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I. [bookmark: _Toc129210928]Introduction

The Care Quality Commission regulation 15 sets out requirements to ensure that medical equipment is safe, fully functional, appropriately maintained and available for its intended purpose. Verifying the performance of medical equipment is an important activity during the maintenance and management of the equipment life cycle to ensure availability, reliable performance, and to maximise safety.
One of the largest practised therapies in healthcare organisations is infusion therapy. Intravenous infusions are performed using automated medical devices, known as infusion pumps. These devices are used in critical care environments, so it is extremely important to be able to rely on their performance and safety features: free-flow protection, air-in-line detection and occlusion detection.
[bookmark: _Toc112065707][bookmark: _Toc112325237][bookmark: _Toc112325289][bookmark: _Toc129210929]I.1 Air embolism

Whilst vascular air embolism can occur when air or medical gas enters patient’s circulation, good clinical practice emphasises the importance of ejecting all air from the syringe and aspiration of blood into the syringe when injecting a drug bolus. Despite careful priming, the use of infusion systems may support the development of small air bubbles. Studies have shown that temperature and pressure changes may cause the air bubble to increase in size (Barak and Katz, 2005).
The International Electrotechnical Commission (IEC) addresses the issue by stating:  “Infusion of 1 mL (12.4 mm diameter [calculated as if the bubble were a sphere]) of air within 15 minutes is not considered to be a safety issue. Bubbles of less than 50 µL (4.6 mm diameter) of air each are omitted in summing up the 1 mL”.
A systematic review has shown that these guidelines are not necessarily relevant in a clinical setting (Wilkins and Unverdorben, 2012). For example, very small bubbles (0.004 µL) may produce detectable cerebral ischemia (Seri and Evans, 2008), while IEC standard disregards bubbles smaller than 50 µL. The top limit of 1mL of air is far above the volume associated with possible death in neonates and extremely close to the dose of 1.4mL that could be fatal in the coronary circulation of an adult (Dib et al., 2006). Wilkins and Unverdorben’s work has also identified that it can take up to 30 minutes to absorb 0.010 µL of air. The rate of absorption is an important factor in reducing the tissue damage through blood vessel obstruction and thrombo-inflammatory response effects  (Papadopoulou et al., 2014). Therefore, the IEC standard is questionable as it does not cover how many times is safe to infuse volumes of up to 1mL over successive periods of 15 minutes.
The key factors determining the clinical consequences depend on the volume of air infused and the rate of accumulation. Experimental studies (Moszyński, 2007; Wilkins and Unverdorben, 2012) that have investigated the volume of air to produce circulatory collapse in animals have found 0.5 – 0.75 mL/kg in rabbits and 7.5 to 15mL/kg in dogs. In early 1800s, the estimated lethal air volume was 40-50mL in small dog and 100-120mL in large dog (Panni et al., 2002).Translating this information into studies of human models would be close to impossible, however an estimation can be calculated. Considering the weight of 10kg for small dogs and 25kg for large dogs, one can calculate that approximatively 248 to 310 mL of air can be fatal for an adult with an average body mass of 62kg. Few cases of accidental intravascular delivery of air have been reported (Moszyński, 2007; Natal and Schraga, 2017). The acutely lethal volume of air in human adult is approximatively 3 – 5 mL/kg (Moszyński, 2007), however there is evidence of an infant survival after peripheral air administration of 3.5mL/kg (Levy, Mosseri and Garty, 2000). Cases of fatalities have been reported and they quantified the lethal volume of air in adults to be between 200-300 mL, which is very similar to the volume calculated above, but the exact volume is still unknown (Panni et al., 2002). No significant adverse effects have been reported for flow rates of ~0.02mL/kg/s, while fatal air embolism has occurred for rates of 1mL/kg/s (Wilkins and Unverdorben, 2012).
In static fluids, air with a fixed volume tends to minimise the surface tension which is the largest contributor to the energy of a physical object. The 3D shape with the smallest surface area to volume ratio is a sphere. Therefore, air typically takes the shape of a bubble. In laminar flow, it was observed that air bubbles are not spherical, but they have an ellipsoidal/cylindrical shape, filling the vessel diameter (Branger and Eckmann, 1999; Ye and Bull, 2006; Papadopoulou et al., 2014). Theoretical and animal models have demonstrated that the absorption time of elongated shape air bubbles is increased up to 50% compared to the spherical air bubbles (Barak and Katz, 2005), because its radius is smaller than the length of elongated bubble.
Beside the obstructive behaviour inside the patient’s circulatory system, any amount of air is identified as a foreign body and it can trigger the activation of the coagulation cascade and the release of inflammatory mediators (Myers, 2021).
On the other hand, air bubbles are used to rule out a left to right cardiac shunt. A 38-year-old patient was given four separate boluses of 10ml saline solution with 1% air, one every five minutes; this procedure is known as bubble contrast echocardiography. The patient developed a visual defect due to a paradoxical air embolism (Bassett et al., 2015). Another case report of healthy male 11-week-old infant death was reported due to paradoxical air embolism from peripheral venous infusion of nutrients (Sowell et al., 2007). Also, the performance of a syringe infusion pump is significantly impacted by the presence of small air bubbles (Schulz et al., 2000; Davey and Stather-Dunn, 2005), which can have further consequences and risks, e.g. inappropriate drug volume delivered to patient.
While less than 2% of the patients develop symptomatic air embolus, the associated mortality rate due to air embolism is as high as 21% (Mccarthy et al., 2017). The minimum air bubble size that does not present safety issues has not been identified yet. Since air entering the circulatory system is not a physiological process, the more restrictive the amount of air going into the bloodstream is, the higher the patient safety is when using infusion devices.
Possible sources of air entering the human body are described below:
· via IV lines when ambient pressure is higher than venous pressure and there is an open line to air due to human error (Uhrich, 2000) 
· Infusion fluid degassing, a phenomenon called cavitation which usually happens when fluid passes into the blood system through the cannula (Stegmayr, 2017)
· Damaged of the infusion line
· Difference of temperature between the fluid and environment, e.g. when infusing cold insulin (Heinemann, 2022). While comparing the performance of two devices for air removal, there has simulated the air escaping from IV fluid during warming by injecting air at rates of 5, 10 and 15ml/min (Xu et al., 2018).
· Accidental infusion of air already existing in the fluid bag or trapped inside the IV line. In veterinary medicine, improper flushing of the administration set has been documented: the fluid bag was empty and the remaining air present in the bag could pass the pump’s air sensor (Costa-Farré et al., 2017). A similar case has been reported in humans (Abramson et al., 2020). Important to not is that priming would solve this issue (Eaton and Dhillon, 2003) 
· Accidental administration of gas into vasculature while performing laparoscopic surgery
[bookmark: _Toc112065709]Even though there are multiple causes of air entering the body, the most common is air entering the circulatory system via intravenous lines using infusion systems (Zoremba et al., 2011). The aforementioned studies represent the necessary evidence that a single recommendation (e.g. IEC recommendation) is not appropriate for the entire population. Any air contained within the administration set has the potential risk of entering the patient. The IEC 60601-2-24:2012 Medical electrical equipment - Part 2-24: “Particular requirements for the basic safety and essential performance of infusion pumps and controllers” standard stresses the necessity of using air detectors when using infusion pumps, especially volumetric pumps.

[bookmark: _Toc112325238][bookmark: _Toc112325290][bookmark: _Toc129210930]I.2 Air-in-line detection system

Air bubble detectors, also known as bubble sensors or air-in-line sensors play a critical safety role when used in conjunction with medical devices to monitor the presence of air in infusion pumps, transfusion lines, blood processing systems and dialysis machines. Therefore, air detection systems are critical to maintain the fluid flow rate (Heinemann, 2022) and prevent complications due to air embolism.
There are various techniques used to detect air inside IV lines, and they will be further discussed.
· Photoelectric method: The simplest method implied by air sensors consist in using a light source positioned on one side of the tube carrying fluid and a photodetector placed on the opposite side. Due to different refractive indices, the air passing through the fluid will cause a change in the intensity of the light transmitted to the detector. The minimum detectable bubble size using this type of air bubble detector is 0.02mL (O’donoghue and Fisher, 1984). The method can make use of LED light (Ali, 2019) or IR LED light (‘Smart Bubble Detector for Infusion Pump’, 2018). Although they are cost effective, they are unreliable and they need calibration for different fluids used, e.g. saline, blood (Koumpouros and Maglogiannis, 2000).  
· Impedance method: A linear vertical array of four electrodes (positioned approximatively 10 mm apart) is placed on one side of a transparent tank filled with saline solution. Gas bubbles were introduced through a tube using carbon dioxide gas and their diameter was estimated using a digital video camera. The impedance profile of a bubble of 33.4 mm3 passing at 3.1 mm distance was similar to the theoretical profile. However, there was a decline in performance of the air bubble detector when the depth was increased. For example, the signal generated by a bubble with a 0.5 mm diameter at a 5.3 mm distance is approximatively 66 times lower than the noise level estimated for the system (Nebuya et al., 2004)  Nevertheless, this method could be used in infusion pumps as depth is not an issue.
· Capacitance method: The detection of air bubbles is based on the detection of changes in the capacitor parameters. The capacitor cell consists of two platinum plates of 1.5 cm2 placed at 1 cm distance to one another and electric lead wires to measure the changes in values when air bubbles pass through the saline solution. The experimental study showed the reliability of this system to identify single air bubbles with diameters ranging from 0.62 mm to 4.1 mm (Gafare et al., 2009). A new design of capacitive sensor is proposed and consists of a differential coplanar structure using four electrodes. Simulation using finite element model tool has shown the potential of sensor to detect objects with diameters of 10um (Do et al., 2015). However, one disadvantage is the sensitivity of these sensors to the external electrical field (Busono, 2014)
· Active electro-location method: Mohan and his colleagues have investigated the performance of a bubble detector that was designed based on the different electric conductivity of air and water (Mohan et al., 2013). However, this method seems to perform better in specific applications, i.e. bubble columns, as a good resolution cannot be achieved for IV air bubble detectors.
· Ultrasound method: This is the most common method to detect air bubbles. Two transducers, one emitting ultrasonic pulses and one receiving them, placed on a line of sight of 90° (Busono, 2015) or 180° (Koumpouros and Maglogiannis, 2000; Rienstra and Hall, 2002; Porterfield and Facc, 2020). The performance of the technique is improved by using digital signal processing: digital filtering, envelope detection, modulation of pulse width or cross correlation between the transmitted and the received signal amplitudes. 
Ultrasonic air in line sensors have shown several benefits compared to other types of sensors (Programme et al., 2008; Program, 2012; Li et al., 2021). They are non-invasive, meaning they do not require direct contact with the fluid, reducing the risk of contamination or damage to the sensor. They are also highly sensitive, capable of detecting small amounts of air or fluid in the fluid pathway of medical devices, which is critical for patient safety. Additionally, ultrasonic sensors are not affected by changes in the fluid's viscosity, density or colour, which can impact the accuracy of other types of sensors. This makes ultrasonic air in line sensors ideal for use in a wide range of medical devices, including infusion pumps, dialysis machines, and heart-lung bypass machines. Overall, ultrasonic air in line sensors offer a reliable and accurate solution for detecting air or fluid in the fluid pathway of medical devices, contributing to enhanced patient safety and better clinical outcomes.

