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ABSTRACT 
Multi-infusion systems are used frequently at intensive care units to administer several liquid therapeutic agents to 
patients simultaneously. By passively combining the separate infusion lines in one central line, the number of punctures 
needed to access the patient’s body, is reduced. So far, the mutual influence between the different infusion lines is 
unknown. Although the flow properties of single infusion systems have been investigated extensively, only a few 
research groups have investigated the flow properties of multi-infusion systems. We showed in a previous study that 
applying multi-infusion can lead to fluctuations in syringe pump infusions, resulting in uncontrolled and inaccurate drug 
administration. This study presents a performance analysis of multi-infusion systems as used in the Neonatology 
Intensive Care Unit. The dynamics between multiple infusion lines in multi-infusion systems were investigated by 
simulation experiments of clinical conditions. A newly developed real-time spectral-photometric method was used for 
the quantitative determination of concentration and outflow volume using a deconvolution method of absorption spectra 
of mixed fluids. The effects for common clinical interventions were studied in detail. Results showed mutual influence 
between the different infusion lines following these interventions. This mutual influence led to significant volume 
fluctuations up to 50%. These deviations could result in clinically dangerous situations. A complete analysis of the multi-
infusion system characteristics is recommended in further research to estimate both the presence and severity of potential 
risks in clinical use. 
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1. INTRODUCTION 
Medical infusion systems are used to deliver liquid therapeutic agents to patients at an adjustable flow rate in a 
controlled and accurate way. It is common practice in intensive care environments to connect multiple pumps for 
simultaneous delivery of several agents. In neonatal intensive care units, ultra-low to low flow rates ranging from 0.5 -
10.0 ml/h are used to minimize fluid overload. Due to this low flow rates, highly concentrated drugs are used [2]. 
Investigations of Klem et al (1993) and Capes et al (1995) have shown a relation between flow irregularities in drug 
administration and hemodynamic fluctuations when studying neonatal patients [3, 4]. They showed that flow 
irregularities can have significant clinical consequences and that an established balance is very critical. This is important 
for neonatal patients, especially when highly potent vasoactive and inotropic drugs are administered at low flow rates [3-
5]. Therefore, continuous intravenous drug administration in neonatal intensive care requires a high level of continuity 
and accuracy [2-6]. Previous studies have demonstrated that the delivery accuracy of syringe pump infusion systems is 
affected by many factors, including flow rate [4, 7-9], syringe size [10, 11], syringe and infusion line compliance [11, 
12] and vertical displacement of infusion pumps [5, 6, 11, 13]. These effects have been studied thoroughly in single-
pump infusion setups but have not been studied yet in multi-infusion setups. In previous research, we have shown that 
applying interventions on multi-infusion systems can contribute to significant fluctuations in drug delivery. In this study, 
we investigate the quantitative effects of three clinical interventions: 1.infusion start-up; and 2. flow rate doubling. 
Measurements were carried out by using a dedicated method based on spectral-photometry, developed at the department 
of Clinical Physics & Medical Technology at the UMC Utrecht [1].  By applying this method, the effects of the different 
interventions at different flow rates on the total outflow were identified and analyzed. 
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2. MATERIALS AND METHODS 
The multi-infusion setup was identical to the setup and equipment used in the NICU at the Wilhelmina Children’s 
hospital in Utrecht. The experimental setup is shown in Figure 1 and consisted of a variable number of Braun Perfusor® 
Space syringe pumps (B. Braun Melsungen AG, Germany). The pumps were placed above each other in a pump-holding 
unit, with a height difference of approximately 10 cm between pump outlets. The order of placement was fixed, e.g. the 
fastest flowing pump was always on top and the slowest flowing pump was located below. Disposable 50 ml infusion 
syringes (BD Plastipak) filled with absorbing dye solutions were placed in the syringe pump. Every syringe was 
connected to a disposable 200 cm infusion extension line (Cair LGL, France) with an internal diameter of 1.0 mm. All 
extension lines were connected to a disposable central infusion line (Impromediform GmbH, Germany) through a multi-
inlet, single outlet manifold. This central infusion line has a total length of 140cm and an internal diameter of 0.6mm. A 
0.2 µm membrane filter is a fixed part of the central infusion line. The total filling volume of the 200 cm extension line is 
1.9 ml and the total volume of the central infusion line is 1.5 ml.  

