20°C and 37°C. Subsequently, a quantitative analysis using HPLC-DAD was 
performed. Using this stepwise procedure 19 drug-drug combinations with un-
known or unclear compatibility were analyzed. Four drug combinations were de-
termined to be compatible and six combinations were considered incompatible. 
For the remaining nine combinations compatibility could not be assessed.

The application of a standardized methodology for compatibility assessment was 
pioneered by Lawrence Trissel, who studied Y-site compatibilities of hundreds of 
drug combinations using both visual and quantitative analysis.17 Despite these ef-
forts a major problem in the body of research on Y-site compatibility is the incon-
sistency in the methodology that is applied.3,10 A systematic review of 93 compat-
ibility studies revealed that of 820 possible combinations of 41 commonly used 
drugs, quantitative analysis was only performed in 75 (9%) cases.10 Quantitative 
methods, in addition to visual analysis, may yield opposite results as incompati-
bilities are not always visible. Only a few studies combine visual and quantitative 
methods, however they have employed widely varying concentrations.2,10,17–20 In 
addition, durations of compatibility studies range from 2 to 24 h and do not al-
ways reflect clinical practice.2,17,19,21–28 

Our local ICU protocols advise a minimum combined infusion rate of 3 ml/h. The 
volume of our standard IV tubing is 2 ml, corresponding to a maximum contact 
time of 40 minutes. Kanji et al. mention the practice of piggybacking a secondary 
fluid at 10 ml/h to preserve catheter patency when the primary infusion is set at a 
low rate.10 This practice results in contact times less than 15 minutes at much low-
er drug concentrations. Even at low infusion rates and considering intermittent 
pausing of infusions, the contact time will not exceed 1 hour, hence a testing pe-
riod >2 h is considered not clinically relevant.10 Many studies are only performed 
at room temperature, which is not representative for clinical practice as IV lines 
often run under blankets where the temperatures may vary from 20° to 37°C. We 
therefore propose a streamlined and reproducible procedure for the assessment 
of Y-site compatibility using both visual and quantitative analysis at 20°C and 37°C, 
and a maximal contact time of 2 h. To our knowledge, the current study is the first 
to propose such a systematic procedure for the assessment of Y-site compatibil-
ity specifically aimed drug combinations used in the ICU.

Compared to other departments, ICU patients typically receive more intravenous 
drugs simultaneously, hence our focus on frequent ICU drug combinations.29 A 
common approach to compatibility testing is to simply analyze frequently used 
drugs without regard to the frequency of their combined use. Many combinations 
of frequently used drugs are rarely administered simultaneously in clinical prac-
tice. In this study, we therefore targeted the most frequent combinations of drugs 
that were actually administered simultaneously in practice using a large dataset 
of drug administrations. We believe that this approach results in a selection of 
drug combinations that is more clinically relevant.
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Concentrations and methodology for the combinations examined in the current 
study vary greatly in literature. For example, in four studies examining the com-
bination of furosemide and morphine, four different concentrations were used, 
and temperatures ranged from 23°C to 27°C, rendering conflicting compatibili-
ties.17,26,27,30 Remarkably, none of these studies used quantitative analytical meth-
ods. Of the 19 combinations analyzed in this study, (conflicting) compatibilities of 
6 (32%) combinations are reported in literature, and with the exception of 2 (10%) 
combinations, only visual analysis was used.2,17,19–27,30,31

In the visual analysis nicardipine and esomeprazole (combination 10) were in-
compatible. The pH values of nicardipine and esomeprazole before mixing were 
roughly 3.5, and 10, respectively. When combined the pH was 8.9, which may 
have affected the stability of nicardipine, which precipitates at a pH >6.0.32

Most of the overlap between peaks in the chromatogram could be explained by 
concentration differences. A large difference in concentration could cause one 
peak to (partially) overlap with another peak, this phenomenon is difficult to pre-
dict and turned out to be present in combinations 3, 5 and 6. In combination 3 
(clonidine and furosemide), peaks partially overlapped causing the inability to 
integrate the peaks properly. In combination 6 there retention times for the peak 
of clonidine and one of the peaks of midazolam were identical. A suitable alter-
native analytical method should be found to determine the compatibility when 
such an issue occurs.

For some combinations peak overlap was caused by the formation of degrada-
tion products. Esomeprazole for instance was unstable in the mobile phase used 
for HPLC-DAD analysis and degraded quickly. In combination 8 a degradation 
peak overlapped with the hydrocortisone peak causing the inability to integrate 
the hydrocortisone peak. 

A limitation to this study and many other studies is that there is little knowledge 
on the activity of the API’s after combining drugs.2,18–20 We assumed that when our 
method revealed that there was no visible incompatibility and the concentration 
of API was within the 10% analytical margin, the activity of the drugs remained the 
same. The use of visual analysis is limited as the human eye cannot be calibrated, 
hence visual analysis is generally only helpful in cases where incompatibility is 
obvious because precipitation or color change occurred. Nevertheless, the reli-
ability of the visual testing procedure can be improved by using a standardized 
procedure. Therefore, in this study visual inspection was performed following the 
guidelines described in the European Pharmacopoeia 9.0, which is currently con-
sidered to be the state of the art.11,12 Visual testing was only used to conclude that 
a combination is incompatible. Passing visual testing should always be confirmed 
by an quantitative test before compatibility may be concluded. In the quantitative 
analysis acetonitrile was used as eluent instead of solvents commonly used in 
the ICU. When for example NaCl 0.9% or glucose 5% is used as eluent, the re-
versed phase analysis will result in very long retention times. Fortunately, most 
drugs are not affected by acetonitrile and in the case of esomeprazole it was 
known beforehand that degradation would take place, hence in this case aceto-
nitrile was not used. 
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In this study we determined incompatibility based on precipitation, color change, 
and changes in peak areas relative to a calibration line using visual analysis and 
HPLC-DAD. Knowing not only that a change occurred, but also knowing what 
caused the change could help predict (in)compatibilities of similar drug solu-
tions. Further analysis using LC-MS/MS could also help explain the findings in 
this study. A limitation of our study is that drug solutions were not filtered and 
sub-visible particles may have been present in the drug combinations. A test for 
sub-visible particles could be added, but most hospitals lack the equipment to 
perform this test. A solution could be filtering the solution using 0.2 microme-
ter membrane filters. Comparing filtered and unfiltered drug combinations could 
demonstrate the impact of sub-visible particles on the quantitative analysis of a 
drug. Drug solutions were tested in a 1:1 ratio. In addition, also ratios such as 1:10 
and 10:1 might be tested to further substantiate compatibility, since one drug 
solution may be delivered at a much higher infusion rate than the other in clinical 
practice. This may for example result in more extreme pH values when drugs 
with a large pH difference are combined. To our knowledge this approach has 
not been described in literature before. Likewise, for practical reasons, we did 
not evaluate combinations of three or more drugs. However in daily ICU practice 
Y-site combinations of three or even more drugs are employed, where the pair-
wise combinations (AB, AC and CB) are all compatible. Pairwise compatibility is, 
however, no guarantee for compatibility of all drugs combined. 

Conclusion
An improved and systematic procedure for Y-site compatibility analysis of ICU 
drugs was developed by combining previous Y-site compatibility studies. Using 
this procedure 19 drug-drug combinations with yet unknown or uncertain com-
patibilities were analyzed. Four combinations were found to be compatible and 
6 combinations were found to be incompatible for Y-site co-administration. We 
were unable to conclude on 9 combinations of drugs. A suitable analytical meth-
od must be developed for these combinations in order to determine their com-
patibilities. 

Supplementary material
Supplementary material can be downloaded from https://ivcompatibility.org/
thesis/supplements.html.

https://ivcompatibility.org/thesis/supplements.html
https://ivcompatibility.org/thesis/supplements.html
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Abstract
Background 
Administering a separator fluid (SF) between incompatible solutions can optimize 
the use of intravenous (IV) lumens. Factors affecting the required separator fluid 
volume (SFV) to safely separate incompatible solutions are unknown.

Methods 
An IV tube (2 meter, 2 ml, 6 French) containing methylene blue (MB) dye was 
flushed with SF until a MB concentration ≤2% from initial was reached. Indepen-
dent variables were administration rate, dye solvent (glucose 5% (G5) and NaCl 
0.9% (NS)), and SF. In the second part of the study MB, SF, and eosin yellow (EY) 
were administered in various administration profiles using 2 ml and 4 ml (2x2 me-
ter, 4 ml, 6 French) IV tubes.

Results 
Neither administration rate nor solvent affected the SFV (P =0.24 and P =0.12, re-
spectively). G5 as SF required a marginally smaller mean ±SD SFV than NS (3.64 
±0.13 ml vs. 3.82 ±0.11, P <0.001). Using 2 ml tubing required less SFV than 4 ml 
tubing for MB (3.89 ±0.57 vs. 4.91 ±0.88 ml, P =0.01) and EY (4.41 ±0.56 vs. 5.63 ±0.15 
ml, P <0.001). Extended tubing required less SFV per ml of tubing than smaller 
tubing for both MB (2 ml vs. 4 ml, 1.54 ±0.22 vs. 1.10 ±0.19, P <0.001) and EY (2 ml vs. 
4 ml, 1.75 ±0.22 vs. 1.25 ±0.03, P <0.001).

Conclusions 
The SFV was neither affected by the administration rate nor by solvent. G5 re-
quired a marginally smaller SFV than NS, however its clinical impact is debatable. 
A larger IV tubing volume requires a larger SFV. However, the ratio of SFV to the 
tubing’s volume, decreases as the tubing volume increases.
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Introduction
Flushing procedures to clean intravenous (IV) tubing and catheters are common 
practice whenever solutions are administered intravenously.1 IV tubing, which 
connects an IV bag or syringe to the patient’s IV access, is flushed to make sure all 
drugs present in the tubing are delivered into the bloodstream of the patient.2 IV 
catheters need to be flushed and locked at the end of infusion to clear or prevent 
obstruction and thrombus formation, or to reduce bacterial colonization during 
the period when the catheter is idle.3,4

 Normal saline (NaCl 0.9%; NS) and glucose 
5% (G5) are commonly used as a flushing fluids as they are compatible with many 
intravenous drugs.5 

Another function of flushing is to separate two incompatible drug solutions that 
are sequentially administered. A separator fluid (SF) serves to avoid the contact 
of the incompatible solutions before they reach the bloodstream. When two drug 
solutions are physically or chemically incompatible, precipitation or inactivation 
may occur when they are mixed.5 When incompatible IV solutions must be ad-
ministered continuously, a common way to address this problem is the use of 
multiple catheters or multi-lumen catheters that allow for a separated flow of 
each solution.6,7

 However, even with such systems, the number of incompatible 
solutions may still exceed the number of available lumens. 

In such a case sandwiching a SF between the incompatible solutions facilitates 
the use of a single lumen for the administration of these solutions.8 When admin-
istering a SF between incompatible solutions it is important to know what mini-
mal separator fluid volume (SFV) is required so that no relevant interaction takes 
place between the constituents of these solutions. 

This volume must be sufficient to avoid mixing, but should not be excessive as 
patients may have a limited fluid intake regimen.9,10 The administration rate, drug 
solvent, choice of SF, and IV tubing volume may also be factors affecting the 
required SFV.11–13 However, to our knowledge there is no literature on the require-
ments of flushing.

In this study we aimed to investigate whether and how the administration rate, 
drug solvent, choice of separator fluid, its administration rate and the IV tubing 
volume affects the SFV required for the safe separation of incompatible drug 
solutions.

4
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Methods 
Experimental procedure
Part 1: Influence of administration rate, solvent, and separator fluid 
In this part of the study we investigated to which extent the administration rate, 
solvent, and SF affected the required SFV. The experimental setup is shown in 
Figure 1 (A). Three different rates were used: 50, 100, and 200 ml/h. 

Quantitative measurements were carried out using UV-Vis spectrophotometry, 
too high concentrations of MB would result in absorption readings that do not re-
liably allow detection of concentration differences due to saturation of the mea-
suring cell. Therefore, we chose concentrations that resulted in calibration curves 
for both dyes in the linear part of the calibration curve. For MB and EY this result-
ed in maximum concentrations of 40 mg/L and 75 mg/L, respectively.

MB solutions were prepared in a concentration of 40 mg/L, using NS as solvent 
in one solution and G5 in the other. The SF was either NS or G5. This resulted in 3 
x 2 x 2 (administration rate x solvent x SF) combinations.

A 2 ml (2 meter, 6 French) IV tube was completely filled with MB solution. Subse-
quently an infusion pump containing a syringe with SF was started at one of three 
administration rates. Samples of 0.67 ml were collected in tubes using a fraction 
collector. Administration of SF was stopped after 10 ml of SF was administered. 
Collected samples were transferred from the tubes onto a 96-well plate. This 
process was performed three times for each unique combination of administra-
tion rate, solvent, and SF.

For the determination of MB concentrations a calibration curve was made using 
different dilutions of MB, samples at each concentration were transferred in du-
plicate onto a 96-well plate. Absorption of MB was measured at 668 nanometer 
(nm).  
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Experimental part 1 Experimental part 2

syringe pump with SF syringe pump with SF

laptop

syringe pump with MB syringe pump with EY

syringe pump with MB

three-way stopcocks

three-way stopcock

fraction collector fraction collector

 A B

Figure 1. A: Experimental set up used to investigate whether and how the administra-
tion rate, solvent and separator fluid (SF) affect the required SF volume (SFV). A 2 meter 
(2 ml) IV tube runs between the three-way stopcock and the fraction collector. And B: 
Experimental set up used to investigate whether and how IV line volume affects the 
required SFV in different administration profiles. MB: methylene blue, EY: eosin yellow. 
Depending on the administration profile, either a 2 meter (2 ml) IV tube or 2x2 meter 
tubes (4 ml) run between the stopcocks and the fraction collector.

4
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Part 2: Influence of system volume in different administration profiles
The experimental setup is shown in Figure 1 (B). G5 was selected as solvent and 
NS was selected as SF for the second part of the study in order to comply with 
clinical practice in our ICU. The goal of this part of the study was to investigate 
how the IV tubing volume affected the required volume of SF in different admin-
istration profiles. The administration rate was kept constant at 50 ml/h. Eosin yel-
low (EY) was used as a secondary dye, and was dissolved in G5 to a concentration 
of 75 mg/L. The EY concentration was determined using the same procedure as 
with MB. Either a 2 ml (2 meter, 6 French) IV tube was used, or two 2 ml IV tubes 
were connected to create a combined IV tubing volume of 4 ml. 

An important concept is the shared infusion tubing, which consists of the tubing 
and connectors that are shared by all fluids. The three-way stopcocks and the IV 
tubing that runs between the stopcocks and the fraction collector are all consid-
ered part of the shared infusion tubing. The volume of the shared infusion tubing 
is called the shared infusion volume (SIV). 

The administration profiles were coded, as shown in Figure 2. The coding consists 
of three parts: IV tubing volume, a start condition that describes the content of 
the IV tubing before the start of the administration profile, and the order in which 
MB, SF, and EY are administered with the corresponding volumes. 

For example, in Figure 2, 2 ml of tubing is used which is filled with 2 ml of MB 
(MB2) before the start of the experiment. At the start of the experiment, first 5 ml 
of SF (SF5) is administered, followed by 2 ml of EY (EY2), and 9 ml of SF (SF9). It 
must be noted that in profiles where the tubing is filled with MB at the start, the 
total volume of MB is equal to the SIV, including the three-way stopcocks that 
are part of the SIV. In profiles with 2 ml or 4 ml tubing, the SIV is 2.52 ml or 4.52 ml, 
respectively. 

Three types of administration profiles were created for the two tubing volumes. 
One profile type started with the tubing completely filled with MB, followed by 
NS, EY, and NS (2-MB2-NS5 EY2 NS9 and 4-MB4-NS5 EY4 NS9). The two other types 
started with the tubing filled with NS, after which MB, NS, EY, and NS were admin-
istered. In these two profiles the administered volumes of MB and EY were both 
25% (2-NS2-MB0.5 NS5 EY0.5 NS9 and 4-NS4-MB1 NS5 EY1 NS9), or both 50% of the 
tubing volume (2-NS2-MB1 NS5 EY1 NS9 and 4-NS4-MB2 NS5 EY2 NS9). In two profiles 
(2-NS2-MB1 NS5 EY1 NS9 and 4-NS4-MB1 NS5 EY1 NS9) the administration sequences 
were identical, only the tubing volume differed.
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2-MB2-SF5EY2SF9
methylene blue
volume in tubing

pre-start condition adminstration sequence after start

IV tubing
volume

separator
fluid

volume

separator
fluid

volume

eosin
yellow
volume

Figure 2. The coding of administration profiles. The three segments (separated by a 
horizontal line) respectively represent the IV tubing volume in ml, pre-start condition, 
and the administration sequence. MB: methylene blue, EY: eosin yellow, SF: separator 
fluid. Numbers trailing the substance indicators in subscript indicate the volume of 
the indicated substance in ml.