[bookmark: _Toc129210931]I.3 Physics of ultrasound

Ultrasound is a type of sound wave that has a frequency above the range of human hearing, conventionally ~20 kHz. Like all sound waves, ultrasound waves travel through a medium, such as air or water, by causing small disturbances in the particles of the medium it is traveling through. These disturbances cause the particles to move from their resting position, and this movement is then transmitted through the medium in a step-by-step manner. This allows the ultrasound wave to travel through the medium, carrying information about the properties of the medium and any objects it encounters along the way.
The speed at which ultrasound waves travel through a medium depends on the properties of the medium, such as its density and stiffness. In general, ultrasound waves travel faster through denser and stiffer materials. The speed of ultrasound waves is directly proportional to its frequency and wavelength and it can be calculated using the following equation:

[bookmark: _Toc129212416]Equation 1: Speed of sound
Where:
· c is the speed of sound, 
· f is the frequency of the wave, 
· λ is the wavelength of the wave.
The speed of ultrasound waves in air is relatively slow, at around 330 m/sec, while the speed of ultrasound waves in water is much faster, at around 1482m/sec at 20˚C. This difference in speed is due to the difference in density and stiffness between air and water. In medical ultrasound imaging, the speed of sound in human tissue is typically around 1540 m/sec (Laugier and Guillaume, 2011; Benjamin et al., 2019).
The transmission of ultrasound waves through various media is affected by their acoustic impedance, which describes how the ultrasound wave is reflected by the media. This implies that each medium has its own unique impedance value that can be quantified using the following formula:
Z = ρ × c
[bookmark: _Toc129212417]Equation 2: The acoustic impedance
Where:
· Z is the acoustic impedance
· ρ (rho) is the density of the medium 
· c is the speed of sound in the medium.
The acoustic impedance of water and air are 1.50 * 106 kg/(m2s) and 340 kg/(m2s)  respectively (Lee et al., 2018).	
By knowing the acoustic impedance of a medium, the reflection coefficient and transmission coefficient of ultrasound waves as they pass through it can be calculated. These coefficients describe the amount of ultrasound wave energy that is reflected or transmitted at the boundary between two different media.
The reflection coefficient (R) is the ratio of the amplitude of the reflected wave to that of the incident wave. It can be expressed as:

[bookmark: _Toc129212418]Equation 3: Reflection coefficient
Where: Z1 and Z2 are the acoustic impedance of the first and second media, respectively.
The transmission coefficient (T) is the ratio of the amplitude of the transmitted wave to that of the incident wave. It can be expressed as:

[bookmark: _Toc129212419]Equation 4: Transmission coefficient
Where: Z1 and Z2 are the acoustic impedance of the first and second media, respectively.
In these systems, the reflection and transmission coefficients of ultrasound waves in air are critical to detecting the presence of air bubbles. The high difference in acoustic impedance between air and the fluid causes a large reflection of the ultrasound waves, which can be detected by the system. The transmission of ultrasound waves through air is also significantly lower than through the fluid, which can further help in detecting the presence of air bubbles.
II. [bookmark: _Toc129210932]Ultrasonic air in line detection system

The structure of ultrasonic air in line sensor is further described and its corresponding flowchart is presented in Figure 1. It consists of a cylindrical housing that contains two piezoelectric crystals, also known as transducers, one emitting ultrasound waves and one receiving them. The ultrasonic signal transmitting unit is electrically stimulated to emit high-frequency sound waves into the fluid stream. When the sound waves encounter an air or fluid boundary, such as a microbubble or fluid-air interface, they reflect back towards the receiving crystal, generating an electrical signal that is proportional to the amount of air or fluid present. This receiving sensor is connected to a signal amplifier that amplifies the signal generated by the other transducer, making it easier to detect and measure. The electrical signal is then processed by the sensor's electronic circuitry, which calculates the volume of air or fluid based on the strength of the signal.
[image: ]
[bookmark: _Toc129212385]Figure 1: Flowchart of ultrasonic air in line detection system (Li et al., 2021)

The ultrasonic air bubble detector is intended to be mounted directly onto the tubing that delivers the liquid to the patient. It is a non-invasive device that does not come into direct contact with the liquid. The working principle is depicted in Figure 2.

[image: ]

[bookmark: _Toc129212386]Figure 2: Design and principle of working of ultrasonic air in line detection system

By using D/A conversion and signal interruption in the signal-processing circuit, the frequency and amplitude variation of the ultrasonic signal can be obtained over time. This allows to calculate the time interval, denoted as ∆t, during which the air bubble passes through the ultrasonic probe. Since the velocity of the bubble in the pipeline is approximately equal to the flow velocity, it is assumed that the flow injection speed, v, represents the bubble speed. If the bubble in the micro-pipeline is big enough to take the shape of the tube, the diameter D of the tube is considered as the bubble diameter d. The bubble volume V can then be estimated by the formula:

[bookmark: _Toc129212420]Equation 5: Volume of air bubble detected by air in line sensors

Figure 3 illustrates several examples of air-in-line sensors that are commonly used in infusion pumps: a – BD infusion pumps, b – Fresenius Kabi infusion pumps and c – B.Braun infusion pumps.

[image: ]
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[bookmark: _Toc129212387]Figure 3: Examples of air in line sensors
A number of challenges associated with air in line detection systems are further described:
[bookmark: _Toc112065710][bookmark: _Toc112325239][bookmark: _Toc112325291]The flow rate of the infusion pump can have a significant impact on the performance of the air-in-line detection system (Da Costa and MacHado, 2011). Higher flow rates can cause air bubbles to break up into smaller bubbles, making them more difficult to detect. Therefore, the system's software must be robust and able to account for variations in flow rate to ensure accurate detection of air bubbles. Manufacturing variance can affect the performance of air-in-line detection systems. Small differences in sensor placement or calibration can lead to false alarms or missed detections. Therefore, quality control measures must be in place to ensure that all sensors are accurately placed and calibrated (Harvey and Frearson, 2019). Moreover, the height of the infusion pump relative to the patient can impact the accuracy of the sensor readings (Summers and Backes, 2014). 

[bookmark: _Toc129210933]II.1 Testing of Air-in-line sensors

There are many studies that rely on the performance of air sensors to detect microbubbles within a fluid. The quantification of air bubbles created by various quantities of agitated saline using a bubble detector has been performed to identify the right amount of air to perform bubble contrast echocardiography and minimise the risk of micro-embolism (Bassett et al., 2015). On a different note, the air detection system of MSIII pumps has been investigated under high-altitude changes to improve patient safety (Paul Pelletier and Fisher, 2017). 
Physical characteristics of a universal air-bubble detector are presented (O’donoghue and Fisher, 1984). The testing involved the use of a syringe to inject small air bubbles in the IV line. However, no information is given on how to test the performance of the air sensor using controlled air bubble size. This has been noticed as a recurrent issue throughout many studies (Rienstra and Hall, 2002; ‘Smart Bubble Detector for Infusion Pump’, 2018; Ali, 2019).
The performance of air detector has been evaluated during simulated minor and major air embolism (Avula, Kramer and Smith, 2005). The testing involved injection of 1 to 60 mL of crystalloid and 30 to 150 mL of red cells, but there is no specification if the injection was performed manually or automatically. The validation and verification of the designed ultrasound bubble detector involve the insertion of different sized bubbles into the IV tubing, but again no further details are presented (Porterfield and Facc, 2020). One of the first technical reviews of air bubble detectors has focused on the effectiveness of these detectors in quantifying microbubble activity during cardiopulmonary bypass (Newland et al., 2015). The study showed there was no correlation between the simultaneous measurement of air bubbles using two air bubble detectors and the two emboli detection and classification quantifiers, indicating that the former detectors were unreliable. However, their comparison is somehow limited by the underestimation of number of air bubbles as they compared the detectors against emboli detection and classification quantifiers and not an industrial reference or a gold standard.
In 2021, Li has developed an air bubble sensor based in ultrasound technology, which was calibrated using the data resulting from image analysis of randomly produced bubbles (Li et al., 2021). They used a high speed camera to capture the bubbles going through the sensor. The acquired images were processed by increasing the brightness and removing the background to enhance the performance of bubble edge-extraction algorithm. Then, they applied the mathematical algorithm: the volume of air was calculated as a sphere if the bubble diameter on image was smaller than 1.5mm (diameter of the tube) and as a cylinder for bubble diameter was bigger than 1.5mm. There is no specification of the software used for image analysis in this study, but NIH ImageJ analysis software (free to download from https://imagej.nih.gov/) has been previously used to analyse images of air bubbles (Puleo, Johnson and Kooney, 2004; Gaillard et al., 2015; Mohagheghian and Elbing, 2018).
The air in line sensor testing for different volumetric pumps is further described, according to the user manual or technical manual – See Table 1 for more details. The technique slightly differs for each infusion pump model and the information given does not include many details (e.g. exact amount of air to be inserted, testing layout or the required flow rate). More importantly to notice is that the testing mostly focuses on differentiating between the two media: air and water, rather than the sensitivity of the air sensor.





