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THE INFUSION TECHNIQUE AND THE HAEMODIALYSIS TECHNIQUE AND TECHNOLOGY 

Foreword 

These professional teaching texts, dealing with an important group of therapeutic medical 

techniques (ñin the old wayò) or medical methods incorporating therapeutic instrumentation (ñin the 

new wayò) (according to the terminology that is in accordance with the valid legislation 

of the Czech Republic, following the legislation of the European Union), are meant for students 

of the accredited field of biomedical engineering. ñUninitiatedò readers can certainly assume that it 

is a combination of two technical-medical problems that are not particularly linked together and that 

two separate publications would be appropriate. This is true to some extent, but practice shows that 

the two disciplines have much more in common than might be apparent at first glance. 

The first reason for conceiving this publication in this manner is purely practical; these teaching 

texts for biomedical engineering students are lectured in one block ï therapeutic techniques. 

Secondly, we have taken into account the following practical aspect ï not to disintegrate technically 

and clinically ñrelatedò issues which, in practice, almost every biomedical engineer / technician will 

encounter in ñone packageò. 

Many specialists of providers (hospitals) who use medical technology in clinical practice 

at various levels may not necessarily only be experts trained in clinical biomedical engineering. 

They can also be other medical and non-medical healthcare professionals (e.g. nurses, nurse 

practitioners, general practitioners and medical specialists, etc.), as well as those who are 

categorized as ñnon-health personnelò (e.g. service technicians, quality managers, internal and 

external auditors, metrologists, managers of providers, etc.) who fully understand that these topics 

have many common features and are also technically related: 

¶ This group of technical methods is intended for use in human medicine and must be 

regarded as a significant and important group of therapeutic medical technique ź medical 

means ï devices. 

¶ The group includes technical, life-saving methods. 

¶ It is a medical technique applied both in acute medicine (intensive and resuscitation care 

units, emergency medical assistance, etc.) and chronic treatment, as well as in outpatient 

treatment. 
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¶ In both cases, it is a very ñyoungò technique that first began to penetrate into clinical 

practice as late as the second half of last century; it is also a technique that is very 

successful, not only because of its importance in a wide range of medical fields, but also 

in terms of how much (the number of pieces) it is being used in practice. 

¶ From very simple, almost ñbrilliantly primitive solutionsò, this technique has developed into 

systems that enable caregivers to provide medical care and services at the highest possible 

level. 

¶ In both cases, the clinical application and secure delivery of health care requires extensive 

specialized training and interdisciplinary knowledge, as well as multidisciplinary teams 

composed of appropriate professionals (unfortunately, this appropriate composition 

of professional teams is very often just a theory). 

¶ It is a medical technique fitted with complex and ever-evolving software. 

¶ It is a piece of medical equipment like a medical appliance that cannot be employed without 

using consumable medical materials (currently disposable materials) which, in terms 

of functionality and efficiency of the method, are often more important than the appliance 

itself. 

¶ In both cases, we are currently dealing with relatively complex solutions using a wide range 

of technical disciplines (electronics, precision mechanics, fluid mechanics, the science 

of materials, etc.), a general knowledge of biophysical and physicochemical characteristics, 

macromolecular chemistry (!), biochemistry and microbiology. Many of these systems have 

a decidedly technological nature. 

¶ It is essential to have at least a basic understanding of the issues surrounding drug 

administration and a basic knowledge of human anatomy and physiology. 

¶ In a way, both methods share a number of important nodes and thus influence each other or 

use (constructively) the knowledge of the second field. 

¶ Without a doubt, it would be possible to find many other nodal points, but these will best be 

discovered by everyone in clinical practice. 

Of course, this textbook is not intended exclusively for students and clinical biomedical 

engineers / technicians who are just starting their professional career; it will certainly also be used 

by people from clinical practice and workers with a technical focus such as service technicians, 

construction engineers, etc. Certainly, the group of users will also include ñpurebred health 

professionalsò who have decided to use this group of medical methods responsibly and hence 

absorb a certain amount of technical knowledge that they had not yet acquired and could not 

acquire (frankly speaking) at school (secondary school or university) to the extent needed. 
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The infusion technique 
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Introduction 

In clinical practice, the infusion technique is the most commonly occurring medical method that 

is a therapeutic technique. When considering when it was developed and introduced into clinical 

practice, it is a technical device that is relatively ñyoungò. Its technical and clinical development, 

however, occurred quickly; today, we it is primarily found in the fields of acute medicine, 

especially in intensive and resuscitation care (of all types) units, operating theatres as well as 

in general inpatient and outpatient care. Most recently, this piece of medical equipment has been 

made available to patients for home care; there are thus situations where this relatively complex 

device, posing certain indispensable risks in providing health care, is used by non-specialists or 

their family members, etc. The concept of the infusion technique, when conceived in a more general 

sense, not only includes devices that dispense mainly crystalloids (especially infusion solutions), 

but also devices that have been derived from these principles or even preceded this technique! 

in these cases, this typically means enteral pumps (pumps) or parenteral use of the infusion 

technique and blood peristaltic pumps (extracorporeal blood circulation and its application 

in perfusiology or dialysis therapy, in haematology, etc.). 

An important part of this group of instruments is parts that are not directly used by providers / 

health workers, but are significant components in devices such as dialysis monitors (concentrate 

pumps, flow pumps, gear transport pumps or degassing pumps, piston pumps with similar 

applications, membrane pumps, etc.). It should be emphasized up front that the infusion technique 

as a device is functional only in conjunction with other technical (medical) equipment (special 

medical supplies) and fundamentally influences the quality of health care provided (precision 

dosing) as well as its safety. Other important factors include the nature of the environment in which 

the infusion technique is operating (electromagnetic fields, emergency rescue vehicles, etc.), 

the reliability and capacity of the power sources in the field away from the power grid (storage 

cells, batteries), its linkage with systems and its ongoing service support and operational 

maintenance (often performed also by health workers who are more or less technical outsiders). 
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Chapter 1 

1 The historical aspects of infusion therapy and 

the beginnings of instrument infusion therapy 

In situations where the natural oral way of ingesting fluids, nutrition and medication cannot be 

used, the administration of adequate quantities of such substances to patients is a serious problem. 

The original methods used prior to 1952 (nasogastric tubes and drop infusion) were very simple, 

but also unreliable or even dangerous, both from the quantitative and qualitative points of view. 

1.1 Gravity infusi on therapy 

This method (see Figure 1.1) is usually called gravity or manual infusion, but also different 

terminology is used, such as ñdripò. at the same time, it should be noted that the term ñdripò is very 

appropriate and still used by professional medical workers. Despite all the technological 

achievements, this manual method has successfully ñsurvivedò to today, although with a much more 

sophisticated design. The principle of gravity infusion is shown in the figure (see Figure 1.1). 

As the name of this manual method of infusion therapy suggests, its principle consists in creating 

a sufficient hydrostatic pressure that must always be higher than the pressure of the blood (thatôs 

why the application is carried out almost exclusively in the venous system) at the site of vascular 

access; gravitational overpressure allows the fluid to enter the blood. Therefore, an important part 

of the system is an infusion stand whose height adjustment is also a necessary regulatory element 

(of course, within certain limits). Another regulatory and safety feature is a roller pinchcock that 

compresses or releases a flexible plastic hose, allowing for a certain amount of ñcontrolò 

of the flow. [81] 

Naturally, these regulatory mechanisms have their limits and restrictions that are complicated by 

physiological (or pathophysiological conditions in the place of vascular access), anatomical and 

other circumstances such as the quality of vascular access ñcannulationò, motional artefacts 

of the patient, thrombus formation and blockage of access, etc. The amount of control is influenced 

by characteristics of the hose (especially by the plasticôs hardness), as well as the design 

of the roller pinchcock (see Figure 1.2). 
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Figure 1.1: Simplified principle of gravity infusion: (1) ï infusion stand (as a separate technical element or integrated 

bed equipment - accessory), (2) ï gravity infusion assembly, (3) ï bag with infusion solution (crystalloid), (4) ï drip 

chamber, (5) ï stand height adjustment, (6) ï pressure cuff, (7) ï regulating pinchcock, Pk ï blood pressure at the point 

of vascular access, Ph ï hydrostatic pressure, Pp ï adjustable (over)pressure in the (over)pressure cuff. 

 

Figure 1.2: Fluid flow control by an infusion assembly for gravity (manual) infusion therapy using the regulating roller 

pinchcock and its stability [81], [85], (1) ï assembly hose, (2) ï pinchcock body [note: white is specified for gravitation 

assemblies *)], (3) ï control roller, *) note: orange is specified for pinchcocks in infusion assemblies designed 

for pressure instrument therapy! CHYBA V OBRĆZKU - TEXT VLEVO OTOĻENħ 
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Of course, the skills and experience of the operating staff are indispensable. If the blood pressure 

is higher, it is necessary to pressurize the system; however, this only applies to situations where we 

are using a plastic bag or a plastic bottle. Gravity (manual) infusion is especially great because of its 

simplicity, which is the reason why it has survived in modern clinical practice! Another advantage, 

although somewhat questionable, is the very low cost of its performance. With regard to many 

clinical applications, however, this method has a number of disadvantages that limit or even 

exclude its usage: 

1. Dosing accuracy is somewhat problematic and depends on the expertise of the operating 

personnel. It is time-unstable (see Figure 1.2). It depends on a number of factors that can 

hardly be influenced and require constant attention, usually by a general (medical) nurse. 

2. The minimum number of security features in terms of the possible occurrence of air 

embolism or assembly disconnection with the emergence of significant blood loss, again 

associated with the risk of air embolism. 

3. The amount of control by the roller pinchcock is always time-unstable (memory 

deformation of the plastic hose) and frequent correction must therefore be carried out. Flow 

regulation and control is usually based on counting drops per time unit (see Figure 1.2). 

4. Any blockage of the flow path (clots, hose cranking, etc.) can be determined only through 

a visual observation by the medical staff. Similarly, a safe completion of the therapy and 

records on the amount consumed from the bottle or bag is dependent on medical personnel 

and is subject to human error. 

5. This method is associated with risks if very low flow rates are required or if highly effective 

drugs are administered. 

Nevertheless, the infusion therapy method remains viable; when knowing its negatives and 

realizing all the risks, it has both medical and economic justification. in principle, many of its 

design elements have been incorporated into controlled instrument infusion therapy (regulating 

pinchcock, drip chamber) although, in terms of the infusion assemblyôs design, these methods are 

now very strictly separated! From the medical, nursing and technical perspectives, the applicationôs 

rules have also been transferred to instrument infusion therapy. a fundamental turning point in both 

quality and microbiological safety was the inclusion of disposable infusion assemblies, their 

industrial sterilization, packaging and use of more biocompatible materials and technology. 
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1.2 A brief look into history  

The first instrument infusion therapy was introduced into clinical practice in 1951 by the German 

company B/Braun in cooperation with Dr. Hess [79]; it was a very simple dispenser that used glass 

syringes for reuse, a system that related to dosing very small volumes of medium to high 

concentrations of drugs. The dosage of large volumes of solutions (fusions) was henceforth ensured 

by gravity infusion therapy. The development of instrument infusion techniques began with linear 

dispensers that are principally intended for administering small to very small doses of solutions 

(usually saline solutions), but with a high degree of accuracy and time stability. in these cases, 

the solution is primarily a ñcarrierò (diluent) of drugs that are applied to solutions in certain 

concentrations; this enables their accurate, stable and long-term dosage without burdening 

the patient with an intake of ballast water (which may be a contraindication under some 

circumstances). So, the medical application of instrument infusion is unsolvable through classical 

gravity infusion. This is why the development of the infusion technique began with linear 

dispensers (in 1951) and is still improving. The assembly and development of the infusion 

technique [79] allowing for more accurate and long-term dosage of large volumes and concentrates 

took a long time because the problem was managed using gravity infusion therapy. 

 

 

Figure 1.3: The first device for infusion therapy from the German company B/Braun, launched in 1951. The instrument 

utilized a glass syringe (10 ml) with a metal piston and silicone seal intended for a repeated use. a) in the first unit, 

the dose rate was firmly preassembly at 1 ml/hour; a toggle power switch was the only control element. b) The unit 

from 1959 is visually enhanced and has some control and regulatory elements [85]. 
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Linear dispensers have been gradually improved to the extent that they now handle applications 

that were not envisaged at the onset of instrument infusion (parenteral and enteral nutrition, pain 

therapy, local anaesthesia, etc.); particularly, they are equipped with safety features that make this 

method more secure and less dependent on the influence or failures of human error. This includes 

an indication of air in the infusion line (eliminating the causes of air embolism), measurement 

of pressure conditions (continuity of the flow path), flow measurements and associated derived 

variables. Improvements in software enable caregivers to optimize the setting, calculation and 

subsequent reliable assessment of infusion therapy parameters. Special disposable items, such as 

infusion assemblies and syringes, develop rapidly in parallel with the infusion instrument technique. 

This relates to the compatibility with the device, material and technological biocompatibility as well 

as the introduction of safety features to eliminate unwanted situations that threaten not only 

the patient, but also the medical staff. at this point, it should be emphasized that the most striking 

qualitative shift was the introduction of disposable components for single use (syringes and infusion 

assemblies) as well as improvements in their biocompatibility. 

Volumetric infusion pumps that replaced classical gravity infusion therapy appeared subsequent 

to the first linear dispensers after a rather significant delay of almost 20 years! This reflects the fact 

that gravity infusion ñworkedò acceptably in providing health care and there was no reason to 

change anything. Regarding the first types of infusion pumps (1971), the technical design was 

based on the proven principle of a peristaltic blood pump with complete occlusion [1], [7]. 

However, it was necessary to use special assemblies designed only for use with the given type 

of infusion pump. Vane infusion pumps meant a return to the standard types of infusion assemblies 

that are very similar to gravity ones. 

 

 

Figure 1.4: Evolution of infusion instrumentation ï a comparison of devices from 1951 and 2012! [85] 
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Figure 1.5: Compared to the original linear dispensers, the first infusion pumps using the peristaltic principle of blood 

pumps with complete occlusion are far superior. [85] 

 

 

Figure 1.6: Technical improvements in linear dispensers and linearization of the peristaltic principle using the vane 

design. These devices were placed on the market in the last decade of last century. [85] 
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1.3 Terminology in the infusion technique 

In general, the infusion technique and similar technology is used for  dosing liquids (ñliquid  

substancesò) to patients with  the following requirements: 

¶ Long-term and short-term dosing of large volumes of liquids or solutions 

¶ Long-term dosing requiring precision dosing of small volumes of liquids and solutions that 

ñonlyò serve as a carrier medium for relatively high concentrations of highly efficient drugs. 

¶ Additional instrumentation designed for dosing and pumping: 

-  Pumps for parenteral and enteral nutrition 

-  Blood pumps for extracorporeal blood circulation 

-  Concentrate, flow and degassing pumps 

The correct terminology for  the infusion technique and similar medical devices: 

a) Volumetric infusion pump 

-  Peristaltic pump (the use of this solution is currently very limited) 

-  Vane pump 

-  Vane pump, sequential type 

b) Linear dispenser 

c) Technically modified version of linear dispensers designed for special applications: 

-  Heparin pump (usually as part of more sophisticated instrument units) 

-  Insulin pump (now solely a personal medical device), [16], [17] 

d) Special pumps 

-  Enteral pumps 

-  Parenteral pumps (often identical with the infusion technique according to item a) or b); 

these applications must be approved by the manufacturer, including the materials) 

-  Peristaltic blood pumps with  complete occlusion 

-  Technically, technologically and structurally original design of pumps and dispensers 

for special purposes (defined by manufacturers, e.g. for pumping, transporting and 

venting of dialysis solutions and dialysates, heparin dosage, etc.) 
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Basic requirements for  technical parameters, safety features and mandatory equipment and 

accessories: 

¶ Dosage rate (including calculation), total dosage amount, dosing time  

¶ Measurement of occlusion pressures, indication of the therapyôs completion, indication 

of the assemblyôs aeration, drop detector. 

¶ Similar parameters to points a) and b) with regard to the nature of application 

(e.g. for the peristaltic blood pump: pumping output, measurement of inlet and outlet 

pressures, total volume of blood pumped, open door indication, etc.). 

¶ Knowledge of dosing accuracy, stability of parameters, etc. is necessary 

Wrong but often tolerated terminology: 

¶ Volumetric infusion pump 

-  The tolerated term is ñinfusion pumpò 

-  The following terms should not be used: infusion dispenser, infusion device, etc. 

¶ Linear dispenser 

-  In this case, there exist many terms that cannot be tolerated, such as injectomat (based 

on the commercial name), injection pump, injection dispenser, etc. 

¶ Special pumps 

-  Enteral pump, non-nutrition pump, dispenser for artificial nutrition, etc. 

-  Terminology for peristaltic blood pumps with complete occlusion is standard 

-  Regarding other products, the terminology is introduced by manufacturers; however, it 

should be a terminology that articulates the function of the equipment, such as heparin 

pump, insulin pumps, etc. 

The issue of terminology seems to be a minor problem; clinical practice, however, will soon 

convince you of the contrary, especially in terms of keeping clear and unambiguous patient medical 

records, as well as keeping evidence of medical devices (required and controlled) as provided by 

law. Obviously, a very important issue is the communication between different components 

providing health care, i.e. medical (physician), nursing (general nurse), technical (biomedical 

engineer / technician) and other components. It is sometimes difficult to assign an original name to 

a specific device ï a medical device and the correlation between the records of medical devices and 

property records is often quite a ñcheerfulò adventure. 
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Chapter 2 

2 Peristaltic pumps 

In terms of medical applications, as noted in the text above, peristaltic pumps (with complete or 

partial occlusion) are a ñfixed starò for a variety of medical fields. They are a technical element that 

appeared in the USA, where it was patented in 1855 as the roller pump [7]. in many cases, 

the peristaltic pump is a base for many construction and design modifications that are used within 

other medical applications, such as enteral pumps. It is advisable to recall that the peristaltic pump 

also offers a number of technical solutions for engineering applications. The most important 

utilizations include peristaltic pumps for the chemical industry and chemical laboratories. They are 

a consistently a structurally and technologically simple solution providing considerable operating 

resistance, which is important for medical applications. Currently, peristaltic pumps are used 

primarily in perfusiology, in chronic dialysis therapy and acute elimination methods (not only as 

blood pumps, but also as pumps for substitution solutions in the case of haemofiltration methods) 

and in haematology for blood taking. Today, their usage as infusion pumps is significantly limited. 

Peristaltic pumps are rarely used as separate equipment; they are almost always part of a higher 

instrumentation such as haemodialysis monitor for dialysis therapy (including haemofiltration 

methods) or blood taking devices; in perfusiology, they are a part of the system that ensures 

extracorporeal circulation during heart surgery. 

2.1 Peristaltic pump design 

The principle of a peristaltic pump is described by its name. The main component is an assembly 

with a pumping segment whose properties are important for the function of the pump and 

fundamentally influence its parameters and safety. The peristaltic pump principle consists 

in creating a tightly closed volume V0 using occlusive rollers that push the pumping segment firmly 

to the pumpôs housing (see Figure 2.1). It is obvious that the performance of a peristaltic pump does 

not depend only on its design characteristics, but also on the physical properties of the assembly 

and its dimensions. 
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Figure 2.1: The principle of a peristaltic pump with complete occlusion [1], [D ï central axis diameter,  

O ï outer diameter, D ï inner diameter, s ï effective cross-section] of the pumping segment, 1 ï pump body,  

2 ï pumping segment retainers, 3 ïdoor open / closed detector, 4 ï assembly hose. 

Peristaltic pumps must have a robust structure that is able to withstand even somewhat ñrougherò 

treatment and yet retain constant properties. The design must also be relatively simple in order to 

minimize maintenance demands. Peristaltic pumps must also meet some other criteria based 

on the specific requirements of clinical operation: 

¶ Removal of the rotor as well as its re-installation must be very easy and quick,  

¶ The peristaltic pump design must allow manual operation whose activation must be 

operative without any need for additional equipment,  

¶ Peristaltic pumps must be an integral part of the device ï dialysis monitor, 

¶ Peristaltic pump: blood and substitute,  

¶ It must be possible to adjust the pressure of occlusion rollers and ensure long-term stability,  

¶ The moving parts must be covered while allowing for visual inspection,  

¶ Requirements for materials in terms of corrosion and biocompatibility are not a priority. 
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2.2 Peristaltic pump properties, occlusion pressure and performance 

As seen from the figure above (see Figure 2.1), the pumping output of peristaltic pumps (flow 

rate) can be expressed by a simple formula (2.1), [1] 

 

 ὗ ὠϽὲ ὈϽ“ϽίϽὲ (2.1) 

where: 

ὗ   ... fluid flow [ml/min] , 

ὠ ὈϽ“Ͻί ... pumping segment volume defined by occlusion rollers [ml or mm
3
], 

D  é diameter of the pumping segment central axis of [mm], 

Ὓ  “ ȢὨȾτ  é inner cross-section of the pumping segment [mm
2
], 

d  é pumping segment inner diameter [mm], 

n  é rotor speed. 

It is obvious that the performance (pumping output) of a peristaltic pump is influenced by 

numerous factors; some of these factors are included in the calculation ï see the equation (2.1), and 

some should be understood as conditions or correction factors that must be satisfied to the extent 

that the pump is functional (see Figure 2.2). 

2.2.1 Peristaltic pump operation 

1. The technical condition of the pump must be checked and maintained according to 

the manufacturerôs recommendations: 

¶ Indication of proper closure of the pump cover door (security of the operating personnel), 

¶ ñCleannessò of the pump body and its mechanical integrity, 

¶ Pump rotor drive (electric motor and its control unit). 

2. In terms of the pumpôs proper function, it is important to adjust and control the pressure 

of the occlusion rollers and ensure their proper and smooth rolling: 

¶ Low pressure Ÿ leaks and poor intake (reduction in pump performance), 

¶ High pressure Ÿ mechanical degradation of the assembly (ñcrushingò), impact on pump 

performance, haemolytic effects when drawing blood, 

¶ Poor rolling (stiffness) of occlusion rollers ï the ñcreep effectò. 

3. Setting of the default software configuration (ñcalculationò) of the pumping output: 

¶ Entering the pumping segment diameter, 

¶ These parameters lead to the calculation of the pumping segmentôs central axis diameter. 

¶ Incorrect software configuration is a serious adverse situation that may be reflected 

in extremely high deviations (tens of %) from the adjusted (desired) flow with a negative 

(dangerous) impact on the provided therapy. 
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Figure 2.2: An approximate calculation of the pumping output in a peristaltic pump with complete occlusion: closed 

length of the pumping segment is not an ideal cylinder ï it is based on the central axis length [length (1) Í length (2)]; 

the closure location is not an ideal cylinder with cross-section S. a number of circumstances can hardly be evaluated!? 

It is therefore necessary that the operating personnel approach the clinical application (i.e. the use of peristaltic pump) 

with such knowledge. 

2.2.2 The assembly (infusion or blood assembly) 

1. It is always necessary to use the assembly designed for the given type of pump by 

the manufacturer! 

2. Mechanical resistance of the assembly pumping segment depends on the material used: 

¶ Segment material (polyethylene or silicone), 

¶ Guaranteed segment hardness. 

3. Correct diameters (inside diameters) of all assembly hoses with respect to the required 

(guaranteed) flow rates: 

¶ Information of this type to be clearly stated on the packaging, 

¶ Warranty on acceptable tolerances, 

¶ Warranty on hardness (ñsoftness and elasticityò) of the assembly pumping segment. 

4. Assembly biocompatibility: 

¶ Biocompatibility of the material as well as technological structure, 

¶ Warranty on a low content of phthalates (ñby lawò), information stated on the packaging, 
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¶ Information for use in high risk patient groups (neonates, infants and children up to 

the age of 15 years, nursing mothers, etc.) ï also a legal requirement. 

5. Warranty on sterilization technologies and the time of possible degasification: 

¶ The use of ñappropriateò sterilization methods (hot air sterilization methods), 

¶ Elimination of chemical sterilization technologies based on formaldehyde or ethylene 

oxide, at least in high-risk groups, if possible, 

¶ Sterilization indicator on the packaging, expiration data, warranty on degasification when 

using chemical technologies (min. 12-14 days). 

6. Resistance of the assembly packaging with prescribed specifications. 

When using a peristaltic pump with complete occlusion for health care, it is always necessary to 

bear in mind that the adjusted / displayed output value (flow rate) of the pump is a calculated value 

to a certain extent (see Figure 2.1 and Figure 2.2) and the equation (2.1) as evident from the above 

text can often be significantly influenced by both the operating and application circumstances:  

1. Quality and parameters of the assembly used. 

2. Quality of vascular access ï suction or return pressure (needle or catheter parameters, 

especially the inner diameter or length, proper venipuncture and respect for the anatomical 

situation at the site of puncture, maintenance of vascular access, conditions 

for the elimination or creation of thrombi, etc.). 

3. The calculation assumes that the pressures at the inlet and outlet of the peristaltic 

pump are close to zero!? in practice, however, these assumptions are almost 

unrealizable, and we therefore use the concept of effective (ñrealò) flow Í calculated 

flow. 

4. Operational artefacts (assembly cranking or squeezing / throttling). 

5. Duration of the application (fatigue of the pumping segment material). 

6. Quality of the assembly installation. 

7. Technical condition of the pump. 

8. Nature of the medical application (infusion pump, substitute pump, blood pump, ñtechnicalò 

application, etc.). 

For many applications, a peristaltic pump with complete occlusion can be equipped 

with software corrections; however, this is usually case-dependent and we will discuss it further 

in the text. These software corrections relate primarily to point 3) of the preceding paragraph and 

require measurements of relevant pressures. 
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2.3 Functional phases of a peristaltic pump with  complete occlusion 

The individual phases of pumping a liquid with a peristaltic pump are typical of all applications; 

they are essential in terms of assessing the functionality of the pump and the course of its clinical 

application. Similarly, assessing high-quality and functional occlusion limiting the impacts 

of adverse factors is very important. The individual functional phases have a general nature and, as 

we will  see below, they also refer to vane-type infusion pumps including the sequence modification 

mentioned in Chapter 3 (actually, these pumps are linearized peristaltic pumps with complete 

occlusion) as well as to enteral pumps (see Chapter 4), a special case of peristaltic pumps 

with complete occlusion intentionally using partial occlusion in relation to the nature 

of the respective clinical application. It is obvious that a peristaltic pump with complete occlusion 

can be considered the standard from which the majority of versions and other types of pumps 

for various medical or technical applications have been derived.  