Each profile was administered three times. Infusion pumps were controlled from 
a laptop using custom software that allowed predefining administration sequenc-
es for automatic execution. The collection of samples and calibration procedures 
were identical to the first part of the study, with the addition of a calibration curve 
for EY. EY’s absorption was measured at 524 nm.

Determination of separator fluid volume 
We arbitrarily chose a concentration of 2% relative to the original MB and EY solu-
tions as the cut-off point to determine the minimal required SFV. We assumed 
that in clinical practice no meaningful chemical interaction would occur at this 
cut-off point. 

GraphPad Prism was used to determine the SFV by curve fitting starting from 
the data point with the highest measured concentration (Figure 3).14 For part 1 of 
the study, nonlinear regression was applied in GraphPad Prism using the “log(in-
hibitor) vs. normalized response – variable slope” setting. In part 2, nonlinear re-
gression was applied using the “plateau followed by one phase decay” setting. 
The cut-off concentration was entered into the resulting equation to obtain the 
corresponding SFV. 

4
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Figure 3. Determination of the separator fluid volume (SFV) at 2% of the initial dye con-
centration (dashed line). Sample data (circles) were transformed to a logarithmic scale 
to enable curve fitting (continuous line). The resulting equation was used to obtain the 
log ml SFV at the 2% concentration, which in turn was transformed back to ml. 

Materials
Fluids used in the experiments were NS, a 0.9% sodium chloride solution in wa-
ter, and G5, a 5% glucose solution in water. Both were obtained from Baxter (The 
Netherlands). MB and EY were obtained from Merck (Germany).

The experimental setup consisted of 3 Alaris Asena GH syringe pumps (Carefu-
sion, United Kingdom), a Pharmacia LKB FRAC-200 fraction collector (Pharmacia, 
Sweden), a Hewlett-Packard Probook 6560b laptop (Hewlett-Packard, United 
States of America), a StarTech ICUSB2324X USB to serial adapter (StarTech, Unit-
ed Kingdom), 3 generic RS232 cables, 50 ml BD Plastipak syringes (Becton-Dick-
inson, United States of America), Steritex 3W three-way stopcocks (Codan, Den-
mark), Vygon V-Green IV (2 meter length, 2 ml volume, 6 French outer diameter) 
IV tubes (Vygon, France), and generic round-bottom polystyrene tubes. Custom 
software was written in Java (Oracle Corporation, United States of America) for 
external coordinated control of the infusion pumps using their serial communi-
cation protocol.15

UV-Vis measurements were performed using a SYNERGY-HT multiwell plate 
reader (BioTek Instruments Incorporated, United States of America), which used 
Corning Costar 3596 96-well plates (Corning Incorporated, United States of 
America). 
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Statistical analysis
IBM SPSS Statistics was used for the statistical analysis.16 Statistical significance 
was determined at a two-sided P-value <0.05. 

In the first part of the study we investigated the influence of administration rate, 
dye solvent, and SF on the SFV. Group differences for administration rate were 
assessed using a one-way analysis of variance (ANOVA). If the ANOVA result was 
statistically significant, post-hoc pairwise comparisons with Bonferroni correction 
were performed. For the variables dye solvent and SF, a Student’s t-test was per-
formed.

In the second part of the study, SFV required to flush MB and EY from the IV 
tubing are abbreviated as SFVMB and SFVEY, repectively. The ratio of SFVMB and 
the shared infusion volume (SFVMB/SIV) was calculated by dividing SFVMB by the 
SIV. A SFVMB/SIV of 2 indicates the SFV required to flush MB from the IV tubing 
is twice the SIV. In a similar fashion SFVEY/SIV was calculated. Statistically signifi-
cant differences between groups were assessed using the Student’s t-test. 

Results
SFV’s for each combination of administration rate, solvent, and SF in part 1 of the 
experiment are listed in Table 1. There was no statistically significant relation be-
tween administration rate and SFV as determined by a one-way ANOVA (F(2.33) 
= 1.50, P =0.24). The choice of solvent had no statistically significant relation with 
SFV (G5 vs. NS mean ±standard deviation (SD), 3.69 ±0.10 ml vs. 3.77 ±0.17, P =0.12). 
Using G5 as SF required less SFV than NS (G5 vs. NS mean ±SD, 3.64 ±0.13 ml vs. 
3.82 ±0.11, P <0.001). The 95% confidence intervals (CI) for separator fluids G5 and 
NS were [3.58 - 3.71] and [3.77 - 3.88], respectively.

For experimental part 2, the time courses of concentrations of the 6 administra-
tion profiles can be found in the supplementary material (Supplementary mate-
rial: Figures S1-S6). Overall differences between profiles using 2 ml and 4 ml IV 
tubes are displayed in Table 2. SFVMB was smaller than SFVEY overall (SFVMB vs. 
SFVEY mean ±SD, 4.40 ±0.89 vs. 5.02 ±0.74 ml, P <0.001). SFVMB/SIV was small-
er than SFVEY/SIV overall (SFVMB/SIV vs. SFVEY/SIV mean ±SD, 1.31 ±0.31 vs. 1.50 
±0.30, P <0.001). Table 3 lists the SFVMB, SFVEY, SFVMB/SIV, and SFVEY/SIV values 
of the individual administration profiles. 

4
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Table 1. Separator fluid volume for each combination of solvent, separator fluid and 
administration rate 

Solvent Separator fluid Rate (ml/h) Separator fluid volume
mean ±SD ml

NS NS 50 3.80 ±0.00

100 3.93 ±0.06

200 3.93 ±0.12

G5 50 3.60 ±0.00

100 3.63 ±0.06

200 3.73 ±0.29

G5 NS 50 3.73 ±0.06

100 3.77 ±0.06

200 3.77 ±0.12

G5 50 3.57 ±0.06

100 3.70 ±0.10

200 3.63 ±0.06

SD: standard deviation, NS: normal saline, G5: glucose 5% solution in water.

Table 2. Overall differences in profiles using 2 ml and 4 ml tubing volume 

IV tubing / shared infusion vol-
ume

2 ml / 2.52 ml 
(n=9)

4 ml / 4.52 ml 
(n=9)

Pa

SFVMB mean ±SD 3.89 ±0.57 4.91 ±0.88 0.01

SFVEY mean ±SD 4.41 ±0.56 5.63 ±0.15 <0.001

SFVMB/SIV mean ±SD 1.54 ±0.22 1.09 ±0.19 <0.001

SFVEY/SIV mean ±SD 1.75 ±0.22 1.25 ±0.03 <0.001
aStudent’s t-test
SD: standard deviation, SFVX: separator fluid volume required to clear the IV tubing of 
solution X, SFVX/SIV: ratio of SFVX and the shared infusion volume, EY: eosin yellow, MB: 
methylene blue.
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Table 3. SFVMB, SFVEY, SFVMB/SIV, and SFVEY/SIV values in various administration pro-
files. Note that normal saline was used as separator fluid in all profiles

Profile SFVMB 
mean ±SD

SFVEY 
mean ±SD

SFVMB/SIV 
mean ±SD

SFVEY/SIV 
mean ±SD

2-MB2-NS5 EY2 NS9 4.52 ±0.16 5.06 ±0.16 1.79 ±0.06 2.01 ±0.06

2-NS2-MB0.5 NS5 EY0.5 NS9 3.27 ±0.06 3.90 ±0.36 1.30 ±0.02 1.55 ±0.14

2-NS2-MB1 NS5 EY1 NS9 3.89 ±0.27 4.29 ±0.19 1.54 ±0.11 1.70 ±0.07

4-MB4-NS5 EY4 NS9 6.04 ±0.27 5.70 ±0.16 1.34 ±0.06 1.26 ±0.04

4-NS4-MB1 NS5 EY1 NS9 4.19 ±0.13 5.67 ±0.06 0.93 ±0.03 1.25 ±0.01

4-NS4-MB2 NS5 EY2 NS9 4.51 ±0.17 5.54 ±0.21 1.00 ±0.04 1.22 ±0.05

SD: standard deviation, SFVX: separator fluid volume required to clear the IV tubing of 
solution X, SFVX/SIV: ratio of SFVX and the shared infusion volume, EY: eosin yellow, 
MB: methylene blue, NS: normal saline.

Discussion
In our first experiment we investigated the impact of administration rate, solvent, 
and SF on the SFV. We found a marginal difference between using G5 and NS as 
SF, but found no advantage in the choice of solvent or administration rate. In our 
second experiment we administered several simulated sequential drug profiles 
where drug solutions were separated by a SF. We found that extending the IV 
tubing using an additional IV tube, required a larger SFV. In this case, with the in-
ner and outer diameter of the tubing remaining the same, both the tubing’s length 
and volume were doubled. Per ml of tubing volume we found that the required 
SFV was smaller when longer tubing was used. To our knowledge, this study is 
the first to investigate the factors contributing to the requirements of the SFV.

The Royal College of Nursing recommends using at least twice the priming vol-
ume of the device for flushing, but does not provide any empirical data to support 
their recommendation.1 Another publication recommends a flushing volume of 
3 to 5 ml with no further explanation.17 One study provided empirical evidence 
suggesting that flushing twice the priming volume of a Soluset IV system (Abbott 
Laboratories, United States of America) is sufficient to deliver >95% of the preced-
ing medication.18 However, in this study only volumetric infusions were taken into 
account, whereas syringe pumps that commonly administer more concentrated 
drug solutions through narrower tubing systems may require different volumes. 
In our study we found that for an IV tubing system with a SIV of 2.52 ml, the mean 
SFVMB was 3.89 ml and the mean SFVEY was 4.91 ml, rendering a SFVMB/SIV of 
1.5 and a SFVEY/SIV of 2.0. Hence, flushing the system with a SFV that is at least 
twice the priming volume as a rule of thumb seems reasonable to have sufficient 
separation between incompatible drugs delivered one after the other.

4
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In part 1 of this study we found that when G5 is used as a SF, a marginally smaller 
SFV is required than using NS. One explanation might be that G5 is more viscous 
than NS and therefore slightly more effective as a SF. An alternative explanation 
may attribute this finding to artefacts in the study. At the start of each experiment, 
priming of the tubing and starting both the pump and the fraction collector had 
to be performed manually. Therefore, the difference between G5 and NS may 
also be caused by human variability. Although statistically significant, a difference 
between means of only 0.2 ml has little to no impact in clinical practice.

Overall, profiles with longer tubing also required a larger SFV (Table 2). For exam-
ple, in profile 4-MB4-NS5EY4NS9 both the IV tubing lengths (and volumes) and the 
administered volumes of MB and EY are twice that of profile 2-MB2-NS5EY2NS9 
(Table 3). As there is more MB and EY present in the IV tubing in 4-MB4-NS5EY4NS9, 
it is not surprising that a larger SFVMB and SFVEY are required compared to 2-MB2-
NS5EY2NS9. When comparing 2-NS2-MB1NS5EY1NS9 to 4-NS4-MB1NS5EY1NS9, 
the IV tubing length differs, but the administration sequence is the same. Again, 
the SFVs are larger with longer tubing. This finding may also be explained by 
Poiseuille flow, which describes the flow through a cylindrical tube where the 
cross-section of the tube can be divided into laminae (circular layers of fluid).19,20 

Each lamina has its own velocity. The outer lamina will have a lower velocity than 
the middle lamina due to friction with the tubing wall. Assuming Poiseuille flow 
takes place within the IV tubing, there will be a difference when the middle and 
outer lamina reach the end of the tube. In longer tubing the contact time with the 
tubing wall is longer, hence a greater difference in velocities of the lamina and 
therefore more dispersion will occur. In that case it can be expected that the dye 
can be measured for a longer period of time, which is illustrated in the supple-
mentary material (Supplementary material: Figure S7). Table S1 (Supplementary 
material) lists the timespans in which MB and EY were measured at the end of the 
tubing at a concentration >2%. When the same dye volume is administered at the 
same rate, but through longer tubing (e.g. when comparing 2-NS2-MB1 NS5 EY1 
NS9 to 4-NS4-MB1 NS5 EY1 NS9), the dye is measured for a longer period of time. 
This observation is compatible with more dispersion and that diffusion has taken 
place, however a larger sample size is required before any conclusions can be 
drawn. Overall, SFVMB/SIV and SFVEY/SIV decrease as the IV tubing’s length in-
creases. Future studies must reveal whether shorter tubing also requires a larger 
SFV proportional to its volume.

Remarkably, SFVEY overall was larger than SFVMB. One explanation may be the 
higher initial concentration of EY (75 mg/L) compared to MB (40 mg/L). Another 
explanation may be that EY may adhere more to the IV tubing wall than MB, so 
that its dispersion is not only caused by laminar flow but also by interaction of the 
solute with the tubing wall. However this theory requires further study. It is also 
possible that this difference was (in part) caused by the layout of the experimen-
tal setup (Figure 1, B). EY was connected to a three-way stopcock that is more 
distal from the fraction collector than the three-way stopcock to which MB is 
connected. The distance from the stopcock to the fraction collector was slightly 
larger for EY than for MB. The mean difference between SFVEY and SFVMB was 0.6 
ml, which is a little over twice the internal volume of a three-way stopcock (0.26 
ml). Possibly SFVMB may have been larger than SFVEY if MB was connected to the 
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stopcock distal from the fraction collector instead. 

Guiffant et al. found that pulsed (turbulent) flow induced by repeated boluses 
was more effective in clearing proteins from a catheter than continuous (laminar) 
flow.21 Ferroni et al. found similar results when the goal was to reduce bacterial 
colonization of intravenous catheters.22 Although we did not focus on flushing 
catheters in this study, it is possible that administering SF in a pulsed manner is 
also more effective in clearing IV tubing of drugs compared to the continuous 
flow as was studied. The volumes used in the studies performed by Guiffant et 
al. and Ferroni et al. (10 ml in both studies) were high compared to our study, 
especially considering the flushing volume relative to the internal volume of the 
catheter (0.14 ml) at a ratio of 71 to 1.21,22 Considering a patient’s fluid restrictions, 
administering a relative equivalent of 142 ml of SF in 2 ml of tubing would be 
highly undesirable.9,10

In this study a concentration of 2% of the original concentration was considered 
sufficiently low in order to prevent a chemical reaction between the drug solu-
tions in the IV tubing. It must be noted that sampling took place at the end of the 
IV tube, hence a negligible concentration can be expected in IV tubing segments 
distal from the patient. We therefore believe that in clinical practice no mean-
ingful chemical interaction will occur at this cut-off point. In some cases a lower 
cut-off point may be desired, however this would require a larger SFV. This could 
be relevant to patients with a limited fluid intake regimen. Samples collected us-
ing the fraction collector were relatively large (0.67 ml). If it was possible to use a 
smaller sample volume, this would yield more data points and therefore a more 
accurate representation of the concentration courses and calculation of the cor-
responding flushing volumes. A possible concern is whether the dyes used in 
this study properly reflected the behavior of intravenous solutions that are used 
in clinical practice, while also providing sufficient discrimination when measured 
analytically. MB and EY are soluble in both NS and G5, and can be measured 
using UV-Vis spectrophotometry. The UV spectra of MB and EY do not interfere 
with each other, allowing for good discrimination. Hence we believe that MB and 
EY serve as suitable models for IV drugs in this experimental setting. 

For drugs such as insulin that are known to interact and even adhere to the tubing 
wall, larger SFVs may be required. The same may hold for highly viscous drug 
solutions.3,4,23 For future studies we recommend comparing SFVs for such drugs 
or drug solutions. We did not study the adsorption of MB or EY on the tubing, 
however some degree of adsorption is likely as it is known MB can adsorb onto 
polymer material.24 The impact of adsorption on our results will require further 
study. In clinical practice the venous pressure in the patient provides a counter 
pressure to the administered IV solutions. This counter pressure may be different 
at the site of a central venous catheter compared with the site of a peripheral 
venous catheter. In our experimental setup there was no resistance at the end of 
the tubing, hence it is unknown to which extent such counter pressures would 
have affected our results. In this study the collected fractions were relatively large 
and there was a limited number of fractions that could be collected in one ex-
perimental run. This limited the number of data points we could acquire and also 
the number of different drug solutions that could fit in a single administration pro-

4



78

Chapter 4

file. A future follow up on this study could use continuous diode-array detection 
(DAD), which would allow sampling at a frequency of 1 Hz.25 This would also allow 
for longer and more complex administration profiles.