	Manufacturer
	Model
	Instructions
	Calibration
	Sensor details

	
	
	
	
	

	Becton Dickinson
	Alaris GP Volumetric Pump 
	Insert a fluid filled infusion set and an air filled infusion set. Confirm pump detects fluid and air correctly
	No calibration available, sensor need to be changed
	Air sensor - integral ultrasonic sensor
Single bubble (configurable): 50µL, 100µL, 250µL, 500µL
Bubble accumulation: 1 ml over a 15 minute window
Air in line detector accuracy =/- 3%

	Fresenius Kabi
	Volumat MC Agilia
	· Start the test with at a flow rate of 500ml/h,
· Create an air bubble in the administration set with a minimum length of 5 cm.
· Check the presence of the air bubble alarm (sound and visual) when the air bubble passes through the air bubble detector.
	Yes
	Default setting: 250µL detected as a single bubble or cumulated volume air over a period of 15 minutes, from
bubble sizes above 50µL.
Resolution of sensor: ~ 10µL

	B. Braun
	Infusomat Space
	Insert a fluid filled infusion set and an air filled infusion set. Check if the corresponding air sensor value in mV for water is >600mV and for air is <100mV.
Generate air bubble of ~0.4ml (~56mm length of line with air. Is the alarm triggered?
	No calibration available, sensor need to be changed
	Technical sensitivity:
Detection of air bubbles ≥ 0.01 ml
Alarm triggering:
Single bubble alarm: 0.02 – 0.3 ml
(default 0.3 ml)
Cumulative air alarm: 0.5 – 3.8 ml/h
(default 1.5 ml/h)
Resolution: 0.01 ml



[bookmark: _Toc129212427]Table 1: Air-in-line sensor testing according to manufacturer’s guidelines
As part of the annual preventative maintenance service, the air in line sensor testing is performed in MEMS workshop, according to the manufacturer’s guidelines. As such, at King’s College Hospital, a random volume of air is inserted in the IV line of Carefusion Alaris VP Plus Guardrails Columetric Pumps and Carefusion Alaris Nexus Volumetric Pumps to confirm that the pumps detects air and fluid correctly. Discussions with colleagues from other NHS Hospitals have shown that at University Hospital Bristol, they insert 4-8cm of air when testing Fresenius Volumat MC Agilia pumps. The same procedure is followed by the technicians at United Lincolnshire Hospitals to confirm that the pumps alarm. In both cases, a ruler is used to confirm the length of air bubble, but in practice it is not always the case. At University Hospitals Dorset, the air in line sensor of B. Braun Infusomat Pumps is tested based on the AIL sensor’s output values in mV for water and air. In conclusion, the tests only focus on the difference between water and air, rather than the accuracy of the air in line sensor
III. [bookmark: _Toc112065711][bookmark: _Toc112325240][bookmark: _Toc112325292][bookmark: _Toc129210934]Project outline and objectives

While dealing with medical fluid delivery services, it is important to ensure safety of the patient by accurately and reliably detecting small air bubbles flowing through fluid carrying tubing to prevent air embolism during medical procedures.
The aim of the project is to investigate the safety and reliability of the air-in-line detection system of infusion pumps. 
The following questions will be answered:
1. Can the infusion pump’s air–in-line detection system be relied upon to detect single air bubbles during an infusion, as specified by the manufacturer?
2. What factors may influence the systems reliability throughout the equipment lifetime?
The project will be divided into 3 different objective:
Objective 1: Develop a validated method to introduce controlled size air bubbles into the system.
Objective 2: Perform accuracy test for single air bubble detection and compare the results against manufacturer’s claims of performance.
Objective 3: Identify and test other factors that may influence the accuracy of air sensor and perform testing

IV. [bookmark: _Toc129210935]Methodology
[bookmark: _Toc129210936]IV.1 Equipment

At King’s College Hospital, IV infusions are performed using a range of different brands and models of volumetric pumps. For the purpose of this project, two different manufacturers and 4 different models of infusion pumps were tested:
· BD Alaris Nexus GP volumetric pumps 
· BD Alaris GP Plus volumetric pumps
· Fresenius Kabi Volumat MC Agilia volumetric pumps
· Fresenius Kabi Agilia VP MC Wifi volumetric pumps

It is not uncommon for different modes of volumetric pumps from the same manufacturer to use the same air in line sensor. The manufacturers may choose to use the same sensor across multiple models of volumetric pumps to ensure consistency in their performance and minimise the need for additional testing and validation. As confirmed by the technical manuals (BD, 2016, 2020), both models of BD volumetric pumps have the same air in line sensor. Similarly, despite the different pump models, the Fresenius Kabi volumetric pumps use the same air in line sensor (Fresenius Kabi, 2017; Kabi, 2019). 

All pumps used during testing were maintained as per manufacturer recommendations. A full list of infusion pumps used and associated details can be observed in Annex I. A summary of the number of pumps grouped by model and age can be seen in Figure 4.




[bookmark: _Toc129181249]
[bookmark: _Toc129212388]Figure 4: Number of tested pumps grouped by model and age


[bookmark: _Toc129210937]IV.2 Testing procedure
Part 1:
To assess the reliability of the AIL sensor of volumetric pumps, a series of tests have been conducted where the pumps were subjected to a volume of air slightly larger than the default threshold. The purpose of the testing is to determine whether the sensor is capable of detecting the presence of air just above its standard sensitivity level, thereby ensuring the safety and efficacy of the device. The pumps were evaluated to see if they were capable of accurately detecting the air and triggering the alarm within an acceptable timeframe. 
Table 2 illustrates the maximum default threshold for each volumetric pump and the actual air volume tested for each pump.

	Manufacturer
	Model
	AIL limit
	Accuracy
	AIL range
	Volume of air tested

	BD
	Alaris Nexus GP
	500uL
	±3%
	485uL – 515uL
	550uL

	BD
	Alaris GP Plus
	500uL
	±3%
	485uL – 515uL
	550uL

	Fresenius Kabi
	Volumat MC Agilia
	250uL
	~10uL
	240uL – 260uL
	300uL

	Fresenius Kabi
	Agilia VP MC Wifi
	250uL
	~10uL
	240uL – 260uL
	300uL


[bookmark: _Toc129212428]Table 2: Assessment of Maximum Default Threshold and Tested Air Volume for Volumetric Pumps
Part 2:
For the second part of the project, there was investigated the impact of different factors on the performance of the air in line sensor. Specifically, the effects of age and cleaning on the accuracy and precision of the sensor measurements were examined. To test the effect of age, a sample of pumps and sensors that had been in use for different periods of time were used, ranging from zero to nine years. The same test procedure was performed as in the first part of the project, and compared the alarm outcome to the expected results based on the known volume of air injected. To test the effect of cleaning, few pumps were cleaned, including the air in line sensor, using Clinell Universal Wipes. The pumps were left to dry for 30 minutes and then tested again.
Binary linear regression was used to determine if factors such as age and cleaning have a significant effect on the performance of air in line sensor.
A p-value smaller than 0.05 was considered statistically significant. All statistical analysis were performed in IBM SPSS Statistics 28 and all graphs were designed using Microsoft Excel.

[bookmark: _Toc129210938]IV.3 Validation of Air in line insertion system

The introduction of air bubbles in fluid systems is an important step in testing the performance of air-in-line detectors. In the past, this process was often performed manually, where an operator would manually inject a controlled amount of air into the system using a syringe. This method, while simple and inexpensive, was often prone to variability and inconsistency due to the manual nature of the procedure. 
To perform the testing of AIL sensor, a validated method to introduce controlled size air bubbles is necessary as the size of the air bubble introduced into the system is a critical factor that can impact the performance of the sensor. The use of a validated method for introducing controlled size air bubbles ensures that the testing is repeatable, reliable and can be standardised, which is important for comparing results across different pumps and sensors. To address this limitation, an automated procedure was developed to introduce air bubbles into the system. The use of automated equipment has several advantages over manual injection methods, including greater precision and accuracy, reduced variability, and improved efficiency.
At this stage, a range of equipment has been assessed to decide which air injection device to use. The assessment involved the capability of the device to deliver small and accurate amounts of liquid as specified by the manufacturer as well as the ease of use (i.e user already had training on using the devices). Full list of considered injection devices and their scores are attached in Annex II. For the purpose of this project, the syringe driver was found to be the most suitable air injection device. 
The test layout was designed based on the manufacturer instructions for use and adapted to the air bubble insertion. The test layout is illustrated in Figure 5. It consists of several components as described below:
1. BD Alaris Nexus GP volumetric pump or Fresenius Kabi Volumat MC Agilia volumetric pump to drive the fluid through the system 
2. Baxter bag of 1000 ml sterile water; it serves as the fluid source for the volumetric pump
3. The corresponding administration set for each volumetric pump to connect the sterile water bag to the tubing (Alaris  add name and Volumat Line VL ST00)
4. “Y” connector to allow air bubble insertion into the system – add name
5. BD 50mL syringe with Luer-Lok tip and B.Braun Safeflow filled with air to introduce air bubbles
6. BD Alaris Nexus CC Syringe Driver to automatically introduce controlled size air bubbles intro the system
7. Container
8. IV pole to hold and keep the components at the appropriate height.
9. Millimetre graph paper 
10. Phone camera
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[bookmark: _Toc129212389]Figure 5: Test setup A – Testing setup realised for demonstration purposes, B – real test setup


Validation of a system is a fundamental process in ensuring its reliability and performance in meeting its intended objectives. In order to achieve this, it is imperative to identify and test all potential sources of errors that may affect the individual components of the system. All components were assessed individually to ensure that they performed as expected and each testing is further described.

[bookmark: _Toc129210939]IV.3.1 Administration set – length and priming volume
The length and priming volume of administration sets are critical factors that can affect the accuracy and precision of medical devices, such as infusion pumps. The characteristics of each administration set used for this project were identified on the back of each packaging and they are also highlighted in the Table 3. 


	Product code
	Product description
	Length (cm) 
	Priming volume (mL)

	60593
	Alaris™ GP Series Primary infusion set with 15μm chamber filter
	265
	24

	VL ST00
	Standard set for infusion, 15µ filter
	255
	25



[bookmark: _Toc129212429]Table 3: Characteristics of administration sets

In order to clarify the meaning of the length and priming volume indicated on the administration set packaging, testing was necessary. The testing process involved measuring the length of the administration set from the base of the dripping chamber to the other end, where the male luer lock ends. The priming volume of the administration set was also tested, and it referred to the amount of fluid that was contained in the tubing, excluding the dripping chamber. Figure 3 depicts the main components of the administration set and the length that was measured.




Length of the administration set
1
2[image: ]
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[bookmark: _Toc129181251][bookmark: _Toc129212390]Figure 6: Administration set – (1) Dripping chamber, (2) Roller clamp, (3) Male luer lock

The measurements for both length and priming volume can be found in Figure 4. The mean values of the measurements were further considered for required calculations. 