In the initial phase (1) (see Figure 2.3), the rotor turns over and puts the occlusion roller (P) into 

a position in which the rest of volume V0 is discharged (expelled) from the pumping segment to 

assembly hoses while creating an underpressure on the other side and sucking fluid into 

the pumping segment. The occlusion roller (L) rolls into a position in which the closure of a defined 

volume V0 in the pumping segment starts. in phase (2) (see Figure 2.3), the rotor turns occlusion 

rollers (L) and (P) into positions in which the defined volume V0 is fully closed in the pumping 

segment. in phase (3) (see Figure 2.4), the rotor further turns and the occlusion roller (L) further 

rolls, which increases pressure in the volume V0; occlusion roller (P) rolls as well and releases 

the volume V0, which in turn flows into the assembly hoses. in phase (4) (see Figure 2.4), the roller 

(L) discharges fluid from the pumping segment into the assembly hoses, creating a gradually 

increasing underpressure on the other side, which again draws fluid into the pumping segment. 

Now, the occlusion roller (P) is not in its active rolling state. in phase (5) (see Figure 2.5), 

the rolling movement of the occlusive roller (L) completes the discharge of the fluid volume V0 into 

the assembly; the rotor turns and puts the occlusive roller (P) into active an rolling state and starts to 

close the fluid volume V0 in the pumping segment. in phase (6) (see Figure 2.5), the fluid defined 

volume V0 is fully closed in the pumping segment while the occlusion rollers (R) and (L) are now 

in an inverted position compared to phase (1) (see Figure 2.3). The entire process then repeats. 

Therefore, each rotor revolution represents a displacement of volume V0; continuous pumping 

output (flow rate) is then given by the number of rotor revolutions. in most assemblies for this type 

of infusion pump or blood pump, the pumping segmentôs geometry and material is unified to 

a certain extent; therefore, verifying the performance of a peristaltic pump with complete occlusion 

is not a big problem (naturally, with some uncertainty in the results arising from the facts 

mentioned in the previous text). in clinical practice, it is possible to encounter pumps that are 

equipped with four occlusion rollers (see Figure 2.6). in this case, the same rules apply as for pumps 

with two occlusion rollers, but the resulting pressure conditions in the assembly are more stable. 
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Figure 2.3: The functional phases of a peristaltic pump with complete occlusion. 
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Figure 2.4: The functional phases of a peristaltic pump with complete occlusion. 
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Figure 2.5: The functional phases of a peristaltic pump with complete occlusion. 

A specific  technical-medical problem in peristaltic pumps is given both by the nature 

of occlusion and the level of occlusion pressures in peristaltic pumps with complete occlusion. 

Peristaltic pumps with partial occlusion are already intended only for special medical applications 

that require (or it is preferable) ñsoftò pressure and underpressure sources. The value (magnitude) 

of occlusion pressure may be reflected in the quality of health care provided both positively and 

negatively; it is therefore most appropriate to distinguish the value of occlusion pressure 

with regard to the type (principle) of the pump as well as the nature of medical applications. 

Occlusion pressure is absolutely necessary and its magnitude determines the proper functioning and 

efficiency of the given pump type for the given medical application (method)! in the case 

of peristaltic pumps with complete occlusion, the occlusion pressure of a sufficient magnitude is 

eminently essential for their proper functioning. However, higher pressures are associated 

with unwanted side-effects, primarily mechanical impacts on the pumping segment and, in the case 

of blood pumps (perfusiology, haemodialysis therapy and haematology), a certain degree 

of mechanical haemolysis of erythrocytes or other blood derivatives. Currently, these effects are not 

as prominent as they once were, but they still exist [28], [63]. 
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Figure 2.6: A four-arm peristaltic pump with complete occlusion. 

 

Figure 2.7: Versions of peristaltic pumps from the first decades of the second half of the last century [18]. 

In the case of peristaltic pumps with partial occlusion, the occlusion pressure (occlusion tension) 

is exerted by tensioning the assemblyôs pumping segment over the rotor of a peristaltic pump 

with occlusion rollers; the formation of side channels (or their size) is then ñcontrolledò by 

the magnitude of pressure (tension) of the pumping segment, which is typically made from 

a sufficiently elastic silicone (see Figure 2.8). Another regulatory mechanism is the ratio 

of the occlusion roller width and pumping segment hose diameter. However, these factors are 

preassembly by the manufacturer and described in the operating instructions. Side channels thus 

allow a return flow of the dosed fluid or solution [63] in the case of resistance against dosing, 

i.e. technical (e.g. defective assembly) or pathophysiological reasons (stenosis), or other application 

reasons (e.g. assembly cranking, forgotten pinchcock, etc.). 
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Figure 2.8: The principle of complete occlusion and partial occlusion in peristaltic pumps (1) ï occlusion roller 

with insufficient occlusion pressure (version with complete occlusion), (2) ï occlusion roller with sufficient occlusion, 

(3) ï version of peristaltic pumps with partial occlusion, (2a) ï formation of excessively large ɛ-space, (2b) ï 

sufficiently compressed hose of the pumping segment preventing the return flow, (2c) ï formation of side channels 

allowing the required return flow. 
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Chapter 3 

3 Infusion pumps 

The current design of volumetric infusion pumps corresponds to vane-type pumps; in this field, 

peristaltic pumps are used only exceptionally. in principle , vane pumps are linearized peristaltic 

pumps. Vane infusion pumps are based on a system of parallel vanes that are controlled by a rotary 

cam. 

3.1 Vane infusion pumps 

The principle is shown in the figure (see Figure 3.1). It is a design that is based on a sliding array 

of parallel vanes that are gradually ejected and retracted by a cam system and that compresses 

or releases the pumping segment of the pressure assembly in a controlled manner [12]. As can be 

seen from the figures below (see Figure 3.2 and Figure 3.3), this procedure creates a ñpocketò 

of precisely defined volume V0 in the pumping segment (analogous to the peristaltic pump)  

(see Figure 2.1). 

The amount of this volume V0 is given by the infusion pumpôs design parameters, i.e. by 

the respective vane system (thickness and number of vanes) as well as design parameters 

of the infusion pressure assembly (inner / outer diameter of the pumping segment). Some influence 

may be attributed to the character of pressure acting on the infusion pump door (which is 

principally necessary in terms of proper functionality); this pressure must be well-defined, stable 

and reproducible. Of course, the used assembly material (polyethylene or silicone) and its 

mechanical properties (hardness) significantly influence the system. Indispensable factors include 

proper assembly installation, use of the correct type, expiration compliance and the technical state 

of the device. With infusion vane (inch) pumps, analogous to peristaltic pumps with complete 

occlusion, we must also take into account the mechanical degradation of the assembly pumping 

segment. Due to the cyclical mechanical compression and release, the pumping segment is exposed 

to a gradual mechanical degradation which in turn changes its mechanical properties that shift 

outside permissible tolerances after some period of time; this negatively influences the accuracy 

of dosing. These changes in the mechanical properties are typically latent and the operating 

personnel / user may not detect them. 
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Figure 3.1: The principle of a vane infusion pump, (4) ï pumping segment of the pressure infusion assembly,  

(5) ï vanes, (6) ï cam shaft, (7) ï ñPressureò door. 

At the same time, the therapy is influenced as well. This impact is not dramatic if the device is 

used within 48 ï 72 hours of the operating load. However, when exceeding a period of four to five 

days of continuous use, changes in dosage accuracy may be beyond the limits of clinical 

acceptability, especially in the case of dosing active drugs in high concentrations. 

The dangerousness of such a situation exists because it is difficult to recognize. Preventive 

replacement of equipment is therefore necessary ï also because of microbiological safety and other 

risk factors (system tightness Ÿ vascular access Ÿ infusion assembly Ÿ infusion bag + any other 

system elements such as multiport cocks, purge nozzles, etc.). Individual functional phases 

of infusion vane pumps are ñcontrolledò by the camshaft. The pump can comprise any number 

of vanes; in practice, however, the typical design has 12 (Ñ 5) vanes (depending on the type and 

manufacturer). The vanes create a kind of ñwaveò that can approximately be considered as sinusoid, 

closing a precisely defined volume of fluid in the assembly, moving the fluid in the flow direction 

and discharging the fluid from the pumping segment further into the assembly. at the same time, 

the pumping segment opens in the upper part of the assembly and the fluid is sucked in due to 

the resulting underpressure.  

Analogous to the peristaltic pump, the flow through the infusion pump is a quantity calculated to 

some extent and its correlation with the effective (actual) flow is again significantly affected by 

operating conditions, especially by pressures at the inlet and outlet, infusion assembly state, etc. 
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Figure 3.2: Design parameters of a vane infusion pump (inch) which are significant in terms of functionality,  

D / d ï outer and inner diameter of the pumping segment, n+ ï number of functional vanes, la ï vane width, n ï number 

of camshaft revolutions. 
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Figure 3.3: The functional (working) phases of a vane infusion pump, (1) ï pressure infusion assembly, (2) ï vanes,  

(3) ï infusion pump door. 
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Figure 3.4: Specific design of a vane pump (vertical solution). 
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Figure 3.5: Specific design of a vane pump (horizontal position). 
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Figure 3.6: The sequence of an infusion pump as a modification to the vane principle and single functional phases,  

(1) ï closing vane, (2) ï discharge vane, (3) ïpump door, (4) ï pumping segment of the infusion assembly. 

The flow rate is then controlled by the number of camshaft revolutions; the parameters 

of the assembly are more or less constant, but they influence the flow. Therefore, it is essential to 

use a correct infusion assembly with specified properties and geometry. Otherwise (the use of 

a non-standard assembly or an assembly designed for a different type of pump), we can achieve 

a flow (liquid dosing) different from the data shown on the display that presents the desired 

but calculated value. This is one of the possible causes of an undesirable situation which is a serious 

and, unfortunately, common human error that has very substantial effects on the quality of health 

care provided. It is a risk factor that may also be due to the use of an unreasonable number 

of different pump types and assemblies in the workplace and is often the result of a failure with 

a negative economic subtext! It is an utter professional failure to use an infusion assembly that is 

primarily designed for gravity infusion therapy. 

3.2 Vane sequence infusion pumps 

Basically, an infusion pump with a sequential system [12] is a modification of the vane system 

reduced to two pairs of closing vanes (two at the inlet side and two at the outlet side) and one pair 

of discharge vanes. 

Individual functional phases are evident from the figures (see Figure 3.6 and Figure 3.7). Again, 

it is necessary to apply the principle of using the correct type of pressure infusion assembly and its 

installation. The performance (pumping output) of this type of infusion pump is again determined 

by the assembly structure and repetition frequency of individual vane cycles. 
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Figure 3.7: The sequence of an infusion pump as a modification of the vane principle and single functional phases,  

(1) ï closing vane, (2) ï discharge vane, (3) ï pump door, (4) ï pumping segment of the infusion assembly. 
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Chapter 4 

4 Assemblies for  the infusion technique 

Assemblies for infusion therapy are essential to the functionality of this therapy, its safety, 

accuracy and quality. Therefore, we must pay the same amount of attention to the design and use 

of the assembly as to the device itself. a respected principle (also supported by legislation) is that 

we can use only an infusion assembly that has been approved for the given type of device by 

the manufacturer and that such a combination of two medical pieces of equipment (device and 

special consumables) is functional and safe. This fact is underestimated or ñoverchargedò by 

economic factors, which is clearly reflected in the quality and safety of health care provided. It is 

difficult to determine which part of such an assembly (device + assembly) has a major influence 

on health care quality (functionality) and safety. Nevertheless, the optimization of such a system 

carried out by the manufacturer is decisive. 

4.1 Structural , material and technological design 

From the practical point of view, the special consumable material for infusion therapy can be 

divided into the three following basic groups: 

1. Assemblies for gravity infusion therapy. 

2. Assemblies for pressure instrument therapy. 

3. Other medical equipment that is disposable. 

¶ Needles and catheters (entry into and security of vascular access) 

¶ Multiport cocks and cock systems 

¶ Bags and bottles with solutions  

¶ Special assemblies (enteral or parenteral nutrition, see Section 5.1) 

¶ Blood assemblies (haemodialysis treatment, haematology and perfusiology, see Part II, 

Chapter 16) 
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Figure 4.1: Structural design and individual instrumentation components (cocks, ports, on-line filters, clamps, hoses, 

inserts, etc.). 

4.1.1 Assemblies for  gravity infusi on therapy 

Assemblies for gravity infusion therapy are designed to be disposable equipment in a sterile 

package. Disposability means that they should be used only once and with one patient. Repeated 

use is illegal and outside of medical ethics! These assemblies consist of several basic components: 

¶ A self-locking taper with a screw bayonet for connection to a needle (typically the Luer-

Look system; the record system occurs only very rarely), 

¶ A hose of an appropriate length and internal diameter, 

¶ A drip chamber with a simple mesh filter, 

¶ The assembly can be equipped with on-line filters of different permeability according to 

the nature of the clinical application, 

¶ Roller pinchcock (standard ĻSN EN ISO 8536-4 and 8 states that the gravity infusi on 

assembly has to be fitted with  a white pinchcock), 

¶ Plastic needle or bayonet system for connection to a bag (or plastic bottle). 

This type of clearly distinguishable assemblies can only be used for gravity therapy. If  used 

for instrument therapy, the assembly would be absolutely dysfunctional; dosing accuracy would be 

considered inadequate and the therapy could not be provided according to the prescription. This is 

due to the fact that plastic hoses in gravity assemblies are made of materials with nonguaranteed 

hardness (softness) which practically means the use of somewhat harder materials. This leads  
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to an imperfect clamping of the hose between the door and vanes of the infusion pump (see Figure 

3.2). The result is a completely biased dosing of liquids (solutions). Very often, the clamping 

of the hose is so imperfect that it creates micro-spaces through which the liquid is uncontrollably 

ñdosedò to patients beyond any objective control of the medical personnel. The solutions may even 

be ñdosedò after turning off the pump. in addition, the device door is mechanically overloaded 

(breakage of the closing mechanism, disruption of the door) as well as the vane system and electric 

motor that drives it. This results in a higher failure rate of the device and considerable additional 

costs for the service. Such errors are trivial and are basically attributable to human error. Infusion 

therapy (of any type) should be therefore considered a high risk operation. 

4.1.2 Infusion assemblies for  pressure instrument therapy 

Infusion assemblies for pressure instrument therapy are similar in design as the assemblies 

for gravity infusion therapy; some of their components, however, are given special attention. 

¶ In terms of functionality, the most important component is the hose (typically polyethylene 

or polyvinyl chloride) which, in contrast with the gravity assembly, must be given 

extraordinary attention, mainly in reference to its mechanical properties (hardness) and 

geometry (tolerance of the internal and external diameter); the roller  pinchcock is orange 

(as opposed to the gravity assembly). 

¶ Pressure infusion assemblies for instrument therapy are often equipped with an embedded 

pumping segment that is made of silicon (see Figure 11.2); this refers to cases of clinical 

applications requiring greater dosage precision and a longer application time. 

¶ Drip chambers have a typical design because of their insertion into a drop detector; optical 

transparency is also required. 

¶ Other structural elements are more or less identical. On-line filters are used to a greater 

extent. a significant difference between these categories of infusion assemblies consists 

not only in their cost, but also risk class. 

The pressure infusion assemblies must also be assessed in terms of the respective applicationôs 

circumstances as well as the properties and design of the instrument infusion technique, etc. (see 

Figure 4.2). in this case, the following applies: 

1. Complete occlusion, optimal pressure (downforce), the assembly is not mechanically 

crushed, without parasitic flows. 

2. Occlusion pressure is slightly lower than required; the micro-channel allows a secondary 

flow, especially if the pressure conditions at the assembly inlet and outlet are not optimal. 

3. A version of the pump with partial occlusion. 

4. Proper assembly installation; perpendicular to the vanes; optimal length of the assembly 

compressed by the vanes. 

5. Installation at an oblique angle or even with a loop is absolutely wrong. 
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Figure 4.2: Possible errors and defects resulting from the wrong application of the infusion assembly into an infusion 

pump or from using the inappropriate type of infusion assembly, (1) ï device door, (2) ï pumping segment 

of the infusion assembly, (3) ï vane, (ɛ) ï micro-throughput of the assembly [unclamped assembly, ɛ-channels, etc.]. 

All  types of assemblies must be correctly installed into the device and may not be tensioned 

(see Figure 4.2). Regarding prolonged use of the assembly, its removal and rotation have proved to 

be useful for eliminating memory mechanical deformation. This method, however, should be 

regarded as a certain improvement of the situation related to eliminating the negative effects 

of plastic deformation, not as a long-term systemic solution. 

4.2 Biocompatibility  

A major problem with all infusion assemblies is their material makeup design structure that is 

decisive in determining their quality, but which can also be a source of a wide range of clinical 

problems. 

The production of infusion assemblies uses various materials, mostly based on polymers or 

copolymers with the right amount of ñpurityò that allows their use for medical purposes. 

The following polymers are normally used: 

¶ Polyvinyl chloride [PVC] Ÿ hoses, 

¶ Polyethylene [PE] Ÿ hoses and drip chamber body, 

¶ Polyamide [PA] Ÿ conical plugs, plastic needles, bayonet fittings, roller pinchcocks, stops 

and other auxiliary elements, 

¶ Silicone Ÿ inserted pumping segments for assemblies with higher guaranteed dosing 

accuracy, 

¶ Polypropylene polymers also come into question. 
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Other material inputs are technologies which, in the case of infusion assemblies, almost 

exclusively relate to bonding and sealing. The amount of used material (glue or cement), however, 

is very small compared with the total volume and area of material falling on individual structural 

components. Therefore, it is not necessary to consider it as too risky element. Of course, this factor 

may not be completely marginalized, especially in the case of badly mastered technological 

processes such as glue flashes, etc. Much more significant technological factor influencing 

the biocompatibility of these medico-technical means is represented by some of the technologies 

that are used in their manufacture. Their side effects may be toxic and mutagenic: 

1. Softeners [phthalates Ÿ di(2-ethylhexyl)phthalate or bis(2-ethylhexyl)phthalate, 

abbreviation: DEHP] 

2. Sterilizati on technology (chemical Ÿ ethylene oxide and formaldehyde, hot air, plasma). 
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Figure 4.3: Softeners (plasticizers) and the mechanism of their transport into the body [85]. 

  



40  4. ASSEMBLIES FOR INFUSION TECHNIQUE 

THE INFUSION TECHNIQUE AND THE HAEMODIALYSIS TECHNIQUE AND TECHNOLOGY 

 

4.2.1 Softeners 

Softeners (or plasticizers) are a group of chemicals that are called phthalates [DEHP] and are 

used to soften the polymer ï polyvinyl chloride [PVC] which is at is essence a hard material. 

Softening improves its mechanical properties. This is positively reflected in its workability as well 

as the range of applications in many products. These technical-technological features allow even 

unprecedented possibilities of applications in products intended for human medicine, especially 

in infusion assemblies as well as assemblies for other purposes (blood assemblies, assemblies 

for parenteral and enteral nutrition) and other aids such as various hoses, probes, blood bags and 

bags for nutrition and crystalloids, cannulas, catheters, etc. The problem with DEHP consists 

in the fact that it is not firmly chemically bonded to the polymer molecule of PVC (or other 

polymers) that are gradually and spontaneously released during the life of a product made of PVC; 

the patientôs body is thus exposed to its negative effects. Most of the DEHP produced 

in the European Union (about 90%) is consumed for softening polymer materials and the vast 

majority of this amount is used to soften PVC [2]! An alternative solution to this problem is the use 

of products made from polyethylene and other polyolefins, silicone, ethylene vinyl acetate, etc.; 

when containing phthalates, these materials are not so susceptible to their release (they are 

essentially flexible, sometimes even without any softeners). However, we must keep in view 

the functionality from the perspective of achieving the necessary hardness (or softness, in this case). 

Another alternative solution is the use of multi-layered laminated plastics. PVC or products 

made of it may contain 31 vol. % to 35 vol. % DEHP! in clinical operations, the release of DEHP 

may be accelerated by a number of mechanisms. in terms of this serious issue, we must take them 

into account and try to eliminate or at least minimize the respective consequences. The risk 

of leaching of phthalates may be affected by the following factors: 

1. Physical conditions of the application. The leaching of DEHP can be caused by elevated 

temperature, mechanical stress or solution shaking and exposure time (during the therapy 

or storage). 

2. Clinical conditions of the application. The presence of substances containing fats may mean 

a higher risk of DEHP leaching; in clinical practice, these substances can include blood and 

its derivatives, breast milk, parenteral and enteral nutrition and, in general, any foods that 

contain fat (therefore, the presence of DEHP in the body may not always be associated 

with medicine) [2]. 

3. Blood bags are a separate problem ï due to the long-term storage of blood and its 

derivatives, the exposure time is high and the patient then gets blood with higher DEHP 

content. This may also relate to enteral nutrition, especially if it contains fat. 

4. Chemical conditions. DEHP leaching is affected by a number of products for intravenous 

applications which may include crystalloids (saline solution) and other salt electrolytes as 

well as glucose solutions, etc. Fortunately, these substances are not a cause of the dramatic 

increase in the leaching of DEHP. 

5. Increased leaching of DEHP was also demonstrated in the application of certain drugs [2]! 
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6. It is also necessary to take into account the existence of a high-risk group of patients who 

are more receptive to DEPH effects. in particular, this group includes new-borns with low 

weight at birth, new-borns as such, infants, children and adolescents as well as nursing 

mothers. in these patients, physicians should avoid the use of medical treatments that 

contain phthalates and prioritize alternative solutions (of course, if possible). 

The risk of DEPH side effects is not the only risk, but it can be considered somewhat dominant, 

largely because of the media. a number of substances occurring in the production chain may also 

play a part. These may include various solvents associated with bonding, numerous substances that 

are released after the technological process of ñdrawingò hoses and other substances related to 

polymerization. These are general problems that cannot be essentially avoided without completely 

excluding all medical apparatuses made of plastic materials that are used to provide health care, 

including disposable aids or tools for repeated use. Risks that arise and cannot be ruled out must be 

perceived and properly considered; it is necessary to create appropriate conditions for using 

the materials in clinical applications so that their side effects are minimized. 

4.2.2 Sterilisation technology 

Special medical supplies necessary for infusion techniques primarily include infusion assemblies 

and syringes. The requirements considered essential, i.e. requirements for their functionality, should 

be complemented by the equally important requirement for microbiological safety. Figure 1.3 and 

Figure 1.4 shows that this special medical material (here we mean primarily syringes) was used 

repeatedly; in the 1960s, ñsterilizationò was performed by boiling (at a temperature 

of approximately 100ÁC). Syringes were simply boiled and then stored in sterile glass bowls 

with stainless steel lids where they were ready to be used again. From the perspective of current 

knowledge and epidemiological requirements, these procedures are unacceptable. The syringe is 

a relatively ñold inventionò that most likely dates back to 1853 when Gabriel Pravaz, a French 

surgeon, and Alexander Wood, a Scottish physician and physicist, independently introduced 

hypodermic syringes with a hollow needle into clinical practice. They were primarily intended 

for administering morphine. The disposable syringe was patented in 1974 by Phil Brooks, an 

American inventor. Before him, a New Zealand pharmacist, C. Mardoch, tried the same. 

The disposable syringe was then followed by other single-use aids. This trend continues to be 

ñsupportedò by epidemiological problems (hepatitis, HIV, etc.) and single use medical equipment 

can be considered a completely separate branch of medical techniques. Its development is related to 

the rapid development of polymer chemistry. Therefore, one aspect of the problem is the production 

of disposable aids, and the other, equally important aspect, is their disposal after use. Another 

ñbranchò related to the provision of health care is thus gaining ground: the disposal of medical 

waste. Letôs suggest that single-use aids are ñparticularly hazardous wasteò and the risks that arise 

for ñhealthcare professionalsò in terms of stab injuries are a great problem. It is thus obvious that 

introducing disposable apparatuses such as syringes, assemblies and other auxiliary materials 

for infusion therapy, which are thermolabile, required a method to sterilize them. a basic 

requirement imposed on this technology was to achieve a high level of stable efficiency over 

a sufficiently long period of time. The basic requirements for sterilization technology with regard to 

disposable medical aids are listed below:  
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¶ Eliminati on of the widest spectrum of microbiological flora, 

¶ Minimal impact  on functionality , 

¶ Minimum destructi on of polymers, 

¶ Minimal residual substances, 

¶ Limitati on on the secondary formati on of pollutants, 

¶ Short technological times ï ñdegasificationò, 

¶ Reliable indication of the sterilization cycle, 

¶ Minimal effect on the packaging of the product and its functionality, 

¶ Stability of sterilization effects, 

¶ Acceptable technological methods (sterilization through packaging, low temperature and 

minimum degasification time), 

¶ Acceptable production cost. 

The various sterilization technologies used in the manufacture of disposable medical aids are: 

1. Chemical (ethylene oxide, formaldehyde, etc.), 

2. Hot air (steam), 

3. Ionizing radiation (gamma ï ɔ), 

4. Plasma sterilization. 

Chemical sterilization 

Chemical sterilization is the most widely used method for sterilizing disposable healthcare 

apparatuses. With regard to chemical substances, sterilization is mainly performed using ethylene 

oxide. This technology is not one of greenest ones and it is necessary to put up with a certain level 

of residue (depending on the technological and material design). If  the products contain 

polyurethane (e.g. capillary dialyzers), a long period of degasification is inevitable before 

the product can be released for clinical applications; however, even then it is necessary to allow for 

a certain level of residue. With short-term applications and a small contact area, this complication is 

not so serious. on the contrary, in cases of chronic therapy and a larger contact area, it is necessary 

to provide special preparation procedures for the given clinical application. One main ñadvantageò 

is the extremely low production cost. Similar conclusions are also valid for other chemical methods. 

Hot air sterilization  

Hot air sterilization is a suitable and gentle method, in both clinical and environmental respects; 

however, it is a method that is not the cheapest and which cannot be applied to all types 

of materials. Therefore, this method is not often used with low cost products, including infusion 

assemblies and syringes. The main advantage is the insignificant level of residue it leaves behind 

(of whatever origin). 
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Gamma sterilization 

Gamma sterilization is the most convenient alternative for a massive and continuous production 

of an extremely large batch. This type of sterilization is very effective. However, if the radiation 

doses are not optimal, there may be clinically unacceptable complications (changes in the productôs 

appearance ï a yellowish colour) or changes in the mechanical properties (changes in hardness and 

rigidity ï well-known negative effects of ionizing radiation on polymers in general). 

Plasma sterilization 

Plasma sterilization is an emerging method that is not yet in use for mass production; 

nevertheless, it seems to be very promising for its benefits and environmental friendliness. So far, it 

is primarily limited to resterilization (if confirmed as legal endorsed by the manufacturer not to 

have adverse effects on the productôs functionality) or sterilization performed by the provider.  

Resterilization 

Resterilizing disposable medical aids, including assemblies of distinct types and designs, is 

a serious problem. It is a legislative issue, an ethical and clinical problem and a technical problem. 

