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Foreword

These professional teaching text¥ealing with an important groupof therapeutic medical
techniqus ( iftheo | d )wrangdicalmethodsncorporatingtherapeutic istrumentatn ( ifi the
new wégcording tothe terminology that is in accordancewith the valid legislaton
of theCzech Republicfollowing thelegislaton of the European Union)are meantfor students
of theaccredited fieldbf biomedical engineerm . AUnNi ni tsc¢aacerathlgassunetlzadte r
is acombiration of two technicalmedical problems #t are notparticularlylinked togetheand that
two separate publicationvgould be appropriateThis is true to some extefut practice shows it
thetwo disciplines have much moirecomnon than might bepparenatfirst glance

Thefirst rea®n for conceiving thigpublication inthis manneris purely practicalthese teaching
texts for biomedical engineeringtudents ardectured in one blocki therapeutic techniqse
Secondlywe have taken into accouihtefollowing practicalaspecti not to disintegrate technically
and c | irelatedrissle$ whichin practice,almost every biomedical engineer / technician will
encountein flone package

Many specialists of providers (hospita)s who use medical technologyin clinical practice
atvarious levelsmay notnecessarily onlypbe expertstrainedin clinical biomedical engineering.
They can also beother medical and nemedical healtbare professimals (e.g.nurses, nurse
practitioners general pradiioners and medical specialists, gtcas well asthose who are
categorized asin éhre al t h  p(eg.sereiae neehnidiansquality manages, internal and
external auditors, metrologistsianages of providers, etgd.who fully understand i these topics
havemany commonfeatures and ar@so technically related:

9 This group of technical methodsis intended for use in human medicineand must be
regarded asisignificant and important groupf thergeutic medicatechniquez me di c a
meang devices

1 Thegroup includesechnical, lifesavingmethods

1 It is amedical techniquappliedboth in acute medicindintensiveand resuscitathn care
units emergency medical assistance,)etmd chronictreatmet, as well asin outpatient
treatment.
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1 In both casesjt is av e r ypundd t e c that firsf bbeganto penetrateinto clinical
practice as late asthesecond halfof last century it is also atechnique tht is very
successfylnot only becauseof its importancein awide rangeof medical fields butalso
in termsof how much(the numberof piece$ it is being usedn practice.

1 From very simplealmostfibrilliantly primitive solutiors this techniquénasdevelopednto
systems tht enablecaregiverso provide medical care and serviadshe highest possible
level.

1 In both casestheclinical applicaton and secure delivergf health care requires extensive
specialized training andhterdisciplinary knowledgeas well asmultidisciplinary tears
compesed of appropriate professiorsl (unfortunately, this appropriate compositon
of professional teams igery oftenjustatheory)

1 Itis amedicaltechniquditted with complex and eveevolving software.

1 It is apieceof medicalequipmentike amedical apliancethat camot be employedwithout
using consumablemedical materials (currently disposable materiak) which, interms
of functionality and efficiencyf themethod, are often more important théue appliance
itself.

1 In both casesye arecurrentlydealingwith relatively complex solutiosusingawide range
of technical disciplines(electronics, precisn mechanics, fluid mechanicghescience
of materials etc.),ageneral knowddgeof biophysical and physiamemicalcharacteristics
macromoleculachemistry (!) biochemistryand microbiologyMany of these systemisave
adecidedlytechnological nature.

1 It is essential tohave atleast abasic understandingof theissues surrounding drug
administraton andabasic knowledgef humananatomy and physlogy.

1 In away, both methodsharea numberof importantnodesandthus influencesachotheror
use (constructivelthe knowledgeof thesecond field.

1 Withoutadoubt, t would be possible to findnanyothernodalpoints butthese will besbe
discoveed byeveryondn clinical practice.

Of course, his textbook isnot intended exclusivelyfor students and clinical biomedical
engineers / techniciangho are jusstarting their professional caredrwill certainlyalso beused
by pemle from clinical pactice and workersvith atechnical focus such as service technigians
constructdon engineers etc. Certainl, thegroup ofus er s wi | | parébbedohealthn c | u d e
professionald who have decided to use thigoup of medical methodsresponsibly anchence
absorbacertan amount of technical knowledgethat they had not yet acqured and could not
acquire(frankly speakingpat school (secondary schoot university to the extent needed
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| ntroduction

In clinical practice theinfusion techniques themost commonly occurring medicalethod tlat
is atherapeuticdechnique When consideringvhen it was developed and introdudetb clinical
practice, itis atechnicaldevicethatisrelat i vel y fyoung?o. l'ts techn
however, occurred quickly today, we it is primarily found in thefields of acute medicine
especiallyin intensive and resuscitatn care ¢f all types) units operating thea¢s aswell as
in geneal inpatient and outpatient care. Most recentlys pgiece of medicalequipmenthas been
made available tgpatientsfor home cargthere are thusituations where this relatively complex
device posing certan indispensableisks in providing health careis usedby nonspecialsts or
their family membes, etc.The concepiof theinfusion techniqguewhenconceivel in amore general
sensenot only includesdevices that dispense mainly crystalloidegpecially infusn solutions)
butalso devicesthat have beenderived from these principles or even precettgd technique
in these casesthis typically meansenteral pumps (pumpsor parenteraluse of theinfusion
technique and blood peristaltic pumps gxtracorporealblood circulation and its applicatin
in perfusiology or dialysis therapyin haematologyetc.)

An important parbf this group of instrumentds partsthat are notdirectly used byproviders/
health workersbutare significant componentsn devices such adialysis monitors(concentrate
pumps, flow pumps gear transportpumps or degassing pumpspison pumps with similar
applications, membrane pumpc.).It shouldbe emphasizedp frontthat theinfusion technique
as adevice is functional onlyn conjuncton with other technical (medical equipment gpecial
medical supplie$ and fundamentallyinfluences thequality of health careprovided (precisin
dosing as well as its safet¥therimportantfactorsincludethe natureof the environmenin which
theinfusion techniqueis operating (electromagnetic fieldsemergency rescue vehicles, etc.)
thereliability and capacityof thepower sourcesn thefield away fromthepower grid (storage
cells, batteries) its linkage with systems and its ongoingervice support andperatioml
maintenancéoften performedalso byhealthworkerswho aremore or less technicaltsiders)
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Chapter 1

The historical aspectsof infusion therapy and
the beginningsof instrument infusion therapy

In situations whereghe naturaloral way of ingestingfluids, nutrition and medicatin camot be
used theadministraton of adequate quantitiesf such substances to patier aserious problem
Theoriginal method usedprior to 1952 (nasgastric tubs and drop infusiopwere very simple
butalso unreliabler evan dangerousbothfrom the quantitativeandqualitativepoints of view.

1.1 Gravity infusi on therapy

This method(seeFigure 1.1) is usually called gravity or manual infusionbutalso different
terminologyis used swch asidripo. atthesame time, it should beoted tlatthet e r dnipo i8 very
appropriate and still used by professional medical workers Despite all thetechnological
achievementghis manual methobass u c ¢ e sssiriivall @b tpdayialthoughwith amuchmore
sophisticatediesign The principle of gravity infusonis shownin thefigure (seeFigurel.1).

As thenameof this manual methodf infusion therapy suggests, iginciple consistan creatng
asufficient hydrostatic pressutbat must always be higher thahepressureof theblood( t hat 6
why theapplicaton is carried out almostxelusively in thevenous systejnatthesite of vascular
accessgravitationalovempressureallows thefluid to enterthe blood Therefore animportantpart
of thesystemis aninfusion standwhoseheightadjustments alsoanecessary regulatory element
(of couse, withn certan limits). Another regulatoryand safety feature isroller pinchcockthat
compressesor releaes aflexible plastic hose allowing for acertan amountoficont r ol
of theflow. [81]

Naturally, hese regulatory mechanisinavetheir limits and restrictions #it are conplicated by
physiological (or pathophysiological conditiomstheplace of vasalar accegs anatomical and
other circumstances such #ksequality ofvascul ar access i areefactsu | a
of the patient, thrombus formath and blockag®f access, etclTheamountof control is influenced
by characteristicsof thehose (epecially by thep| ast i co6s har dthedssgn , a
of theroller pinchcock (se€igurel.2).
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12 1. HISTORICAL ASPEETS OF INFUSION THERAPY AND
THE BEGINNINGS OF THE INSTRUMENT INFUSION THERAPY

VASCULAR ACCESS

P«

Figure 1.1: Simplified princige of gravity infusion: (1)i infusion stand (asa separate technical element or integrated
bed equipment accessory), (2 gravity infusbn assembly, (3) bagwith infusion solution (crystalloid), (4)i drip
chamber, (5) stand height adjustment, (6)pressure cuff, (7) regulating pinchcock, Pk blood pressuratthe point

of vascular access, Rhhydrostatic pressure, Rpadjustable (over)pressuirethe (over)pressure cuff.
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Figure 1.2: Fluid flow control by an infugin assemblyfor gravity (manual) infugin therapy usingheregulating roller
pinchcock and its stability [81], [85], (I)assembly hose, (2)pinchcock body [notewhite is specifiedfor gravitaton
asemblies *)], (3)1 control roller, *) note:orange is specifiedfor pinchcocksin infusion assemblies designed
for pressure instrumenttherapy! CHYBAV OBRCZKHEXT VLEVO OTOLENHA
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1.1 GRAVITY INFUSION THERAPY 13

Of course theskills and experiencef theoperating staff are indispsable If theblood pressure
is higher it is necessary to pressurittee system however this only applies taituations whereve
are usingaplastic bag oraplasticbottle.Gravity (manuglinfusionis especially grat becausef its
simplicity, which is therea®n why it has survivedn modernclinical practicé Anotheradvantage
althoughsomewtfat questionablejs thevery low costof its performance With regard to many
clinical aplications, lowever, this method haanumber of disadvantageghat limit or even
excludeits usage

1. Dosing accuracy is somewahproblematic and dependm theexpertiseof theoperaing
personnel It is time-unstable (se&igure 1.2). It dependson anumberof factors that can
hardly beinfluencel and require constant attention, usuélya general (medical) nurse

2. Theminimum number of security featuresin terms of thepossible occurrenceof air
embolism orassemblydisconnectn with theemergenceof significant blood loss, aga
associateavith therisk of air embolism.

3. Theamount of control by theroller pinchcock is always timeunstable (memory
deformaton of theplastic hosgandfrequent correctin must therefore be carried odlow
regulaton and control is usuallipasedon countingdrops per timeainit (seeFigurel.2).

4. Any blockageof theflow path (clots hose cranking, etccan be determined onthirough
avisual observatin by themedical staff. Similarly,asafe completin of thetherapy and
recordsontheamount consumed fronie bottle or bags dependenbn medical personnel
and is subject to human error.

5. This method is associatedth risks if very low flow ratesare requiredr if highly effective
drugsare administred

Newertheless theinfusion therapy method remairs viable when knowing its negatives and
realizing all therisks, it has both medical and economic justificationin principle, many of its
design elementfiave been incorporated intontrolled instrumeninfusion therapy (regulating
pinchcock drip chamber)although in termsof theinfusion assembl§ slesign these methods are
now very strictly separatéd-rom themedica) nursingandtechnicalperspective theapplicatiod s
ruleshave #so0 beentransferredd instrument infugin therapy.a fundamental turning poinih both
quality and microbiological safetyvas theinclusion of disposable ifusion assemblies their
industrial sterilizationpackaging and us® more biocompatiblenaterials and technology.
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14 1. HISTORICAL ASPEETS OF INFUSION THERAPY AND
THE BEGINNINGS OF THE INSTRUMENT INFUSION THERAPY

1.2 A brief look into history

Thefirst instrument infusin therapy was introduced into clinical practinel951 bythe German
companyB/Braunin cooperatbn with Dr. Hess [79; it wasavery simple éspensethat usedglass
syringes for reuse asystem that related to dosing very small volumesof medium to high
concentration®f drugs.Thedosageof large volume®f solutions(fusiong was henceforth ensured
by gravity infuson therapy The developmenif instrument infusan techniques begawith linear
dispensersthat are principally intendedor adminisering small to very smalldosesof solutions
(usually salinesolutiong, butwith ahigh degreeof accuracy and time stabilityin these cases,
thesolution is primarily afi c ar r i e n ofdrygsl tlat areeapplied to solutionsn certan
concentrations this enables theiraccurate, stable and lotgrm dosage withoutburdening
thepatient with an intake of ballast water (which may be acontraindicatbn under some
circumstances Sq themedicalapplicaton of instrumentinfusion is unsolvablethrough classical
gravity infusion This is why thedevelopmentof theinfusion technique beganwith linear
dispensers(in 1951 and is still improving. Theassemblyand developmenif theinfusion
technique [79] allowng for more accuratand longterm dosag®f large volumes and concentrates
took along timebecauséhe problem was managed using gravity inusiherapy.

a.) b.)

Figure 1.3: Thefirst devicefor infusion thergy fromthe German company B/Braun, launchiedl951.Theinstrument
utilized aglass syringe (10 mijvith ametal pisbn and silicone seal intendddr arepeated use. ah thefirst unit,
thedose rate was firmly preassemidyl ml/hour;atoggle powerswitch wastheonly control element. bYheunit
from 1959 is visually enhanced and has some control and regulatory elements [85].
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1.2aBRIEF LOOK INTO HISTORY 15

Linear dspenserdiave beemgradually improved tdhe extent that they now handle applications
that were not envisagedttheonset of instrument infusan (parenteral and enteral nutritiopan
therapy, local asesthem, etc); particularly, they arequippedwith safety features #t make this
method moresecure and less dependenttheinfluenceor failuresof humanerror. This includes
an indicaton of air in theinfusion line (eliminaing thecausesof air embolism) measurement
of pressure conditian (continuity of theflow path) flow measuremestand associated derived
variables. Improgmentsin software enable carggivers to optimize thesetting calculaton and
subsequenteliable assessmewf infusion therapyparametersSpecial disposabletems, such as
infusion assemblieandsyringes developrapidlyin parallelwith theinfusion instrument technique
This relaes tothe compatibilitywith the device material and technological biocompatibiléag well
as theintroducton of safety features to eliminate unwanted situatiorest threaten not only
thepatient butalsothemedical staff atthis point,it should 2 emphasized #t themost striking
qualitative shift washeintroduction of disposable&eomponentgor single usgsyringes and infusn
assembligsas well asmprovementsn their biocompatibility.

Volumetric infuson pumps that replacedclassical grawy infusion therapy appeareslibsequent
to thefirst linear dspenserafterarather gnificant delayof almost 20 years! Thigeflectsthefact
that gravity infusbn fiworke d @cceptabl in providing health careand there was no reasto
change anythingRegardingthefirst types of infusion pumps (1971) thetechnical designwas
based ontheproven principle of aperistaltic blood pumpwith complete occlusbn [1], [7].
However, it was necessary to use speasgemblieslesigned onlyfor use with thegiven type
of infusion pump.Vaneinfusion pumps meanareturn tothe standard typesf infusion assemblies
thatarevery similar to gravityones

Figure 1.4: Evolution of infusion instrumentattni a compaison of devices from 1951 and 2012! [85]
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16 1. HISTORICAL ASPEETS OF INFUSION THERAPY AND
THE BEGINNINGS OF THE INSTRUMENT INFUSION THERAPY

a.) b.

Figure 1.5: Compared tdhe original linear dispenserthefirst infusion pumps usinghe peristaltic principleof blood
pumpswith complete occlusin are far siperior. [85]
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Figure 1.6: Technical improvements linear dispensers and linearizatiof the peristaltic principle usinghevane
design. These devices were placedhe marketin thelast decadef lag century. [85]
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1.3 TERMINOLOGYIN THE INFUSION TECHNIQUE 17

1.3 Terminology in the infusion technique

In general, the infusion technique and similar technologyis usedford o si ng liguid ui d :
S ub st atopatestwith the following requirements:

1 Longtermand shorterm dosingf largevolumes of liquids or solutions

1 Longterm dosing requing precison dosingof small wolumesof liquids and solutionshat
flonlyo serve as carrier mediunfor relatively high concentrations highly efficientdrugs.

1 Additional instrumentatin designedor dosng and pumping
- Pumpsfor parenteral an@nteralnutrition
- Blood pumjs for extracorporeal blood circulation
- Concentrateflow and degassg pumps
The correct terminology for the infusion technique and similar medcal devices
a) Volumetric infusion pump
- Perigaltic pump(theuseof this solutionis currently very limitedl
- Vanepump
- Vane pump, sequential type
b) Linear dispenser
c) Technicallymodified verson of lineardispenserslesignedor special applications
- Hepain pump (usually as paof more sophisticateshstrument units
- Insulin pump (now solely personal medical devigg16], [17]
d) Special pumps
- Enteral pumps

- Parenteral pumpften identicalwith theinfusion technique according to item aj b);
these applications must Bpproved byhe manufacturerincludingthe materias)

- Peristaltic blood pumpswith completeocclusion

- Technically, technologically and structurally original desmgfmpumps anddispensers
for special purposeqdefined by manufactursy e.g.for pumping transporting and
ventingof dialysis solutions and dialysatdepam dosage, etg.
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18 1. HISTORICAL ASPEETS OF INFUSION THERAPY AND
THE BEGINNINGS OF THE INSTRUMENT INFUSION THERAPY

Basic requirementsfor technical parameters safety features and mandtory equipment and
accessories

91 Dosage rateircluding calculation)total dosagamount, dosing time

1 Measurementof occluson pressures indicaton of thetherapy scompletion indicaton
of theassembl§ aerationdrop detectar

1 Similar parametersto points a) and b withregard to thenature of applicaton
(e.g.for theperistaltic blood pump:pumping output measuremenofinlet and oulet
pressurestotal volumeof blood pumpegdopen door indication, etc.)

1 Knowledgeof dosing accurag)stabilityof parametersetc.is necessary
Wrong but often tolerated terminology:
1 Volumetricinfusion pump
- Thetoleratedterm isfinfusion pumpo
- Thefollowing termsshould not be usedhfusion dispenserinfusion device etc.
1 Linear dspenser

- In this casethere exist many termsahcamot be toleratel, suchasinjectomat (based
onthecommercial name), injecth pump injecion dispenseret.

1 Special pumps
- Enteralpump non-nutrition pump dispensefor artificial nutrition, etc.
- Terminologyfor peristaltic blood pumgwith completeocclusonis standard

- Regardingother productstheterminologyis introduced bymanufacturers; howevett,
should beaterminology that articulatesthe function of theequipment such as hepar
pump insuin pumps etc

Theissue of terminology seems to b@minor problem;clinical practice however,will soon
convince youwf thecontrary especiallyin termsof keeping clear and unambiguous patient medical
records as well akeepingevidenceof medical devices (required and contro)led provided by
law. Obviously, avery important issue ighecommunican between different components
providing health carei.e.medical (physiciay nursing @eneral nursg, technical biomedical
engineer / technician) and other componelhtis sometimedifficult to assignan original name to
aspecificdevicei amedical device anthe correlaton betweentherecordsof medical devices and
property records is often quiggicheerfub adventure.
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Chapter 2

Peristaltic pumps

In termsof medical applicationsasnotedin thetext above peristaltic pump (with completeor
partial occlusioharean f i x e fibr agariedyof anedical fields They areatechnical elemerthat
appearedin theUSA, where it was patenteih 1855 astheroller pump [7]. in many cases,
theperistaltic pumps abasefor many constructon and designmodificationsthat are used wittin
other medical jpplications such as enteral puraplt is advisableto recall that the peristaltic pump
also offers anumber of technical solutionsfor engineering applications Themost important
utilizationsinclude peristaltic pumpdgor thechemical indistry and chemal laboratoriesThey are
aconsistentlyastructurally and technologically simple sotutiproviding considerable operating
resistance which is important for medical applications Currently, peristéic pumps are used
primarily in perfusiology in chronic dialysis therapyand acute eliminatbn methods rfot only as
blood pumg, butalso aspumps for substituton solutiors in the caseof haemdiltration methods)
andin haematologyor bloodtaking Today, their usagas infuson pumps issignificantlylimited
Peristaltic pump are rarely useds separate equipment; they atmost always pardf ahigher
instrumentathn such ashaemodialysismonitor for dialysis therapy (includinghaemdiltration
methods) orblood taking devices in perfusiology, they areapart of thesystem that ensures
extracorporeal circulain duringheartsurgery.

2.1 Peristaltic pump design

Theprinciple of aperigaltic pump is described by its nanidhe man components anassembly
with apumping segment whose properties are importimtthefunction of thepump and
fundamentdly influence its parameterand safety. Theperistaltic pump principle consists
in creatingatightly closed volume/y using occlusiveollers that pushthe pumping segmerftrmly
to thepumpd bousing (se&igure2.1). It is obvious tatthe performancef a peristaltic pumploes
not depend onlyonits design characteristicbutalso onthephysical propertige of theassembly
and its dimensions

THE INFUSION TECHNIQUE AND THE HAEMODIALYSIS TECHNIQUE AND TECHNOLOGY



20 2. PERISTALTIC PUMPS

> [ o)

OCCLUSION PRESSUF

—[ occLusioN ROLLER

| SET PUMPING SEGMENT

I =
/ S=®Ry
—{ Typical value- 14 mi [ ‘ qO/qd

Figure 2.1. Theprinciple of aperistaltic pump with complete occlusin [1], [D T central axis diameter,
O 1 outer diameter, Di inner diameter, § effective crossection] of thepumping segmentl i pump body,
271 pumping segment retainersj @oor open / closed detector] 4ssembly hose.

