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Abstract: Infusion therapy is medically and technically
challenging and frequently associated with medical
errors. When administering pharmaceuticals by means
of infusion, dosing errors can occur due to flow rate vari-
ability. These dosing errors may lead to adverse effects. We
aimed to systematically review the available biomedical
literature for in vitro measurement and modeling studies
that investigated the physical causes of flow rate variabil-
ity. Special focus was given to syringe pump setups, which
are typically used if very accurate drug delivery is required.
We aimed to extract from literature the component with
the highest mechanical compliance in syringe pump set-
ups. We included 53 studies, six of which were theoretical
models, two articles were earlier reviews of infusion litera-
ture, and 45 were in vitro measurement studies. Mechani-
cal compliance, flow resistance, and dead volume of
infusion systems were stated as the most important and
frequently identified physical causes of flow rate vari-
ability. The syringe was indicated as the most important
source of mechanical compliance in syringe pump setups
(9.0x107 to 2.1x10® 1/Pa). Mechanical compliance caused
longer flow rate start-up times (from several minutes up to
approximately 70 min) and delayed occlusion alarm times
(up to 117 min).
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Introduction

Background

Infusion technology is among the most frequent sources
of technology-related medical errors [12]. Intravenous (IV)
drug administration by infusion is especially challeng-
ing for critical applications because stable infusion flow
rates are necessary. Variability in flow rate leads to dosing
errors, which may lead to adverse clinical effects. These
clinical effects can be classified as either insufficient effi-
cacy (underdosing) or increased toxicity (overdosing).
There are several reasons for this. First of all, patients,
especially those on the intensive care, often need very
concentrated pharmaceuticals (drugs) that are delivered
with flow rates as low as 0.1 ml/h to minimize excess fluid
delivery [48]. Secondly, IV access sites should be limited
for reasons of infection risk. Usually, only one catheter is
used for multiple IV drug delivery. Consequently, multiple
pumps are combined on this single catheter, causing the
flows originating from each individual pump to interact
with each other due to pressure differences and mixing
effects. This principle of joining multiple infusion pumps
on one central line has been named multi-infusion or
co-infusion and may be the source of considerable flow
rate variability [7]. Thirdly, the total infusion setup con-
sists of several components, many of which are disposable
medical devices. While the syringe pumps should produce
a relatively accurate flow rate, it has been suggested that
the physical properties of the other components in an
infusion setup may still cause an instable and seemingly
unpredictable flow rate [3, 50]. The flow rate is especially
unpredictable after pressure changes [17]. These pressure
changes appear, for example, after the pump is started; the
flow rate is changed; or the pump height is altered. There
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has been an increased awareness that flow rate variabil-
ity may be responsible for medical errors associated with
medical technology. Therefore, in recent years, research
has been conducted to trace and assess the origin of infu-
sion flow rate variability. Most of the studies found were
in vitro laboratory investigations, using several measure-
ment methods [7, 11, 16, 23, 27, 32, 50, 55].

Nowadays, it is generally recognized that the actual
drug serum concentrations in the patients involve more
than the pharmacokinetics of the drug inside the patients
alone. The dynamics of the infusion systems outside the
patient plays a significant role in drug delivery as well [31].
Timmerman et al. [47] found three major physical causes
explaining the dynamics of the infusion system: mechani-
cal compliance, flow resistance, and dead volume. Previ-
ous studies have already summarized flow rate variability
studies from a clinical perspective [49] but do not elabo-
rate about the underlying physical causes found in lit-
erature. Recently, Sherwin et al. [46] explored infusion
studies and stated that the physical variables/causes that
affect drug delivery in infusion systems require further
exploration. In order to facilitate further research in the
area of drug metrology, we aim to systemically review the
biomedical literature for in vitro measurement and mod-
eling studies that investigated the physical causes of flow
rate variability.

Mechanical compliance

Mechanical compliance (or compressibility) is described
as the volume change caused by changing pressure. The
underlying cause is the elasticity of the infusion compo-
nents. Consequently, volume is stored due to the stretch-
ing of non-rigid infusion components as a result of the
rising pressure applied by the pump. Mechanical compli-
ance is defined according to Eq. 1:

AV

c==_
AP

4]
where C (1/Pa) is the mechanical compliance, AV (1) is the
volume increase, and AP (Pa) is the applied pressure dif-
ference. Pressure changes may be caused by changing
the nominal flow rate. For example, relatively large pres-
sure changes occur inside the infusion system when the
pump is started from a standstill. Another possible cause
of pressure change is the vertical displacement of an infu-
sion pump. When the pump is moved up, with respect to
the output, i.e. the patient, the pressure increases because
the pressure produced by a water column is only depend-
ent on its height. In case of a volumetric pump, regulated
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by gravity only, the flow rate will increase after increas-
ing the height of the pump. The only limitation is caused
by the flow resistance of the tubing and the viscosity of
the fluid. However, in case of a syringe pump, merely
a bolus (temporary increase of flow rate) is expected.
Most syringe pumps simply push the plunger a certain
amount per unit time forwards upstream, towards the
patient, while preventing the plunger to move backwards,
towards the pump. Because of the mechanical compli-
ance, however, some amount of fluid can be stored or
released if the pressure is changed. For example, when
the pump moves upwards, the pressure is increased at the
lower end of the system. As a result, the pressure on the
syringe is decreased, which causes the syringe to contract.
This decrease in volume causes a small bolus. Conversely,
a downwards motion causes a temporary underdosing
because the syringe expands. This effect is not related to
the velocity of motion during the very act of vertical dis-
placement of the pumps, so the kinetic energy remains
irrelevant. It is only the change in position (height) that
matters (before and after the vertical displacement of the
pump, respectively), not the vertical motion itself that is
needed to implement this change in height. The time it
takes for the outflow from the syringe in the pump to reach
the nominal value is dependent not only on the mechani-
cal compliance but also on the flow resistance. The mag-
nitude of the resistance is determined mainly by the
diameter of infusion lines (tubing). Infusion devices with
small diameters, for example, a catheter with an inner
diameters of 1.0 mm, have a relatively high resistance, i.e.
approximately 0.1 mbar per ml/h (10 Pa per ml/h). Of all
the infusion components, these relatively small diameters
are often found in vascular access devices, such as cath-
eters and cannulae. Viscosity has influence on the effects
of the resistance, as with more viscous liquids, the effects
of resistance are expected to be more pronounced. Tem-
perature, in turn, may alter the magnitude of the viscosity.

In the infusion setup, mechanical compliance causes
deviations in flow rate changes that are opposite with
respect to any flow rate change. For example, when the
pump is started from a standstill, the pump requires time
to reach the nominal flow rate at the catheter tip, where
the pharmaceutical enters the patient. This delay between
the flow rate and the nominal flow rate is caused by
mechanical compliance. Another potential danger, caused
by compliance, is a delayed occlusion alarm. When an
infusion line is occluded (obstructed), the pressure in the
infusion system will increase. If this happens, the pumps
should stop and trigger an alarm signal. However, because
the pressure increase expands the infusion components
first, the force transducer in the pump, usually located at
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the plunger in syringe pumps to measure an increase in
pressure, does not measure this pressure increase until
the components are not able to expand any further. In a
multi-infusion situation, a flow rate change in one pump
may cause flow rate deviations in the output from other
pumps that are connected to the same central line or
catheter. When the flow differences are relatively large or
when the central line is occluded beyond the mixing point
(upstream), backflow may occur. In such a case, the liquid
flows back towards a syringe or infusion bag [7, 36].

Dead volume

Dead volume is a term first described in the field of infu-
sion technology by Lovich et al. [28, 29]. Dead volume
is the total volume between the mixing point and the
outflow into the patient at the catheter tip, also called
drug reservoir, internal volume, or dead space volume.
When a certain drug concentration is introduced into the
infusion line, it travels through the dead volume into the
patient. In clinical practice, there is approximately 1 m
of distance between the patient and the pump. With the
use of typical infusion lines, this results in about 1.6 ml
of dead volume. If multiple infusion pumps are combined
on one central line and catheter, the dead space volume
is shared between those pumps. In this case, a flow rate
change in one pump introduces changes to the entire
combined mixture in the central line (Figure 1). A concen-
tration ratio of multiple medications is introduced at the
mixing point, where multiple pumps are combined. This
concentration ratio is based on the current flow rates pro-
duced by the pumps. For example, if pump 1 has a flow
rate of 20 ml/h and pump 2 has a flow rate of 30 ml/h, then
the ratio of medication originating from pump 1 will be 2/5
and the ratio of medication originating from pump 2 will
be 3/5. This ratio remains unaltered between the mixing
point and the patient once it is inside the tube between the
mixing point and the patient at the catheter tip. Therefore,
this mixing ratio administered to the patient at the cathe-
ter tip is a mixing ratio that was produced in the past. Con-
sequently, if the nominal flow rate of pump 1 is increased
to 30 ml/h, a new ratio of 3/6 is introduced at the mixing
point, for both pump 1 and pump 2. However, the ratio of
2/5 and 3/5, for pumps 1 and 2, respectively, is still inside
the line between mixing point and the catheter tip. This
mixture, introduced in the past, will be infused with a new
combined flow rate of 60 ml/h, which produces a tempo-
rary unwanted bolus until the old concentration ratio has
been flushed out. The time it lasts for a concentration
mixture to be flushed out of the dead volume (the dead
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Figure 1: Schematic explaining the effect of dead volume in a multi-
infusion system. When the flow rate of the red pump is increased,
an excess bolus of pharmaceuticals from the blue pump enters into
the patient. This bolus occurs due to the fact that the concentration
mixture within the “dead volume,” which has been based on the
“old” situation before the flow rate increase in the red pump, is now
propelled out from the dead volume into the patient with the new
increased total flow rate of the red and blue pumps.

volume time) can be calculated as [t (s)=dead volume (1)/
flow rate (1/s)], where the flow rate is the cumulative new
flow rate originating from all the pumps connected to the
same central line.