While leaving aside the question of microbiological and epidemiological safety and adverse 

reactions to foreign proteins, there is also a serious technical problem. Every medical aid, including 

disposable apparatuses based on polymers, is produced by a technological process whose particulars 

are generally known only to a limited group of technically oriented professionals who are R&D 

workers of the manufacturer, certain authorized bodies and some biomedical engineering experts. If  

the manufacturer does not recommend or even prohibits resterilization, it has its reasons. 

on the other hand, the requirements for resterilization usually arise on the basis of somewhat 

suspect economic reasoning without any knowledge of technical-medical consequences! It is 

important to realize that the mere use of an infusion assembly (for example) changes its basic 

properties that were guaranteed by the manufacturer and that were, moreover, assessed by an 

independent person ï the notified body. These changes are irreversible. If resterilization is carried 

out in a way that does not respect the technical-technological properties and structure of a medical 

apparatus, the adverse changes in its properties become even more pronounced; this can result 

in the use of a disposable medical apparatus, such as infusion assembly, in which the quality 

of provided health care cannot be guaranteed, i.e. the parameters of treatment / dosage can be 

significantly changed without any awareness by the medical staff. in extreme cases, failures 

(mechanical) of such a product may occur. Of course, the legal responsibility lies with the provider. 

4.3 The durability and mechanical resistance of the assemblies 

Infusion therapy is performed by combining two different types of medical apparatuses: a device 

(infusion pump) including the necessary accessories (e.g. drop detector) + a pressure infusion 

assembly for instrument therapy. in terms of up front purchase costs, the device is an item that 

exceeds several tens of thousands of crowns. From the economic point of view, a pressure infusion 

assembly is relatively inexpensive. Depending on the quality, features and design, its price ranges 

from tens to several hundreds of crowns. This results in an underestimation of the assemblyôs 

importance. When taking into account the average physical service life of the device and only an 

average number of operating hours per year, we find that the material consumed (infusion 
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assemblies) during the lifetime of the device represents a financial expenditure that is at least two or 

three times higher than the deviceôs purchase price. 

In fact, this financial share is significantly higher with infusion assemblies. An ñinfusion 

assemblyò cannot therefore be deemed minor ï in terms of its functionality and importance to 

the quality of therapy as well as in terms of its operating costs. The durability of infusion 

assemblies depends on their quality, which stems from the materials used to produce it, its design 

and the level of involved technology. Based on these facts and in collaboration with an independent 

authorized body, the producer then specifies (or does not specify and only recommends) how long 

the infusion assembly can be used in therapy. However, durability is determined also by other 

factors: 

The basic lifespan (longevity in the provision of health care) is determined or recommended by 

the manufacturer and, with a certain degree of responsibility, supported by the provider. 

1. It is necessary to pay attention to the time remaining until the expiration date as well as 

the storage conditions that may affect the assemblyôs useful life. 

2. The basic lifespan can be shortened by circumstances in the therapy: assembly 

disconnection, changing vascular access, replacement of bags with solutions, etc. Each such 

change (or a certain number of such changes) with the device or infusion assembly (+ 

vascular access and bags with solutions) shortens the safe use in therapy (especially due to 

microbiological risks). 

3. The theoretical lifespan can be drastically reduced if the therapy is prescribed for only a few 

hours. 

4. The lifespan can be significantly shortened or expanded (not beyond the time specified by 

the manufacturer) depending on the skills and expertise of the operating personnel, 

the progression of the patientôs clinical condition, the patientôs transportation arrangements, 

a device malfunction or the emergence of an undesirable situation, etc. 

5. Finally, a safe lifespan is always the responsibility of qualified operating personnel making 

decisions based on circumstances that occur during therapy. 

Inappropriate circumstances that lead to discontinued treatment are generally situations caused 

by failures of the operating personnel, such as a battery discharge during transportation, poor 

assembly installation, the use of a wrong assembly type, operating errors and errors in setting 

device parameters, the use of expired material, modifications to the assemblies (e.g. shortening 

the length of hoses), dropping the devices and their inappropriate placement (window sills, 

on the bed with the patient, on the floor, etc.) and their use in unsuitable environments (e.g. near 

sources of ionizing radiation or strong electromagnetic fields ï magnetic resonance imaging). It can 

be risky to place the device within reach of any non-specialist or patient who can improperly 

change the deviceôs setting. Of course, there can be other situations that cannot be explicitly 

specified; however, with proper knowledge of the deviceôs properties and principles, most of them 

are predictable. 
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4.4 Technical compatibility  

This concept is one of the most serious factors regarding the safety of infusion therapy; 

unfortunately, it is usually neglected. It is not just a problem of the infusion technique, but 

a problem of medical techniques in general. With respect to the significant number of devices that 

are applied in the therapy and the fact that they are used in fields where stressful emergency 

situations are quite common, the infusion technique just highlights this issue. in clinical practice, 

the infusion technique is the most prolific procedures. It exists on the market in a large variety 

of models from different manufacturers and in different levels of quality, not only in terms of their 

technical parameters, but also with regard to the disposable materials (assemblies) the include, 

the reliability of technical support (service) and the quality and comprehensibility of Czech 

operating instructions. Another serious problem lies in the fact that it is a procedure that in most 

cases takes place in busy acute medicine workplaces where the operating personnel are exposed to 

considerable stress levels. a typical situation for a statistically significant number of workplaces 

at providersô facilities (acute medicine departments ï anaesthesia-resuscitation wards, intensive care 

units of various orientations, operating theatres, etc.) is the countless number of types and different 

manufacturers of infusion apparatuses with very different equipment. This variety of apparatuses 

also includes a significant number of different types and designs of infusion assemblies because no 

universal assembly exists. This is a potentially high-risk situation; under extreme circumstances, 

even qualified personnel can easily prepare an inappropriate combination of device ᵾ accessories 

ᵾ infusion assembly ᵾ software which will not be functional in the sense of implied properties or 

which may even be dangerous. 

1. The most common failure is the creation of an incorrect combination ñdevice + infusion 

assemblyò; as highlighted in the above text, this is an undesirable situation that can go 

unknown to the operating staff. It results in the erroneous dosing of liquids and medicines 

(speed, total quantity, concentration, etc.). 

2. The use of incompatible accessories, e.g. device + drop detector, is a potential security risk 

that is unacceptable. Such a combination may not work. 

3. Incorrect usage ï an incorrect entry and confirmation of treatment parameters (inconsistent 

with the prescription) through the software is a mistake that cannot be excluded 

with multiple types of devices and multiple program versions (see Figure 4.4). Most 

manufacturers have a different philosophy regarding device operation; entering and 

confirming the necessary data can be complicated. at the same time, an incorrect data entry 

(10.1 ml or 101 ml) for dosing rate or an incorrect entry for the total amount can be fatal, 

especially in the case of patients in neonatal intensive care units (security software blocking 

is required). 

4. A potential risk may also arise when assembling a combination of different and 

incompatible devices into towers, systems, etc. 

5. One of the principles of acquiring and using the infusion technique is unifying 

the equipment; it is an important factor in reducing adverse risks and adverse events 

that are caused by human error, but can be easily eliminated through organizational 

measures. 
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Figure 4.4: Combination complexity in using the correct device type, infusion assembly type, prescribed accessories, 

and the appropriate response to the current version of the software. 
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Figure 4.5: Connection of infusion technique devices (linear dispenser + volumetric infusion pumps) into a system, 

(1) ï dock station (or mobile carriers for a smaller number of devices), (2) ï power supply and data transfer connector, 

(3) ï data interface and a barcode reader connector (6), (4) ï syringe holder with an integrated syringe piston brake, 

(5) ï piston driver, (7) ï control and monitoring system (software equipment). 
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Chapter 5 

5 Derived pumping equipment 

The various types and principles of infusion techniques have been also tested for other clinical 

applications; over time, they have been structurally and technologically modified giving rise to 

a new product dedicated to new clinical applications. This is a continuous ongoing process and 

varies from very slight adjustments (e.g. only in assemblies) to major modifications and even to 

the emergence of new medical apparatuses. Very often, the only change is the access point. Instead 

of vascular access, the patient is fitted with a stomach tube (for example). 

5.1 Enteral pumps 

Enteral pumps are modified peristaltic pumps with partial occlusion. Enteral pumps are intended 

exclusively for dispensing ñnutritionò to patients in both intensive care units and in general wards. 

Currently, the use for home care is common; patients (usually stressed by malnutrition and 

associated social problems and complications) may receive this therapy at home. As mentioned 

above, enteral pumps utilize the principle of partial occlusion; they are usually equipped with only 

three occlusion rollers with a silicone insert of the assembly pumping segment tensioned over them. 

The functional partial occlusion is achieved through adequate segment tension. The pumping 

segment is secured to the pump rotor by special retainers that define the amount of tension and thus 

determine the respective therapy parameters, i.e. the enteral pump performance (pumping output), 

dosing pressure and occlusion pressure. 

The pumping output of enteral pumps can be expressed by the following simple relationship: 

 ╠▄ Ͻ╥▄ ϽⱫϽ►Ͻ╛Ͻ▪ (5.1) 

where: 

ὗ   ... fluid flow [ml/min], 

ὠ “ϽὶϽὒ ... pumping segment volume defined by occlusion rollers [ml or mm
3
], 

Ὠ ςϽὶ é inner diameter of the pumping segment [mm], 

ί “Ͻὶ é inner cross-section of the pumping segment [mm
2
], 

ὲ  é rotor speed. 
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With the majority of enteral pumps, the rolling occlusion roller is sufficiently wider than 

the flattened silicon pumping segment. Occlusion rollers must roll smoothly and with minimum 

resistance in order to reliably eliminate the creep effect. Its eventual occurrence may lead to 

mechanical damage to the silicone insert. Analogous to peristaltic pumps with complete occlusion, 

the pumping segment determines the volume Ve; in this case, however, the accuracy is much lower 

because the partial occlusion cannot define this volume with the same degree of stability and 

reproducibility as in the case of firm occlusion. 

In the case of enteral nutrition, however, this deficiency is not too significant. Regarding 

assemblies for enteral pumps, the most important factor is their biocompatibility in light 

of the conclusions of Chapter 4, especially in relation to phthalates (DEHP), because dosed 

nutrition almost always contains fatty substances. 

A special feature of the clinical application of enteral pumps consists in the fact that they do not 

dose (transport) substances that can be regarded as Newtonian fluids, but they do dose ñliquidsò of 

a decidedly colloidal nature with high viscosity (a mushy character). The advantage of this usage is 

associated with ñless strictò safety requirements; it is not necessary to watch air intake so 

scrupulously and there are no requirements for extremely precise dosing, etc. The device is easier to 

fabricate; it has fewer controls and therefore fewer demands on operation as well as a range 

of accessories such as alarm active elements, etc. 

In terms of generating dispensing pressure, enteral pumps are very user-friendly because of their 

partial occlusion. This is based on clinical requirements and long-term experience. Proper operation 

is dependent on the geometry of the pumping segment (outer diameter, inside diameter and length), 

the materials used and its hardness (or softness, a term more appropriate in this case). The pumping 

segment is almost exclusively made of silicone. Analogous to other types of pumps, proper 

functioning depends on using the assembly specified by the manufacturer. 
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Figure 5.1: The principle of an enteral pump with incomplete (partial) occlusion, (1) ï silicone insert of the pumping 

segment, (2) ï tensioning retainers, (3) ï occlusion rollers, (4) ï assembly hoses, (5) ï enteral pump rotor, Ve ï volume, 

L ï length of the closed volume Ve (basically, the distance between occlusion rollers), (i) ï inlet, (o) ï outlet, l ï width 

of the occlusion roller. 
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Figure 5.2: The functional phases of an enteral pump (a peristaltic pump with incomplete occlusion, (1) ï silicone 

pumping segment (in assembly), (2) ï clamping-tensioning holders, (3) ï occlusive roller, (4) ï assembly hoses,  

(5) ï rotor, Ŭ ï angle of the rotor rotation, (i) ï inlet, (o) ï outlet. 
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Figure 5.3: An enteral rotary pump for nutritional support [84]. UZV? Sp²ġ Ultrasonic! 
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5.2 Clinical aspects of instrument nutritional support  ï nutriti on 

Any nutritional support has clinical and technical aspects that are mutually related. As in the case 

of the infusion techniqueôs constant entry into bloodstream, nutritional support is tied to 

a functional approach to the gastrointestinal tract as well as the bloodstream (when necessary) 

depending on the nature of nutritional support. Nutrition therapy is defined as follows (regardless 

of whether it is manual or instrument nutritional support): It is the administration of substances-

nutrients necessary for a patientôs life in a way that bypasses the patientôs entire gastrointestinal 

tract or its part to the extent given by the nature of the patientôs disease. From this perspective, we 

distinguish between parenteral or enteral nutrition. Medical indication for the administration 

of nutritional support is the partial or complete inability of the patient to effectively orally ingest 

and use nutrients. 

Nutritional support can be secured either manually or using a device, or as a combination of both 

methods. Enteral nutrition is administered intermittently while parenterally administrated nutrition 

is a part of infusion therapy. Access for the administration of nutritional support is dependent 

on the method used. in the case of enteral nutritional support, food ñof a mushy character 

with the optimal amount of benefitsò is administered. Access for administrating enteral nutrition 

can be resolved in two ways as follows: 

¶ Nasogastric tube 

¶ Percutaneous endoscopic gastrostomy 

5.2.1 Nasogastric tube 

The nasogastric tube (nylon or polyurethane tube, 2 ï 3 mm in diameter, length ï usually within 

75 cm, exceptionally up to 100 cm) is inserted through the nostril to the desired location 

of the digestive tract (see Figure 5.4 and Figure 5.5): 

¶ Dimensions of the used nasogastric tube depend on the anatomical conditions (the patientôs 

ñsizeò) and the place of administration. 

¶ Nasogastric tubes are intended for time-limited application that usually lasts for several days 

or even months; they are not intended for permanent therapy. 

¶ The time of the tubeôs usage is limited by its material and design. 

¶ It is suitable for applications in patients who are in a coma. Its use is not excluded even 

in conscious patients; in this case, however, it is a burdensome and annoying factor. 

5.2.2 Percutaneous endoscopic gastrostomy 

Percutaneous endoscopic gastrostomy (see Figure 5.6) or percutaneous endoscopic jejunostomy: 

¶ is designed for chronic nutritional support, 

¶ is an invasive method that engenders some risks; it therefore requires a high level of nursing 

care. 

It is an invasive approach with all the risks, especially infection, that exist with the instrument 

technique and manual nutritional support. The method can also be used in the short-term as well as 

long-term hospitalization, as well as in home care. 
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Figure 5.4: One possible method for the use of an appropriate type of nutritional support and possible access: 

(po) ï peroral, (ng) ï nasogastric, (nd) ï nasoduodenal, (nj) ï nasojejunal, (gs) ï gastrostomy, (js) ï jejunostomy, 

*) ï percutaneous endoscopic stoma [10] [11] 
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Figure 5.5: a nasogastric tube for temporary nutritional support ï enteral nutrition. 
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5.3 Parenteral nutrition  

For this type of nutritional support, the use of instrument versions is the optimal solution. 

Typically, we use various types of infusion pumps. Attention should be paid to special assemblies 

that are generally supplied as kits with bags. Parenteral nutrition is based on solutions containing 

amino acids, electrolytes, glucose, omega-3 fatty acids and special solutions with trace elements. 

5.4 Blood pumps 

Blood pumps are typically of the peristaltic type with complete occlusion and are used 

extracorporeal blood circulation. There are two or three primary applications: 

1. Extracorporeal blood circulation used in heart and lung surgery (perfusiology) 

2. Extracorporeal blood circulation for haemodialysis therapy 

3. Blood collection in haematology wards 

These specialized uses will be described in the following sections (see Sections 5.5 and 5.6). 

The application under 3) is essentially a controlled pumping of the patientôs blood during a blood 

collection procedure. a specific problem with these applications is the fact that the pump is not 

transporting fluid, but rather a living tissue that can be damaged (mechanical haemolysis, blood 

loss, infection, etc.). Therefore, any clinical application of blood pumps must be assessed 

separately. in terms of specialized education, perfusiology is an independent specialization 

of biomedical engineering. 
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Figure 5.6: Percutaneous endoscopic gastrostomy, (1) ï inlet, (2) ï tube, (3) ï connection cone, (4) ï shutting flap, 

(t) ïfatty layer, (s) ï muscle, (k) ï skin. 
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5.5 Extracorporeal blood circulation ï ñperfusiologyò 

 Basic system components Functions secured F, G 

A Blood pumps Blood circulation in the haemodynamic system C 

B Oxygenator Blood oxygenation and controlled hypothermia  

C Heat exchanger Control and maintenance of the patientôs temperature   

D Haemoconcentrator Regulation of fluid balance  

E Cardioplegia Chemical cardiac arrest ï myocardial protection 

during surgery 

C 

F Monitoring 

of extracorporeal blood 

circulation parameters 

Monitoring of extracorporeal blood circulation 

parameters, blood pressure and flow rates, blood 

temperature, oxygen saturation, haematocrit 

A, B, 

C, G 

G Safety elements Air detector F 

H Patient monitoring Monitoring of the patientôs vital signs   

Table 5.1: Basic components of the extracorporeal system and their functions. 

One of the most important uses of blood pumps is extracorporeal blood circulation as a complete 

or partial substitution for the physiological function of the heart and lungs (or other organs or their 

physiological functions). During surgery, blood circulation and oxygenation is thus fully 

substituted. Extracorporeal circulation is mainly used in surgery on the heart, heart valves or large 

blood vessels, during heart transplantation or surgery on heart chambers. The development of these 

methods began early in the second half of last century and gradually gave rise to a completely new 

field ï perfusiology. Currently, extracorporeal blood circulation is no longer limited only to 

circulatory replacement or support provided by blood pumps, but also includes the oxygenation of 

a patientôs blood and thermoregulation. a decrease in a patientôs temperature by 10ÁC reduces 

the patientôs metabolism by about 50% and improves the prognosis of surgery [6], [7]. Part 

of the extracorporeal blood circulation system is a diagnostic and monitoring section that increases 

the patientôs safety through monitoring their vital signs during surgery. This relates to 

the monitoring and measurement of haemodynamic parameters (blood pressure and flow rates), 

blood parameters (haematocrit), oxygen saturation in the patientôs blood, monitoring and 

measurement of the patientôs temperature to manage overall and local hypothermia. The system 

also includes safety elements such as air detection (detecting air in tubes with blood). in this way, 

perfusiology has gradually developed into a demanding discipline that involves various principles 

and technologies. 

5.5.1 Blood pumps 

Extracorporeal blood circulation is provided by pumps as described in Chapter 2. They may vary 

in their design, technological and material makeup, with regard to the nature of applications or 

desired performance. a basic and simplified example of extracorporeal blood circulation is shown 

in the figure (see Figure 5.8). Venous blood is taken either by one venous cannula directly from 

the right atrium or by two venous cannulas from the upper and lower vena cava, and returned to 

the patient through an arterial cannula in the aorta. 
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Figure 5.7: Basic components of extracorporeal blood circulation ï perfusiology. 
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Figure 5.8: A schematic principle of extracorporeal blood circulation. 
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Between the places of its ñcollectionò and return to the patientôs bloodstream, the blood is 

submitted to demanding medico-technological processes. Their individual elements (components, 

nodes) have gradually improved since the second half of the last century in compliance 

with medical needs and according to technical, material and technological advances. This mainly 

includes the introduction of oxygenators in the early 1970s and their gradual improvement (1980s), 

the use of technologies from dialysis (haemoconcentrator ï the elimination of plasma water) and 

leading technologies in the field of sensor techniques, etc. in the case of extracorporeal blood 

circulation, similar to infusion pumps, the co-determining factor of its functionality (including 

the pumpôs performance accuracy regarding the amount of blood pumped) is a special assembly, 

related assemblies and other special disposable material. This material (assemblies) also determines 

the safety of the entire system. 

5.5.2 Oxygenator 

As already mentioned in the previous text, oxygenators appeared in extracorporeal blood 

circulation systems in the 1970s. 

Its function is not only the oxygenation of venous blood, but also thermoregulation. It is 

a function resulting from the design and technological concept of the oxygenator. The oxygenator 

principle is based on the selective permeability of an oxygen permeable membrane (see Figure 5.9) 

and, if necessary, also for other gases [8]. at the same time, this functional component also includes 

an integrated heat exchanger (cooling function Ÿ total hypothermia of the patient and controlled 

heating of the patient after completing surgery (see Figure 5.10). in the case of an oxygenator, 

oxygen-enriched air flows through capillaries that are washed with venous blood (in contrast to 

the haemodialysis technology where the capillaries are flushed with blood). 
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Figure 5.9: The principle and basic functions of an oxygenator (capillary) in extracorporeal blood circulation. 
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Figure 5.10: A capillary oxygenator and its (possible) connection to a heat exchanger. 

5.5.3 Heat exchangers 

Reducing a patientôs temperature during surgery is a significant factor of its success; there is 

mild, moderate and a deep state of hypothermia that must always be controlled and tightly 

monitored. The same applies to gradual warming after the procedure. This is to reduce 

the metabolic demands of the body (up 50 %). We distinguish between total body hypothermia and 

local hypothermia, which mainly refers to the heart muscle and, from this point of view, is 

a separate task [7]. Temperature control is performed by devices that transfer heat (in the sense 

of cooling or heating) by water using heat exchangers (including oxygenators). The decrease 

in temperature is dependent on the nature and extent of the surgery, on the health status and vital 

statistics of the patient (height and weight, BSA ï Body Surface Area) as well as on the current 

blood flow through the extracorporeal circulation (see Figure 5.11 and Figure 5.12) [5], [7], [8].  

For cooling, to achieve both local and total hypothermia, other elements of the extracorporeal 

blood circulation system can be used as allowed by their design, construction and technologies. 

This mainly relates to oxygenators [6], [7], [8]. in terms of achieving the desired level 

of hypothermia and especially its stability, some elements of extracorporeal blood circulation may 

have the opposite effect, i.e. they can produce heat. This is a problem of extracorporeal blood 

circulations in all applications (including dialysis). Individual elements of the entire system 

of extracorporeal blood circulation have a certain amount of surface that radiates and absorbs heat 

energy (blood assemblies, blood reservoirs, haemoconcentrator, etc.). It is also impossible to avoid 

exposure to multiple sources of thermal energy (e.g. operating lights) and auxiliary (optional) 

cooling methods. Therefore, from the viewpoint of the stability of the entire system 

of extracorporeal blood circulation, an important factor is the environment in which the system is 

located, i.e. an environment with a certain level of air-conditioning! 
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Figure 5.11: Hypothermia and metabolism decrease [7]. (!ġpatnĨ text TABEL!) 
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Figure 5.12: The principle of a heat exchanger for extracorporeal circulation and its characteristics, (1) ï blood inlet, 

(2) ï blood outlet, (3) ï water inlet, (4) ï water outlet, (5) ï temperature sensor, (6) ï capillaries. Note: some studies 

suggest slightly different temperature ranges; in this respect, the terminology may be somewhat different!? 
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5.5.4 Haemoconcentrators 

During surgery, extracorporeal systems are mixed with a considerable amount of crystalloid-

based liquids that can dilute the blood. on one hand, this positively affects perfusion; on the other 

hand, however, it is necessary to ensure that the haematocrit (Hct) does not fall below 0.25 ï 0.30. 

For these reasons, the extracorporeal blood circulation system includes a haemoconcentrator [8], 

[7]. It is a technology taken from dialysis. a haemoconcentrator is an element that resembles 

a dialyzer in its appearance as well as in its principle, design and technology. It is a system 

of capillaries made of suitable permeable materials (such as polyarylethersulphone). Overpressure 

(TMP ï transmembrane pressure) on the blood side causes a simple ultrafiltration effect and 

elimination of plasma water. in this case, the overpressure is generated by the blood pump; 

however, the required ultrafiltration effect can also be achieved by creating an underpressure. 

in contrast to haemodialysis technology, haemoconcentrators work with a relatively small area, 

approximately 0.25 m
2
. The principle of a haemoconcentrator is shown in Figure 5.13, and its 

ultrafiltration characteristic is presented in Figure 5.15. Haemoconcentrators are thus important to 

maintain ñphysiologicalò values of haematocrit [Hct], which is therefore closely and continuously 

monitored throughout a surgery using extracorporeal blood circulation. 
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Figure 5.13: Principle and function of haemoconcentrator in the extracorporeal blood circulation (elimination of excess 

plasma water (crystalloids) and adjustment of haematocrit [Htc] values). 
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5.5.5 Cardioplegia 

Cardioplegia is a temporary cessation of cardiac activity during certain important and extensive 

cardiac surgeries. It is based on a controlled administration of a cardioplegic solution. This solution 

is usually administered in the aorta root from where it flows under pressure into the coronary 

arteries or directly into the mouth of the coronary arteries (see Figure 5.14). It protects 

the myocardium during surgery, which allows operation in a motionless and blood-free operative 

field [5], [6], [3]. The applied solution is a hyperkalaemic solution [K
+
] in combination 

with magnesium [Mg
++

]. The potassium concentration ranges between 15 and 30 mmol/litre. 

The application of a cardioplegic solution at a relatively low temperature, typically 4-10ÁC, invokes 

asystole during diastole due to the supraphysiological potassium concentration. The condition is 

a simultaneous cooling of the myocardium into a very deep state of hypothermia. Hyperkalaemia 

disallows depolarization of the cardiomyocyte membranes, which remain depolarized and the heart 

is ñstoppedò in diastole. Cardiac arrest in diastole combined with a very deep state of local 

hypothermia (which ï in addition to the use of cardioplegic solution at a temperature of 4-10ÁC ï is 

also supported by total hypothermia and other procedures that consist in irrigating the heart muscle 

with cold solutions, the application of a cold water bath, cooling jacket, etc.) reduces the metabolic 

demands of the cardiac muscle cells. Mostly, it significantly reduces the consumption of oxygen 

[5], [3], [4]. 
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Figure 5.14: Myocardial protection using a cardioplegic solution, (1) ï a cardioplegic solution, (2) ï peristaltic pump, 

(3) - (4) ï thermoregulation, (a) - (d) ï possible venous inlets. 
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Figure 5.15: Haemoconcentrator ultrafiltration characteristics and oxygen transfer to the oxygenator [8]. 

*

"

!