Peristaltic pumpmusthavearobust structure #tis able to withstand evesomewlati r ougher 0
treatmentand ye retan constant propertied.hedesignmug also be relatively simpla orderto
minimize maintenancedemands. Peristaltic pumpnust also meet some other criteribased
onthespecific regirementsof clinical operation

1 Removalof therotoras well as its rénstallaton must be very easy andigk,

1 Theperistaltic pump dsign must allow manual ope@ti whose activaton must be
operativewithout any needfor additional equipment,

Peristaltic pump must be an integral paot thedevicei dialysis monior,
Peristaltic pump: blood and substéut
It must be possie to adjusthe pressuref occlusonrollers andensurdong-term stability,

Themoving parts must be coveredahile allowing for visual inspection

= =4 4 A4

Requirement$or materialsn termsof corroson and biocompatibility are natpriority.

THE INFUSION TECHNIQUE AND THE HAEMODIALYSIS TECHNIQUE AND TECHNOLOGY



2.2 PERISTALTIC PUMP PROPERTIES, OCCLUSION PRESSURE AND PERFORMANCE 21

2.2 Peristaltic pump properties, occluson pressure andperformance

As seen fronthefigure above (se€&igure 2.1), thepumping outpubf peristaltic pump (flow
rate) can be expressed dgimpleformula(2.1), [1]

0 wl& 0JIJAT (2.1)
where
0 fluid flow [ml/min],
w 033 .. pumping segment volundefinedby occluson rollers [ml or mnd],
D e diameterof the pumping segment central axa[mm],
Y “&)7Tté inner crosssectbn of the pumping segment [mfh
d é pumping segment inner diameter [fjhm
n é rotor speed

It is obvious tlat theperformance gumping outpyt of aperistaltic pump isinfluenced by
numerous factorsomeof these factorsire includedn thecalculatoni seetheequaton (2.1), and
someshouldbe understood as conditions correcton factorsthat must be satisfied ttheextent
thatthe pumpis functioral (seeFigure2.2).

2.2.1Peristaltic pump operation

1. Thetechnical conditin ofthepump must be checked and maintaineatcording to
themanufacturebs s r ecommendati ons

1 Indication of proper closuref thepump cover door (securityf the operatingpersonné),
1 A Cl e a nfthepusmmbaly and its mechanical integrity
1 Pumprotordrive (electric motor andts contrd unit).

2. In termsof thepump proper function it is important toadjustand control the pressure
of theocclusbnrollersandensureheir proper and smooth rolling

1 Low pr e desks adepooYintake (reducin inpump performange

{1 High pressuréf mechanical degradati of theassembly(ficrushin@), impacton pump
performancehaemolyticeffects when drawing blood

1 Poor rolling étiffness)of occlusonrollersi theficreep effeci
3. Settingof thedefault software configuratn( i ¢ a | c)wflthegumpmpng cutput
1 Enteringthe pumping segmertiameter,
1 These parameters leadthe calculatonofthep u mpi ng segment 6s

1 Incorrect software configation is aserious adverse situati that may be reflected
in extremely high deviations (tems %) from theadjusted (desired) flowvith a negative
(dangerous) impacin the provided therapy.
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2. PERISTALTIC PUMPS

Vo = Rougy
APPROXIMATION

+2f dzy §

t €

SegmentlosedlengthL = .D

OCCLUSION PRESSURE

Inlet

v

a[ 9! Y!

Outlet

+e [ Tsba T

D9 a

SET PUMPING SEGMEINT

OCCLUSION ROLLER PRES$URE

| OCCLUSION ROLUER

Figure 2.2: An approximate calculaii of the pumping outputin aperistaltic pumpwith complete occlusion: closed

lengthof thepumping segment is not an ideal cylindeit is basedonthec e nt r a | axis leegthg2l;h [ 1 eng
theclosure locatin is not an ideal cylindewith crosssecton S anumberof circumstanes can hardly be evaluated!?

It is therefore necessaryattthe operating personnel approatteclinical applicaton (i.e. theuseof peristaltic pump)

with suchknowledge.

2.2.2The assembly(infusion or blood assembly

1. It is always necessaryo use theassemblydesigned for thegiven type of pump by

themanufacturer!

2. Mechanical resistanad theassemblypumping segment dependsthe material used

1 Segment materialplyethylene or silicone)

1 Guaranteed segmemardness

3. Correct diameter (inside diametey) of all assemblyhoseswith respect totherequired

(guaranteedflow rates

1 Information of this type to belearly statednthe packaging

1 Warrantyon acceptabléolerances,

1 Warrantyonh ar dnes s

4. Assembly biocompatibility:

( s of tontheassemiaypdmpiad sagsnént. c i t y 0)

1 Biocompatibilityof the material as well as technological structure,

1 Warrantyonalow contentofp ht hal at es

( A dngtatedom thepackagingn f or ma
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1 Information for use in high risk patient groups (neonates, infants and children up to
theageof 15 years, nursing mothers, efc dlsoalegal requirement.

5. Warrantyon sterilizaton technologies anthetime of possibledegasifcation
1 Theuseofii a p p r ogterilizatioh reethodghot air sterilizatbn method),

1 Elimination of chemical sterilizatn technologies basednformaldehyde orethylene
oxide atleastin high-risk groupsif possible,

1 Sterilizaton indicatoron the packaging expiraton datg warrantyon degasificatbon when
using chemical technologiesin. 1214 days)

6. Resistancef theassemblypackagingwith prescribed specifications.

When usinga peristaltic pumpwith completeoccluspn for health careit is always necessary to
bearin mind that theadjusted displayedoutputvalue (flow rat¢ of thepumpis a calculatedvalue
to acertan extert (seeFigure2.1 andFigure2.2) andtheequaton (2.1) asevident fromtheabove
textcan often be significantly influenced bgththe operatingandapplicaton circumstances:

1. Quality and parameters theassemblysed

2. Quality of vascular access suction or return pressure (needle or catheter parameters
especiallytheinner diameteor length proper venipuncture amgspectfor theanatomical
situaton  atthesite of puncture mainenance ofvascular access conditions
for theelimination or aeation of thrombi, etc.)

3. Thecalculation assumes tht the pressures at the inlet and outlet of the peristaltic
pump are close to zerd? in practice, however, these assumptions arealmost
unrealizable, and we thereforeuse the conceptofe f f e c t i yflow i( dalcuated o
flow.

Operationahrtefactgassemblycranking or squeezingthrottling).
Duration of the applicaton (fatigueof the pumping segmemhaterial)
Quality of theassembly installation.

Technical conditn of the pump.

© N o o b

Natureof themedical apptation (infusionp u mp , substitute pump,
application, etc.).

Formany applications, aperistaltic pump with complete occlusn can be equipped
with software corrections; however, this is usually edspendent and we will discussfitrther
in thetext. These software corrections relate primarily to poinbf3he preceding paragraph and
require measurement$ relevant pressures.
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2.3 Functional phases of a peristaltic pump with completeocclusion

Theindividual phasesf pumpingaliquid with a peristaltic pump areypical of all applications;
they are essentiah termsof assessinghefunctionality of the pump and the courseof its clinical
application. Similaly, assessg high-quality and functional occlusn limiting theimpacs
of adversdactorsis very importantTheindividual functional phasdsaveageneralnature and, as
we will seebelow, theyalsoreferto vanetypeinfusion pumgs includingthe sequence modificain
mentionedin Chapter 3(actually these pumps arbnearized peristaltic pump with complete
occlusion) as well as toenteral pumps(see Chapter 4, aspecial caseof peristaltic pump
with complete occlusin intentionally usng partial occluson inrelation to thenature
of therespective clinical applicatiorit is obvious that a peristaltic pumpwith complete occlusin
can beconsideredthestandardfrom which themajority of versiors and other typef pumps
for various medtal or technical applicatiorsave been derived

In theinitial phase (1) (seBigure2.3), therotor turns over angbutsthe occluson roller (P) into
aposition inwhich therest of volume V; is discharged(expelled) from thepumpgng segment to
assembly hoses while creating an underpressureontheother side and sucking fluid into
thepumping segment he occlusonroller (L) rolls into a position inwhich the closureof a defined
volume Vy in thepumping segmenstarts in phase (2)seeFigure 2.3), therotor turns occlusbn
rollers (L) and(P) into positiors in which thedefined volumeV, is fully closedin the pumping
segmentin phase (3) (se€igure 2.4), therotor further turnsand theoccluson roller (L) further
rolls, which increasespressurein thevolume Vyp; occluson roller (P) rolls as well and releases
thevolumeVy, which in turn flows into theassemblyhosesin phase (4) (se€igure2.4), theroller
(L) dischargesfluid from thepumping segment intdheassemblyhoses creating agradually
increasing underpressumn theother side which agéan draws fluid intothe pumping segment.
Now, theoccluson roller (P) is notinits active rolling state in phase (b (see Figure 2.5),
therolling movemenbf theocclusiveroller (L) completes thedischargeof thefluid volumeV, into
theasembly, therotor turns andputsthe occlusive roller P) into activean rollingstate and starts to
closethefluid volume V, in thepumping segmenin phase (6) (se€igure2.5), thefluid defined
volume V; is fully closedin the pumping segment whilthe occluson rollers (R) and (L) are now
in an inverted positin compared to phase (1) (ségure 2.3). Theentire process then repeats.
Therefore, each rotor revolati representsadisplacementof volume Vy; continuous pumping
output (flow rate) is then given lifie numberof rotor revolutionsin most assembliefor this type
of infusion pump or blood pumpthepumpi ng segment és geometry an
acertan extent; therefore, verifyinthe performanceof a peristaltic pumpwith complete occlusin
is not abig problem (naturally,with some uncertaintyin theresults arising fromthefacts
mentionedin theprevious text).in clinical practice, it is possibléo encounter pumps ah are
equippedwith four occlusonrollers (sed-igure2.6). in this casethe same rules apply der pumps
with two occlusonrollers,buttheresulting pressure conditionstheassemblyare more stable.
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(0)

PHASE (1) PHASE (2)

LEGEND: \e-volume increases* €/ volume is constant*i) g inlet * (0) ¢ outlet *
L¢ left occlusion roller (starting position) * R, right occlusion roller (starting position)

Figure 2.3: Thefunctional phasesf a peristaltic pumpwvith complete occlusion.

(0)
PHASE (3) PHASE (4)

LEGEND$Ve- volume decreases$Ve- volume decreases*i) g inlet* (o) ¢ outlet *
L¢ left occlusion roller* P¢ right occlusion roller

Figure 2.4: Thefunctional phasesf a peristaltic pumpvith complete occlusion.
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PHASE (5) PHASE (6)

LEGEND#Ve- volume increases$Ve- volume decreases*i) ¢ inlet * (o) ¢ outlet *
L¢ left occlusion roller* P¢ right occlusion roller

Figure 2.5: Thefunctional phasesf a peristaltic pumpvith complete occlusion.

A spedfic technicalmedical problemin peristaltic pumps isgiven both by thenature
of occlusbn and thelevel of occlusbn pressurs in peristaltic pumpswith complete occlusian
Peristaltic pump with partial occlusbn are alreadyntendedonly for special nedical applicdons
that require(or it is preferable fisoftd pressure andinderpressure sourceBhevalue (magnitude)
of occlusbn pressuremay be reflectedn the quality of health careprovidedboth positively and
negatively it is therefore most apppoate to distinguishthevalue of occlusbn pressure
with regard tothetype (principle) of thepump as well asthenature of medical applications
Occlusibn pressure is absolutely necessary anthagnitudedetermineghe proper functiomg and
efficiency of thegiven pump type forthegiven medical applicatn (method) inthecase
of peristaltic pumpswith complete occlusigntheoccluson pressureof asufficient magnitudeis
eminently essential for their proper functioning. However, higher pressu® associated
with unwanted sideffects, primarily mechanical impaat® the pumping segment and) thecase
of blood pumps (perfusiology, haemodialysis therapy and haematol@ggrtan degree
of mechanical haemolysif erythrocytes or other bloodedvatives. Currently, these effects are not
as prominent as they once wdbraf they still exist [28], [63].
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e

Ve VE§+Vi=D:.s

Figure 2.6: A four-arm peristaltic pummvith complete occlusion

Figure 2.7: Versionsof peristaltic pumps frorthefirst decadesf thesecond halbf thelast century [18].

In the caseof peristaltic pumpsvith partial occlusionthe occluson pressure (occlush ternsion)
is exerted by tensioninthea s sembl yd6s p u mpiheraor of apgristaltictpump v e r
with occluson rollers; theformation ofs i d e channel s (or their S i
themagnitude of pressure (tensionpf thepumping segment, with is typically made from
asufficiently elastic silicone (sed-igure 2.8). Another regulatory mechanism itheratio
of theoccluspn roller width and pumping segment hose diameter. However, these factors are
preassembly bythemanufacturer and describea theoperating instructions. Side channels thus
allow areturn flow of thedosed fluid or solutin [63] in thecase of resistance against dosing,
I.e.technical(e.g.defective assembly) or pathophysiologicasens (stenosis), or other applioati
reasonge.g.assembly cranking, forgotten pinchcock, etc.).
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OCCLUSIO
————-) -
ROLLER

>-space

| Side channels |
g
(2c)
: (2c)
N ey Y
3) 3)

Figure 2.8: Theprinciple of complete occlusin and partial occlusin inperistaltic pumps (1) occluson roller
with insufficient occlusbn pressure (versn with complete occlusion), (2) occluson roller with sufficient occlusion,
(3) 7 verson of peristaltic pumpswith partial occlusion, (2aj formation of excessively la g e-spaee, (2b)i
sufficiently compressed hosa thepumping segment preventirtgereturn flow, (2c¢)i formation of side channels
allowing therequired return flow.

THE INFUSION TECHNIQUE AND THE HAEMODIALYSIS TECHNIQUE AND TECHNOLOGY



Chapter 3

Infusion pumps

Thecurrentdesignof volumetric infuson pumps correspondso vanetype pumpsin this field,
peristaltic pumpsire usewnly exceptionallyin principle, vane pumps are linearizd peristaltic
pumps. Vaneinfusion pumps arebasedon a systemof parallelvanesthat are controlled byarotary
cam.

3.1 Vaneinfusion pumps

Theprinciple is shownn thefigure (sed-igure3.1). It is adesignthatis basedn asliding array
of parallel vanesthat are graduallyejectedand retracd by acam system andhat compresss
or release thepumping segmentf the pressureassemblyin acontrolled mannerl2]. As can be
seen fromthefigures below(see Figure 3.2 and Figure 3.3), this procedure createafi pcok e t 0
of precisely defined volumé/, inthepumping segment (analogs to theperistaltic pump
(seeFigure2.1).

Theamount of this volume Vg is given by theinfusion pump sdesign parameterd.e. by
therespedve vane systemtlfickness and numbeof vane3 as well asdesign parameters
of theinfusion pressureassembly(inner / outer diamterof the pumping segmentlSome influence
may be attributed tothecharacterof pressue acting ontheinfusion pump door (which is
principally necessaryn termsof proper functionality);this pressureanust be welldefined, stable
and reproducible.Of course theused assembly materal (polyethylene or silicone) and its
mechanical properties (hardnesgjnificantly influencethesystem Indispensabldactors include
properassemblyinstallation useof thecorrect type, expiratn complianceandthetechnical state
of thedevice. With infusion vane (inch) pumps, analogous peristaltic pumpswith complete
occlusion we must also take into accourthemechanical degradat of theassemblypumping
segmentDue tothecyclical mechanical compressiand releasg¢he pumping segmens exposed
to agradual mechanical degradatn which in turn changes its mechanical propertigmt shift
outside permissible tolerarsafter someoeriod of time; this negativéy influences theaccuracy
of dosing These changes themechanical propertiesre typically latentand theoperating
personnel / user may not detect them.
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InenRRECEEn
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‘ (2) OPENPHASE
.(1a) OPENING PHASE

.(1b) CLOSING PHASE
@) (3 croseppHasE

Figure 3.1: Theprinciple of avane infusbn pump (4) i pumping segmenbfthepressure infusion assembly
(5)7 vanes, (6) camshaft, (7) iPr essuredo door .

At thesame timethetherapyis influenced as wellThis impactis not dramatic ithedevice is
used witln 4871 72 hoursof theoperating load. Howevewhen exceeding periodof four to five
days of continuous use changesin dosage accuracy may be beyond thelimits of clinical
acceptability especially inthecase ofdosng active drugs inhigh concentration
Thedangerousnes®f such asituaton exists because it is difficult to recognizreventive
replacemenof equipments therefore necessaryalsobecausef microbiologcal safety and other
risk factors(systemt i g ht wasaular acées¥ i nohasseimblyY infusion bag+ any other
system elementsuch as multiportcocks purge nozzlesetc.). Individual functional phases
of infusion vane pumpsa r eontmlledd  Ibhgcamshaft Thepump can comprisany number
of vanes;in practice, howeverthetypical designhas 2 () Nanes(dependingonthetype and
manufacturer)Thevanescreateakind of i w a \thatdan approximately be considered asusuid,
closing aprecisdy defined volumeof fluid in theassembly moving thefluid in theflow direction
and dischargingthefluid from thepumping segment further intine assembly atthesame time
thepumping segmenbpensin theupper partof theassemblyand thefluid is suckedin due to
theresulting underpressure.

Analogous taheperistaltic pumptheflow throughtheinfusion pump isa quantitycalculatedo
some extenand its correlatin with the effective (actugl flow is agan significantly affected by
operatingconditions, especiallpy pressuresattheinlet and outletinfusion assemblystate etc.
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E

—— —
— -

D/d

outer/inner

Figure 3.2: Design parameter®f avane infusbn pump (inch) which are significanin terms of functionality,
D / di outer and inner diametef the pumping segmenty, i numberof functional vanesl, 1 vane width,n i number
of camshaft revolutions.

PHASE?)

Figure 3.3: Thefunctional (working) phasesf avane infusbn pump, (1)i pressure infusin assembly, (2) vanes,
(3) 1 infusion pump door.
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(1) ¢ PRESSURE DOORE(R)LASTIC COVERA VANESYSTEM (protection
against contamination), (3a) VERSION FOR A PVC SYSTEM WITH GUARAN
HOSE HARDNESS, @B)YSTEM WITH A SILICONE INSERT,GUAMPING PINS$,

(4b)¢ DISTANCE PINS

Figure 3.4: Specific desigrof avane pump (vertical solution).

Figure 3.5: Specific desigrof avane pump (horizontal position).
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FILLING PHASE CLOSURE PHASE

Legend: (1}, closing vané& (2) ¢ discharging vane* (3§ pump door* (4)¢ set
LJdzY LA y 3 & Sdosesl yolupe + e

Figure 3.6: Thesequencef an infuson pump asamodification to thevane principle and single functional phases,
(1) 7 closing vane, (2) discharge vane, (3pump door, (4) pumping segmerdf theinfusionassembly.

Theflow rate is then controlledby thenumber of camshaft revolutions; the parameters
of theassemblyare more or less constabutthey influencetheflow. Therefore, it is essentiab
use acorrect infusion assemblywith specified properties and geometry. Otherwfdee use of
anonstandardassemblyor an assemblydesigred for adifferent typeof pump, we can achieve
aflow (liquid dosing different from thedata shown onthedisplay that presentsthedesired
but calculated value. This is omé the possible causaesf an undesiral@ situaton which isa serious
and, unforinately, comran human errotthat has very substantial effectenthe quality of health
care provided It is arisk factor ttat may also be due tdheuse of an unreasonable number
of different pump types andassemlies in theworkplace and is oftetheresult of afailure with
anegativeeconomic subtextlt is an uter professional failuréo usean infusion assemblythat is
primarily designedor gravity infusontherapy.

3.2 Vanesequencanfusion pumps

Basically, an infusion pump with asequential system [12$ a modification of thevane system
reduced to two pairef closing vanegtwo attheinlet sideand twoattheoutlet sidg andone pair
of dischargevanes

Individual functional phases are evident frdmfigures §eeFigure3.6 andFigure3.7). Again,
it is necessary to appthe principle of usingthe correct typeof pressure infusin assemblyand its
installation Theperfamance (pumping outputyf this typeof infusion pump is agea determine
by theassemblystructure and repetith frequencyof individual vane cycles.
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DISCHARGING PHASE NEW FILLING PHASE

Legend: (1}, closing vané (2) ¢ dischargevane* (3)¢ pump door* (4)¢ set
pumping segment

Figure 3.7: Thesequace of an infusbn pump asa modification of thevane principle and single functional phases,
(1) 7 closing vane, (2) discharge vane, (3)pump door, (4) pumping segmertaf theinfusion assembly.
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Chapter 4

Assembliesfor the infusion technique

Assemblies for infusion therapy are essential tihefunctionality of this therapy its safety,
accuracy and qualityTherefore, we must paye sameamountof attenton to thedesign andise
of theassemblyasto thedevice itself.arespectedorinciple (also supported by legislation$ that
we can use only an infusin assemblythat has been approvefbr thegiven typeof device by
themanufacturer and #t such acombinaton of two medical piecesof equipment(device and
special consumablgdgs functional ad safe This fact is underestimated dovercharged by
economic factorswhich is clearly reflectedn thequality and safetyf health cargrovided It is
difficult to determine which pardf such an assemblgdevice+ assembly hasamajor influence
on health careguality (functionality and safety Neverthelesstheoptimization of such asystem
carried out bythe manufacturers decisive

4.1 Structural, material and technological design

From thepractical pointof view, thespecialconsumable materidbr infusion therapycan be
dividedinto thethreefollowing basic groups:

1. Assembliedor gravity infusbntherapy.
2. Assembliedor pressurenstrument therapy.
3. Other medicaéquipment thtis disposable
1 Needles and cathetersnfry intoand sectty of vasular accegs
1 Multiport cocksandcock systems
1 Bags and bottlewith solutions
1 Specialassembliegenteral or parenteral nutritipgeeSection 5.1)
1 Blood assemblieghaemodialysidgreatment haematologyand pefusiology, seePat Il,
Chapter 1%
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THRE&VAY COCKS AND
COCK SYSTEMS

ASSEMBIMOSES

ON-LINE FILTER

ACCESS PORT|

DRIP CHAMBERS

Figure 4.1: Structural design and individual instrumergatcomponents (cocks, ports, -tine filters, clamps, hoses,
inserts, etc.).

