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Background:Drug administration on the neonatal intensive care unit is often associatedwith adverse events. This
may be due to dosing errors caused by multi-infusion setups. We aim to investigate these dosing errors.
Material and methods: N = 3 experiment using a medication schedule, multi-infusion setup (three pumps) and
disposables as applied on the NICU. In-line and real-time absorption spectrophotometry was used with dyes as
substitutes for pharmaceuticals. Three flow rate changes lasting 1 h were initiated. Subsequently, the possible
dosing errors were estimated in the parallel pumps. In addition, startup durations, the times the flow rates re-
quired to reach steady state after significant dosing errors, as well as the total dosing error were measured.
Results: Contribution of the start-up delays to the cumulative dosing errors was the largest. However, initiated
flow rate changes resulted in significant dosing errors in the parallel pumps as well. The total dosing error was
not significant. The significant peak errors were between 48.2% and −32.5% at flow rate increase and decrease,
respectively. Startup delays of up to 42.6 min were measured.
Conclusions: Applying multi-infusion while following a neonatal medication schedule may temporarily result in
dosing errors, which can be relevant for fast-acting medications. Awareness may mitigate the risks.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Almost all patients treated on the neonatal intensive care unit
(NICU) receive intravenous (IV) infusion therapy (Van Der Eijk et al.,
2013). Infusion therapy intended for NICU patients commonly requires
the continuous and simultaneous administration of multiple pharma-
ceuticals such as inotropics, opioids, antibiotics and sedatives. The
administration of these drugs using multi-infusion to NICU patients is
challenging. For example, these little and often critically ill patients are
unable to tolerate the infusion of large quantities of fluid (Bell and
g to the results discussed in this
y Research Programme (EMRP)
EMRP is jointly funded by the
opean Union.
rialswere involved in this study.
arental) informed consent, was

gy and Clinical Physics, Room C
erglaan, Utrecht 3584 CX, The

der).
Acarregui, 2014). To reduce the amount of fluid delivery but still reach
the effective dose, highly concentrated mixtures are delivered at
volumetric flow rates as low as 0.5 ml/h. Moreover, these mixtures fre-
quently contain rapid-acting pharmaceuticals with short half-lives and
narrow therapeutic margins requiring a stable infusion flow rate,
because even a relatively small deviation in flow rate may result in clin-
ically relevant dosing errors. Consequently, accurate motorized syringe
pumps are used to meet this demand for precise and accurate drug de-
livery. Another risk of infusion therapy is the placement of the catheter.
With each puncture and accompanying catheter insertion, the probabil-
ity of systemic infections increases. The number of IV-access sites should
therefore be reduced to a minimum, especially in vulnerable patients,
such as very and extremely pretermneonates. As such, pharmaceuticals
from multiple pumps are often combined into a single central line and
catheter before entering the patient's bloodstream. This practice is
known as multi-infusion or co-infusion (Décaudin et al., 2009; Lovich
et al., 2005). Infusion technology has one of the highest rates of medical
errors associatedwithmedical technology (Husch et al., 2005). Previous
research has shown that flow rate variability is related to dead time and
carrier flow (Décaudin et al., 2009; Lovich et al., 2005; Timmerman et
al., 2015), flow interaction between two syringe pumps (Bartels et al.,
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2009; Tsao et al., 2013) and the effects of gravity and vertical displace-
ment (Hall and Roberts, 2005; Neff et al., 2001a). Additionally, several
publications addressed the physical effects of a variety of disposables
(Murphy and Wilcox, 2010; Neal and Lin, 2009; Van Der Eijk et al.,
2014; Weiss et al., 2000a, 2000b). Other studies have already recog-
nized effects as a result of multi-infusion flow interaction in parallel
pumps and start-up delays as plausible and possibly clinically relevant
in neonatal populations (Levi et al., 2010; Lovich et al., 2013;
Medlicott et al., 2013; Sherwin et al., 2014; Tsao et al., 2013).