"

9

LEGEND:

- COі 

- Oі 

- ERYTHROCYTE

- ERYTHROCYTE

(hemolysis)"

PERMEABLE
MEMBRANE

AIR + Oі

VENOUS 
BLOOD

 

Figure 5.16: Gas exchange in an oxygenator. 
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5.6 Extracorporeal blood circulati on ï ñsystemò 

Use of extracorporeal blood circulation is variable. It depends on the manufacturer, the purpose 

of its use, type and severity of cardiac surgery. Even individual systems supplied by 

the manufacturer may vary, depending on decisions made by the physician and other medical 

personnel (nurse ï perfusiologist, technician ï perfusiologist) regarding their modification for 

a specific use or surgery. For the purposes of this publication, this system is described briefly 

(for guidance) so that the reader understands the meaning and application possibilities of its 

individual elements and components (nodes), their design characteristics and principles. Details 

of extracorporeal blood circulation can be found in the literature mentioned below. It is 

a completely separate medical discipline in terms of the medical, technical, biophysical and 

legislative aspects. 

Extracorporeal blood circulation is a relatively complex system that evolved in the late 1950s; its 

first and basic function was to provide substitute blood circulation or support the patientôs own 

system. The system was gradually expanded to include additional functions that improved 

the quality of the health care provided, as well as the patientôs chances of survival in the most 

serious cardiac surgeries. Its progress included the introduction of hypothermia and oxygenators, as 

well as other elements that led to the creation of a more complex, yet more efficient system. Despite 

this progress, there are still some medico-technical problems that arise from the fact that different 

parts of extracorporeal blood circulation affect each other (positively or negatively). This in turn 

implies certain limitations and the need for adequate and effective compensation of the negatives. 

That is why extracorporeal blood circulation is the subject of an independent medical field, 

perfusiology, which has absorbed the technology and principles of other disciplines. Essentially, 

the basic components of extracorporeal blood circulation constitute a ñpuzzleò (see Figure 5.17) 

that can be divided into the following groups: 
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Figure 5.17: The basic components of extracorporeal blood circulation ï perfusiology. (!CHYBA SZĉM!) 
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1. Blood pumps. 

2. Oxygenator, blood oxygenation, gas exchange (O2 ᵰ CO2). 

3. Devices ensuring thermal balance (a degree of hypothermia) or stabilization of the patient 

(normothermia). 

4. Devices for a state of local a deep state of hypothermia for the cardiac muscle. 
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Figure 5.18: a simplified diagram of extracorporeal blood circulation *), (1) ï peristaltic pumps, (2) ï cardiotonic and 

venous reservoir, (3) ï heat exchanger, (4) ï oxygenator, (5) ï arterial filter, P ï blood pressure measurement,  

T ï measurement and regulation of temperature, Hct, SpO2 - measurement of haematocrit and oxygen saturation,  

*) the principle of cardioplegia in more detail (see Figure 5.13). 

5.6.1 Blood pumps 

They are a fundamental element for the functionality of the entire system. As a rule, it is 

a system of several pumps, most commonly composed of peristaltic pumps with complete 

occlusion. in functional terms, an integral part of the circulatory system is a blood assembly that is 

regarded as a special medical material; presently for single use only. The design is fairly old 

but successful, conditioning the success of this medico-technical field and many others, 

e.g. haemodialysis. The peristaltic pump was patented in the USA in 1855! [7] 

In terms of functionality and security of the entire system, this element cannot be neglected; 

on the contrary, it should be paid due attention. The material used for the blood assembly is now 

based on polymers or copolymers. This leads also to the situation described in Section 4.2; in this 

case, with regard to the total time of single contact with the intrabody environment (hours), it is 

a problem that can be considered as secondary, but not negligible. The combination ñblood pump + 

blood assembly + any additional elements of SZM (= special medical supplies) thus forms a system 

that affects an operationôs quality and safety. 
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In the application of extracorporeal blood circulation, the body cannot react to changes in cardiac 

output and the related changes in energy demands. Blood flow is determined by the operator-user 

of extracorporeal blood circulation, i.e. a perfusiologist. The blood pump then delivers output 

adjusted by the perfusiologist based on their knowledge and experience. a blood output 

corresponding to quiescent physiological values generally ranges from 2.8 to 4.0 litres/m
2
.min. 

in extracorporeal blood circulation, we usually work with lower values in the range of 2.2-2.4 

litres/m
2
.min. These values were experimentally determined in the early days of perfusiology 

(Kirkl in et al., 1955) and clinically validated as compliant [7]. Blood flow is determined in relation 

to the patientôs BSA (Body Surface Area) index, which is calculated from the below relationship 

called Mostellerôs formula. [7], [6]: 

 

║╢═
▐Ͻ□

 

(5.2) 

where: 

h ... patientôs height [cm], 

m ... patientôs weight [kg], 

BSA é index [m
2
]. 

This is the most commonly used relationship, mainly due to its simplicity. However, it is 

possible to also use other relationships, usually empirically determined (according to Hacock, 

Gehan-Gregor or Boyd). [6] in the normal adult population, the BSA index value is about 1.9 m
2
. 

Blood flow can be further reduced, depending on the degree of overall hypothermia. Literature 

indicates that blood flow can be safely reduced to 1.6 litres/m
2
.min at a temperature of 28ÁC or even 

to 1.2 litres/m
2
.min at a temperature of 20ÁC, which is a state of a deep state of hypothermia that 

significantly reduces demands on the oxygen supply. It is therefore evident that blood flow and 

the degree of hypothermia are two mutually closely interrelated parameters. However, it is 

necessary to take into account technical limitations. The current technique allows actual blood 

flows around 3.2 litres/m
2
.min, which is a value corresponding to the requirements 

for physiological cardiac performance under normal conditions. Usually, such a value is not 

necessary in operations when using extracorporeal blood circulation under conditions close to 

normothermia. When lowering the temperature to moderate up to a deep state of hypothermia, it is 

necessary to bear in mind possible complications arising from the fact that the blood assembly is 

made of polymers (PVC, PE, etc.) whose mechanical properties change with decreasing 

temperature and adversely affect the functionality of extracorporeal blood circulation, especially 

in terms of appropriate blood flows, their stability and accuracy throughout an operation. 

5.6.2 Oxygenators, blood oxygenation, gas exchange (O2 ᵰ CO2)  

The oxidation of venous blood, along with blood pumps providing blood flow, is another 

essential element of extracorporeal blood circulation. Oxygenators first appeared in clinical practice 

in the 1970s as hollow fibres and, subsequently, in other modified states (bubble, disc, membrane 

versions). The principle, however, is still the same (see Figure 5.9, Figure 5.10, Figure 5.15, Figure 

5.16 and Figure 5.20). The nature of this important element of extracorporeal blood circulation 

enables a concurrent function; oxygenators can be used as a heat exchanger. To achieve 

the required concentration gradient, air is enriched with oxygen that diffuses through a permeable  
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membrane into the blood plasma and subsequently binds to erythrocytes, where it creates 

oxyhaemoglobin. Except for the required concentration gradient, the efficiency of this process 

depends on the blood flow speed, blood plasma diffusion capacity, degree of hypothermia and 

design and technological version of the oxygenator. Adequate perfusion is critical for the success 

of an operation and reduction of eventual complications. The onset of anaerobic metabolism due to 

reduced distribution of oxygen to the tissues and the subsequent development of metabolic acidosis 

can lead to organ failure in some organs. Normally, a patientôs tissues consume about one-fifth 

of the total amount of oxygen in arterial blood. Literature [5], [6] and [7] indicates that the ratio 

between oxygen delivery and consumption (even during the induced patient hypothermia) may fall 

well below the value of 2.5. in addition to oxygen saturation in the patientôs blood, it is also 

necessary to monitor the removal of metabolic products, which is carbon dioxide. 

Carbon dioxide is removed from the blood by diffusion ñdrivenò by the concentration gradient. 

CO2 diffusion is very intense, so its removal does not cause any trouble even at a relatively small 

concentration gradient. One problem in the exchange of gases (O2 ᵰ CO2) is the negative influence 

of mechanical haemolysis due to the pressure of the occlusion rollers in the peristaltic pump. This 

factor was particularly exaggerated in the past, but ignoring mechanical haemolysis is also not 

appropriate. Reducing mechanical haemolysis depends on flawless peristaltic pumps (periodic 

checks and adjustment to the occlusion pressure, the use of appropriate assemblies ï pumping 

segments, etc.). Currently, clinical practice also uses centrifugal pumps that are friendlier to 

erythrocytes. Although this type of pump appeared in the early 1970s, their operation is still 

expensive. 

5.6.3 Heat balance and the degree of hypothermia, stabilization of 

a patientôs normothermia and a local deep state of hypothermia 

of the cardiac muscle 

Controlled thermal balance of a patient during an operation using extracorporeal blood 

circulation is an integral part of serious cardiac surgeries and creates conditions that are necessary 

for their successful implementation. The process of cooling/heating of a patient ñtakesò the majority 

of an operationôs time (50% to 70%). The average cooling time is about 80 minutes (possible range 

40-120 minutes), the average heating time is about 120 minutes (possible range 80-200 minutes) 

[9]. Significantly longer heating time results from the fact that a too rapid of a heating of a patient 

can be a source of serious complications. Procedures involved in standard operations, i.e. the times 

of individual stages of hypothermia or normothermia stabilization, are based on empirical 

knowledge and it is often difficult to determine dependencies controlling this biophysical process. 

Experience gained in this manner is strictly observed and any possible changes are treated very 

carefully. Determining the optimal times for cooling/heating stages is necessary and important 

for the proper and safe strategy of cardiac surgery and its safety; ultimately, it is a decisive factor 

of its success. Factors influencing the quality of the resulting thermal balance are diverse. Medical 

factors include age, the patientôs physiological and anatomical parameters, the nature and severity 

of the malady being addressed as well as other comorbidities, BMI, etc. Technical factors include 

the state of medical technique being applied, the degree of their degradation, an appropriate and 

correct combination of instrumentation and special medical supplies, etc. at the same time, 

the identification of these factors is difficult, as is assessing their impact. 
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Figure 5.19: Factors influencing the quality, reproducibility and level of the thermal balance in cardiac surgery when 

using extracorporeal blood circulation, (p) ï flow, (A) ï area, (r) ï heat exchange efficiency [8]. 

1,0

0.9

0,8

0,7

0,6

0,5

0,4

0,3

0,2

0,1

0
1 2 3 4 5        6       7

Blood flow (Qb)   [litres/min ]

500

450

400

350

300

250

200

150

100

50

0

C
Oі
 -
tr

a
n

sf
e

r 
[m

l/
m

in
] CO2 TRANSFER 

a) b)

O
U

T
P

U
T

 F
A

C
T

O
R

 
[%

]

1 2 3 4 5       6      7

Bloodflow (Qb)   [litres/min ]

HEAT EXCHANGER OUTPUT

Waterflow
15 litres/min

Waterflow
5 litres/min

Gas/ blood flow ratio
ς2:1

1:1

0,5:1

 

Figure 5.20: Characteristics of an oxygenator as a heat exchanger, carbon dioxide transfer [8]. 
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Figure 5.21: Graphical view of cardiac surgery using extracorporeal blood circulation and controlled hypothermia 

including heating of the patient, freely adapted from [9]. 

The active elements of thermal balance (ᵰ A, r) are mainly heat exchangers and oxygenators, 

which are potent elements of regulation. An active role in thermal balance is also played by blood 

peristaltic pumps and their performance adjusted for the given cardiac surgery; the efficiency 

of heat exchangers affects blood flow (see Figure 5.12). in this case, however, it is a compromise 

between the requirements for high heat exchanger efficiency (which decreases with increasing 

blood flow) and the requirements for optimizing blood flow in terms of demands on adequate 

perfusion. 

In terms of cooling/heating, it is also necessary to consider factors or circumstances that have 

a parasitic character. This applies to some passive elements of the extracorporeal blood circulation 

system such as assembly hoses, reservoirs, haemoconcentrators and on-line filters that cause 

unwanted heating in the cooling working mode and undesirable heat loss in the heating mode. 

There are also factors that are difficult to define, such as organ irrigation with cooling solutions, 

applications of cooling gels, etc. These are procedures used in connection with a deep state of hypo-

thermia of the heart muscle! Such complications, however, are not dramatic. in the case of proper 

regulation, these unwanted parasitic effects are compensated by automatic control systems. 

In terms of the safe operation of the extracorporeal blood circulation system, it is important to 

monitor the patientôs temperature both during the cooling phase and heating phase after completing 

a cardiac surgery. It is necessary to monitor the temperature at various locations of the patientôs 

body so as to obtain data during hypothermia and, subsequently, also data on the patientôs heating 

to a normal physiological temperature (see Figure 5.21). Hypothermia related to cardiac surgery 

when using extracorporeal blood circulation leads to changes in the patientôs body temperature; 

these changes can be evaluated from the perspective of the central region of the body ï then we talk 

about central temperature or the temperature of the bodyôs core (Core Temperature), and peripheral 

body temperature (Peripheral Temperature) (see Figure 5.22). 
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Figure 5.22: Distribution of a patientôs body temperature using extracorporeal blood circulation and the application 

of hypothermia, and possible clinical implications. 

The term ñbody coreò indicates places in the body containing organs with the most intense 

metabolism that thus produce significant heat. These are mainly organs situated in the thoracic 

cavity (heart and lungs), abdominal cavity (liver), cranial cavity (brain) and inner regions of limbs 

with muscles. 

Blood is heated in the central part (core) and subsequently heats the periphery (skin, 

subcutaneous tissue, etc.); this usually generates a temperature gradient between the temperature of 

the bodyôs core and the periphery. Changes in the temperature distribution that arise due to the 

therapeutic process (extracorporeal blood circulation) may have even serious clinical consequences 

and can cause some complications. in any active phase of extracorporeal blood circulation, the heat 

exchangers can relatively quickly change blood temperature, which subsequently results in changes 

of the bodyôs core temperature. For example, a rapid cooling of the bodyôs core leads to peripheral 

vasoconstriction; this results in reduced blood flow through the periphery followed by the slow 

cooling of peripheral tissues. Such a situation can be prevented by administering vasodilatory 

substances (vasodilators) that ensure the fastest and most uniform cooling of the patient. Monitoring 

a patientôs temperature in all phases of the cooling/heating procedure is therefore very important. 

5.7 Extracorporeal blood circulati on ï ñappendixò 

As evident from the above text in Chapter 5, extracorporeal blood circulation is a relatively large 

area and also includes topics apparently not related to the infusion technique. However, it is 

important to note that extracorporeal blood circulation has very intensively developed since 

the middle of last century, from the initial state where the essential element was only a blood pump. 

To be effective as well as efficient and safe in terms of the results achieved (i.e. with minimal 

adverse accompanying episodes), this type of therapy was gradually supplemented with additional  
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elements such as oxygenators, heat exchangers, haemoconcentrators, on-line filters, measuring and 

monitoring units (blood pressure, blood flow rate, haematocrit, temperatures, etc.), which together 

form a relatively complex system. We also cannot ignore the fact that a significant part of this 

system is the various assemblies (blood, infusion, special, etc.) and other medical equipment and 

special medical supplies, currently exclusively designed for single use only. This system also 

includes software that has control, monitoring, measurement and security (alarm system) functions, 

but also service functions such as technical alerts, alarms and blocking functions. The main reason 

for the creation of such a system is its functionality and efficiency with regard to the patient. 

Nevertheless, a certain and not always desired outcome is the interaction of individual elements, 

which unfortunately are often negative: 

1. Peristaltic pump ᵰ blood assembly pumping segment ᵰ hypothermia ᵰ mechanical service 

life of the blood assembly (pumping segment) ᵼ effective blood flow, 

2. Peristaltic pump ᵰ blood flow ᵰ mechanical haemolysis ᵰ oxygenator efficiency,  

3. Blood flow ᵰ efficiency of heat exchangers ᵰ effective hypothermia ᵰ temperature 

measurement (patient + extracorporeal blood circulation = number of measurement points), 

4. Degree of hypothermia ᵼ thermal balance - compensation ᵰ parasitic ñheat exchangersò ᵰ 

blood assembly ᵰ haemoconcentrator ᵰ blood reservoirs ᵰ compensation 

of vasoconstriction and vasodilatation, 

5. Hypothermia cessation ᵼ heating of the patient ᵰ temperature measurements or number 

and points of measurement ᵰ blood flow measurement ᵰ safe management 

of the temperature balance ᵰ safe elimination of hyperthermia (!) ᵼ minimization 

of adverse side effects and CNS protection, 

6. Perfusion ᵼ safe blood dilution with crystalloids ᵰ monitoring of the safe limits regarding 

the minimum Hct ᵰ correction of the blood pump outputs ᵰ efficient oxygenation 

of venous blood ᵼ effective haemoperfusion, 

7. Blood flow through extracorporeal circulation ᵼ optimization of the blood pump outputs ᵰ 

objective evaluation and analysis of the degree of hypothermia ᵰ blood dilution 

with crystalloids ᵰ haemodilution ᵰ pressure profile of extracorporeal blood circulation ᵰ 

measurement and analysis of borderline pressures ᵰ heparinization of extracorporeal blood 

circulation ᵼ effective haemoperfusion, 

8. Assessment of the degree of hypothermia ᵰ temperature control ᵰ thermal balance ᵰ 

optimization of blood flow ᵼ effective haemoperfusion, 

9. Blood pump output ᵼ blood flow adjustment ᵰ determination of effective blood flow ᵰ 

analyses of the effect of temperature and haemodilution ᵰ BMI index ᵰ limitation 

of the influence of mechanical haemolysis ᵼ safe and effective therapy with minimal side 

effects. 

It is therefore obvious that the use of any elements intended for pumping / dosing of ñfluidsò 

in medical applications requires assessing their application in a wider perspective; especially, it is 

necessary to consider the interaction of various components used in the system. 
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Chapter 6 

6 Linear di spensers 

The use of linear dispensers and their structural, technical and technological design was 

a response to the clinical need for very slow dosing of small volumes of liquids with high 

concentrations of active ingredients. These requirements were not achievable through gravity 

infusion therapy or infusion therapy with the use of technical apparatuses with infusion pumps. 

Apart from the inaccuracies in administering drugs, the patient was given considerable amounts 

of undesirable crystalloids and fluids. For a number of clinical conditions, the high intake of fluids 

is contraindicated. Developments of the use of linear dispensers in clinical practice and their 

technical improvements have brought additional application possibilities and this technique has also 

penetrated other areas of medicine: 

¶ Basic applications ï internal and emergency medicine (intensive care units, anaesthesia-

resuscitation wards, etc.) 

¶ Diabetology ï insulin pumps (mobile, personal medical device) that are now a separate field 

also from the technical perspective, [16] and [17] 

¶ Heparin pumps (extracorporeal blood circulation ï perfusiology, dialysis, etc.), see Figures 

??, ??, ??, ??. 

¶ Oncology (dosage of cytostatics) 

6.1 The principle and design of linear dispensers 

The basic element of linear dispensers is a syringe. at the beginning, the dispensers were fitted 

with glass syringes for reuse, usually with a volume of 10 ï 20 ml (see Figure 1.2). Insulin 

dispensers used syringes with a volume of 5 ml or less. [16], [17] Plastic syringes for single use 

appeared later and are now the standard. For the above reasons, linear dispensers are often referred 

to under somewhat incorrect and misleading names such as ñinjection dispensersò or ñsyringe 

pumpsò and the like although these names correctly reflect the principle used. 
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Figure 6.1: The principle of a linear dispenser, D0 ï inner diameter of the syringe, De ï outer diameter of the syringe,  

d1 ï piston movement at time t1 from position (0) to position (1) and the displacement of volume V1, d2 ï piston 

movement at time t2 from position (1) to position (2) and the displacement of volume V2. 

So, the basis is a syringe on which certain requirements have been imposed over the course 

of time; therefore, we cannot use just any syringe that is on hand. Over time and based on clinical 

experience and technical analyses, technicians have developed syringes whose design corresponds 

to this medical application: 

1. Precisely defined external (and internal) diameter, 

2. Precisely defined internal volume, 

3. Minimal dead volume after pressing the piston, 

4. Precisely defined length of the piston (including rod length) and length of the syringe, 

5. Dimensional stability and the correct ratio of all sizes, 

6. Silicone piston seal (single or double), 

7. Termination with a self-locking luer-look cone, 

8. Bayonet (screw) hose connector, 

9. Sufficient mechanical rigidity, 

10. Smooth piston movement without any signs of rubbing (the so-called ñcreep effectò). 

  



6.1 PRINCIPLE AND TECHNICAL SOLUTION OF LINEAR DISPENSERS 71 

THE INFUSION TECHNIQUE AND THE HAEMODIALYSIS TECHNIQUE AND TECHNOLOGY 

 

The instrumentation of this type of infusion technology (linear dispensers) provides other 

necessary functions that include: 

1. A defined and stable fixation of the syringe body, 

2. Automatic identification of the type of syringe and its nominal volume, 

3. Firm, defined and stable fastening of the piston and rod of the syringe, 

4. Provision of defined and accurate piston movement, 

5. Control of the pistonôs movement at a defined speed, 

6. Calculation and display of the volume dispensed. 

The principle of a linear dispenser is thus based on a uniform movement of the piston and 

the displacement of the liquid in the syringe. The volume of displaced liquid is given by 

the syringeôs inner diameter and piston movement by a distance d. The time between two positions 

of the piston then determines the rate of liquid administration (administration rate = flow). 

The syringeôs outer diameter is used only to identify the type Ÿ syringe volume; for this reason, an 

exact definition of both diameters is important. Based on these data, the deviceôs software performs 

the respective calculations. If necessary, the results are converted to units that are commonly used 

in medicine for dispensing liquids: volume [ml or ɛl] and flow rate [ml/min or ɛl/min]. in special 

cases, the flow rate is presented in [ml/hour]. With linear dispensers, the total volume of liquids 

supplied is given by the syringeôs volume. 
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where: 

V ... volume of the liquid displaced, 

D0 ... syringe inner diameter (= piston outer diameter), 

d é piston movement, 

ȹt é time between two positions of the piston, 

ū é liquid dosing rate (= flow). 
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Figure 6.2: The principle of the design of linear dispensers, (1) ï syringe, (2) ï piston rod mounting, (3a)-(4a) ï screw 

movement of the rod with a piston, (3a)-(3b) ï rack and pinion, an alternative solution for moving the rod with a piston, 

(5a) and (5b) ï syringe attachment into the deviceôs body and syringe volume sensor, (6) ï silicone piston seal, (7) ï 

self-locking cone with screw bayonet. 

6.2 Requirements for  syringes for  linear dispensers 

Analogous to infusion assemblies and infusion pumps (where infusion assemblies must meet 

specific requirements whose nonfulfillment is negatively reflected in the quality and safety 

of healthcare provided), syringes must also conform to certain requirements when intended for use 

in combination with linear dispensers. Failure to comply with this condition corresponds to 

the severity of potential malfunctions and the resulting consequences. in application, it is necessary 

to also observe other requirements that are more general and apply to all syringes regardless 

of the purpose. This mainly relates to the contents of phthalates (see Section 4.2), warranty 

on sterility, packaging and its durability, legibility of important information and scale of printing, 

operating instructions and a warranty stating the syringe is suitable for infusion therapy or, 

preferably, that it is suitable for use with the given type of linear dispenser.  

Using non-standard syringes is a nuisance. Risks arise from the possible combination of linear 

dispensers with other medical devices (usually therapeutic in nature); a linear dispenser and a non-

standard syringe can be connected to the underpressure part of extracorporeal blood circulation 

Equipment (for example). in the case of extracorporeal blood circulation and dialysis monitors, 

underpressure before the peristaltic blood pump can be 150 to 250 mmHg (usually in the pump 

output above 300 ml/min) and the syringe might be uncontrollably emptied. at the same time, 

the position of the syringeôs rod will not change. Devices in good condition will keep it in a stable, 

constant position. Air intake occurs around the syringeôs piston (see Figure 6.3), especially when  
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the syringeôs piston is made of the same material as the syringeôs body, e.g. polypropylene which is 

relatively hard and has poor sealing properties. 

Syringes for use in linear dispensers must meet numerous criteria so that infusion therapy is safe 

and effective. The most important requirements are given below: 

1. Outer diameter of the syringe (based on which the device ñrecognizesò its type / volume) 

must be in the exact proportion to its length and the length of the rod with a piston so that 

the calculation of the pistonôs track when pushed into the syringeôs body corresponds to 

the volume declared. 

2. Minimizati on of any dead volume after completing the therapy, i.e. the syringeôs geometry 

must ensure that the syringe does not contain any residue of crystalloid solutions with 

a large amount of active substances. 

3. Secure syringe attachment into the linear dispenser body and the rodôs carrier with 

a piston, i.e. the standard design. 

4. Self-locking luer-look cone eliminating disconnection during therapy. Alternative Record 

cones are no longer in use. 

5. Bayonet termination with  a screw coupling ï another safety measure that minimizes any 

disconnection. 

6. Mechanical compatibility of the syringe with other disposable supplies (extension hoses, 

multiway cocks, on-line filters, etc.). 

7. Marking  of the syringe ï in order to eliminate its incorrect use in combination with other 

devices (especially when multiple types of devices are used in the workplace). 
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Figure 6.3: Syringe and potential security risks, (1) ï piston with double silicone seal, (2) and (3) ï the influence 

of ɛ-leaks and syringe uncontrolled emptying. 
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Figure 6.4: A syringe for infusion therapy and its design, [85], (1) ï silicone piston with double sealing, 

(2) ï connecting self-locking luer-look cone with a screw bayonet, (3) ï piston rod. 
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Chapter 7 

7 Vascular access for  infusion therapy 

Vascular access is considered predominantly a medical topic. in the case of perfusiology, it is 

a medico-surgical topic. in the case of nutritional support, it relates both to surgical paths with 

a high degree of invasiveness and the use of paths through natural anatomical openings. Vascular 

access for classical infusion therapy is invasive. Vascular access for instrument infusion therapy is 

mainly a question of medicine, but also has its technical aspects. The issue of vascular access into 

body systems should be seen as an integral part of this therapy. Vascular access must be perceived 

from the following perspectives: 

Medicine: 

1. Anatomical perspective (dimensions, structure, depth, etc.), 

2. Physiological and pathophysiological conditions (pressure, flow), 

3. Microbiological perspective, 

4. Necessity to minimize tissue destruction (puncture character, healing), 

5. Application possibilities and procedures. 

Technique: 

1. Biocompatibility, 

2. Parameters of needles and catheters (diameter, length, flexibility, etc.), 

3. Complying with the therapyôs parameters (particularly flow), 

4. Maintaining a long-term functionality of vascular access, 

5. Security (sharp object injuries) , (see Chapter 10). 
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It is obvious that a number of conditions are common in vascular access for instrument infusion 

therapy and parenteral nutritional support as well as for enteral nutritional support and blood 

pumps. Technical aspects of vascular access primarily consist in ensuring the adjusted flow 

parameters of the given therapy and their maintenance throughout the treatment. This involves 

mainly the following tasks: 

1. Minimize the formation of thrombi, 

2. Intermittent flushing or maintenance flushing, 

3. Maintain microbiological safety, 

4. Sustainable interval of restoring vascular access. 

Vascular access is therefore a medico-technical complex that requires the optimization 

of medical devices and special disposable and medical material (for single use) in relation to 

the therapyôs prescribed (ordained) parameters. An important factor is the choice of needles 

(parameters ï diameter and length), design of their tips and safety features, material structure and 

type of sterilization (see Figure 7.1) [85]. 