[bookmark: _Toc129181252][bookmark: _Toc129212391]Figure 7: Test results for length and priming volume

[bookmark: _Toc129210940]IV.3.2 Administration set – leaks and blockages

A “Y” connector is commonly used to merge two fluid sources into a single output. A “Y” connector was attached to the 2 models of administration set at 10 cm far from the dripping chamber to allow sufficient remaining administration set to perform the air bubble measurements. It is important to ensure that the “Y” connector is securely attached and there are no leaks or blockages that could affect the flow of fluids. Therefore, two tests were performed for each administration set, which will be further described:
1. Leaks test
The roller clamp on the administration set is closed to prevent fluid from flowing. A pressure gauge is connected to the injection port of the infusion set. The system is pressurised using the attached syringe. The pressure gauge should remain steady without any fluctuations. If the gauge shows a decrease in pressure, this could indicate a leak into the system. Any identified leaks were addressed by tighten loose connections or replacing affected components. 
The calibration date of the pressure gauge was verified to ensure accurate readings. A volume of 1mL of air was introduced using the syringe driver and constant pressure of about 15mmHg was recorded after 1 minute. Figure 8 depicts the leajage testing setup.
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[bookmark: _Toc129212392]Figure 8: Leaks testing setup


2. Blockage test 
The administration set was hung on an IV pole with the roller clamp opened. The fluid was allowed to flow freely through the administration set for few seconds while observing the flow. The flow should be steady and consistent. The tube should be pinched and released few times to make sure the fluid resumes the flowing at the same rate as before.

[bookmark: _Toc129210941]IV.3.3 Syringe driver

As per instructions manual, the intended purpose of the syringe pump is to deliver precise and controlled doses of medication, fluids nutritional supplements or blood and blood products to patients. Therefore, a test is required to analyse if the characteristics of the syringe driver are similar when delivering either liquid or gas. Testing if a syringe driver delivers the same volume of air and liquid is a procedure used to ensure that the syringe driver is accurate and reliable in delivering both types of substances.
The procedure involves using a cylinder and a digital scale (very sensitive, up to 200g) to measure the volume of liquid and air delivered by the syringe driver under the same conditions and comparing the two measurements to see if they are the same. 
1. The liquid-liquid volume displacement 
2. The air-liquid volume displacement 
In both cases, the administration set was primed and filled with liquid. First, the syringe was filled with liquid and connected to the syringe driver to deliver a set volume of 0.55mL. The displaced liquid was delivered into the cylinder which was placed on the digital sales. The mass of displaced water was recorded. Then, the air-filled syringe was connected to the syringe driver to deliver a set volume of 0.5ml into the liquid filled administration set. The mass of displaced water was recorded again. The delivery process was monitored to ensure that the entire volume of water or air was delivered before taking the measurements. The two measurements were compared. In both cases, the results were within the limit considered by the manufacturer as acceptable. The test was repeated for Fresenius Kabi administration set for a volume of 0.3mL Full list of results is attached in Annex III.

[bookmark: _Toc129210942]IV.3.4 Volumetric pump

Different volumetric pumps were tested to ensure they do not influence the insertion of controlled size bubbles in any way. Three BD Alaris Nexus GP volumetric pumps and three Fresenius Kabi Volumat MC Agilia volumetric pump have been tested to validate the system. 

Pictures of the inserted bubbles were taken and they were further analysed using the ImageJ software. To facilitate the analysis of the resulting images, several different types of dyes were used to create a high contrast between the liquid and the air trapped inside the administration set. These dyes included alcohol dye, food dye, acrylic and natural dye. 

While alcohol dye, food dye, and acrylic were effective at creating a high-contrast image, they had the unfortunate side effect of altering the properties of the fluid being administered: changes in viscosity, introducing impurities that blocked the 15um filter of administration set or colouring the tubing of the administration set. On the other hand, the natural dye did not appear to alter the properties of the fluid. This was likely because natural dye was derived from plant (beetroot) and it was less likely to contain chemical additives that could affect the fluid being administered. As a result, the natural dye was the best choice for creating a high-contrast image without altering the properties of the fluid being administered.

[bookmark: _Toc129210943]IV.3.5 Image analysis

A similar technique as described above from (Li et al., 2021) has been used to validate the designed system to introduce controlled size air bubbles into the IV line. The iPhone 14 Pro camera was used acquire bubble images. Further image analysis was performed using ImageJ analysis software.

First, sterile water was injected in the pump. I allowed the air bubble to flow through the pipeline smoothly. I used an iPhone 14 Pro camera to acquire bubble images inserted into the system. Initial image pre-processing was performed in Photoshop to ensure a good delimitation of the administrations set by adding two parallel lines to each side of the administration set. Figure 9 presents an illustrative example of before and after pre-processing.
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[bookmark: _Toc129212393]Figure 9: Image pre-processing to delineate the tubing: A – before pre-processing, B – after pre-processing
ImageJ software was further used for image analysis. Figure 10 gives an overview of how the algorithm analyses air bubble length and Figure 11 shows the corresponding results of each step in the analysis. Image processing involved the creation of a binary image of the tube from colour images before being processed by the ImageJ Analyse Particles algorithm. Accordingly, original uncompressed 24-bit colour images were first converted to 8-bit grey-scale image, then to a binary image based on user input threshold limits. ImageJ inbuilt commands “8-bit” and “Threshold...” performed these pre-processing tasks. For threshold limit setting, the lower and upper limits were adjusted so that the air bubble of interest was carefully covered. The “Auto-threshold” was used as a guide. A constant threshold range from 130 to 255 was used for all the images in this work. The ImageJ “Analyse Particles” routine was further used to generate a list of particles. All particles were initially displayed and then sorted by size. The particle with the biggest area was identified as the air bubble of interest. The automatic length measurement tool was used to evaluate the length of the bubble. All measurements are attached in Annex IV.



[bookmark: _Toc129212394]Figure 10: Schematic overview of analysing the length of inserted air bubbles
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[bookmark: _Toc129212395]Figure 11: Results of analysing the length of inserted air bubbles

[bookmark: _Toc129210944]IV.3.6 Normal distribution

Using the normal distribution to analyse and interpret the data collected from the air in line injection system, will provide with valuable insights into the system's performance. The normal distribution is a commonly used statistical model that approximates many natural phenomena and real-world processes. The normal distribution is symmetric, bell-shaped, and characterized by its mean and standard deviation. 
Assuming that the data collected from the air in line injection system are normally distributed, the mean and standard deviation were used to understand the central tendency and variability of the data to draw conclusions about the system's performance with a certain level of confidence.
For the final validation, air bubbles were introduced into the system using a syringe driver and six different pumps were tested as follows:
· 10 air bubbles of 0.55mL were introduced in the administration set at a flow rate of 200mL/hour for each of the three BD Alaris Nexus GP volumetric pumps that were pumping fluid at a flow rate of 100mL/hour.
· 10 air bubbles of 0.3mL were introduced in the administration set at a flow rate of 200mL/hour for each of the three Fresenius Kabi Volumat MC Agilia volumetric pumps that were pumping fluid at a flow rate of 100mL/hour
The length of the air bubble introduced into the system was measured each time, and a normal distribution was used to model the distribution of the data for each pump and each model. See Figure 12 for more details.
ANOVA statistical test was used to verify if the means of the normal distributions for the length of air bubbles introduced by each pump are significantly different from each other. There is no significant difference in the performance of introducing air in line system while using different BD pumps (p>0.05). The mean length of 0.55mL air bubbles introduced by the syringe driver when using BD volumetric pumps was 76.2 mm (95% CI: 69.1-83.4 mm). Same test was performed for Fresenoius Kabi pumps and there was no statistically significant difference in their performance (p>0.05). The mean length of 0.3mL air bubbles introduced by the syringe driver when using Fresenius Kabi volumetric pumps was estimated to be 44.1 mm (95% CI: 34.6-53.6 mm).
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[bookmark: _Toc129212396]Figure 12: Normal distribution: A - BD pumps, B - Fresenius Kabi pumps





V. [bookmark: _Toc129210945]Results
[bookmark: _Toc129210946]V.1 Question 1
The present study aimed to evaluate the performance of the air in line sensor through a series of tests. A total of 178 test were conducted, of which 160 (89.9%) were categorised as passed, indicating the sensor successfully alarmed in response to the presence of air in the line. However, 18 of the tests (10.1%) were deemed failed, implying the sensor did not register the presence of an air bubble over the set threshold. 
The main results of the first part of the project are shown below in Figure 13. 

[bookmark: _Toc129212397]Figure 13: Results for Part 1 testing

In this study, two different manufacturers of volumetric pump (BD and Fresenius Kabi) were tested to determine if there is a significant difference in failure rates between them. The results showed that the failure rate of BD pumps was 18.05%, while Fresenius Kabi pumps had a failure rate of 4.71%. The number of failed tests by manufacturer are shown in Figure 14. The statistical analysis of the data revealed that there was a significant difference (p<0.05) in the failure rates between the two manufacturers, with Fresenius Kabi pumps showing a lower failure rate than BD pumps. 


[bookmark: _Toc129212398]Figure 14: Comparison of test results by manufacturer

Although the present study focused on evaluating the performance of the air in line sensor with lengths of air bubbles over the set threshold level, it was acknowledge that inserting bubbles with variable lengths (see Section IV.3.6 for confidence intervals) may affect the sensor’s performance.
To gain further insights and assess the real air length threshold of these pumps, additional testing was conducted on five BD pumps that previously failed the initial testing. Results are shown in Figure 15. For example, pump 17-3785 has a real air in line alarm threshold for air bubbles within the range 70.2 – 71.8 mm (equivalent to 0.51 – 0.53 mL at atmospheric pressure). The exact ranges are presented in Annex V. To determine the exact threshold for these pumps further testing is required but this is beyond the scope of the current project.

[bookmark: _Toc129212399]Figure 15: Threshold ranges

[bookmark: _Toc129210947]V.2 Question 2

The results of the study indicated that neither age nor cleaning had a statistically significant (p>0.05) impact on air in line sensor performance. This implies that there was no notable difference in sensor performance based on the age of the sensor or the cleaning it received.
More details on statistical testing can be found in Annex VI.