In summary, the practice of multi-infusion often seems to result in
flow rate variability, even when accurate syringe pumps are used. This
in turnmay result in clinically relevant dosing errors,which is especially
true for the (preterm) neonate. Several studies have, for example, re-
ported significant hemodynamic instability and possible adverse effects
in neonates in relation to the administration of rapid-acting inotropics
(Alderliesten et al., 2013; Dempsey, 2015; Panna et al., 1996; Snijders
et al., 2010; Stowe et al., 1996) and propofol (Vanderhaegen et al.,
2010). Preterm neonates are known to be particularly susceptible to
hemodynamic instability due to their limited ability for cerebral
autoregulation in response to changing blood pressure and blood
flow (Alderliesten et al., 2013; Caicedo et al., 2011). However, to
our knowledge, no substantial research has been performed to quan-
tify multi-infusion flow and dosing rate variability on the NICU.

The objective of this study is therefore to assess dosing errors due
to flow rate variability in neonates as a consequence of applying a
cascade of multiple infusion pumps intravenously. An absorption
Fig. 1.Measurement setup shown schematically. Thedye-filled infusion pumpswere connected
flowcell, where the cumulative solution wasmeasured by the precision balance. At the flowcell
whichwas then connected to a spectrometer. Theflowcell enables the light to pass through the d
light. The spectrometer and balance data were finally collected by a PC (A). 173 cm central line
top to bottom in the drawing. Pump 1 (mimicking the critical medication) was connected to a
spectrophotometry in vitro study was conducted to simulate a
multi-infusion setup and neonatal medication schedule.

2. Material and methods

2.1. Experimental setup

IV multi-infusion therapy on the NICUwas simulated in a laboratory
setting using three infusion pumps, each containing a dye mimicking a
pharmaceutical solution. The flow rate, which is linearly related to the
dose at the end of the infusion line, wasmeasuredwith spectrophotom-
etry (Fig. 1A). To simulate the NICU setting, the same disposables were
applied in the experimental setup as are used in the daily practice of the
NICU of the Wilhemina Children's Hospital of the University Medical
Center Utrecht, a tertiary care academic hospital.

Three Perfusor B. Braun syringe pumps (pumps 1–3) (B. Braun,
Melsungen AG, Germany) and 50 ml syringes (BD Plastipak, Plymouth,
Ireland) were used in the experimental setup. The pumps were con-
nected to a 173 cm central line disposable (Impromediform GmbH,
Lüdenscheid, Germany) (Fig. 1B) through the two Luer-Lock access
groups formedications (C1 and C2). These access groupswere equipped
with anti-reflux valves and, subsequently, a filter. Behind thefilter there
was a specific lipid access (C3) connector whichwas not used in the ex-
periments. The syringe pump containing the dye solution, mimicking
high-riskmedication (pump 1, see Fig. 1), e.g. dopamine, was connected
to C2, because high-risk medications are commonly administered in
to theflowcell, shown at the intersection, and, subsequently, to thefluid collection after the
intersection, a light source was also connected to the same flowcell through optical fibers,
yemixture,which yields an absorption spectrum. Theflowcellwas shielded fromambient
disposable, C1–C3 are Luer-lock connector groups, C3 is used for lipids. The flow goes from
ccess group C2 and pumps 2 and 3 (mimicking “less”-critical medication) to C1. (B).
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close proximity to the patient. C1 was used for the pumps containing
the dyes mimicking the “less”-critical medications (pumps 2 and 3),
e.g. total parenteral nutrition (TPN) and glucose. The central line output
was finally connected to a 4 Fr double lumen catheter (Vygon, Ecouen,
France), similar to an Umbilical Venous Line used in neonates.

Catheter output concentrations, normally administered to the neo-
nate, were continuously measured using a spectrometric setup (Fig.
1A). The catheter was for this purpose connected to a flowcell (Z flow
cell w/SMA 905, 10-mm pathlength, FIAlab, Seattle, WA, USA). The
flowcell was connected to a spectrometer (QE65000, Ocean Optics,
Dunedin, FL, USA) and a light source (DT-100, Ocean Optics, Dunedin,
FL, USA) allowing the spectrometer to obtain a spectrum of themixture
driven through the flowcell. Based on calculations the dyes were ex-
pected to be fullymixed, i.e. full diffusionwas expected to occur in radial
direction of the infusion lines, before entering the flowcell. Finally the
Fig. 2. Graphical representation of medication schedule set point values. Absolute intended flow
2 h from 6.0 to 12ml/h and back to 6.0 ml/h at t = 3 h (a 100% change). Pump 2 was decreased
increased from 0.5 ml/h to 1.0 ml/h at t = 6 h and changed back to 0.5 ml/h at t = 7 h (a 100%
0.1 mg/l) and Indigo Carmine (IC, 0.2 mg/l).
fluids from all pumps were collected and measured by the balance
(PGW 450, Adam Equipment, Oxford, CT, USA). Both the balance and
the spectrometric data were recorded by a PC (×86 32 bits, windows
XP, USA) at a sample acquisition period of 10 s (0.1 Hz). Themethod de-
scribed was capable to measure the flow rates originating from each
specific pump,which is equivalent to the pharmaceutical dose delivered
to the patient.