Conclusion
A larger volume of the IV tubing that is used by multiple drugs, requires a larger 
volume of separator fluid (SFV). Existing recommendations to flush using a SFV 
that is at least twice the tubing’s priming volume were confirmed in profiles where 
2 meter (2 ml) tubing was used. The ratio of SFV to the tubing’s priming volume, 
decreases when the tubing is longer. Shorter tubing may require a larger SFV rel-
ative to its internal volume. The separator fluid volume (SFV) was not affected by 
the choice of administration rate or solvent. G5 required a marginally smaller SFV 
than NS, however its clinical impact is debatable.

Supplementary material
Supplementary material can be downloaded from https://ivcompatibility.org/
thesis/supplements.html.

https://ivcompatibility.org/thesis/supplements.html 
https://ivcompatibility.org/thesis/supplements.html 
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Abstract
The objective of this study was to assess the usability benefits of adding a bed-
side central control interface that controls all intravenous (IV) infusion pumps 
compared to the conventional individual control of multiple infusion pumps. 
Eighteen dedicated ICU nurses volunteered in a between-subjects task-based 
usability test. A newly developed central control interface was compared to con-
ventional control of multiple infusion pumps in a simulated ICU setting. Task ex-
ecution time, clicks, errors and questionnaire responses were evaluated. Overall 
the central control interface outperformed the conventional control in terms of 
fewer user actions (40 ±3 vs. 73 ±20 clicks, P <0.001) and fewer user errors (1 ±1 
vs. 3 ±2 errors, P <0.05), with no difference in task execution times (421 ±108 vs. 
406 ±119 seconds, not significant). Questionnaires indicated a significant prefer-
ence for the central control interface. Despite being novice users of the central 
control interface, ICU nurses displayed improved performance with the central 
control interface compared to the conventional interface they were familiar with. 
We conclude that the new user interface has an overall better usability than the 
conventional interface.
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Introduction
In the last decades human factors research has been acknowledged as crucial 
in the development of high risk medical equipment.1–3 Infusion pumps are among 
the most frequently used medical devices, and are used for the controlled in-
travenous (IV) administration of many infusion fluids and drug solutions. Errone-
ous use of infusion pumps may lead to (temporary) under- or overdosing of vital 
drugs, with potentially severe consequences. The usability of infusion pumps 
has often been identified as an important contributor to the incidence of such 
medication errors.4–8 Various studies using heuristic analysis have already pointed 
to various design flaws in pumps.7,9,10 Factors such as inadequate training, work-
flow interruptions or high workload can further increase the likelihood of such 
errors.7,11,12 In some studies where new user interfaces were designed and tested, 
the focus was on the usability of individual pumps.13–15 However, this is a situation 
not representative of a critical care setting where patients are often treated with 
over six pumps simultaneously. Also, medication errors are more frequent in the 
critical care arena than in any other hospital department, while patients who are 
most severely ill may be even more vulnerable to such errors.11,16–19 Hence, in the 
current proof of concept study we focused on the IV delivery system as a whole 
instead of focusing on individual pumps.

We designed a new user interface for the centralized monitoring and control of 
multiple infusion pumps by ICU nurses (Supplementary material: Figure S1). Ac-
tions that would normally be performed directly on the infusion pump’s user in-
terface, such as changing an infusion rate, can now be performed on a new cen-
tral bedside user interface. The central user interface forwards the appropriate 
commands to each individual pump under its control. We hypothesized that such 
a more user-friendly interface would reduce the risk of user errors and would 
also improve the workflow and user satisfaction compared to the conventional 
control of multiple infusion pumps. The objective of this study was to develop 
and evaluate the possible usability benefits of a bedside central control interface 
for multiple infusion pumps compared to conventional multi-pump operation. 
For this purpose we followed the ISO 9241-11 definition of usability: “The extent to 
which a product can be used by specified users to achieve specified goals with 
effectiveness, efficiency and satisfaction in a specified context of use”.20

5
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Materials and methods
Hardware and connectivity
The availability of a relatively large touch screen (Samsung SM-T900; 12.2 inch 
screen diagonal) and the availability of a USB host mode were decisive in choos-
ing the Android platform. The USB-serial-for-Android library, licensed under 
GNU Lesser General Public License (LGPL) Version 2.1, was used to facilitate se-
rial communication between the Android tablet and the infusion pumps.21 Three 
Alaris Asena GH Syringe pumps (Carefusion, United Kingdom) with firmware 
v2.3.6 were used. Physical connectivity was achieved using a Startech UUS-
BOTG micro-USB to USB OTG cable, a generic 4-port USB hub and three Start-
ech ICUSB2321F USB-to-serial converters. Pump communication followed the 
Alaris Asena communication protocol.22 The pumps were attached to a generic 
rack in a stacked fashion and a König & Meyer 19740 tablet clamp was used to 
hold the Android tablet in place.

A Windows laptop running a Java-based application was used to generate a qua-
si-randomized task order and display the current task.

In the central control condition, the Android tablet running a fully functional pro-
totype of the central control interface was attached to the rack at shoulder height, 
facing the nurse (Supplementary material: Figure S1). In the conventional control 
condition, a Startech ICUSB2324X USB-to-RS232 converter was used to read all 
pump logs during the experiment.

In both conditions, the top pump was equipped with an empty syringe labeled 
as containing potassium chloride, the middle pump’s syringe was labeled with 
insulin, and the bottom pump’s syringe was labeled as containing propofol. Three 
other syringes with the same three labels were available for when a ‘change sy-
ringe’ task had to be performed. 

User interface
Development of the central control interface followed an iterative cycle where 
a design phase was alternated by review by ICU nurses. A think-aloud protocol 
(verbalization of thoughts) was used during these reviews to uncover possible 
weaknesses in the design.23 Development was considered complete when the 
reviewing nurses and the development team required no further changes to the 
user interface. In the main user interface, pumps are represented by a single row 
on screen (Supplementary material: Figure S1). Each row or pump contains es-
sential information, such as drug names, administration rates and concentrations. 
Buttons for basic pump functionalities, such as start/stop, administration rate, 
bolus, volume to be infused (VTBI) and advanced settings were also visible in the 
user interface. The settings menu included an option to reset the administered 
volume, pump connection details and a log of user actions. Pump alarms were 
cached by the central control interface and were highlighted in white text on a 
semi-transparent red overlay on top of the affected pump.

A new functionality not present in the conventional control interface (i.e. the in-
dividual pump interfaces) was an advanced VTBI menu which helped calculate 
the required administration rate based on a target dose or volume, the concen-
tration of the drug on the pump and a predefined timeframe (Supplementary 
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material: Figure S2). A change syringe menu displayed a checklist of all required 
steps, which upon completion of the steps would automatically restart the pump 
when the new syringe was correctly placed in the pump (Supplementary materi-
al: Figure S3). Additionally, the bolus menu allowed to set a predefined bolus vol-
ume which could be administered without the need for holding the bolus button 
throughout the entire procedure.

Participants
Eighteen nurses from an adult ICU participated in the experiment. Their mean 
±SD age was 41 ±12 years and their mean ±SD ICU experience was 12 ±12 years. 
Participants were randomly assigned to either the central control or the conven-
tional control condition first. There were no significant differences in age or work 
experience between the groups. All participants volunteered for the experiment 
and had not been exposed to the central control interface before. Ethical approv-
al for this study was waived by our institutional review board (M17.214943). There 
were no patients involved in this study and data was collected anonymously.

Experimental tasks
Participants performed several typical tasks related to intravenous therapy in 
a simulated ICU setting. Examples of such tasks were changing administration 
rates, replacing syringes, administering boluses and navigating through menus. A 
between-subject design was used where participants performed the experiment 
using either conventional pump control or the centralized control interface. Each 
participant performed a set of thirteen pump-related tasks. Some tasks could 
only be performed when another was finished. For example, the volume to be 
infused (VTBI) functionality could only be turned off after it had been set up in 
the first place. However, such interdependent tasks did not necessarily follow 
each other directly; any number of other tasks could be scheduled in between. 
An overview of all experimental assignments is displayed in Table 1. Step-by-step 
workflows of each task type are included in the supplementary material (Supple-
mentary material: File S1). Note that some task types occurred more often than 
others in the experiment (change rate; replace syringe, setup and stop VTBI) in 
order to reflect their frequency in the real-world ICU environment.

5
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Table 1. Description of experimental assignments

Task Description Type

1 Stop the propofol 2% pump. Stop pump

2 Restart the propofol 2% pump and change the administration 
rate to 3.5 ml/h. Note: this task requires task 1 to be 
completed first. 

Restart & 
change rate

3 Change the administration rate of the potassium chloride 
pump to 2.4 ml/h.

Change rate

4 Change the administration rate of the potassium chloride 
pump to 3.0 ml/h.

Change rate

5 Change the administration rate of the insulin pump to 1.4 
ml/h.

Change rate

6 Change the administration rate of the insulin pump to 0.8 
ml/h.

Change rate

7 Administer a bolus of 3 ml propofol 2% at a rate of 500 ml/h. Bolus

8 Replace the potassium chloride syringe and restart the pump. Replace 
syringe

9 Replace the insulin syringe and restart the pump. Replace 
syringe

10 Use the VTBI (volume to be infused) functionality to 
administer 3 mmol of potassium chloride using the current 
administration rate.

Setup VTBI

11 Use the volume to be infused (VTBI) functionality to 
administer 4 international units (IU) of insulin in 30 minutes. 
Make sure the pump stops after infusion.

Setup VTBI

12 Turn off the VTBI functionality on the potassium chloride 
pump, but make sure the pump keeps running. Note: this task 
requires task 10 to be completed first.

Stop VBTI

13 Turn off the VTBI functionality on the insulin pump, but make 
sure the pump keeps running. Note: this task requires task 11 
to be completed first.

Stop VBTI
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Experimental procedure with the conventional and new central control inter-
faces
At the start of the experiment participants received a verbal explanation on all rel-
evant functionalities of the user interface. Depending on the experimental con-
dition either the central control interface or the conventional pump interface was 
explained. Participants had the opportunity to try out each interface before the 
start of the experiment. Experimental assignments were displayed one by one on 
a laptop with an application that was programmed for this purpose. Every par-
ticipant had to complete the same set of assignments, although the assignment 
order was quasi-randomized. Participants were instructed to read and perform 
the task belonging to each assignment. After completion of the assignment the 
participant could click a “next assignment” button that would display the next 
assignment until all thirteen assignments were completed. After the completion 
of the tasks, a usability questionnaire was administered.

The usability questionnaire consisted of 19 5-point Likert scale statements about 
the user interface that the participant operated during the experiment. Partici-
pants used the scale to rate their agreement from 1 (lowest level of agreement) 
to 5 (highest level of agreement). Statements covered the overall system appear-
ance, user experience and user interaction as well as the ease of use during the 
experimental assignments. 

Data collection & analysis
All user actions were logged during the course of the experiment. In order to 
assess usability of each user interface as defined in the ISO 9241-11 standard, 
we measured task execution times and clicks to reflect efficiency. More clicks 
indicated that more effort was required to perform a task. We deduced errors 
from experimental logs as a measure of effectiveness, and administered a ques-
tionnaire to measure user satisfaction.20 We defined an error as any unintended 
deviation from achieving the intended outcome of an action that could not be 
attributed to an external influence24. Statistical differences for execution times, 
clicks and errors between conditions were analyzed with Student’s t-tests. Statis-
tical differences in ratings on individual questionnaire statements were analyzed 
using the Mann-Whitney U test, and the mean questionnaire rating was analyzed 
with the Student’s t-test. All statistical tests were performed using IBM SPSS Sta-
tistics 22.

5



88

Chapter 5

Ta
bl

e 
2.

 E
xe

cu
tio

n 
tim

es
, c

lic
ks

 a
nd

 e
rr

or
s 

pe
r a

ss
ig

nm
en

t t
yp

e 

As
si

gn
-

m
en

t 
ty

pe

St
op

 p
um

p
(t

as
k 

1)

Re
st

ar
t &

 
ch

an
ge

 ra
te

 
(t

as
k 

2)

Ch
an

ge
 ra

te
(t

as
k 

3-
6)

Bo
lu

s
(t

as
k 

7)

Re
pl

ac
e 

sy
rin

ge
(t

as
k 

8 
&

 9
)

Se
tu

p 
VT

BI
(t

as
k 

10
 &

 1
1)

Ca
nc

el
 V

TB
I

(t
as

k 
12

 &
 1

3)
O

ve
ra

ll 
m

ea
n

(t
as

k 
1-

13
)

In
te

rf
ac

e

Conven-
tional

Central

Conven-
tional

Central

Conven-
tional

Central

Conven-
tional

Central

Conven-
tional

Central

Conven-
tional

Central

Conven-
tional

Central

Conven-
tional

Central

N
=9

N
=9

N
=9

N
=9

N
=9

N
=9

N
=9

N
=9

N
=9

N
=9

N
=8

N
=9

N
=8

N
=9

N
=9

N
=9

Ex
ec

u-
tio

n 
tim

e 
(s

)

18
 

±1
6

19
 

±1
6

13
 ±

6a
26

 
±1

5a
27

 
±2

3
21

 
±1

0
79

 
±9

0
67

 
±2

5
20

 
±5

b
50

 
±1

9b
63

 
±1

5a
46

 
±1

3a
22

 
±1

3
17

 ±
6

40
6 

±1
19

42
1 

±1
08

Cl
ic

ks
1.2

 
±0

.7
1.0

 
±0

.0
4.

7 
±3

.5
2.

8 
±0

.7
7.0

 
±1

.8
b

2.
1 

±0
.2

b
2.

8 
±1

.6
a

4.
9 

±2
.2

a
3.

4 
±0

.6
b

5.
1 

±0
.9

b
11

.9
 

±4
.5

b
3.

4 
±0

.5
b

5.
2 

±3
.2

3.
0 

±0
.5

73
 

±2
0b

40
 ±

3b

Er
ro

rs
0.

2 
±0

.6
0.

0 
±0

.0
0.

1 
±0

.3
0.

0 
±0

.0
0.

1 
±0

.2
0.

0 
±0

.0
0.

1 
±0

.3
0.

3 
±0

.5
0.

0 
±0

.0
0.

1 
±0

.2
0.

7 
±0

.5
a

0.
2 

±0
.4

a
0.

4 
±0

.5
a

0.
0 

±0
.0

a
2.

9 
±2

.3
a

0.
9 

±1
.0

a

D
at

a 
ar

e 
ex

pr
es

se
d 

as
 m

ea
n 

±s
ta

nd
ar

d 
de

vi
at

io
n.

Fo
r e

rro
rs

, t
ot

al
s 

pe
r c

at
eg

or
y 

ar
e 

di
sp

la
ye

d.
a P

 <
0.

05
b P

 <
0.

00
1



89

Improved usability of a multi-infusion setup using a centralized control interface:
A task-based usability test

Results
Table 2 displays the mean execution times, clicks and total number of errors per 
assignment type. The overall mean execution time (conventional vs. central mean 
±SD, 406 ±119 vs. 421 ±108 seconds, not significant) did not differ between inter-
faces, whereas the overall mean number of clicks was lower using the central 
control interface (73 ±20 vs. 40 ±3 clicks, P <0.001). Overall fewer errors were made 
using the central control interface (2.9 ±2.3 vs. 0.9 ±1.0 errors, P <0.05). A descrip-
tion of all recorded errors is available in the supplementary material (Supplemen-
tary material: Table S1).

Median ratings on questionnaire statements and Mann-Whitney U test results 
can be found in the supplementary material (Supplementary material: Table S2). 
Ratings on statements regarding the aesthetics, clarity, intuitiveness and ease to 
discriminate between pumps with a user interface (statements 2-5) differed sig-
nificantly between conditions in favor of the central control interface. The mean 
±SD rating calculated over all questionnaire statements was higher for the central 
control interface than the conventional interface (4.6 ±0.3 vs. 4.1 ±0.5, P =0.03).

Discussion
We investigated whether a new central control interface would improve the over-
all usability of infusion pump control in a multi-infusion setting. Task-based us-
ability analysis indicated that both objectively and subjectively the central control 
interface improved usability. Means calculated over all assignments indicated 
that participants required fewer clicks to perform the experimental tasks in the 
central control condition and also made fewer errors, indicating a more efficient 
and effective interaction. Questionnaires indicated that participants preferred the 
central control interface over the conventional interface, indicating greater user 
satisfaction.

There was no overall difference in execution times. This is remarkable since all 
participants were expert users of the conventional interface and had no prior ex-
perience with the central control interface. Moreover, it is likely that with further 
training the central control interface will outperform the conventional interface 
in terms of task execution times.25 Data on specific execution times revealed that 
participants were able to change syringes 30 seconds faster on average using 
conventional pumps than using the central control interface. A difference be-
tween the two conditions is that the central control interface automatically stops 
and restarts the pump when a new syringe is placed. Although this feature was 
intended to improve the workflow, a relatively slow data connection between 
the central control interface and the infusion pumps limited the number of pump 
control commands to roughly 1 command per second. Hence, the pump’s RS232 
communication layer was slowing down the task. As the communication protocol 
for the infusion pumps did not allow the automated confirmation of the syringe, 
the syringes had to be confirmed by manually pressing the confirm button on the 
pump instead of on the central control interface, which also impaired workflow. In 
case of a follow up of this study, a low latency communication layer between the 
pumps and interface will be required to optimize the task of replacing syringes.