4.1.1Assembliedfor gravity infusion therapy

Assembliesfor gravity infusbn therapy are designet be disposableequipmentin asterile
package Disposabilitymeansthat they should be usednly onceandwith one patient. Repeated
use is ille@l andoutsideof medical ethickTheseassembliesonsistof several basic components:

1 A self-locking taperwith ascrew bayonefor connecton to aneedle {ypically thelLuer-
Look systemtherecordsystem occurs only very rarely),

1 A hoseof anappropride length and internal diameter

1 A drip chambemvith asimple mesh filter

1 Theassemblycan beequippedwith ontline filters of different permeability according to
the natureof theclinical application,

1 Roller pinchcock (standardL SN EN ISO 85361 and 8 states #t thegravity infusion
assemblyhasto be fitted with a white pinchcock),

1 Plastic needle or bayonet systéon connectonto abag (or plastic bottle)

This type of clearly distinguishableassembliexan only be usedor gravity therapy.If used
for instrument therapythe assemblywould beabsolutelydysfunctional; dosing accuraeyould be
considerednadequate anthetherapy could not be provided accordinghe prescription.This is
due tothefact that plastic hoses in gravity assembliesare made of materialswith nonguaranteed
hardness (softnessyhich practically meanstheuse of somewlat harder meerials This leads
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to an imperfectclampingof the hosebetweenthe door andvanesof theinfusion pump (sed-igure

3.2). Theresult is acompletely biaseddosing of liquids (solutions) Very often theclamping

of thehose isso imperfect tht it creates micrgpaceghroughwhich theliquid is uncontrollably
fidosed t o eydnd anydbjsctiveontrolof themedical personnellhesolutions may even
be i d o sadter durning offthepump. in addition, thedevice door ismechanicdl overloasd

(breakageof the closing mechanis, disrupton of thedoor) as well aghevanesydem andelectric

motor that drives it This resultsin ahigher failure rateof thedevice andconsiderableadditional

costsfor theservice Such errorsare trivial and ardasically attributable thumanerror. Infusion

therapy(of any type) should be énefore considereahigh riskoperation

4.1.2Infusion assembliedor pressure instrumenttherapy

Infusion assembliesfor pressure instrumentherapy are similain design astheassemblies
for gravity infusion therapy;someof ther componentshoweveraregiven special attention.

1 In termsof functionality, the mostimportantcomponent ighehose(typically polyethylene
or polyvinyl chloride) which, in contrast with thegravity assembly must be given
extraordinay attention mainly in reference toits mechaical properties(hardnesks and
geometry (tolerancef theinternal and external diametgethe roller pinchcock is orange
(as opposed tthe gravity assembly.

1 Pressure infusn assembliedor instrumenttherapy are often equippetth an embedded
pumpng segmentthat is madeof silicon (seeFigure 11.2); this refers tocasesof clinical
applicationgequiringgreaterdosageorecison andalonger applicatntime.

1 Drip chambershaveatypical designbecauseof thar insertion into adrop detectgroptical
transparency is alsequired.

91 Other structural elementare more or less identicaDn-line filters are used tagreater
extent asignificant difference between these categoried infusion assembliesconsists
not only in their cost, but also risk class

Thepressure infugin assembliegnust also be assessediermsof therespectiveapplicatiod s

circumstancesas well asthe propertiesand designof theinstrument infusin technique etc. (see
Figure4.2). in this casethefollowing applies

1. Complete occlusion, optimal pressure (downfordigassembly is not mechanically
crushed, without parasitic flows.

2. Occluspn pressure is slightly lower than requirgtie micro-channel allowsasecondary
flow, especially ifthe pressure conditiorattheassembly inlet and outlet are not optimal.

3. A verspn of thepumpwith partial occlusion.

4. Proper assembly installation; perpendiculartiievanes; optimal lengtlof theassembly
compressed bthevanes.

5. Installaton atan oblique angle or evemith aloop is absolutely wrong.
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Figure 4.2: Possible errors and defects resulting frdimawrong applicaton of theinfusion assembly into an infusn
pump or from usingtheinappropriate typeofinfusion assembly, (1)i device door, (2)i pumping segment

of theinfusionassembly, (3j v a n e i, micfoghyoughputofthea s semb |l y [ unc | -ahape,ktich s sembl vy,

All types of assembliesnust becorrectly installed intothedeviceand may ot be tensioned
(seeFigure4.2). Regardingprolonged usef theassemblyits removal and rotatin haveproved to
be usefulfor eliminating memory mechnical deformation. This methpdhowever, should be
regarded asacertan improvementof thesituaton relaied to eliminating thenegative effects
of plasticdeformation not @ along-term systemic solution

4.2 Biocompatibility

A major problemwith all infusion assembliess their materialmakeup desigstructure tht is
decisivein determiningtheir quality, butwhich can also beasourceof awide rangeof clinical
problems.

Theproducton of infusion assemblies uses various mattianostly basednpolymers or
copolymers with theright amount of A p u r i &t yakows ttheir use for medical purposes.
Thefollowing polymers are normally used:

T Polyvinyl c¢chloride [PVC] Y hoses,

1 Polyethylene [PE] Y hoses and drip chamber

f Polyamide [PA] Y conical pl ugs, pl astic
and other auxiliary elements,

f Silicone Y i nsert édassembliesithmigher gea@mesd tosing
accuracy,

1 Polypropylene polymers also come into question.
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Other material inputs are technoieg which, inthecase of infusion assemblies almost
exclusivelyrelateto bonding and sealing.heamountof usedmaterial (gle or cement), however
is very small comparedvith thetotal volume andarea of materialfalling onindividual structural
compaents Therefore, tiis not necessary twonsider it as too risky elemei@f course, this factor
may not be completelymarginalzed especiallyinthecase of badly masered technological
processessuch asglue flashes, etc. Muclore significant technological factor influeng
thebiocompatibility of thesemedim-technical meansis represented bgome of thetechnologies
thatareusedin their manufacture. Their side effectsy be toxic and mutagenic

1. Softeners [phthald e s Y -ethdhiexfyllphthalate or bis(2thylhexylphthalate,
abbreviation: DEHP

2. Sterilizati on technology( ¢ h e miethyene o¥Xide and formaldehydeotair, plasma)

OUTLET,

9 R )

CRYSTALLO

BLOOD

NUTRITIOM

N\ ® 1 POLYMER 9% f SOFTENER

Figure 4.3: Softeners (plasticizers) atide mechanisnof their transport intdhe body [85].
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4.2.1Softeners

Softeners (or plasticizergre agroup of chemicalsthat are called phthalates [DEHRNd are
used to softerthepolymeri polyvinyl chloride [PVC]which is atis essenceahard material
Softeningimprovesits mechanical propertie3his ispositively reflectedn its workability as well
as therangeof applicationsin many products These technicaechnological features allow even
unprecedented posdlities of applicationsin prodwcts intendedfor human medicine especially
in infusion assembliesas well asassembliesfor other purposegblood assembliesassemblies
for parenteral and enteral nutritipand other aids such as various hoses, probesd lilags and
bags for nutrition and crystalloids, cannulas, catheters, eilteproblem with DEHP consists
in thefact that it is not firmly chemically bonded tahepolymer moleculeof PVC (or other
polymers) tlat are gradually and spontaneously releassathd thelife of aproduct madef PVC,;
thepati ent 6s body i s t hus e X p o of thhe&DEHP oproduceds
in theEuropean Uran (about 90%) is consumefbr softening polymer materials anthe vast
majority of this amount is used to $eh PVC [2]! An alternative soluin to this problem igheuse

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 mustink@em

thefunctionality fromthe perspectivef achievingthenecessary hardness (or softn@sshis case).
Another alternative soludn is theuse of multi-layered lammated plastics. PVC or products

madeof it may contin 31 vol. % to 35 vol. % DEHP clinical operationsthereleaseof DEHP

may be accelerated numberof mechanismsin termsof this serious issue, we must take them

into account and try to eliminator atleast minimizetherespective consequencesherisk

of leachingof phthalates may be affected thefollowing factors:

1. Physical conditionf theapplication. Theleachingof DEHP can be caused by elevated
temperature, mechanical stress or solushaking and exposure time (duritftetherapy
or storage).

2. Clinical conditionsof theapplication.The presencef substances containing fats may mean

ahigher riskof DEHP leachingjn clinical practice, these substances can include blood and

its derivatives, breast milk, parenteral and enteral natriind, in general, any foods &
contan fat (therefore,the presenceof DEHP in thebody may not always be associated
with medicine) [2].

3. Blood bags areaseparate probleni due to thelongterm storageof blood and its
derivatives,theexposure time is high anihe patient then gets bloodith higher DEHP
content. This may also relate to enteral nutrition, especially if it contains fat.

4. Chemical conditions. DEHP leaching is affecteddxyumberof prodicts for intravenous

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

well as glucose solutions, etc. Fortunately, these substances areanseof thedramatic
increasean theleachingof DEHP.

5. Increased leachg of DEHP was also demonstratedthe applicaton of certan drugs [2]!
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6. It is also necessary to take into accotlirgexistenceof ahigh-risk groupof patients who
are more receptive to DEPH effects particular, this group includes nevornswith low
weight atbirth, newborns as such, infants, children and adolescents as well as nursing
mothers. in these patients, physicians should aveietuse of medical treatments #t
contan phthalates and prioritize alternative solutioodourse, if pogble).

Therisk of DEPH side effects is nabheonly risk, butit can be considered someatldominant,
largely becausef themedia.anumberof substances occurrinig the producton chan may also
play apart. These may include various solvents assatiaith bonding, numerous substanceatth
are released aftahetechnological procesefidr awi ngo hoses and ot he
polymerization. These are general problenss tannot be essentially avoided without completely
excluding all medicabpparatuses madw plastic materials @t are used to provide health care,
including disposable aids or todts repeated use. Risksatarise and cannot be ruled out must be
perceived and properly considered; it is necessary to create appropriatdonsrfdr using
thematerialsin clinical applications so #ttheir side effects are minimized.

4.2.2Sterilisation technolog

Special medicasuppliesnecessaryor infusion techniques printdy include infusbn assemblies
and syringesTherequirements conselled essential.e. requirementgor their functionality should
be complenentedby theequally important requiremefidr microbiological safetyFigure 1.3 and
Figure 1.4 shows tlat this special medical material (here we mean primasylringes) was used
repeatedly; inthel 9 6 0 s, Asterilizationo ata atemperaturef o r
ofappr oxi mat &yringes Wér® #ndp)y .boiled and then stoiedsterile glassbowls
with stainless steel lids where they were ready to be used again.tire@erspectiveof current
knowledge and epidemiological requirements, these procedures are unaccdjptableinge is
arel ativel y fabiadt likelp dates backat 1853 wheim Gabriel PravaaFrench
surgeon, and Alexander Woo@Scottish physician and physicist, independently introduced
hypodermic syringesvith ahollow needle into clinical practice. They were primarily intended
for administering morphineThedisposable syringe was patent@d1974 by Phil Brooks, an
American inventor. Before himaNew Zealand pharmacist, C. Mardoch, tri¢kdesame.
Thedisposable syringe was then followed by other shugke aids. This trend continues to be
Aisuppor t e ddogidalyrodems (Hepatitis, HIV, etc.) and single use medical equipment
can be consideraeglcompletely separate branohmedical techniques. Its development is related to
therapid developmentf polymer chemistry. Therefore, one aspafdhe problemis the producton
of disposable aids, antheother, equally important aspect, is their disposal after use. Another
Abr ancho themdvision eftiealth care is thus gaininground: thedisposalof medical
wast e. L e tattsinglessa gidseet iphAr t i cul ar | ythehsksztatardeo u s
forfheal t hcar e inmseofstab mjuriesnaealgreadbproblem. It is thus obvious ah
introducing disposable apparatuses such as syringes, assemblies and other auxiliary materic
forinfusion therapy, which are thermolabile, requiredmethod to sterilize themabasic
requirement impose@nthis technology was to achiewehigh level of stable efficiency over
asufficiently long periodf time. Thebasic requirement®r sterilizaton technologywith regard to
disposable medical aids are listed below
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Eliminati on of the widest spgectrum of microbiological flora,
Minimal impact on functionality,

Minimum destructi on of polymers,

Minimal residual substances

Limitati on onthe seconday formati on of pollutants,

Short technologicaltimesi fi d e ifjcat®no |,

Reliable indicéion of the sterilizaton cycle,

Minimal effecton the packagingof the productand its functionality,

Stability of sterilization effects

= =4 =4 4 -4 -4 A -2 -5 -1

Acceptable technological mettis (sterilizaton through packaging, low temperature and
minimum degasificatintime),

1 Acceptable produain cost
Thevarious sterilizatn technologiesisedin the manufacturef disposable medicaidsare
1. Chemical (ethylene oxidéormaldehyde, etc.)
2. Hot air (stean
3. lonizing radiaton (gamnai 2),
4. Plasnasterilization
Chemical sterilization

Chemical sterilizabn is themost widely used methoébor sterilizing disposable healdare
apparatusedVith regardto chemic substancessterilizaton is mainly performed usingthylene
oxide This tetinologyis not oneof greenesbnesandit is necessary tput upwith acertan level
of residue (depending onthetechnobgical and materialdesigr). If theproduct contan
polyurethane (e.g.capillary dialyzery along period of degasificatbn is inevtable before
theproductcan be releaseir clinical applicatios; however,even then it is necessary to alléov
acertan level of residue With shorttermapplicatiors anda small contact areahis complicatbnis
not so seriousonthecontrary,in casesf chronic therapy andlargercontact areait is necessary
to provide special preparati proceduregor thegiven clinical applcation Onemanfiadv ant age 0
is theextremely low produatin cost Similar conclusions are alsahd for other chengal methods

Hot air sterilization

Hot air sterilizaton is asuitable and gentle method both clinical andenvironmentategects;
however, it is amethod that is not thecheapest and which caot be aplied to all types
of materials Therefore, this mthod is notoften usedwith low costproducts including infusion
assemblieand syringesTheman advantage isheinsignificant levelof residue it leaves behind
(of whatever origin).
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Gamma sterilization

Gamna sterilizaton is themost convenient srnativefor amassve andcontinuous produadn
of an extremely largebatch This typeof sterilizaton is very effective. However, itheradiaton
dosesare not optimalthere may be clinically unacceptalsemplicationgchanges in theproducd s
appeaancei ayellowish colarr) or changein themechanical propertig€hangs in hardnessand
rigidity T well-known negative effectsf ionizing radiaton onpolymersin general)

Plasma sterilization

Plasna sterilizaton is an emerging method dhis not et in use for mass productian
nevertheless, it seerts be very promisingdpor its benefitsand environmental friendlinesSo far,it
is primarily limited to resterilizatn (if confirmedas legalendorsed bythe manufacturer not to
have adverse effects theproducd &unctionality) or sterilizaton performed bythe provider.

Resterilization

Resterilzing disposablemedical aids including assembliesof distinct types and designss
aserious problemit is alegislative issugan ethical and clinicaproblemandatechnical problem
While leaving asidethequeston of microbiological and epidemiological safety and adverse
reactions to foreign protes, there is als@ serious technical problenkverymedical aidincluding
disposablepparatuselasedon polymers is producedy atechnological process whose particulars
are generally known onlyto alimited group of technically oriented professionalgho are R&D
workersof the manufacturercertan authorizedoodiesandsomebiomedical engineeringxpets. If
themanufacturer does not recommend or even prohibits resterilizaiiohas its reasos.
ontheother hand,therequirementsfor resterilizaton usually arise onthebasis of somewlat
suspecteconomic rasoning without any knowledgeof technicalmedical consequencest is
important to realize #t themere useof an infuson assembly(for example) changegs basic
propertiesthat were guaranteed byhe manufacturerand that were moreover,assessed by an
independent peos 1 thenotified body. These changeareirreversible.If resterileation is carried
outin away that does not respethetechnicaltechnological properties and structufea medical
apparatustheadverse changem its propertiesbecomeeven more pronouncedthis canresult
intheuse of adisposablemedical apparatus such as infusin assembly in which thequality
of provided health careannot be guaranteede.theparametersof treatment / dosagean be
significantly changedwithout any awarenesby themedical staff in extreme casesfailures
(mechanicglof suchaproduct may occuiOf course thelegalresponsibilitylies with the provider.

4.3 The durability and mechanical resistanceof the assemblies

Infusion therapyis performed by combining two different typesmedical apparatusesadevice
(infusion pump) including thenecessary accessori€s.g.drop detector) +apressure infusin
assemblyfor instrumenttherapy.in terms of up front purchasecoss, thedevice isan item tlat
exceeds several ten$thousand®f crowns. From theeconomicpoint of view, a pressure infusin
assemblyis relatively inexpensiveDependingonthequdity, features and design, its pricanges
from tens to several hundreds crowns. Thisresultsin an undeestimaton of theassembl$ s
importance When #&king into accountheaverage physical service lifef thedevice and only an
average numbeof operating hours per year, we findaththematerial consumed (infusion
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assemblies) durinthelifetime of thedevice represenfinancial expenditure thatis atleast two or
three times higherthahed evi ceds purchase price.

In fact, this financial share is significantly higheith infusion a s sembl i esan An
assemblyo cannot t h @& rindgernts of és fumationalite @dnimmbrtamoeé to 0 r
thequality of therapy as well asnterms ofits operating costs.Thedurability of infusion
assemblies depends their quality, which stems frorthe materials used to produce it, its design
andthelevel of involved technology. Basesh these facts aneh collaboraton with an independent
authorized bodythe producer then specifies (or does not specify and only recommends) how long
theinfusion assembly can be used therapy. However, durability is determined also by other
factors:

Thebasiclifespan(longevity in the provision of health care)s determinél or recommended by
themanufacturer rad, with a certan degreeof responsibility supportedy the provider.

1. It is necessary tpay attenton to thetime remaining untitheexpiraton dateas well as
thestorage conditions #imay affecthea s s emb |l yb6.s usef ul i fe

2. Thebasic lifespan can be shortened by circumstancésthetherapy assembly
disconnectionchangingvascular accesseplacemenbf bagswith solutions,etc. Each such
change (or acertan number of such change) with thedevice or infusion assembly(+
vascular access and baggh solutions) shortenthesafe usan therapy (especialldue to
microbiological risls).

3. Thetheoreticalifespancan be drastically reducéidthetherapyis prescribedor only afew
hours.

4. Thelifespancan be significantly shortened expanded(not beyondthetime specified by
themanufacturer depending ontheskills and expertise of theoperating personnel,
theprogressin of thep a t i dimcal 6omdition,thepatienb st ration armangemients
adevice malfuncon or theemergaceof an undesirable situatipetc.

5. Finally, asafe lifespanis alwaystheresponsibilityof qualified operatingpersonnemaking
decisiongasedn circumstaces tlatoccur during therapy.

Inappropriatecircumstanceshat lead to discontinuedd¢atmentare generallysituationscaused
by failures of theoperating personnelsuch asabattery discharge during transportatiopoor
assemblyinstallation theuse of awrong assemblytype, operating errors aneérrors in setting
device parameterstheuse of expired material modificatiors to theassembliege.g.shortening
thelength of hoses) dropping thedevices and their inappropriate placemégntindow sills,
onthebed with thepatient onthefloor, etc) and theirusein unsuitable environment&.g.near
sourcef ionizing radiaton or strongelectromagnetic fields magnetic resonance imaging). It can
be risky to placethedevice withn reachof any nonspedcalist or patient who can improperly
changethed e v i ¢ e 6 LOf caursd, tthere gan be other situationat ttannot be explicitly
specified; howevernyith proper knowledgefthed evi ceds pr opert ioktsemand
are predictable.
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4.4 Technical compatibility

This concept isone of themost serious factors regardintpesafety of infusion therapy;
unfortunately, itis usually neglected. Ilts not just aproblem of theinfusion technique but
aproblemof medicaltechniqus in general With respect tothe significant numbeof devices tht
are appliedin thetherapy andthefact that they are used in fields where wessful emergency
situations arequite common theinfusion technique jushighlights this issuein clinical practice,
theinfusion techniqueis themost prolific procedureslt exists onthemarketin alarge variety
of modds from different manufacturers amadifferent levels of quality, not onlyin termsof their
technical parameterdutalso with regard tothedisposablematerals (@ssemblies theinclude,
thereliability of technical support (serviceand thequality and comprehensibility of Czech
operating instructionsAnotherserious probleniies in thefact that it is aprocedurethat in most
casedakes placen busyacue medicineworkplaceswheretheoperaing personneare exposed to
considerable stredgvels atypical situaton for astatistically significant numbeof workplaces
atpr ov i der gaéute madine deparimerigsnaesthgaresuscitabn wards intensive care
units of variousorientations, operating theatre=c.)is the countless numbeof types andifferent
manufacturerof infusion apparatusesvith very different equipmentThis variety of apparatuses
also includes significant numbenf differenttypes and designef infusion assembliebecauseao
universalassemblyexists. This isapotentially highrisk situation underextremecircumstances,
even qualified personnelneasily preparean inappropriate combinati of devicey accessories
g infusionassembly software which willnot be functionalin the senseof implied properties or
which may even be dangerous.

1. Themost comnmon failure is thecreaton of an incorrect combinatin Adevice + infusbn
assembly ;as highlighted in theabovetext, this is an undesirable situath that can go
unknown totheoperating stafflt resuls in theerroneousdosingof liquids and nedicines
(speed, total quantifgoncentration, etc.).

2. Theuseof incompatible accessories.g.device+ drop detector is apotential securityisk
thatis unacceptableéSucha combinaton may not work.

3. Incorrect uagei anincorrect entry and confirmain of treatment paramete(siconsistent
with the prescription through thesoftware is amistake tlat cannot Il excluded
with multiple types of devices and nitiple program versions (se€igure 4.4). Most
manufacturers havedifferent philosophy regarding device operation; entering and
confirming thenecessary datcan becomplicated atthesame time, an incorrect dagntry
(20.1 ml or 101 ml¥or dosing rate or an incorrect entigr thetotal amount can be fatal,
especiallyin the caseof patientsin neonatal intensive care units (security software blocking
is requireq.