Quantitative measurements were performed by using a spectral-photometric setup as described in a previous paper [1]. A 
light source and spectrometer were coupled via two optical fibers and connected to the inline flow cell. This flow cell has 
an internal diameter of 1.5 mm and was connected to a 0.6 mm central infusion line. The flow cell was covered during 
all measurements to prevent interference by external light sources. The fluid was pressed through the infusion lines and 
the interconnected flow cell by two or more infusion pumps. At the end of the central line, the out flowing fluid was 
collected in a cylindrical glass, standing on a 0.001 g precision balance to measure the total amount of pumped fluid 
gravimetrically. The cylindrical glass was closed airtight to prevent evaporation effects. 

2.1 Absorbance spectral-photometry setup  
The method of measurement was based on absorbance spectral-photometry and has been developed to perform real-time 
quantitative analyses of the dynamic flow aspects of a multi-infusion system. The development and validation of this 
method is described extensively in our previous paper [1]. The measuring principle is as follows: the actual measurement 
takes place in the central line of the multi-infusion system, at the point where it is connected to the flow cell. A light 
beam is transmitted through the sample in the flow cell and the transmitted light is detected by connected spectrometer. 
Specific absorbers diluted in distilled water absorb light at a specific wavelength range. By measuring the amount of 
absorbed light in relation to the spectrum, the concentration of the different absorbers in the fluid is determined. This 
method has proven to be suitable for determination and investigation of multi-infusion systems up to four infusion 
pumps with an accuracy within 10%. 

 
Figure 1: schematic view of experimental setup 
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2.2 Description of the experiments  
For each experiment, new and clean pump assemblies (syringe and infusion lines) were used. The syringe and extension 
line were filled with a specific solution, consisting of a selected absorber of known concentration diluted in distilled 
water. Any remaining air was removed and the syringe was inserted into the pump. The central infusion line and the flow 
cell were filled with distilled water before being connected to the extension line. The line from the flow cell to the 
precision balance was not filled with water.  

Measurements were carried out continuously in time. Total flow was recorded by measuring the mass of the out 
streaming fluid using a precision balance. Data output was automatically recorded every 10 seconds, logged and saved 
on the attached PC. The average of three measurements was taken to minimize noise in the mass balance data. Spectral 
data was recorded every 30 seconds and analyzed using dedicated software. 

 

3. CLINICAL SIMULATION EXPERIMENTS  
Three experiments were carried out, summarized in Table 1. The experiments imitated the clinical use of a multi-
infusion system. The first two experiments (#1 and #2) investigated the system performance during pump start-up, 
respectively for two and three infusion pumps. In the third experiment, the flow rate was doubled and later returned to 
the original setting.   

Table 1: Clinical simulation experiments 
No. No. of pumps Flow rates (ml/h) Intervention Setup 
1 2 0.5 ml/h, 4.0 ml/h Pump start-up Standard 

2 3 1.0 ml/h, 2.5 ml/h, 4.0 ml/h Pump start-up Standard 

3 3 1.0 ml/h, 2.5 ml/h, 4.0 ml/h Flow rate doubling Standard 

3.1 Pump start-up 
To analyze pump start-up performance, two experiments were carried out. Syringes and infusion lines were filled with 
the specific absorber solution and were connected as described above. Flow rates were set as presented in table 1. All 
pumps were started manually at the same time by pushing the start-button. Elapsed time was recorded by using a 
stopwatch. At the same time, spectral and gravimetrical data acquisition was started. The pump start-up performance was 
analyzed by the measured spectral data combined with gravimetrical data. The time between the moment the pumps were 
switched on and the first fluid detection, was recorded (detection time) as well as the time when a steady state flow 
corresponding to the set flow rates was shown (stabilizing time).  