The needleôs penetration through a tissue is dependent on the technical-technological level of its 

manufacture and is important for the doctor or nurse (easy application, minimal complications, etc.) 

as well as the patient (pain). The knowledge and experience of medical personnel and the proper 

use of medical devices providing vascular access should be a matter of course; the clinical condition 

of the patient cannot be neglected. Another important factor, the medico-nursing factor, is the care 

of vascular access. The selection of the appropriate needle or catheter is crucial as these 

components have a limiting impact on the dose rate (flow rate); this is due to their inside diameter, 

which is indicated in G (gauge) for needles and in F (frensch) for catheters (see Section ?? and 

Figure ?? and ??). 

The whole system of administering infusion therapy must be understood as a complex that 

exhibits some variability determined by the structural properties of individual components and their 

interactions with the clinical application. Therefore, it is necessary to envisage certain deviations 

from the adjusted therapy parameters. Particularly, the rate of infusion administration changes both 

along the infusion ñlineò and time. This basically depends on proper system configuration and 

the properties of the individual components with regard to: 

1. Design parameters of syringes, infusion assemblies, needles and catheters (primarily internal 

diameter, total length, hose wall thickness [rigidity or elasticity], piston tightness, etc.), 

2. Materials used (rigidity and elasticity of the system, biocompatibility, etc.), 

3. Hydrostatic and hydrodynamic parameters (porosity [permeability] of filters), 

4. Parasitic artefacts and their effect on the above parameters of the system (thrombi, foreign 

substances, etc.). 
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Figure 7.1: Characteristics of the needle and catheter penetration into tissue structures [85], (skin, subcutaneous tissue, 

vessel wall, ...), (1) ï tip of the needle (with optimized technical- technological processing), (1b) ï syringe needle,  

(2) ï catheter, (3) ï optimized needle with easy penetration through tissue structure, (4) ï standard needle.  
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Figure 7.2: The distribution of pressures in an infusion system [85], (1) ï vascular access, (2) ï infusion assembly hose, 

(3) ï in-line filter [on-line filter], (4) ï linear dispenser + syringe. 
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An infusion line and its individual components interacting with a patient can change their 

properties and create situations that lead to changes in baseline characteristics and changes 

in therapy parameters; this may be significant. From this perspective, each element of the infusion 

line is distinctive (see Figure 7.2) and must also be adequately assessed, both in its choice and 

during clinical operation in the provision of health care: 

¶ Needle and catheter. They provide access to the internal environment of the patient and are 

in direct interaction with the biological environment that they influence and by which they 

are also affected. Therefore, it is especially important to preserve their flow parameters that 

may be significantly affected by substances and biological processes, i.e. thrombus 

formation, deposition of proteins that reduce the effective inner diameter of these elements 

and thus reduce the effective flow of liquids dosed, increase the pressure drop and may lead 

to a significant reduction in flow rate or even a blockage (obstruction) of the flow paths. 

This may be caused by a backflow of blood into the needle or catheter and its 

coagulation.This situation can be avoided by preventive flushing, setting a mode 

of continuous microflushing and choosing products with proven biocompatibility. 

¶ On-line (in-line) filter . This is a safety feature designed to prevent the encroachment 

of unwanted substances into the patientôs internal environment. However, this basic function 

also causes problems. a pressure drop on these filters is very significant and may 

dramatically increase with the amount of retained impurities. This risk grows in filters 

with pores less than 10 ɛm and it can be a cause of their dysfunction under certain 

circumstances. The filter must be installed as near as possible to the point of vascular access 

and any penetration of the blood into it leads to its rapid elimination from the function. 

For these reasons, the pressure on the side of the infusion line must be higher (by ȹp) 

than the pressure at the site of puncture (see Figure 7.2). 

¶ Hoses of the infusion line. When suitable types of these elements are selected, they rarely 

cause problems associated with the deposition of undesirable substances and reduction 

of their inner diameter. Problems that may arise in infusion line hoses are associated 

with their strangulation (throttling, squeezing) or even cranking. This is a human error that 

has technical and medical consequences. An elegant way to resolve this problem is using 

ñwoundò infusion hoses ï lines (see Figure 4.1 and Figure 8.6). 

¶ Other elements integrated in the infusion line. They may include multiway cocks, needle 

or needleless access ports, etc. These elements are integrated firmly (already in production) 

or purposefully. Their effect usually results in a mild limitation on the flow and slight 

pressure drop. These elements must be adequately considered and their desired function 

should not be a source of difficulty that influences the quality of health care provided. 
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Figure 7.3: A tube graph *) (diagram) shows the averaged discrete precision values during the observation period 

[pȹt]; Note: *) The name is derived from the typical shape [85]. (!NEPřELOĢENO n§pis odchylka vlevo!) 

Another important influential factor is the elasticity of the entire system (mainly in linear 

dispensers) that applies in situations where the system is turned on and pumping started or when 

the therapy parameters are changed ï e.g. dosing rate (flow). For short observation periods [pȹt], 

the deviations become more pronounced ï the first (initial extended) part of the graph (see Figure 

7.3). The accuracy (deviation) as evident from the second part of the graph (flat or flatter part), 

obtained over a much longer observation period, will no longer be affected by short-term 

fluctuations and its impact on dosing accuracy is thus much lower. Nevertheless, it is necessary to 

take this fact into account, especially when dosing risk drugs that may be affected by the amount 

of time after being turned on (or after changing the dosage or replacing syringes) until the entire 

system is stabilized. This phenomenon of an assembled infusion line is combined with number 

of factors such as the elastic properties of individual elements (first of all), their stability over time 

(duration of the therapy using a linear dispenser ï from employing the first syringe till its 

replacement ï may take tens of hours), preparation for the administration, the effect of the patientôs 

environment (temperature) and actions of the operating personnel. 
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Chapter 8 

8 Safety features of the infusion technique 

Infusion therapy and its related fields (extracorporeal blood circulation and nutritional support) 

are considered therapeutic procedures that are effective in terms of the provision of health care and 

help heal serious health problems. Without these procedures, modern medicine could not function. 

This is one side of the coin. on the other hand, there are risks inherent to this therapy, particularly 

in cases of undesirable combinations caused by human error. in the early days of instrument 

infusion techniques in clinical practice, devices were not equipped with any safety features and their 

proper use was solely dependent on the responsibility of operators, i.e. the medical personnel. From 

the safety perspective, instrument infusion therapy was therefore at the same level as gravity 

infusion. Gradually, the devices were fitted with various security features whose task was to reduce 

or eliminate risks and, in a way, to ease the life of operating staff. The incorporation of safety 

features is also connected with the significant increase in the number of infusion systems used per 

patient. 

These may include any combination of infusion pumps and linear dispensers, where each 

of these devices can be used for different purposes (irrigation of the patient with crystalloids + 

parenteral nutritional support + dosage of various drugs + heparinization + é). We should also not 

forget that the infusion technique takes place in the medical workplace along with other medical 

equipment that is equally or even more risky and also requires considerable attention of the medical 

personnel. in terms of safety measures that may have a different degree of importance, 

instrumentation can be used just for ñwatchingò certain situations in which it is technically possible 

and economically acceptable; a number of situations still remains under the supervision of qualified 

medical personnel. Regarding instrument infusion therapy, the following situations are ñwatchedò: 

1. Pressure conditions in the flow path ïocclusion pressures [pressure sensor], 

2. The presence of air [ultrasonic detector], 

3. The functionality and continuity of the flow [drop detector], 

4. Therapy termination for any reason, 

5. Preassembly situations and functions (reaching a predetermined volume, allowed volume 

of bolus dose, therapy duration, etc.), 
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6. Warnings for the medical staff (e.g. pump door is not closed properly), 

7. Warnings for the technical staff (technical-service alarm). 

Any undesirable situation is signalled to the medical personnel by a visual and audible alarm, 

and eventually by an alphanumeric code (including the technical-service alarms that are not 

managed by the medical personnel, but are registered, recorded and respected) or text message 

warning of what the operator is required to perform (e.g. Stop treatment ï Call for service). 

However, instrument infusion techniques (and similar techniques) fitted with a security alarm 

system (sensors and software) does not entitle the operator to forget about a constant monitoring 

during the therapy. 

Despite the fact that the instrument infusion technique is equipped with extensive features and 

sensors that register undesirable situations with a high degree of reliability, there are still many 

situations and actions that fully remain under control of the operating staff: 

1. Correct ñinstallationò of the assembly and syringe in the device, 

2. Using the correct assembly type and syringe (see Chapter 4, Figure 4.2), 

3. Entering the correct infusion therapy parameters [e.g. the right setting of decimal points 

(dots), a very common mistake with the potential of fatal outcomes], 

4. Respecting all warnings for the operating personnel, 

5. Replacing worn special medical supplies ï SZM, 

6. Microbiological safety [usually related to points 1 and 5], 

7. Interpretation of results and records of therapy parameters (correct units!). 
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Figure 8.1: Instability when changing infusion therapy parameters (flow). 
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8.1 Drop detectors 

A drop detector is an essential accessory of infusion pumps (or enteral pumps, etc.). Its basic 

function is to indicate that the device is functional, that ñliquidò is or is not flowing through 

the assembly. It is the oldest safety feature that appeared in instrument infusion equipment 

(primarily in volumetric infusion pumps and enteral pumps); for its simplicity and reliability, 

the drop detector is still being used. at its most effective, it is also adapted to ñmeasureò liquid flow; 

this measurement is based on the assumption that the volume of droplets is constant and that 

the number of drops per unit of time represents the real flow rate. However, this method of flow 

measurement requires that the diameter of dropper, located in the drip chamber, be calibrated. 

Drops are indicated in the visual field of an optoelectronic sensor that reliably informs the user 

on the following conditions or situations: 

1. Drops are measured by the sensor Ÿ fluid flows through the assembly. 

2. The number of drops per unit of time is lower and does not correspond to the flow adjusted 

Ÿ assembly is throttled / squeezed (pinchcock, hose cranking), vascular access blockage, 

etc. 

3. Drops are not indicated by the sensor, the pinchcock is accidentally closed ï this is one 

of the most frequent ñpseudo-failuresò (!), the solution bag is empty, the assembly is 

creased, etc. 

4. Possible artefacts are: poor installation / insertion of the drip chamber into the detector, drip 

chamber deflection from the vertical direction (see Figure 8.6), dirty detector, etc. 
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IR LED F.DET

S

lll

¸IR LED F.DET

D DE

(i) (i)

(o) (o)

DROP FORMATION
S= S= S= S= S!

SURFACE

DROP
¸= ̧ = ̧ = ̧ = ̧ !

SIEVE ςαCL[¢9wά 

α5whtt9wά

DRIP CHAMBER

E

 

Figure 8.2: The principle of drop detector for infusion pumps (or enteral pumps). 
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Drop detectors were used (and are still used) in gravity infusion therapy and its functionality or 

malfunction was assessed by the operator who was able to adjust flows with a stopwatch, often 

with pinpoint accuracy. Today, when using instrument infusion therapy, the operator usually 

monitors and ensures its reliable and safe functionality. Today, drop detectors are designed to 

incorporate modern optoelectronic components, i.e. LED with emission in the near infrared region 

and a photodiode or phototransistor (previously, it was a miniature bulb and photoresistor). Some 

devices do not require a drop detector in cases where its ability to function is questionable, 

e.g. in ambulances, when transporting the patient in the field, etc. in this case, the drop detector 

function must be replaced with the operatorôs attention. Drop detectors are not included in linear 

dispensers where the risk of air intake is not presupposed if basic rules are observed. Drop detectors 

are also a part of enteral pumps. 

8.2 Measuring occlusion pressures 

Measuring pressures in the flow path of the infusion assembly serves for analysing the correct 

course of therapy and identifying dangerous conditions and situations that may occur during 

standard procedures of providing health care as well as those due to variety of different reasons 

(human error, technical failure, unforeseen actions by the patient, etc.). As a rule, it is necessary to 

monitor situations that can have technical, clinical, user or nonspecific causes that may even be 

combined. These include: 

1. Clogging or blockage of the vascular access [cranking, thrombi or similar causes (fibrin), 

catheter abuts against the vascular wall, etc.], 

2. Bending or creasing of the assembly hose, 

3. Assembly disconnection, 

4. Rupture of the assembly or its fasteners, 

5. Partial clogging or complete blockage of on-line or in-line filters, 

6. Nonspecific cases. 

The numerical values of the pressure, however, are not measured and displayed; the operator can 

choose from among three levels of occlusion pressure (flow path resistance): low ï middle ï high. 

With regard to the patientôs condition and the nature of health care provided, the operating 

personnel must select the right level and eventually react to any possible alarms. Clinical practice 

has verified and confirmed the validity of such simplification, which does not have any effect 

on the quality of health care or safety. However, no further ñsimplificationò for the operating 

personnel is permissible; for example, it is inadmissible to permanently opt for a higher level 

of occlusion pressures just to avoid problems. The ñmeasurementò of occlusion pressures at these 

three levels has been chosen for the following reasons: 

1. The measurement is non-invasive, 

2. The pressure sensor is located outside the inner flow path, 
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3. Measurements are highly dependent not only on the type of assembly, but also 

on the assembly lot (batch), its sterilization, etc. 

4. The effect of a proper / improper assembly installation (tension in axis), 

5. Mechanical degradation during treatment. 

These factors limit the accuracy and reproducibility of the pressure ñmeasurementò. 

Nevertheless, the measurement (indication) of occlusion pressures is beneficial for the safety 

of the treatment and is preventive. in terms of interpreting these alarms, however, a certain amount 

of experience is indispensable because the operator must ñselectò from among a number of causes 

that are not discriminated by the detector. 
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Figure 8.3: The structural and functional components of infusion assemblies, [85], (1) ï drip chamber, (2) ï pinchcock, 

(3) ï plastic needles (inlet-bag), (4) ï ports, (5) ï three-way cocks, (6) ï pinchcock. 

 

Figure 8.4: Drop (optical) detectors for volumetric infusion pumps. 
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8.3 Air d etection  

The indication of air in the liquid transported in the infusion (or blood) assembly is one 

of the most important safety features that must be present in any infusion (blood) pump ï this does 

not apply to linear dispensers (small fluid volume) or enteral pumps (relatively small risk of clinical 

complications). Of course, this safety feature is not part of gravity infusion therapy where we rely 

on the human factor and the fact that gravity-type infusion therapy should never be used in cases 

where the risk of air embolism is too high. Although an embolism is a serious and life-threatening 

complication, the monitoring of possible causes and situations preceding its emergence is relatively 

recent. The first indication of such causes was provided by drop detectors. These detectors were 

able to eliminate one of the possible causes typical of gravity-type therapy - the situation when 

the dosed liquid (usually crystalloid) ran out. The risk increases significantly in cases when 

the crystalloid or other liquid is dosed to the blood circulation when there is very low blood 

pressure or even underpressure! Detecting air with ultrasonic waves uses ultrasonic reflection from 

the following possible impedance interfaces: 

1. Air ï water (crystalloid, saline solution, plasma water, etc.), 

2. Air ï proteins (blood, biological tissues, proteins, etc.), 

3. Air ï foreign substances (precipitate resulting from an adverse drug combination). 
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Figure 8.5: The principle of ñmeasuringò the levels of occlusion pressures and air detection, (i) ï inlet, (o) ï outlet,  

(k) ï contact between the assembly hose and the sensor (detector), (1) ï assembly hose, (2) ï assembly wall. 
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These are cases where we detect situations that are clinically undesirable or even dangerous and 

when it is necessary to take measures in order to eliminate any eventual adverse effects. Other cases 

of parasitic impedance interface include: 

1. Air ï polymers or copolymers (usually PVC, PE or embedded silicone hoses of pressure 

infusion assemblies), 

2. Poor contact between the hose surface and ultrasound emitter or ultrasound detector 

(parasitic air gaps), 

3. Material defects of the hose (inclusions, dimensions are out of tolerance, etc.) 

4. Deposits on the hose walls (outside, but generally inside). 

In these cases, a certain condition is indicated and communicated to the operator as being 

dangerous, but it is an artefact that arises due to the incorrect use of the devices and assemblies. 

However, these false alarms must be given attention and their causes must be eliminated 

(minimized) so that they do not result in the userôs (operatorôs) attention being drawn elsewhere and 

underestimating or even ignoring ñseriousò alarm situations. 
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Figure 8.6: Potential artefacts in the detection of adverse conditions and situations (drop detector, ultrasound air 

detector, detection of occlusion pressure), E ï ultrasound emitter, D ï ultrasound detector, (4) R ï bending or cranking 

radius of the pressure infusion assembly hose, <<< R  ï hose bending that does not result in the narrowing of its inner 

diameter, R Ÿ 0 ï hose bending that results in a significant narrowing of its inner diameter and flow limitations,  

R å 0 ï hose creasing that virtually results in preventing flow, (1) ï ultrasonic waves reflected from the impedance 

interface of a parasitic nature, (2) ï impurities, inclusions, precipitates, etc. that module the ultrasound wave amplitude, 

(3) ï drip chamber tilt with regard to the vertical functional axis by angle Ŭ [drops are outside the ñvision fieldò 

of the ultrasound detector, ultrasound waves reflect from the surface, drops impinge on the chamber wall, etc.],  

(5) ï an artefact of a parasitic nature [emitter or detector of ultrasound waves does not abut against the hose, mechanical 

defect of the assembly hose, impurity, etc.] that leads to reflection of ultrasound waves and the formation of a false 

signal. 
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Alert messages (warning signals) are based on the absence of drops in the chamber within 

a specified time interval (when taking into account the adjusted flow rate and total volume of fluid 

administered). Unfortunately, this principle did not allow us to indicate air that has already reached  

the flow path (leaks, assembly integrity failure, etc.). The currently used principle using ultrasound 

waves (in the range of 2 ï 8 MHz) appeared at the end of the 1950s and was particularly associated 

with haemodialysis technologies in which air embolism posed a very frequent and fatal 

complication. Similar to other methods, ultrasound air detectors have some limitations in terms 

of functionality as well as real possibilities of reproducibility and quality of risk identification. 

in the case of ultrasound air detectors, the limitation mainly relates to detecting the minimum 

amount of air. 

This limitation depends on the size (diameter) of air bubbles and ultrasound wavelength 

(a shorter wavelength allows the detection of smaller bubbles). However, since the absorption 

of ultrasound in a liquid increases with shorter wavelengths, the ultrasound emitter output must be 

increased. This is unfavourable with regard to increasing ultrasonic cavitation in biological tissues. 

This fact must be respected primarily in air detectors that monitor blood paths. 
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Figure 8.7: The biophysical principle of an air detector (PKm) ï piezoceramic transducer with electrodes,  

(~ U0) ï high-frequency supply voltage, (~ UX) ï voltage signal proportional to the incident intensity of ultrasound 

waves, (b) ï foreign substance (precipitate, substance of protein nature, etc.), (v) ï air bubble of various size,  

(h) ï wall of the infusion assembly hose, (Aa)-(Ab) ï detection of very small and small air bubble, (Ba) ï detection 

of medium-sized air bubbles, (Bb) ï ultrasound waves passing through a standard crystalloid, (C) ï detection of large 

air bubbles, (Da) ï detection of extraneous substances, (Db) ï parasitic detection by non-adjacent detector (or emitter). 
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Figure 8.8: Ultrasound detection of cumulative air bubbles. 
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Figure 8.9: The design and location of sensors in a volumetric infusion pump. 
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8.4 The indication of other situations 

During infusion techniques, it is necessary to detect a number of situations that affect 

the functionality and safety of the health care provided. These situations are mainly: 

1. Indications of a closed door in infusion and blood pumps (microswitch-based contact 

detector, optoelectronic or magnetic sensor), 

2. Indication of syringe installation (usually sensors based on a potentiometer or inductive 

transducer), 

3. Indication of the syringe type (diameter Ÿ volume), see point 2, 

4. Achievement of the specified infusion volume, 

5. Activation of a bolus dose and its inclusion in the total dose, legal and illegal bolus, 

preassembly bolus dose, etc., 

6. Determining the duration of therapy, 

7. Functions pursuant to points 4 to 6 are usually handled by software. 

8.5 Infusion techniques and other medical instrumentation 

Instrument infusion techniques are often used as standalone devices for a given therapeutic 

purpose (in the past, this was the basic type of clinical applications). We are now seeing a growing 

number of applications where instrument infusion techniques or similar techniques are incorporated 

into an instrument unit that is composed exclusively of infusion devices (pumps + dispensers or 

additional assistive devices). However, there are also variants where infusion techniques are 

combined with other medical devices in order to achieve very specific systems that allow effective 

but also risky medical procedures. Infusion techniques often become an integral part of more 

complex instrument units where it has a support function or is the basis of a completely original 

therapy. Some application possibilities are: 

1. Separate application ï generally one or several separate devices are used for a specific 

clinical application unrelated to other types of health services. 

2. Creating more or less complex and numerous combinations of infusion devices that are 

professionally interconnected into systems. These systems are built by the user-provider 

according to clinical requirements, but always pursuant to instructions of the manufacturer 

when incorporating respective dedicated designs. 

3. Infusion devices are an integral part of a more complex instrument unit where it has 

a support function or function that is crucial in terms of the desired effect of such a system. 

It can be an integrated or modular version. Such a device, however, is not capable of an 

independent technical or clinical function. 

4. Combination with  other technical instruments that are medical and non-medical 

apparatuses and are purposefully assembled by the user-provider for the given clinical case 

or application. 
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8.6 Infusion techniques and their  operation with  independent electric 

sources 

A completely separate problem associated with infusion techniques is the state of electricity 

sources that enable reliable and ñlong-termò operation (i.e. for periods on the order of hours) 

independently of the mains. Such operation is ensured by accumulator cells (battery packs) whose 

origin, quality and lifetime are often very different. Battery packs are standard equipment 

for instrument infusion techniques. Their use is important mainly in the following situations: 

1. Operation in ambulances and other mobile devices designed to transport patients (unless 

they have their own source of voltage), 

2. Transport between individual sites (within the same hospital or between various remote 

hospitals), 

3. Operation in circumstances of total power outages (electric grid and backup diesel 

generators). 

It is one of the most important conditions, not only in medical (reliable maintenance 

of the continuity of life-saving therapy), but also in economic terms (adequate maintenance 

of accumulator cells and their acceptable durability and reliability during the provision of acute 

health care). Accumulator cells are usually arranged in housings designed to ensure sufficient 

capacity (in ampere-hours), allowing operation for at least for 1-2 hours. The arrangement 

of individual accumulator cells in the housing ensures the integrity of the assembly as well as its 

quick replacement during stressful situations so that the operator-user is not forced to collect 

individual cells scattered on the ground. 

This requirement implies that the operating personnel very often transport the assembly 

of accumulator cells as a spare part in order to expand the possibility of using the device in the field 

beyond the availability of the public electric network. It is a practice also used in other medical, 

instrument, life-saving techniques such as defibrillators, mobile monitors of vital signs (ECG, SpO2, 

electronic tonometers), etc. Checking the charge and condition of accumulator cells is one 

of the basic obligations of user-operators (medical and technical personnel). The current medical 

devices, typically fitted with battery packs, usually provides the user with basic information about 

the current state of charge (capacity) and thus some information on the time of use away from 

the public electric network. However, this may not be relevant information on the objective 

condition of the battery cells. The present instrument infusion technique is equipped 

with ñmaintenance-freeò battery packs; in terms of providing safe health care, however, monitoring 

their condition is necessary. Essential rules for ensuring the reliability of accumulator cells and their 

durability are as follows: keep them charged, charge them periodically after a previous complete 

discharge and monitor the state of their charge in devices that are temporarily out of service 

(failures, backup devices, unused devices, etc.). 
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console

 

Figure 8.10: Volumetric (infusion) pumps and linear (injecting) dispensers equipped with a control and monitor system 

(including software), connected into a larger functional system by dedicated dock station and transport console 

at the patientôs bedside in an intensive care unit. [85] 
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Figure 8.11: Design simplification and functional modification of linear dispensers ï heparin pumps for dialysis 

monitors, (1) ï pump body structurally firmly connected to the dialysis monitor (5), (2) ï carrier of the piston with rod, 

(3) ï syringe , (4) ï syringe fixation, (5) ï dialysis monitors of various origins. 
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Chapter 9 

9 Additional technical resources and medical 

supplies necessary for  the operati on 

of the infusion technique 

Although the infusion instrument technique is still considered and used primarily as a standalone 

device placed on a window-sill or night table next to a patientôs bed or chair, current effective 

applications require the creation of systems that satisfy greater demands on the quality of health 

care provided. This situation is then managed by equipment and designs (technical and medical) 

that allow health professionals to build assemblies-systems that are mechanically stable (security 

against uncontrolled falls of devices) and electrically safe (without an excessive amount of power 

cords, extension cables or plugs). These systems also minimize the possibility of leaking liquids, 

mostly crystalloids (a very common complication that has an absolutely devastating effect 

on the electronics of the device and often mean its destruction), and simplifies the handling 

of liquids. They can be assembled individually according to the specific needs of the patient 

with regard to the nature and demands of the respective therapy. For this purpose, the following 

designs are used: 

1. Carriers of instrument infusion technique devices that enable their easy transport (usually 

designed for 3-4 devices equipped with one power cord, lockable positions, handle 

for manual manipulation and transfer, etc.), see Figure 8.10, 

2. A ñdock (docking) stationò that enables a caregiver to create stationary and mechanically 

secure units with up to 10 or even more devices that are consistently available next to 

the patientôs bed (infusion rod, special rails, suspension systems, etc.) while reducing 

the overall weight of the assembly (see Figure 4.5 and Figure 8.11), 

3. The highest level of an infusion technique integration is the connection of individual dock 

stations located at the patientôs bedside to central systems that allow control, operation and 

monitoring from a central workplace, including schedules and checks of anticipated 

activities (SZM replacement, end of therapy, initiation of new therapy, etc.). 
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These systems (particularly pursuant to point 3) are available only from higher quality providers. 

Technical products: carriers and docking stations referred to under points 1 and 2 are considered 

medical equipment and allow for more efficient use of instrument infusion procedures, particularly 

with regard to safety (falls) and the quality of health care provided. It is a system that allows 

for stable placement next to a patientôs bed or on the patientôs bed (rails, suspension holders and 

infusion rods). a combination prepared according to the patientôs needs may then be moved together 

with the patient; this minimizes any confusion. 