4. A potential risk may also arise when assembliagombinaton of different and
incompatible devices into towers, systems, etc.

5. One of the principles of acquiring and using theinfusion 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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Infusionsets type £ and] U\ = V coftware versionh 1
. Infusionset ¢ siliconeinsert Infusion pump LI‘;_____________‘
Infusionsetwith on-line filter Manufacturerl.

| Accessorieg, drop detector ¢ NO TYPEAAL

N
Infusionpump

Manufacturerll.
TYPE BR2

| Accessorieg, drop detector

| Infusionpumps + dog station

| Infusionsets type Emandn ;:)

: N <, software version'
| Accessorieg drop detector . e
Infusionpump | software version<:

Manufacturerlll. } -~ >======-===-5

| Infusion pumpsplaceddooselye

3

TYPE Gg3_ Softwareversion: | g

| Infusionsets type £ andf

[ ]
% DRUGBANK
software version”

| Accessorieg dropdetector ) ManufacturerIV. | V' oo
| Syringesl0, 20and 50 ml o

Figure 4.4: Combinaton complexityin using thecorrect device type, infush assembly type, prescribed accessories,
andtheappropriate response tioe current versin of the software.

Figure 4.5: Connectbn of infusion technique devices (linear dispenser + volumetric iofugiumps) intoa system,

(1) 7 dock statdn (or mobile carrierdor asmaller numbeof devices), (2) power supply and datransfer connector,
(3) i data interface andabarcode reader connect(@), (4)1 syringe holdemwith an integrated syringe ptst brake,

(5)71 pistondriver, (7)i control and monitoring system (software equipment).
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Chapter 5

Derived pumping equipment

Thevarious types and principles infusion techniques have beeiso testedfor other clinical
applications over time they have been structurally and technologically modifgiding rise to
anew product dedicatetb new clinical applicatioa This is acontinuousongoing processand
varies fom very slight adjustment&.g.only in assembliesto major modificationsand evernto
theemergenc®f new medicahpparatused/ery often theonly changes theaccesgoint Instead
of vascular accesthe patientis fitted with a stomach tubéfor example)

5.1 Enteral pumps

Enterd pumps aremodified peristaltic pumpsvith partial occlusionEnteral pumps anatended
exclusivelyfor dispensingi n u t r i patieatsindothtintensive care unitandin general wards
Currently theuse for home careis common patients (usually stessedby malnutrition and
associated swal problems and complicationsnay receive this therapgthome.As mentioned
above,enteral pumps utilizehe principle of partial occlusiontheyare usuallyequippedwith only
three occlsion rollers with asiliconeinsertof theassemblypumping segmertensioned over them
Thefunctional partial occlusbn is achievedthrough adequatesegmenttension Thepumping
segment is secured tioe pump rotor by speciaktainerghat definetheamountof tenson andthus
determinetherespectivetherapy parameterse.theenteral pumgperformance (pumping output),
dosingpressure and ocdion pressure

Thepumping outpubf enteral pumps can be expressedhgfollowing simple relationship:

k. O, >3O0 (5.1)
where:
0 . fluid flow [ml/min],
w “7a D.. pumping segment volume defined by ocadmsiollers [ml or mni],
Q c¢d é innerdiameterof the pumping segment [mm],
i “Q é inner crosssectbn of the pumping segment [mfh
£ é rotor speed.
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With themajority of enteral pump, therolling occluson roller is sufficiently wider than
theflattened silion pumping segmentOcclusbn rollers must roll smoothly andvith minimum
resistancein order to reliably eliminate thecreep effect.lts eventual occurrencenay lead to
mechanichdamageto thesilicone insert Analogous tgperistaltic pump with complete occlusign
thepumping segment determindg volumeV; in this case, howevetheaccuracyis much lower
becausethepartial occlusin camot define ths volume with thesame degreef stability and
reproducibility agn the caseof firm occlusion.

In thecase of enteral nutrition, however, this deficiency is not teignificant. Regarding
assembliesfor enteral pumps,themost important factor is their biocompatibilityn light
of theconclusionsof Chapter 4 especiallyin relation to phthalates (DEHP), because dosed
nutrition almost always containsitty substances.

A special featuref theclinical applicaton of enteral pumps consisiis thefact that they do not
dose (transport) substanceattban be regarded as Newtonian fluideit hey do d ofs e
adecidedly colloidal natureith high viscosity @ mushy character)lhe advantagef this usage is
associatedwithi | e s s stricto safety requirements;
scrupulously and there are no requireménmt&xtremely precise dosing, efthedevice is easigio
fabricate; it has fewer controls and therefore fewer demamdgperaton as well asarange
of accessories such as alarm active elements, etc.

In termsof generating dispensing pressure, enteral pumps are verfrieselty becausef their
partial octusion. This is basedn clinical requirements and lorigrm experience. Proper opeacati
is dependenbn the geometryof the pumping segment (outer diameter, inside diameter and length),
thematerials used and its hardness (or softreeesm more appragatein this case)The pumping
segment is almost exclusively maaésilicone. Analogous to other typesf pumps, proper
functioning dependsn usingtheassembly specified the manufacturer.

| INCOMPLETE OCCLUSS®RORMATION OFCHANNELS|

s= ®NHoRR+
DF DJ._(d = 2r)
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Figure 5.1: Theprinciple of an enteral pumpvith incomplete (partial) occlusion, (I)silicone insertof the pumping
segment, (2J tensioning retainers, (3)occlusbnrollers, (4)i assembly hoses, (5)enteral pump rotoiVe 7 volume,
L 7 lengthof theclosed volume/, (basically,thedistance between occlasirollers), (i)1 inlet, (0)T outlet,l i width
of theocclusonroller.
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INCOMPLETE OCCLUSI?.’\.I

Figure 5.2: Thefunctional phase®fan enteral pumpa(peristaltic pumpwith incomplete occlusion, (1) silicone
pumping segmentir{ assembly), (2)i clampingtensioning holders, (3) occlusive roller, (4)i assembly hoses,
(5)7 r ot 0 angleoftherotor rotation, i) T inlet, (0)i outlet.
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Figure 5.3: An enteral rotary pumfor nutritional support[84JUZV ? Sp2 g! Ul trasoni c
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5.2 Clinical aspectsof instrument nutritional support T nutriti on

Any nutritional supporhasclinical and technical aspectsattaremutuallyrelated As in thecase
of theinfusion technqued scorstant @try into bloodstream nutritional support is tied to
afunctional approach tdhegastrointestinal tracas well as thebloodstream(when necessayy
dependingon the natureof nutritional support. Nutriton therapy is defined as followsegardless
of whether itis manual or instrumentutritional suppoit It is theadministraton of substances
nutrients necessarfipr apatients life in away that bypasseshep a t i entiré gasdrointestinal
tractor its partto theextentgiven bythenatureof thep a t i diseased Brom this perspective, we
distinguish between parenteral or enteral nutrition. Medical indicaton for theadministraton
of nutritional support ighepartial or complete inabilityf the patientto effectively orallyingest
andusenutrients.

Nutritional supportan be secured either manually or usartevice or asa combinaton of both
methods Enteral nutriton is adminiseredintermittently whileparenterdyy administragd nutriton
is apart of infusion therapy. Access for theadministraton of nutritional supportis dependent
onthemethod used inthecase of enteral nutritional suppqrtfood fiof amushy character
with theoptimal amountofb ene f i t s 0 i Accesstbmadministsatingenteral nutritbn
can beresolvedin two waysas follows

1 Nasogastric tube
1 Percutaneous endoscopic gastrostomy

5.2.1Nasogastric tube

Thenasogastric tube (nyh or polyurethane tube, 23 mmin diameter, lengtfi usually withn
75cm, exceptionally up to 10€m) is inserted throughthenostril to thedesired locatn
of thedigestive tract (seEigure5.4 andFigure5.5):

1 Dimensionsof theused nasogastric tube depeamttheanatomical conditionstifep at i ent 6 s
A s i z etbeplacaohadiministration.

1 Nasogastric tubes are intendedtime-limited applicaton that usually last§or several days
or even months; they are not intendedpermanent therapy.

1 Thetimeofthet ubeés usage is | imited by its mater.

1 It is suitablefor applicationsin patients who arén acoma. Its use is not excluded even
in conscious patis;in this case, however, it sburdensome and annoying factor.

5.2.2Percutaneous endoscopic gastrostomy
Percutaneous endoscopic gastrostomy Fsgare5.6) or percutaneous endoscopic jejunostomy:

1 is designedor chronic nutritional support,

1 is an invasive method @ahengenders some risks; it therefore requarbigh levelof nursing
care.

It is an invasive approachith all therisks, especially infection, &b exist with theinstrument
technique and manual nutoihal supportThemethod can also be usetdtheshortterm as well as
long-term hospitalization, as well ashome care.
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Figure 5.4: One possible methodor theuse of an gpropriate typeof nutritional support and possible access:
(po) i peroral, (ng)i nasogastric, (hdj nasoduodenal, (nj) nasojejunal, (gs) gastrostomy, (jsj jejunostomy,
*) 1 percutaneous endoscopic stfh0] [11]
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Figure 5.5: anasogastric tubfor temporary nutritional suppoitenteral nutrition.
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5.3 Parenteral nutrition

Forthis type of nutritional support theuse of instrument versios is theoptimal solutio.
Typicdly, we usevarious typesf infusion pumps. Attentoin should be paido specialassemblies
that are generally supplieds kits with bags Parenteral nutritin is basedon solutionscontaining
amino acids, electrolyteglucose omega3 fatty acids and sp&l solutionswith trace elements

5.4 Blood pumps

Blood pumps are typicallyof theperistaltic type with complete occlusin and are used
extracorporeal blood circulation. There are two or three primary applications:

1. Extracorporeal blood circulat usedin heart and lung surgery (perfusiology)
2. Extracorporeal blood circulati for haemodialysis therapy

3. Blood collecton inhaematology wards

These specialized uses will be descrilrethefollowing sections (see Sectiois5 and 5.6).
Theapplicaton under 3) is essentiallg controlled pumpingpfthep at i ent 6 s abldod o d
collection procedure.aspecific problemwith these applications ithefact that thepump is not
transporting fluid,butrather aliving tissue tlat can be damaged (mechanical haemolysis, blood
loss, infection, etc.). Therefore, any clinical applicatiof blood pumps must be assessed

separately. in terms of specialized education, perfusiology is an independent speciatizati
of biomedical engineering.

du

THROA | ABDOMINAL WALL

0 ©LK

I PERCUTANEOUS ENDOSK
E GASTROSTOMY
i

STOMACH

Figure 5.6: Percutaneous endoscopic gastrostomy,i (ijlet, (2)7 tube, (3)7 connectbn cone, (4)i shutting flap,
(t) 1 fatty layer, (s) muscle,(k) i skin.
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5.5 Extracorporeal blood circulationiniper f usi ol ogy o

Basic system components | Functions secured F, G

A | Blood pumps Blood circulaton inthe haemalynamic system C

B | Oxygenator Blood oxygenatin and controlled hypothermia

C | Heatexchanger Cortrol and maintenancafthep at i ent 6 s

D | Haema@oncentrator Regulaton offluid balance

E | Cardioplegia Chemical cardiac arrestmyocardial protectin C

during surgery

F | Monitoring Monitoring of extracorporeal blood circulatn A, B,
of extracorporeal blood parameters, blood pressure and flow rates, blood | C, G
circulation parameters temperature, oxygen saturation, haematocrit

G | Safety elements Air detector F

H | Patient monitoring Monitoringofthepat i ent 6 s vi t al

Table 5.1: Basic componentsf theextracorporeal system and their functions.

Oneof themost important usesf blood pumps is extracorporeal blood circudatasa complete
or partial substituan for the physiological funcion of theheart and lungs (or other organs or their
physiological functions).During surgery blood circulaton and oxygenatin is thus fully
substituted Extracorporeal circulain is mainly usedn surgeryontheheart heart valve or large
blood vesselsduring heart transplantati or surgeryon heartchambersThe developmentf these
methodsbeganearlyin thesecond halbf last century and gradually gave riseatcompletely new
field 7 perfusiology. Currently, extracorporeablood circulaton is no longer limited only to
circulatoryreplacement or support provided by blood pgniqutalso includeshe oxygenatbn of
apatiend s b adnd thermoregulationadecreasein apatients temperatureby 10AC reduces
thep at i end@abdlissn by about 3% and improves theprognosisof surgery [6], []. Part
of theextracorporeablood circulation systemis a diagnostic and monitoring seati that increases
thepatient ssafety through monitoring their vital signs during surgery This relates to
themonitoring and measuremerdf haemaynamic parameteréblood pressureand flow ratek
blood parameters h@ematocrj, oxygen saturabn inthep at i éload,6 monitoring and
measuremenbfthep a t i ®mperatgre to managoverd and local hypothermiaThesysten
also includes safetglementssuch as air detectn (detecting airin tubes with blood). in this way,
perfusiology has gradually developed insodemanding discipline #t involves varous principles
and technologies

5.5.1Blood pumps

Extracorporeabloodcirculationis provided bypumpsasdescribedn Chapter 2Theymay vary
in their design technologicaland materialmakeup with regard tothenature of applications or
desired performanceabasic and simplified examplaf extracaporealblood circulation is shown
in thefigure (seeFigure 5.8). Venous blood is taken eithey onevenous cannaldirectly from
theright atrium orby two venous cannulagsom theupper and lower vencava andreturned to
the patientthrough an arterial canraiin the aorta.
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Figure 5.7: Basic componentsf extracorporeal blood circulathi perfusiology.
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Figure 5.8: A schematic principlef extracorporeal blood circulation.
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Betweentheplaces ofi t eollediiord and return tothepatien s ®loodstreamtheblood is
submitted to demanding meditechological processes. Their individual elemefdsmponents,
nodes) havegradually improved sincethesecond half of thelast century in compliance
with medical needs andccording totechnical, mateal and technologicahdvancesThis mainly
includestheintroducton of oxygenatorsn theearly 1970sand th& gradual improvementl9803,
theuse of technologes from dialysis (haema@oncentratofi theelimination of plasna watel) and
leading technologiesn thefield of sensor tedhiques etc. in thecase of extracorporeal blood
circulation, similar to infusion pumps, theco-determining factorof its functionality (including
thepumpd performanceaccuracyregardingtheamountof blood pumpellis aspecialassembly
relatedassembliegnd other specialispcsablematerial This material §ssembliesalso determines
the safetyof the entire system.

5.5.20xygenator

As already mentioned in theprevious text oxygenatos appeaed in extracorporealblood
circulation systensin the 1970s.

Its function is not only theoxygenaton of venous blood butalso thermoregulation. 1t is
afunction resulting fromthedesignand technological concepf the oxygenator.The oxygenator
principleis basednthe selective permeabilitpf an oxygenpermeable membrane (sEgure5.9)
and, if necessanalsofor other gasesg]. atthesame time,His functionalcomponentlso includes
an integrated hat exchanger(cooling functonY t ot al & of thepatiéne anangontrolled
heating of thepatient after completing surgerysée Figure 5.10). in thecaseof an oxygenator,
oxygenenriched air flows through capillariesathare washedvith venous bloodifi contrast to
thehaemodialysis technology whetee capillaries are flushedith blood).

VENOUS BLOOD daAR+daa0 VENOUS BLOOD

. SEMIPERMEABLE POLYPROPYYEMBRANE (CAPILLARYP

Figure 5.9: Theprinciple and basic functiorsf an oxygenator (capillaryh extracorporeal blood circulation.
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Figure 5.10: A capillary oxygenator and its (possible) connaetbd a heatexchanger.

5.5.3Heat exchangers

Reducingap at i ent 6s

t e mp e r aassignifiGant fhatorof ita guccass; thgras ir y
mild, moderate andcadeep stateof hypotherma that must always be controlled and tightly
monitored. Thesame applies to gradual warming aftdreprocedure. This is to reduce

themetabolic demandsf thebody (up 50 %). We distinguish between total bbgigotherma and
local hypothermia, which mainly refers thieheart muscle and, from this poiaf view, is
aseparate task [7]. Temperature control is performed by devietsrdhsfer hat (in thesense

of cooling or heating) by water using dteexchamers (including oxygenators)lhedecrease
in temperature is dependenithenature and externaf thesurgery,onthehealth status and vital

statisticsof thepatient (height and weight, BSi Body Surface Area) as well asthecurrent
blood flow throwh the extracorporeal circulain (seeFigure5.11 andFigure5.12) [5], [7], [8].

This mainly relates to oxygenators [6],

Forcooling, to achieve both local and total hypothermia, other elenoétite extracoporeal
blood circulaton system can be used as allowed by their design, constmutid technologies.
[7], [8Interms of achieving thedesired level

of hypotherma and especially its stability, some elemeot&xtracorporeal blood circulain may

have theopposite effectj.e.they can produce heat. This @problem of extracorporeal blood

circulations in all applications (including dialysis). Individual elementdtheentire system

of extracorporeal blood cintation havea certan amountof surface tat radiates and absorbsdie
energy (blood assemblies, blood reservoirs, haemoconcentrator, etc.). It is also impossible to avoid

exposure to multiple sourcesf thermal energy(e.g.operating lights) and auxiligr (optional)

cooling methods. Therefore, fromtheviewpoint ofthestability of theentire

system

of extracorporeal blood circulation, an important factothisenvironmentin which thesystem is
located,.e. an environmenwith a certan level of air-conditioning!
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Figure 5.12: Theprinciple of a heat exchangeffor extracorporeal circulaih and its characteristics, (1)blood inlet,
(2) 7 blood outlet, (3)i water inlet, (4)i water outlet, (5) temperature sensor, (6)capillaries. Note: some studies
suggest slightly ifferent temperature ranges;this respecttheterminology may be somewhdifferent!?
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5.5.4Haemoconcentrators

During surgery, extracorporeal systems are miwgith aconsiderable amourdf crystalloid
based liquids tat can dilutetheblood. onone handthis positively affects perfusiommnthe other
hand, however, it is necessary to ensueas tthe haematocrit (Hct) does not fall below 0.2%.30.
Forthese reasongheextracorporeal blood circulath system includeshaemoconcentrator [8],
[7]. It is atechnology taken from dialysisahaemoconcentrator is an elemenatthesembles
adialyzer inits appearance as well asits principle, design and technology. It @&system
of capillaries madef suitable permeable materials (such as polyarylatlgiene). Overpressure
(TMP i transmembrane pressurentheblood side causeasimple ultrafiltraton effect and
elimination of plasma water. in this case,theoverpressure is generated Ilyeblood pump;
however, therequired ultrafiltratbon effect canalso be achieved by creating an underpressure.
in contrast to haemodialysis technology, haemoconcentrators wititkarelatively small area,
approximately 0.25 f Theprinciple of ahaemoconcentrator is shown Figure 5.13, and its
ultrafiltration characteristic is presentéd Figure 5.15. Haemoconcentrators are thus important to
maintan i p hy s i ol o gof haamatocrit yHat], whécls is therefore closely and cordimsly
monitored throughow surgery using extracorporeal blood circulation.

UF (uf)
[ml/min] .
UF
[ml/min]
VENOUS BLOQEDILUTED MODIFIEMHctIN VENOUS
WITH CRYSTALLOIDS BLOOD(trafiltration

Figure 5.13: Principle and functin of haemoconcentratan the extracorporeal blood circulatm (elimination of excess
plasnawater (crystalloids) and adjustmesfthaematocrit [Htc] values).
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5.5.5Cardioplegia

Cardioplega is atemporary cessatn of cardiac activity duringertan important andextensive
cardiacsurgerieslt is basedn acontrolled @ministraton of acardioplege solution This soluton
is usually adminisered in theaorta root from where it flows under pressure intthecoronary
arteries or directly into themouth of thecoronary arteries see Figure 5.14). It protecs
themyocardium during surgeryvhich allows operatin in amotionlessand blood-free operative
field [5], [6], [3]. Theapplied solutn is ahyperkalaemic solutn [K'] in combinaton
with magnesium [M{']. Thepotassium conadration ranges betweeri5 and 30 mmolitre.
Theapplication of a cardioplege solution atarelatively low temperatuteypically 4104C, invokes
asystole during diastole due tbesupraphysiologicalpotassiumconcentration The condition is
asimultaneous cooling of themyocardiuminto avery deepstateof hypothermia Hyperkalaenma
disallows depfarizaion of the cardiomyocyteanembraneswhich reman depolarized anthe heart
is fistopped in diastole Cardiac arrestin diastole combined with avery de@ state of local
hypotherma (whichi in addition to the useof cardioplegicsolution atatemperaturef4-1 0 A &
also supported by total hypothea@nd other proceduresatconsistin irrigating the heart muscle
with cold solutionstheapplicaton of acold water bath, cooling jacket, etc.) redutiesmetabolic
demandsof thecardiac muscle cells. Mostly, it significantly reduddeconsumpion of oxygen

[5], [3], [4].