In practice, the phenomena of mechanical compli-
ance, resistance, and dead volume are superimposed on
each other. Consequently, the pharmaceutical dose per
unit time administered to the patient is not just related
to the nominal flow rate but may also be affected by the
physical effects of mechanical compliance, resistance,
and dead volume.

Infusion components and equipment

For each study, we categorized the pumps that were used.
Pumps can mostly be categorized as syringe pumps or
volumetric (peristaltic) pumps. Syringe pumps are com-
monly used for the accurate delivery of relatively low flow
rates. Volumetric pumps are used for higher flow rates.
The flow in volumetric pumps can be regulated in several
ways such as drip chambers or counters or peristaltic
methods. These methods are generally less accurate than
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syringe pumps. In many cases, a combination of syringe
and volumetric pumps is used, where the volumetric
pump is used as a faster (i.e. higher flow rate) “carrier” for
the slower syringe pumps containing critical pharmaceu-
ticals. For example, a volumetric pump with a high flow
rate containing a sodium chloride (NaCl) solution may be
used to “push out” an older concentration ratio, produced
by multiple slower pumps combined on the same central
line. The volumetric pump containing the NaCl is called a
carrier flow, i.e. the faster flow “carries” the drug mixture,
originating from several slower pumps, through the dead
volume of the central line, between the mixing point and
the patient at the catheter tip. Moreover, because the con-
centrations of the critical pharmaceuticals from the slower
pumps are reduced by the faster carrier flow, the impact
of flow rate variability is smaller. Conversely, the dosing
error will be larger if the concentration of the critical medi-
cation is higher. Consequently, the impact for the patient
will be more severe. However, many patients are unable to
tolerate large quantities of fluid; the use of a carrier flow is
therefore not always possible.

Infusion components include stop cocks, mani-
folds, anti-reflux and anti-syphon valves, infusion lines
(tubing), catheters, cannulae, filters, and syringes. The
mechanical properties of these components are associ-
ated with the physical causes described earlier.

Methods

Search strategy and selection of studies

We searched for in vitro, i.e. laboratory studies, in Medline related
to infusion flow rate variability, published between August 1994
and August 2014. Flow rate variability was considered to be any
phenomenon that was measured in terms of flow rate. Common
phenomena and causes of infusion flow rate variability were used
as our inclusion criteria. These phenomena included start-up and
fluctuations of flow rates, back flow, and dead volume. These
phenomena are generally related to infusion component such as
syringes, tubing, valves, catheters, etc. In addition to measurement
studies, we also searched for theoretical modeling studies. Figure 2
illustrates the rationale for the keywords used. The keywords were
grouped as “effects,” “components,” and “methodology.” The key-
words within each group were combined with logical OR operators.
Other keywords that were attempted included “compliance,” which
was too generic and gave too many results. The keywords “pres-
sure,” “flow,” and “in vitro” returned too many unwanted results
as well. Flow AND variability returned insufficient results, while
flow OR variability returned too many results. Metrology was not a
common keyword in biomedical literature and returned no relevant
additional results.

Accordingly, the following search string was used in Medline
(Pubmed): (infusion) AND (flow rate OR start-up OR backflow OR
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dead volume) AND (infusion line OR stop cock OR syringe OR tubing

OR filter OR valve OR pump OR catheter OR measuring OR model).
The following options were activated in Pubmed: “Full text,”

“Abstract,” “English only.” Checking “review” or “in vitro” as a

search option did not give the expected results and was not used.
When reading the studies, we focused on the following four

questions:

1.  How are the physical effects causing flow rate variability, espe-
cially the physical causes of mechanical compliance, flow
resistance, and dead volume, explained?

2. Which physical effects were indicated as the most important
causes of flow rate variability?

3. When the role of mechanical compliance was mentioned, which
component of the infusion device chain was identified as the
most compliant element?

4. What has been the purpose for theoretical modeling studies and
what physical effects were studied?

Only full-text English papers with abstracts were considered. We
screened titles and abstracts before reading the entire article. In case
other reviews were found that investigated infusion flow variability
studies, we cross-checked our results with the results of the other
reviews. The condition was that all studies from these reviews match-
ing our inclusion criteria should show up with our search query. The
classifications of the included studies are stated under the Data
extraction section. We also used a classification for the excluded
studies after reading and interpreting the title. The excluded studies
were categorized in one of the following categories:
In vivo: These are studies concerned with the effects of infusion flow
rate variability inside humans or animal subjects;
Non-flow: non-flow studies were all studies that were not evaluat-
ing flow rates in any way. For example, studies aimed at measuring
only pressure or the assessment of non-continuous infusion were
excluded. Studies evaluating the flow outside the infusion system
such as the distribution to tissue were also excluded. These studies
were classified as non-flow.
N/A: These are studies that we were not able to obtain.
Miscellaneous excluded studies: These are studies in which no
measurement method or theoretical models were used to evaluate
continues infusion flow rate. Studies that differed entirely from the
subject were also categorized as miscellaneous excluded studies.
Studies investigating the properties of drugs such as mixing and
absorption by infusion components were not included.

Data extraction

From the included articles, we extracted to following data: (1) objective;
(2) year of publication; (3) details about the measurement method used:
setup, sensitivity, sample time, etc.; (4) details about the pump used:
type of infusion pump, brand; (5) infusion disposable type, if this was
specifically associated with a physical cause; (6) nominal flow rates; (7)
the physical parameters/causes that were investigated. If this was not
specifically stated, the physical parameters/causes were interpreted.

We classified the measurement studies according to the physical
causes of flow rate variability. Measurement studies that could not
specifically be classified according to a general physical cause were
categorized as miscellaneous; these studies usually evaluate the per-
formance of specific infusion pumps.



DE GRUYTER R.A. Snijder et al.: Flow variability and its physical causes in infusion technology =—— 281
Effects Components Methodology
! ! |
I Flow rate l I Infusion line | Measuring
| |
|Start—up (related to compliance)l | Tubing | Model
y
| Backflow | | Stop cock |
| |
| Dead volume | | Syringe |
|
| Valve |
|
| Pump |
|
| Catheter |

Eligible keyword

A

| Compliance |

|

| Pressure |

| Flow OR variability

Too many results

| Flow AND variability |

Insufficient number of
results

) 4

In vitro

Figure 2: Flowchart of the keywords that were either used or attempted in the search strategy. The keywords were categorized as “effect”
studied, “component” studied, and “methodology” used to conduct the study.

Results

The search resulted in 1498 publications from which
1368 were excluded. From most of the excluded studies,
it was found that the subject differed entirely after
reviewing the title. Another 29 studies were non-Eng-
lish, and one study did not provide an abstract; these 30
studies were excluded as well. After this, we reviewed

the abstracts and excluded 52 studies on the basis of the
specific criteria stated before. Five studies were added
after cross-checking references of the studies found
(Figure 3).

We included 53 studies, of which six were theoretical
models, two were other reviews, and 45 were in vitro meas-
urement studies. Table 1 shows a complete overview of the
studies found in our review.
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Search query (August 2014)

Medline (English)
(n=1497)

Exclusion of non-English

Excluded
(n=29)

Potentially eligible titles identified
and screened
(n=1468)

Excluded (n=1368)
Mot about infusion
Included (n=5)

Abstracts evaluated and screened
(n=105)

Excluded (n=52)
In vivo (n=14)
Non-flow (n=17)
N/A (n=11)
Miscellaneous (n=10)

Publications included (n=53)

Figure 3: Systematic review query. Fourteen in vivo studies were
excluded. Seventeen studies were not about flow measurement
(non-flow). Eleven studies were not available (N/A), and ten studies
were not included for miscellaneous reasons. Fifty-three papers
were included, of which six were theoretical modeling studies and
two papers were other reviews about infusion flow rate variability.