5
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When setting up a volume to be infused (VTBI) infusion on the pump, partici-
pants were faster in the central control condition. The central control interface 
automatically calculated the required administration rate based on a preconfig-
ured drug concentration, a target dose or volume and a predefined timeframe. In 
the conventional condition, the pumps offered no calculation support in the VTBI 
menu. Therefore, participants had to calculate which rate was required, which is 
a slow and error-prone task. Roughly half of the participants indicated that they 
did not regularly use the VTBI menu in the conventional interface, which may also 
explain that significantly more errors occurred during the VTBI tasks using the 
conventional interface. The difference in overall error rate appears to be most-
ly driven by errors in the VTBI tasks. The participants mentioned that the menu 
structure of the conventional interface was too complicated for the VTBI tasks. 
We believe this illustrates how counterintuitive design choices for the VTBI menu 
have contributed to poor usability and the occurrence of errors. This issue may be 
specific to the brand and model of infusion pump used in this study. A revision of 
the workflow of this particular VTBI menu should be considered if this proves to 
be an issue in real hospital environments as well.

In this study we compared the usability of a newly developed central control 
interface to that of a conventional pump setup. The results of this study indicate 
that this central control interface has a better overall usability than the conven-
tional interface. However, this does not imply that central control in general will 
have a better usability than a conventional setup of individual pumps. In order to 
test for such a difference the layout and workflow of the central control interface 
should mimic that of the separate pumps. Such a setup will have very limited 
added value for a central control interface as it does not add any new features to 
the system as a whole. Added value may be gained by implementing sophisticat-
ed multi-pump profiles, for example, a system that switches from one pump to 
another when a syringe is almost empty or more complex multi-drug profiles (e.g. 
oncology treatment).26 Another extension could be early detection of IV line oc-
clusions using combined pressure sensor readings from multiple pumps, which 
may reduce alarm fatigue by reducing the number of false alarms.27 We believe 
that a well-designed central interface is complementary to a set of well-designed 
individual infusion pumps in a multi-infusion setting.

As a future extension of this study we propose testing with larger number of par-
ticipants as well as ensuring a low-latency connection with the pumps. Testing 
with nurses who are not familiar with the conventional interface may reveal per-
formance differences in other tasks than just the VTBI tasks. Including a longer 
training period with the central control interface may reveal differences in execu-
tion times as well. Although the current study did not focus on alarms, a future 
challenge for central pump control will be the channeling of alarm signals as 
existing visual and audible cues will remain important for the swift localization of 
the affected pump.
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Conclusion
In this proof of concept study, we have shown how the usability of infusion pumps 
can affect the occurrence of errors related to intravenous therapy. A user-friendly 
user interface to control and monitor multiple infusion pumps was developed 
and its usability was compared to that of the current method of manually oper-
ating multiple infusion pumps in a task-based usability analysis. Results suggest 
that the centralized control system has an overall better usability and reduces the 
number of errors.

Supplementary material
Supplementary material can be downloaded from https://ivcompatibility.org/
thesis/supplements.html.
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Abstract
Background 
Multi-drug intravenous (IV) therapy is one of the most common medical proce-
dures used in intensive care units (ICUs), operating rooms, oncology wards and 
many other hospital departments worldwide. As drugs or their solvents are fre-
quently chemically incompatible, many solutions must be administered through 
separate lumens. When the number of available lumens is too low to facilitate 
the safe administration of these solutions, additional (peripheral) IV catheters are 
often required, causing physical discomfort and increasing the risk for catheter 
related complications. Our objective was to develop and evaluate an algorithm 
designed to reduce the number of intravenous lumens required in multi-infusion 
settings by multiplexing the administration of various parenteral drugs and solu-
tions. 

Methods 
A multiplex algorithm was developed that schedules the alternating IV admin-
istration of multiple incompatible IV solutions through a single lumen, taking 
compatibility-related, pharmacokinetic and pharmacodynamic constraints of the 
relevant drugs into account. The conventional scheduling procedure executed 
by ICU nurses was used for comparison. The number of lumens required by the 
conventional procedure (LCONV) and multiplex algorithm (LMX) were compared.

Results 
We used data from 175,993 ICU drug combinations, with 2,251 unique combi-
nations received by 2,715 consecutive ICU patients. The mean ±SD number of 
simultaneous IV solutions was 2.8 ±1.6. In 27% of all drug combinations, and 61% 
of the unique combinations the multiplex algorithm required fewer lumens (P 
<0.001). With increasing LCONV, the reduction in number of lumens by the multiplex 
algorithm further increased (P <0.001). In only 1% of cases multiplexing required >3 
lumens, versus 12% using the conventional procedure.  

Conclusion 
The multiplex algorithm addresses a major issue that occurs in ICUs, operating 
rooms, oncology wards, and many other hospital departments where several in-
compatible drugs are infused through a restricted number of lumens. The mul-
tiplex algorithm allows for more efficient use of IV lumens compared to the con-
ventional multi-infusion strategy.



97

Towards more efficient use of intravenous lumens in multi-infusion settings:
Development and evaluation of a multiplex infusion scheduling algorithm

Background
Intravenous (IV) therapy is one of the most common treatment modalities in hos-
pitals worldwide. Utilizing an infusion pump, solutions are typically delivered into 
the bloodstream at a preset and fixed rate. In the intensive care unit (ICU), oper-
ating rooms, and in oncology wards patients usually receive multiple IV solutions 
simultaneously from multiple infusion pumps. As drugs or their solvents are fre-
quently chemically incompatible, many solutions must be administered through 
separate lumens in order to avoid precipitation or inactivation of components. 
When the number of available lumens is too low to facilitate the safe adminis-
tration of these solutions, additional (peripheral) IV catheters are often required, 
causing physical discomfort, increasing the risk for catheter related complica-
tions, increased workload and associated treatment costs.1–4 

In order to circumvent these drug incompatibility issues we propose a novel ad-
ministration method called multiplex infusion. Using this method, incompatible 
solutions are sequentially administered through the same lumen as infusion 
packets, while being separated by another solution that is compatible with both 
infusion packets (Figure 1). In order to facilitate the timed alternation of these 
pumps, a centralized control system is required that generates an administra-
tion schedule and takes care of its execution by sending the appropriate com-
mands to the infusion pumps at the bedside.5 Multiplex infusion or multiplexing 
requires many switching actions between infusion pumps that cannot be reliably 
performed manually. An important time constraint for drug multiplexing is the 
maximally allowable interruption time (TiMax) between two administrations of the 
same drug. If the administration of a drug is interrupted too long, plasma or tissue 
concentrations may decrease to a point where the drug is no longer effective.6 
Therefore vasoactive drugs with a very short half-life (T1/2) such as norepineph-
rine with a T1/2 <2.5 minutes,7 are considered not suitable for interrupted admin-
istration. Another important constraint is whether two drugs are compatible with 
each other, which determines whether or not multiple drugs can be administered 
simultaneously in a single infusion packet.

6
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time

Solution A1

Solution A2

Solution B1

Solution B2

Solution B3

Solution S

packet A packet B

Solution S

packet C

Solution C1

Solution C2

separator separator

Figure 1. Multiplexed fluid administration through an IV tube. Using multiplex infusion 
packets of intravenous solutions A, B, and C are administered through a single IV tube, 
where solution S serves as separator. All drugs within a packet are compatible with 
each other. 

Scheduling algorithms are used in a broad spectrum of complex applications 
that rely on computer control, such as nuclear power plants, automotive systems 
and air traffic control.8 In their seminal paper Scheduling Algorithms for Multipro-
gramming in a Hard-Real-Time Environment, Liu and Layland in 1973 described 
the earliest deadline first (EDF) scheduling algorithm for a set of periodically re-
curring tasks to be performed by a computer processor.9 In the original EDF al-
gorithm, every instance (i) of a task is associated with a duration of time required 
to complete the task (Di) and a period of time in which an instance of that task 
should be scheduled (Pi). EDF scheduling is characterized by the prioritization of 
the tasks with the nearest deadline, i.e. nearest to the end of the Pi. By analogy, 
multiplexed administrations of drugs can be regarded as a set of periodically 
recurring tasks that are processed by a single processor (an IV lumen), where 
every drug is a task that must be administered for a certain amount of time within 
a limited time frame. In the following sections we describe a multiplex schedul-
ing algorithm that is designed to reduce the number of intravenous (IV) lumens 
required in multi-infusion settings that incorporates EDF scheduling.10 We eval-
uated the performance of this algorithm by comparing the number of IV lumens 
required by conventional scheduling of therapeutic drugs with scheduling by the 
multiplex scheduling algorithm in a large real-life dataset. 
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Methods
The goal of this study was to develop and evaluate the performance of a multi-
plex algorithm designed to reduce the number of IV lumens required in multi-in-
fusion settings. To quantify the performance of a multiplex scheduling algorithm 
relative to conventional practice, we used the number of lumens required for the 
administration of therapeutic IV drugs as the outcome measure. For this purpose, 
we also modelled the conventional procedure that ICU nurses follow to combine 
IV drugs using one or more IV lumens for drugs to be administered both contin-
uously and concurrently. The input for this model is a list of drugs to be adminis-
tered and a database containing both drug characteristics and Y-site drug com-
patibilities.9 The output of this model is a distribution of drugs to be administered 
through a number of lumens. 

The multiplex scheduling algorithm takes drug-specific time constraints into ac-
count for drugs that are multiplexed. Drugs that are not allowed to be multi-
plexed (e.g. norepinephrine) are scheduled using the conventional scheduling 
procedure. Thus, the output of the multiplex algorithm is a distribution of drugs 
to be multiplexed through a single lumen and a distribution of remaining drugs to 
be administered continuously through an additional number of lumens.

Scheduling input
In a parallel research project, PK/PD drug properties of frequently used drugs in 
ICU were gathered from research literature, simulations using MWPharm v3.81 
(MEDIWARE Inc., Groningen, Netherlands) software and subsequently expert 
assessment by pharmacists and intensivists (MHR, WB, DJT and MWN) (Table 
1). These data include biological half-life, maximally allowable interruption time 
and whether multiplexed administration is allowed. Drug compatibility data were 
gathered from a local compatibility chart (Supplementary material: Figure S1) and 
a local parenteral drug guide, that in turn is derived from the IBM Micromedex 
database (IBM corporation, Armonk, United States of America), summary of prod-
uct characteristics and the KNMP Kennisbank.11

An anonymized database was constructed from 69,730 unique ICU drug admin-
istrations retrieved from our adult ICU Patient Data Management System (Meta-
vision, iMDSoft, Tel Aviv, Israel) recorded between March of 2014 and February of 
2016 (Supplementary material: Figure S2). Each drug administration was linked 
to a one-way encrypted patient identifier and documented the type and class 
of drug, concentration, administration time period, volume and rate of infusion. 
Since the database contained no personally identifiable data, no ethical approv-
al was required. We included 36 of the most frequently used drugs for which 
multiplex scheduling parameters were known. Maintenance infusion fluids and 
total parenteral nutrition were also excluded as this study focused on therapeutic 
drugs. From the remaining drug administrations, groups of drugs that were ad-
ministered within the same hour to the same patient were recorded and used as 
input for the scheduling algorithm. 
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Conventional scheduling procedure
In order to simulate the conventional method of drug scheduling, local protocols 
and ICU nurses of our 42-bed tertiary care ICU were consulted. In a semi-struc-
tured interview four ICU nurses were asked to describe how they decide which 
drugs to co-administer. From these interviews combined with our pharmacy pro-
tocols we distilled the following procedure (Figure 2A): First, all vasoactive drugs 
can be co-administered through a single designated lumen. As most vasoactive 
drugs are compatible with each other a single lumen is generally sufficient for this 
purpose. Second, analgesics and sedatives are co-administered through one or 
more lumens, depending on drug compatibilities. Third, drugs that are preferably 
not co-administered with other drugs are administered through a dedicated lu-
men (e.g. insulin). Finally, all other remaining drugs are administered through one 
or more lumens depending on their compatibilities.

Co-administer compatible 
vasoactive drugs through dedicated 

lumen

Co-administer compatible 
analgesics & sedatives through 

dedicated lumen(s)

Use separate lumens for individually 
administered drugs (e.g. insulin)

Co-administer compatible remaining 
drugs in one or more lumen(s)

Conventional scheduling procedure Multiplex scheduling algorithm

For each drug solution: 
is drug multiplexable?

Aggregate drug A,B,C  etc. 
into infusion packets IP1..IPN 

EDF scheduling

Calculate administration rates

yes

no

yes

Use conventional scheduling 
procedure for drug

no
Remove drug X with smallest TiMax 

from its packetUtility (IP1..IPN) ≤1?

remaining packets

For each drug: 
QMX ≤ Qmax ?

Done scheduling

yes

no
Remove drug X where QMX > Qmax 

from its packet

removed drugremaining packets

A B

removed drug

Figure 2. Conventional scheduling procedure and the multiplex scheduling algorithm. 
Using the conventional scheduling procedure drugs are initially divided over lumens 
based on drug category and subsequently based on compatibility (panel A). The mul-
tiplex algorithm (panel B) has to satisfy utility and maximal administration rate (Qmax) 
related constraints for successful scheduling. When a drug cannot be multiplexed, it 
will be scheduled following the conventional scheduling procedure.
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Multiplex scheduling algorithm
Figure 2B shows a flow chart of the multiplex algorithm. The multiplex scheduling 
algorithm’s input is a list of drugs to be administered, and a database containing 
Y-site drug compatibilities, whether multiplexing is allowed, and pharmacokinet-
ic and pharmacodynamic (PK/PD) parameters such as biological half-life T1/2 and 
maximal interruption time TiMax (Table 1). The relation between period Pi of the 
infusion packet IPi duration Di, and TiMax is defined by the following equation:10 

(1) �P D Ti i iMax� �
1
2

The multiplex scheduling algorithm initially differentiates between multiplexable 
and non-multiplexable drugs. Non-multiplexable drugs are scheduled using the 
conventional scheduling procedure. For the remaining multiplexable drugs the 
algorithm attempts to combine drugs into packets. An infusion packet IPi is de-
fined as a collection of compatible drugs which are administered simultaneous-
ly during multiplex infusion together with the subsequent required volume of a 
separator fluid (Figure 1).

The TiMax of an infusion packet IPi is equal to the smallest TiMax of the drugs within 
that packet, ensuring that for every drug in a packet the TiMax constraint is respect-
ed. The Di for a packet will be equal to the sum of the largest administration time 
of the drugs in packet IPi (Ddrugs_i) and the time for separator fluid administration 
(Dsep_i) as shown in Formula 2.

(2) D D Di drugs i sep i� �_ _

The value of Ddrugs_i could be configured in the algorithm, however we did not 
know its optimal value beforehand. Therefore, we ran the algorithm setting Ddrugs_i 
to 1, 2, 5, 10 and 20 minutes. In our model Dsep_i was set to 1 minute, which will be 
sufficient time to flush the tubing in most settings. 

The value for Pi was calculated using Formula 1. The multiplex algorithm attempts 
to combine as many drugs as possible within a single packet. However, there is a 
limit to the number of packets that can be multiplexed without violating TiMax con-
straints. In order to determine the fraction of use of the IV tube over time a utility 
value (U) is calculated (Formula 3).9 

(3) U
D
P
i

ii

n

�
�
�

1

 

As an example: For two packets A and B, packeti[Di, Pi] is set to A[2, 3], and B[1, 4] 

respectively. The corresponding utility value is 2
3

1
4

11
12

0 92� � � . . 

A utility value >1 would indicate that the fraction of use of the IV tube is larger than 
the capacity of that tube. A utility value ≤1 indicates that the EDF algorithm is able 
to create an administration schedule that does not violate the TiMax constraints of 

6
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the packets to be scheduled. It must be noted that in a subsequent stage admin-
istration rates will be calculated which are not allowed to exceed the maximally 
allowable administration rate. Hence a utility value ≤1 is a necessary, but not a 
final criterion for a multiplex administration schedule. When the utility value is >1 
the algorithm will remove the drug with the smallest value of TiMax from its packet 
and will schedule that drug as a non-multiplexable drug. For the remaining mul-
tiplexable drugs the utility value is recalculated until the utility value is ≤1.