VI. [bookmark: _Toc129210948]Discussion

Testing the accuracy of air in line sensors on volumetric pumps is a crucial aspect of ensuring patient safety during intravenous (IV) therapy. These sensors are designed to detect the presence of air in the IV tubing and prevent air embolism, which is a serious and potentially fatal complication. Air embolism can occur when air bubbles enter the bloodstream and obstruct blood flow, leading to tissue damage and organ failure. Therefore, accurate air in line sensors are critical for preventing air embolism and ensuring safe and effective IV therapy.
BS EN 60601-2-24:2015 
As part of annual preventative maintenance service, the air in line sensor testing typically focuses on the ability of the sensor to distinguish between air and water. This is an important test, as it confirms that the sensor is capable of detecting the presence of air bubbles and triggering an alarm to stop the infusion. However, this test alone does not provide a complete picture of the accuracy of the air in line sensor.
The literature review revealed that there are no published papers testing the accuracy and performance of air in line sensors. Most of the research that has been conducted in this area has focused on the calibration of these devices (Add references). While calibration is undoubtedly an important aspect of air in line sensor performance, it is not the only factor that affects the accuracy of these devices.
Therefore, the aim of the study was to investigate the safety and reliability of the air-in-line detection system of infusion pumps. Specifically, the project aimed to answer two key questions: whether the infusion pump's air-in-line detection system can reliably detect single air bubbles during an infusion, as specified by the manufacturer, and what factors may influence the system's reliability over its lifetime. To achieve these objectives, the project was be divided into three parts: developing a validated method for introducing controlled size air bubbles into the system, performing accuracy tests for single air bubble detection and comparing the results against the manufacturer's claims of performance, and identifying and testing other factors that may influence the accuracy of the air sensor. Ultimately, this research will help to determine the effectiveness of air-in-line detection systems in infusion pumps and provide recommendations on testing strategies to assess their reliability and safety.
In order to test the performance of air in line sensors, a system was needed to introduce air bubbles into the system. Although syringe drivers are commonly used to deliver liquid, they can also be used to deliver gases, including air. However, it is important to validate the performance of the syringe driver for delivering air, as its intended purpose, as described by the manufacturer, is to deliver liquid. Validating the syringe driver for gas delivery involves ensuring that the syringe and driver are suitable for delivering a precise and accurate volume of air. 
The initial testing of the syringe driver for air delivery showed that it could efficiently deliver a volume of 0.3mL or 0.55 mL of liquid or air when the administration set was not connected to the volumetric pump and left it opened to atmospheric pressure. When connected to the closed system via the “Y” connector, the pump did not perform as expected. For example, for the same amount of volume of air to be infused set on the syringe driver, the length of air bubble varied between different testing trials. 
The variation of bubbles can be attributed to different factors. One possible factor is the variable pressure inside the tubing due to peristaltic movement of the volumetric pump. The pump delivers liquid by squeezing it through the flexible tube of administration set using a rotating mechanism with a series of rollers. As the rollers rotate, they compress the flexible tube against a fixed surface, creating a temporary seal that pushes the liquid through the tube. This will result in a pressure increase. The pressure will decrease as the rollers move away from the fixed surface, allowing the tube to expand and refill with liquid before the next compression cycle begins. This cycle of pressure increase and decrease continues throughout the pumping process to ensure a constant liquid flow rate. The effect of the pressure fluctuations could be detected during testing when the length of the air bubble trapped inside the tube changes its length. When the pressure is high, the bubble is compressed and its length decreases, and when the pressure is low, the bubble expands and its length increases.
Another phenomena was observed when injecting air bubble into the system. The initial entry of the air into the tube was slow because the air had to overcome the resistance of the liquid in the tube. As the syringe driver pushed the air from the syringe, the pressure built up to exceed the pressure inside the tubing and a sudden expansion of the air bubble could be noticed. This factor might have a huge impact on the variability of air bubble lengths. While the syringe driver was considered to provide a highly controlled and precise method of introducing air into the system to enable accurate measurements of the air pressure in the pipeline and ensure that the readings were consistent and reliable, it was observed that certain conditions of the testing pipeline could affect this system. Nevertheless, this was accounted for when testing by calculating the 95% CI for each pump model and volume.
To answer the first question, 178 tests were performed. Even though ~ 10% of the trials that resulted in alarm failure were not statistically significant, the potential to clinical risks should be considered. If the air-in-line detection system is not reliable, it may fail to detect air bubbles in the infusion line which could be potentially dangerous to the patient receiving the infusion. The risk of developing air embolism is generally lower in venous infusion compared to arterial infusion (Ibrahim et al., 2018). This is due to the fact that the pressure in the venous system is lower than the arterial system, and as a result, smaller air bubbles have the potential to cause blockages in the arteries. Nevertheless, potential complications in venous infusion due to large volumes of air need to be addressed. In our study, each pump was tested three times and it alarmed at least once. Important to note that, even if the set amount of air to be inserted was the same for all three sessions under the same conditions, the only variable was the length of the air bubble within the tube. 
The study found that the lengths of bubbles inserted into the system had a 95% confidence interval (CI) that exceeded the threshold for air detection calculated based on manufacturer’s specifications. However, the remaining 5% of the bubbles were within or under the threshold, suggesting that it was possible for bubbles to be present in the system without being detected by the air in line sensor.
This finding may explain why some pumps in the study failed to perform as expected, as they may have been unable to detect smaller bubbles that were present in the system but fell within the detection threshold. 
This observation prompted further investigation into the true threshold value of the air-in-line detection system. The purpose of this investigation was to better understand the performance characteristics of the air-in-line detection system and determine whether the failures to alarm observed during the initial testing were indicative of a broader issue with the system's design or calibration. Using the same procedure for testing, ten bubbles of the same amount were introduced in each of the selected pumps. Each of the bubble could be visualised with a different length inside the tubing and this resulted in identifying an inconsistent threshold with ranges between 70mm – 74.99 mm and not 64.7mm – 68.7mm as initially calculated (this is the linear equivalent of 0.5mL of air in tube with ±3% under atmospheric pressure).
When two bubbles with the same volume but different lengths due to compression pass through an air in line sensor, they will be detected differently by the sensor. This is because the length of the bubble affects the amount of time it takes for the ultrasonic wave to travel through the bubble and return to the sensor, and this time delay is a key factor in the sensor's detection algorithm.
The longer bubble, which has a larger surface area and therefore more opportunity to interact with the ultrasonic wave, will produce a stronger reflection signal that arrives back at the sensor later than the reflection signal from the shorter bubble. The sensor's algorithm will use this time delay and the amplitude of the reflection signals to determine the size and position of the bubbles in the fluid. 
There was a significant difference in the performance of air in line sensors between the two manufacturers, which may be attributed to the difference in sensor calibration during preventative maintenance. The sensor of Fresenius Kabi pumps can be calibrated, while the others do not. Sensor calibration is a critical factor in the accuracy and reliability of air in line detection systems, as it helps to ensure that the sensor is properly adjusted to detect air bubbles at the correct threshold. The ability to calibrate the sensor during preventative maintenance may improve and reassure about the performance of the air in line sensor in detecting air bubbles.
Studies have shown a deterioration in performance of any medical device due to factors such as usage rate, environmental conditions and age (Hrvat et al., 2020) and also a degradation in accuracy and reliability of ultrasonic sensors over time (Quattrocchi et al., 2022). Despite initial assumptions, the age of the ultrasonic air-in-line sensor did not demonstrate a statistically significant impact on its performance. Testing was conducted on a range of pumps preponderantly new (0-1 years old) or very old (~9 years old). There was no indication of sensor failure in the asset register as no relevant repair records were found. Therefore, it was assumed that the age of air in line sensor matched the age of the pump. These results suggest that air in line sensors are generally reliable and consistent in their performance, regardless of age, and can be used with confidence in various settings. These findings may provide valuable insights for clinicians that rely on air in line sensors for monitoring purposes to provide patient safety. 
Another factor initially considered for affecting the performance of air in line sensors was the residues left on the sensor after cleaning the medical device. At King’s College Hospital, all pumps are completely cleaned, including the air in line sensor, using the green or red Clinell wipes, depending on infection status. Usually, the pumps are left to dry before being used. The active ingredients in Clinell wipes can leave residues on surfaces after cleaning. These residues can vary in concentration and may be visible or invisible. According to the literature and reports from manufacturers and users of medical devices, the presence of residues on the surfaces of these devices can disrupt their function (TIR30:2011, 2011; Kulkarni, Shoff and Lucas, 2012). Therefore, it is important to use appropriate cleaning techniques and validate the effectiveness of the cleaning process to ensure that all residue is removed from the surface of medical devices. For the present study, 15 pumps were fully cleaned as per manufacturer’s instructions and left to try for 30 minutes before performing testing. The results showed that cleaning residues do not have a significant impact on the performance of the sensor. The type of residue and the specific characteristics of the pump sensor may play a role in whether or not cleaning residues affect performance. The residues appeared as a thin layer or spots on the surface of the sensor case. It was possible that the pump sensor was not susceptible to interference from the tested residue.