Figure 5.14: Myocardial protectin usingacardioplegic solution, (1) acardioplegic solution, (2) peristaltic pump,
(3) - (4) 1 thermoregulation, (&)(d) 1 possible venous inlets.
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Figure 5.15: Haemoconcentrator ultrafiltratn characteristics and oxygen transfetlie oxygenator [8].
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Figure 5.16: Gas exchangi& an oxygenator.
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5.6 Extracorporeal bloodcirculationi i sy st e mo

Use of extracorporeal blood circulam is variable.lt dependsonthe manufacturerthe purpose
ofits use type and severityof cardiac surgery Even individual systems supplied by
themanufacturer mayary, dependingondecisionsmade bythephysician and other medical
personnel(nursei perfusiologist, technician perfusiologist) regarding their modificati for
aspecific use or surgeryForthepurposesof this publication this system is described briefly
(for guidance) so that thereader understandthemeaning and applicam possibilities of its
individual elementsand components (nodesjheir design characteristics and principles. Details
of extracorporeal blood circulaton can be foundin theliterature menbned below. It is
acompletly separate medical disciplinen terms of themedical technical, biophysicaland
legislativeaspects

Extracorporeabloodcirculationis arelatively complex system #thevolvedin thelate 1950sijts
first and basic funabn was to providesubstituteblood circulaton or supportthep at i ent 0 s
system Thesystem was gradually exparmled to include additional functions tat improved
thequality of thehealth careprovided, as well ashep at i e nt O0d sunavial anihe reost
serious cardiac surgeries. Its progress inclutedhtroduction of hypotherma and oxygenators, as
well as other elementsatled tothecreaton of amore complex, yet more efficient system. Despite
this progress, there are still some medwmchncal problems tht arise fromthefact that different
parts of extracorporeal blood circulatm affect each other (positively or negatively). Timsturn
implies certan limitations andtheneedfor adequate and effective compensatof the negatives.
That is why extracorporeal blood circulati is thesubject of an independent medical field,
perfusiology, which has absorbéldetechnology and principlesf other disciplines. Essentially,
thebasic componentsf extracorporeal blood circulath constituteafi p u z z | Eigure §.19)e e
that can be divided intthefollowing groups:

T

OXYGENATO

HEMOCONCENTRATO CONTROLLED p
HYPOTHERN& |

SOFTWARE
= —
.
MONITORING >

BLOOD
PUMPS - CARDIOPLEGI
SZNYIA

« SPECIAL
MEDICAL
MATERIAE)

Figure 5.17: Thebasic componentsf extracorporeal bloodirculationi perfusiology(! CHYBA S Z ¢ M!
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1. Blood pumps.
2. Oxygenator, blood oxygenation, gas exchange(@@O,).

3. Devices ensuring thermal balan@degreeof hypothermia) or stabilizain of the patient
(normothermia).

4. Devicesfor astateof local adeepstateof hypotherma for the cardiac muscle.

&0i inlet

OO0 outlet

Figure 5.18: asimplified diagranof extracorporeal blood circulatn *), (1) T peristaltic pumps, (2) cardiotonic and
venous eservoir, (3)T heat exchanger, (4) oxygenator, (5)i arterial filter, Pi blood pressure measurement,
T T measurement and regulati of temperature, Hct, SpO measuremenbf haematocrit and oxygen saturation,
*) the principle of cardioplega in moredetail (sed-igure5.13).

5.6.1Blood pumps

They are afundamental elemenfor thefunctionality of theentire system As arule, it is
asystem of several pumps most commonly composed of peristaltic pumpswith complee
occlusion in functional terms, an integral paot thecirculatory systems ablood assemblythat is
regarded asaspecial medicalmaterial presentlyfor single use only.Thedesignis fairly old
butsuccessfyl conditioning thesuccess of this medio-technical field and many others,
e.g.haemodialysisThe peristaltic pump was patédin the USA in 1853 [7]

In terms of functionality and securityf theentire system,his element camot be neglead,;
onthecontrary, itshould be paidiue attentionThematerial usedfor theblood assemblyis now
basedon polymers or copolymers. This leadsoto thesituation describedn Section 4.2; in this
case with regard tothetotal time of single contactwith theintrabody environment (houjs it is
aproblemthat can beconsidered as secondabyt not negigible. The combinaton fiblood pump +
blood assembly+ any additional elementd SZM (= special medical supplie#)usforms asystem
that affectsanoperatiod quality and safety.
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In theapplicaton of extracorporeablood circulation thebody cannot react ttchangesn cardiac
output andtherelated changem energydemandsBlood flow is determiné by the operatofuser
of extracorporeal blood circulatipn.e. aperfusiologist. Theblood pump then deliversutput
adjusted by theperfusiologist based ontheir knowledge and experienceablood output
corresponihg to quiescent physiologicalalues generallyrangesfrom 2.8 to 4.0 litres/mmin.
in extracorpreal blood circulation we usually work with lower valuesin therange of 2.2-2.4
litres/nmP.min. These valuesvere experimentally determinedn theearly days of perfusiology
(Kirklin et al, 1955 and clinically validateds compliant7]. Blood flow isdeterminedn relation
to thepatiend s AERB®dy Surface Areaindex which is calculated fronthe below relationship

called Mostelller 6s formula. [7], |
> (5.2)
4= ——
where
h patientds height [ cm]
m patientds weight [ kagl]

BSA é index [nf].

This is themost commonly used relationshimainly due toits simplicity. However, it is
possible toalso use other relationships usually empiricallydetermined(accordingto Hacock,
GehanrGregor or Boyil [6] in thenormaladult popution, the BSA index value isabout 1.9m%.

Blood flow can be further reducedependingonthedegreeof overall hypothermiaLiterature
indicates tatblood flow can besafelyreduced to 1.@tres/nf.min atatemperaturef2 8 AC or e
to 1.2 litres/nf.min at atemperatureof 2 0 Avihich is astateof adeep statef hypotherma that
significanty redues demandsontheoxygensupply It is therefore evident &t blood flow and
thedegree of hypotherma are two mutually closely interrelated parametdiowever, it is
necessary tdake intoaccount technical limations Thecurrent techigue allows actual blood
flows around 3.%itres/mf.min, which is avalue correponding to therequirements
for physiological cardiac performance under normal conditidgsually, such avalue is not
necessaryin operationswhen usingextracorporealblood circulation under conditionsclose to
normothermiaWhen loweringhetemperaturéo moderateup to adeep stat®f hypothermiait is
necessary to bean mind possiblecomplications arising fronthefact that theblood assenbly is
made of polymers (PVC PE, etc.) whose mechanical propertieeange with decreasing
temperatureand adversely affedhefunctiorality of extracorporeal blood circulatigrespecially
in termsof appropriatélood flows, their stability and accuracy throughartoperation

5.6.20xygenators, blood oxygenation gas exchangéO, &/ CO,)

Theoxidation of venous blood along with blood pumps providingolood flow, is another
essential elememf extracorpoealblood circulation Oxygenatas first appearedh clinical practice
in the1970sas hollow fibres and, subsequenily,other modified states (bubble, disc, membrane
versions).Theprinciple, however, is stilhesame (se€&igure5.9, Figure5.10, Figure5.15, Figure
5.16 and Figure 5.20). Thenaure of this important elemenbf extracorporeal blood circulatn
enables aconcurrent function; oxygenators can be usedadmat exchanger. To achieve
therequired concentrain gradient, air is enrichedith oxygen tlat diffuses throughapermeable
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membrane intotheblood plasma and subsequently binds to erythrocytes, where it creates
oxyhaemoglobin. Excepfor therequired concentrain gradient, theefficiency of this process
dependsontheblood flow speed, blood plasrdiffusion capacity, degreef hypotherma and
design and technological versiof theoxygenator. Adequate perfosiis critical for thesuccess
of an operatn and reductn of eventual complications he onsetof anaerobic metabolism due to
reduced distributin of oxygen tothetissues andhe subsequent developmeritmetabolic acidosis
can lead to organ failuren some organs. Normallgp at i ent 6 s ti ssu4difth consu
of thetotal amountof oxygenin arterial blood. Literature [5], [6] and [7] indicatesathiheratio
between oxygen delivery and consuropt{even duringheinduced patient hypothermia) may fall
well below thevalue of 2.5. in addition to oxygen saturain inthepat i ent 0 s bl ood,
necessary to monitdne removalof metabolic products, which @arlon dioxide.

Carbon dioxide is removed frontheblood by diffusonfi d r i v ¢haconcemntyatn gradient.
CQO, diffusion is very intense, so its removal does not cause any troubleagagrlatively small
concentratn gradient. One problemm the exchangeof gases (@r CO,) is thenegative influence
of mechanical haemolysis due tie pressureof the occluson rollers in the peristaltic pump. This
factor was particularly exaggeratéathepast, butignoring mechanical haemolysis is also not
approprate. Reducing mechanical haemolysis depeodflawless peristaltic pumps (periodic
checks and adjustment theocclusbn pressure theuse of appropriate assembligis pumping
segments, etc.). Currently, clinical practice also uses centrifugal purapsréh friendlier to
erythrocytes. Although this typef pump appearedn theearly 1970s, their operath is still
expensive.

5.6.3Heat balance andthe degreeof hypothermia, stabilization of
a patienté sormothermia and a local deepstate of hypothermia
of the cardiac muscle

Controlled thermal balancef apatient duringan operaton using extracorporeal blood
circulation is an integral pardf serious cardiasurgeriesand creates conditionsatare necessary
for their successful implementatiohhe procesf coolingheatingof apatientfi t a khersafority
of anoperatio® #me (50% to 70%).Theaverage cooling time is about 80rmates (possible range
40-120 minutey theaverage heating times about120 minutes (possible range &D0 minutes)
[9]. Significantly longer heating time results frahmefact that atoo rapidof a heatingof a patient
can beasourceof serious complicationdroceduresvolvedin standard operationse. thetimes
of individual stages of hypotherma or normotherma stabilizaton, are based onempirical
knowledge andt is often difficult to determine dependenciesntrolling thisbiophysical process.
Experiencegainedin this manneris strictly observd and anypossible changes are treated very
carefully. Determining theoptimd times for coolingheating stagesis necessary and important
for theproper and safe strategy cardac surgeryandits safety ultimately, it is adecisive factor
of its success. Factoiafluencingthe quality of theresulting thermal balance are diserMedical
factorsinclude agethepatients physiolgical and anatomical parametetise nature and severity
of themalady being addressed well as other comorbidities, BMI, ef€echnical factorsnclude
the state of medical technique beingapplied thedegreeof their degradationan appropriate and
correct combinatin of instrumentatbn and special medical supplies, etatthesame time
theidentification of these &ctors is difficulf asis assegsg their impact
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Figure 5.19: Factors influencinghe quality, reproducibility and levedf thethermal balancén cardiac surgery when
using extracorporeal blood circulation, {pllow, (A) T area, (r)i heatexchange efiiency [8].
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Figure 5.20: Characteristicef an oxygenator asheat exchanger, cadn dioxide transfer [8].
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Figure 5.21: Graphical viewof cardiac surgery using extracorporeal blood circatatind controlled hypothermi
including heatingf the patient, freely adapted from [9].

Theactive element®f thermal balancer( A, r) are mainly hat exchangers and oxygenators,
which are potent elementd regulation. An active rolen thermal balance is also played by blood
peristaltic pumps and their performance adjustedthegiven cardiac surgerytheefficiency
of heat exchangers affects blood flow (s&gyure5.12). in this case, however, it Bcompromise
betweentherequirementsfor high het exchanger efficiency (which decreasesth increasing
blood flow) and therequirementsfor optimizing blood flow in terms of demandson adequate
perfusion.

In termsof cooling/heating, it is also necessary to consider factors or circumstaatés\k
aparasitic character. This applies to some passive eleroktiisextracorporeal bloodirculation
system such as assembly hoses, reservoirs, haemoconcentrators-laned fitters that cause
unwanted heatingn thecooling working mode and undesirableahdoss in theheating mode.
There are also factorsahare difficult to define, suchsaorgan irrigatin with cooling solutions,
applicationsof cooling gels, etc. These are procedures usednnectbn with adeep statef hypo
thermi of theheart muscle! Such complications, however, are not dranatice caseof proper
regulation, tlese unwanted parasitic effects are compensated by automatic control systems.

In termsof thesafe operatin of theextracorporeal blood circulath system, it is important to
monitorthep at i ent 6 s t e mpthecmling phase dna hedting ¢pphadesr completing
acardiac surgery. It is necessary to monitoetemperatureatvarious locationoofthep at i ent 6 s
body so as to obia dat&a during hypothernma and, subsequently, also danthep at i ent 6 s h e a
to anormal physiological temperatureegFigure 5.21). Hypotherma related to cardiac surgery
when using extracorporeal blood circutettileads to changemthep at i ent 6s body t e
these changes can be evaluated ftbaperspectivef the central regon of thebodyi then we talk
about central temperature thietemperaturoftheb ody 6 s core ( Core Temper af
body temperature (Peripheral Temperature) Bgere5.22).
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Figure 5.22: Distributonof apat i ent 6s body temper at ur eonargtheagplicatont r a c
of hypothermia, and possible clinical implications.

Thet er m A b oiddicates placesmthebody containing organsvith themost intense
metabolism tht thus produce significant heat. These are mainly organs sitiratbdthoracic
cavity (heart and lungs), abdominal cavity (liver), cranial cavity (brain) and innensagfibmbs
with muscles.

Blood is heatedinthecentral part (core) and subsequently hed#isperiphery (skin,
subcutaneous tissue, etc.); this usually geneedmperature gradient betwettre temperaturef
thebody 6 s theperpherg rCdanges thetemperature distribuin that arise due tahe
therapeutic process (extracorporeal blood circulation) may have even serious clinical consequence
and can cause some complicatiansany active phasef extracorporeal blood circulatiothe heat
exchangers can relatively quickly change blood temperature, which subsequentlyimeshdisges
ofthebody 6 s c or eoréexenmplearapa tcaolingofthebody ds core | ead
vasoconstriction; this resultis reduced blood flow througkheperiphery followed bytheslow
cooling of peripheral tissues. Sucasituaton can be prevented by administering vasodilatory
substances (vasodilatorsatiensurehefastest and most uniform coolitnd the patient. Monitoring
apati ent 0 sindll phageeftheacboling/keating procedure is therefore very important.

5.7 Extracorporeal blood circulationinappendi x 0

As evident frontheabove texin Chapter 5extracorporeal blood circulam is arelatively large
area and also includes topics apparently not related ttheinfusion technique However, t is
important to notethat extracorporeal blood circulath has very intensively developesince
themiddle of last centuryfrom theinitial statewherethe essential eleentwas onlyablood pump
To be effectiveas well asefficient and safein terms of theresults achievedi.e. with minimal
adverse accompanying episodes), this typeherapy was gradually supplementedh additional

THE INFUSION TECHNIQUE AND THE HAEMODIALYSIS TECHNIQUE AND TECHNOLOGY



68 4. ASSEMBLIES FOR INFUSION TECHNIQUE

elementssuch as oxygenators, diexchangers, haemoconcentratorsjioe filters, measuring and
monitoring units (blood pressure, blood flow rate, haematocrit, temperatures, etc.), which together
form arelatively complex system. We also cannot igntirefact that asignificant partof this

system isthevarious assemblies (blood, infusion, special, etc.) and other medical equipment and
special medical supplies, currently exclusively desigf@dingle use only. This system also
includes software #t has control, monitoring, measuremi@nd security (alarm system) functions,
butalso service functions such as technical alerts, alarms and blocking funthemsan rea®n

for thecreaton of such asystem is its functionality and efficiencyith regard to the patient.
Neverthelessacertan and not always desired outcometl®interacton of individual elements,

which unfortunately are often negative:

1. Peristaltic pumpy bloodassemblypumping segment hypotherma® mechanicakervice
life of thebloodassemblypumpng segment) effective blood flow

2. Peristaltic pump blood flows mechanicahaemolysiss oxygenatorefficiency,

3. Blood flow & efficiency of heat exchangerse effective hypotherma / temperature
measurement (patient + extracorpot@abd circulation = numberof measureent point},

4. Degreeof hypothermat thermal balancecompensatink par asitekx c hAmger s o
blood assembly & haema@oncentstor # blood reservoirs # compensatn
of vasoconstricon and vasodilatation,

5. Hypotherma cessatin + heatingof thepatient® temperature measuremerds number
and points of measurement® blood flow measurements safe management
of thetemperature balances safe eliminatbn of hypertherma (!) + minimization
of adverse side effects and Clf®tection

6. Perfusbnt safe blooddilution with crystalloidss monitoringof the safelimits regarding
theminimum Hct & correcton of theblood pump outputse efficient oxygenabn
of venous blood effective haemerfusion

7. Blood flow throughextracorporeal circulain+ optimization of theblood pump outputa
objective evaluatin and analysis of thedegree of hypotherma # blood dilution
with crystalloidspr haemadilution® pressure profilef extracorporeablood circulation &
measurement and analysiborderline pressuras heparinzation of extracorporeablood
circulationt effectivehaemgerfusion

8. Assessmenbf thedegreeof hypotherma ®# temperature controk thermal balancen
optimizaton of blood flowt effectivehaem@erfusion,

9. Blood pumpoutputt blood flow adjustmenir deternination of effective blood flows
analyses of theeffect of temperature anchaemdilution # BMI index & limitation
of theinfluence of mechanicahaemolysis safe and effective thergpvith minimal side
effects

It is thereforeobvious that theuse of any elements intendeébr pumping/ dosingofii f | ui d s o
in medical applicationsequiresassessg their applicaton in awider perspectiveespecially, it is
necessary to considite interacton of various components uséedthe system.
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Chapter 6

Linear dispensers

Theuse of linear dispensersand their structural technical and technologicalesign was
aresponse totheclinical need for very slow asing of small volumes of liquids with high
concentrationsof active ingredients. Tise requirementswere not achievablethrough gravity
infusion therapy or infusan therapy with theuse of technical apparatusesvith infusion pumps
Apart from theinaccuraciesn administering drugsthepatient was given considerable amounts
of undesirable crystalloids and fluidsor anumberof clinical conditions the high intakeof fluids
is contraindicated Developmentsof theuse of linear dispensersn clinical practice and their
technical improvements have brougliditional applicatin possibilities and this tecique hasalso
penetratedther areasf medicine

1 Basic applicationg internal and emergency medicin@ténsive care units, anaesthesia
resuscitatbn wards,etc)

{1 Diabeblogyi insulin pumps (mobile, personal medical devidbat arenow a separate field
alsofromthetechnical perspective, [16] and [[17

! Hepain pumps (extracorporeablood circulationi perfusiology, dialysis, etg, seeFigures

1 Oncology (losageof cytostatic}

6.1 The principle and designof linear dispenses

Thebasic elemenof linear dispenses is asyringe atthebeginning thedispensers were fitted
with glass syringes for reuse, usuly with avolume of 10 1 20 ml (see Figure 1.2). Insuin
dispensersisedsyringes with avolume of 5 ml or less. [16], [17]Plastic syrings for single use
appeared latesind are novthe standardFortheabove reasondinear dispensers are often referred
to under somewdt i ncor r ect and misl eadndigprames S6uUO!
p u mp s thelikeralthough these names correctly refidetprinciple used.
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V=(®5¢/dR
Figure 6.1: Theprinciple of alinear dispense, i inner diameteof thesyringe,D, i outer diameteof thesyringe,

d; i piston movementattime t; from positon (0) to positon (1) andthedisplacemenbfvolume V;, d, T piston
movementattimet, from positon (1) to positon (2) andthe displacementf volumeV,.

So, thebasis is asyringe onwhich crtan requirementshave been imposedver thecourse
of time; therefore, we cannot ugest any syringethat is onhand Over time and &sedon clinical
experience and technical arsdy technicians havdeveloped syringewhose design corresponds
to this medical application

1. Precisely déned external (and internal) diameter

Preciselydefined internal volume

Minimal dead viume after pressinthe piston

Preciselydefined lengthof the piston (including rod length) and lengtif the syringe
Dimensionastability andthe correct raticof all sizes,

Silicone pisbnseal (single or doublg)

Temination with a self-locking luerlook cone

Bayonet §crew hose connector

© © N o g &~ DN

Sufficient mechanical rigidity

10. Smooth pisbn movemenwithout anysignsof rubbing the so-calledficreep effedd).
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Theinstrumenation of this type of infusion technology (linear dispensa) provides other
necessary functiorthatinclude:

1. A defined and stable fixain of the syringebody,

Automatic identificaton of thetype of syringeand its nominal volume
Firm, defined and stable fasteniofithe piston and rodof the syringe
Provison of defined and accurate pistmovement

Controlof the pistord movementtadefined speed

R

Calculation anddisplayof thevolume dispensed

Theprinciple of alinear dispenser is thus based auniform movementof thepiston and
thedisplacement of theliquid in thesyringe. Thevolume of displaced liquid is givenby
thesyringé sner diameter andigton movementoy a distanced. Thetime betweertwo positions
of thepiston then determinestherate of liquid administraton (administraton rate = flow).
Thesyringe suter diameter is used only to identifhet y p esyringevolume;for this reason, an
exact definiton of both diameterss importan. Basedon thesedatg thedeviceé softwareperforms
therespectivecalculations. If necessartheresults are converted tmits that are commonly used
in medicinefor dispensing liquids: volumanil o rand#ow fate [ml/min o r ¢ | ih gpecial ]
cases,theflow rate is presentedn [ml/hour]. With linear dispensersthetotal volumeof liquids
supplied iggivenby the syringed golume

ARG 0100 0) (6.1)
(.k) —
T
_(b “ 0 X (6.2)
Yo 10
where:
\% volumeof theliquid displaced
Do syringe inner diameter (= past outer diameter)
d é piston movement
pt € time between two positiorsf the piston
a e liquid dosing rate (= flow)
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® ®
® (39 «—— (4a) o

(4b) .-
__________ o

Figure 6.2: The principle of thedesignof linear dispensers, (I)syringe, (2)i pistonrod mounting, (3aj4a)i screw
movemenbf therod with apiston, (3a)(3b)1 rack and pinion, an alternative sotrifor movingtherod with a piston,
(5a) and (5b) syringe atachment intahed evi ce6s body and siysiliconegisbnseall(dime
self-locking conewith screw bayonet.