2.2. Medication schedule

To investigate flow rate variability (and thus dosing variability), a
medication schedule was simulated in which flow rate changes were
initiated and changed back for each pump (Fig. 2). The total duration
of the medication schedule was 8 h. Pumps 1–3 were started at flow
rates of 6, 2 and 0.5 ml/h, respectively. Six flow rate changes were
rate (A) and relative flow rate changes (B). The flow rate in pump 1 was increased at t =
from 2.0 to 1.5 ml/h at t = 4 h and back to 2 ml/h at t = 5 h (a 25% change). Pump 3 was

change). As a substitute for the pharmaceuticals Tartrazine (TT, 0.02mg/l), Allura Red (AR,
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manually executed according to the medication schedule; first these
were initiated and, next, changed back after 1 h. During the flow rate
changes the other two pumps, in which no flow rate change was inten-
tionally initiated, were considered the ‘parallel pumps’. The experiment
was repeated three times (N = 3).

Tartrazine (TT), Allura Red (AR) and Indigo Carmine (IC) laser dyes
were used as substitutes for the pharmaceuticals. The dyes were
selected on the basis of their distinctive absorption spectra, i.e. the
overlap of the absorption spectra was minimal. Dye concentrations
(Fig. 2) were chosen according to the linear range agreement between
concentration and absorption by which the absorption spectrum can
be related to flow rate and thus the flow and dosing rate variability
of each individual pump.

2.3. Dosing errors

In clinical practice a dose is defined as the amount of a pharmaceu-
tical administered in a certain time interval. It is usually denoted as
mg or mg per kg patient weight. In infusion therapy the concentration
of the pharmaceutical in the syringe pump is usually kept constant.
Therefore, the dose intended to administer during a time interval is re-
alized by setting and, if necessary, adjusting, the flow rate. This means
that a dose is delivered per unit time (dosing rate), often denoted as
mg/h or mg/kg/h. Consequently, if the patient receiving infusion
Fig. 3.Measurement of flow rates after carrying out the medication scheduled (A). Measureme
deviations (σ) are indicated as well (B). The endpoints of Startup, Interval, Peak interval and T
therapy requires a different dose, the clinician changes the infusion
flow rate (ml/h) of the pharmaceutical solution in a certain concentration
(mg/ml). A dose was therefore defined as the amount (ml) delivered
after a certain time interval (the area under the curve of the flow rate).
The relative dosing error was defined as the deviation (%) of the admin-
istered dose (ml) from the set point value (i.e. intended dose). A Dosing
Error (DE) can thus be described using Eq. (1)

Dosing Error ¼ Administered Dose
Intended Dose

� 1 %½ � ð1Þ

where the administered dose is the measured value and the intended
dose is the set point value.

It was anticipated that dosing errors may occur in the pumps where
flow rate changes were initiated, as well as the parallel pumps com-
bined on the same central line and catheter. From each measurement
the standard deviation σ (sigma) between the measured values and
set point in steady statewas calculated in order to distinguish dosing er-
rors from the random error. The implications this has for the statistical
significance of the data is further explained in the Data analysis section.
The following endpoints related to dosing errors were investigated (see
Fig. 3 for a full explanation):

1) Total Dosing Error: dosing error (%) during the total time T = t1 −
t2 = 0–8 h for each pump.
nt of dosing errors between approximately t = 2 and 3 h in the parallel pumps. Standard
otal dosing errors are illustrated in the plots, the values will be given in the results.
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2) Interval Dosing Error: dosing error (%) during the pre-defined one
hour intervals T = t1 − t2 = 2–3, 4–5, 6–7 h (Fig. 2), i.e. between
each initiated flow rate increase and flow rate decrease.

3) Peak IntervalDosing Error: average dosing error (%) during the area
under the curve of the peak after each flow rate change. The begin-
ning and ending of the peak were defined by the moments that the
flow rate crossed the set point ±2σ. The average dosing error was
the area under the curve of the peak divided by the peak duration
(defined later). Since some dosing errors in the parallel pumps
were expected to be temporary, the durations of these dosing errors
were also measured. This end point was analyzed for the parallel
pumps only.