Study characteristics

We found several measurement methods used for inves-
tigating flow rate variability in infusion. Figure 4 shows
the number of publications by year and the measurement
methods that were used. Gravimetric methods were com-
monly used for single flows investigating flow rate start-up
and mechanical compliance. Spectrometric methods were
mostly used for the assessment of dead volume. Spectro-
metric methods include any method using a spectrometer
to obtain the concentration output originating from a spe-
cific pump. Absorption spectrophotometry was common.
In many cases, dye analogues were used. However, we
also found studies in which actual pharmaceutical con-
centrations were measured using similar spectrometric
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techniques. Further study characteristics can be found in
Figure 5.

Physical causes

From the 45 measurement studies, 33 explicitly inves-
tigated flow rate variability due to the physical causes
of mechanical compliance, flow resistance, or dead
volume. The other measurement studies focused on the
performance of specific infusion pumps. Fifteen studies
primarily investigated the role of mechanical compli-
ance caused by infusion components as a cause of flow
rate variability. Of all the studies investigating the role
of mechanical compliance, 10 associated the mechani-
cal compliance with syringes. Seven studies investigated
the physical effect of resistance caused by infusion com-
ponents. Of these studies, four explicitly stated that the
physical effect of resistance was investigated. Eleven
studies investigated dead volume, and all studies explic-
itly stated that the physical effect of dead volume was
investigated. Besides these major physical effects, turbu-
lence in relation to air bubbles was mentioned as a pos-
sible source of flow variability [15]. Also temperature and
viscosity of the infused liquid were indicated as factors
influencing the flow rate [14, 16]. Studies investigating
mechanical compliance in relation to start-up time were
common and mostly measured gravimetrically. Start-up
or onset (time) is defined as the time required to reach
the nominal flow rate or a certain pre-defined fraction
of the nominal flow rate. However, dead volume studies,
usually using spectrometric methods for measuring drug
concentrations, became increasingly numerous during
the last years.

Mechanical compliance and flow resistance

Mechanical compliance and resistance were mostly inves-
tigated in relation to start-up time. However, we have
also found several studies in which compliance was
specifically analyzed [17, 39, 52, 53, 56]. Neff et al. [39]
found a mechanical compliance of approximately 1.2-
1.8 ul/mm Hg (9.0x107 to 1.35x10°® 1/Pa) for several differ-
ent pumps using an Injectomat Syringe (Fresenius, Bad
Homburg, Germany) 50 ml. Weiss et al. [53] found approxi-
mately 1.24-1.85 pl/mm Hg (9.3x10° to 1.38x10°® 1/Pa) for
four different 50-ml syringes: CODAN Medical ApS (Rgdby,
Denmark), IVAC Medical Systems (San Diego, CA, USA),
Becton Dickinson (Plymouth, Ireland) and Fresenius AG
(Bad Homburg, Germany). We found 1.5x10 to 2.1x10*
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Figure 4: Overview of measurement methods used in the included
publications (n=45). Measurement methodologies included gravi-
metric methods, spectrometric methods, and others.

24 | ©oOther
22 | ©Modeling studies
20 = Measurement studies

18
16
14
12

10
8 i

1995-1998  1999-2002 2003-2006 2007-2010
Year of publication

No. of publications

o N MO

2011-2014

Figure 5: Overview of study characteristics. Modeling studies that
were tested using a laboratory setup were categorized as a mod-
eling study.

1/Pa for a B. Braun (Melsungen, Germany) 50-ml syringe
using a pressure gauge and a balance [3]. Kim and Steward
[18] found that the syringe was the most compliant compo-
nent in a syringe infusion setup and specifically stated that
the mechanical compliance is located in the latex plunger of
the syringe. Kim and Steward also found that the accuracy
of the flow rate was not significantly improved with smaller
syringes but that larger syringes delayed the time to reach
an occlusion alarm from 74 to 84 min for the 10- and 60-ml
syringes, respectively. The experiments were performed
with the model 2001 (Medifusion, Medex Inc, Duluth, GA,
USA) pump [18]. Priming the infusion set with some pres-
sure may decrease the effects of mechanical compliance,
thereby decreasing the flow rate onset time. However, a
bolus may occur at start-up [19]. Neff et al., Weiss et al., and
Schmidt et al. [37, 40, 44, 53] evaluated start-up times gravi-
metrically for different syringes and syringe sizes. All stated
the influence of mechanical compliance explicitly and
found that smaller syringe sizes, i.e. syringes with smaller
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diameters and therefore smaller volumes, showed shorter
onset delays and shorter “zero-drug delivery times” in
which there was no flow rate at all. It was found that start-
up time was at least 60 min with the 50-ml syringe. With
the 10-ml syringe, start-up time was <20 min. However,
these start-up times could not entirely be attributed to com-
pliance, although it was attempted to remove other influ-
ences [44]. Neff et al. [40] found between 3.6+0.9 min (10-ml
syringe, 1.0 ml/h nominal flow rate) and 74.5+26.6 min
(50-ml syringe, 0.1 nominal flow rate) start-up time. The
start-up times as well as the no-flow times after lowering
the pump were in correlation with the calculated mechani-
cal compliance and the elastic nature of the plunger mate-
rial [43, 56]. Moreover, lower flow rates were associated with
longer start-up delays [40, 43, 44, 56].

Another cause of pressure changes in an infusion
system, which exploits compliance, is the vertical displace-
ment of the pump. This has been investigated in several
studies. It was generally found that an upward motion is
followed by a bolus delivery, and a downward motion is fol-
lowed by temporary reduced flow output [4, 17, 26, 39, 50,
52, 55]. This effect is not related to the velocity of motion
during the act of vertical displacement of the pumps. Only
the difference in height between the pump and the point
of outflow causes the temporary flow deviation. Infusion
lines were also stated as a source of mechanical compli-
ance [43, 52]. Weiss et al. [52] evaluated gravimetrically
the influence of infusion lines on mechanical compli-
ance due to vertical displacement. The flow rate onset
time, i.e. the time in which there was no flow rate, varied
between 5.1+1.5 s and 44.0+6.8 s (meantSD), depending
on the type of infusion line, after lowering the middle part
of the infusion lines 70 cm below the infusion pump, at
a nominal flow rate of 0.5 ml/h. The infusion lines tested
were Syringe Extension Set (IVAC Medical SYSTEMS,
San Diego, CA, USA, Ref G30402M/652403), Injectomat-
Line (Fresenius, Bad Homburg, Germany, Ref 9011971),
Syringe Extension Set (IVAC Medical SYSTEMS, San
Diego, CA, USA, Ref G30402/652393), Syringe Extension
Set (IVAC Medical SYSTEMS, San Diego, CA, USA, Ref
G30402/652393), and Injectomat Line PEL (Fresenius,
Bad Homburg, Germany, Ref 9000951). The variation
of the results showed a close correlation between the
variation of the infusion line mechanical compliances,
which varied between 0.48+0.17 ul/mm Hg (3.6x107?
+1.3x10? 1/Pa) and 2.15+£0.26 pl/mm Hg (1.6x10%+2.0x10?
1/Pa). These mechanical compliances were obtained using a
blood pressure transducer [52]. Brotschi et al. [4] evaluated
the influence a neonatal Pall in-line filter device (Pall Posi-
dyne Neo Filter 0.2 Im, Pall AG Switzerland, Basel, Switzer-
land) on start-up times and flow rate irregularities during
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vertical displacement of the syringe pump. The experi-
ments were performed with nominal flow rates of 0.5, 1.0,
and 2.0 ml/h. The time to first drop was registered as well
as the time required to reach 95% of the nominal flow rate.
For each of these end points, a comparison between using
an in-line filter and not using an in-line filter was made.
The values, resulting from four repeated experiments, were
presented as median values; the range is denoted between
parentheses. The time required to reach 95% of the nominal
flow rate (95% time) differed significantly when using a
filter and not using a filter for the nominal flow rates of 0.5
ml/h (p=0.02) and 2.0 ml/h (p=0.003) but not for 1.0 ml/h
(p=0.7). For a nominal flow rate of 0.5 ml/h, the time to
first drop was 355.5 s (0-660 s) without the filter and 115 s
(0-320 s) with the filter; the difference was not statistically
significant. Ninety-five percent of the nominal flow rate was
reached in 580 s (360-870 s) without a filter and reduced to
284 s (130-650 s) with the filter. For a nominal flow rate of
1.0 ml/h, the time to first drop was 0 s (0-172 s) without the
filter and 0 s (0-160 s) with the filter; the difference was not
statistically significant. Ninety-five percent of the nominal
flow rate was reached in 230 s (220-350 s) without the filter
and 210 s (120-520 s) with the filter; the difference was not
statistically significant. For a nominal flow rate of 2.0 ml/h,
the time to first drop was 0 s (0 s) without the filter and 0 s
(0-60 s) with the filter; the difference was not statistically
significant. Ninety-five percent of the nominal flow rate was
reached in 249.5 s (153-393 s) without the filter and 62 s (0—
200 s) with the filter. It was concluded that the start-up time
was reduced after introducing an in-line filter. However, the
differences were diminished at higher flow rates, i.e. 1.0 and
2.0 ml/h, and the time to first drop differences were not sta-
tistically significant. The storing of fluid into the compliant
disposables of a system was reduced using an in-line filter
after lowering the pump. The bolus resulting from elevation
of the pump was not reduced using an in-line filter. Experi-
ments were performed gravimetrically, and a thin layer of
oil was used to prevent evaporation [4].