6.2 Requirementsfor syringesfor linear dispensers

Analogous toinfusion assembliesand infuson pumps (wheranfusion assemblis must meet
specific requirenents whosenonfulfillment is negatively reflectedin thequality and safety
of healthcare providgd syringesmustalsoconform tocertan requirements whemtendedfor use
in combinaton with linear dispenser Failure to corply with this condition corresponds to
the severityof potentialmalfunctionsandtheresulting consequences.application it is necessary
to also observeother requirements # are more general and agplo all syringes regardless
of thepurpose. This mainly relates tothecontens of phthalates (seeSection 4.2), warranty
on sterility, packaging andts durability, legibility of important informaton and scaleof printing,
operating instructions an@warranty stating thesyringe is suitablefor infusion therapy or
preferablythatit is suitablefor usewith the giventypeof lineardispenser

Using nonstandard syringes @nuisance Risks arise fronthepossible combinatin of linear
dispensersvith other medical deees (usuallytherapeutian nature) alinear dispenseandanon
standard syringean beconnected taheunderpressurgart of extracorporeal bloodirculation
Equipment {or example).in the case of extracorporeal blood circulain and dialysis monitors
underpressure beforde peristaltic blood pump can be 150 to 250 mmHg (usualiyhe pump
output above 300 ml/min) anthesyringe might be uncontrollably emptiedtthesame time,

sens

thepositonofthes yr i ngeds r od wi ihgoodrcaditionevill lkeapgten astable,vi c e s

constant position. Air intake occurs arouthés y r i n goa @GeeFigore 63}, especially when
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thes y r i n goeri® madepfithesime material ahes y r i n g ee@payprapyene which is
relatively hard and has poor sealing properties.

Syringesfor usein linear dispensers must meet numerous cataithatinfusion therapy is safe
and effectiveThemost important requirements are given below:

1. Outer diameter of the syringe (basedonwhichthed evi ce firecogni zeso

must bein theexact proportin to its length andhelength of therod with apiston so that

thecalculaton ofthepi st onds trackthewhenngedsetbodwnt

thevolume declared.

2. Minimizati on of any dead volumeafter completinghetherapy,.e.thes yr i nge 6 s
must ensure #t thesyringe does not corntaany residueof crystalloid solutionswith
alarge amounbf active substances.

3. Secure syringe attachmentinto thelinear dispenser body anther o d 6 s watla r r i

apiston,i.e.thestandard design.

4. Self-locking luer-look coneeliminating disconneabdn during therapy. Alternative Record
cones are no longer use.

5. Bayonet termination with a screw couplingi arother safety measureatminimizes any
disconnection.

6. Mechanical compatibility of thesyringe with other disposable supplies (extemshoses,
multiway cocks, ofline filters, etc.).

7. Marking of thesyringei in order to eliminate its incorrect use comhnation with other
devices (especially when multiple typefsdevices are usad theworkplace).

Figure 6.3: Syringe and potential security risks, (iL)piston with double dicone sal, (2) and (3)i theinfluence
of e-leaks and syringe uncontrolled emptying.
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(2)c BAYONET SCREWING
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Figure 6.4: A syringe forinfusion therapy and its design, [85], (1) silicone pisbn with double sealing,
(2) 1 connecting seffocking luerlook conewith a screw bayonet, (3) pistonrod.
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Chapter 7

Vascular accesdor infusion therapy

Vascularaccess ionsideed predominantlyamedical topic in the caseof perfusiology, it is
amedicasurgical topic in thecaseof nutritional support it relates both tosurgical path with
ahigh degreeof invasiveness antheuse of paths through natural anatomical openings. Vascular
accesdor classical infusan therapy is invasive. Vascular accéssinstrumentinfusion therapyis
mainly aqueston of medicing butalso has its technical aspecthieissueof vascular accesato
body systemshould be seen as antegral parof this therapy Vascular accessust be perceived
from thefollowing perspectives

Medicine:
1. Anatomicalperspedte (dimensions, structure, dep#ic.)
2. Physiological and pathophysiolmgl conditions (pressure, flgw
3. Microbiologicalperspective
4. Necessityto minimize tissue destruom (puncture character, healing
5. Application possibilities and procedures
Technique:
1. Biocompatibility,
2. Parameter®ef needlesand catheters (diameter, lenglilexibility, etc.),
3. Complyingwith thetherapy parameters (particularly floy)
4. Maintaining a long-term functionality of vascular access
5

. Security (sharpobjectinjuries), (seeChapter 19
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It is obvious tlat a numberof conditions are comon invascular acced®r instrumentinfusion
therapy and parenteral nutritional suppag well asfor enteral nutritional supporand blood
pumps. Technical asps of vascular access primarily consist ensuring theadjusted flow
parametersof thegiven therafy and their maintenancehroughoutthetreatment This involves
mainly thefollowing tasks:

1. Minimizetheformation of thrombi

2. Intermittent flushing omaintenance flushing

3. Maintan microbiological safety

4. Sustainable intervalf restoring vascular access.

Vasalar access is thereforamedicotechnical complexthat requres theoptimization
of medical devices and specialisposableand medical materia{for single usg in relation to
thet h e r gpmescribed (ordaingdparameters.An important factor is thechoice of needles
(parameters diameter and lengjhdesignof ther tips and safety features, material sttwe and
type of sterilization (seeFigure7.1) [85].

Theneedlés penetraibn throughatissueis dependenbnthetechnicaltechnological levebf its
manufactureand is importantor thedoctor or nurse @syapplication, minimal complications, eXc.
aswell asthepatient (pain) Theknowledge and experienad medical personnel anihe proper
useof medical devices providg vascular accesshould bea matterof coursetheclinical conditon
of the patientcannot be neglectednother important factothe medicenursing factorjs thecare
of vascular accessTheselecton of theappropriate needleor catheter is crucial as these
componentdaveallimiting impactonthedose rate (flow rate); this due to theiinside diameter
which is indicatedin G (gaugg for needlesand in F (frensch) for catheters(see Secton ?? and
Figure ?and ?).

Thewhole systemof adminisering infusion therapy must be understood asomplex that
exhibits some variability determined bye structural propertiesf individual components and their
interactionswith theclinical application Therefore, it is necessary @mvisagecertan deviations
from theadjustedtherapyparametersParticularly,therate of infusion administratbon changesoth
along theinfusion flined and time. This basically dependen proper system configuratin and
the propertiesof theindividual componentwith regard to

1. Design parameters syringes, infusin assembliesneedles and cathetepiMmarily internal
diametertotal length hosewall thicknesdrigidity or elasticity] pisbontightnessetc.)

2. Materialsused (igidity and elasticityof the system biocompatibility, etc.)
3. Hydrostatic and hydrodynamic parameters (porosity [permealolityffers),

4. Parasitic artefacts and their effemttheabove parametersf thesystem (thrombi, foreign
substances, etc.).
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Figure 7.1: Characteristicef theneedle and catheter penetoatinto tissue structures [85]sKin, subcutaneous tissue,
vessel wall, ...), (1) tip of theneedle ith optimized technicaltechnological processing), (1) syringe needle,
(2) 1 catheter, (3) optimized needl&ith easy penetraiin through tissue structure, (#)standard needle
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Figure 7.2: Thedistribution of pressure an infusbn system [85], (1) vascular access, (R)infusionassembly hose,
(3) 7 in-line filter [ontline filter], (4)1 linear dispenser + syringe.
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An infusion line and its individual components interactimgth apatient can change their
properties and create situationsattiead to changesn baseline characteristics and changes
in therapy parameters; this may be signific&rom this perspective, each elemehftheinfusion
line is distinctive (sed-igure 7.2) and must also be adequately assessed, ibat$ choice and
during clinical operatin inthe provision of health care:

1 Needle and catheter.They provide access tbeinternal environmenof thepatient and are
in direct interacton with thebiological environment @i they influence and by which they
are also affected. Therefore, it is especially important to preservdltihveiparameters it
may be significantly affected by substances and biological processeirombus
formation, depositin of proteins tlat reducethe effective inner diameteof these elements
and thus reducthe effective flowof liquids dosed, in@asethepressure drop and may lead
to asignificant reductin inflow rate or evenablockage (obstructiondf theflow paths.
This may be caused bybackflow of blood into theneedle or catheter and its
coagulationThis situaton can be avoided byprevaitive flushing setting amode
of continuouamicraflushingandchoosing product&ith proven biocompatibility.

1 On-line (in-line) filter. This is asafety feature designed to preveheencroachment
of unwanted substances irttiep a t i isterrtalénsironment However, his basic functn
also causs problems. apressure droponthese filters is very significant and may
dramatically increasevith theamount of retained impurities This risk grows in filters
with pores less than @ € mand it can be acause of their dysfuncton under certan
circumstancesThefilter must be installeds near as possible tlee point of vascular access
and any penetratin of theblood into itleads to its rapd eliminaton from thefunction
For thesereasons,the pressure on the side of the infusion line must be higher (by qop
than the pressureat the site of puncture (seeFigure7.2).

1 Hosesof the infusion line. Whensuitable type®f these elementare seleted they rarely
cause problems associatewith thedepositon of undesirable substances and reouc
of their inner diameter Problems tht may arisein infusion line hosesare associated
with their strangulatin (throttling, squeezingdr evencranking This is ahuman error that
hastechnical and medical consequences. An elegant wagstidve this problemis using
fwound infusion hosesd' lines ceeFigure4.1 andFigure8.6).

1 Other elementsintegrated in the infusion line. They may include mulivay cacks, needle
or needleless access portc. Thee elementareintegratedfirmly (alreadyin production)
or purposefully. Their effect usually results amild limitation ontheflow and slight
pressure drop. These elements must be adequately considered and their desimd functi
should not ba sourceof difficulty thatinfluencesthe quality of health care provided.
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Syringe:
volume
20ml,
flow rate
10ml/hour
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Figure 7.3: A tube graph *) (diagram) showbeaveraged discrete preasi values duringthe observatbn period
[p qitNote: *) Thename is derived frorthetypical shape [85](! NEPF ELOGENO n8pi)s odchyl ke

Another impotant influential factor is theelasticity of theentire system (mainlyin linear
dispensensthat appliesin situations wherghesystem is turne@nand pumpingstartedor when
thetherapy parametersre changed e.g.dosng rate flow). Forshort obseration periods[p dht
thedeviations becomenore pronounced thefirst (initial extended) parbf thegraph (sed-igure
7.3). Theaccuracy (deviation) asvident fromthesecond parof thegraph (flat or flatter par},
obtained over amuch longer observatn period will no longer be affected by sherm
fluctuations and its impacin dosingaccuracy ighusmuch lower. Nevertheless, it is necessary to
take this fact ito account especially when dasg risk drugs tlat may be #ected bytheamount
of time afterbeingturned on (or after changng thedosage or replacing syringegitil theentire
systemis stabilized This phenomesn of an assembled infuen line is combinedwith number
of factorssuch agheelastic propertiesf individual elementgfirst of all), their stability over time
(duraton of thetherapy usingalinear dispenseri from employing thefirst syringe till its
replacement may take tensf hours) preparatn for theadministrationthe effect of the patien® s
environment (temperaturand action®f the operating personnel
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7. VASCULAR ACCESS FOR INFUSIONHERAPY
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Chapter 8

Safety featuresof the infusion technique

Infusion therapy andts related fieldg(extracorporeablood circulation and nutritional support
are considered therapeutimpedureghat are effectivan termsof the provision of health careand
help healserious health problem®Vithout these procedures, modern medicine could not function.
This is one sideof thecoin. ontheother handtheae arerisks inherentto this theapy, particularly
in casesof undesirable combinatiencaused byhuman error.in theearly days of instrument
infusiontechniquesn clinical practice, devicewere not equippedith anysafety features and their
proper use was soletiependenbn theregonsibility of operatorsi.e. the medicalpersonnel From
thesafety perspectiveinstrumentinfusion therapy was thereforeatthesane level asgravity
infusion Gradually thedevices werditted with various securityeatureswvhose task was to reduce
or eliminate risk and,in away, to easethelife of operating staff Theincorporaton of safety
featuresis also connectedith thesignificant increasén the numberof infusion systems used per
patient.

These may includeany combinatin of infusion pumps and lineardispenserswhere each
of these devices can be ustdt different purposegirrigation of the patient with crystalloids +
parenteral atritional support+ dosageof variousdrugs+ heparinkation + € ). We shouldalsonot
forget that theinfusion techniquetakes placan the medical workplacealong with other medical
equipment thtis equally or even more risky and also requires considerable attehthe medical
personnel interms of safety measures dh may have adifferent degree of importance
instrumentathn can be usegustfor fi \@tch n gedan situationsin which it is technically possible
and economicallyacceptablea numberof situationsstill remains undethe supervison of qualified
medical personneRegardingnstrumentinfusiontherapythefollowings i t uati ons: ar e

1. Pressure conditiondn the flow path i occlusibn pressuregpressure sensay,
2. The presenceof air [ultrasonic detector],

3. The functionality and continuity of the flow [drop detector],

4. Therapy terminatin for any reason,
5

. Preassembly situations and functions (reaclapgedetermined volume, allowed volume
of bolus dose, therapy duration, etc.),
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6. Warningsfor themedical staffe.g.pump door is not closed properly),
7. Warningsfor thetechnical staff (techoalservice alarm).

Any undesirable situain is signalled tothemedical personnel bgvisual and audible alarm,
and eventually by an alphanumeric code (includihgtechnicalservice alarms #t are not
managed bythemedical personnelbutare registeed, recorded and respected) or text message
warning of what theoperator is required to perforrte.g.Stop treatmenti Call for servics.
However, instrument infusn techniques (and similar techniques) fittasth asecurity alarm
system (sensors and seére) does not entitltheoperator to forget abowtconstant monitoring
duringthetherapy.

Despitethefact that theinstrument infusin technique is equippedith extensive features and
sensors tat register undesirable situationgith ahigh degreeof reliability, there are still many
situations and actionsatfully reman under controbf the operating staff:

1. Corr ect noftheassanbly ant $syringadhedevice,
2. Usingthecorrect assembly type and syringe (&apter 4Figure4.2),

3. Entering thecorrect infuson therapy parameters [e.theright settingof decimal points
(dots),avery comnon mistakewith the potentialof fatal outcomes],

Respecting all warningsr the operating personnel,
Replacing worn special medical supplieSZM,

Microbiological safety [usually related to points 1 and 5],

N oo o bk

Interpretaton of results and records therapy parameters (correct units!).
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Figure 8.1: Instability when changing infusi therapy parameters (flow).
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8.1 Drop detectors

A drop detector is an essential accessofynfusion pumys (or enteral pumg, etc). Its basic
function is to indicate tht thedevice is functional,that fliquido is or is not flowingthrough
theassembly It is theoldest sadty feature tht appearedininstrument infusan equipment
(primarily in volumetric nhfusion pumps and enteral pun)pdorits simplicity and reliability
thedrop detectois still being usedatits most effectiveit is alsoadapted tagmeasure liquid flow;
this measurement ibasedontheassumptin that thevolume of droplets is constant anthat
thenumberof drops per unibftime representshereal flow rate However, his methodof flow
measurement requirehat thediameter of dropper locatedin thedrip chamber be calibrated
Drops areindicatd in thevisual field of an optoelectronic sensdhat reliably informstheuser
onthefollowing conditionsor situations

1. Dropsaremeasuredythesenso’Y f | ui d f Itheassmiyhr ou gh

2. Thenumberof drops per unibf time islower and d@snot correspond tdhe flow adjusted
Y assemblyis throttled / squeezed (pinchcodlose cranking)vascular accedslockage
etc.

3. Drops arenot indicatedby thesersor, thepinchcockis accidentally closed this is one
of themost frequentfipseudef a i | u r wesolutiorf bay is empty theassemblyis
crea®d etc.

4. Possibleartefactsare poorinstallaton/ inserton of thedrip chambeinto the detectoy drip
chambe deflecton from the vertical directon (seeFigure8.6), dirty detectoyetc.

(i)

DROP FORMATION
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Figure 8.2: Theprincipleof drop detectofor infusion pumps (or enteral pumps).
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Drop detectors were used (and are still usedjravity infusbn therapy and its functionality or
malfuncton was assessed liieoperator who was able to adjust flowsth astopwatch, often
with pinpoint accuracy. Toda when using instrument infusi therapy, theoperator usually
monitors and ensures its reliable and safe functionality. Today, drop detectors are designed to
incorporate modern optoelectronic componenésLED with emisson inthenear infrared regn
and aphotodiode or phototransistor (previously, it vaaminiature bulb and photoresistor). Some
devices do not requiradrop detectorin cases where its ability to funeti is questionable,
e.g.in ambulances, when transportitige patient in thefield, etc. in this casethedrop detector
function must be replacediththeo per at or 6 s attenti on. iDlineap det e
dispensers whet@erisk of air intake is not presupposed if basic rules are observed. Drop detectors
are alsaa partof enteral pumps.

8.2 Measuring occlusbn pressures

Measuringpressurs in theflow path of theinfusion assemblyservesfor analysingthe correct
course of therapy and identifying dangerous conditions and situationsttimay occurduring
standard procedures providing health careas well asthosedue tovariety of different reasons
(human error, technical failurenforeseeractions bythe patient, etc.)As arule, it is necessary to
monitor situations that can havetechnical, clinical useror nonspecificcauseghat may evenbe
combinel. Theseinclude

1. Clogging or blockagef thevascular access [cranking, thrombi or similar causes (fibrin),
catheter abuts againie vascular wall, etc.],

Bending or creasingf theassembly hose,
Assembly disconnection,
Ruptureof theassembly or its fasteners,

Partial clogging or complete blockageon-line or in-line filters,

o gk w D

Nonspecific cases.

Thenumerical valuesf the pressure, however, are not measured and displ#yedperator can
choose from among three levelsoccluson pressure (flow path resistance): [dwniddlei high.
Withregard tothep at i e nt énsanddhemauire bf health care providedtheoperating
personnel must seletiteright level and eventually react to any possible alarms. Clinicatipea
has verified and confirmethevalidity of such simplification, which does not have any effect
onthequality ofheal t h care or safety. H o feetheeperatingn o f u
personnel is permissibldpr example, it is inadmissibleotpermanently opfor ahigher level
of occlusbn pressures just to avoid problenihiei me a s u r of coausdh pressuresatthese
three levels has been chogenthefollowing reasons:

1. Themeasurement is naenvasive,

2. Thepressure sensor is locateddetheinner flow path,
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3. Measurements are highly dependent not ordpthetype of assembly, butalso
ontheassembly lot (batch), its sterilization, etc.

4. Theeffectof aproper / improper assembly instaltati(tensbn inaxis),

5. Mechanical degradatn during treatment.

These factors limit theaccuracy and reproducibilityofthepr essur e Ameas
Nevertheless,themeasurement (indicationdf occlusbn pressures is beneficialor the safety
of thetreatment and is preventivie. termsof interpreting these alarms, howevercertan amount
of experience is indispensable becatiemo per at or must Aanenberaf cadgsesf r o

thatare not discriminated ke detector.

Figure 8.3: Thestructural and functional componeiatfsinfusion assemblies, [85], (1) drip chamber, (2j pinchcock,
(3)7 plastic needles (inldtag), (4)i ports, (5)i threeway cocks, (6) pinchcock.

Figure 8.4: Drop (optical) detectoror volumetric infuson pumps.
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8.3 Air d etection

Theindicaton of air intheliquid transprted in theinfusion (or blood assemblyis one
of themost important safety featurédsat must bepresenin any irfusion (blood pumpi this does
not apply tdineardispenserssimall fluid volume or enteral pump (relatively small riskof clinical
complicaions). Of course, thisafety feature is not padf gravity infuson therapywhere werely
onthehuman facto andthefact that gravity-type infuson therapy shouldheverbe usedn cases
wheretherisk of air embolism is too high. Although aambolism isaseriousand lifethreatening
complication the monitoringof possible causes and situations praugds emergencas relatively
recent. Thefirst indication of such causesvas provided by drop detectoThesedetectos were
able to eliminate onef thepossible causes typicalf gravity-type therapy- thesituation when
thedosed liquid (usually crystalloiyl ran out Therisk increases significantlyn caseswhen
thecrystalloid orother liquid is dosedto theblood circulaton when there isvery low blood
pressure or evennderpressuteDetectng air with ultrasonicwaves uses ultrasonic reflecin from
thefollowing possiblempedancenterfaces:

1. Air T water (crystalloid, saline solution, plasmater, etc.),
2. Air 1 proteins (blood, biological tissues, proteins, etc.),

3. Air 1 foreign substancegprecipitate resulting from an adverse drug combination).

(0)

A

| AIR BUBBLE G¥DETECTABLE SIZE | ULTRASOUNRrfiount
of energy)
AIR BUBBLE @INONDETECTABLE SIZ| REFLECTED
OUTSIDE THE DETECTPOR

VISUAL FIELD

ELASTIC DEFORMATION OF THE INFUSION

P F q 1

000000000000

1 A

I i
(i) (o)
Figure 8.5: Theprinciple of i me a s uthelewelgadd occlusbn pressures and air detection, i{i)inlet, (0) 1 outlet,
(k) T contact betweetheassembly hose artiesensor (detdor), (1)1 assembly hose, (2)assembly wall.
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These are cases where we detect situatiatsth clinically undesirable or even dangerous and

when it is necessary to take meastmesrder to eliminate any eventual adverse effects. Other cases
of parasitic impedance interface include:

1. Air 7 polymers or copolymers (usually PVC, PE or embedded silicone lnbgeessure
infusion assemblies),

2. Poor contact betweethehose surface and ultrasound emitter or ultrasound detector
(parasitic air gaps),

3. Materid defectsof thehose (inclusions, dimensions are ofitolerance, etc.)
4. Depositsonthehose walls (outsiddyut generally inside).

In these casesacertan condition is indicated and communicated tbeoperator as being
dangerousputit is an artefacthat arises due tdheincorrect useof thedevices and assemblies.
However, these false alarms must be given atienéind their causes must be eliminated
(minimized) so thtthey do notresuihtheu s er 6 s ( o p errbairg dravd el3ewhednt e n t
underestimating or even ignoring Aseriouso a

EXAMPLES OF POSSBRRH-ACTS

& Sy R bfyhd ¢ ;
infusionhose(<<<R): A
Mild increase in : i
. occlusion pressure.