The next step in the algorithm is EDF scheduling (Figure 3).9 The constraints for 
EDF scheduling are the period Pi and the packets’ durations Di..DN. In our applica-
tion of EDF scheduling the end of each packet’s respective period is considered 
to be the deadline before which the packet must be scheduled. In the example in 
Figure 3 there are three packets A[5,20], B[5,30], and C[10,20]. Here the utility U = 
5/20 + 5/30 + 10/20 = 11/12. As U ≤1, scheduling is feasible. Packet A, that has the 
nearest deadline, is scheduled first, followed by packets C and B until all packets 
are scheduled. Each packet will be scheduled only once within a period, and the 
end of every period is another deadline. The EDF algorithm schedules the pack-
ets starting with the packet that has the nearest deadline, and continues until the 
hyperperiod is reached.12

After scheduling the administration rates were calculated for each packet. The 
calculation used the conventional administration rate and the available admin-
istration time determined by the multiplex algorithm. For example, when drug A 
was administered at a conventional rate (QCONV) of 5 ml/h over the period of 1 hour 
with an available administration time in the multiplex administration schedule of 
20 minutes, the multiplex administration rate (QMX) then becomes 5 x (60/20) = 
15 ml/h. This rate ensures that over a period of 1 hour the same volume of A is 
administered during multiplexing. QMX is subsequently compared to the maximal 
administration rate (Table 1). If QMX is larger than the maximal administration rate, 
the corresponding drug is removed from its packet and scheduled as a non-mul-
tiplexable drug. For the remaining multiplexable drugs the schedule is recalcu-
lated. 
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Figure 3. Earliest deadline first (EDF) scheduling. The end of every period Pi is a dead-
line for the administration of the respective packet. A separator fluid volume (SFV) is 
considered as part of each packet during scheduling. The deadline is related to the 
PK/PD characteristics of the drug or solution so that sufficiently stable sustained bio-
logical action of the constituent(s) is maintained under repeated interrupted adminis-
tration. Here the so-called utility, or U-value is UA+UB+UC = 5/20 + 5/30 + 10/20 = 11/12. 
As U ≤1, scheduling is feasible. Packet A, that has the nearest deadline, is scheduled 
first, followed by packets C and B until all packets are scheduled. The hyperperiod, or 
least common multiple of the periods, is 60 minutes in this example.
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Table 1. Drug multiplexing parameters 

Drug name Multiplexing 
allowed

BT1/2 
(min)

TiMax
a 

(min)
Qmax
(mg/min 
unless oth-
erwise spec-
ified)b

ICU
concentra-
tion (mg/
ml unless 
otherwise 
specified)

amiodarone yes 60 15c 100 12

amoxicilin yes 75 17 250 20

ceftazidime yes 180 45 500 42

clindamycin yes 180 45 30 38

clonidine yes 40 20 15 μg/min 10 μg/ml

dexmedetomi-
dine

yes 120 15 6 μg/min 8 μg/ml

dobutamine no 2 0 N/A 5

dopamine no 2 0 N/A 4

epinephrine/
adrenalin

no 2 0 N/A 0.1

esomeprazole yes 120 100 4 1.6

fentanyl yes 20 10 25 μg/min 0.05

phenylephrine no 4 1 15 μg/min 0.1

flucloxacillin yes 120 30 500 50

furosemide yes 60 30 20 5.0

gentamycin yes 120 15 33 1

heparin yes 15 30 1500 IU/min 400 IU/ml

hydrocortisone yes 180 90 50 4

insulin t.b.d.d 15 15 0.8 IU/min 1 IU/ml

potassium chlo-
ride

yes 60 30 0.3 mmol/
min

1 mmol/ml

s-ketamine yes 10 5 5 5

methylpredniso-
lone

yes 120 90 30 60

magnesium sul-
fate

yes 60 60 200 mg/min 100 mg/ml

midazolam yes 15 25 2 2

milrinone yes 140 30 0.3 0.2

morphine yes 20 15 4 1

nicardipine yes 30 30 0.5 1.0
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nitroglycerin no 15 7 0.5 0.5

noradrenalin no 2 0 N/A 0.1

paracetamol yes 120 60 60 10

propofol yes 15 4 200 20

sufentanil yes 30 30 25 μg/min 10 μg/ml

tacrolimus yes 240 60 7 μg/min 40 μg/ml

tobramycin yes 120 15 8 6

vancomycin yes 120 60 10 40

ICU: intensive care unit, min: minutes, BT1/2: biological half-life, TiMax: maximal interrupti-
on time, Qmax: maximally allowable (bolus) administration rate, IU/ml: International units 
per milliliter, N/A: not applicable, since interruption is not allowed.
aAssessed by clinical experts from our local intensive care unit and hospital pharmacy
bAssuming a body weight of >60 kg
cAmiodarone’s maximal interruption time may become longer after multiple days of 
therapy
dTo be determined. Insulin is known to adsorb to the tubing wall, future study is requi-
red to determine suitability for drug multiplexing

6
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Statistical analysis
We defined ΔL as the difference between the number of lumens required by con-
ventional infusion (LCONV) and multiplex infusion (LMX), i.e. LCONV - LMX. In the descrip-
tive statistics the mean and standard deviation (SD) are shown in case of normally 
distributed data, otherwise the median and interquartile range (IQR) are shown. 

Group differences (LCONV vs. LMX) were assessed using a pairwise t-test when nor-
mally distributed, otherwise the Wilcoxon signed ranks test was used. Finally, re-
gression analysis was performed to determine the relation between the LCONV and 

ΔL.

Results
A total of 175,993 drug combinations that were administered to 2,715 patients were 
scheduled using both the conventional procedure and the multiplex algorithm.

Figure 4A shows a summary of LMX for the different values of DDrugs as well as the 
corresponding separator fluid volume assuming a Vygon V-Green IV tube (Vy-
gon, France; 2 meter, 2 ml) which is the default IV tube in our ICU. Figure 4B shows 
the same data, however schedules where LCONV was equal to 1 were omitted as 
the number of lumens could not be reduced in these cases. 

As setting DDrugs to 5 minutes best suited clinical constraints in the ICU sub study, 
only the corresponding results are provided in the main text. Complete data for 
the different values of DDrugs are listed in the supplementary material (Supple-
mentary material: Tables S1-S5 and Figure S3).

Figure 5 displays the values of LCONV and LMX over 1 h periods (Figure 5A and 5B) 
and maximal values of LCONV and LMX aggregated over 24 h periods (Figure 5C and 
5D). The median [IQR] of LCONV was significantly higher than that of LMX at both 1 
h (2 [1 – 3] vs. 2 [1 – 2] respectively, P <0.001) and 24 h periods (2 [2 – 3] vs. 2 [1 – 3] 
respectively, P <0.001).

The mean ±SD number of IV solutions was 2.8 ±1.6. In 27% of all drug combina-
tions, or 61% of the 2,251 unique combinations, multiplexing could reduce the 
number of lumens compared to conventional drug administration (i.e. ΔL >=1). 
Table 2 shows the mean and median LMX for every level of LCONV as well as the 
frequency distribution of ΔL for every level of LCONV. A significant linear regression 
equation was found (F(1, 175,995) =125,416, P <0.001), and the predicted value of 
ΔL was equal to -0.536 + 0.409 ∙ LCONV. 
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Figure 4. Lumens and separator fluid volumes required by the multiplex algorithm for 
the different values of Ddrugs. Panel A shows lumens and separator fluid volumes for all 
levels of LCONV assuming a Vygon V-Green IV tube (Vygon, France; 2 meter, 2 ml). Panel 
B shows the same data, however schedules where LCONV was equal to 1 were omitted 
as this number could obviously not be reduced to zero by multiplexing. In both panels 
the dashed orange line indicates the mean of LCONV and the dashed blue line indicates 
the mean hourly volume of volumetric saline and glucose infusions. 
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Figure 5. Number of IV lumens required by conventional scheduling (LCONV) and multi-
plex scheduling (LMX). Values of LCONV and LMX as determined over 1 hour periods (pan-
els A and B) and the maximal values of LCONV and LMX aggregated over 24 hour periods 
from midnight to midnight (panels C and D). Note that Ddrugs =5 minutes in panels B 
and D.
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Discussion
In this study we modeled the performance of an algorithm that is designed to re-
duce the number of IV lumens required for the administration of multiple incom-
patible drugs. In almost all cases multiplexing required 3 or fewer lumens, which 
indicates that one triple-lumen central venous catheter would be sufficient for IV 
drug administration in nearly all ICU patients.13 This is an important result as this 
could reduce IV therapy related infections and phlebitis that currently occur in 
20-40% of peripheral venous catheters.14–16 The results also indicate that the more 
lumens are required in conventional infusion, the larger the reduction in lumens 
becomes when multiplex infusion is applied.

For many of the drugs in Table 1, the ratio between the possible maximal infusion 
rates and actual necessary mean infusion rates is very large. Such a large ratio 
indicates that only a small time fraction is required to safely administer the drug, 
allowing considerable flexibility for the multiplex algorithm. The original article 
of Liu and Layland discusses a scheduling algorithm that dynamically assigns 
priorities to tasks to be performed by a single computer processor.9 By analogy 
a single IV tube can be regarded as a sequential processor whose tasks are the 
administrations of various drug packets which all have their own time constraints. 
The utility value in the current application must be ≤1, which is a necessary but 
not sufficient criterion for successful scheduling. In the original EDF algorithm 
preemptive scheduling was applied, meaning that tasks could be interrupted by 
a task with a higher priority and resumed at a later moment. This property is very 
useful in a dynamic real-time environment, however in the current application 
schedules are calculated before execution instead of in real-time. Therefore, 
non-preemptive scheduling was applied in this study, meaning that packets were 
always scheduled for their complete duration without interruption. 

In clinical practice it will be a common scenario that fluids are added or removed 
from a multiplex administration schedule. In such cases the multiplex algorithm 
will recalculate a new administration schedule using the updated fluid selection. 
The workflow for nurses using multiplex infusion will be somewhat different from 
that of conventional infusion when it comes to arranging the IV tubing. For ex-
ample, when adding a drug to an existing multiplex administration schedule the 
nurse will deliberately connect a drug to the tubing of one or more incompatible 
fluids. We are currently designing and testing a user-interface that safely and in-
tuitively guides the nurse through the necessary steps. The changing of adminis-
tration rates during multiplexing will be largely similar to changing a convention-
al (continuous) rate as long as the rate does not exceed the maximal allowable 
rate, which are quite high for many drugs (Table 1). Equivalent to conventional IV 
therapy, nurses must always be vigilant to risks of air in line or occlusions when 
multiplexing.17

The maximal interruption times in Table 1 were determined in a parallel research 
project. Solutions were included that (according to published literature) were 
commonly administered continuously and intermittently. For these solutions the 
target blood concentrations were determined by modelling the steady state con-
centrations during continuous IV administration over a 24 h period using popula-
tion pharmacokinetic models available in literature and the MWPharm software 
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package.18 During simulated multiplexing, the blood level concentration was 
allowed to deviate by maximally ±10% from the target concentration - which is 
quite a conservative limit - as simulated by MWPharm. This limit was determined 
analogous to the ±10% deviation limit in the Dutch law for drug preparations.19 
This in turn allowed the determination of the maximal interruption time. Finally, 
an expert panel consisting of intensivists and pharmacists reviewed the maximal 
interruption times, a process where also PD knowledge on the clinical duration 
of action of drugs was taken into account. In the case of disagreement between 
the experts the most conservative estimate of TiMax was used. For various reasons 
other healthcare facilities may prefer using different scheduling parameters. In 
such a case the multiplex scheduling algorithm is versatile enough to use these 
different parameters to create a feasible administration schedule.

The multiplex scheduling algorithm was tested using different values for the du-
ration of drug administrations within a packet (Ddrugs). There was a trade-off be-
tween the value of Ddrugs and the required volume of separator fluid (Figure 4). 
At low values of Ddrugs, drugs with a low TiMax were more likely to be scheduled, 
however a large volume of separator fluid was required as there are many al-
ternations between the packets. At a high value of Ddrugs less separator fluid was 
required, however some drugs with low a TiMax could not be scheduled. In a clin-
ical situation the start-up delay of infusion pumps must be taken into account as 
it may lead to an administered volume that deviates from the targeted volume 
at too low values of Ddrugs (e.g. <2 minutes).20–22 Overall lower Ddrugs values corre-
sponded to a lower LMX, and higher administration rates relative to conventional 
drug administration (Supplementary material: Table S6). At very high values of 
Ddrugs (e.g. ≥ 10 minutes) the advantage of multiplexing compared to conventional 
drug administration was negligible (Supplementary material: Tables S4 and S5).

With respect to the solution that serves as separator fluid, the duration Dsep will 
depend on the required separator fluid volume (SFV) and its maximal allowable 
administration rate. The SFV in turn depends on the shared infusion volume (the 
volume of the tubing through which all multiplexed fluids pass; SIV). A previous 
study indicated that, for a standard IV tube as is used in our ICU (Vygon, France; 
2 meter, 2 ml), a SFV of 3.7 ml is required to prevent mixing of two subsequent 
packets.23 As a rule of thumb, twice the SIV must be flushed to sufficiently sepa-
rate of two packets. Considering that the administration rate of modern syringe 
pumps can often be set at up to 500 ml/h we believe that setting Dsep_i to 1 min-
ute is reasonable.

With a Ddrugs of 5 minutes and using a standard (2 m, 2 ml) IV tube, approximately 
1.1 L of separator fluid would be required per patient per day. As an average pa-
tient in our ICU receives 1.2 L in volumetric saline and glucose infusions per day, 
these could also be used as separator fluid. Reducing the SIV to 1 ml, will require 
approximately 0.55 L of separator fluid per day. This may be especially convenient 
in patients who are treated using a restricted fluid regimen, such as patients with 
acute respiratory distress syndrome.24,25 Other drug solutions may also serve as 
separator fluid when they are compatible with the drugs in surrounding packets. 
Drug dose and administration rate limits will be important constrains in such a 
case and it will require further study to assess the feasibility of this concept.

6
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It must be noted that in this study central venous pressure (CVP) measurements 
were not taken into account, which may require a dedicated central lumen in 
some hospital settings. Likewise it may be desirable to have a separate lumen 
available for drawing blood samples.26 During multiplexing it may be a useful 
feature to schedule empty packets where no drug administration takes place, 
allowing for periodic CVP measurements or blood draws without the need of an 
additional lumen. Boluses and intermittent infusions were also not taken into ac-
count. In the case where there is no lumen available, the multiplex administration 
schedule should be flexible enough to quickly clear (flush) the IV tube to allow a 
higher priority infusion. Subsequently the system should be able to resume with 
a (modified) multiplex schedule. The multiplex algorithm did not take a preferred 
vascular access site into account. Although multiplexing is most easily performed 
for central venous access, this is not required. 

There are many degrees of freedom in the multiplex algorithm. Ddrugs, Dsep, and 
the scheduling parameters in Table 1 all affect the value of LMX. Therefore, LMX may 
differ in situations where clinicians have other preferences or constraints. The 
drugs used in this study were among the most commonly used drugs in our ICU, 
which may be different from other ICUs or other departments where multi-in-
fusion takes place. Fluids that are not yet present in the multiplex database will 
be considered incompatible with all other fluids. Likewise, drugs with unknown 
scheduling parameters (e.g. undetermined TiMax) will not be multiplexed. Further 
studies would be required to add the currently unknown scheduling parameters 
of those drug solutions to our database. Nevertheless, the use of our top 36 of 
drugs covered almost 97% of all IV drug administrations in our ICU. 

Conclusion
The multiplex algorithm tackles an important issue in ICUs when several incom-
patible intravenous drugs have to be administered through a limited number of 
lumens. The multiplex algorithm requires fewer IV lumens compared to the con-
ventional procedure.

Supplementary material
Supplementary material can be downloaded from https://ivcompatibility.org/
thesis/supplements.html.

https://ivcompatibility.org/thesis/supplements.html
https://ivcompatibility.org/thesis/supplements.html
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Abstract
Background 
Occlusions of intravenous (IV) tubing can prevent vital and time-critical medica-
tion or solutions from being delivered into the bloodstream of patients receiving 
IV therapy. At low flow rates (≤1 ml/h) the alarm delay (time to an alert to the user) 
can be up to 2 hours using conventional pressure threshold algorithms. In order 
to reduce alarm delays we developed and evaluated the performance of two 
new real-time occlusion detection algorithms and one co-occlusion detector 
that determines the correlation in trends in pressure changes for multiple pumps.