Nevertheless, the infusion technique requires additional accessories and equipment 

(e.g. software) that may be rather extensive and allow use in ñspecific environmentsò or special 

clinical applications in terms of improved safety of medical therapy. 

1. Switches allowing bolus administration at the patientôs request (pain treatment, the number 

of boluses is obviously limited by software). 

2. Equipment that allows the use of the infusion technique in the immediate vicinity of sources 

of electromagnetic radiation (magnetic resonance imaging) without disturbing or precluding 

the desired function of the device. The equipment usually indicates the distance from 

the source of electromagnetic radiation in which use is not safe. 

3. Other accessories composed of a series of interconnecting and connecting cables and wires 

that enable some special features. 

4. Other special medical supplies (SZM), usually being disposable materials for single use, that 

expand the possibilities of using the infusion technique (needles, extension hoses, multiport 

valves, on-line filters, etc.). 

The range of such accessories, additional equipment, disposable materials, etc. may be very 

important in terms of the required functionality, but can also be problematic in cases where the user 

-operator is not sufficiently familiar with the use of such medical apparatuses; their application 

in clinical operation then may be counterproductive or even dangerous. 
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Chapter 10 

10 The negative effects associated with  the clinical 

operation of the infusion technique 

Instrument infusion therapy is associated with the use of technical devices (instrumentation) 

in combination with medical apparatuses (SZM) that create hazardous situations that may be caused 

by human error as well as technical failure, with medical, nursing, pharmaceutical and economic 

aspects and aspects related to the observance of occupational safety rules. These undesirable 

situations cannot be eliminated, they can only be minimized. Human errors are more frequent; 

technical failures are less common or are primarily initiated by the human factor (falls of devices, 

leakage of crystalloids, improper use). It is therefore important to deal with these problems, analyse 

their causes or select medical apparatuses that are more durable. It is necessary to create and 

introduce systemic and methodological measures; theoretical and practical education is important. 

Unwanted situations, often with serious consequences, are often caused by economic factors, 

i.e. requirements for the lowest price regardless of the quality and functionality of the product ï 

medical device. at the same time, the ñsavedò costs may significantly exceed the secondary costs 

associated with such failure (compensation, short-term or long-term treatment, incapacity for work, 

permanent disability). 

10.1 Contamination by foreign particles 

Contamination is the presence of unwanted particles of a mechanical nature that can be described 

as follows [86]: 

1. Solid heterogeneous and insoluble particles that are present in crystalloids and other liquids. 

2. They can be of different sizes, visible by the naked eye (i.e. at a size Ó50 ɛm), but also 

below the limits of visibility (dimensions at a range of 2 ï 50 ɛm); these small particles can 

only be seen using special analytical methods. 
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3. Materials may be varied, of a diverse origin and shape: 

(a) Glass (ampoules with medicines or concentrates) 

(b)  Polymers and copolymers (packaging) 

(c)  Rubber or silicone (vials with drugs or solutions-crystalloids) 

(d)  Insoluble substances that are precipitates, crystals, etc. (their origin can be found 

in the preparation of some drugs, in drug dilution, etc.) 

ad (3a)  Glass particles usually arise when opening ampoules (see Figure 10.1), unfortunately 

in the form of very sharp splinters (shards); the range of their sizes is very wide. These 

particles are then sucked in by the syringe (with a sufficient inner diameter, a needle 

size of 18G is enough) and applied with crystalloids or other carrier fluids into 

the patientôs internal environment (blood circulation). 

ad (3b)  Foreign particles may occur as unwanted residues of production technology or medicine 

packaging; they are small polymer particles. 

ad (3c)  These particles are formed during the puncture of plastic bags containing crystalloids or 

vials with drugs or medicines that are closed with rubber plugs, as well as in the use 

of injection ports that are part of both infusion and blood assemblies and that allow 

the application of medication during therapy. The emergence of these foreign particles 

consists in ñcuttingò small pieces of the plug, which subsequently enter the patientôs 

internal environment (see Figure 10.1). 

ad (3d)  In this case, it may be the consequence of not fully mastered technological procedures 

in the production of medicines; materials may have clots or poorly soluble crystalline 

substances or clumps of clots. Another possible cause is the incorrect preparation and 

dilution of medicines due to the incompatibility of the active ingredient with the carrier 

solution. It can also be a reaction to the material used to produce the hoses, bags or 

other SZM or sterilization residue that has not been properly removed. It may also be 

caused by a low biocompatibility level of materials used (especially their chemical 

purity) and technological processes (adhesives and sealants, or residues that are released 

after early product distribution) for the production of SZM. 

Consequences: The effects of all intraluminal particles that were not timely eliminated 

in the appropriate manner and enter the internal environment may be adverse. This is particularly 

true for severely ill patients who can experience further deterioration of their health status and 

occurrence of complications. It holds that all particles, regardless of their nature, can be 

a complication and that the severity of these complications increases with the size and quantity 

of the particles. Somewhat more attention is paid to glass particles, especially with regard to their 

particularly inconvenient properties: 

¶ They are chemically stable and resistant; some of them are microscopic (less than 1 ɛm), 

have sharp edges or a dangerous shape (like a needle). Their transparency impedes any 

visual identification. These particles also threaten medical personnel (nurses). 
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¶ The most damaged organs are well perfused organs (the heart, lungs, kidneys, liver, etc.). 

¶ The most frequent complications (of which other problems result) relate to vessel blockages, 

with particles only several microns in size. 

¶ Glass particles can cause structural changes in tissues that resemble silicosis, modular 

fibrosis of the liver and other internal organs and respiratory distress syndrome. 

¶ Contamination by silicon particles may cause granulomatous lung disease. 

The situation is exacerbated by the number of procedures that involve these risks. 

Risk prevention: 

¶ First of all, it is necessary to consider the necessity of procedures that require the application 

of risk elements (glass ampoules, drug or vacuum containers, injection ports, etc.) and use 

applications that minimize such risks (plastic ampoules, technologically advanced products 

with rubber and silicone caps). 

¶ For medical reasons, these risks cannot be avoided, but the risky situations should be 

anticipated and nursing and application procedures adequately adapted. 

 

(1)

(3)

(2)

(7)
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Figure 10.1: Possible contamination of the administered infusion by foreign substances, (1) ï glass ampoule,  

(2) ï vial, (3) ï infusion plastic bag with crystalloids, (4) ï file, (5) ï the place of breaking the ampoule,  

(6) ï glass splinters, (7) ï syringe, (8) ï rubber or silicone plug, (9) ï rubber or silicone ñcut-outò particles,  

(10) ï drip chamber with a plastic needle, (11) ï port with a rubber plug. 
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Figure 10.2: Special medical supplies increasing the safety of instrument infusion therapy, (1) ï access needle-free 

cock with membrane valve, (2) ï aspiration spikes with a filter, (3) ï safety shut-off pinchcock, (4)a - (4)b ï clips 

(retainers), (5) ï silicone insert / liner. 

The surest solution is the inclusion of on-line filters with the corresponding effectiveness and 

efficiency in trapping particles of appropriate sizes. This always leads to an increase in costs 

of the respective procedure, which are usually lower than the cost of addressing the adverse 

situations and events described above. Even when using this solution, it is necessary to observe 

certain rules in which the method is effective: 

1. On-line filters should be inserted as close as possible to the point of vascular access, 

2. Use of on-line filters suitable for the given application (drug administration, parenteral 

nutrition, etc.) according to the manufacturerôs instructions, 

3. Compliance with the operational life of on-line filters (time criterion or criterion 

for the degree of fluid contamination), 

4. It is advisable to consider the use of alternative (and often cheaper) methods ï particulate 

filters, aspiration spikes, needle-free valves and aspiration straws with a filter (see Figure 

11.2). 

When using on-line filters, it is also possible to incorporate properties that allow for optical 

control of the fused solution as well as suppress eventual microbial contamination (depending 

on the permeability of the on-line filters, which is determined by the size of their pores); these 

filters are sufficiently capable of eliminating air penetration. 
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Figure 10.3: On-line filters for instrument (and possibly gravity) infusion therapy, (1) ï contamination of the carrier 

fluid, (2) ï on-line filter, (3) ï hydrophobic membranes (polytetrafluoroethylene) - elimination of air, (4) ï on-line filter 

case (transparent material), (6) ï air. 

10.2 Air embolism 

In a simplified way, an air (gas) embolism can be described as air (gas) penetration from 

the surgical field (or puncture, vascular access, injury, etc.) or through a piece of equipment that 

allows connection of the internal environment (venous or arterial blood stream) with the external 

environment. The most common causes of embolism are [they may have a clinical (medical), 

nursing or technical origin]: 

1. Surgical procedures, 

2. Improper punctures during the gaining of vascular access, 

3. Incorrectly filled and non-deareated infusion systems (usually hoses), 

4. Open cock (valve), disconnection of hoses, incorrect connection of hoses to other elements 

of the infusion system and the use of mechanically incompatible components, 

5. The absence of security features (in cheap products) ï self-locking cone connection, 

bayonet screw coupling, sleeve lock nuts, etc. 

6. Incorrect interconnection of the infusion system elements with threaded couplings (ñover 

the threadò, crossthreads) ï one of the most frequent faults causing severe leakage 

of the system (!), 

7. Interconnection of gravity infusion and instrument infusion when the solutions are 

administered in parallel, known as parallel infusion, 

8. Manufacturing defects or defects arising during clinical application that result in a breach 

of mechanical integrity of one or more elements of the infusion system (e.g. cracked or 

leaky hose, defective glued joints, broken screw coupling, etc.), 
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9. Improper arrangement of the hoses in the patient environment and their mechanical 

damage (e.g. pinching between bed components, fixation at the point of vascular access ï 

avoiding the risk of pulling out the catheter, routing hoses beyond reach of the patient, etc.). 

Of course, the list of possible causes specified under points 1 to 8 is not complete; in practice, we 

may encounter totally unexpected situations that are always undesirable and can have fatal 

consequences. in the case of infusion therapy, such adverse situations should be paid close attention 

because most of them are combined (eventually even caused by) with human error. 

Air may occur in the flow path in various forms of air bubbles of diverse sizes, i.e. from air 

bubbles seen by the naked eye (a diameter on the order of tenths of mill imetres [mm]), through 

bubbles of microscopic dimensions (diameter below hundreds to tens of micrometers [ɛm]) up to 

bubbles that cannot be detected by ultrasound machines. The manifestation of an aerated infusion 

path in parallel infusion may be ñbeadingò where the infusion hose contains alternating sections 

of liquid and air, i.e. liquid ï air ïliquid, etc. (see Figure 10.4). The amount of air may be relatively 

large, depending on the length of individual aerated sections in the infusion hose. a relatively 

hidden form of aeration is air dissolved in the infusion fluid, water; this usually relates to 

crystalloids. When a relatively low flow is adjusted or if the dosage is interrupted over a significant 

period for any reason, the crystalloids ñprecipitateò as microbubbles on walls of the infusion hose or 

other parts of the infusion assembly and are flushed away from the assembly after the flow is 

resumed. Under certain circumstances and situations, when the microbubbles occur behind 

the ultrasound detector, they may cluster, which increases the risk. 

Currently all infusion therapy devices as well as pressure infusion assemblies closely associated 

with this therapy are equipped with features that eliminate this undesirable situation to a very large 

degree; nevertheless, the risk of air embolism should be given due attention. in addition to 

the above-mentioned possibilities, another effective measure is the use of filters (see Figure 7.2 and 

Figure 10.3) (with varying degrees of efficiency in eliminating air) that must inserted just before 

the point of vascular access. These on-line filters are of different designs and may be equipped 

with filters with varying degrees of efficiency with regard to the throughput of ñparticlesò  

(from å 1 ï 5 ɛm, up to å 15 to 20 ɛm). Evidently, these elements designed for this type of highly 

efficient and safe infusion therapy come with additional costs that burden the therapy economically. 

However, it can be concluded that they are cheaper than the solutions to the consequences of air or 

gas embolism. Therefore, the problem has two sides: circumstances that may lead to embolism and 

preventive measures that minimize the emergence of such undesirable and dangerous events. 

Of course, the response to such situations is primarily by a medical [(physician) and nursing general 

(health) nurse and similar medical professions such as midwife, practical nurseé] matter, but there 

always must be an adequate response to minimize the consequences. Biomedical engineers 

(technician) are members of the team; it is assumed that he/she is capable of taking the correct and 

adequate response and that they have minimal knowledge to efficiently solve such situations, i.e.: 

1. Placing the patient in the correct position, 

2. Trendelenburg position, 

3. Identifying high-risk medical equipment /devices. 
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Subsequently, it is necessary to carry out a root cause analysis, assess all the causes 

in the medical, nursing and technical area and correct the procedures (standards) used in this high-

risk therapy. 

10.3 Drug compatibility , medication errors and medical misconduct 

At first glance, such situations seem to be purely medico-nursing issues; however, practice 

shows that the current possibilities of infusion therapy (the frequency of the use of these medical 

devices, their combinations, combinations with other medical means, and their potentials 

in providing health care) also lead to undesirable situations that cannot completely be ruled out. 

The vast majority of clinical infusion technique applications is associated with  dosing drugs or 

medicinal substances; therefore, also assessing the ñdevice (devices) ï disposable supplies ï 

diluens ï drugò combination is a risk , both in terms of safety and efficacy of the therapy. 

From this perspective, we must distinguish between: 

1. Adverse events ï health impairment in a patient who takes a drug, but the impairment is not 

necessarily caused by this drug, 

2. Adverse drug effects ï health impairment arising in direct connection 

with the administration of the drug during its normal dosage, 

3. Adverse drug events ï health impairment caused by the use of the drug, 

4. Medical misconduct ï errors in prescribing, dispensing or administering the drug regardless 

of whether or not this misconduct has resulted in undesirable consequences or situations. 
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Figure 10.4: Aeration of an infusion assembly, ñbeadingò, and the on-line filtration of ñparticlesò and air elimination, 

(1) ï air, (2) ï assembly hose, (3) ï drip chamber, (4) ï particulate filter, (5) ï cock (valve), (6) ï plastic needle. 
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The situations according to points 1, 2, and 3 are of a medico-pharmaceutical nature and are 

rarely in direct connection with instrument infusion therapy. Medical misconduct can be 

characterized both from the above perspective and the perspective of human error combined 

with the used technical apparatuses ï medical device (device + accessories + special medical 

supplies + drugs or substances of a similar nature). The frequency of medical misconduct is more 

common than adverse drug events; however, health impairments of the patients (which they 

eventually cause) are not as frequent as adverse drug events. 

The below-mentioned situations are considered to be medical misconduct: 

a) Improper prescription ï medication  

 

Errors attributable to 

human factors without 

the influence of technical 

factors, consisting rather 

in the medical and 

pharmaceutical area 

 

b) 

 

c) 

Confusion of patients 

ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ 

Confusion of a drug or drugs 

d) Incorrect or misleading (missing) designation 

e) 

f) 

 

g) 

 

h) 

i) 

Expiration date has passed 

Errors in the preparation of drugs 

ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ 

The use of incorrect diluens (solution) 

ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ 

Insufficient ingredient mixing 

Errors in calculating the concentration 

j) 

k) 

Contamination (see Section 10.1) 

Incorrect method of storage 

 

However, the following situations can also be considered medical misconduct: 

l) 

m) 

Incomplete administration of the content (see Section 6.2) 

Incorrect rate of administration 

 

 

Combination 

of primary technical 

causes or induced 

technical causes 

n) 

 

o) 

Adsorption (absorption) on disposable aids 

ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ Ź ŷ 

The use of incorrect disposable aids 

p) 

q) 

Drug incompatibility  

Inappropriate combinati on with other devices 

Individual errors rarely occur as separate events, they are mostly encountered in mutual 

combinations. When analysing the causes, the situation can be difficult as there are usually multiple 

reasons of misconduct with a different weight of ñculpabilityò and effect on the severity 

of consequences. in practice, unfortunately, even banal causes have severe and sometimes 

irreversible consequences. 

ad a) ï e) Human failures. in principle, they are technically unsolvable and their elimination or 

minimization falls within the organizational and educational area (standards!). These errors 

partly arise from the number of different infusion devices that are used in the provision 

of health care to a single patient (it may be more than 10 devices). 
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ad f) ï i) Again, human error. The solution is beyond the scope of the technique; it consists 

in the organizational and educational area and in the large number of control operations. 

This human error factor often lies in the work overload of nurses or a lack of education and 

experience. 

ad l) Common mistakes are those that the operator does not realize. Such errors are caused by an 

incorrect assessment of the clinical status of the patient or the given situation (alarm states) 

when the intervention is terminated prematurely and the syringe, infusion assembly and bag 

with unused diluent and diluted medicine are discarded. a common cause is the use of low-

quality disposable aids (especially syringes) that do not allow the administration of the entire 

contents due to their structural design (size, shape, material, etc.) and a certain residual 

amount of medication is discarded (not administered). 

ad m)  A trivial mistake consists in entering the decimal sign (dot). Such a mistake can be fatal, 

especially in neonatal intensive care. Therefore, the devices for this application are equipped 

with a software ñalarmò that warns of unusual therapy parameters. 

ad n)  There are unusual, infrequent and hidden errors that the operator may not register at all. 

The basis of prevention is the use of high-quality aids, proven and tested in the given 

workplace. in this case, a substantial amount of the active substance or some of its fractions 

may adsorb (less commonly absorb) on the surface of the syringe, but mainly in the infusion 

assembly or bag. 

ad o) This is a situation that is associated with cases l) and n); very often, these are very 

unexpected and non-specific cases that are very difficult to explain. An example may be 

non-specific reactions that are attributed to drugs. Their cause, however, consists in the non-

biocompatibility of materials of disposable aids, e.g. due to technological and sterilization 

residues. 

ad p)  Drug incompatibility  and interactions are often treated as a separate issue. a potentially 

dangerous situation arises due to the fact that the majority of devices provide 

the administration of drugs and crystalloids that can be prescribed by more doctors 

in multiple sites. Drugs and substances intended for nutritional support are mixed. Many 

drugs may be administered acutely in rapidly changing clinical conditions of the patient. 

Therefore, undesirable interactions of all of these molecules cannot be excluded. 

Interacti on is a process that occurs within the body and is a medical problem that was primarily 

induced by the instrument infusion. 

Incompatibility  is an undesirable reaction between a drug and a solution, the drug and its 

container, or between the drug and another drug. Incompatibility is an undesirable process that 

takes place outside the patientôs body, usually in bags, syringes or infusion assemblies and other 

assemblies, and can be visually indicated and controlled. We distinguish between: 

¶ Physical incompatibility arising during the mixing (dilution) of drugs via intravenous 

solutions which are both carrier medium, adjust the concentration of the drug according to 

therapy needs and allow the drug administration in the required time interval. The reaction 

may involve precipitation or separation of phases based on the changed relationships  
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between ionization and solubility. pH values of drugs as well as their buffering capacity are 

important factors. It can be a very quick reaction which manifests itself already in the first 

few centimetres of the infusion hose. Most commonly, the result of this process is 

a precipitation of solid particles in the form of crystals or turbidity. These changes may lead 

to increased drug effect (synergism), decreased drug effect (antagonism) or we may observe 

completely new effect that these drugs do not have if they are administered separately. Such 

an effect can be toxic. 

¶ Physical incompatibility which has the character of adsorption processes and results 

in reduced drug concentration in the solution. 

¶ Chemical incompatibility  means that the drugs can be degraded by processes of oxidation, 

reduction and hydrolysis or by any other chemical decomposition. This may lead to 

turbidity, precipitation, colour changes, etc. The result is a desirable reduction in the effects 

of drugs or secondary toxic products may arise. 

Prevention is the knowledge of the incompatibility of drugs which represents a very large 

package of information whose observance leads to a decrease in complications. Physical 

incompatibility, if already present, can be successfully eliminated by using the on-line filters. 

ad q)  Unsuitable combination with  other medical means or devices may lead to serious risks, 

both in terms of security and efficacy of the treatment. This situation arises especially 

in intensive care units or operating theatres where there is an extremely high concentration 

of medical means having the nature of instrumentation (therapeutic and diagnostic devices) 

which can influence each other. It should be considered not only the devices themselves 

but also their necessary equipment (special medical supplies, expendable supplies, 

accessories, etc.). An important factor is the possible connection of these devices 

(interconnection into systems) as well as the influence on the patient environment (medical 

and non-medical equipment, information technology, electromagnetic and ionizing 

radiation, etc.). in this respect, we can also mention the influence of drugs, crystalloids and 

other substances. in most cases, the medical devices do not affect each other too much. 

1. Interaction with medicinal substances and substances of a similar nature, i.e. the issue 

described in the preceding text (e.g. Section 10.3). 

2. Combination with special medical supplies, i.e. various assemblies, syringes, bags, etc. 

(e.g. Chapter 4, Section 6.2 and Chapter 8). 

3. Combinations with the instrumentation that require a professional approach and knowledge 

of the principle, design, technologies and material structures, etc. This publication cannot 

comprehend and describe all the possibilities of such combinations which can be 

problematic or even dangerous. 

a) It is necessary to realize that the infusion technique is mostly used for administering fluids. 

Some of these fluids may have devastating effects on the instrumentation because they 

support corrosion processes. You can never guarantee that the flow path of these fluids is 

secured to the extent that they cannot leak and penetrate into devices placed in the patient 

environment. Obviously, it is a question of placement and dislocation of all devices in a way  
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that would prevent any threats for other devices in the event of fluid leakage. Other 

prevention is the use of high-quality disposable aids (especially assemblies) and carefulness 

in setting up the flow path. 

b) The basic requirement placed on the infusion technique is the dosage of liquids 

with accuracy corresponding to the clinical application. in these cases, the dosing accuracy 

is influenced by a number of factors that are more or less under control. The device allows 

their setting and corrections or at least warns the operating personnel of any hazardous 

situation. The operator must then act to correct such adverse situations. 

Substance Accuracy (possible) Effects (some) Consequences 

Crystalloids å 7% Assemblies, syringe Reduction in dosing accuracy 

Medicines 3 õ 5% Assemblies, syringe Reduction in dosing accuracy 

Crystalloids 

+ medicines 

Ò 3% Infusion assembly equipped with 

a silicone liner / insert 

(Long-term) accuracy 

guaranteed 

Crystalloids 

+ medicines 

3 õ 5% Syringe without a silicone seal, 

connection to the underpressure 

side of the extracorporeal blood 

circulation 
5
) 

Uncontrollable emptying 

of the syringe content 
1
) 

 

Parenteral 

nutrition 

Ò 5% Assembly Reduction in the dosage 

accuracy, phthalates 
2
) 

Enteral 

nutrition 

Ò 10% Assembly Phthalates, uncertain dosage 

time 
2
) 

Blood 10 õ 20% Blood assembly, vascular 

access, (high blood 

underpressure ) 
3
) 

Reduction in the effective 

blood flow, mechanical 

haemolysis 

Crystalloids 

+ medicines 

Ò 5 % Strong magnetic field (magnetic 

resonance imaging) 
4
) 

Dosage failures 

 

Liquids å 7 % Heat sources 
6
) Erroneous dosage 

1) In principle, it is a dangerous situation that frequently arises when connecting the linear 

dispenser to some type of extracorporeal blood circulation (e.g. perfusiology or 

haemodialysis) which is equipped with a peristaltic pump with complete occlusion and 

adjusted to a higher output, i.e. Ó300 ml/min. a relatively high underpressure (up to -150 

[200] mmHg!) is produced before the peristaltic pump which may lead to a completely 

uncontrolled emptying of the entire syringe content (usually 20 ml, in the time interval 

of several seconds). This undesirable event occurs when using a syringe without the piston 

silicone seal which is the essence of this situation. The device retains the piston firmly 

in the desired position but the syringe is aerated through microleaks (channels) around 

the piston (see Figure 6.3). 

2) Details in Section 4.2. 

3) Passability of the vascular access and inner diameter of needles or catheter must correspond 

to the flow adjusted on the blood pump. The effective adjusted (required) output 

of the blood peristaltic pump å 1/3 to (max.) 1/2 of the vascular access yield. 
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4) Infusion technique which is needed to ensure the patientôs vital signs during an examination 

in a strong magnetic field (NMR) must be placed in protective devices (equipped 

with colour signalling to prevent any excess of allowed intensity of the electromagnetic 

field) or at a sufficient distance (however, this is sometimes very difficult). 

5) Blood assemblies for extracorporeal blood circulation, e.g. for haemodialysis treatment, are 

often fitted with a connection for the infusion assembly. However, the operator must have 

information that this connection is intended only for connecting a gravity infusion assembly 

and serves for ñtoppingò the patient, e.g. in the case hypotension. 

6) This refers mainly to heaters and solar radiation acting on inappropriately placed devices, 

e.g. on window parapets (blinds). 

It is evident that the situations that may result from the clinical operation of combinations 

of medical devices of various natures can have surprising course as well as consequences and can 

be hardly predictable in many cases. Therefore, each combination of medical devices should be 

approached with caution, already in the assembling phase. 

10.4 Chemical and microbiological contamination 

Chemical or microbiological contamination poses risk in itself and not only for patients but also 

for medical personnel. in this respect, the infusion technique is an interlink which allows 

the application of substances at the high-quality level and in quantities which would not be 

manageable manually. Any undesirable situation can be partly or fully caused by human factor (if 

the technique is not used properly) or by technical factor (technical failures) or by combinations 

of both of these factors. The term ñchemical contaminationò describes a situation in which 

the healthcare workers are unintentionally exposed to dangerous drugs. It should be understood that 

there are many drugs that can have medicinal as well as dangerous effects. From this perspective, 

these are drugs that show a certain degree of carcinogenicity, teratogenicity, developmental or 

reproductive toxicity to humans, organ toxicity (even at low doses) in humans but also in animals, 

or genotoxicity. Substances of this nature are also clinically applied using the instrument infusion 

therapy; for some of them, such a way of therapeutic application is typical. This undesirable 

situation, i.e. chemical contamination, can occur at any stage of the preparation of therapeutic 

procedures (drug dilution, therapy initiation, solution of different situations during treatment, 

treatment termination, disinfection and cleaning of devices, liquidation of disposable aids, etc.). 

Currently, we register more than one hundred drugs of this nature that can be divided into 

the following groups (drugs or medicines): 

¶ Cytostatics and cytotoxic medicines, 

¶ Antibiotics  and antivirals, 

¶ Monoclonal antibodies, 

¶ Preparations for gene therapy and hormone preparations. 
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Figure 10.5: Microbiological contamination of the infusion technique and its nature, (1) ï types of microorganisms,  

(2) ï amount of microorganisms, (3) ï different stages in the microorganism development, (4) ï contamination 

with substances of biological origin (blood and its derivatives, other proteins, fats, etc.), (5) ï contamination 

with substances of inorganic origin (calcium, other ions, fragments of drugs, etc.), (6) ï surface character (roughing, 

cracks, dead spaces), (7) ï pH of the environment. 