3.2 Flow rate doubling 
The effects of flow rate doubling on pump performance were analyzed in experiment #3. Flow rate doubling was 
assessed in a setup with three infusion pumps, and flow rates were set at respectively 1.0 ml/h, 2.5 ml/h and 4.0 ml/h. 
After a stable outflow was reached, the flow rate was adjusted. In general, this situation was obtained within two hours 
after the pumps were started. In all cases, only one flow rate was adjusted per time. First the set flow rate was doubled 
and, after one hour, the flow rate set point was returned to its original value. To adjust the flow rate, the pump was 
stopped for a moment and started again when the new flow rate was set. This all took place within five seconds and 
therefore is assumed that it will not influence the outflow significantly, as the sample time is 30 seconds. Elapsed time 
was recorded by using a stopwatch and outflow data was obtained by using a precision balance.  
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4. RESULTS 

4.1 Pump start-up (experiment #1 and #2) 
The result of experiment #1 is shown in figure 2 and 3. In the pump start-up performance with two pumps, the time 
before an absorber is detected (detection time) is 33 minutes (see figure 2). This is considerably longer than expected 
because of the internal filling volume of the central line (1.5 ml) and the total flow rate (5.0 ml/h). Mass balance data 
showed that it takes 17 minutes before the system generates a stable flow rate equaling the set flow rate of both pumps 
together.  

For both pumps, it takes about 50 minutes to reach a steady flow rate (stabilization time). The result of pump 1 shows an 
overshoot just before the set rate of 1.0 ml/h is reached. The overshoot reaches an outflow of approximately 25% more 
than the set flow rate, during a period of 12 minutes. The result of pump 2 (4.0 ml/h) shows a very gradual increase in 
flow rate towards the set value and is still increasing slowly at 120 minutes after start-up. 

 
Figure 2: Experiment #1. Flow rate per pump during pump start-up simulation with two pumps. Pumps start at t=0.  

The result of experiment #2 is shown in figure 3. It takes about 22 minutes before the absorbing fluid is detected. Mass 
balance data showed that after 10 minutes a stable flow rate was reached.  

At 50 minutes after start-up a steady state flow rate is pumps 1 and 3. The overshoot, which was noticed previously in a 
two-pump setting, is noticed again in pump 1 (1.0 ml/h) and in pump 3 (4.0 ml/h). For pump 1 the maximum overshoot 
value is 10% of the set flow rate and for pump 3 the maximum value is 25% of the set flow rate. During the overshoot of 
pump 1, the flow rate of pump 2 (2.5 ml/h) decreases and starts increasing as the flow rate of pump 1 is decreasing. 
Pump 2 does not show an overshoot and takes considerably longer time to increase flow rate during the start-up phase. 
At 120 minutes after start-up the flow rate is still increasing and the set flow rate is not reached. Mass balance data also 
shows a slight increase during time.  
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Figure 3: Results experiment #2. Flow rate per pump during pump start-up with three pumps. Pumps started at t=0 

4.2 Flow rate doubling 
In the third experiment, the effects of flow rate doubling were investigated. Three pumps were running parallel at low 
rates of 1.0 ml/h, 2.5 ml/h and 4.0 ml/h. The experimental procedure is summarized in table 2. The results of experiment 
#3 are shown in figure 4 and 5.  It takes approximately 20 minutes to reach the new flow rate after a flow rate 
adjustment. Mass balance data (figure 4) shows that a change in flow rate is almost immediately detected by the balance. 
The new total flow rate is almost immediately established as well. The time it takes to pass the central line (1.5 ml) with 
a total flow rate of 7.5 ml/h is 12 minutes. The deviation in flow rate in all pumps is between 10-15% for a flow rate 
adjustment of 1.0 ml/h in one of the pumps. Therefore, doubling the flow rate of pump 3 (4.0 ml/h) leads to flow rate 
deviations in the other pumps of 40-60%. The deviations seem to have influence on the flow rate increase and decrease 
of the adjusted pump, showing a small interruption at times of maximal deviation of the other pumps. 