VII. [bookmark: _Toc129210949]Limitations and future work 

The study aimed to test the performance of air in line sensor and how it is impacted by age and cleaning. The data was collected by testing different pumps of varying ages, and measuring the performance of the air in line sensor before and after cleaning.
However, the study had some limitations due to time and availability constraints, such as a reduced sample size and not having many pumps for each age group. A reduced sample size can affect the reliability and generalisability of the results, as it may not be representative of the overall population. Additionally, having a limited number of pumps for each age group may make it difficult to draw conclusive results about the impact of age and cleaning on the sensor's performance.
Another limitation identified was the method used to insert air bubbles into the system. While the method was able to insert bubbles over the threshold with a 95% confidence interval, it was not accurate or precise enough to consistently insert the same length of bubble multiple times. The syringe driver performed well initially and it showed great potential. Under the final testing conditions it did not perform as expected, but the validation results showed that it can still be used for the purpose of this study. The method to insert controlled size air bubbles needs further attention.
Due to limited information provided by the manufacturer regarding the testing procedure, I was unable to replicate the exact testing conditions specified by the manufacturer. Despite this lack of information from the manufacturer may have influenced the results, I still believe that the study provided valuable insights into the accuracy of the air in line sensor under conditions different to the manufacturer’s that more closely resemble to real-world use. 
VIII. [bookmark: _Toc129210950]Conclusions
Intravenous (IV) therapy is an essential component of nursing practice, but it is not without complications. One potential complication is the occurrence of air embolisms, which can be life-threatening for patients. To prevent the occurrence of air embolisms, air in line sensors have been developed to detect air bubbles in IV lines. The result of the study suggests that air in line sensors are generally reliable in detecting air bubbles regardless of their age or attached cleaning residues.
Clinical settings are often fast-paced and busy, with medical staff attending to multiple patients simultaneously. In such environments, relying on visual or audio alarms from medical devices can be crucial to alert staff to potential complications, including air embolisms. However, the reliability and sensitivity of these alarms depend on the proper functioning of the underlying sensors. Therefore, the sensitivity and reliability of these sensors are essential for patient safety. Regular testing and maintenance of these sensors are necessary to ensure proper functioning, and medical staff should be trained on the appropriate use and interpretation of the alarms. By ensuring the proper functioning of sensors and alarms, medical staff can improve patient safety and reduce the risk of complications during clinical procedures.
If the sensor is not reliable, it may generate false alarms, which can lead to unnecessary downtime, increased maintenance costs, and reduced productivity. Nuisance alarms can also lead to a loss of confidence in the sensor system, resulting in decreased usage or even complete abandonment of the system. The reliability of the sensor can be achieved through proper calibration, regular maintenance, and periodic testing. BS EN 60601-2-24:2015 is a British standard focusing on the safety and effectiveness of infusion pumps and it provides the corresponding requirements to achieve this. This standard highlights that compliance with this standard is provided through inspection and functional testing in accordance with the manufacturer’s specifications. While the testing specified in the infusion pump’s service manual does not specifically assess the sensitivity of the sensor, it does verify that the sensor is functioning correctly by detecting the presence of air or fluid. Differentiating between water and air during preventative maintenance may not be sufficient to ensure the sensitivity of the sensor in clinical settings.
Many studies (Bridi, Louro and Da Silva, 2014; Vitoux, Schuster and Glover, 2018; Waterson and Bedner, 2019) have reported the alarm fatigue and its implications to staff and patient care. However, nuisance alarms can occur when the sensor is too sensitive and detects small amounts of air or fluid, leading to customer complaints. On the other hand, if the sensor is not sensitive enough, it may not detect large volumes of air or fluid that could cause harm to the patient. Therefore, it is essential that air-in-line sensors have a high level of accuracy to detect the appropriate levels of air or fluid in the fluid pathway of medical devices. 
From a customer perspective, hospitals purchase medical equipment based on the technical specifications provided by the manufacturer, with the expectation that the equipment will perform as described in the manual. This is especially important when it comes to critical components such as infusion pumps, where patient safety can be compromised if the equipment does not perform as expected. Even though most pumps alarm as expected, there are still reasons for concern if some pumps fail to detect air or fluid in the fluid pathway of the medical device. This can lead to potential patient harm and compromise the overall safety of the medical procedure. Therefore, it is essential that manufacturers of medical equipment provide accurate technical specifications and that healthcare providers conduct regular preventative maintenance and functional testing to ensure that the equipment is functioning correctly. Additionally, healthcare providers should be trained to recognize the signs of equipment failure and to take appropriate action if they suspect that the equipment is not functioning correctly.

IX. [bookmark: _Toc129210951][bookmark: _Annex_1_–]Annexes
[bookmark: _Toc129210952]IX.1 Annex I – List of tested pumps
	TagNumber
	Description
	Manufacturer
	Model
	Serial No
	InServiceDate
	StatusDateTime
	Cost Centre Name
	Ownership

	17-2036
	Infusion Pump
	Fresenius
	AGILIA VP MC WIFI
	24753327
	19/01/2021 00:00
	19/01/2021 12:00
	Adult Critical Care
	Purchase

	L3015
	Infusion Pump
	Fresenius
	AGILIA VP MC WIFI
	24487819
	03/04/2020 00:00
	07/04/2020 11:00
	Equipment Library
	Purchase

	L4552
	Infusion Pump
	Fresenius
	AGILIA VP MC WIFI
	25059107
	07/12/2022 00:00
	07/12/2022 16:06
	Equipment Library
	Consumable Deal

	L4553
	Infusion Pump
	Fresenius
	AGILIA VP MC WIFI
	25059104
	07/12/2022 00:00
	07/12/2022 16:10
	Equipment Library
	Consumable Deal

	L4554
	Infusion Pump
	Fresenius
	AGILIA VP MC WIFI
	25059062
	07/12/2022 00:00
	07/12/2022 16:10
	Equipment Library
	Consumable Deal

	L4555
	Infusion Pump
	Fresenius
	AGILIA VP MC WIFI
	25059087
	07/12/2022 00:00
	07/12/2022 16:10
	Equipment Library
	Consumable Deal

	L4556
	Infusion Pump
	Fresenius
	AGILIA VP MC WIFI
	25059064
	07/12/2022 00:00
	07/12/2022 16:11
	Equipment Library
	Consumable Deal

	L4558
	Infusion Pump
	Fresenius
	AGILIA VP MC WIFI
	25059091
	07/12/2022 00:00
	07/12/2022 16:11
	Equipment Library
	Consumable Deal

	L4559
	Infusion Pump
	Fresenius
	AGILIA VP MC WIFI
	25059096
	07/12/2022 00:00
	07/12/2022 16:11
	Equipment Library
	Consumable Deal

	L4433
	Infusion Pump
	Fresenius
	AGILIA VP MC WIFI
	25059115
	28/11/2022 00:00
	28/11/2022 12:07
	Equipment Library
	Consumable Deal

	L4487
	Infusion Pump
	Fresenius
	AGILIA VP MC WIFI
	25057978
	28/11/2022 00:00
	28/11/2022 12:21
	Equipment Library
	Consumable Deal

	L4488
	Infusion Pump
	Fresenius
	AGILIA VP MC WIFI
	25057973
	28/11/2022 00:00
	28/11/2022 12:21
	Equipment Library
	Consumable Deal

	L4320
	Infusion Pump
	Fresenius
	AGILIA VP MC WIFI
	25059079
	14/11/2022 00:00
	14/11/2022 12:18
	Equipment Library
	Consumable Deal

	L4338
	Infusion Pump
	Fresenius
	AGILIA VP MC WIFI
	25083118
	14/11/2022 00:00
	14/11/2022 12:20
	Equipment Library
	Consumable Deal

	L2204
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	22537132
	16/12/2014 00:00
	07/02/2023 15:32
	Equipment Library
	Purchase

	L2206
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	22537094
	16/12/2014 00:00
	07/02/2023 15:33
	Equipment Library
	Purchase

	L2278
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	22714835
	14/06/2015 00:00
	10/02/2023 11:58
	Equipment Library
	Purchase

	L2089
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	21996977
	06/12/2013 00:00
	07/02/2023 15:36
	Equipment Library
	Purchase

	L2241
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	22535914
	28/01/2015 00:00
	07/02/2023 15:30
	Equipment Library
	Purchase

	L2244
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	22535870
	28/01/2015 00:00
	07/02/2023 15:31
	Equipment Library
	Purchase

	L2925
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	23613236
	19/03/2020 00:00
	07/02/2023 15:31
	Equipment Library
	Purchase

	L2844
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	23613257
	19/03/2020 00:00
	07/02/2023 15:30
	Equipment Library
	Purchase

	L2857
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	23613255
	19/03/2020 00:00
	07/02/2023 15:31
	Equipment Library
	Purchase

	L2511
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	23405900
	05/09/2017 00:00
	07/02/2023 15:33
	Equipment Library
	Purchase

	L2479
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	23405870
	09/08/2017 00:00
	07/02/2023 15:32
	Equipment Library
	Purchase

	L1391
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	21960310
	30/05/2013 00:00
	07/02/2023 15:35
	Equipment Library
	Purchase

	L1397
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	21960365
	30/05/2013 00:00
	07/02/2023 15:36
	Equipment Library
	Purchase

	L1407
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	21939419
	30/05/2013 00:00
	07/02/2023 15:37
	Equipment Library
	Purchase

	L1428
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	21939412
	29/05/2013 00:00
	07/02/2023 15:37
	Equipment Library
	Purchase

	L1462
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	21939417
	30/05/2013 00:00
	07/02/2023 15:36
	Equipment Library
	Purchase

	L1675
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	21960297
	26/08/2013 00:00
	07/02/2023 15:35
	Equipment Library
	Lease

	L1690
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	21960335
	26/08/2013 00:00
	26/08/2022 13:14
	Equipment Library
	Lease

	L1473
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	21939359
	30/05/2013 00:00
	07/02/2023 15:35
	Equipment Library
	Purchase

	97-339
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	019130/23403089
	24/04/2017 00:00
	07/02/2023 16:00
	Fisk And Cheere Ward
	Purchase

	101-134
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	21939369
	29/05/2013 00:00
	07/02/2023 16:04
	Clinical Research Facility
	Purchase

	97-358
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	019130/23403121
	23/04/2017 00:00
	10/02/2023 11:17
	Fisk And Cheere Ward
	Purchase

	97-347
	Infusion Pump
	Fresenius
	Volumat MC Agilia
	019130/23403133
	24/04/2017 00:00
	07/02/2023 16:00
	Renal Outpatients
	Purchase

	56-113
	Infusion Pump
	BD
	Alaris GP Plus
	8006-07706
	19/02/2015 00:00
	01/06/2022 09:53
	Equipment Library
	Found in Use

	56-115
	Infusion Pump
	BD
	Alaris GP Plus
	8026-18695
	19/02/2015 00:00
	01/06/2022 09:52
	Equipment Library
	Found in Use

	56-116
	Infusion Pump
	BD
	Alaris GP Plus
	8006-07737
	19/02/2015 00:00
	01/06/2022 09:53
	Equipment Library
	Found in Use

	56-119
	Infusion Pump
	BD
	Alaris GP Plus
	8006-06692
	19/02/2015 00:00
	01/06/2022 09:53
	Equipment Library
	Found in Use

	17-3681
	Volumetric Pump
	BD
	Alaris Nexus GP
	410010801
	09/02/2022 00:00
	23/02/2022 12:00
	Adult Critical Care
	Consumable Deal

	17-3683
	Volumetric Pump
	BD
	Alaris Nexus GP
	410010861
	09/02/2022 00:00
	23/02/2022 12:00
	Adult Critical Care
	Consumable Deal

	17-3688
	Volumetric Pump
	BD
	Alaris Nexus GP
	410010826
	09/02/2022 00:00
	23/02/2022 12:00
	Adult Critical Care
	Consumable Deal

	17-3689
	Volumetric Pump
	BD
	Alaris Nexus GP
	410010796
	09/02/2022 00:00
	23/02/2022 12:00
	Adult Critical Care
	Consumable Deal

	17-3692
	Volumetric Pump
	BD
	Alaris Nexus GP
	410010823
	09/02/2022 00:00
	23/02/2022 12:00
	Adult Critical Care
	Consumable Deal

	17-3698
	Volumetric Pump
	BD
	Alaris Nexus GP
	410010817
	09/02/2022 00:00
	23/02/2022 12:00
	Adult Critical Care
	Consumable Deal

	17-3701
	Volumetric Pump
	BD
	Alaris Nexus GP
	410010809
	09/02/2022 00:00
	23/02/2022 12:00
	Adult Critical Care
	Consumable Deal