These issues relate to the instrument infusion therapy and a number of medical fields. a typical 

example is oncology, starting with the outpatient departments and ending with hospital wards and 

specialized institutes. 

Microbiological contamination concerns both parties, both the patient and medical staff. This 

problem may be medico-operational as well as technical (not very frequent case). in practice, we 

encounter situations where it is necessary to correct the therapy and ñstickò a drug, change 

the concentration, replace the empty syringe, manipulate with the vascular access or replace 

expendable materials in the case of their failure. These are operations during which the system must 

be disconnected and extraordinary or unplanned actions carried out. The contamination may only be 

of chemical nature, microbiological nature, or is caused by substances of biological origin. 

a combination of these various influences can be considered an adverse situation. 
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10.5 Sharp object injuries  

Infusion therapy is an invasive therapy that requires access into the body by bypassing the skinôs 

protective barrier. Instrument infusion therapy is a medical procedure that uses a range of medical 

devices enabling this access, for a temporary period [less than 60 minutes], short- term periods [less 

than 30 days, the most common case application time] as well as long-term periods [a time longer 

than 30 days]. More than that requires an implant. The method is associated with the use of sharp 

objects (needles and similar material, scalpels, glass ï splinters, etc.) and the consequences of injury 

apply to all professions. It is a matter of fact that such injuries are numerous, and generally involve 

injuries caused by contaminated needles. Injuries caused by sterile and unused needles are very 

rare. This type of injury may have varying degrees of severity, in terms of the consequences and 

costs of any necessary treatment, but also in terms of its nature (see Figure 10.6): 

¶ Percutaneous injury, 

¶ Contact with mucous membranes, 

¶ Contact with damaged skin. 

Needlestick injury is cited as a model situation, not so much for its severity, but because it is 

the most common injury. in terms of prevention, it is very important to know the stage in which 

the injury happened: 

¶ In use, 

¶ When handling the needle before its disposal, 

¶ In connection with the disposal, 

¶ When attaching a cap on a used needle! 

An important and interesting factor is the location (workplace) where the injury occurs, 

i.e. which workplace poses a risk from this perspective: 

1. Patient department (patient room), 

2. Operating theatres, 

3. Casualty (casualty department), 

4. Ambulance, 

5. Intensive care units and anaesthesia-resuscitation departments, 

6. Procedure wards, 

7. Other medical facilities. 
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The situation that led or could lead to injury is also important: 

1. Stressful situation, 

2. Distraction by other activities, 

3. Rush, 

4. Loss of attention and self-criticism (I have done it so many times, this could not happen to 

me!), 

5. Repeated attempts to intervene (a situation where the procedure / treatment goes badly), 

6. Fatigue, 

7. Uncooperative patient, paediatric patient, 

8. Other factors (risk underestimation, experience, safety features, etc.). 
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Figure 10.6: Percutaneous needlestick injuries (or injuries caused by similar sharp objects or other sharp objects), 

professional representation, *) paramedical professions within the meaning of Act No. 96/2004 Coll., as amended, 

i.e. general nurse [Ä5], practical nurse [Ä29], midwife [Ä6], sick-nurse [Ä36], ambulance attendant [Ä42], etc.,  

**) housekeeping (internal but also external ï outsourced services), maintenance, students, trainees as well as other 

medical and non-medical professions including the technical component of the health care provision (biomedical 

engineer / technician), patient visitors [86]. 
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Chapter 11 

11 Systems for  the infusion technique 

As already pointed out in previous texts, the occurrence of infusion techniques and similar 

techniques used in clinical practice in the provision of health care is high compared to the period up 

to the end of last century. at the beginning, the infusion technique included one or several devices 

(up to 2 or 3 pieces) that were arranged side by side; the amount of disposable supplies was 

minimal. The assortment of used solutions / crystalloids and quantity of drugs was also smaller. 

at the beginning of the new millennium, the growing number of infusion devices and other medical 

apparatuses required a different approach that consisted in assembling and mainly in optimizing 

systems (units) that were ñtailoredò for the respective patient. at the same time, these systems are 

not just a group of devices (i.e. the optimal number of infusion pumps and linear dispensers), 

but also include the use of diverse disposable supplies (materials) that are no longer only infusion 

assemblies and syringes, but other material that enable users to ensure a higher quality of therapy, 

including safety features both from the perspective of the patient and the operator, and that enable 

the user to modify the functionality and the associated security of the entire system, even under 

working arrangements during a procedure. Such enhancements of the system are linked to 

the prevention of risks that have been described in previous chapters, and significantly simplify and 

streamline the work of the medical staff at all levels (medicine, nursing, pharmacy, etc. ). These 

systems and additional health resources also limit the adverse effects of the patientôs environment, 

simplify the manipulation of devices and facilitate their transport (together with the patient) as well 

as their safe and orderly placement at the bedside of the patient. Progress is also seen 

in the software of devices and assembled systems that can be connected into a network which 

improves the overview of changes in dosage, provides important information about the drug 

database and drug interactions, allows the marking of prepared as well as actually used drugs 

(colour labels, barcodes, alphanumeric marks of larger sizes, etc.); see the so-called ñintegrated 

drug libraryò that can be regularly updated and adapted to the specific needs of the given 

workplace. 
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During its clinical existence, the entire system (that can be called infusion therapy) has 

developed into a relatively complex form and includes several clearly defined parts which differ 

in their character, design, purpose of use, functionality as well as the importance for this therapy. It 

is possible to admit that the system can be ñsimplifiedò and some of its parts omitted under certain 

circumstances; nevertheless, this possibility is limited by the current requirements for proven 

quality of treatment interventions. a negative factor that may cause this situation lies in limited 

financial capacities that exist and will exist. The question is where the acceptable limits are. Basic 

domains forming the system of infusion therapy can be divided as follows: 

¶ (P) ᵮ PATIENT  who is connected to such a system. The task of the system is to improve 

or stabilize his/her clinical condition. This is a determining factor for developing 

(assembling) the system, especially in cases of life-saving interventions. 

¶ (SZM) ᵮ SPECIAL MEDICAL SUPPLIES  ï medical apparatuses (materials) that are 

consistently underestimated in terms of quality and impact on the safety and functionality 

of the entire system. Persistent requirements to reduce the financial costs of treatment are 

a highly negative factor that just rigidly accepts the necessary claim to an acceptable balance 

between risks and benefits. This mostly relates to medical apparatuses that must be entirely 

disposable, especially in consideration of their direct link to the patientôs internal 

environment. 

1. Infusion assemblies and syringes ï their importance and impact on the quality 

of intervention are described in Chapter 4. 

2. Medical apparatuses / devices related to vascular access must be chosen very responsibly, 

with respect to the anticipated course of therapy and clinical status of the patient. These 

apparatuses must also ensure the safety of medical personnel (see Section 10.5); it is 

appropriate that they are fitted with security features that minimize stab injuries. This group 

mainly includes the following items: 

a) Injecti on needles with wings, designed only for short-term use, 

b) Intravenous cannulas that are intended for long-term use. 

3. Part of these medical apparatuses / devices effect intervention quality and safety indirectly, 

as a precautionary measure to minimize certain risks or streamline some procedures. 

For example, this relates to the minimization of contamination by foreign particles: 

a) On-line filters  or in-line filters , depending on the type, with filtrati on efficiency 

for particles smaller than 1 ɛm. Due to high filtration efficiency, they must be inserted 

immediately before the point of vascular access. 

b)  Particulate filter s with a filtration efficiency for particles up to 15 ɛm, intended 

for common use. 

c)  Aspirati on spikes intended for a secure and very simple application of fluids by 

syringes. Filtration efficiency (e.g. insoluble lyophilisates) is ensured by filters 

with permeability around 5 ɛm. 
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d)  Aspiration straws for sucking in solutions from vials are fitted with filters 

with efficiency up to 5 ɛm and reliably eliminate solid particles (glass, rubber, plastics, 

etc.). 

e)  Note: Filters under letters a) and b) are also effective in the elimination of air and 

gases as well as the consequences of possible drug incompatibilities. 

4. Other important elements are those that enable secure needle access to the infusion assembly 

even during a procedure. This group includes classic ports with  a separating membrane, 

as well as needle-free valves that are equipped with a filter membrane and reliably 

eliminate solid particles. 

5. Three-way cocks and extension hoses that enable the user to ñorganizeò the dosing 

of liquids, drugs and other substances. 

¶  (L) and (SW) ᵮ ELIMINATI ON OF MEDICAL MISCONDUCT AND DRUG 

INCOMPATIBILITY  should be a priority. in these cases, prevention is a methodological 

or organizational measure and can also be very effectively and efficiently supported by 

a number of technical elements. 

a) A clear description, colour coding or barcode marking of all the syringes, plastic bottles 

and bags that already contain diluted drugs and are ready for application. 

b) Colour coding of vascular access tools and related inlets (e.g. catheters, multi-way 

cocks, etc.). 

c) Systemic measures that allow the use of software options regarding the interconnection 

of infusion devices into a network and enable the following functions: 

-  An overview of dosages and their eventual modifications 

-  Keeping an updated list of drugs 

-  Selection from this list of drugs 

-  Adjusting dose limits using software 

-  Regulating the flow and flexibility  of its control 

¶  (P-ZT) ᵮ STABLE, TECHNICALLY AND STRUCTURALLY DEFINED 

COMBINATIONS OF INSTRUMENT MEDICAL DEVICES TOGETHER 

WITH  THEIR LOCATI ON at THE PATIENTôS BEDSIDE are a necessary condition 

for the application of this technique; this prevents unnecessary damage to single 

components, their malfunction or destruction, and improves the overview of devices: 

a) currently used (adjusted parameters of the therapy) ï therapy is in progress, 

b) in stand-by mode (parameters of the therapy are adjusted, special medical supplies, 

diluted drugs, crystalloids are prepared, etc.) ï therapy does not take place, 

c) ready to use (devices are installed in the assembly but they are not yet equipped 

for treatment), 
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d) in an alarm condition where the treatment is blocked by software and the respective 

causes / failures are analysed, 

e) requiring the replenishment of drugs, solutions, disposable aids, etc.,  

f) in combination with other devices designed for nutritional support, 

g) identified as a necessary backup, 

h) intended for operational maintenance (disinfection and cleaning), battery replacement, 

etc., 

i) instrumentation, 

j) those out of order and that require professional servicing, etc. 

Placing all the devices into a dock station is a solution that ensures the mechanical stability 

of the required combination, their standard electric power supply (exclusion of any 

extension cords and plugs) and stable position in the patientôs environment, e.g. through 

single-purpose rails, infusion stands, suspension systems, etc. For creating simple mobile 

units, we use transport carriers; they perform a similar function as dock stations but are 

designed for a smaller number of devices (up to 3 pieces) that can be transported by one 

person. Such assemblies (ñtowersò) are a basic (constructional) system element. 

¶ (O) ï SECURE STORAGE OF WASTE. The fact is that a significant proportion 

of injuries occur at the end of the use of disposable aids, especially in cases where 

contaminated materials are stored in a non-standard way (plastic bags, paper boxes, 

discarded cans, etc.). Potential adverse situations are significantly eliminated by using waste 

containers. 

¶ (O) ï SAFE DISPOSAL OF WASTE. This is necessary with regard to the formation 

of considerable amounts of disposable single-use waste, largely produced from polymers, 

silicone and rubber. a small portion is composed of low-alloy stainless steel, glass and paper 

contaminated by residues of drugs (some of them may pose a risk, e.g. cytostatics). 

Contamination by various substances (crystalloids and substances of biological origin) is 

also possible whereas we cannot disregard the fact that the residues contain a high 

proportion of water! 
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Figure 11.1: Infusion therapy system as a combination of medical means, (1) ï vascular access, (2) ï medical means 

for single use which serve to protect or implement a stable and functional vascular access (needles, cannulas, catheters), 

(3) ï protection elements for (2), (4a) ï pressure infusion assemblies, (4b) ï syringes fitted with a silicone seal,  

(5a) ï infusion pumps, (5b) ï linear dispensers, (6) ï dock station (bracket), (7a ) ï plastic bottles or bags 

with crystalloids (infusion solutions), (7b) ï drugs, medicinal substances, nutritional support, (7c) ï software ï ñdrug 

libraryò + its updating, (8) ï on-line filters or in-line filters, (9) ï three-way cocks, (10) ï special needle-free valves, 

(11) ï barcodes (or colour inscription labels), (12) ï waste containers, (P-ZT) ï medical technique, (P) ï patient,  

(SW) ï software, (SZM) ï special medical supplies, A, B, C ï connecting points, (O) ï biologically contaminated 

waste. 
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Figure 11.2: Special medical supplies increasing the safety of instrument infusion therapy, (1) ï access needle-free 

cock with membrane valve, (2) ï aspiration spikes with filter, (3) ï safety shut-off pinchcock, (4)a - (4)b ï clips 

(retainers), (5) ï silicone insert / liner. 
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Introduction  

Renal insufficiency ï a kidney failure in humans, both partial and complete ï is a serious life-

threatening medical condition when three basic functions performed by the kidneys in human body 

are dysfunctional: the removing of metabolic toxins as a product of metabolic exchange, 

the regulating of physiologically accepted amount of water in body (namely the excretion of any 

excessive water), and the maintaining of electrolytic (acid-base) balance. Last but not least, 

the kidney produce hormone-like substances that regulate the growth of human body (which is 

particularly important in children and youth), blood formation (human erythropoietin.), etc. 

The consequences of this medical conditions are not compatible with life and without using 

a comprehensive therapy, including haemodialysis devices, a patient who has reached the terminal 

stage of renal insufficiency dies. Conservative therapy based on dietary limitation and medication is 

only partially effective and can only help during the initial stage of renal insufficiency. However, 

device therapy also has its limitations and does not enable the restoration of all renal functions 

to their full extent that would be equal to the physiological condition. This condition can only be 

resolved by full organ transplantation. Device therapy using an artificial kidney has, in principle, its 

limitations and can effectively help eliminate metabolic toxins and excessive water and regulate the 

acid-base balance only to a certain extent. Therefore, dialysis therapy must always be considered 

ñonlyò as maintenance therapy which enable the patient to survive, although for a long period of 

time while providing a relatively high quality of life. In an ideal scenario, dialysis therapy is only 

used as a bridge between complete renal insufficiency (or a high degree thereof) and successful 

kidney transplantation. Obviously, dialysis remains of the major life-saving therapy in situations 

when kidney transplantation is not possible, such as when other accompanying diseases 

contraindicate transplantation, when the graft was rejected, a suitable donor cannot be found for a 

long time, etc. Although both device dialysis and peritoneal dialysis are very young therapeutic 

methods, they are both very effective and compared to other therapeutic methods that are included 

under ñartificial body organsò or ñsupportive methods of vital organsò (such total heart 

replacement, artificial blood circulation (perfusiology), lung ventilators, cochlear replacements, 

implantable cardiac stimulators, parenteral and enteral nutrition support, etc.) they are among the 

most effective ones therapeutic methods that are now wide-spread, [28], [62]. 
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Chapter 12 

12 The historical aspects of haemodialysis 

technology 

The reasons stated in the introduction led to an intensive effort to deal with severe renal failure. 

At the beginning, these efforts were not able to succeed because adequate technical resources were 

missing. However, they were clearly guided in the right direction and success appeared as soon as 

adequate technical means were available. These related to advances in the chemistry of polymers, 

i.e. mainly the realization of suitable permeable membranes (diaphragms), because dialysis is 

primarily a question of a controlled substance transfer through selectively permeable membranes. 

Although it is a passive biophysical substance transfer mechanism, semipermeable membranes 

allowed for at least a sufficient replacement of basic biological kidney functions: 

¶ The elimination of metabolic toxins (urea, creatinine, uric acid and other substances that 

may or may not be the result of metabolic processes), 

¶ The elimination of excess water or even the replenishment of missing fluids, 

¶ Ensuring electrolytic balance (acid-base balance), 

¶ The elimination of toxic substances that are not of a metabolic origin, but are the result of 

poisoning, either intentional or accidental (haemoperfusion), 

¶ Specific treatments that use modified technico-clinical options and principles of dialysis and 

may have a decidedly acute character. 

Over time, instrument dialysis also included peritoneal dialysis, which works on the identical 

biophysical principle but makes use of the efficient filtration properties of peritoneum, i.e. a 

selectively permeable membrane of biological origin. Today, this method for treating renal 

insufficiency is considered a separate area within dialysis therapy. 
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12.1 The ñPrehistoryò of dialysis 

As stated above, dialysis as a therapeutic process is a relatively young method; however, the 

beginnings of its history as well as its name (which has lasted until today) dates back to the second 

half of the nineteenth century. Efforts to offset the effects of renal insufficiency may therefore be 

regarded as somewhat aged. 

1854 ï The first work in this direction is attributed to Thomas Graham, a Scottish chemist who 

focused on the study of permeable materials of biological origin such as a cowôs bladder wall; this 

material served for his first attempts at and development of a very simple (and rather primitive) 

dialyzer. An important and rather interesting fact is that T. Graham, as the first, used the term 

ñdialysisò that is still used today. 

1855 and 1860 ï Attempts with a variety of colloid membranes were carried out by German 

physiologists A. Fick (around 1855) and W. Schumacher (around 1860). 

1912 ï The work of German physiologists was the basis for a series of experiments that 

ultimately resulted in the development of a ñdialyzerò by Baltimore physiologists John J. Abel, L. 

G. Rowntry and B. B. Turner. It is truly remarkable that the dialyzer, which is the result of these 

works, most resembled todayôs capillary dialyzer. The device was a system of colloid (celluloid) 

capillaries composed of a mixture of celloidin + ether + ethanol; a similar design was subsequently 

also used by other scientists (see Figure 12.1). They used a physiological saline solution (0.9 % 

NaCl solution) instead of a dialysis solution; hirudin was used as an anticoagulant. 

1914 ï C. L. Hess and H. McGuigan conducted their experiments on dogs. 

1919 ï The first dialysis attempt on humans (unfortunately unsuccessful) was conducted in 1928 

by G. Haas, a German physician, who was already using heparin (discovered in 1919) as the 

anticoagulant. 

12.2 The first successful dialysis treatment on humans 

The turning point came just after the Second World War (although preparations took place 

before the war) in the small and picturesque Dutch Hanseatic town of Kampen on the bank of a 

canal that separates it from IJsselmeer polder. In a ñprovincialò hospital with only 80 beds, Willem 

J. Kolff , a Dutch physician, tried to apply the knowledge that he had gained as a physician at the 

University of Groningen before 1940. A crucial factor was his work with Prof. Brinkmann, a 

chemist, particularly in the field of studying and using cellulose-acetate membranes based on the 

German discovery of cellophane, which was originally meant for the food sector. Together with the 

use of an isotonic sugar solution, this allowed him to assemble a functional ñartificial kidneyò (see 

Figure 12.2). Its base was a horizontally positioned rotating cylinder assembled from battens 

(wooden slats) with a wound-on cellophane hose that was several meters long. The length of this 

hose (30 ï 40 metres) defined the ñdialyzerò area, which was relatively large compared to present-

day dialyzers. The cylinder with the hose was placed in a bathtub that was half-filled with solution. 

It should be emphasized that it was an intermittent method [22], [23], i.e. the patientôs blood was 

filled and captured in the cellophane hose, then ñwashedò and deprived of its metabolic toxins by 

turning the cylinder in the bathtub. Subsequently, the blood was returned to the patient and the 

procedure was repeated. Of course, under these circumstances, the effectiveness of this method was 

limited by the length of cellophane hose, the number of cylinder turns and the time of blood  
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purification. Therefore, any precision throughout the entire process was lacking and the human 

factor played an important role. The amount of ñpurified bloodò was affected by the large area of 

cellophane hose (approximately 2.0 up to 2.4 m
2
, i.e. an equivalent to todayôs concept of the 

dialyzer area); however, the membrane was not in full contact with the solution, which acted 

adversely. The total hose volume (up to 800 ml of blood) was also a complicating factor. Another 

unfavourable factor was the increased concentrations of metabolic toxins in the solution, thereby 

reducing the main driving mechanism of the therapy, which was diffusion. It was also necessary to 

consider the risks associated with returning the blood (blood loss and air embolism, very common 

and serious complications at the beginning of dialysis therapy). Kolffôs ñinventionò had other more 

problematic features; the first dialyses were therefore not so successful and the first fifteen patients 

died. Consequently, Kolffôs kidney earned an undeserved and unflattering nickname, ñdeath 

machineò which, despite its following success, accompanied the device until the end of the 1960s. 

ñLuck smiledò on Kolff in September 11, 1945, when he performed the first successful dialysis in 

a patient, Sopfia Schafstandt. It was an acute dialysis procedure and the patient finally returned to a 

normal life and died at the age of 73 in 1951. This successful procedure provided conclusive 

evidence that treatment of renal insufficiency was possible. As with many other inventions, a major 

impetus for its development and further improvement and practical deployment was the war and 

military interest in its use. Military interest was mostly focused on improving and streamlining the 

killing of human beings; in this case, however, the concern was to provide medical care to injured 

allied soldiers in the ñKorean Warò in 1950-1953. The deployment of an already improved Kolff 

kidney led to a demonstrable decrease in deaths of allied soldiers due to post-traumatic shocks 

by up to 50%. Still, however, it was ñonlyò an acute procedure. 

 

 

Figure 12.1: A replica of a Hess ñdialyzerò, source: an exhibition on the history of dialysis equipment, the 38th 

EDTNA / ERCA Congress in Hamburg, see also [18]. 

 

Figure 12.2: A replica of Kolffôs ñartificial kidneyò, source: an exhibition on the history of dialysis equipment, the 38th 

EDTNA / ERCA Congress in Hamburg, see also [18]. 
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Nevertheless, it is necessary to objectively say that Dutchman W. J. Kolff was not the only one 

who intensively worked on an ñartificial kidneyò and successfully developed a clinical method of 

acute ñtreatmentò of renal insufficiency. Nilse Alwall, a Swedish scientist [23], proceeded 

independently and almost in parallel with Kolff and published his discovery in 1947. The main 

achievement of his design was the use of a coiled cellophane hose placed in a vertically positioned 

drum; this design was therefore more efficient and elegant compared to the design used by W. J. 

Kolff. In this case, it was a design that was the precursor of the successful coil dialyzer. However, 

further breakthrough discoveries and works were still necessary (namely in terms of quality and 

safety) to bring this therapeutic method to the position of chronic therapy that would lead to long-

term survival of patients with irreversible renal insufficiency. Its main problem was proper vascular 

access that would provide repeatedly sufficient blood flow on a long-term basis. Another 

breakthrough moment in dialysis treatment is associated with the year 1959 and a young American 

doctor, B. H. Scribner, who solved the repeated access to the bloodstream problem with Scribnerôs 

shunt. Initially, it was an artificially created external arteriovenous shunt that had only a limited 

lifetime. Further work by Cimino and Brescia (1962) led to the development of a subcutaneous 

arteriovenous shunt that showed significantly greater durability. [28] This was already a design that 

allowed repeated connections to extracorporeal blood circulation and the realization of dialysis as a 

long-term chronic therapy. It was one of the major turning points that moved dialysis qualitatively 

forward. This is when the first dialysis centres in the USA and Europe were developed; in 1971, 

dialysis was officially recognized as a proper clinical method. Dialysis has started to evolve and 

develop into a therapeutically effective procedure, it continues to improve in terms of clinical, 

technical and technological aspects; a number of identified principles have also been transmitted to 

other disciplines and have been modified for other medical procedures. Dialysis has ceased to be a 

therapy that is limited to adults; a sub-branch of childrenôs dialysis is developing as well (acute 

continuous dialyses in anaesthesia-resuscitation wards), etc. 

 

Year Number of 

patients
1
 

HDS
2
 Number of 

devices
3
 

Number of 

procedures
4
 

Number 

of beds
5
 

Personnel
6
 

2001 5 290/(420) 83 1 109/(404) 539 742 814 149/   999/250 

2002 5 559/(457) 88/(21) 1 188/(500) 563 865 840 170/1 038/258 

2003 5 678/(453) 91/(23) 1 208/(614) 573 357 839 171/1 039/245 

2004 5 884/(492) 88/(27) 1 276/(561) 603 561 889 172/1 040/237 

2005 5 992/(503) 89/(34) 1 311/(642) 629 450 926 187/1 072/251 

2006 5 905/(495) 92/(41) 1 346/(693) 635 774 977 187/1 051/212 

2007 6 508/(548) 92/(43) 1 452/(693) 710 056 1 016 236/1 087/245 

2008 6 827/(597) 92/(45) 1 509/(670) 763 571 1 057 229/1 129/ 

2009 6 927/(616) 97/(46) 1 637/(750) 798 787 1 158 260/1 179/258 

2010 7 426/(633) 102/(51) 1 688/(781) 862 927 1 218 297/1 246/283 

2011 7 314/(648) 102/(51) 1 733/(807) 910 978 1 271 289/1 242/282 

Table 12.1: Expansion of dialysis therapy in 2001-2011. [21] 
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12.3 Dialysis therapy in Czechoslovakia and the Czech Republic 

In 1957, there were seven dialysis centres in Europe and the former Czechoslovakia could boast 

of one dialysis centre in Prague. The first successful dialysis was performed on December 10, 1955. 

In 1958, another dialysis centre was established in Hradec Kr§lov®; other centres gradually 

followed: in Ostrava (1963), Olomouc (1964), Prague ï IKEM (1966), Pilsen (1969) and then in 

Brno and Zl²n. The first dialysis centre in Slovakia was established in Koġice (1962), subsequently 

also in Bratislava (1966) and Martin (1966). [28] The start, therefore, was not so bad. From the very 

beginning, however, the work of these centres was dependent on the acquisition of foreign 

equipment and materials that limited the extent of necessary treatment and therapy (anti-import 

measures); consequently, this therapy was not provided to the extent required and, of course, not to 

all people who need it. This unfavourable situation did not improve for a long time and was even 

artificially deepened by the so-called contraindications which did not always have medical and 

ethical reasons. Attempts to develop dialysis devices of Czechoslovak origin were unfortunately not 

very successful, although several industrially manufactured devices (Chiradis, versions A, B and C) 

were used in clinical practice (the 1990s). Clinical practice was therefore mainly dependent on 

imports. Gradually, the centres were equipped with Moeller, Alwall, Travenol, Niechal and Cobe 

devices (see Figure 12.3 and Figure 12.4). Later, they were also fitted with high-end devices from 

the Swedish company Gambro and the German company Fresenius which, together with 

instrumentation from the German company B/Braun, became the basis for future dialysis 

technology in the Czech Republic. The lack of equipment was broken after the Velvet Revolution, 

in 1991-1994 and later years, when the number of dialysis centres in Czechoslovakia started to 

grow (sometimes in an avalanche-like way) to the level required; this trend essentially continued 

also in the newly-independent Czech Republic. Currently, this treatment is available in the required 

quality and quantity. Naturally, all the needs of the instrumentation (dialysis monitors) have not yet 

been met, especially regarding the renewal and replacement of dated equipment, suitable 

geographical distribution, the amount of qualified personnel, i.e. mainly attested doctors 

(nephrology), general nurses (with appropriate specialization) as well as other workers in 

paramedical professions very closely related to this type of therapy (dieticians, clinical 

psychologists and biomedical engineers / technicians, etc.). 