 
Figure 4: Experiment #3. Flow rate per pump during a flow rate doubling experiment with three pumps. Arrows mark 
time points where the flow rate of the concerned pump is increased and after one hour set back to the initial flow rate. 
Further clarification of the arrows and specific values of the flow rate adjustments are listed in table .2 (see below).  
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Table 2: Interventions in clinical simulation experiment 

T Time Experiment 3 
0 - Pumps running at 1.0 ml/h, 2.5 ml/h, 4.0 ml/h 
1 120 min Pump 1.0 ml/h  2.0 ml/h 
2 180 min Pump 2.0 ml/h  1.0 ml/h 
3 240 min Pump 2.5 ml/h  5.0 ml/h 
4 300 min Pump 5.0 ml/h  2.5 ml/h 
5 360 min Pump 4.0 ml/h  8.0 ml/h 
6 420 min Pump 8.0 ml/h  4.0 ml/h 

 

 

 
Figure 5: Experiment #3. Flow rate per pump during flow rate doubling experiment with three pumps. Flow rate 
doubling of pump 1 from 1.0 ml/h to 2.0 ml/h (A) and of pump 3 from 4.5 ml/h to 9.0 ml/h (B). (detailed view of figure 4)  

 

Flow rate changes in a single pump causes deviations in the other pumps. Figure 5 shows an detailed view of figure 4 at 
the specific intervention time areas. By taking the integral of the deviations in flow rate related to the original flow rate, 
the quantitative deviation volume can be determined. These volume deviations in outflow related to set flow rate are 
displayed graphically in figure 6. The bar width represents the duration in minutes of the deviation and the bar height 
represents the absolute volume of the total deviation in ml. This absolute deviation volume corresponds with the area 
under the flow rate plot. The relative deviation related to the set flow rate over the concerned time period is expressed in 
percentage above each bar. It can be seen that flow rate adjustments of pump 3 lead to the largest relative deviations. 
Flow rate deviations of pump 2 are larger in volume and take considerable more time compared to the other pumps. The 
flow rate deviations of pump 1 are small in size and duration but are relatively seen significant due to the small flow rate 
of the pump. 

A B
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Figure 6: Experiment #3. Absolute and relative deviations in the outflow per pump during flow rate doubling of pump 1 
(left), pump 2 (middle) and pump 3 (right). Absolute deviations are expressed in ml and represented by the height of the 
bar. The duration of the deviation is expressed by the bar width. Relative deviations are expressed as percentage of set 
flow rate and given above each bar.  

5. DISCUSSION 

5.1 Start-up performance 
In the pump start-up experiments three phenomena were observed, which need further explanations: detection time, 
stabilization time, and overshoot.  

The moment of first absorber detection is 33 minutes in experiment #1 and 22 minutes in experiment #2. The expected 
time is 18 respectively 12 minutes based on internal volume of the central line and total flow rate. In previous studies, 
the same phenomenon was observed, mentioning compliance of the infusion lines and syringes as main cause 
[7,12,13,17]. The mass balance data confirmed this influence of compliancy on the detection times. In both experiments 
a delay in reaching a steady state flow rate right after start-up was measured, while all lines were filled at t=0. This delay 
of 17 respectively 10 minutes explains why the measured detection time is longer than was expected in an ideal system 
without any compliant elements.  

Stabilization time is the time it takes before each absorbing fluid has reached the set flow rate. In experiment #1 it took 
20 minutes to reach a steady state flow, calculated from the moment of first fluid detection (t=33 min). In experiment #2, 
it took 25 minutes since first fluid detection (t=22) except for pump 2 (2.5 ml/h) which has not reached a stable flow rate 
after 120 minutes. This is confirmed by the mass balance data (see figure 2 and 3) which still shows a slight increase 
until 120 minutes after start-up. It is unclear what causes this gradual increase over time. To indentify the cause of this 
start-up pattern, repeated measurements have to be performed to check whether this pattern is incidental (e.g. caused by a 
pump defect) or is structural. Preliminary results of such experiments showed a steady state flow after 40 minutes. 