Yet another compliant element in the infusion system
is air. The influence of air bubbles was gravimetrically
evaluated by Davey et al. [6] at 1.0 ml/h. Davey et al.
stated that “[s|mall air bubbles can become lodged in the
pressure-sensing disc part of syringe pump delivery lines.
This can give rise to serious disturbances in fluid delivery
from minute to minute, but does not trigger pump alarms.
Small air bubbles being delivered through non-horizontal
sections of delivery line can also cause significant tran-
sient disturbances to fluid delivery. Flow rate fluctuated
between 1 and 3 ml/h” [6].

Resistance was also evaluated. Angle et al. [1] measured
the pressure using a pressure gauge for several peripherally
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inserted central catheter (PICC) lines, a common vascular
access device. The flow rate was calculated according the
Poiseuille law. Flow rate capacity was related to the inner
diameter. Resistance was specifically given for each PICC
line ranging from approximately 0.05 to 1.5 mm Hg per
ml/h (7 Pa per ml/h to 200 Pa per ml/h) [1]. Non-linear
resistance occurs with several types of valves to prevent
backflow. It has been shown that this causes flow rate vari-
ability [7, 9, 11, 25, 27, 32, 50]. Liu et al. [25] measured the
effect of using several sizes of cannulae in combination
with a SmartSite Needle-Free (CareFusion, San Diego, CA,
USA) anti-reflux valve on the time required to empty an
infusion bag of a volumetric infusion pump. Experiments
were performed under a gravity-only condition, where the
bag was emptied due to gravity alone. Furthermore, a pres-
sure infuser was used; in this case, the bag was squeezed
with a pressure of 0.4 bar (4x10* Pa). Each experiment
was performed with and without an anti-reflux valve and
repeated five times. Results were presented with a 95%
confidence interval (95% CI). For the biggest cannula (14
G), flow rates of 82 (79-86, 95% CI) and 126 (116-135, 95%
CI) ml/min were measured with and without an anti-reflux
valve, respectively, for the gravity-only condition. For the
smallest cannula (20 G), flow rates of 43 (41-44, 95% CI)
and 47 (46-48, 95% CI) ml/min were measured with and
without an anti-reflux valve, respectively, for the gravity-
only condition. Smaller cannulae and the presence of an
anti-reflux valve delayed the emptying of the infusion bag
and thus delayed the flow rate under gravity-only condi-
tion as well as with the use of a pressure infuser [25]. Weiss
et al. [54] investigated different flush techniques for arterial
lines and cannulae and found that, when using a syringe
pump, the onset time of flow rate was significantly longer
than when using a pressure bag system. Start-up time (zero
flow time) was 0.1+0.01 and 7.7+0.5 min for the bag flush
system and syringe pump, respectively [54]. Le Noel et al.
[22] tested the influence of several catheters with different
lengths (42-200 mm) and inner diameters (0.9-1.6 mm) on
the flow rate using a peristaltic pump. The pump contained
a fluid with a viscosity similar to that of blood. Nominal
flow rates of 100, 200, 300, and 400 ml/min were used. The
experiments were performed according to the ISO 10555-3
standard using a gravimetric measurement setup. The
study showed that these relatively high flow rates were not
reached and that the error of the underestimation increased
with decreasing catheter inner-diameters, longer catheter
lengths, and higher fluid viscosity. These findings indicate
that the lower than expected flow rates were related to the
flow resistance caused by the catheter [22]. Van der Eijk
et al. [50] investigated the effects of three different types
of check valves [BBraun Infuvalve (Melsungen, Germany),
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Filtertek BV SyphonSafe (Co., Limerick, Ireland), BBraun
BC1000 (Melsungen, Germany)], on start-up time and the
total delivered volume during measurement; these effects
can be related to flow resistance. A thermal flow meter was
used for a pump with a nominal flow rate of 0.1 ml/h. An
additional pump with a nominal flow rate of 2.5 ml/h was
also measured simultaneously using a Coriolis Flowme-
ter. The pumps were connected to a common central line
with a three-way stopcock. The results were presented as
mean£SD. Start-up time was defined as reaching 75% of the
nominal flow rate. Van der Eijk et al. found longer start-up
times with check valves (up to 43.7£2.7 min) than without
check valves (27.6+3.8 min) for the pump with a nominal
flow rate of 0.1 ml/h. A lower than expected total volume
delivery was found in the pump with a nominal flow rate
of 2.5 ml/h. The lowest value found with a check valve was
124+24% of the expected total volume compared to 52+21%
without a check valve. It can be concluded from the results
that check valves may cause flow reduction [50]. Hall and
Roberts [11] used a flow meter to observe flow rate reduction
caused by three different anti-reflux valves [Protect-a-Line 3
(Vygon (UK) Ltd, Cirencester, UK), Wescott Sae-flo (Wescott
Medical Ltd, Chester-le-Street, UK), B. Braun Back flow valve
(B. Braun Medical, Melsungen, Germany)]. The experiments
were performed with a volumetric pump under gravity
(150-cm height difference) or an applied pressure of 0.4 bar
(4x10* Pa) and measured using a flowmeter. In addition,
the influence of two different cannulae with different diam-
eters (16 G and 20 G) was investigated. Flow rate decreased
for all valves with a 16-G cannula; the highest reductions
were -38% under gravity and -23% (both with the Protect-
a-Line 3) under the applied pressure. For the 20-G cannula,
no statistically significant flow rate reductions were found
[11]. McCarroll et al. [32] evaluated three anti-syphon valves
[B. Braun Medical (Melsungen, Germany) BC1000 Back-
check Valve, Wescott Medical 200 cm (Wescott Medical Ltd,
Chester-le-Street, UK), Vygon Protect-A-Line (Vygon (UK)
Ltd, Cirencester, UK)] at nominal flow rates of 2, 10, and
50 ml/h, using syringe pumps. An observer recorded the
time between depressing the start button and the first drop
that fell from the infusion line. All results were compared
to a “control” situation without an anti-syphon valve. The
results were presented as meantSD. The time to first drop
was longer when an anti-siphon valve was used at lower
nominal flow rates. The longest time until the first drop was
observed was 18.4+9.26 min, as opposed to 3.5+2.09 min in
the control situation, with a nominal flow rate of 2 ml/h. At
the higher nominal flow rates of 10 and 50 ml/h, the times
to first drop were less pronounced. In these cases, none of
the difference with the control group was statistically sig-
nificant, except for the Wescott valve for which a start-up
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time of 0.6+0.33 min was found as opposed to 0.3+£0.14 min
for the control situation. Overall, all the valves performed
similarly within the uncertainties that were presented [32].
At low flow rates, time to first drop was significantly longer
using an anti-syphon valve as opposed to the control group.
At the faster rates, this difference was less pronounced but
still observed in some cases.

Dead volume and multi-infusion

Dead volume or internal volume has been related to central
infusion lines, manifold or the entire infusion set [7, 10, 20,
21, 23, 30, 35, 48]. Dead volume was also associated with
vascular access devices such as catheters [2, 29, 41]. Low-
ering the dead volume was practically unanimously rec-
ommended in the literature reviewed. However, lowering
the volume of tubing by reducing the diameter increases
the resistance [7, 29].

Dead volume is especially important for relatively low
flow rates, i.e. between 0.1 and 10 ml/h. Low flow rates are
typically used on the neonatal intensive care unit (NICU),
because the small infants cannot tolerate large quanti-
ties of fluid [48]. Consequently, the concentrations of the
pharmaceuticals are high. However, this is also the reason
that small deviation can easily cause dosing errors. There-
fore, there has been a focus on flow rate variability in the
NICU setting [17, 33, 50]. However, we also found flow vari-
ability studies outside the NICU setting.