Methods 
Bench-tested experimental runs were recorded in triplicate at rates of 1, 2, 4, 8, 
16, and 32 ml/h. Each run consisted of 10 minutes of non-occluded infusion fol-
lowed by a period of occluded infusion of 10 minutes or until a conventional oc-
clusion alarm at 400 mmHg occurred. The first algorithm based on binary logistic 
regression attempts to detect occlusions based on the pump’s administration 
rate (Q(t)) and pressure sensor readings (P(t)). The second algorithm continuously 
monitored whether the actual variation in the pressure (P-SD-actual) exceeded 
a threshold of 2 standard deviations (SD) above the baseline pressure. When a 
pump detected an occlusion using either the regression or SD algorithm, a third 
algorithm correlated the pressures of multiple pumps to detect the presence of 
a shared occlusion. The algorithms were evaluated using the six bench-tested 
single-pump occlusion scenarios and seven multi-pump co-occlusion scenarios 
(i.e. with flow rates of 1+1, 1+2, 1+4, 1+8, 1+16, and 1+32 ml/h respectively). Alarm de-
lay was the primary performance measure.

Results 
In the single-pump occlusion scenarios, the overall mean ±SD alarm delay of the 
regression and SD algorithms were (1.8 ±0.8 min) and (0.4 ±0.2 min), respectively. 
Compared to the delay of the conventional alarm of 7.4 ±7.5 min this corresponds 
to a time reduction of 52 ±34% (P =0.003) and 90 ±6% (P =0.001), respectively. In the 
multi-pump scenarios a correlation >0.8 between multiple pump pressures after 
initial occlusion detection by the regression or SD algorithms had a mean ±SD 
alarm delay of 0.4 ±0.2 min. No occlusions were missed in the single-pump and 
multi-pump scenarios by any of the algorithms.

Conclusion 
In single pumps, both the regression and SD algorithm considerably reduced 
alarm delay compared to conventional pressure limit-based detection. For mul-
tiple pumps the correlation algorithm reliably detected co-occlusions. The latter 
may be used to localize the segment of tubing in which the occlusion occurs.
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Background
Occlusions of intravenous (IV) tubing can prevent vital and time-critical medica-
tion from being delivered into the bloodstream of patients. Conventional algo-
rithms to detect occlusions sound an alarm when the pressure measured by the 
pump exceeds a certain threshold. A low pressure threshold will detect an occlu-
sion sooner at the expense of an increase in the likelihood of false alarms, which 
is a known contributor to alarm fatigue.1 Conversely, a high threshold will cause 
occlusions to be detected later, albeit with a decreased rate of false alarms. Us-
ing conventional pressure threshold algorithms it can take nearly up to 2 hours 
before an alarm is activated when administration rates are low (≤1 ml/h).2 The use 
of higher rates (e.g. >10 ml/h) and low-compliance IV tubing may decrease the 
alarm delay, but many critical drugs are restricted to lower administration rates.3 

Common statistical methods may be used to reduce alarm delays compared to 
conventional pressure threshold algorithms. One approach may use a binary lo-
gistic regression model, which describes the relationship of a binary (occlusion 
vs. non-occlusion) outcome with one or more predictors.4 Based on the pump’s 
administration rate Q(t) (ml/h) and its pressure P(t) (mmHg) such a model may 
be able to detect the occurrence of an occlusion. Another method could use the 
standard deviation (SD) of the a set of recent values of P(t) to define a real-time 
threshold for anomalies that occur during an occlusion (Figure 1). During stable 
infusion and assuming a normal distribution, 95% of pressure values will deviate 
less than 2 times the standard deviation (SD) from the mean pressure value.5 A 
threshold to detect a pressure anomaly could be set at twice that SD. This ap-
proach requires one to know the standard deviation (SD) of the P(t) signal during 
stable infusion at different administration rates. 

pump 1

X

X

stopcock 1

patient

conventional alarm limit

+2 SD

pressure signal

occlusion

Figure 1. Single-pump occlusion detection using the standard deviation (SD). During 
stable infusion pressure values will deviate less than 2 times the SD from the mean 
pressure value. When the pressure exceeds the threshold set at twice the SD, an oc-
clusion is likely.
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With increasing complexity of patients, multi-infusion systems are increasingly 
employed. Such systems are increasingly integrated with respect to monitoring 
and control of multiple pumps from a centralized single controller.6 When the 
number of infusion pumps is larger than the number of available intravenous (IV) 
access points several pumps have to be connected to the same IV access point.7 
In case of an obstruction in the pathway between such pumps and the patient, 
one or more pumps may be affected by the obstruction, depending on where the 
physical obstruction is present.

In multi-infusion settings combining the pressure signals P1(t), P2(t), etc. from 
several pumps might allow both earlier and more specific detection of obstruc-
tions in a common line to the patient. In case the pressures in two or more pumps 
that deliver to the same IV access show a coincident rise, then an obstruction in 
the final common pathway is likely (Figure 2A). In case the pressure of only one 
pump increases, this suggests an obstruction in the infusion line between that 
specific pump and the common infusion line (Figure 2B). 

patient

patient

stopcock 1    stopcock 2

stopcock 1   stopcock 2

pump 1

pump 2

pump 3

pump 1

pump 2

pump 3

pressure signal

pressure signal

A

B

X

X

occlusion

occlusion

X

X

X

X

Figure 2. Multi-pump and single-pump occlusions in a multi-infusion set-up. During an 
occlusion in the shared pathway between the pumps the pressures measured by each 
pump will rise coincidently (Panel A). During a single-pump occlusion the pressure in 
only one pump is expected to rise, while the pressure of the other pumps remains sta-
ble (Panel B).
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In this study we aimed to reduce the alarm delay in single and multi-pump oc-
clusion scenarios while maintaining a high level of accuracy. We therefore de-
veloped and tested two occlusion detection algorithms for single pumps using 
common statistical methods. Secondly, we developed and tested an algorithm 
designed to detect co-occlusions in IV tubing by correlating the pressure signals 
in multiple pumps, thereby providing a framework for occlusion localization. To 
our knowledge no studies have previously assessed the feasibility of a multi-in-
fusion system to detect and pinpoint occlusions. 

Methods
Materials
Three Alaris Asena GH Syringe pumps (Carefusion, United Kingdom) with firm-
ware v2.3.6 were connected to an Alaris DS docking station. A generic laptop 
running Windows 10 (Microsoft Corporation, United States of America) was used 
to run custom pressure logging software written in Java 1.7 (Oracle Corporation, 
United States of America). Algorithm evaluation software was also written in the 
Java environment. Communication between the computer and the pumps fol-
lowed the pumps’ RS232 communication protocol.8 A StarTech ICUSB2324X USB 
to serial adapter (StarTech, United Kingdom) and 3 generic RS232 cables were 
used for RS232 connectivity. 

Tubing consisted of two Steritex 3W three-way stopcocks (Codan, Denmark), 
three Vygon VGreen IV (2 meter length, 2 ml volume, 1 mm internal diameter) 
tubes (Vygon, France), and an Arrow-Howes MC-12703 triple-lumen central ve-
nous catheter (Teleflex Inc., United Kingdom). Three BD Plastipak 50 ml syringes 
(Becton-Dickinson, United States of America) were used. A generic plastic waste 
container was used as the end point of the catheter. 

Experimental setup
Three infusion pumps were attached to a docking station in a vertically stacked 
fashion. The docking station was attached to a wall so that the middle pump 
was at approximately the same height as the tip of the triple-lumen catheter. 
The three syringes were filled with 50 ml of tap water and connected to an IV 
tube. Subsequently, two stopcocks were connected to the tubes. One stopcock 
connected to the distal (16 Ga., 0.39 ml priming volume) lumen of the catheter. 
The tip of the catheter was submerged in approximately 7 cm of tap water, corre-
sponding to a counter pressure of 5.2 mmHg simulating a normal central venous 
pressure (2-8 mmHg).9,10 The syringes were placed in the pumps, followed by 
priming of the tubing using the pumps’ built-in priming functionality until there 
was no more air present in the tubing. 

Gathering of experimental data for the development and evaluation of the al-
gorithms
Baseline single-pump occlusion scenarios
In order to determine the baseline pressure characteristics experimental runs 
were recorded using three separate pumps simultaneously. Runs were recorded 
at administration rates of 1, 2, 4, 8, 16, and 32 ml/h and consisted of two phases. 
The first phase consisted of ten minutes of non-occluded infusion. Subsequently 
an occlusion phase was started by closing both stopcocks and clicking a des-
ignated button in the logging software that created a timestamped occlusion 
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event entry. Every 2 seconds the software generated a log entry for each pump 
which contained a pump-identifier (numbers 0, 1, and 2), a timestamp, the ad-
ministration rate (ml/h), an event code (no-event or occlusion event), and the 
pressure as measured by the pumps’ internal sensors (mmHg). The experiment 
ended after ten minutes of occlusion or when an occlusion alarm was generated 
by the pump. 

pump1

pump 2

pump 3

laptop
stopcock 1   stopcock 2

distal catheter lumen

waste container

Figure 3. Experimental setup.

After recording the experimental runs the pressure log files were examined by 
testing for a normal distribution, and the baseline characteristics (pressure mean 
and standard deviation for each rate) were calculated for the non-occluded 
phase. In case the pump was not immediately pressurized at the start of a run 
(i.e. the pressure was still rising to a stable pressure), those ‘start-up’ values were 
omitted from the calculation of the baseline characteristics.

Linear regression was used to determine the pressure increase per second 
during occlusions at different administration rates during the occlusion phase. 
The resulting regression lines were used to calculate the alarm delay (time from 
the start of the occlusion to the alarm) for a range of alarm thresholds found 
in literature (300-800 mmHg) assuming a ‘worst case’ baseline pressure of 150 
mmHg.3,11–13

Experimental data for the evaluation of co-occlusions
A series of experimental runs was performed in triplicate where two pumps were 
co-occluding on the same lumen. The same experimental procedure and set-
up used to collect the baseline single-pump measurements was followed, with 
a few differences: The administration rate of one pump was kept constant at 1 
ml/h, and the rate of the second pump was varied in each run, resulting in rates 
of 1+1, 1+2, 1+4, 1+8, 1+16, and 1+32 ml/h. Pump 3 (Figure 3) was not used and during 
the non-occlusion phase stopcock 1 was configured so that water could not flow 
from or towards pump 3, Finally, in order to create a shared occlusion only stop-
cock 1 (Figure 3) was closed instead of all stopcocks. 
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Real-time occlusion detection algorithms
Regression algorithm
Two single-pump detection algorithms were created and evaluated. The first 
detection algorithm involves a binary logistic regression model. The (rounded) 
output of such a model is either 0 or 1, which makes it suitable for a binary clas-
sification (non-occlusion vs. occlusion). The regression model was trained using 
the data collected using baseline single-pump occlusion scenarios. Cases were 
labeled as corresponding to a non-occlusion, or an occlusion (the dependent 
variable). Independent variables were administration rate (ml/h) and pressure 
(mmHg). This resulted in the following regression model:

output
e rate pressure

�
� � � � � � �

1
1 1 345 0 177 0040( )( . . . )

Where a rounded output of 1 corresponds to an occlusion, and 0 to a non-occlu-
sion.

Standard deviation (SD) algorithm
The second algorithm assumes that pressures measured by the pump during 
non-occluded infusion are normally distributed around the mean pressure. In 
that case 95% of these values are within 2 SDs from the mean.5 When the pres-
sure exceeds the detection threshold that is twice the baseline SD, an occlusion 
is likely. 

The use of both single-pump algorithms is illustrated in Figure 4. We used a mov-
ing window of 30 measurements (60 seconds) in which the mean pressure and 
SD were calculated. The size of the window was determined by testing window 
sizes between 2 and 60 seconds and selecting the size that had the best accura-
cy (%; Supplementary material: Figure S1). 

Both the regression and the SD algorithms can produce a preliminary occlusion 
classification belonging to a single time point based on an administration rate 
(ml/h) and a pressure (mmHg). As these preliminary classifications are sensitive 
to outliers and noise, additional criteria were added to improve accuracy: The 
mean slope in pressure over the last 30 seconds had to be >0.0. Also, if in the 
most recent 10 classifications at least 6 were positive, the final classification was 
also positive. 

Correlation algorithm
For multi-pump scenarios a correlation algorithm was coupled with the regres-
sion and SD algorithms. When either the regression or SD algorithm made a final 
occlusion classification, the correlation between the pump’s pressure and that of 
every other connected pump was evaluated over the previous 60 seconds. If the 
correlation between the pressures of two pumps was >0.8, the final classification 
of the correlation algorithm was that both pumps were co-occluding.

7
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Figure 4. Flow chart of the two single-pump occlusion detection algorithms

Evaluation of algorithms
All three algorithms were programmed into custom algorithm evaluation soft-
ware. The software was able to process pump log files, run each algorithm and 
export a report that detailed the performance of each algorithm in terms of alarm 
delay (min) and accuracy (percentage of correct classifications). The software 
also exported a .csv file for each pump with the preliminary and final occlusion 
classifications from the algorithm as well as correlations with other pump pres-
sures at each time point.

The baseline single-pump measurement log files were used to evaluate the per-
formance of the regression and SD algorithms at administration rates of 1, 2, 4, 8, 
16, and 32 ml/h. The correlation algorithm was evaluated using the log files of 
the multi-pump scenarios. At the start of a measurement the pressure was not 
always immediately stable (e.g. P(t) was still increasing to a stable level), and in 
such case the unstable interval was omitted from analysis. The primary perfor-
mance measure was alarm delay (min).
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Statistics
IBM SPSS Statistics V23.0 for Windows (IBM Corporation, Armonk, NY) was used 
for the statistical analysis. When normally distributed the mean ±standard devi-
ation (SD) are presented, otherwise the median and interquartile range (IQR) are 
shown.

By default, statistical significance was concluded at a two-sided P-value <0.05. 
In the single pump scenarios overall statistically significant differences in alarm 
delay between the regression and SD algorithms were determined using the Stu-
dent’s t-test. Comparisons of alarm delays of the regression and SD algorithms vs. 
conventional pressure threshold levels (300-800 mmHg) were evaluated using 
pairwise t-tests. 

In the multi-pump scenarios, the alarm delay of the three algorithms was com-
pared using a one way analysis of variance (ANOVA) with post hoc Bonferroni 
tests at a corrected significance level of 0.05/6 =0.0083. 

Results
Single pump scenarios
Alarm delays for the regression and SD algorithms, and for conventional pressure 
limits between 300 and 800 mmHg are shown in Figure 5. Numerical values for 
all conventional pressure limits corresponding to Figure 5 are listed in the sup-
plementary material (Supplementary material: Table S1). Pairwise comparisons 
between alarm delays of the regression and SD algorithms with our local alarm 
limit of 400 mmHg at different administration rates are listed in Table 1. 

False negative alarms did not occur, i.e. our algorithm did not generate an alarm 
before the conventional pressure alarm threshold was reached. Likewise, there 
were no false positive alarms in the single-pump scenarios.
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Table 1. Alarm delays in minutes for the regression and SD algorithms compared to 
calculated conventional alarm delays with an alarm threshold set at 400 mmHg 

Rate Detection 
algorithm

Alarm delay
mean ±SD 
(minutes)

Conventional 
alarm delay
mean ±SD 
(minutes)a

Pb

1 SD 0.6 ±0.1 21.9 ±1.9 <0.01

Regression 3.4 ±0.6 <0.01

2 SD 0.6 ±0.1 10.8 ±1.1 <0.01

Regression 2.1 ±0.2 <0.01

4 SD 0.4 ±0.0 6.0 ±1.1 <0.01

Regression 1.6 ±0.1 0.03

8 SD 0.3 ±0.0 2.7 ±0.2 <0.01

Regression 1.3 ±0.1 <0.01

16 SD 0.3 ±0.0 1.5 ±0.1 <0.01

Regression 1.3 ±0.2 0.88

32 SD 0.2 ±0.0 1.4 ±0.5 0.05

Regression 1.2 ±0.2 0.54

Overall SD 0.4 ±0.2 7.4 ±7.5 <0.01

Regression 1.8 ±0.8 <0.01

aCalculated alarm delay for our local threshold setting of 400 mmHg
bPaired Student t-test

Multi-pump scenarios
In the multi-pump scenarios, the overall mean ±SD alarm delay of the SD algo-
rithm (0.4 ±0.2 min) and the correlation algorithm (0.4 ±0.2 min) was lower than 
that of the regression algorithm (2.1 ±0.9 min), P <0.001 in both cases. The dif-
ference in alarm delay between the SD and the correlation algorithms was not 
significant. False negative alarms did not occur. One false positive alarm occurred 
in a scenario with a combined rate of 17 ml/h. In this particular case the SD alarm 
was triggered for a period of 14 seconds during a brief fluctuation in pressure, 
after which the algorithm self-corrected.

Figure 6 shows the alarm delays for two pumps using the correlation algorithm. 
Alarm delays for the regression and SD algorithms can be found in the supple-
mentary material (Supplementary material: Figures S2 and S3). 
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Figure 6. Mean alarm delays for two pumps during a co-occlusion. The primary pump 
was running at a rate of 1 ml/h in every scenario, while the rate of the secondary 
pump was increased, resulting in increasing combined rates. 