Neff et al. showed in a single-pump setup that it can take up to 19 min before steady-state flow of 1.0 ml/h is reached [7]. 
Laheij et al. reported a period of 25 minutes between first fluid delivery up to steady-state flow of 1.0 ml/h [13]. This is 
in line with our results. The difference between steady state flow of the system (mass balance data) and steady state flow 
per pump (spectral data) is caused by the outflow of water. At t=0 the central line was filled with 1.5 ml water. Until the 
first fluid detection, only water is flowing out of the system. From the point of first absorber detection until absorber 
steady state flow, a mixture of water and absorber is flowing out of the system. The mixing of water and absorbing fluid 
during start-up is explained by the flow characteristics in small diameter tubes. Adhesion effects can cause a parabolic 
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flow distribution. The flow rate in the middle of the tube is higher than along the sides. Therefore it takes considerable 
time before all the water from the infusion line is removed and only absorber is detected.   

Another phenomenon is the overshoot seen in both experiments. A significant overshoot (25%) is shown in experiment 
#2 in pump 3 (4.5 ml/h). This is explained by transient pressure effects in the system that could, for example, cause 
backflow in other infusion lines at the connection point (see figure 7). This hypothesis is supported by the observation 
that the overshoot of pump 3 happens simultaneously with a decrease in pump 2. However, this hypothesis should be 
confirmed by pressure measurements and advanced modeling of experimental results and needs further research.   

 
Figure 7: Connection point of central infusion line. Extension lines are connected at the Luerlock connectors.  

5.2 Flow rate doubling 
Flow rate doubling was assessed in a setup with three infusion pumps. Flow rate adjustments are noticed within 1-3 
minutes by the mass balance as a change in total flow rate. As soon as the system has reached a steady flow rate, 
adjustments are immediately noticed by the system. This indicates that compliance is less influential if the changes are 
smaller than during start-up. Flow rate doubling causes temporary deviations in all other flow rates, as described before. 
A steady situation is reached again within 10-20 minutes, depending on the total flow rate. In our set-up, a change in 
total flow rate of 1.0 ml/h leads to a deviation in flow rate of 10-15% in all single lines. Due to a 5% error of spectral 
data right related to mass balance data right after flow rate adjustments, the measured deviations have an accuracy of 5%. 
These deviations in flow rate are caused by a change of the flow rate of the mixture in the central line. The ratio of mixed 
absorbers in the central line is based on the previous flow rate settings. Administering this fluid mixture (1.5 ml) at 
another flow rate leads to temporal deviations. For this set-up, it takes about 20 minutes for an adjusted pump to reach a 
doubled flow rate. Franken & Vaartjes reported 6 minutes needed to reach a stable flow rate in a multi-infusion set-up 
after flow rate doubling of one pump from 5.0 – 10.0 ml/h [14]. This shorter duration can be explained by the total flow 
rate, which is 55.0 ml/h while in our set-up the total flow rate is 7.5 ml/h.  

6. CONCLUSIONS 
This paper investigated multi-infusion systems as used in the Neonatology Intensive Care from the UMC Utrecht. The 
measuring system based on spectral photometry, developed by the authors, was found to be very suitable for detailed 
investigation of their performance. The expected flow rate fluctuations in syringe pump infusions following interventions 
were present in all experiments. In a stable situation, outflow remains constant at the set flow rate. But the interventions 
of flow rate adjustments lead to significant flow rate deviations up to 50% and in all cases the system needed 
considerable time to re-establish a stable flow rate. The clinical simulation experiments have led to more insight in 
potential risks when applying multi-infusion in clinical settings. An important finding is the long time needed during 
start-up to generate a steady state flow rate. Another important finding is the high influence of fast flowing pumps on the 
total system. Fast flowing pumps have a positive effect on the start-up performance and the response time of the total 
system. But when interventions are performed on a fast flowing pump, the effects on outflow of the other pumps are 
significant. The clinical relevance of these deviations should be further investigated by medical specialists. Medical and 
pharmaceutical knowledge should be combined with the improved insights of simultaneous drug delivery. This is an 
important step in the development of protocols and guidelines aimed to prevent potentially dangerous situations. This 
will lead to a more controlled and safer application of multi-infusion systems in clinical practice.  
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