R® 0

4 NBI @fthg 3 ¢

infusionhose(R® 0) :
Significant increase in ' 1)
occlusion pressure.

G/ "NB I dithey 3 £
infusionhose (RF 0):
RF O High occlusion pressure.

Figure 8.6: Potential artefactsn thedetecton of adverse conditions and situations (drop detector, ultresair
detector, deteatin of occluson pressure), B ultrasound emitter, D ultrasound detector, (/71 bending or cranking
radiusof the pressure infusin assembly hoses<< R 7 hose bending tt does not resulin the narrowingof its inner
diameter,R Y i Bose bending #t resultsin asignificant narrowingof its inner diameter and flow limitations,

R &1 h6se creasing # virtually resultsin preventing flow, (1)i ultrasonic waves reflected frotheimpedance
interfaceof a parasitic nature(2) i impurities, inclusions, precipitates, etcatinodulethe ultrasound wave amplitude,

(3) i drip chamber tiltwith regard tothevertical functional axis by anglé [drops are outside¢hefi v onsfii e | d o
of theultrasound detector, ultrasound wavesflect from thesurface, drops impingenthechamber wall, etc.],

(5)1 an artefacbf a parasitic nature [emitter or detectufrultrasound waves does not abut agatinehose, mechanical

defectof theassembly hose, impurity, etc.]athleads to refletion of ultrasound waves anthe formation of afalse
signal.
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Alert messages (warning signals) are basedheabsenceof drops in thechamber witin
aspecified time interval (when taking into accotimtadjusted flow rate and total volunoéfluid
administered). Unfortunately, this principle did not allow us to indicate aitths already reached
theflow path(leaks assemblyintegrity failure etc.).Thecurrently used principlesingultrasaind
waves(in therangeof 21 8 MHz) appearedttheend of the 1950sandwasparticularly associated
with haemodialysis technol@ies in which air embolism posed avery frequent and fatal
complication Similar to othermethods ultrasoundair detectorshave some limitation# terms
of functionality as well & real possibilitiesof reproducibility and qualityof risk identification
in thecase of ultrasound air detectors thelimitation mainly relates todete¢ing theminimum
amountof air.

This limitation dependsonthesize (diameter)of air bubbles and uthsound wavelength
(ashorter wavelength allowshedetecton of smaller bubbles). However, sindbeabsorptbn
of ultrasoundin aliquid increasesvith shorter wavelengthshe ultrasound emitter output must be
increased. This is unfavourabiath regardto increasing ultrasonic cavitati inbiological tissues.
This fact must be respected primaiityair detectors tht monitor blood paths.

(Bb)

Figure 8.7: Thebiophysical pringdle ofan air detector (PKm)i piezoceramic transducewith electrodes,
(~ Ug) 1 high-frequency supply voltage, (Hx) i voltage signal proportional ttheincident intensityof ultrasound
waves, (b)i foreign substance (precipitate, substamé@rotén nature, etc.), (v)i air bubble of various size,
(h) 1 wall of theinfusion assembly hose, (AgAb) 1 detecton of very small and small air bubble, (B&)detecton
of mediumsized air bubbles, (BH) ultrasound waves passing througktandard crystalid, (C) i detecton of large
air bubbles, (Daj detecton of extraneous substances, (Dkparasitic deteobin by norradjacent detector (or emitter).
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Figure 8.8: Ultrasounddetecton of cumulative air bubbles.
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Figure 8.9: Thedesign and locatin of sensorsn avolumetric infuson pump.
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8.4 Theindication of other situations

During infusion techngues, it is necessary tadetect anumber of situations that affect
thefunctionality and safetgf the healthcareprovided Thesesituations are mainly

1. Indications of aclosed doorin infusion and blood pumps (microswitchbased contact
detectoy optoeledronic or magnetic sensor

2. Indicaton of syringe installaton (usually sensordasedon apotentiometeror inductive
transducey,

3. Indicaton of thesyringetype diameterY v ol u npeipt2 s ee
4. Achievementf thespecified infusbn volume,

5. Activation of abolus dose andts incluson inthetotal dose legal and illegal bolys
preassemblypolus dosegetc,

6. Determiningtheduraton of therapy,

7. Functions pursuant to points 4 to 6 are usually handled by software.

8.5 Infusiontechniquesand other medicalinstrumentation

Instrument mfusion technique are often used astandalone devicefor agiven therapeutic
purposg(in the past this wasthe basictype of clinical applications)We are nowseeng a growing
numberof applicationswhere instrument infush technques or similar techiques areincorporated
into an instrument unithat is composedexclusively of infusion devices (pumps + dispensars
additional assistive devicesHowever, there are alsovariants whereinfusion techniqus are
combinedwith other nedical devicesn order to achieve vergpecificsystemghat allow effective
butalso risky medical proceduretfusion technques often becomen integral partof more
complexinstrumentunits whereit hasasupport funcon or is thebasisof acompletly original
therapy Some aplication possibilties are

1. Separate application i generally one or several separate devies usedor aspecific
clinical applicaton unrelated to other types health services.

2. Creating more or less complex and numeroosbinations of infusion devicesthat are
professionallyinterconnected into systems These systemare built by theuserprovider
according to clinical requirementsutalwayspursuant to instrumons of themanufacturer
when incorporatingespective dedateddesigns

3. Infusion devices are an integralart of a more complex instrument unit where it has
asupport functon or function thatis crucialin termsof thedesired effecbf suchasystem.
It can be an integrated or modular version. Sadevice,however, is not capablef an
independent technical or clinical function.

4. Combination with other technical instruments that are medical and nemedical
apparatuses and are purposefully assembletidyyserproviderfor thegiven clinical case
or applicaton.

THE INFUSION TECHNIQUE AND THE HAEMODIALYSIS TECHNIQUE AND TECHNOLOGY



8.6 INFUSION TECHNIQUE AND ITS OPERATION WITH INDEPENDENT ELECTRIC SOURCES 91

8.6 Infusiontechniques and their operation with independent electric
sources

A completely separateroblem associatedwith infusion techniqus is thestate of electricity
sources tht enabler e | i a b loryteraxnaperaidn (i.e. for periods ontheorder of hours)
independentlyof themains Suchoperaton is ensured byaccumulator cellgbattery packsyvhose
origin, quality and lifetime are often very different. Battery packs are standard equipment
for instrument infusaintechniques. Their use is impant mainlyin the following situations:

1. Operaton inambulances and other mobile devices designed to transport patients (unless
they have their own souroé voltage),

2. Transport between individual sites (withthesame hospital or between various remote
hospitals),

3. Operaton incircumstancesof total power outages (electric grid and backup diesel
generators).

It is one ofthemost important conditions, not onlyn medical (reliable maintenance
of thecontinuity of life-saving therapy),butalso in econonic terms (adequate maintenance
of accumulator cells and their acceptable durability and reliability duhiegrovision of acute
health care). Accumulator cells are usually arrangeldousings designed to ensure sufficient
capacity (h amperehours), albwing operatbn for atleast for 1-2 hours. Thearrangement
of individual accumulator celln thehousing ensuretheintegrity of theassembly as well as its
quick replacement during stressful situations sat theoperatoruser is not forced to collect
individual cells scatteredntheground.

This requirement implies #t theoperating personnel very often transpdhieassembly
of accumulator cells asspare parin order to expanthe possibility of usingthedevicein thefield
beyondtheavailabiity of thepublic electric network. It isapractice also useah other medical,
instrument, lifesaving techniques such as defibrillators, mobile mondbystal signs (ECG, Sp&)
electronic tonometers), etc. Checkingecharge and conddin of accumuator cells is one
of thebasic obligationsof useroperators (medical and technical personnghecurrent medical
devices, typically fittedvith battery packs, usually providdse userwith basic informatn about
thecurrent stateof charge (capacitypnd thus some informath onthetime of use away from
thepublic electric network. However, this may not be relevant infoomatntheobjective
condition of thebattery cells. Thepresent instrument infusn technique is equipped
withi ma i n t-fe m évataryepacksin termsof providing safe health care, however, monitoring
their conditonis necessary. Essential rufes ensuringthereliability of accumulator cells and their
durability are as follows: keep them charged, charge them periodicalyagitevious complete
discharge and monitothestate of their chargein devices that are temporarily outof service
(failures, backup devices, unused devices, etc.).
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Figure 8.10: Volumetric (infusion) pumps and linear (injecting) dispensers equipfitbca control and monitor system
(including software), connected intalarger functional system by dedicated dock etatand transport console
atthep at i e nt @ anintemsidescare wnit. [85]

Figure 8.11: Design simplificatbn and functional modificatin of linear dispensers hepam pumps for dialysis
monitors, (1)i pump body structuraftlfirmly connected tahedialysis monitor (5), (2) carrierof the piston with rod,
(3)7 syringe , (4) syringe fixation, (5) dialysis monitor®of various origins.
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Additional technical resources and medical
supplies necessaryor the opeation
of the infusion technique

Althoughtheinfusion instrument technique ill considered and used primarily astandalone
device placedon awindow-sill or night table next toap at i leed bréclsair current effective
applicatiors require thecreaton of systemsthat satisfy greater demandenthequality of health
careprovided This situatbn is then managed by equipment and desidgteshnical andnedica)
that allow health professional® build assembés-systemsthat are mechanically stablgecurity
against uncontrolled fallsf device$ and electrically safgwithout anexcessive amourdf power
cords extensbn cables orplugy. These systems alsninimize the possibility of leaking liquids
mostly crystalloids(a very comnon complicaton that has an absolutely devastating effect
ontheelectronics of thedevice and often meanits destructiol), and simplifies thehandling
of liquids. They can be assembled individually accordingthiespecific needsof thepatient
with regard tothenatureand demand®f therespectivetherapy. Forthis purposethefollowing
designsare used

1. Carriersof instrument infuson techniquedevicesthat enable theireasy transporfusually
designed for 3-4 devices equippedwith one power cord lockable positiors, handle
for manualmanipulaton and transfer, ety;. seeFigure8.10,

2. A fAdock (docking) statiord that enable a caregiverto createstationary and mechanically
secure unitswith up to 10 oreven more devices tht are consistentlyavailable next to
thepatients bed (infusion rod, specialrails, suspensn systems, etg.while reducing
the overall weightof theassembly (seBigure4.5 andFigure8.11),

3. Thehighest levelof an infuson technique integrabn is theconnecton of individual dock
stations locatedtthep at i ent 6 s b e ds i daealloww contleapdratreand s y s
monitoring from acentral workplace, including seHules and check®f anticipated
activities (SZM replacement, ewd therapy, initiaton of new therapy, etc.).
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These system@articulaty pursuanto point 3 areavailableonly from higher qualityproviders.
Technical productscarriersand daking statiors referred tounder pointsl and2 are considered
medicalequipmentandallow for more efficient us@f instrumentinfusion proceduresparticularly
with regard to safety(falls) and thequality of health care provided. ltis asystem that allows
for stable placementext toap at i e ndr énshephtienb s b e dsuspensnihdidersand
infusionrods) acombinaton prepared according thep at i e n tmaysthembe enaverbgether
with the patient;this minimizes any confusion

Nevertheless theinfusion technique requires additional accessories and equipment
(e.g.software)that may be ratheextensive and allowsein fispecifice n v i r o romspetial s 0
clinical applicationsn termsof improved safetyof medical therapy.

1. Switches allowng bolusadministraton atthepatienb s r eparuteanent the number
of boluseds obviously limitedby sottware)

2. Equipmentthat allows the useof theinfusion techniquen theimmediate vicinityof sources
of electromagnetic radiath (magnetic ressance imaging) withoudisturbing or precluding
thedesired functn of thedevice. Theequipment usually indicatesthedistance from
the sourceof electromagnetic radiath inwhich use is not safe.

3. Other accessoriesomposedf aseriesof interconnectig and connecting caldand wires
thatenable some speti@atures

4. Othe special medical supplies (S3Misuallybeing disposablenaterialsfor single usethat
expandthe possibilitiesof usingtheinfusion tecmique (needles extensbn hoses, multiport
valves, odline filters, etc.)

Therange of such accssories, additional equipment, disposabiaterials, etcmay be very
importantin termsof therequired functionalitybutcan also be problematic cases wheréheuser
-operator is notsufficiently familiar with theuse of such medical apparatusestheir applicaton
in clinical operatbn thenmay be counterproductive or even dangerous.
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The negativeeffectsassociatedwith the clinical
operation of the infusion technique

Instrumentinfusion therapyis associatedwith theuse of technical devices (instrumentatioh
in combinaton with medicalapparatuse§SZM) that creae hazardous situatiaéthat maybe caused
by human erroras well astechnical failure with medical, nursingpharmaeutical and economic
aspectsand aspects related tive observanceof occupational safety rulesThese undesirable
situatiors camot beeliminated they can only be minimizedduman errois are more frequent;
technical failures are lesommon or are primarily initiated bythehuman factor (fallof devices
leakageof crystalloids, improper use). It is therefore important to lde#h these problemsanalyse
their causes oselectmedical apparatuseshat are more durable. It is necessary to cremtd
introdue systemic and methodological measutbgoreticaland practical educatn is important
Unwanted situationsoften with serious consequencgeare often caused bgconomic factors,
i.e.requirementsfor thelowest price regardlessfthequality and functonality of theproduct i
medical deviceatthesame timethei s avedo cost s ma ythessdompary dostsc a n
associateavith such failure(compensationshortterm or longterm treatmentincapacityfor work,
permanent disabilily

10.1 Contamination by foreign particles

Contaminamn is the presenc®f unwanted particlesf amechanical naturthatcan be described
as follows [86]

1. Solid heterogeneous and insoluble partittesd are presenn crystalloids and other liquids.

2. They can beof different sizes visible bythenaked eye (i.eat as i z56 em)) butalso
belowthelimits of visibility (dimensionsatarangeof 21 50 em); these small particlesan
only beseerusing special analytical methods.
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3. Materials may be varieaf adiverse omgin and shape
(a) Glass &mpoules with medicines or concentrades
(b) Polymers and copolymerpdckaging)
() Rubber or siliconevals with drugs or solutiongrystalloidg

(d) Insoluble substanceshat are precipitate, crystals etc. ¢heir origin can befound
in the preparatn of some drugsin drug dilution, eto.

ad Ba) Glassparticlesusually arise when opening aoytes EeeFigure 10.1), unfortunately
in theform of very sharpsplinters(shard$; therangeof their sizes is very wideThese
particlesare thensuckedin by thesyringe (with asufficient inner diameteraneedle
size of 18G is enough and appliedwith crystalloics or other carrier fluids into
thep a t i sterrnalénsironmeniblood cicculation)

ad(3b) Foreign particles may occur as unwanted residfigsoducton technologyor medicine
packaging theyaresmall polymer particles

ad (39 These particles are formed duritige punctureof plastic bags containingrystalloidsor
vials with drugs or medicines & are closedwith rubberplugs as well asin theuse
of injection ports trat are partof both infuson and bloodassembliesand ttat allow
theapplicaton of medicaton during therapy Theemergencef theseforeign particles
consistsinfi ¢ u t tsmah piecs of theplug, which subsequentlyenterthep at i ent 6 s
internalenvironment ¢eeFigure10.1).

ad 3d) In this case, it may btheconsequencef not fully mastered technological pemttres
in theproducton of medicines materialsmay have clots or poorly soluble crystalline
substanceor clumpsof clots. Another possible causetigincorrect prepat&éion and
dilution of medicinesdue totheincompatibility of theactive ingredientvith the carrier
solution. It can also beareacton to thematerialused to produc¢hehoses bags or
other SZM or sterilizaton residue that hasnot beenproperlyremoved It may also be
caused byalow biocompatibility level of materials usedespecial their chemical
purity) and technological procesqeslihesives and sealants residues tht are released
afterearly product distribtion) for the producton of SZM.

Consequences Theeffects of all intraluminal particles that were not timely eliminated
in theappropriate manneand entertheinternalenvironmentmay beadverse This is particularly

true for severely ill patients who can experience further deteraratf their health status and
occurrence of complications. It holds #t all particles, regardlessof their nature, can be
acomplicaton and ttat theseverity of these complications increasesth thesize and quantity
of the particles. Somewdt more attentin is paid to glass particles, especialMth regard to their
particularly inconverantproperties:

1 They are chemically stable and resistant; sosftehem ar e mi croscopic (
have sharp edges ardangerous shape (likeneedle). Their transparency impedes any
visual identification. These particles also threaten medical personnel (nurses).
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1 Themost damaged organs are well perfused or@theheart, lungs, kidneys, liver, etc.).

1 Themost frequent complicationsf(which other problems result) relate to vessel blockages,
with particles only several microms size.

1 Glass particles can cause structural charigessues tht resemble silicsis, modular
fibrosisof theliver and other internal organs and respiratory distress syndrome.

1 Contaminaton by silicon particles may aase granulomatous lung disease.
Thesituatonis exacerbated biyre numberof procedures tht involve these risks.
Risk prevention:

1 Firstof all, it is necessary to considie necessityof procedures it requirethe applicaton
of risk elements (glass ampoules, drug or vacuum containers, em@ctits, etc.) and use
applications tat minimize such risks (plastic ampes, technologically advanced products
with rubber and silicone caps).

1 Formedical reasons, these risks cannot be avoibetitherisky situations should be
anticipated and nursing and applicatprocedures adequately adapted.
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Figure 10.1: Possible contaminath of theadministered infusin by foreign substances, (1) glass ampoule,

(2) 7 vial, (3) 1 infusion plastic bagwith crystalloids, (4)7 file, (5) 7 theplace of breaking theampoule,

(6) 7 glass splinters, (7) syringe, (8)7 rubber or silicone plug, (9) r ubber or -sutld cpaet if
(10)7 drip chambewmith aplastic needle, (11) portwith arubber plug.
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Figure 10.2: Special medical supplies increasititg safety of instrument infusdin therapy, (1)i access needigee
cock with membrane valve, (2) aspiraton spikeswith afilter, (3) 7 safety shubff pinchcock, (4x - (4)b 1 clips
(retainers), (5) silicone insert / liner.

Thesurestsolution is theinclusion of on-line filters with the correspondingeffectiveness and
efficiency in trappirg particles of appropriatesizes This always leads toan increasen costs
of therespective procedure,which are usually lower tharhecost of addressingtheadverse
situations and events described abdeen when using this solutipiit is necessary to observe
certan rulesin whichthemethod is effective

1. Online filters shauld be inserte@s closes possibléo the point of vascularaccess,

2. Use of ontline filters suitable for thegiven applicaton (drug administration, parenteral
nutrition, etc.) accordingtthema nuf act ur er 6s i nstructions

3. Comgiance with theoperational life of online filters (ime criteron or criterion
for thedegreeof fluid contamination)

4. It is advisable to consideheuseof alternative (and often cheaper) methddgarticulate
filters, aspiratn spikes, neediree valves and aspirati strawswith afilter (seeFigure
11.2).

When using osline filters, it is also possible to incorporate propertiest t#ilow for optical
control of thefused solutbn as well as suppress eventual microbial contangnafdepending
onthepermeability of theon-line filters, which is determined bthesize of their pores); these
filters are sufficiently capablef eliminating air penetration.
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OUTLETFILTRATE

Figure 10.3: Online filters for instrument (and possibly gravity) infaesi therapy, (1)i contaminatbn of thecarrier
fluid, (2) 7 onrline filter, (3)7 hydrophobic membranes (polytetrafluoroethylenelimination of air, (4)7 ortline filter
case (tragpaent material), (b1 air.

10.2 Air embolism

In asimplified way, an air (ga3 embolism can be described as (gag penetrabn from
thesurgical field (or puncture, vascular access, injury,) eicthroughapiece of equipment tht
allows connectbn of theinternal environment(venous or arterial blood streqrwith the external
environment Themost commnon causesof embolism are [they may haveaclinical (medical),
nursing or technical origjn

1. Surdcal procedures

2. Improper punctureduringthe gainingof vascular access

3. Incorrectly filled anchon-deareatedhfusion systems (usualliioses,
4

. Opencock (valve), disconnean of hoses incorrect conneadin of hosesto other elements
of theinfusion system andhe useof mechanically incompatible components

5. The absence of security features (in cheap producjsi self-locking cone connectign
bayonetscrewcoupling sleeve lock nutsetc.

6. Incorrect nterconnectin of theinfusion system elementsiitht hr eaded coupl |
thet h r e erabdhreads) 1 one ofthemost frequent faultscausing severe leakage
of thesystem(!),

7. Interconnecon of gravity infusbn and instrument infusion when thesolutions are
administeredn paralle| known asparallel infusion,

8. Manufacturing defects or defects arising duringlinical appication that resultin abreach
of mechanical integrityof one or more elementsf theinfusion system (e.g.cracked or
leaky hosedefective glued joints, broken screw coupljregc.)
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9. Improper arrangement of the hosesin the patient environment and their mechanical
damage(e.g.pinching betweenbed components, fixatin atthepoint of vascularaccess
avoidingtherisk of pulling outthe catheterroutinghoseseyond reaclof the patient, etc.)

Of coursethelist of possible causes specdiander points 1 to & not completgin practice we
may encountertotally unexpected situatisnthat are alwaysundesirableand can have fatal
consequencef the caseof infusion therapy such adverse situations should be mdadeattenton
becausenostof them are combined (eventualyen caused Bwvith human errar

Air may occur in theflow path in various formsof air bubblesof diverse sizesi.e.from air
bubblesseenby thenaked eye(a diameterontheorder of tenthsof millimetres [mm]), through
bubblesof microscopic dimension&iameterbelow hundreds to tenef micrometes [¢ i) up to
bubblesthat cannot be detected hytrasaind machines The manifestain of an aeratednfusion
path in parallel infuson may befbeading wheretheinfusion hose containsalternatingsections
of liquid andair, i.e.liquid 1 air i liquid, etc.(seeFigure10.4). Theamountof air may be relatively
large, depenithg onthelength of individual aerated sections theinfusion hose arelatively
hidden form of aeraton is air dissolved in theinfusion fluid, water; this usually relates to
crystalloids Whenarelatively low flowis adjustedr if thedosage is interruptealver a significant
periodfor any reasojthec r y st al | o i dasmichiopubdesniwplls df thetinfigion hoseor
other partsof theinfusion assemblyand are flushed away from theassemblyafter theflow is
resumed Under certam circumstances and situatigngshen themicrobubbles occur behind
theultrasounddetector, theynaycluster which increasetherisk.