4) Startup Duration: the duration in minutes until steady state has
been reached after starting or changing the flow rate of the pumps.
The startup period lasts until the set point ±2σ was crossed.

5) Peak Duration: the duration in minutes of a peak dosing error. Peak
errors were recorded after T= 2, 3, 4, 5, 6 and 7 h, i.e. after each ini-
tiated flow rate increase and flow rate decrease. The peak duration
was defined by the moment that the flow rate crossed the set
point±2σ. This end point was analyzed for the parallel pumps only.

2.4. Data analysis

The data were analyzed using linear regression calibration which
was described earlier (Dinç and Özdemir, 2005). The method was able
to acquire the concentration of each laser dye that flows through the
flowcell individually in μg/h. The magnitude of the absorption peaks
was related to the magnitude of the dilution of each dye. This, in turn,
is proportional to the ratio of the flow rates between the pumps. Be-
cause the total volume is registered by the balance (ml), a flow rate
can be obtained in [ml/h] for each pump. An additional fourth-degree
Savitzky-Golay filter was used to remove a portion of the noise present
in the balance data. All results are presented as averages of the three
measurements.
Table 1
Dosing errors results of investigated endpoint.

Initiated flow rate change (ml/h) Parallel pumps
(no change)

Dosing errors (%)

Total p value Inter

Pump 1 (0–6) −7.40 0.48 –
Pump 2 (0–0.5) −5.45 0.60 –
Pump 3 (0–2) −7.94 0.44 –
Pump 1 (6–12) – – −7.0

Pump 2 – – 11.1
Pump 3 – – 2.48

Pump 1 (12–6) – – –
Pump 2 – – –
Pump 3 – – –

Pump 2 (2–1.5) – – 7.65
Pump 1 – – −3.7
Pump 3 – – −0.8

Pump 2 (1.5–2) – – –
Pump 1 – – –
Pump 3 – – –

Pump 3 (0.5–1) – – −7.1
Pump 1 – – −2.0
Pump 2 – – 4.24

Pump 3 (1–0.5) – – –
Pump 1 – – –
Pump 2 – – –

The flow rates in pumps 1–3 were changed three times and, subsequently, changed back anoth
errors were registered aswell as the total dosing errors during the entire measurement. The cha
was initiated. The peaks of these dosing errors are listed. All the errors were temporary. The sta
flow rate changeswere initiated. The PeakDuration states the time delay until the peak dosing e
Non-significant peak intervals could not be distinguished from noise in the data.
⁎⁎ p b 0.01.
† p b 0.001.
‡ p b 0.0001.
a N/A = peak was not observed.
A dosing error peak larger than 2σ (p b 0.05) compared to the ran-
dom errorwas considered significant. Peak errors that were not statisti-
cally significant were discarded. Furthermore, only relative errors were
investigated and presented. To analyze the spectrometric and balance
data using the methods described, a program was written in Matlab
2009a 7.8.0.347 32 bits. An extensive physical and mathematical de-
scription of the method is given in Appendix A.
3. Results

Statistically significant dosing errors were found as a result of flow
rate variability in the simulation of IV multi-infusion therapy on the
NICU (Table 1). The total dosing errors (−5.5 to −7.9%), measured
over the entiremedication schedule (Fig. 2), and the interval dosing er-
rors, measured over a one-hour period after the flow rate changes at
t = 2 h, t = 4 h and t = 6 h, (−7.1% to 11.1%) were relatively small
and not statistically significant.

Significant peak dosing errors were found in the parallel pumps,
i.e. the pumps in which no flow rate change was initiated. The highest
peak dosing error in the parallel pumps found was +48.2% ± 23.3% at
t = 2 h, with a peak duration of approximately 6 min before the set
point value and steady state was reached again. A similar peak of
−32.5% ± 18.6% at t = 3 h was found lasting approximately 4 min be-
fore the set point value and steady state was reached again. Although
the peak dosing errors at t = 2 h and t = 3 h in the parallel pumps
were found to be significant, the peak errors at t = 4 h, t = 5 h, t =
6 h and t = 7 h were not significant for the parallel pumps.