Aresearch group led by Décaudin [7] conducted a series
of studies to investigate the effects of, among other effects,
dead volume. Décaudin et al. investigated two different
multiple-in, single-out infusion sets (both from Doran
International, Toussieu, France) used for multi-infusion.
The sets differed in length and dead volume, i.e. the volume
between the mixing point and the distal end of the infusion
set. In addition, the presence and position of an anti-reflux
valve were varied between the tests. Depending on the
access position of the infusion set (i.e. distal or proximal
with respect the infusion pump), the dead volumes were
between 0.046 and 8.01 ml. Drug concentration at the end
of the infusion set was measured using an UV spectrom-
eter. The mass flow rate and mass flow rate plateau (ug/
min) were investigated, where the mass flow rate plateau
was defined as the mean amount of drug delivered to the
patient per unit time in steady state, i.e. the stage where a
concentration equilibrium has been reached. A deviation in
the “drug delivery plateau” (in percentages) was evaluated,
where 100% corresponded to the expected mass flow rate
plateau. It was hypothesized that values lower than 100%
were caused by backflow from the other pumps connected
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to the same infusion set. In addition, the flow change effi-
ciency (FCE) was calculated. The FCE is the ratio (in per-
centages) of the expected delivered drug and the measured
drug delivered. The “drug delivered” is defined as the “area
under curve” of the mass flow rate during a specific time
period, usually after a flow rate change was initiated. For
example, if during a flow rate start-up period of 30 min,
the mass flow rate corresponds for 100% to the expected
mass flow rate, the FCE is 100%. Three syringe pumps with
nominal flow rate between 7 and 15 ml/h and one carrier
flow volumetric pump with a nominal flow rate of 50 ml/h
were used. The results were presented in mean+SD. The
FCE values were 53.0%+15.4% and 5.6%%8.2%, for dead
volumes of 0.046 and 6.16 ml, respectively. It was therefore
found that infusion sets with lower dead volume resulted in
higher FCE values. This finding was true for any flow rate
change. The presence of an anti-reflux valve increased the
mass flow rate plateau from 92.4% to 99.3% of the theo-
retical curve of the nominal flow rate, without and with an
anti-reflux valve, respectively. This showed that an anti-
reflux valve reduced backflow into the tubing of another
infusion pump, which was connected to the same infusion
set as the infusion pump from which the fluid originated [7].
From the same group, Lannoy et al. [21] conducted similar
experiments using the same infusion sets as Decaudin et al.
[7]. However, in this case, the effects of carrier flow were
investigated. The influence of a 10-min carrier flow inter-
ruption, as well as two different nominal carrier flow rates
of 90 and 350 ml/h, was investigated. The nominal flow
rates of the pump used to simulate drug delivery, noradren-
aline in this case, were varied between a “low flow” and
“high flow” regime of 7 and 65 ml/h, respectively. For the
“low flow” regimen, the FCE values of noradrenaline were
6.7%0.5% and 63.5%+0.8% for dead volumes of 6.16 and
0.046 ml, respectively, during a 10-mi period after stop-
ping the carrier fluid. The FCE values were 257.8%:+25.0%
and 119.9%+0.6% for dead volumes of 6.16 and 0.046 ml,
respectively, during a 10-min period after restarting the
carrier flow. For the “high flow” regime, the FCE values of
noradrenaline were 56.2%+1.8% and 94.7%14.4% for dead
volumes of 6.16 and 0.046 ml, respectively, during a 10-min
period after stopping the carrier fluid. The FCE values were
146.0%16.9% and 102.2%+3.7%, respectively, for dead
volumes of 6.16 and 0.046 ml during a 10-min period after
restarting the carrier flow. This is similar to the conclusion
of Décaudin et al. [48] that a smaller dead volume is provid-
ing a better FCE, which means that the delivered amount of
drugs is closer to the expected value [21].

In another study, Lannoy et al. [20] investigated several
infusion sets with dead volumes between 6.16, 3.70, 1.85,
0.93, and 0.046 ml with and without anti-reflux valves. The
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drug (Noradrenaline) was set to a nominal flow rate of 7
ml/h. The nominal carrier flow rates were 35, 70, and 115
ml/h. The FCE values varied between 5.6% and 53% for 6.16
to 0.046 ml dead volume, respectively, during the period
of the first 5 min. After 10-15 min, FCE was around 100%
for all dead volumes; so after 15 min, the mass flow rate of
noradrenaline was as expected. The FCE increased in a non-
linear fashion with increasing dead volume. Anti-reflux
valves improved the drug delivery (FCE) by approximately
10% for the low carrier flow after a duration of 10 min from
the start. It was found that flow rate variability was less for
the infusion set with a low dead volume [20]. Foinard et al.
[10] evaluated a new low dead volume disposable, 150-cm
extension line (Cair LGL, Civrieux d’Azergues, France),
and a nine-lumen infusion device (Edelvaiss-Multiline®,
Doran International, Toussieu-Lyon, France) in a similar
fashion as the studies conducted by Décaudin et al. [7]
and Lannoy et al. [21, 20] and found a different FCE for the
new disposable when increasing and decreasing the flow
rate in the pump containing noradrenaline. After increas-
ing the nominal flow rate of the noradrenaline from 7 to 14
ml/h, the FCE values were 58.4%5.3% and 84.3%z5.2% for
the conventional and new infusion set, respectively. After
decreasing the nominal flow rate from 7 to 14 ml/h, the FCE
values were 175.3%+8.9% and 108.2%+4.4% for the conven-
tional and new infusion set, respectively [10]. It was con-
cluded that the new disposable showed significantly less
drug delivery disturbances. In the studies conducted by the
group of Décaudin (including Lannoy et al. and Foinard
et al.) [7, 20, 21], a balance was often used to obtain the
cumulative fluid quantity at the end of the infusion setup.
Tsao et al. [27] found that dead volume in a multi-
infusion setting caused flow rate variability after chang-
ing the nominal flow rate. Flow rates used were 10 ml/h
for the carrier and 5 ml/h for the syringe pump containing
the drug. A bolus lasting about 10 min of approximately
20% above the nominal flow rate was found. A spectro-
metric setup was used, and the medication schedule was
based on a neonatal regimen. Moss et al. [35] evaluated a
traditional manifold (4-stopcock Hi-Flo manifold, Arrow
International, Reading, PA, USA) against a new infusion
disposable six-port Multi Line Extension Set (Summit
Medical Products, Worcester, MA, USA). The new infusion
disposables were specifically designed to reduce the dead
volume. Experiments were performed using a carrier flow
of 10 and 3 ml/h for the flow of the pump containing the
model drug; results were presented as meantSD. The start-
up time (50% of the nominal value) of the model drug was
found to be proportional to the dead volume. The shortest
start-up time (3.53£0.11) was found for the new disposable,
the longest start-up was found for the traditional manifold
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(9.21+0.33) [35]. Bartels et al. [2] investigated a double
lumen catheter (#AK-15402, Arrow, Reading, PA, USA) with
similar flow rate and regimens as moss, using a spectromet-
ric method. Bartels et al. found that start-up time until the
drug concentration was reached was significantly longer
with lower flow rates. Also priming, i.e. filling, reduced the
onset time. Lovich et al. [29] investigated the dead volume
of several central venous catheters using a carrier flow of
10 and 60 ml/h and a drug flow of 3 ml/h. The time neces-
sary to reach steady state in the mass flow rate of the model
drug differed between central venous catheters. The differ-
ences were related to dead volume. However, Lovich et al.
stated that besides dead volume, vascular access sizes are
distinguished by their resistance. Oualha et al. [41] evalu-
ated delay time due to dead volume in a central venous
catheter (#CS-16402, Arrow, Teleflex, PA, USA) using ret-
rospective HPLC analysis. A dead volume time was cal-
culated, which amounted to 6 min for a dead volume of
0.3 ml and a nominal flow rate of 2 ml/h. However, 100%
of the expected concentration of the drug was only reached
in 15-18 min, which is longer than the expected time calcu-
lated on the dead volume [41].

Miscellaneous

An early study performed by Lonngvist et al. [26] attrib-
uted a bolus followed after vertical displacement to
design flaws in syringe pumps. After a change in pres-
sure, mechanical compliance may store or release some
additional fluid. In this case, a gap between the plunger
and the syringe driver was indicated as a source for the
flow rate variability after vertical displacement. This
means that the syringe is able to move slightly forward
(upstream, towards the patient) or backward (towards
the pump) as a result of increasing and decreasing the
height of the pump, respectively [26]. Neff et al. [37] found
a similar problem. They also found that pump design
caused significantly different flow rate variability during
vertical displacements of several types of pumps with the
same syringe [39]. Ilan et al. [13] investigated the time until
an occlusion alarm was released for the Sigma 8000-plus
(Sigma, Medina, NY, USA), Graseby 3000 (Smiths Medical,
Watford, Herts, UK), Baxter colleague (Baxter, Deerfield,
IL, USA), and Alaris 7230B (Alaris Medical Systems, San
Diego, CA, USA) peristaltic pumps. Nominal flow rates of
2,10 and 100 ml/h were used. Time to occlusion alarm was
0.340.1, 2.31£0.5 and 11.7£3.1 (mean+SD) min for nominal
flow rates of 100, 10 and 2 ml/h, respectively [13].