	17-3704
	Volumetric Pump
	BD
	Alaris Nexus GP
	410010711
	09/02/2022 00:00
	23/02/2022 12:00
	Adult Critical Care
	Consumable Deal

	17-3737
	Volumetric Pump
	BD
	Alaris Nexus GP
	410010816
	25/02/2022 00:00
	02/03/2022 12:00
	Adult Critical Care
	Consumable Deal

	17-3750
	Volumetric Pump
	BD
	Alaris Nexus GP
	410009882
	25/02/2022 00:00
	02/03/2022 12:00
	Adult Critical Care
	Consumable Deal

	17-3751
	Volumetric Pump
	BD
	Alaris Nexus GP
	410010478
	25/02/2022 00:00
	02/03/2022 12:00
	Adult Critical Care
	Consumable Deal

	17-3752
	Volumetric Pump
	BD
	Alaris Nexus GP
	410010683
	25/02/2022 00:00
	02/03/2022 12:00
	Adult Critical Care
	Consumable Deal

	17-3757
	Volumetric Pump
	BD
	Alaris Nexus GP
	410010376
	25/02/2022 00:00
	02/03/2022 12:00
	Adult Critical Care
	Consumable Deal

	17-3761
	Volumetric Pump
	BD
	Alaris Nexus GP
	410010847
	25/02/2022 00:00
	02/03/2022 12:00
	Adult Critical Care
	Consumable Deal

	17-3785
	Volumetric Pump
	BD
	Alaris Nexus GP
	410010792
	25/02/2022 00:00
	02/03/2022 12:00
	Adult Critical Care
	Consumable Deal

	17-3383
	Volumetric Pump
	BD
	Alaris Nexus GP
	410009050
	27/01/2022 00:00
	31/01/2022 12:00
	Adult Critical Care
	Consumable Deal

	17-3384
	Volumetric Pump
	BD
	Alaris Nexus GP
	410009039
	27/01/2022 00:00
	31/01/2022 12:00
	Adult Critical Care
	Consumable Deal

	17-3387
	Volumetric Pump
	BD
	Alaris Nexus GP
	410009062
	27/01/2022 00:00
	31/01/2022 12:00
	Adult Critical Care
	Consumable Deal

	17-3388
	Volumetric Pump
	BD
	Alaris Nexus GP
	410009070
	27/01/2022 00:00
	31/01/2022 12:00
	Adult Critical Care
	Consumable Deal

	17-3389
	Volumetric Pump
	BD
	Alaris Nexus GP
	410009272
	27/01/2022 00:00
	31/01/2022 12:00
	Adult Critical Care
	Consumable Deal
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	Device
	Administration volume
	Score 1
	Accuracy
	Score 2
	User training
	Score 3
	Total score

	Nutricia Flocare Infinity
	1mL – 4000mL
	1
	± 5%
	1
	no
	1
	3

	BD Alaris neXus CC Syringe Pump
	0.1mL – 100mL
	2
	± 2%
	2
	yes
	2
	6

	Cane Crono 30 syringe driver
	1ml – 20mL
	1
	± 2%
	2
	no
	1
	4

	BD Alaris nexus volumetric pump
	1mL-9999mL
	1
	± 5%
	1
	yes
	2
	4

	McKinley T34 Syringe Pump
	0.1 – 50mL
	2
	± 2%
	2
	no
	1
	5
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	Administration set
	Test
	 Measurement 1 (mL)
	Measurement  2 (mL)
	Measurement 3 (mL)
	Average
(mL)

	BD
	Liquid- liquid
	0.54
	0.56
	0.54
	0.546

	
	Liquid-Air
	0.56
	0.55
	0.55
	0.553

	Fresenius Kabi
	Liquid- liquid
	0.31
	0.3
	0.31
	0.306

	
	Liquid-Air
	0.29
	0.3
	0.29
	0.293
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		BD Pumps
	Length (mm)

	Pump 1
	71.474

	Pump 1
	68.933

	Pump 1
	82.87

	Pump 1
	70.524

	Pump 1
	79.67

	Pump 1
	69.654

	Pump 1
	74.914

	Pump 1
	78.638

	Pump 1
	75.27

	Pump 1
	84.092

	Pump 2
	76.389

	Pump 2
	81.892

	Pump 2
	74.418

	Pump 2
	79.688

	Pump 2
	72.304

	Pump 2
	78.125

	Pump 2
	73.094

	Pump 2
	82.875

	Pump 2
	73.438

	Pump 2
	79.481

	Pump 2
	74.127

	Pump 3
	77.354

	Pump 3
	78.795

	Pump 3
	68.395

	Pump 3
	78.354

	Pump 3
	75.846

	Pump 3
	74.875

	Pump 3
	77.567

	Pump 3
	69.873

	Pump 3
	68.626

	Pump 3
	79.23



		Fresenius pumps
	Length (mm)

	Pump 1
	83.472

	Pump 1
	67.434

	Pump 1
	63.838

	Pump 1
	64.226

	Pump 1
	61.698

	Pump 1
	70.312

	Pump 1
	58.124

	Pump 1
	63.2

	Pump 1
	76.015

	Pump 1
	70.432

	Pump 2
	75.690

	Pump 2
	74.621

	Pump 2
	77.912

	Pump 2
	72.866

	Pump 2
	60.137

	Pump 2
	70.454

	Pump 2
	67.348

	Pump 2
	79.042

	Pump 2
	64.323

	Pump 2
	73.386

	Pump 3
	62.484

	Pump 3
	67.238

	Pump 3
	74.152

	Pump 3
	68.794

	Pump 3
	80.219

	Pump 3
	74.562

	Pump 3
	76.285

	Pump 3
	59.698

	Pump 3
	80.976

	Pump 3
	71.152










[bookmark: _Toc129210956][bookmark: _Annex_V_–]Annex V – Real threshold ranges

	Pumps 
	17-3785
	17-3683
	17-3757
	17-3387
	17-3761

	Number
	Bubble length [mm]
	Alarms
	Bubble length [mm]
	Alarms
	Bubble length [mm]
	Alarms
	Bubble length [mm]
	Alarms
	Bubble length [mm]
	Alarms

	1
	65.466
	0
	63.648
	0
	61.484
	0
	55.935
	0
	60.681
	0

	2
	66.844
	0
	65.064
	0
	67.437
	0
	61.549
	0
	64.494
	0

	3
	67.595
	0
	66.051
	0
	68.217
	0
	61.576
	0
	66.606
	0

	4
	67.926
	0
	68.871
	0
	69.302
	0
	64.493
	0
	67.405
	0

	5
	68.61
	0
	68.891
	0
	69.687
	0
	65.046
	0
	68.679
	0

	6
	68.868
	0
	69.324
	0
	69.811
	0
	66.588
	0
	69.498
	0

	7
	69.304
	0
	70.618
	0
	69.827
	0
	66.639
	0
	70.257
	0

	8
	69.423
	0
	70.699
	0
	69.943
	0
	66.829
	0
	71.173
	0

	9
	69.873
	0
	70.884
	0
	70.122
	0
	66.943
	0
	72.16
	0

	10
	69.875
	0
	70.886
	0
	72.264
	0
	67.694
	0
	72.579
	0

	11
	70.2
	0
	71.114
	0
	72.866
	1
	69.254
	0
	73.019
	0

	12
	71.807
	1
	71.305
	0
	74.533
	1
	70.699
	0
	74.268
	1

	13
	72.241
	1
	71.343
	0
	75.255
	1
	71.542
	0
	75.031
	1

	14
	72.252
	1
	71.351
	0
	75.7
	1
	71.73
	0
	76.718
	1

	15
	72.438
	1
	71.513
	0
	76.961
	1
	73.3
	0
	77.652
	1

	16
	74.049
	1
	73.425
	1
	77.425
	1
	73.651
	0
	77.786
	1

	17
	74.625
	1
	74.091
	1
	78.041
	1
	74.99
	1
	79.441
	1

	18
	76.387
	1
	75.093
	1
	79.045
	1
	75.619
	1
	79.441
	1

	19
	76.497
	1
	76.057
	1
	79.256
	1
	75.812
	1
	80
	1

	20
	76.655
	1
	82.625
	1
	82.565
	1
	83.855
	1
	90.875
	1













Annex VI – Statistical analysis results
 Part 1
	Test_outcome

	
	Frequency
	Percent
	Valid Percent
	Cumulative Percent

	Valid
	fail
	18
	10.1
	10.1
	10.1

	
	pass
	160
	89.9
	89.9
	100.0

	
	Total
	178
	100.0
	100.0
	





	
	Pump
	Total

	
	BD
	Fresenius
	

	Alarm test
	fail
	13
	5
	18

	
	pass
	59
	101
	160

	Total
	72
	106
	178



	Chi-Square Tests

	
	Value
	df
	Asymptotic Significance (2-sided)
	Exact Sig. (2-sided)
	Exact Sig. (1-sided)

	Pearson Chi-Square
	8.392a
	1
	.004
	
	

	Continuity Correctionb
	6.989
	1
	.008
	
	

	Likelihood Ratio
	8.304
	1
	.004
	
	

	Fisher's Exact Test
	
	
	
	.005
	.004

	N of Valid Cases
	178
	
	
	
	

	a. 0 cells (0.0%) have expected count less than 5. The minimum expected count is 7.28.

	b. Computed only for a 2x2 table






Part 2:
Logistic Regression


[DataSet1] C:\Users\Larisa\Documents\MSc CE.sav


	Warnings

	Text: Cleaning_status Command: LOGISTIC REGRESSION
This procedure cannot use string variables longer than 8 bytes.  The values will be truncated.




	Case Processing Summary

	Unweighted Casesa
	N
	Percent

	Selected Cases
	Included in Analysis
	210
	100.0

	
	Missing Cases
	0
	.0

	
	Total
	210
	100.0

	Unselected Cases
	0
	.0

	Total
	210
	100.0

	a. If weight is in effect, see classification table for the total number of cases.



	Dependent Variable Encoding

	Original Value
	Internal Value

	fail
	0

	pass
	1



	Categorical Variables Codings

	
	Frequency
	Parameter coding

	
	
	(1)

	Cleaning_status
	Cleaned
	32
	1.000

	
	Not clea
	178
	.000




Block 0: Beginning Block


	Classification Tablea,b

	
	Observed
	Predicted

	
	
	Alarm
	Percentage Correct

	
	
	fail
	pass
	

	Step 0
	Alarm
	fail
	0
	23
	.0

	
	
	pass
	0
	187
	100.0

	
	Overall Percentage
	
	
	89.0

	a. Constant is included in the model.

	b. The cut value is .500



	Variables in the Equation

	
	B
	S.E.
	Wald
	df
	Sig.
	Exp(B)

	Step 0
	Constant
	2.096
	.221
	89.944
	1
	<.001
	8.130



	Variables not in the Equation

	
	Score
	df
	Sig.