Startup durations of up to 43 min were found when starting the
pumps at t = 0 h from a flow rate of zero ml/h. Pump 1 (set point
6 ml/h) was shown to reach the desired flow rate set point significantly
faster than pump 2 and 3 (set point 2 resp. 0.5 ml/h). When flow rates
were changed at t = 2 h–t = 7 h, the duration until the set point was
reached was up to 8.4 min. Similar to the startup at t = 0 h, the faster
Duration (min)

val p value Peak intervala p value Startup Peak Durationa

– – – 22.8 –
– – – 30.6 –
– – – 42.6 –

5 0.50 – – 2.20 –
0.29 39.1 4.22E−6‡ – 5.70
0.81 39.7 1.23E−4† – 3.30
– – – 3.00 –
– −31.2 0.0021⁎⁎ – 3.80
– −35.5 0.0019⁎⁎ – 3.60
0.46 – – 4.10 –

4 0.72 N/A N/A – N/A
3 0.94 N/A N/A – N/A

– – – 3.48 –
– N/A N/A – N/A
– N/A N/A – N/A

0 0.50 – – 7.32 –
3 0.85 N/A N/A – N/A

0.68 N/A N/A – N/A
– – – 8.40 –
– N/A N/A – N/A
– N/A N/A – N/A

er three times, resulting in a total of six changes. During these changes the interval dosing
nges resulted in dosing errors in the parallel pumps and the pumps inwhich the flow rate
rtup duration denotes the delay before the set point is reached for the pumps inwhich the
rrors in the parallel pumps reached the set point. The p values of all dosing errors are listed.



Fig. 4.Blood plasma concentration change (ΔC) of Peak Dosing Errors at t=2h and 3 h for
the parallel pumps 2 and 3. Illustrative medications with different half-lives, dopamine,
propofol and morphine are shown. Note that the half-life may vary with gestational age
(GA) and propofol is typically given as a bolus on the NICU. The dashed line at 25%
indicates that the dosing errors are possibly clinically relevant.
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pumps consistently reached the desired set point values earlier than the
slower pumps.

The initial startup contributed 91.8%, 83.7% and 74.1% to the total
dosing errors for pumps 1–3, respectively. Excluding the initial startup,
pumps 2 and 3 contributed resp. 66.2% and 26.5% to the total dosing
error as parallel pumps, at t = 2 h and t = 3 h. The contributions to
the total dosing error due to startup delays were 33.8% and 73.5%,
resp. for pumps 2–3 at t = 4 h and t = 5 h and t = 6 h and t = 7 h in
this case. In terms of peak and startup duration, 56% and 31% were
resp. due to the dosing errors in the parallel pumps for pumps 2 and
3, at t = 1 h and 2 h (initial startup excluded).

4. Discussion

The results indicate that - after changing the flow rate in one pump -
clinicians should consider the possibility of an unintended short-term
over- or under-dosing of medication in pumps combined on the same
central line or catheter as the pump that was changed. The largest
part of the total dosing errorswere caused by the initial startup. Further-
more, the results show that, if the flow rate changes are larger, the con-
tribution of the parallel pumps to the total dosing error of those flow
rate changes is larger. Besides the dosing errors in de parallel pumps, cli-
nicians should be aware of substantial startup durations after the pumps
are started or theflow rates are deliberately changed. These long startup
delays typically occur in the pumps containing critical medications such
as inotropics, which are often required by extremely and very preterm
neonates with hypotension immediately.

4.1. Underlying physics and consequences for disposables

We previously explained three physical effects: dead volume, com-
pliance and resistance. These effectswere also found in biomedical liter-
ature (Décaudin et al., 2009; Lovich et al., 2005; Snijder et al., 2015).