Levi et al. [23] evaluated a combination of low flow
syringe and volumetric “infusion” pumps for accuracy
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and precision using a spectrometric setup. In addition, a
multiple-in/single-out stopcock array was evaluated. Levi
et al. found that the infusion pump was more accurate
than a 60-ml syringe pump in generating infusion rates
of both 0.1 and 0.2 ml/h. Also the multiple-in/single-out
stopcock array caused significant delays of at least 30 min
for the concentration to double after the flow rate was
doubled. This was due to dead volume [23]. Neff et al. [39]
investigated three different syringe pumps from two dif-
ferent manufacturers (Fresenius, Bad Homburg, Germany
and IVAC Medical Systems, San Diego, CA, USA) and found
significant differences in zero drug delivery time between
the pumps after vertical displacement while keeping the
same syringe type. The zero drug delivery time varied
from 2.78+0.29 to 5.99+1.09 min. Because the syringe types
were kept constant, the differences in zero drug deliv-
ery time were attributed to the difference in mechanical
compliance of the syringe pump itself, which varied from
1.2240.01 to 1.75+0.02 pg/mm Hg (9.2x109+7.5x10" 1/Pa to
1.3x10%+1.5%10"°1/Pa) [39]. Donmez et al. [8] evaluated 40
syringe pumps (two types) using a variety of syringe sizes,
measuring the time to reach the occlusion alarm at rela-
tively low flow rates of 0.5-5.0 ml/h. Time to occlusion was
longer with lower flow rates and shorter for higher flow
rates, up to 117.3+9.4 min for 0.5 ml/h and 15.0£+7.1 min for
5 ml/h (mean+SD). Syringe type had no statistically sig-
nificant effect on the time to occlusion alarm [8]. Neff
et al. [37] evaluated four syringe pumps at 1 ml/h for start-
up times gravimetrically. Time to first fluid delivery and
time to steady state (time between first fluid delivery and
reaching the nominal flow rate) were evaluated. Signifi-
cant differences were found between the syringe pumps.
The times to first fluid delivery ranged from 0.3+0.1 to
1.1£0.8 min, and the times to steady state ranged from
6.0£3.1 to 11.1+4.3 min after eliminating the gap in the
pump by giving a bolus first. When this bolus was not
given, the time to first fluid delivery and the time to steady
state were 57.2428.6 and 76.3129.0 min, respectively [37].
Neff et al. [38] also evaluated FASTSTART mode in the IVAC
P7000 syringe pump (Alaris Medical Systems, Hampshire,
UK) in a similar kind. FASTSTART delivers an intelligent
bolus to lower start-up times. “FASTSTART significantly
reduced time to first delivery and times to steady state in
the unprimed syringe pump infusion System.” The great-
est improvement was obtained after priming the pump.
The time to steady state was reduced by about 50% from
1.4£1.4 to 0.740.6 (meantSD) min. The experiments were
performed gravimetrically [38]. Sarraf and Mandel [43]
performed a benchmark test for a specific syringe pump
(Graseby 3400, Marcal Medical, Millersville, MD, USA)
using a TRNOO1 isometric transducer (Kent Scientific,
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Torrington, CT, USA). The isomeric transducer was used
to measure a downwards force and was therefore able
to measure the weight of water ejected from the syringe.
“Start-up loss” was measured. Start-up loss was defined
as the difference in mass measured after 25 s compared
with an ideal, instantaneous, start-up curve. Results were
presented as meantSD. Sarraf and Mandel found “mass
lost” between 29.8+1.31 and 937.7+32.36 mg, compared
with the ideal curve, for nominal flow rates between 20
and 400 ml/h, respectively [43].

Miscellaneous infusion pump setups

Although the vast majority of the studies found were
based on syringe or volumetric pumps in an intensive
care setting, we found some studies evaluating the perfor-
mance of less common types of infusion setups.

Pierce et al. [42] evaluated a drip chamber under spe-
cific conditions. Drip chambers monitor the flow rate of
gravity driven volumetric pumps by counting and regulat-
ing drops, ideally independent from physical factors such
as height or resistance. However, it was hypothesized that if
the drip chamber was in a “wide open” condition, the drops
can no longer be quantified and the physical factors start to
influence the flow rate. Under “wide open” conditions, flow
rate varied significantly as a result of changing the height
of the infusion bag from 60 to 120 cm above the point of
outflow. The flow rate increased with 61.2%10.01% from
25.0+0.0 to 40.3£0.5 ml/min (mean%SD) for a 14-G cath-
eter. This catheter had the largest diameter of the catheters
tested. Catheter diameter size also influenced the flow rate
significantly; the largest difference was 2.9-fold (95% CI,
2.84-2.96) between the 14-G and 22-G catheter when the
pump was placed 120 cm above the point of outflow. It was
not recommended to use gravity-driven pumps for admin-
istration of drugs that require accurate delivery such as
vasoactive drugs [42]. Kawabata [16] tested the influence of
temperature and viscosity on the time required to deliver
the total volume of the infusion reservoir. Cancer treatment
regimens were simulated, using actual cytostatic medica-
tion. Viscosity of the cytostatic medications was related to
temperature. The pump evaluated was the SUREFUSER 23,
which is a portable disposable infusion pump. The largest
deviation was found for a total volume (volume to be deliv-
ered) of 250 ml, which was infused in 63 and 55 h for 25°C
and 30°C, respectively [16]. Weiss et al. [55] tested a new
microvolumetric infusion pump (MVIP) at a nominal flow
rate of 0.5 ml/h against a conventional (Alaris Asena GH,
IVAC Medical Systems, Hampshire, UK) syringe pump gravi-
metrically. Time to first fluid and time until achieving 95%
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of the steady state nominal flow rate value were assessed.
Results were presented in mean+SD. Times to first fluid
delivery were 10.5+4.1 and 10.8+4.0 s with a low mechani-
cal compliance 20-ml and a 10-ml syringe, respectively, for
the conventional pump. For the conventional pump, times
until achieving steady state (95% of nominal flow) were
2.0£0.8 and 12.9+74 s for the 10- and 20-ml syringe. The
fastest steady state start-up was 8.8£3.9 s for the MVIP. It
was found that the novel MVIP concept showed to elimi-
nate most of the problems during the initial start-up. In
addition, most problems during steady state flow and ver-
tical pump displacement were improved [55]. Capes et al.
[5] investigated two pumps: the Graseby MS16A (Watford,
UK) syringe driver and the spring driven Springfusor 30
(Go Medical Industries Pty. Ltd. Subiaco, Australia). These
pumps were used for patient-controlled subcutaneous anal-
gesia infusion. The percentage that the flow rate was within
20% of the nominal flow rate over 35 min was measured.
This was 91.9% and 100% for the Graseby and Springfu-
sor, respectively. The percentage within 5% of the nominal
flow rate over 35 h resulted in 58.2+13.2% and 100% for
the Graseby and Springfusor, respectively. However, the
Sprinfusor deviated from +10% to -10% over 35 h in an
almost linear fashion. Temperature had some effect on
the Springfusor. The accuracy was 100% within the 20%
of the nominal flow rate and 97.443.0 for 25°C and 30°C,
respectively. Measurements were performed according to
an adaptation of the Association for the Advancement of
Medical Instrumentation, the International Organization
for Standardization, and the International Electrotech-
nical Commission method [5]. Seo et al. [45] evaluated a
wearable AIVD prototype using an infrared drip chamber
measurement method. The device was able to deliver flow
rates between 36 and 90 ml/h with <10% error [45]. Ilfeld
et al. [14] tested six portable pumps for flow rate accuracy
and consistency using a gravimetric setup. The pumps pro-
vided +15% of the nominal rate for 18%-100% of their infu-
sion duration. Increasing the temperature by steps of 4°C
had different effects on the infusion rates for each model.
However, generally, the flow rates increased for each model
tested, with ranges from 0% to 33% flow rate increase [14].
Two benchmark studies investigating elastomeric pumps
were found. Mohseni and Ebneshahidi [34] measured the
flow rate accuracy after repeated use of 10 different elas-
tomeric pumps (BOT-802, Nanchang Biotek Medical Device
Company, Nanchang, China) because erroneous deliv-
ery times of analgesia were reported after repeated use
of the same elastomeric pump. To simulate the repeated
use, the same elastomeric pump was refilled and re-used
three times. The flow rates were measured gravimetrically
using a microset with 100-ml capacity. Significance of
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evaporation was considered, and temperature was kept at
body temperature. Elastomeric pumps tend to start higher
than the nominal flow rate; this was also the case with
the pumps evaluated in this study. At the start, the flow
rate was about 6.75 ml/h, while the nominal flow rate was
5 ml/h. After about 4 h, the flow rate remained within 5.75
and 4.75 ml/h for the rest of the total infusion time of 20 h.
This profile was similar after repeated use; therefore, it was
concluded that repeated use of elastomeric pumps is safe
[34]. Weisman et al. [51] evaluated five different elastomeric
pumps for accuracy during a total infusion time of about
40-70 h, gravimetrically. The flow rates varied typically
between -30% and +30% of the nominal flow rate for almost
all of the pumps for the total infusion time. However, the
ACTion pump AMBU Inc. (Glen Burnie, MA, USA) was the
most accurate pump, as it infused within +15% from the
beginning to the end of investigation [51].