Discussion
In this study we aimed to develop and test the performance of two single-pump 
occlusion detection algorithms and one multi-pump occlusion detection algo-
rithm. In the single-pump scenarios we found that both the regression and SD al-
gorithms were able to detect occlusions much faster than conventional pressure 
threshold algorithms. The SD algorithm was both faster and more accurate than 
the regression algorithm. In the multi-pump scenarios, the SD and correlation al-
gorithms showed a similar performance, and both were faster and more accurate 
than the regression algorithm. 

Compared to our local alarm threshold of 400 mmHg the mean time reduction 
was 52 ±34% and 90 ±6% respectively using the regression and the SD algorithms. 
The reduction in alarm delay was significant at administration rates ≤8 ml/h. This 
is an important result as conventional occlusion detection generally has a poor 
performance at low rates.2

False negative alarms did not occur. If there was an occlusion, it was always de-
tected by our algorithms before our local conventional alarm limit of 400 mmHg 
was reached. A single false positive occurred during a multi-pump scenario. The 
low incidence of false alarms will prevent many unnecessary alarms in a clinical 
situation and could reduce alarm fatigue.1 

To our knowledge there are no existing studies that investigated the feasibility of 
occlusion localization using the pressure measurements from multiple pumps. 
Our correlation algorithm was able to detect a co-occlusion with a high degree 
of accuracy at different combinations of administration rates. When two pumps 
show a coincident rise in pressure, it is likely that both pumps are affected by an 
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occlusion located in a segment of the IV tubing that is shared between them. 
Such information may help nurses to pinpoint and resolve occlusions faster. 

The fact that our current design obtains pressures every 2 seconds may seem an 
overly high sampling frequency. But in particular in multi-pump set-ups this can 
lead to far more rapid detection of occlusions. 

During the co-occlusion of both pumps the tubing acts like a closed system with 
pumps at both sides. In a static closed system with fluid, Pascal’s law holds. It 
states that pressure exerted on the fluid is transmitted almost instantaneously 
in all directions.14 Therefore, using a high pressure sampling frequency makes 
sense and allows for rapid detection of a correlation between pressure changes 
detected by multiple pumps.

In the multi-pump experiments the primary pump was running at the same rate 
(1 ml/h) in each scenario. As the combined rate increased, the alarm delay of the 
primary pump decreased (Figure 6). The same phenomenon can be seen in the 
alarm delays of the regression and SD algorithms (Supplementary material: Fig-
ures S2 and S3). The primary pump at 1 ml/h will detect a much larger pressure 
increase caused by the second pump compared to a single-pump occlusion. The 
detection delay of a pump running at a low rate becomes shorter when it shares 
tubing with another pump running at a higher rate.

In our experiments the counter pressure consisted of the tubing’s compliance 
and an artificial central venous pressure of approximately 5.2 mmHg.10 Depending 
on the use of additional disposables such as filters, anti-siphon and anti-reflux 
valves, counter pressure may be as high as 50 mmHg in neonates and 150 mmHg 
in adults.15 As our algorithms only take the deviation from the mean pressure into 
account (and not the absolute value of the mean itself) during occlusion detec-
tion, the alarm delay will still be relatively short, regardless of the mean baseline 
pressure. 

Tubing compliance (the extent by which the volume increases under pressure) 
will have affected all scenarios as it takes some time until the system is pressur-
ized and the pressure starts to rise throughout the tubing.11 In order to reduce the 
time until a stable pressure was reached the tubing was primed prior to each run 
using the pumps’ priming functionality. 

In this study we used thin, rigid tubing and syringe pumps. In clinical practice 
thick, flexible tubing is also commonly used, in particular for volumetric pumps. 
Flexible tubing has a higher compliance and thus it will take longer before an 
occlusion can be detected compared to thin tubing used in this study. Similarly, 
when longer tubing is used a larger detection delay can be expected. We would 
expect that under conditions of higher compliance our algorithms would also 
considerably reduce the time to obstruction detection. Additional studies are 
required to assess the performance of our algorithms under clinical conditions 
where many different tubing lengths and thicknesses are used, as well as the 
possible impact of fluid viscosity.

7
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Conclusion
Both the regression and SD algorithms were able to considerably reduce alarm 
delays in single-pump occlusion scenarios. The performance of the SD algorithm 
was superior to the regression algorithm in terms of alarm delay. During multi-
pump occlusions the correlation algorithm reliably and very rapidly detected 
co-occlusions, which may also be useful to pin-point the segment of tubing in 
which an occlusion is present.
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Summary and general discussion
Intravenous (IV) therapy is arguably the most common treatment modality of se-
riously ill hospitalized patients. Despite its widespread use it remains a procedure 
that carries important risks due to the potential of errors and complications in all 
stages of its execution. Particularly in the ICU, these risks increase with the num-
ber of IV drugs used. Improvements to this therapy may benefit many patients 
around the world. The goal of this thesis was to explore various challenges and 
opportunities posed by multi-infusion therapy. In this chapter we summarize and 
discuss our main findings. 

Challenges
Phlebitis is one of the most common complications of IV therapy, however its 
detection in the ICU is challenging as the current practice of visual assessment 
is not suited for ICU practice. In chapter 2 we investigated the feasibility of using 
infrared (IR) thermography to objectively detect phlebitis in a population of ICU 
patients. A higher temperature difference between the peripheral venous cath-
eter (PVC) insertion site and a nearby reference point as measured by IR ther-
mography was associated with early onset phlebitis. We also found that catheter 
dwell-time was a predictor for phlebitis. The length of stay in the ICU is generally 
relatively short and consequently so is the dwell-time, which may explain why 
mostly early stage phlebitis was observed in our study. The use of IR thermogra-
phy for the detection of phlebitis must be further investigated in the general ward 
as it is likely that more severe cases of phlebitis will be encountered there. 

In chapter 3 we explored the challenges that multi-infusion poses for the hospital 
pharmacy. Accurate information on in vitro drug compatibility is essential for safe 
IV administration. In chapter 3A we document that the maintenance procedures 
for parenteral drug guide (PDG) monographs that contain essential drug-related 
data for clinical practice, are highly redundant in hospital pharmacies throughout 
the Netherlands. The result is that each Dutch hospital maintains a highly similar, 
but separate PDG. Y-site compatibility data are commonly found in PDG mono-
graphs. However, compatibility information in particular is difficult to maintain and 
a suitable data model to store compatibility relations between drugs is currently 
not in use. We found that compatibility data is often infrequently updated, and 
sometimes not at all, leading to large differences in compatibilities reported in 
different monographs of the same drug. We therefore recommend a joint nation-
wide PDG as it may improve maintenance efficiency as well as the quality of its 
content.

Compatibility studies provide essential input for PDGs. Nevertheless, a standard 
methodology for compatibility research is currently lacking.1 In chapter 3B we 
developed an improved procedure to determine the Y-site compatibility of drugs 
specifically aimed at ICU conditions. According to our procedure a combination 
of drugs is considered to be compatible when it passes both a visual test and a 
subsequent quantitative analysis using High Performance Liquid Chromatogra-
phy-Diode Array Detection (HPLC-DAD). Both analyses were performed at 20°C 
and 37°C to reflect both the ambient temperature and the temperature under 
the patient’s blankets. Although we were able to determine the compatibilities 
of most drug combinations in our study, not all combinations were suitable for 
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quantitative analysis with HPLC-DAD. For these combinations a suitable alterna-
tive quantitative analysis must be sought. 

The number of available lumens is an important constraint in multi-infusion. In 
order to optimize the use of a single lumen a separator fluid can be administered 
between two incompatible drug solutions. Remarkably, empirical evidence on 
the factors that determine the required separator fluid volume (SFV) is lacking for 
this common procedure. In chapter 4 we found that as a rule of thumb, twice the 
tubing’s priming volume should be flushed to separate two incompatible solu-
tions. When longer tubing is used, the ratio of SFV to the tubing’s priming volume 
decreases, which can be explained from the effects related to Poiseuille flow.2 
Some drugs such as insulin may adhere to the inner wall of the tubing and may 
be more difficult to flush out.3 Flushing procedures for such drugs remain to be 
studied.

Opportunities
New opportunities in multi-infusion arise when we consider the infusion sys-
tem as a whole instead of as a collection of individual pumps. In chapter 5 we 
developed a central user-interface that allows ICU nurses to monitor and con-
trol multiple infusion pumps at the same time. The usability of this new central 
user-interface was subsequently compared to the control of a set of individual, 
conventional infusion pumps that the participating ICU nurses operated on a dai-
ly basis. Although the participating ICU nurses were experienced users of the 
conventional pumps, they overall performed equally fast with the new central 
user-interface after minimal training. Fewer errors were made using the central 
control user-interface, and most errors using the conventional pumps appeared 
to originate from single tasks that required a counterintuitive workflow. 

Centralized control of multiple pumps creates new opportunities for clever coop-
eration between infusion pumps. When we combine the concept of central pump 
control from chapter 5 with the flushing strategy from chapter 4, it is possible to 
alternate the administrations of many incompatible drug solutions through a sin-
gle lumen with a separator fluid between them. During this so-called multiplex 
infusion, we take advantage of the fact that the administration of many IV drugs 
can be interrupted without compromising treatment effectiveness. Until now 
such an advanced infusion strategy was not possible due to the limited program-
ming capabilities of infusion pumps. In chapter 6 we developed and evaluated 
a multiplex algorithm that takes drug-specific constraints (e.g. compatibilities, 
maximal interruption time and rate) into account in order to create an admin-
istration schedule for multiplex infusion. We evaluated the performance of this 
algorithm using a large database of real ICU drug administrations to assess the 
number of lumens required for IV treatment. In nearly all cases one triple-lumen 
central venous catheter would have been sufficient if the drugs were multiplexed. 
This is an important result as it will avoid the need for additional PVCs in many 
cases, thus preventing complications that occur in 20-40% of all PVCs.4–6 

In chapter 7 we combined pressure signals from multiple infusion pumps to al-
low the detection of co-occluding infusion pumps. We developed two novel sin-
gle-pump occlusion detection algorithms that were both able to detect some 
occlusions much faster than conventional pressure threshold algorithms. A third 
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occlusion detection algorithm was coupled to the single-pump algorithms to 
detect co-occlusions with other pumps by correlating pressure signals after a 
single-pump occlusion was detected. When the pressures of two pumps coinci-
dentally rise, it is likely that the occlusion is localized in a segment of the tubing 
shared by the two pumps. Such information may be used as an occlusion local-
ization feature that helps nurses to pinpoint and resolve occlusions faster.  
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Future perspectives
The basic principles of IV therapy today are still the same as those in 1656 when 
Christopher Wren performed the first infusion of wine into the vein of a dog.7 Since 
then, many advances have been made that have markedly improved the capa-
bilities and safety of IV therapy. The invention of the electronic infusion pump has 
boosted the number of solutions that can be administered simultaneously, as 
well the precision with which critical drug solutions can be administered. 

However, an increasing number of infusion pumps together with many other 
medical devices at the bedside stretches the cognitive demands on ICU nurses 
further than ever before. Centralized control and monitoring of multiple infusion 
pumps in the ICU is therefore a sensible, and perhaps necessary step to make 
multi-infusion safer and easier to manage. The opportunities that arise from cen-
tral control will certainly not be limited to multiplex infusion and multi-pump oc-
clusion detection that we discussed in this thesis. Significant progress has been 
made in (semi) closed-loop systems that convert blood glucose measurements 
into new pump settings to maintain a stable glucose level.8,9 Automatic relay sys-
tems that switch to a new pump when a syringe is empty have already found 
their way into clinical practice.10 Clinical advisory tools exist that assist nurses with 
the safe co-administration of drugs, and smart pumps provide a warning when 
an unintended harmful dose of a drug is about to be administered.11,12 In the near 
future such smart tools may become embedded into a centralized pump control 
system.

In the neonatal ICU the challenge of vascular access may be even more significant 
than in the adult ICU.13 Future development of multiplex infusion should also take 
the constraints for neonatal patients into account, which includes a more limited 
fluid intake regimen compared to the adult ICU patients. In order to reduce the 
fluid intake, drug solutions that are compatible with multiple other drugs may be 
used as a separator fluid instead of an infusion fluid. The small-volume IV tubing 
used in the neonatal ICU will require a smaller separator fluid volume compared 
to the tubing used in adults. A method to determine the minimally required sep-
arator fluid volume is presented in this thesis. 

A clinical trial to assess the safety of multiplex infusion is required before its intro-
duction into clinical practice. For this purpose, blood concentrations of selected 
IV drugs could be compared between conventional and multiplexed drug ad-
ministration, where a maximal deviation of ±10% from the conventional concen-
tration would be considered to be acceptable. A careful selection of drugs must 
ensure that all relevant pharmacokinetic models are represented in the study. 
A multi-pump platform with centralized pump control must be supplied by an 
industrial partner to facilitate multiplexed drug administration. The clinical per-
formance of our new occlusion detection algorithms may be evaluated by pro-
cessing real-time infusion pump pressure readings in parallel with conventional 
detection performed by the same pump.

For the determination of drug compatibilities testing procedures should reflect 
the clinical situation as much as possible. However, the current standard of com-
patibility testing focuses on drug pairs, while in ICU practice combinations of 
three or more drug solutions are often employed. Likewise, drug solutions are 
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rarely administered in a 1:1 volume ratio. Determining the compatibility of three 
or more solutions in different ratios requires an immense effort. Nevertheless, us-
ing multiple remotely controlled infusion pumps coupled with a suitable on-line 
detection system such as a Diode Array Detector such a task may be automated. 

As a final take on the future of multi-infusion we may consider the bedside pumps 
as an orchestra. Currently, each orchestra member is oblivious to his peers and 
is only able to play a single tune (albeit in various tempi). In this thesis we intro-
duced a new conductor (i.e. centralized pump control), tuned the instruments 
and started rehearsals. Ultimately, the success of each composition depends on 
the acceptance of the audience (i.e. the patients and nurses). At this time we are 
testing whether the concepts of centralized pump control and multiplex infusion 
are suitable for use in clinical practice by ICU nurses. A good usability combined 
with training will be critical for user acceptance and introduces exciting new chal-
lenges for the future.
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Nederlandse samenvatting
Intraveneuze medicatietoediening (IV therapie) is een van de meest voorkomen-
de behandelmethoden voor kritisch zieke patiënten. Ondanks dat IV therapie veel 
wordt toegepast, zijn er veel risico’s aan verbonden vanwege de kans op fouten 
en complicaties in alle stadia van de uitvoering. Op de intensive care (IC) nemen 
deze risico’s toe met het aantal IV toegediende geneesmiddelen. Verbeteringen 
in de IV therapie hebben invloed op de behandeling van patiënten wereldwijd. 
Het doel van dit proefschrift is het exploreren van de diverse mogelijkheden tot 
verbetering van IV therapie. In dit hoofdstuk worden de belangrijkste bevindin-
gen samengevat.

Uitdagingen
Flebitis (aderontsteking) is een van de meest voorkomende complicaties van IV 
therapie. Het vaststellen van flebitis op de IC wordt bemoeilijkt omdat de huidige 
standaard van visuele beoordeling niet ontworpen is voor de IC. In hoofdstuk 2 
onderzochten we of infrarood (IR) thermografie gebruikt kan worden om objec-
tief flebitis vast te stellen bij IC patiënten. Een groter temperatuurverschil tussen 
de insteekplaats van een perifeer veneuze katheter (PVK) en een nabijgelegen 
referentiepunt gemeten met IR thermografie was geassocieerd met een vroeg 
stadium van flebitis. We vonden ook dat de verblijfsduur van de PVK een voor-
spellende waarde had voor het optreden van flebitis. De ligduur van patiënten op 
de IC is over het algemeen vrij kort en daarmee ook de verblijfsduur van de PVK. 
Dit verklaart waarom we vooral flebitis in een vroeg stadium zijn tegengekomen 
in deze studie. Het gebruik van IR thermografie voor de detectie van flebitis moet 
verder worden onderzocht op de algemene verpleegafdeling, aangezien verder 
gevorderde flebitis daar waarschijnlijk vaker voorkomt dan op de IC.