Notes on individual data (see Table 12.1) that must be considered from the viewpoint of a 

selected algorithm by which the statistics are evaluated: 

1
 In a given year, the number of patients is evaluated as a number in which this therapy was 

performed; it includes both chronic and acute procedures, and is affected by patientsô death, 

new patients continuously included in the program, successful transplantations, treatment 

interruption, and transfers between treatments (haemodialysis ᵰ peritoneal dialysis). Of 

course, it is necessary to carefully distinguish between numbers of patients included in 

dialysis treatment and peritoneal treatment (data in brackets). 

2
 An important statistic is the relatively steep increase in the number of centres, which was 

much steeper in the years immediately after 1990, as well as the change in the ratio of state 

and non-state centres, strongly in favour of non-state (private) entities. 
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3
 It is also interesting to see the increasing number of new devices using the latest equipment. 

However, attention should be paid to the fact that it is still possible to see a large number of 

relatively dated equipment (data in brackets) although the criterion for the purpose of these 

statistics was set at 5 years. Nevertheless, this may not always be exact and fully informative 

data (operational hours should always be considered as well). 

4
 The increase in the number of procedures performed is also very sharp. In terms of the 

quality of health care provided, however, the change in the pattern of individual therapy 

types in favour of haemofiltration methods is more important (see Table 12.2). 

5
 The increase in the number of beds by about 36% roughly follows the increasing trend in the 

number of procedures (about +40%), but does not correspond with the increase in the 

number of patients (+29%). Rather, it is an index pointing to an improvement in patient 

comfort reflected in a reduction in the number of night shifts that were quite common before 

2000 and caused by the limited number of devices (beds); currently, night shifts have been 

restricted to the necessary minimum. 

6
 From the viewpoint of personnel, it is clear that the main operation burden lies on nurses 

whose number (+36%) has not increased in correlation with the higher number of 

procedures and patients. Other personnel also consist of technical components of health 

care provision (biomedical engineering), which is not monitored by the statistics. In 

general, it can be said that the number of employees (or their HDS load) is reduced. On the 

other hand, there is an increase in the number of workers who provide operational logistics. 

7
 Haemoperfusions are therapeutic methods that (as procedures) are moved to the 

competency of anaesthesia-resuscitation departments where somewhat different 

instrumentation (modification) is used. 

 

Year Individual types of procedures  

Total HD HDF HF HP  

2001 539 724 508 232 26 102 3 542 88 HD ï classic low flux dialysis 

2002 563 865 525 605 34 052 3 175 61 HDF ï haemodiafiltration 

2003 573 357 529 522 40 597 2 007 57 HF ï high-volume 

2004 603 561 537 493 63 263 1 863 47 HP ï haemoperfusion
7
 

2005 629 450 532 799 90 524 2 722 31 Other methods ï  

2006 645 368 509 276 117 926 7 186 14 plasmapheresis, etc. 

2007 710 056 525 709 160 248 3 665 15  

2008 763 571 539 227 193 038 360 6  

2009 750 798 509 681 243 226 415 4  

2010 781 862 479 383 302 825 329 7  

2011 807 910 476 704 376 993 3 345 4  

Table 12.2: Changes in the pattern of individual therapy types in favour of haemofiltration methods. [21] 
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Obsolete devices were quickly replaced by more modern devices (see Figure 12.3 and Figure 

12.4); the number of procedures, dialysis beds and high-quality instrumentation rapidly grew (see 

Figure 12.6). At that time in former Czechoslovakia as well as in the independent Czech Republic, 

it was common to find devices that were provided as gifts from the ñWestò; they were donated on 

good will to help in many cases, but they were sometimes museum pieces. 

When comparing the data in the table (see Table 12.1) and other data evident from Figure 12.5, 

the graph and its figures, it is clear that the number of procedures was essentially saturated and that 

dialysis treatment was provided to all who need it using high-end devices. Part of this development 

was also the acquisition of high-quality special consumables (dialyzers), blood assemblies and 

dialysis needles, as well as acute and permanent catheters to provide vascular access. The use of 

professionally produced dialysis concentrates has become a matter of course. The technological 

chain also gradually incorporated other necessary equipment that arrived on the ñdialysis sceneò 

during this period (water treatment for dialysis). In this respect, the Czech Republic became a 

producer of some high-quality components necessary for dialysis therapy, such as blood dialysis 

assemblies, dialysis concentrates, etc. 

Note: The devices in Figure 12.3 and Figure 12.4 come from a private collection of our 

colleague Radko Hyl§k from Liberec and the pictures are used with his kind permission. 

 

Figure 12.3: Dialysis devices ï Lucas, Travenol PSP single, Travenol RSP (from the left). 

 

Figure 12.4: Dialysis devices ï Nikiso, Century 2 and Fresenius L3D (from the left). 
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12.4 Further development of dialysis therapy in the Czech Republic 

As is evident from the preceding text, dialysis therapy in the Czech Republic is of a very good 

quality, both in terms of devices and personnel qualification. 

It is important to realize that dialysis cannot be regarded as a procedure needing just an 

appropriate dialysis machine and required special supplies; it requires a large set of instrumentation, 

technological equipment and medical devices for monitoring and performing diagnostics (including 

in vitro diagnostics) as well as information technology (documentation and evaluation of the 

therapy quality or effectiveness) and high-quality communications (transplantation). It is also 

necessary to provide a functional concurrence / flow with other medical facilities / branches such as 

anaesthesia-resuscitation wards and intensive care units, biochemical laboratories, vascular surgery 

(vascular access) as well as multidisciplinary teams make up of the appropriate professional 

composition. Dialysis therapy is still a rapidly developing field and is highly technical. 

Still, it is a therapy that allows patients with renal insufficiency to live a relatively high-quality 

life, but with very close ties to the instrument and the other technological devices which is limiting, 

both in terms of time and place. Over the last two decades, patients have been able to move to a 

certain extent and even to distant destinations, but such places must have a dialysis centre of 

adequate quality that can accommodate the needs of a relatively unknown patient. In this respect, 

the borders between EU countries are no longer an obstacle. The current development of dialysis 

techniques is focusing on improving software and functional capabilities (blood pressure 

measurement ï NIBP, measurement of blood recirculation in the shunt, on-line ultrafiltration 

management and on-line tracking of the therapy adequacy index ï Kt/V). Importance is placed on 

the technology of using water treatment for dialysis and water quality monitoring. Dialysis centre 

instrumentation is a system implemented in the patient environment, as a system with stable 

properties. 

 

 

Figure 12.5: The development of dialysis therapy in the former Czechoslovakia, freely adapted from [2], [28]. 
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Figure 12.6: Dialysis monitors: AK 10 Gambro (very successful modular system), a Czech-Slovak attempt to produce 

a dialysis monitor ï Chiradis A (Chirana n.p. in Star§ Tur§ and the Research Institute of Medical Technology in Brno), 

and 2008 from the company Fresenius (license production of Pal KromŊŚ²ģ). 

 

Figure 12.7: The medico-technical and technological development of haemodialysis therapy. 
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Figure 12.8: A haemodialysis centre as a system designed for treating renal insufficiency. 
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Chapter 13 

13 The basic biophysical principles of substance 

elimination in dialysis 

The elimination of metabolic toxins and other substances during dialysis therapy is governed by 

several physical (biophysical) patterns that take place in the intrabody environment and are subject 

to a number of side effects. The various mechanisms of substance elimination do not proceed in 

isolation, but are applied at a rate that corresponds to the applied therapy or the used instrument and 

material equipment. It is a process that is also influenced by the biological environment; it is 

therefore appropriate to talk about biophysical processes. 

13.1 Diffusion and convection 

For the purpose of dialysis therapy, the diffusion ï as a (bio)physical process ï can be 

characterized or defined as a spontaneous passive transport of substances from places with higher 

concentrations to places where their concentration is lower [19]. This substance transport results 

from the Brown movement and runs until the concentration of the given substance in the entire 

space is the same. In the case of dialysis therapy, it is a transfer from the biologic environment 

(blood circulation and intrabody environment) into an artificially created environment of a dialysis 

solution. These environments are separated by a permeable membrane with selective permeability 

to various substances (see Figure 13.1). In the case of dialysis, the metabolic toxins (catabolites as 

metabolic products) diffuse from the blood into the dialysis solution and are thus removed 

(eliminated). [20] 

The main and decisive factor characterizing and defining the diffusion processes (primarily the 

rate of diffusion) is the concentration gradient at the (semi)permeable membrane. However, the 

diffusion rate is influenced by multiple factors and circumstances such as: 

a) Concentration gradient, 

b) Molecular weight and charge, 

c) Nature of the (biological) environment, 

d) Properties of the (semi)permeable membrane, 
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e) Back diffusion, 

f) Flow dynamics of ñliquidsò on both sides of the membrane, 

g) Diffusion resistance, 

h) Temperature, ultrafiltration efficiency (size of retained particles), etc. 

At very small distances (on the order of units to tens of ɛm), the material transport through 

diffusion processes is relatively ñfastò, while a certain (longer) amount of time is required for real 

distances [24]. Diffusion rates decrease with increasing molecular weight; finally, diffusion stops 

completely at a certain boundary size of substances. Substances that have a low weight (e.g. simple 

ions) may spontaneously pass through even in the opposite direction; this is called ñback diffusionò 

[1], [28], [19], [20]. 

Diffusion can be described by the following equation: 

 
ὐ ὑ ϽὃϽ

Ўὅ

Ὠ
 (13.1) 

where: 

ὐ ... diffusion rate, 

ὑ ... diffusion coefficient, 

ὃ é membrane area, 

Ўὅ é concentration gradient (difference), 

Ὠ é diffusion path (of molecules or atoms or ions) of the substance. 

Diffusion processes have some positive as well as limiting characteristics that apply in clinical 

practice and characterize the therapeutic process. These are mainly the following facts: 

a) Effective therapy / dialysis requires some time, 

b) Therapy duration is prolonged for substances with a higher molecular weight, 

c) The process also removes substances in which this is not desirable, 

d) Some substances, in which this would be desirable, are not removed or their removal is 

difficult and complicated, 

e) The process also brings side effects that are a source of undesirable complications, 

f) Other undesirable processes that limit the therapyôs effectiveness. 

Convection is a (bio)physical process that can be described as an ñablationò of dissolved 

substances along with the solvent. In this case, the driving process is filtration, i.e. a pressure 

gradient created on a (semi)permeable membrane [19]. The essence of this process consists in 

creating a sufficient amount (volume) of solvent (haemofiltrate) that is transported through the 

membrane using a defined pressure gradient, including substances whose elimination is desirable 

from the therapy perspective (i.e. primarily metabolic toxins); (see the principle in Figure 13.2). 

This principle of substance elimination applies to haemofiltration methods that allow the removal of 

relatively large molecules (with an atomic weight greater than 5 000 or even 10 000) where 

diffusion cannot function to the extent needed or does not function at all. A prerequisite for 

the functionality of such a method is an adjustment to membrane porosity (appropriately larger pore 

sizes). The efficiency of filtration methods is directly proportional to the amount of filtrate 

produced.  
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The amount of material removed can be expressed as the product of the quantity of filtrate 

produced and the concentration of the given substance in this filtrate volume. The substance 

concentration in the filtrate can be expressed as: 

 ὅ ὛϽὅ  
(13.2) 

where: 

ὅ  ... the concentration of the substance in the (haemo)filtrate, 

ὅ  ... the concentration of the substance in the filtered volume (blood), 

Ὓ é the sieving coefficient. 

The transport rate of the substance or its filtration rate is given by the following relationship: 

 ὐ ὗ Ͻὅ ὑ ϽὃϽЎὴϽὛϽὅ  
(13.3) 

where: 

ὐ  ... the rate of filtration, 

ὗ  ... the filtrate flow, 

ὑ  é hydraulic permeability of the membrane, 

Ўὴ ... the pressure gradient, 

Ὓ é the sieving coefficient, 

ὅ  é the concentration of the substance in the filtrate, 

ὅ  ... the concentration of the substance in the filtered volume. 

Convection, i.e. ablation, is an effective elimination process that brings another effective method 

to the therapy of renal insufficiency [26]. It has certain advantages as well as disadvantages typical 

of this principle of material exchange, consisting in: 

a) The removal of substances with higher molecular weights (5000 up to 10 000), 

b) The elimination of substances with molecular weights over 10 000 (to a certain extent), 

c) Negatives consist in higher microbiological risks (higher membrane porosity), 

d) Requirements for chemical purity of dialysis solutions. 
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Figure 13.1: The diffusion transport of substances, the basic principle of haemodialysis elimination methods.  

a) transfer of a substance (with the given molecular weight) at the time of an existing concentration gradient on the 

permeable membrane, b) discontinuation of the material transfer at the time when the concentrations on both sides of 

the permeable membrane approach even, c) diffusion of substances with a higher molecular weight, d) stoppage of 

diffusion in substances with a very large molecular weight. 

 

Figure 13.2: The principle of the convective elimination of substances compared to elimination based on the diffusion 

principle. a) and b) diffusion principle of removing substances up to certain molecular weights, c) and d) elimination 

principle based on the convection / ablation, d+ >> d0. 
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13.2 Ultrafiltration  

Ultrafiltration is a process of removing excess water; it is a simple (bio)physical process 

consisting in pushing water through a permeable membrane. In this case, the driving force is a 

sufficient pressure gradient on the membrane [19]. The principle is shown in Figure 13.3. 

Usually, the process is driven by negative pressure (underpressure) created on the side of the 

dialysis solution; in routine clinical practice, this method is most often combined with a certain 

amount of overpressure on the blood side. An alternative used in peritoneal dialysis (which was a 

common mechanism of ultrafiltration in the past) is the creation of a necessary amount of osmotic 

pressure. This method was used in Kolffôs and Alwallôs artificial kidneys through adding a specific 

amount of glucose to the suction side, i.e. into the dialysis solution; this created a situation allowing 

more or less controlled water transport, but with microbiological risks. 

13.3 Osmosis, osmotic pressure and osmolarity 

Osmotic pressure or osmosis is a (bio)physical process important both for dialysis and from 

other perspectives. In this case, it is a biophysical process [19] in which the water (acting as a 

solvent) passes through the (semi)permeable membrane from areas with low concentrations of the 

substance into areas with high concentrations of the substance whose higher molecular weight mw 

prevents its transfer through the membrane (see Figure 13.4). 

This process stops when reaching an osmotic pressure that is equal to hydrostatic pressure. This 

prevents any further water transfer caused by the osmotic gradient. In dialysis, osmosis is used in 

the following ways: 

¶ Oncotic pressure is basically the ñosmoticò pressure of blood proteins that cannot penetrate 

through the (semi)permeable membrane due to their large molecular weight (see Table 13.2) 

and counteract the hydrostatic ultrafiltration (elimination of excess water) (see Figure 

16.20). 

¶ Ultrafiltration using high concentrations of a suitable osmotically active substance (glucose) 

allows the passage of water from the blood to the dialysis solution; this was used when 

dialysis began and is still applied in peritoneal dialysis (see Chapter 20). 

¶ Osmolarity of the extracellular fluid must be maintained at an appropriate level through a 

proper composition of the dialysis solution to be in approximate accordance with the 

intracellular osmolarity; this helps avoid any undesirable water transfer between the 

extracellular and intracellular space and eliminates undesirable situations as seen from 

Figure 13.5. From this perspective, it is necessary to respect the clinical significance and 

implications of using isotonic, hypotonic and hypertonic solutions (dialysis solutions or 

even crystalloids, etc.). These may significantly affect the course, quality and safety of the 

therapy. 
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Figure 13.3: The principle of ultrafiltration, a) ultrafiltration using underpressure on the side of the dialysis solution,  

b) ultrafiltration using overpressure on the blood side, c) reverse ultrafiltration, d) zero ultrafiltration. 

 

Figure 13.4: The principle of osmosis and mechanism of: a) and b) the emergence of osmotic pressure and the 

discontinuation of water-solvent transfer, c) and d) oncotic pressure and its influence on ultrafiltration. 
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Figure 13.5: The effects of hypertonic, hypotonic and isotonic solutions on living cells. 

 

Figure 13.6: Adsorption as a factor in the elimination of substances in dialysis therapy and ultra-pure on-line filtration. 
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13.4 Adsorption 

Adsorption is often referred to as a ñsupplementaryò (bio)physical process in the elimination of 

undesirable substances; in fact, it may be a significant factor, indispensable and important under 

certain circumstances (see Figure 13.6). Adsorption relates to a wide range of substances. However, 

it is important in proteins (e.g. albumin, fibrin, beta-2-microglobulin [ɓ-2-microglobulin], some 

cytosines, etc.), in toxins (e.g. sterilizing agents) and, unfortunately, also hormones. It mainly refers 

to membranes with hydrophobic properties. The adsorption of proteins on hydrophobic membranes 

can be manifested during the therapy, both positively and negatively: 

¶ Adsorption of blood proteins may come out as a clearance reduction during the therapy, 

¶ adsorption of some major and important hormones (e.g. erythropoietin [rHu-EPO] on the 

membranes from acrylonitrile or its copolymers), 

¶ the adsorption of beta 2microglobulin is a positive sign, 

¶ the adsorption of endotoxins (typical of polyamide and polysulphone copolymers) is an 

advantage. 

In many cases, these are adsorptions that are important throughout the therapy in the elimination 

of certain substances [39], such as beta-2-microglobulin in PMMA (polymethyl methacrylate and 

its copolymers) membranes, and are often used targetedly (polysulphone-Diasafe). 

13.5 The clinical application of fundamental principles 

In haemodialysis therapy, individual (bio)physical principles are applied in varying degrees; we 

can say that virtually every one of these principles has its share. It depends on what type of therapy 

is chosen as primary; the other principles then have supplementary or auxiliary importance or they 

apply to a lesser or almost negligible extent. The main factor is the chosen type of permeable 

membrane and the use of its positive qualities. In parallel with using these properties, it is necessary 

to consider any possible negative effects in concurrence with other circumstances [69], [63]. 

The substance removal rate is given by the following formula: 

 ὐ ὐ ὐ ὐ  (13.4) 

where: 

Вὐ ... the overall rate of elimination of substances, 

ὐ  ... the rate of elimination of substances by diffusion, 

ὐ  é the rate of elimination of substances by convection (ablation, filtration), 

ὐ  é the rate of elimination of substances by adsorption. 
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Figure 13.7: The application of various (bio)physical principles in dialysis. [46] 

 

Figure 13.8: Applying the concept of molecular weight (mw) in relation to dialysis treatment. 
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13.6 Appendix ï the use and application of the concept of molecular 

weight 

When explaining the important concepts and principles related to dialysis therapy, we very often 

use the term ñmolecular weightò (mw); therefore, a simplified framework clarification will be 

useful. In clinical practice, this term is often (even inappropriately) converted ï we speak only of 

low-molecular substances, medium-molecular substances and high-molecular substances. It is 

advisable to point out that this concept is nowhere firmly and clearly stated or at least reasonably 

defined; its use, however, must be respected. Moreover, molecular weight is expressed in units 

called ñdaltonò. Currently, in terms of the valid metrology and ñlawfulò units, this term is already 

obsolete, but it is still used even in reputable scientific journals (publications) and textbooks. For 

informational purposes, it should be noted that the following applies: 1 molecular weight = 1 

dalton. It is a quantity that can be easily calculated from the Mendeleyev table. Regarding more 

complex molecules, it is necessary to know their chemical formulas. In terms of proper dialysis 

therapy management, the knowledge of units is an advantage or even necessity, especially in cases 

where we need to know whether the substance will be eliminated and with what efficiency. This is 

particularly important when the following groups of substances are involved: 

a) Drugs (possible decisions on the manner of drug administration), 

b) Hormones (replenishment of these substances, if necessary, and how), 

c) Toxins (intoxication by drugs, chemical substances, food, etc.). 

For dialysis treatment, literature divides the concerned (significant) substances into three basic 

categories (groups): 

a) Low-molecular-weight substances that include all ions, water as well as glucose, and most 

of the catabolites such as urea, creatinine, uric acid, etc.). 

b) Medium-molecular-weight substances whose typical examples are inulin, phosphates, etc. 

c) High-molecular-weight substances are substances with molecular weights that exceed 

10 000 (see Table 13.2). 

13.7 The technical, technological and design solutions for practice 

The basic (bio)physical principles that apply in (haemo)dialysis have been known for a relatively 

long time and all of them were used in this clinical therapeutic method. The extent of their 

application and objective knowledge of their effects as well as the practical realization of their use 

is increasing and is more effective. 

For example: Applying the principle of convective elimination methods, namely in a specialized 

form of haemofiltration and haemodiafiltration methods, manifested in conventional dialysis 

procedures using diffusion principle in cases where a relatively high ultrafiltration was set (see 

Figure 16.21) ï of course, if tolerated by the patient. Substances with higher molecular weights 

were thus eliminated. The effect was small, but it objectively existed. As a managed method, this 

phenomenon applied as recently as late last century. 
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Substance Formula Atom Weight Number  Molecular weight 

Carbon 

dioxide 

CO2 C (carbon) 12 1x Ɇ 12 
mw = 44 

O (oxygen) 16 2x Ɇ 32 

Water H2O H (hydrogen) 1 1x Ɇ 2 
mw = 18 

O (oxygen) 16 2x Ɇ 16 

Urea CH4N2O 

C (carbon) 12 1x Ɇ 12 

mw = 60 
H (hydrogen) 1 4x Ɇ 4 

N (nitrogen) 14 2x Ɇ 28 

O (oxygen) 16 1x Ɇ 16 

Glucose C6H12O6 

C (carbon) 12 6x Ɇ 72 

mw = 180 H (hydrogen) 1 12x Ɇ 12 

O (oxygen) 16 6x Ɇ 96 

Calcium Ca Ca (calcium) 40 1x Ɇ 40 mw = 40 

Table 13.1: Examples for calculating the molecular weight [mw] of certain substances. 

MW class MW class Substance Substance MW 

Low-molecular-

weight substances 

(ñsmallò molecules) 

<300 (up to 500!?) 

Water 18 

Alcohol 46 

Rock salt 58 

Urea 60 

Creatinine 113 

Uric acid 168 

Glucose 180 

Sucrose 342 

Medium-molecular-

weight substances 

300 (500!?) up to 5 000 Vitamin B12 Vitamin B121 355 

Inulin 5 200 

High-molecular-

weight substances 

(ñlargeò molecules) 

> 5 000 

Beta-2-microglobulin 11 800 

Myoglobin 17 800 

Albumin 66 000 

Table 13.2: A broad ñsize categorizationò of substances from the perspective of dialysis therapy. [39] 

The journey from principle to technico-technological and design implementation is long, but the 

result has a significant impact on the therapyôs efficiency and effectiveness. The clinical use of 

dialysis therapy (all kinds of therapy) also depends on the technical implementation and, naturally, 

on medical knowledge. 

Currently, haemodialysis technologies can be divided into several application areas that are 

relatively independent pieces of medical equipment in terms of design. Generally, the assortment of 

equipment designed for use in medicine / dialysis can be divided as follows (see Figure 13.9 and 

Figure 12.8): 
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a) Dialysis instrumentation and technology 

¶ Dialysis monitors 

¶ Modular equipment 

¶ Software  

¶ Accessories 

b) Directly related instrumentation 

¶ Devices for in vitro diagnostics (e.g. ionometers) 

¶ Water treatment for dialysis 

¶ Scales (personal, mobile, bed scales, etc.) 

c) Other instrumentation 

¶ Bed side monitors, defibrillators, etc. 

¶ Infusion technique, etc. 

d) Special medical supplies 

¶ Dialyzers 

¶ Dialysis needles and catheters (vascular access) 

¶ Blood assemblies and special assemblies 

¶ On-line filters (ultra-pure solutions) 

¶ Carbon (haemoperfusion) columns, plasma filters, etc. 

e) Concentrates, solutions and crystalloids 

¶ Haemodialysis concentrates (ñwetò) 

¶ Haemodialysis concentrates (ñdryò) 

¶ Saline solution (physiological salt solution) or other crystalloids  

f) Disinfectants and sterilization procedures 

g) Disposable medical supplies 

¶ Dressing material (bandages), gloves, needles and syringes, etc. 

h) Drugs (human erythropoietin ï rHuEPO). 
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From the perspective designing functional units (assemblies) that are used for dialysis, there is a 

division into specific functional units. However, these may not necessarily be independent devices 

or technologies; from the perspective of functionality, they provide specific procedures and 

functions. These functional units have been put together over the course of more than fifty years of 

developing this therapeutic method; from the medical, technical and functional points of view, this 

division should therefore be respected. However, some other factors must also be taken into account 

ï application and security aspects, preparation for the treatment, method of the use as well as the 

manner of disposal, etc. We also cannot forget the following therapy parameters: entering, 

qualification requirements, location in the patient environment, storage, service support and 

preventive technical measures. This is because everything impacts the quality of treatment. The 

division into functional units may be as follows: 

a) Equipment that ensures the process of substance elimination ï DIALYZE R. 

b) Functional extracorporeal blood circulation ï BLOOD DIALYSIS SET. 

c) Dialysis solution ï CONCENTRATES + WATER SECTION OF THE DIALYSIS 

DEVICE + ULTRAFILTRATION (ñdry weightò, on-line ultrafiltration monitoring, etc.). 

d) Water treatment for dialysis ï WATER PRE-TREATMENT + REVERSE OSMOSIS, on-

line filtration. 

e) Provision of vascular access ï DIALYSIS NEEDLES (DIALYSIS CATHETER). 

f) Cleaning and disinfection (MICROBIOLOGICAL SAFETY). 

g) Safety devices (BLOOD PRESSURE MEASUREMENT, AIR DETECTOR, etc.). 

h) Evaluation of the adequacy of therapy (Kt/V index, recirculation, etc.). 

 

 

Figure 13.9: A simplified principle of dialysis therapy as a potent selective substance elimination, Ks ï blood 

compartment, Ds ï dialysis solution compartment, (s+) and (s-) ï direction of flow in individual compartments,  

(a) ï adsorption, (1) to (8) ï possible metabolic components involved in the process of substance elimination. 
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Figure 13.10: The system for dialysis treatment ï a set of basic medical equipment. 

 




























































































































































































































































































































