Theoretical modeling studies

We also found six studies that investigated flow rate varia-
bility theoretically. For Lovich et al. [27, 28], the reason for
modeling was to formally investigate the effects of dead
volume and carrier flow. Moreover, Lovich et al aimed to
raise awareness that the dead volume is a “drug reservoir.”

Lovich et al. [27] derived relatively simple mathemati-
cal models, a plug-flow model and a well-mixed model,
to describe the flow of drugs within the dead volume. The
model simulated two pumps, one carrier flow pump and
one drug flow pump. In the plug-flow model, the drug and
carrier flow mix instantaneously at the mixing point. In the
well-mixed model, the mixture inside the dead volume is
always uniform. The model was tested by measuring the
concentration of a model drug using a spectrometric setup.
The experimental data generally showed features of the
plug-flow model as well as the well-mixed model. Lovich
et al. stated that “[t]he models predict a lag in response time
to changes in carrier or drug flow, which is proportional
to the dead-volume and inversely related to the total flow
rate.” Increasing the carrier flow rate caused a temporary
bolus [27]. Lovich et al. [28] also used a similar approach to
investigate a specific clinical case, involving the infusion of
phenylephrine as a model drug. However, the model devel-
oped was generic and describes the effects on the mass of
drug delivered to the patient after flow rate interventions
for any of the two pumps. Cutting off the carrier flow was
found to reduce drug delivery profoundly. Moreover, after
flow rate interventions disrupted the drug delivery, it was
found that it took longer to reach the steady state flow
rate with a large dead volume, slower carrier flow or larger
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stock-drug concentrations. Lovich et al. stated that “after
a change in carrier flow or drug dosing, a significant lag is
possible before drug delivery achieves steady state” [28].
Murphy and Wilcox [36] developed a mathematical model to
conveniently alter infusion component parameters in order
to study flow dynamics that would otherwise be difficult to
observe in an in vitro situation. Murphy and Wilcox applied
mechanical compliance and flow resistance. The model was
compared to experimental results conducted in an earlier
experiment, in which two syringe pumps were connected
to a common central line. The end of the infusion line was
occluded while the pumps continued to deliver fluid. This
simulated the occlusion of a cannula, which may occur in
clinical practice. The nominal flow rates were 10 and 1 ml/h.
Although the line is occluded, “internal flow” was possible
because of the mechanical compliance of the system, in
which the excess fluid is accommodated for by the expand-
ing compliant infusion components. After the occlusion
was released, the expanded infusion components typically
convert the excess fluid into a bolus until the pressure inside
the system is balanced again. Mechanical compliance and
resistance of the syringes and infusion lines were partly cal-
culated and partly experimentally determined. A mechani-
cal compliance of 0.8x10" m?/Pa (0.8x10¢ 1/Pa) was found
for a representative 50-ml intensive care syringe pump with
a Alaris 1.5-m extension line with an internal diameter of
1.5 mm (CareFusion, San Diego, CA, USA). After the infu-
sion line was released, the experiment found a bolus of 0.8
ml, and the simulation model predicted 0.9 ml [36]. Jayan-
thi and Dabke [15] studied the effects of cannula length. IV
cannulae had the following sizes: 14 G, 16 G, 18 G, and 20 G
(“Venflon” Becton Dickinson, Helsingborg, Sweden). “Stitch
cutter blades” (Swann Morton Ltd., Sheffield, UK) were used
to shorten the cannulae. The 20-G cannula was 32 mm in
length, the rest were 45 mm in length. Flow rates between
approximately 90 and 400 ml/min were observed. Jayanthi
and Dabke stated that “[m]athematical calculations per-
formed using Hagen-Poiseuille’s law predicted an increase
of 40% in flow rates when the IV cannulae were shortened
by 13 mm” [15]. However, in vitro measurement results
showed an increase of only 4%-18%. Jayanthi and Dabke
attributed the difference to turbulence. In-line air bubbles
were stated as a possible cause for turbulence, although it
was attempted to remove air bubbles. Measurements for
the in vitro validation measurements were performed using
an Urodyn 1000 flowmeter (Dantec, UK) [15]. Ma et al. [31]
used the previously developed mathematical derivations of
Lovich et al. [27, 28] to analyze “continuous intravenous infu-
sions in pediatric anesthesia” [31]. The effects of “patient
weight, infusion system dead volume, drug and carrier flow
rates, along with drug stock concentration and dose, on
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propofol and remifentanil delivery to the circulation” [31]
were studied. A lag time related to dead volume and flow
rate was found; the effects were the most prominent for
neonates. The analysis showed the “potential importance
of factors influencing drug delivery to the patient’s circula-
tion, focusing on propofol and remifentanil administration
to small patients” [31]. Levine et al. [24] constructed low-
pressure and high-pressure models and compared to two
difference multi-lumen stets, TIVA three-way set with two
anti-syphon valves and back-check valve (Cardinal Health,
Dublin, OH, USA, product number 500-003 AMS) and the
“Trifuse, 3 clave” (ICU Medical Inc., San Clemente, CA,
USA, product number 011-C4290). The Cardinal consisted of
three arms; the longest was 8 cm with an inner diameter of
1.68 mm. The ICU Medical also consisted of three arms of
18 cm length and an inner diameter of 1.19 mm. The experi-
ments were performed with and without BD (BD Medical,
Franklin Lakes, NJ, USA) Insyte IV cannulae (14 G, 16 G, 18
G, 20 G, and 22 G). The hypothesis was that according to the
Poiseuille equation, narrow and long multi-lumen exten-
sions would impede the flow rate. A pressurized infusion
system was tested in vitro by measuring the different times
of a certain amount of fluid to flow into an open burette. It
was found that the flows were reduced using both multi-
lumen extensions by maximally 76%; the effects were the
most prominent for large cannulae. Moreover, Levine et al.
[24] advised manufacturers to provide information on the
diameters with their disposables.

Discussion

We found 53 studies of which six were theoretical modeling
studies and 45 were in vitro measurement studies. From the
measurement studies, the majority explicitly investigated
a physical cause of either mechanical compliance, flow
resistance, or dead volume. In the following subsections,
we discuss the findings from the literature, focusing on the
physical causes of flow rate variability, in the light of the
four questions stated in the methods section.

Role of mechanical compliance, flow
resistance, and dead volume in flow rate
variability

Mechanical compliance and resistance were mostly
investigated not only in relation to start-up of the flow
rate [17, 39, 40, 43, 53, 56] but also in relation to a delayed
occlusion alarm [8, 13, 18]. However, other effects affect-
ing start-up times were also found. Lonnqvist et al. [26]
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attributed a bolus after vertical displacement of the pump
to design flaws in syringe pumps. Mechanical compli-
ance was not stated as a physical cause; instead, a gap
between the plunger and the syringe driver was indicated
as a source for the flow rate variability after vertical dis-
placement. The disposables used were not specifically
rigid, and the mechanical compliance of the disposables
was not given either. It remains, therefore, unclear what
fraction of the delay is contributed by the gap and what
fraction is contributed by the mechanical compliance.
However, Neff et al. [37] found a similar design problem
with a pump using non-compliant disposables. Besides
pump start-up and other flow rate changes, vertical dis-
placement causes flow rate variability due the mechani-
cal compliance in the system. It was generally found that
an upward motion is followed by a bolus, i.e. a temporary
flow rate increase, and downward motion is followed by
reduced flow output [4, 17, 26, 39, 50, 52, 55].

Resistance accentuates the effects of mechanical com-
pliance; Neff et al. [40] stated that a combination of resist-
ance and mechanical compliance may prolong start-up
times. This statement is supported by modeling studies that
use the RC time as a measure for duration of the start-up
effects, in which the RC time is the product of flow resist-
ance R and mechanical compliance C [47]. Resistance is
largely related to the diameter and the length of the infu-
sion tubing. Especially vascular access devices such as
catheters are resistant. For example, Angle et al. [1] meas-
ured the pressure using a pressure gauge for several periph-
erally inserted central catheter (PICC) lines. PICC lines are
specific central venous vascular access devices. The flow
rate was calculated according the Poiseuille law, with the
assumption that the PICC lines were not significantly com-
pliant. Angle et al. found that the inner diameter of the
PICC line was related to the flow capacity. Resistance was
specifically given for each PICC line [1]. Le Noel et al. [22]
found that the actual flow rate in a fast peristaltic infusion
pump was lower than the preset nominal flow rate using
different catheters with different diameters. Resistance
was explicitly stated as the cause [22]. Non-linear resist-
ance occurs with several types of valves, used to prevent
backflow. It has been shown that this causes flow rate vari-
ability, usually in the form of flow rate reduction or an addi-
tional delay in start-up time [7, 9, 11, 32, 50]. McCarroll et al.
[32] explicitly recognized that the valves provided a high
resistance to flow. However, the resistant effects of valves
are non-linear, and the effects of valves on flow rate were
not always recognized as resistance in all studies found.