	Step 0
	Variables
	Age
	.227
	1
	.634

	
	
	Cleaning_status(1)
	2.354
	1
	.125

	
	Overall Statistics
	2.571
	2
	.276




Block 1: Method = Enter


	Omnibus Tests of Model Coefficients

	
	Chi-square
	df
	Sig.

	Step 1
	Step
	2.284
	2
	.319

	
	Block
	2.284
	2
	.319

	
	Model
	2.284
	2
	.319



	Model Summary

	Step
	-2 Log likelihood
	Cox & Snell R Square
	Nagelkerke R Square

	1
	142.834a
	.011
	.022

	a. Estimation terminated at iteration number 5 because parameter estimates changed by less than .001.



	Classification Tablea

	
	Observed
	Predicted

	
	
	Alarm
	Percentage Correct

	
	
	fail
	pass
	

	Step 1
	Alarm
	fail
	0
	23
	.0

	
	
	pass
	0
	187
	100.0

	
	Overall Percentage
	
	
	89.0

	a. The cut value is .500



	Variables in the Equation

	
	B
	S.E.
	Wald
	df
	Sig.
	Exp(B)

	Step 1a
	Age
	.030
	.064
	.220
	1
	.639
	1.031

	
	Cleaning_status(1)
	-.781
	.520
	2.255
	1
	.133
	.458

	
	Constant
	2.142
	.335
	40.799
	1
	<.001
	8.512

	a. Variable(s) entered on step 1: Age, Cleaning_status.
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(1) Load image


(2) Convert image from colour to 8-bit grayscale


(3) Create a zoom in duplication of the previous image


(4) Determine and store scalling factor


(5) Grayscale to binary image using threshold (130-255) limit


(6) Identify particles


(7) Sort particles based on size


(8) Identify bubble of interest as being the particle with the biggest size


(9) Evaluate the length of the bubble




























BD Alaris GP Plus	
0	1	2	5	7	8	9	Total	4	4	BD Alaris Nexus GP	
0	1	2	5	7	8	9	Total	20	20	Fresenius Kabi Agilia VP MC WiFi	
0	1	2	5	7	8	9	Total	12	2	14	Fresenius KabiVolumat MC Agilia	
0	1	2	5	7	8	9	Total	3	5	1	4	10	23	Age (YEARS)


Number of pumps




BD 0.55ml

Pump 1	71.474000000000004	68.933000000000007	82.87	70.524000000000001	79.67	69.653999999999996	74.914000000000001	78.638000000000005	75.27	84.091999999999999	5.4641837973925689E-2	3.4811755415053186E-2	3.0376996894921564E-2	4.7326587526883901E-2	5.5113228599827611E-2	4.042453930231233E-2	7.1748464977794343E-2	6.2162960571766512E-2	7.217933364671443E-2	2.2141045412931094E-2	Pump 2	76.388999999999996	81.891999999999996	74.418000000000006	79.688000000000002	72.304000000000002	78.125	73.093999999999994	82.875	73.438000000000002	79.480999999999995	74.126999999999995	0.10630648353796865	4.3470129502293869E-2	8.5960183767548354E-2	8.0896872316910326E-2	5.0085502642411038E-2	0.10156650175839918	6.3650795615101688E-2	2.9422638398033506E-2	6.9663161169414511E-2	8.422237829017605E-2	8.1346247839331559E-2	Pump 3	77.353999999999999	78.795000000000002	68.394999999999996	78.353999999999999	75.846000000000004	74.875	77.566999999999993	69.873000000000005	68.626000000000005	79.23	7.8679200129930085E-2	6.1432402239320338E-2	2.9681684765854019E-2	6.7058085979551235E-2	9.0411391936224023E-2	9.2660098089315773E-2	7.6390541615447533E-2	4.6974339149645092E-2	3.2138332256867595E-2	5.5769612729661848E-2	All	71.474000000000004	68.933000000000007	82.87	70.524000000000001	79.67	69.653999999999996	74.914000000000001	78.638000000000005	75.27	84.091999999999999	76.388999999999996	81.891999999999996	74.418000000000006	79.688000000000002	72.304000000000002	78.125	73.093999999999994	82.875	73.438000000000002	79.480999999999995	74.126999999999995	77.353999999999999	78.795000000000002	68.394999999999996	78.353999999999999	75.846000000000004	74.875	77.566999999999993	69.873000000000005	68.626000000000005	79.23	5.5487741512146339E-2	2.716770777962052E-2	2.5880879201031978E-2	4.4119719897840304E-2	6.1711961021161763E-2	3.4378255836951588E-2	8.7292400039842719E-2	7.323544106921849E-2	8.8447936375000577E-2	1.6228201788112014E-2	8.8459176523279615E-2	3.5635451150082535E-2	8.4808025192151471E-2	6.1498932333239074E-2	6.5337905377404165E-2	7.8178450625473003E-2	7.3932639699629918E-2	2.5835423952884223E-2	7.7263971393853631E-2	6.393132838985667E-2	8.2908080721756899E-2	8.4136483315989621E-2	7.1597783417910801E-2	2.2409145723150458E-2	7.6055382327631926E-2	8.91471549257708E-2	8.7133211925716089E-2	8.2691526308869792E-2	3.6737006468788705E-2	2.4383796226395551E-2	6.6818112606425756E-2	



Fresenius 0.30ml

Pump 1	40.51	51.85	38.74	45.09	44.96	39.369999999999997	38.479999999999997	41.31	38.93	44.37	8.5558820595996912E-2	7.6813745340399836E-3	6.534416211242465E-2	7.6500483326346777E-2	7.7989369523333518E-2	7.3375597691353003E-2	6.1891763239998988E-2	9.1269062865612705E-2	6.7826678669482443E-2	8.41189405483522E-2	Pump 2	53.12	50.31	44.12	39.450000000000003	42.16	50.49	49.32	38.630000000000003	41.41	43.85	2.4211694416571627E-2	4.8143517799163725E-2	7.5830130447183661E-2	4.0708137402941907E-2	6.4615925503108254E-2	4.6486540295252572E-2	5.7098706154455198E-2	3.3500428448346449E-2	5.8472531579626154E-2	7.4823401441460616E-2	Pump 3	45.33	51.03	39.78	43.21	52.47	44.64	38.26	47.15	38.97	46.01	8.1991835383819656E-2	3.4811628350900514E-2	4.931701952586081E-2	7.8947758120681708E-2	2.2476366169760047E-2	8.2724939944394241E-2	3.4055309694954315E-2	7.2596678232810727E-2	4.0989359609368864E-2	7.9663921515927119E-2	All	40.51	51.85	38.74	45.09	44.96	39.369999999999997	38.479999999999997	41.31	38.93	44.37	53.12	50.31	44.12	39.450000000000003	42.16	50.49	49.32	38.630000000000003	41.41	43.85	45.33	51.03	39.78	43.21	52.47	44.64	38.26	47.15	38.97	46.01	6.2994912292169941E-2	2.2298294305274278E-2	4.4330383685357036E-2	8.2164376754667104E-2	8.2597743498134771E-2	5.1041127489152439E-2	4.1611443789080833E-2	7.0553784134588571E-2	4.6341246586367651E-2	8.3802001064918044E-2	1.392686723350477E-2	3.5855960033200816E-2	8.3926648192384878E-2	5.1897711550123161E-2	7.7149421014436045E-2	3.4103752262897503E-2	4.6036820858131454E-2	4.3174788894046356E-2	7.1417927348583293E-2	8.380071535071193E-2	8.1210543636489774E-2	2.9092974134426654E-2	5.5419579494043719E-2	8.2433712694473929E-2	1.7879273450791405E-2	8.3408051940241104E-2	3.9349413744470832E-2	6.8410913349907107E-2	4.6766551244001732E-2	7.7487559164692049E-2	



Pass/Fail Test Analysis


fail	pass	18	160	


Pass/Fail Test Analysis by Manufacturer

BD	
fail	pass	13	59	Fresenius	
fail	pass	5	101	



17-3757	61.484000000000002	67.436999999999998	68.216999999999999	69.302000000000007	69.686999999999998	69.811000000000007	69.826999999999998	69.942999999999998	70.122	72.263999999999996	72.866	74.533000000000001	75.254999999999995	75.7	76.960999999999999	77.424999999999997	78.040999999999997	79.045000000000002	79.256	82.564999999999998	0	0	0	0	0	0	0	0	0	0	1	1	1	1	1	1	1	1	1	1	17-3387	55.935000000000002	61.548999999999999	61.576000000000001	64.492999999999995	65.046000000000006	66.587999999999994	66.638999999999996	66.828999999999994	66.942999999999998	67.694000000000003	69.254000000000005	70.698999999999998	71.542000000000002	71.73	73.3	73.650999999999996	74.989999999999995	75.619	75.811999999999998	83.855000000000004	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1	1	1	1	17-3761	60.680999999999997	64.494	66.605999999999995	67.405000000000001	68.679000000000002	69.498000000000005	70.257000000000005	71.173000000000002	72.16	72.578999999999994	73.019000000000005	74.268000000000001	75.031000000000006	76.718000000000004	77.652000000000001	77.786000000000001	79.441000000000003	79.441000000000003	80	90.875	0	0	0	0	0	0	0	0	0	0	0	1	1	1	1	1	1	1	1	1	17-3683	63.648000000000003	65.063999999999993	66.051000000000002	68.870999999999995	68.891000000000005	69.323999999999998	70.617999999999995	70.698999999999998	70.884	70.885999999999996	71.114000000000004	71.305000000000007	71.343000000000004	71.350999999999999	71.513000000000005	73.424999999999997	74.090999999999994	75.093000000000004	76.057000000000002	82.625	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1	1	1	1	1	17-3785	65.465999999999994	66.843999999999994	67.594999999999999	67.926000000000002	68.61	68.867999999999995	69.304000000000002	69.423000000000002	69.873000000000005	69.875	70.2	71.807000000000002	72.241	72.251999999999995	72.438000000000002	74.049000000000007	74.625	76.387	76.497	76.655000000000001	0	0	0	0	0	0	0	0	0	0	0	1	1	1	1	1	1	1	1	1	
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