In hoofdstuk 3 onderzochten we de uitdagingen van multi-infusie voor de zieken-
huisfarmacie. Accurate informatie over de in vitro verenigbaarheid van IV medi-
catie is essentieel voor een veilige toediening. In hoofdstuk 3A vonden we dat de 
procedures voor het onderhoud van monografieën in handboeken parenteralia, 
die belangrijke geneesmiddelinformatie voor klinische toepassingen bevatten, 
veelal hetzelfde zijn in verschillende Nederlandse ziekenhuisapotheken. Het ge-
volg hiervan is dat Nederlandse ziekenhuizen vaak vergelijkbare, maar toch ei-
gen handboeken parenteralia onderhouden. De hoofdstukken in zo’n handboek 
parenteralia bevatten vaak gegevens over Y-site verenigbaarheid van IV genees-
middelen. Het bijwerken van Y-site verenigbaarheden gaat echter moeizaam en 
er wordt geen gebruik gemaakt van een geschikt datamodel om verenigbaar-
heidsrelaties op te slaan. We vonden dat in de meeste gevallen verenigbaarhe-
den niet frequent worden bijgewerkt en soms helemaal niet. Dit leidt tot grote 
verschillen in welke verenigbaarheden vermeld zijn in verschillende monografie-
en van hetzelfde geneesmiddel. We raden dan ook aan om de mogelijkheid van 
een landelijk handboek parenteralia te onderzoeken, aangezien dit mogelijk de 
onderhoudslast verlaagt en de kwaliteit van de inhoud bevordert. 

Verenigbaarhedenonderzoek levert essentiële input voor handboeken parente-
ralia. Echter, een standaardmethode om verenigbaarheden vast te stellen ont-
breekt momenteel. In hoofdstuk 3B ontwikkelden we een verbeterde procedure 
om Y-site verenigbaarheden vast te stellen die specifiek gericht is op omstan-
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digheden op de IC. Volgens deze procedure is een combinatie van geneesmid-
delen verenigbaar als deze geen reactie laat zien bij zowel een visuele als een 
kwantitatieve test. Bij deze laatste test wordt gebruik gemaakt van High Perfor-
mance Liquid Chromatography-Diode Array Detection (HPLC-DAD). Beide ana-
lyses werden gedaan bij zowel 20°C als 37°C om de omgevingstemperatuur en 
de temperatuur nabij de patiënt te simuleren. Hoewel we in staat waren de ver-
enigbaarheden van de meeste geneesmiddelparen te bepalen, konden niet alle 
verenigbaarheden met HPLC-DAD vastgesteld worden. Voor deze geneesmid-
delparen moet worden gezocht naar een andere geschikte kwantitatieve analy-
semethode.

Het aantal beschikbare lumens is een belangrijke beperking binnen multi-infusie. 
Om het gebruik van een enkel lumen te optimaliseren kan een separatorvloeistof 
worden toegediend tussen twee onverenigbare geneesmiddelen. Het is opmer-
kelijk dat er vrijwel geen empirische gegevens beschikbaar zijn over de hoeveel-
heid separatorvloeistof die nodig is voor deze gangbare procedure. In hoofdstuk 
4 vonden we als vuistregel, dat tweemaal het zogeheten priming volume nodig 
is om te spoelen tussen twee onverenigbare geneesmiddelen. 

Kansen
Binnen multi-infusie ontstaan er nieuwe mogelijkheden wanneer we het infuus-
systeem als een geheel beschouwen in plaats van als een verzameling individu-
ele pompen. In hoofdstuk 5 ontwikkelden we een centrale gebruikersinterface 
die verpleegkundigen in staat stelt meerdere infuuspompen aan te sturen en 
te monitoren. De gebruiksvriendelijkheid van deze nieuwe gebruikersinterface 
werd vervolgens vergeleken met die van een aantal individuele infuuspompen 
waar verpleegkundigen dagelijks mee werken. Ook al waren verpleegkundigen 
experts in het gebruik van deze conventionele pompenopstelling, toch ze voer-
den opdrachten net zo snel uit met de nieuwe gebruikersinterface na een zeer 
korte trainingsperiode. Er werden ook minder fouten gemaakt met de nieuwe ge-
bruikersinterface. De fouten die werden gemaakt met de conventionele opstel-
ling kwamen vooral voor bij specifieke taken met een contra-intuïtieve workflow.

Centrale aansturing van meerdere infuuspompen creëert nieuwe mogelijkheden 
voor de slimme samenwerking tussen infuuspompen. Wanneer we de centrale 
aansturing uit hoofdstuk 5 combineren met de flushmethode uit hoofdstuk 4, 
wordt het mogelijk om automatisch meerdere onverenigbare geneesmiddelop-
lossingen door een enkel lumen toe te dienen die worden gescheiden door een 
separatorvloeistof. Bij deze zogenaamde multiplex-infusie maken we gebruik van 
het feit dat de intraveneuze toediening van veel geneesmiddelen kan worden 
onderbroken zonder dat dit ten koste gaat van hun werkzaamheid. In hoofdstuk 
6 ontwikkelden en evalueerden we een multiplex algoritme dat diverse genees-
middel-specifieke vereisten (o.a. verenigbaarheden, maximale interruptietijd en 
snelheid) in acht neemt en vervolgens een multiplex toedieningsschema bere-
kent dat aan deze eisen voldoet. We simuleerden de prestaties van dit algoritme 
aan de hand van een grote database met IC medicatiegiften waarbij het beno-
digde aantal lumens werd bepaald. In bijna alle gevallen bleek een triple-lumen 
centrale lijn voldoende te zijn wanneer multiplex infusie werd toegepast. 
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In hoofdstuk 7 combineerden we de druksignalen van meerdere infuuspom-
pen om co-occlusies te detecteren. We ontwikkelden twee nieuwe algoritmen 
waarmee individuele pompen occlusies aanzienlijk sneller konden detecteren 
dan met gangbare druklimiet-algoritmes. Een derde detectiealgoritme werd ver-
volgens gekoppeld aan deze algoritmes om co-occlusies met andere pompen 
te detecteren. Dit was mogelijk door de druksignalen van meerdere pompen te 
correleren nadat een van beide pompen bij zichzelf een occlusie had vastge-
steld. Wanneer de druksignalen van twee pompen gelijktijdig toenemen, is er 
waarschijnlijk een occlusie aanwezig is in een stuk van de infuuslijn die wordt 
gedeeld door deze pompen. Zulke informatie zou kunnen worden gebruikt om 
verpleegkundigen te helpen sneller de locatie van een occlusie te vinden en de 
occlusie vervolgens snel te kunnen verhelpen. 
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3L-CVC A central venous catheter containing three lumens, there-
fore allowing for three separate flows of solutions into a 
central vein.

Administration 
lumen

A hollow tube that allows for the delivery of a solution into 
the bloodstream of a patient. A CVC or PICC may have 
multiple lumens.

Administration 
schedule

Time-based schedule of intravenous administrations.

Central venous 
catheter (CVC)

IV catheter consisting of one or more administration lu-
mens, positioned in a central vein, allowing the continuous 
administration of concentrated or otherwise potentially 
damaging solutions. 

Delta lumens, ΔL Difference in lumens required between conventional ad-
ministration and a multiplex administration schedule. 

EDF scheduling A scheduling algorithm that prioritizes tasks with the near-
est deadline.

Flushing The administration of a fluid in order to clear the dead 
space of intravenous (IV) tubing and catheters of its con-
tent.

Flushing volume The volume of fluid required to successfully perform 
flushing.

Hyperperiod Least common multiple all packet periods allocated to a 
single administration lumen.

Infusion packet Specified volume of a single solution or combination of 
compatible solutions that are administered simultaneous-
ly through the same administration lumen in a multiplex 
administration schedule.

Intravenous (IV) 
therapy

The process of infusion of fluids into a vein of a patient.

Intravenous fluid A fluid that is administered intravenously. 

Locking proce-
dure

The practice of filling a catheter with a fluid for a period of 
time when the catheter is not used. Locking is performed 
to prevent catheter occlusion and thrombus formation and 
to reduce bacterial colonization.

Maximal interrup-
tion time

Maximally allowable time between two administrations of 
the same packet that does not compromise the therapeu-
tic effectiveness of any of the drugs in the packet.

Multiplex infusion 
system

A centralized control system that controls multiple infu-
sion pumps and allows for alternated administration of 
otherwise incompatible drugs through a single IV lumen. 

9
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Packet duration Time required for the administration of a single infusion 
packet.

Packet period Time frame in which the administration of a packet is guar-
anteed by earliest deadline first scheduling

Peripheral cathe-
ter 

Single lumen intravenous catheter that is placed in a pe-
ripheral vein, which allows for the administration of solu-
tions into the bloodstream of a patient.

Peripheral vein Any vein not belonging to the major veins of the thorax or 
abdomen.

PICC Peripherally inserted central catheter: a long intravenous 
catheter inserted in a peripheral vein but with the tip posi-
tioned in a large central vein

Priming volume The volume of fluid required to fill the IV tubing ensuring 
all air is removed from the tubing.

Separator fluid Intravenous (IV) solution used to separate two incompati-
ble packets from each other.

Separator fluid 
volume

Volume required to sufficiently minimize contact between 
the constituents of two incompatible packets separated 
by this separator fluid.

Shared infusion 
tubing

The distal part of IV tubing terminating in an administration 
lumen, shared by and accessible to all solutions adminis-
tered through this lumen.

Shared infusion 
volume

Volume of the shared infusion tubing.

Solution Intravenous fluid that may contain one or more drugs.

Syringe pump A mechanical device used for the administration of infu-
sion fluid to a patient by gradually displacing the plunger 
of a syringe by direct mechanical force. Typically delivers 
flows between 0.1 and 100 ml/h.

Tubing The collection of IV tubes and extension sets that connect 
an IV bag or syringe(s) to the patient’s IV access.

Utility Value that reflects the fraction of processing time required 
by a set of tasks.

Volumetric pump Infusion pump designed to deliver moderate to large infu-
sion flows (i.e. 5 to 999 ml/hour).
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BMI Body mass index

BT1/2 Half-life of the biological effect

CI Confidence interval

COPD Chronic Obstructive Pulmonary Disease

CRF Case report form

CVC Central venous catheter

CVP Central venous pressure

Ddrugs_i Duration of the drug administration within Packet i

Di
Duration of Packet i, including the administration of drugs 
and separator fluid

dL or ΔL Difference in IV lumens required by multiplex and conven-
tional procedure.

Dsep_i
Duration of the administration of a separator fluid that is part 
of packet i

Delta T or ΔT Temperature difference between an insertion site and a near-
by proximal reference point on the same extremity.

EDF Earliest deadline first

EY Eosin yellow solution

G5 Glucose 5% solution

ICU Intensive care unit

IR Infrared

IQR Interquartile range

IV Intravenous

LCONV
Number of lumens required in a conventional administration 
schedule

LMX
Number of lumens required in a multiplex administration 
schedule

MB Methylene blue solution

MX-IS Multiplex infusion system

nm Nanometer

NS Normal saline, i.e. NaCl 0.9%

P(t) Pressure as a function of time

PD Pharmacodynamic(s)

9
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Pi Period of packet i

PK Pharmacokinetic(s)

PVC Peripheral venous catheter

Q(t) Flow rate as a function of time

Qmax
The maximally allowable (bolus) administration rate in mg/
min

SFVX/SIV Ratio of SFVX and the shared infusion volume

SD Standard deviation

SF Separator fluid

SFV Separator fluid volume

SFVX
Separator fluid volume required to clear the IV tubing of solu-
tion X

SIV Shared infusion volume

TiMax Maximal interruption time

Ui Utility of packet i

UV-Vis Ultraviolet – visible light

VIP-score Visual infusion phlebitis-score
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Dankwoord
Wat ooit begon als een afstudeerstage, groeide uit tot een multidisciplinair 
onderzoeksproject waar de afgelopen jaren een grote groep studenten, onder-
zoekers, artsen en verpleegkundigen aan heeft bijgedragen. Zonder hen was dit 
proefschrift nooit tot stand gekomen. Daarom wil ik bij dezen iedereen bedank-
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daaraan gekoppelde reizen naar Duitsland en Frankrijk) was mijn promotietra-
ject een feit. Ik wil je allereerst enorm bedanken voor alle tijd en energie die je 
hebt besteed om dit mogelijk te maken. Daarnaast heb ik veel van je geleerd als 
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hebben begeleid. Die projecten waren niet alleen erg waardevol voor mijn 
onderzoek, maar ik heb daardoor ook veel geleerd over jullie mooie vakgebied! 

Dr. W. Bult; beste Wouter, ik kan me niet voorstellen dat ik een enthousiastere 
copromotor had kunnen vinden! In je eigen woorden: gewoon ge-ni-aal. Dat je 
naast een enorme dosis vakinhoudelijke kennis ook beschikt over een indruk-
wekkende collectie grappige plaatjes, was zeker mooi meegenomen.

Prof. dr. A.M.G.A. de Smet; beste Anne Marie, je bent vanwege je vertrek naar 
Utrecht maar kort mijn promotor geweest, maar in die tijd heb je er altijd op 
toegezien dat mijn onderzoek op schema bleef. Het belang van een goede 
planning is blijven hangen, wat er voor heeft gezorgd dat mijn proefschrift on-
danks een baby en een pandemie op tijd af is gekomen. 

De beoordelingscommissie bestaande uit prof. dr. A.F. Bos, prof. dr. M.M.R.F. 
Struys en prof. dr. E.L. Swart wil ik hartelijk bedanken voor het beoordelen van 
mijn proefschrift.

Dr. F. Cnossen; beste Fokie, dit project startte bij jou toen ik als afstudeerder bij 
je aanklopte. Al gauw zaten we regelmatig bij Koos van Ringelenstein aan tafel. 
Ik wil jullie beide bedanken voor jullie aanhoudende interesse in dit project en in 
mij als persoon. 

Het was zeker niet vanzelfsprekend dat dit promotietraject van de grond kwam. 
Daarom wil ik graag Johan de Jong en Fokke Boorsma hartelijk bedanken voor 
hun onmisbare rol in het opstarten van dit project. 
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Dr. W. Dieperink; beste Wim, ook jij was vanaf het begin betrokken bij mijn proj-
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Rene Posma, Renske Wiersema, Rianne Hindriks, Ruben Eck en Wim Dieper-
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Alle (research)verpleegkundigen, bedankt dat jullie altijd bereid waren om 
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we beide in de flexruimte naast de IC afstudeerden en we uit culinaire interes-
se de Connaisseurs du Croquette oprichtten. Lara, toen wij elkaar ontmoetten 
dacht ik dat je voor de gelegenheid parfum op had gedaan, maar het bleek 
toch echt een veel te geurige kamerplant te zijn. Het is een klein wonder dat we 
überhaupt woorden op papier hebben weten te krijgen toen we eenmaal met 
z’n drieën een kantoor deelden. De afgelopen jaren hebben jullie een grote rol 
in mijn leven gespeeld en ik ben dan ook trots dat jullie op deze dag als mijn 
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paranimfen naast mij staan. Jullie aanhang in de vorm van Lisette en Rick kreeg 
ik er trouwens net zo vanzelfsprekend bij als spaarzegels bij de boodschappen. 
Lis, nu heb ik eindelijk ook een boek! Ik heb een bruin vermoeden dat er wat 
minder poepgrapjes in voorkomen dan je had gehoopt. Luitenant ter Zee der 2e 
klasse Rick, laten we gauw de frituur aanzetten als de Lara van huis is! 

Mijn schoonfamilie wil ik bedanken voor alle aanmoediging. Peter, wat 
ontzettend leuk dat je gaat opponeren!

Mijn broer Tom en mijn zusje Inge, wie had gedacht dat al die discussies aan 
de keukentafel stiekem een voorbereiding waren op vandaag? Laten we snel 
weer een broer-broer-zus borrel doen. Nynke, binnen de familie hoor je allang 
bij het meubilair, maar het is altijd leuk je erbij te hebben! Joost, het is weer tijd 
om een nieuw biertje te brouwen! Mijn lieve ouders, jullie hebben me altijd lat-
en weten dat jullie trots op me zijn. Bedankt voor jullie niet-aflatende steun en 
aanmoediging.

Lieve Nine, je was nog niet eens geboren toen ik startte met mijn promotietra-
ject, maar toch is het meest significante verschil aan jou toe te schrijven. Daar-
om draag ik dit proefschrift op aan jou. Dank je wel voor alle afleiding in deze 
gekke tijd. Ik geniet enorm van het met jou wandelen, spelen en zien hoe je je 
ontwikkelt. Ik hoop dat je snel het ‘oude normaal’ mag meemaken en dat je je 
leven lang gelukkig en nieuwsgierig blijft. 

En dan die andere vrouw in mijn leven: lieve Inge, wat ben ik trots op ons! Ook 
jij hebt de start van mijn promotietraject niet meegekregen, maar dat we samen 
het einde ervan mogen vieren is eigenlijk veel leuker. Dank je wel dat je er altijd 
voor me bent in perioden van drukte, tijdens pandemieën en ook nog ondanks 
een stortvloed aan slechte woordgrappen van mijn kant. Door jou en Nine weet 
ik wat er belangrijk is in het leven. We hebben de afgelopen jaren al zo veel 
mooie dingen meegemaakt, ik kijk uit naar wat de toekomst ons brengt!
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