Dead volume or internal volume was related to central
infusion lines, manifold or the entire infusion set [7, 10,
20, 21, 23, 30, 35, 48]. Dead volume was also associated
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with vascular access devices such as catheters [2, 29, 41].
Oualha et al. [41] found that the measured delay time due
to dead volume was longer than the theoretical delay time.
Oualha et al. attributed the difference to shear forces. It
was also theorized that diffusion might be responsible [41].
However, it is unlikely that this has a significant impact,
given the flow rate and fluid properties of the watery fluid
as predicted by the number of Péclet. Moreover, other dif-
ferences in the uniformity of the drug concentration in the
dead volume, described earlier by Lovich et al. [27], may
explain the differences found delay. Another possibility is
that the compliance of the infusion setup plays a signifi-
cant role. Modeling studies found that a combination of
flow resistance and mechanical compliance may alter the
flow rate onset. Therefore, this delay is superimposed with
the dead volume effects [47]. If the setup becomes more
complex, it is expected that it can still be simulated by a
more advanced model incorporating mechanical compli-
ance, flow resistance, and dead volume effects. This has
been done to some extent [27, 28, 36].

Besides the major physical effects of mechanical
compliance, resistance, and dead volume, turbulence
in relation with air bubbles was mentioned as a possible
source of flow rate variability [15]. However, in most infu-
sion applications, the flows are too low. In these cases,
the Reynolds number predicts that there will be no tur-
bulence. Also temperature and viscosity of the infused
liquid were found as factors influencing the flow rate
[5, 14, 16, 22]. Large temperature changes and viscous
medication are not common, at least on the intensive
care, where critical medications are ordinarily used.
The design flaws stated earlier [26, 37] are also an effect
not directly related to mechanical compliance, resist-
ance, or dead volume. However, design flaws such as
gaps between the syringe drivers and the syringe have
been improved in the newer models of syringe pumps.
Furthermore, Sarraf and Mandel found that the start-
up delays were correlated to flow rates in an asymptotic
fashion, which is expected from the elastic stress/strain
properties of the infusion material [43].

In summary, it is likely that mechanical compliance,
resistance, and dead volume remain the most important
physical causes of flow variability in infusion.

Components with the largest contribution to
the system’s mechanical compliance

Kim and Steward [18] found that the syringe was the
most compliant component in a syringe infusion setup
and stated that the largest portion of the mechanical
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compliance is located in the latex plunger of the syringe.
We also found that syringes were the most important
source of mechanical compliance [3, 47].

Some other sources of mechanical compliance were
found too. Infusion lines were also stated as a source for
mechanical compliance [43, 52] as well as air bubbles [6].
Besides the syringe, the infusion lines may also act as a
reservoir for fluid after lowering the pump, which causes
the flow rate to reduce. Weiss et al. demonstrated that
some brands of infusion lines clearly contributed to the
total mechanical compliance of the whole system after
vertical displacement of the pump [52]. To what extent the
infusion lines contribute to the entire system mechani-
cal compliance as opposed to other components was not
quantified. Air bubbles can be a relatively large source of
mechanical compliance as well. However, we were not able
to find a source about the regularity of significantly com-
pliant in-line air bubbles in clinical practice. Furthermore,
the pump itself was mentioned as a source of mechanical
compliance [37]. Neff et al. also found that pump design
caused significantly different flow rate variability during
vertical displacements of several types of pumps with
the same syringe [39]. Whether this was due to mechani-
cal compliance in the syringe driver or another problem
was not specifically stated. The start-up times obtained by
Weiss et al., Neff et al., and Schmidt et al. [40, 44, 53, 56]
for different syringes and syringe sizes were in correlation
with the calculated mechanical compliance. Moreover, the
mechanical compliance was closely related to the syringe
plunger area [56]. However, it was also found that for some
brands of syringes, the mechanical compliance was related
to the filling volume. It was concluded that some syringe
walls are also compliant. Nevertheless, Weiss et al. con-
cluded that the plunger accounted for at least two-thirds of
the mechanical compliance [53]. The correlations between
syringe properties such as syringe size, plunger area, and
flow rate onset time demonstrated that the syringe is the
most probable source of mechanical compliance in syringe
pump infusion systems. The mechanical compliance values
varied from 9.0x10° to 2.1x108 1/Pa [3, 39, 53, 56]. It should
be noted that the precise values of mechanical compliance
that were presented are based on the entire infusion setup.
However, as the syringe was found to be the most important
source of mechanical compliance [18], syringes with similar
volumes are eligible for inter-comparison between studies.

Theoretical models of infusion systems

We have presented the main purposes for developing
theoretical models for infusion systems in the results.
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In addition, Ma et al. [31] stated that managing continu-
ous drug infusion requires not only an understanding
of pharmacokinetics inside the patient. It also requires
an understanding of the system delivering the drug into
the bloodstream outside the patient. This can be accom-
plished by modeling. In our opinion, another reason, not
stated in literature, can be that modeling studies are able
to conveniently isolate, e.g. physical effects associated
with mechanical compliance, from other physical effects.
This is more difficult in in vitro laboratory experiments.

The studies from Lovich et al. [27, 28] and Ma et al. [31]
describe a straight-forward description of the dead volume
effect. However, an effort was made to accommodate for
different mixing effects when drug flow mixes with carrier
flow at the mixing point. A plug-flow model assumed that
the drug and carrier flow mix perfectly at the mixing point
and, subsequently, travel as a plug toward the patient.
Conversely, a well-mixed model assumed that the con-
centration in the drug is uniform everywhere in the dead
volume. The time required to reach steady state was three
times longer in well-mixed model compared with the plug-
flow model. It was found that the actual time required to
reach steady state was between the boundaries defined by
the plug-flow and well-mixed models [27]. It is also stated
that carrier flows might introduce diffusion, for which the
model was not able to accommodate. It remains contro-
versial whether diffusion is actually a significant effect
at the flow rates typically used on the intensive care or
operation room. Another limitation of the model was that
it was unable to account for variable carrier flow rates,
while carrier pumps are often gravity-driven volumetric
pumps, in which the flow rates fluctuate [27, 28]. Mechani-
cal compliance and resistance of the infusion system were
also not incorporated in the model used by Lovich et al.
and Ma et al. [27, 28, 31]. It was shown that these effects do
play a significant role in flow rate variability in infusion
systems [47]. Conversely, Murphy and Wilcox [36] were
able to simulate the flow rate variability due to the proper-
ties of mechanical compliance and resistance of the infu-
sion setup but did not incorporate the dead volume effect.
However, to simulate the actual resulting drug delivery of
a clinically relevant infusion setup, the dead volume of
the central infusion line and catheter has to be included
in the model as well. The modeling studies found in this
literature study typically considered a simplified two-
pump multi-infusion situation. Although this makes the
physical effects that were investigated comprehensible, in
clinical practice, a multi-infusion setup usually consists
of much more than two pumps. A model incorporating
more than two pumps might therefore give useful insights
in realistic clinical medication schedules.
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Conclusions

In order to minimize the negative effects of flow rate vari-
ability, reduction of dead volume [27] and mechanical
compliance [56] was recommended. However, this effect
cannot be completely removed. First of all, the patient
should be able to move. So some distance between the
pump and the patient should be maintained, especially
in the case of an incubator where the pumps are situated
outside the incubator. Thus, there will always be some
dead volume. Second, infusion lines should be flexible
and therefore at least somewhat compliant. In case of
completely rigid lines, vascular access devices such as
catheters can easily be damaged as a result of movement.
However, using more rigid and small syringes is recom-
mended for very low flows of critical medications such as
inotropics. Third, shared dead volume of a multi-infusion
setup cannot be avoided in every case. The diameter of a
vascular access device is limited because the size of blood
vessels where the catheter is inserted is limited. This is
especially evident in small children such as neonates.
Lowering the volume of tubing by reducing the diameter
increases the resistance [7, 29]. Consequently, flow resist-
ance is inevitable.

The physical effects of mechanical compliance,
resistance, and dead volume were recognized in the pre-
dominant majority of the studies found. Moreover, it was
concluded that these physical effects are the principal
causes of flow rate variability in infusion. Syringes were
the most important source of mechanical compliance and,
therefore, the principal cause of the delayed onset of flow
rate and delayed occlusion alarm times.
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