Dead volume is the volume between the mixing point and the pa-
tient at the catheter or infusion needle tip. The dead volume causes a
temporary mass flow rate change in the parallel pumps, due to the
‘push-out’ effect (Timmerman et al., 2015). Due to this effect, a tempo-
rary overdose or underdose occurs in the parallel pumps after a flow
rate increase or decrease, respectively. When the dead volume of a cen-
tral infusion line is smaller, it is expected that the dosing errors shown
in this studywill be smaller aswell. It is therefore advised to use dispos-
ables with small internal volumes (Lannoy et al., 2012). Inside the dead
volume mixing effects are of interest. With the flow rates and infusion
lines used in this study, a laminar flow is expected, with no relevant dif-
fusion in the axial, i.e. longitudinal, direction. However, full diffusion in
radial direction should occur before entering the patient. Moreover, be-
cause the viscosity is close to water, the friction that the infusion line
wall is exerting on the fluid is expected to cause an additional concen-
tration gradient as the drug solutionmoves along the length of the infu-
sion line (Hutton and Thornberry, 1986; Lovich et al., 2005; Taylor,
1953). Dosing errors resulting from dead volume and the cessation
of one pump in high flow rate pumps were demonstrated before
(Lannoy et al., 2010; Lovich et al., 2005). Dosing errors were quantified
in a two-pump low flow rate setup (Tsao et al., 2013). In this study it
was demonstrated that dosing errors in a three-pump setup, using a
NICU medication schedule and disposables are plausible.

The second effect, compliance, is responsible for the slow onset of
the flow rates, even if the infusion lines are pre-filled. Compliance is
caused by the elasticity of the infusion disposables, most notably syrin-
ges and infusion lines (Snijder et al., 2015;Weiss et al., 2000a, 2000b). If
the flow differences are big, it is even possible for backflow to occur due
to compliance. For example, TPN has a higher flow rate and may flow
back into the slower infusion line of the slower infusion pump, e.g. the
dopamine pumpwith a flow rate of 0.5 ml/h. This may cause a substan-
tial additional delay for the critical drug to reach the patient again. Anti-
reflux valves might prevent or mitigate this effect (Lannoy et al., 2010),
although it has been shown that anti-reflux valves, in turn, produce
other problems such as longer startup times (Van Der Eijk et al.,
2014). Most NICU's use specific disposables with a minimal dead
volume and anti-reflux valves. The infusion line used in this study is
an infusion line specifically designed for neonatal infusion therapy.
However, it was shown that clinicians should be aware that dosing
errors still occur.

4.2. Clinical implications

The dosing errors found may result in unintended and unexpected
clinically relevant adverse events, depending on the pharmaceutical
used. Therefore, the blood concentration changes were investigated
for these dosing errors.

Blood concentration change (Fig. 4) can be calculated using dosing
errors and the duration of the dosing errors (i.e. peak durations) from
Table 1 (see Appendix B), and half-lives of the pharmaceuticals used
(Table 2) as input (Steenhoek, 1983).

All the peak durations were in the order of 2–10 min after a peak
dosing error had occurred. Even during this short duration and with
the small half-lives of inotropic agents (Table 2) this still accounts for
a possible blood concentration overdosing of 35% ± 17 and −28% ±
10 underdosing. It can be assumed that a 25% blood concentration
change is clinically significant. Therefore, it is expected that these
blood concentrationsmay cause adverse events for neonates.Moreover,
these errors are found in the pumps of 0.5 and 2.0ml/h, these flow rates
are commonly used for high-risk pharmaceuticals such as inotropics.

For anesthetic drugs, the change in blood concentrationswill be less.
Thismight, however, still have influence on the effects of commonphar-
maceuticals such as propofol, especially in the neonatal population
which was found to be subject to considerable variability in pharmaco-
kinetics (Vanderhaegen et al., 2010; Wang et al., 2014). For analgesic
drugs such as opioids, with half-lives longer than 1 h, the blood concen-
tration changeswere small and therefore improbable to be clinically sig-
nificant for the dosing errors described in this study.

There are several adverse events associatedwith dosing errors in the
delivery of medications such as inotropics, especially for (preterm) ne-
onates. For example, overdosing of inotropics can cause fluctuations of
blood pressure and even life-threatening hypertension (Panna et al.,
1996), which may result in conditions such as peri-intraventricular
hemorrhages (Alderliesten et al., 2013; Dempsey, 2015; Plomgaard
et al., 2015). Hypotension is a very common medical condition in pre-
term neonates, which may lead to insufficient perfusion of critical tis-
sue, such as cerebral brain tissue (Alderliesten et al., 2013; Plomgaard
et al., 2015). Hypotension will not be treated sufficiently in case of an
underdose or when the delivery is delayed. The experiments show



Table 2
Half-lives of common pharmaceuticals.

Type Common pharmaceutical Half-life (t1/2)

Inotrope Dopamine 1–2 min
Dobutamine 1–2 min
Noradrenaline 1–2 min

Anesthetic Propofol 30–60 min
Analgesic Morphine 2–3 h
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that the startup duration can be around 45 min, this is undesirable
(Lovich et al., 2006). The startup duration in the fastest pump was sig-
nificantly shorter. However, high flow rates are not preferred in neo-
nates as fluid delivery should be minimized.

The faster pump typically contains total parenteral nutrition (TPN),
which is combined on the same central line and catheter as the
pumps containing inotropics. Clinicians have to perform flow rate
changes to anticipate on vital signs or to follow a regimen. Consequent-
ly, the flow rate of the TPN pump is regularly adjusted. As the results
show, thismay result in potential clinically relevant effects in the slower
parallel pumps containing inotropics. It is therefore advised to avoid
combining high-risk medications, such as inotropics, on a single central
line or catheter-lumen with other pumps. However, vascular access is
very limited and challenging, especially in neonates, therefore combin-
ing multiple pumps on the same lumen cannot be avoided in many
cases. It should be noted that the results are applicable to situations
where the pumps may represent other combinations of medications.

From the results it can be seen that the significant dosing errors are
short, while the longer interval dosing errors of 1 h and the total dosing
errors of 8 h are not statistically significant. Therefore, the results do not
showa systematic under- or over-dosing for anymedication. The results
do show that, for short half-life medication such as inotropics, blood
concentrations are altered with possible clinical consequences. More-
over, the startup delayswill cause a delayed onset of anymedication, es-
pecially when lower flow rates are used.

4.3. Strengths and limitations of the study

No actual pharmaceuticals nor realistic concentrations were used.
Laser dyes were used because pharmaceuticals do not usually produce
well-defined absorption peaks. Conversely, laser dyes produce absorp-
tion peaks that can be measured and analyzed using a spectrophoto-
metric method. Laser dye solution had to be prepared manually. A dye
quantity wasmeasuredwith the precision balance (Fig. 1A) and diluted
using a pipette with an accuracy of 1 ml. A realistic concentration for an
inotropic agent in the syringe is in the order of 1–5 mg/ml, which typi-
cally produces properties similar to water in terms of viscosity and den-
sity (Batista et al., 2015). The dye concentrationswere lower and can be
considered equal the properties of water as well, hence it can be as-
sumed there is linear relation between dye absorption and the mass
flow rate of each pump. Nevertheless, the viscosity of TPN and glucose
is typically different fromwater. This may impact delay times with rela-
tion to the compliance and resistance of the infusion system, these may
increase. Moreover, TPN may be administered using a gravity-driven
pump. However, the results presented in this study were mainly due
to the dead volume effect, therefore the experiment is still applicable
and the dosing errors are still expected to occur.

The standard deviations of the regression coefficients are relatively
small, therefore the calibration method is relatively strong. However,
the steady state flow rate error standard deviation was around 10% for
measurement 1–3, respectively. This is a considerable error, which
made it impossible to analyze the more subtle dosing errors and should
therefore be considered a weak point of this study. The reason for this
large standard deviation was that the balance registered a relative
large amount of noise. The causes mentioned above are likely to be
the reason why the initiated flow rate changes of T = 4–5 h and T =
6–7 hwere not found to produce significant dosing errors in the parallel
pumps in the measurements.

It can be seen that disposables yield substantial variance in drug de-
livery. From experience it was recognized that especially the syringe
shows considerable variance in compliance and reliability for, amongst
other effects, the startup durations, this is also supported by the litera-
ture (Neff et al., 2001b). The use of actual disposables enhanced the re-
alistic representation of the clinical practice in this study, it is therefore
considered a strength.

5. Conclusions

Significant flow rate variability was found as a result of using multi-
infusion, resulting in dosing errors with potential clinical relevance for
medications which are fast acting. These errors are both unwanted
and unexpected during multi-infusion therapy on the NICU. This study
reinforces that especially inotropics are likely to cause clinically relevant
adverse events as a result of the small therapeutic ranges. Sudden
changes from hypo- to hypertension are known to cause peri-intraven-
tricular hemorrhages, which in turnmay be caused by the dosing errors
found in this study. Especially preterm infants, suffering from hypo- or
medication-induced hypertension are at risk. It is advised to combine
high risk medications delivered with comparable flow rates on one
catheter lumen and to avoid doing the samewithmedications delivered
at higher flow rates, e.g. TPN. This may not always be possible in clinical
practice. Therefore, it is important that the clinician is aware of the ef-
fects shown in this study.
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