Currently allinfusion therapydevicesas well agressure infusin assemblieglosely associated
with this therapyare equippedvith features that eliminatethis undesirable situatn to avery large
degree neverthelesstherisk of air embolism should be given due attention addition to
theabovementioned possibiligs, anothereffectivemeasure ishe useof filters (seeFigure7.2 and
Figure 10.3) (with varying degree®f efficiency in eliminating air)that mustinsertedjust before
thepoint of vasalar accessThese ofline filters areof different designs and may be equipped
with filters with varying degrees of efficiency with regard to thethroughput of fiparticle®
(fromali5em up t o eam)Evidently,theseelements designtat this typeof highly
efficient and safe infuen therapycomewith additionalcosts tlat burdenthetherapy economically
However, itcan be concludethat they are cheaper thahesolutions tathe consequencesf air or
gas embolismTherefore the problem has two sidesircumstances #t may lead teembolism and
preventive measures ah minimize theemergenceof such undesirable and dangeroagents
Of coursetheresponséo suchsituatiors is primarily by amedical[(physician) and nursingeneral
(health) nurseand similatmedicalprofessions such as midwjfgractical nursé ] matter butthere
always must be an adequateresponseto minimize theconsequencesBiomedical eginees
(technician aremembes of theteam it is assumedhat he/she is capablef takingthecorrect and
adequate responsmdthatthey haveminimal knowledgeo efficiently solve such situationse.:

1. Placingthepatientin the correct position
2. Trendelenburg positign
3. ldentifyinghigh-risk medicalequipmentdevices.

THE INFUSION TECHNIQUE AND THE HAEMODIALYSIS TECHNIQUE AND TECHNOLOGY



10.3 DRUG COMPATIBILITY, MEDICATION ERRORS AND MEDICAL MIEONDUCT 101

Subsguently, it is necessary to carry ousiroot cause analysis, assess #ikcauses
in themedica) nursingandtechnicalarea and correcthe proceduresstandardsysedin this high
risk therapy.

10.3 Drug compatibility , medication errors and medical misconduct

At first glance suchsituatiors seem to be purely medionirsing issues; howevepractice
shows tlat the current possibilitiesof infusion therapy thefrequencyof theuse of these medical
devices, their combinations combinations with other medical means,and their potentials
in providing hedth carg also lead to undesirable situatiotimt camot completelybe ruled out.
The vast majority of clinical infusion technique applications is associatedvith dosingdrugs or
medicinal substancestherefore, also assessinghefi d e v(deviaeg I disposablesupplies’
diluensi drugd ¢ o mbniisradsk,ibothin terms of safety and efficacyof the therapy.

From this perspectiveye must distinguish between:

1. Adverse events health impairmenin a patient who takea drug, buttheimpairment is not
necessarily caused by this drug,

2. Adverse drug effects i health impairment arising indirect connectin
with theadministratbn of thedrug during its normal dosage,

3. Adverse drug evenishealth impairment caused bye useof thedrug,

4. Medical misconduct errorsin prescribing, dispensing or administeritng drug regardless
of whether or not this misconduct has resultedndesirable @nsequences or situations.
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Figure 10.4: Aeration of an infusbnas s e mb | y, fitbeerdideifiliragianof i@md t i cl eso and a
(1)1 air, (2)7 assembly bse, (3)i drip chamber, (4) particulate filter, (5) cock (valve), (6) plastic needle.
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Thesituations according to points 1, 2, and 3 aefeamedicepharmaceutical nature and are
rarely indirect connectin with instrument infusin therapy. Medical misconduct can be
characterized both fromtheabove perspective antheperspectiveof human error combined
with theused technical apparatusésmedical device (device + accessories + special medical
supplies + drugs or substanaasa similar nature).Thefrequencyof medical misconduct is more
comnon than adverse drug events; however, health impairmehtise patients (which they
eventually cause) are not as frequent as adverse drug events.

Thebelow-mentioned situations are considetedemedicalmisconduct:

a) | Improper prescriptini medication
b) | Confusbn of patients
gy 2 ¢ 72§ Z § Z § Z ¢ |Errorsattributable to

c) | Confusbn of adrug or drugs human factors without
d) | Incorrect or misleading (missing) designation theinfluenceof technical
e) | Expirationdate has passed factors, consisting rather
f) | Errorsin thepreparain ofdrugs in themedical and

y Z2 v zZ2 9 7z v 7z 9 Z pharmaceutical area
g) | Theuseof incorred diluens (solution)

y z 9y z 9y z 9 z 9 z 9
h) | Insufficient ingredient mixing

i) | Errorsin calculatingthe concentration

}) | Contaminatn (see Sectin10.1)

k) | Incorrect methoaf storage

<

However thefollowing situatiors can also be considered medical misconduct

I) | Incomplete administrain ofthe content (see Secin 6.2)
m) | Incorrect rateof administration

n) | Adsorpton (absorption)ondisposable aids Combinaton

gy Z2 9 2 9 zZ2 ¢ Z 9 Z § Z ¢ ofprimarytechnical
0) | Theuseof incorrect disposable aids causes or induced
p) | Drug incompatibility technicalcauses

g) | Inappropriate combination with other devices

Individual errorsrarely occur as separate eventhey are mostly encountereid mutual
combinationsWhen analysingthe causesthe situation can be difficultas there are usually multiple
reasos of misconduct with adifferent weight of i ¢ u lilityG bBnd effect ontheseverity
of consequencesin practice, unfortunately, evemanal cause have severe and @netimes
irreversible consequences.

ad a) T €) Human failurs. in principle, they areechnicallyunsolvableand their eliminatn or
minimization falls within the organizational and educatioraiea (standards!). These errors
partly arise from thenumber of different infusion devicesthat are usedin theprovision
of health care tasingle patientit may be more than 10 devices)
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ad f) 7 i) Again, human error. Thesolution is beyondthescope of thetechnique;it consists
in theorganizational and edational area and in thelarge numberof control operations.
This humanerror factoroften liesin thework overloadof nurses oralack of educaton and
experience

ad ) Comnon mistakes are thos¢hat the operator does not realiz8uch errors areausedyy an
incorrect assessmeatf theclinical statusof the patient orthegiven situation (alarm stats)
whentheinterventon is terminated prematurelgndthe syringe infusion assemblyand bag
with unused diluent and diluted mediciage discardeda common cause igheuseof low-
quality disposable aids (especially syringdsgtdo not allowtheadministraton of theentire
contens due to theirstructural desigr(size, shape, material, ét@nd acertan residual
amountof medicatonis discardednot administerejl

ad m) A trivial mistake consistsin enteringthedecimal sign (dot). Suchmistake can be fatal
especiallyin neonatal intensive car@hereforethedevices for this applicatbn are equipped
with asoftwarefi a | athatwarnsof unusuakherapy parameters

ad ) There are unusuainfrequent and hiddesrrors that theoperatormay notregisteratall.
Thebasis of prevetion is theuse of high-quality aids proven and testedin thegiven
workplace.in this casea substantial amourdf theactive substance or soméits fractions
may adsdr (less commonly absby onthe surfaceof thesyringe but mainly in theinfusion
assemblyor bag.

ad o) This is asituation that is associatedwith cases )l and n); very often, these arevery
unexpeted andnonspeific cases tht are very difficult to explainAn example may be
non-specific reactions #t are attributed to drug3heir causehoweverconsistan thenon
biocompatibility of mateials of disposableaids, e.g.due to technolagal and sterilizaton
residues.

ad p) Drug incompatibility and interactions are often treated as separate issue potentially
dangerous situain arises due tothefact that themajority of devices provide
theadministraton of drugs and crystalloid that can be prescribedby more doctors
in multiple sites.Drugs and substances intendddr nutritional supportare mixed Many
drugs nay be administered acutelg rapidly changing clinical conditianof the patient
Thereforeundesirable interacti@of all of thesemoleculescannot be excluded

Interaction is aprocess tat occurswithin thebody ands amedical problenthat wasprimarily
inducedby theinstrument infusion.

Incompatibility is an undesirable reaan betweenadrug andasolution thedrug andits
container or betweenthedrug andamother drug. Incompatibility isan undesirable processah
takes place outsidiepatienb s b o d y in bagsssyrimgesbr ynfusion assembliesand other
assembliesandcanbe visuallyindicatedand controlledWe distinguishbetween

1 Physical incompatibility arisgng during themixing (dilution) of drugs va intravenous
solutiors which are both carrier mediyradjustthe concentratn of thedrug according to
therapyneedsand allowthedrug administraton intherequired time intervalThereacton
may involve precipitadn or separatin of phases base@nthechanged relationshsp
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between ionizatin and solubility. pHvaluesof drugs as well as theluffering capacityare
important factorslt can beavery quick reaction which manifests itselélreadyin thefirst
few centimetes of theinfusion hose. Most commonly, theresult of this process is
aprecipitaton of solid particlesn theform of crystals or turbidity. These changes may lead
to increased drugffect (synergisny decreased drug effect (antagonjsar we may observe
completely new effect #tthese drugslo nothave if theyareadministered separately. Such
an effect an be toxic

1 Physical incompatibility which has thecharacterof adsorpton processesand results
in reduced drug concentrati inthe solution.

1 Chemical incompatibility means thatthedrugs can be degraded psocessesf oxidation
reducton and hydrolysisor by any other chemical decompositiomhis may lead to
turbidity, precipitaion, colour changesetc. Theresult isadesirable reduatn inthe effects
of drugs or secondary toxic productsay arise

Preventon is theknowledge of theincompatibility of drugs which represerg avery large
package of information whose observanceleads to adecreasein complicdions. Physical
incompatibility, if already presentan be successfulstiminated by usinghe on-line filters.

ad 9 Unsuitable combination with other medical means or devicesnay lead toserious risks
both in terms of security and efficacyof thetreatment This situaton arises especially
in intensive care units or operatitigeatresvhere there is an extremely high concentrati
of medicalmeanshavingthe natureof instrumentatin (therapeutic and diagnostitevice$
which caninfluence each otheit should beconsiderednot only thedevices themselves
butalso thé& necessary equipment (special medicalpplies expendable supplies,
accessories, etc.)An important factor is thepossible conneain ofthese devices
(interconnectn into systemsps well agheinfluenceonthepatient environmeningedical
and nommedical equipment, informain technology electranagnetic and ionizing
radiation, etc.)in this respectwe can alsamenton theinfluenceof drugs, crystdloids and
other substances most caseshemedicaldevices do not affect each other too much

1. Interactbn with medicinal substances amslibstancesof asimilar nature i.e.theissue
describedn thepreceding texfe.g.Secton 10.3.

2. Combinaton with special medicalsupplies i.e.various assemblies syringes, bagsetc.
(e.g.Chapter 4Secton 6.2andChapter 3.

3. Combinationswith theinstrumentaton that requirea professional approacind knowledge
of theprinciple, designtechmlogies and material structurestc. This publication cannot
comprehend and describell thepossibilities of such combinations which can be
problematic or evenahgerous.

a) It is necessary to realizedttheinfusion techniqueis mostly usedor adminigering fluids.
Some of these fluidsmay have devastating effectstheinstrumentabn because the
supportcorroson processs You can never guaranteeathitheflow pathof these fluids is
securedto theextentthat they cannoteak andpenetratanto devices @cedin the patient
environmentObviously, it is aqueston of placemenanddislocaton of all devicesn away
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that would prevent any threat$or other devices in theevent of fluid leakage. Other
preventon is theuseof high-quality disposablaids(especiallyassembliesandcarefulness
in settingup theflow path

b) Thebasic requirement placed ontheinfusion technique is thedosage of liquids
with accuracycorresponuhg to theclinical application in these caseshedosing accuracy
is influenced byanumberof factors ttat are more or less under contrdhedeviceallows
their setting and correctiors or atleast warns theoperating personnebf any hazardous
situation Theoperator musthenactto correct such adverse situations

Substance | Accuracy | (possible)Effects (some)Consequences
Crystalloids |4 7 % Assemblies, syringe Reducton indosing accuracy
Medicines 3 0 5 9 Assemblies, syringe Reducton indosing accuracy
Crystalloids |O 3 % Infusion assembly equippedith | (Long-term) accuracy

+ medicines asilicone liner / insert guaranteed

Crystalloids |3 & 5 9 Syringe withoutasilicone seal, | Uncontrollable emptying

+ medicines connectdn to theunderpressure| of thesyringe content)

sideof theextracorporeal blood
circulation °)

Parenteral O 5% Assembly Reducton inthedosage
nutrition accuracy, plitalates)
Enteral O 10 % | Assembly Phthalates, unceitadosage
nutrition time ?)

Blood 10 0 2 Blood assembly, vascular Reducton intheeffective
access, (high blood blood flow, mechanical
underpressure®) haemolysis

Crystalloids |O 5 % | Strong magnetic field (magneti¢ Dosage failures

+ medicines resonance imaging)

Liquids & 7 % | Heatsourced) Erroneous dosage

1) In principle, it is adangerous situain that frequently arises wheoonnectingthelinear
dispenser to some type of extracorporeal blood circulation (e.gperfusiology or
haemodialysis which is equippedwith aperistaltic pumpwith complete occlusin and
adjusted toahigheroutput,i.e.O3 0 0  marélatively highunderpressuréup to -150
[200] mmHg) is produced beforg¢heperistatic pump which may lead toacompletely
uncontrolled emptyingof theentire syringe content (usually20 ml, in thetime interval
of severalseconds). This undesirald®ent occurs wheusingasyringe withoutthe piston
silicone seal which igheessene of this situation Thedevice retains thepiston firmly
in thedesired positin butthesyringe is aerated throughmicroleaks (channelsaround
thepiston (seeFigure6.3).

2) Detailsin Secton4.2

3) Passabilityof thevascular access amgher diameteof needlesor catheter mustorrespond
to theflow adjusted ontheblood pump. Theeffective adjusted réquired output
of thebloodperistaltic pum@ 1 / Bax.} 12of thevascular accesyield.
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4) Infusion technique which isieeded to ensutbe patients vital signs duringnexaminaton
in astrong magnetic field (NMR must be placedin protective devices (equipped
with colour signaling to prevent any excessf allowed intensity of theelectromagnetic
field) or ata sufficient distance (howevdhis is sometimes very difficult)

5) Blood assembliegor extracorporeablood circulation, e.g.for haemodialysidreatment are
often fitted with aconnecton for theinfusion assembly However,the operator must have
information that this connectn is intended onlyor connectinga gravity infusion assembly
andservedorfi t o p phepatemd e.g.in the casehypotension.

6) This refers mainly tdheaters and solar radiai actingoninappropriagly placeddevices
e.g.onwindow parapetgblinds).

It is evident that thesituatiors that may result fromtheclinical operaton of combinatiors
of medical device®f variousnaturescan have surprising courss well as consequencasd can
be hardly pedictablein many casesTherefore each combinabin of medical deviceshould be
approacheavith caution alreadyin theassembling phase

10.4 Chemical and microbiological contamination

Chemicalor microbiologicalcontaminatbn posesrisk in itself andnot anly for patientsbut also
for medical personnel inthis respect theinfusion technique is an interlinkwhich allows
theapplicaton of substancesatthehigh-quality level and in quantites which would not be
manageablenanually. Any undesirable situati can be partly or fully caused by human factor (if
thetechnique is not used properly) or by technical factor (technical failures) or by combinations
of both of these factors.Thet er m fichemi c al C 0 nds#uationn iawhiclo n 0
thehealthcaravorkers are unintentionally exposed to dangerous drugs. It should be underatood th
there are many drugsahcan have medicinal as well as dangerous effects. From this perspective,
these are drugs @h show acertan degreeof carcinogenicity, teratogaity, developmental or
reproductive toxicity to humans, organ toxicity (exatow doses)n humansbutalsoin animals,
or genotoxicity. Substances this nature are also clinically applied usitinginstrument infusin
therapy; for some of them, suchaway of therapeutic applicain is typical. This undesirable
situation, i.e.chemical contamination, can occatany stageof thepreparatbn of therapeutic
procedures (drug dilution, therapy initiation, sadatiof different situations during treatment,
treatment termination, disinfeoti and cleaningof devices, liquidabn of disposable aids, etc.).
Currently, we register more than one hundred drafjhis nature tht can be divided into
thefollowing groups (drugs or medicines):

9 Cytostaticsand cytobxic medicines,
1 Antibiotics and antivirals,

1 Monoclonal antibodies,
1

Preparation$or gene therapyandhormone preparations
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Figure 10.5: Microbiological contaminatin of theinfusion technique and its nature, (1)typesof microorganisms,
(2) 7 amount of microorganisms, (3)i different stagesin themicroorganism development, (4) contaminain
with substancesof biological orign (blood and its derivatives, other proteirfats, etc.), (5)1 contaminatn
with substancesf inorganic orign (calcium, other ions, fragments drugs, etc.), (6) surface character (roughing,
cracks, dead spaces), {7pH of theenvironment.

These issues relate theinstrument infusdn therapy andanumberof medical fields atypical
example isoncology startingwith the outpatient departments amadingwith hospital wards and
specializednstitutes.

Microbiological contaminatin concernsboth parties both thepatient and medical staffthis
problemmay bemedicooperationalas well agechnical(not very frequent case)n practice,we
encounter situatiors where it is necessary to corretttetherapy andfi s t iadrkgo change
theconcentration replace theempty syringe manipulate with thevascular acces®r replace
expendable materials the caseof their failure These are operatiodsiringwhich the system must
be disconnected and extraordinaryuaplanned actios carried outThe contaminatbn mayonly be
of chemical nature, microbiological nature, or is caused bgubstancesof biological origin
acombinaton of these various influencesan be considered aglversesituation
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10.5 Sharp object injuries

Infusion therapy isaninvasive therapy it requiresaccessnto thebodyby bypassingthes ki n 6 s
protective barrier.ristrument mfusion therapyis a medicalprocedurethat uses arangeof medical
devicesenablingthis accessfor atemporary period [less than 60 minyteshort term period [less
than 30 daysthemost commnon caseapplicaton time] as well adongterm period [a time longer
than 30 days]More than tlat requires an implanfThemethod is associatealith the useof sharp
objects(needles and similar materiaicalpels, glasis splinters, etg.andtheconsequences injury
apply to all professiondt is a matterof fact that suchinjuries are numeroysindgenerallyinvolve
injuries causedby contaminated needielnjuries caused bgterile and unused needéeare very
rare This type of injury may have varying degesof severity in terms of theconsequences and
costsof any necessary treatmehttalsoin termsof its nature (se€igure10.6):

1 Percutaneous injuty
1 Contactwith mucous membrangs
1 Contactwith damaged skin

Needlestick injuryis cited asamodel situation, not so mudbr its severity butbecause iis
themost comnon injury. in termsof prevention it is very importanto know the stagein which
theinjury happened:

1 Inuse,

1 Whenhandlingtheneedle beforets disposal
1 In connecton with thedisposal

1 When attaching caponausedneedle!

An important and interesting factor isthelocation (workplacg where theinjury occurs
i.e. whichworkplaceposesarisk from this perspective

1. Patient departmenpgtient roon),

Operating theaes,

Casualty(casualty department),

Ambulance

Intensive car@nitsandanaesthesteesuscitathn departments

Procedurevards

N o o bk 0w D

Other medical facilities
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Thesituatonthatled or could lead to injury is also important
Streséul situation

Distraction by other activities,

Rush,

Lossof attenton and selcriticism (I have donet so many timesthis wuld nothappento
me)),

S

Repeated attempts to intervenagituaton wherethe procedurd treatment goes badly
Fatigue,

Uncoorperative patientpaediatrigpatient

© N o O

Other factors (risk underestimation, experiersadety features, etc.)

OTHERS)

LAB WORKER

PERCUTANEOUS
INJURIES

UNKNOWN OBJ ECT‘S

FIXED SHARP OBJECTFS

Figure 10.6: Percutaneous needlestick injuries (or injuries cause similar sharp objects or other sharp objects),
professional representation, *) paramedical professionsinwitte meaningof Act No. 96/2004 Coll., as amended,
ieegener al nurse [ A5], practi-oaarseuf 886 | tA2eanhupaunima rdjoné 4f 2
**) housekeeping (interndbutalso external outsourced services), maintenance, students, trainees as well as other
medical and nomedical professions includinthetechnical componenbf thehealth care provien (biomedical
engieer / technician), patient visitors [86].
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Chapter 11

Systemdfor the infusion technique

As alreag pointed outin previous textstheoccurrenceof infusion techniques and similar
techniques useit clinical practicein the provision of health cares highcomparedo the periodup
to theend of last century atthe beginning,theinfusion techniqueincludedone orseveraldevices
(up to 2 or 3 pieces)hat were arranged side by sid#eamount of disposablesupplieswas
minimal. Theassortmenbf used solutions/ crystalloics and quantityof drugs was also smaller.
atthebeginningof thenew millennium thegrowing numbef infusion devices and other medical
apparatusesequired adifferent approactthat consistedin assembling ananainly in optimizing
systems(units) that were fitailored for therespectivepatient.atthe same timethese systemare
not just agroup of devices(i.e. theoptimal numberof infusion pumps and linear dispensers)
butalsoincludetheuseof diversedisposablesupplies(materials)that are no longeonly infusion
assembliesand syringesbut other material tht enable userso ensureahigher qualityof therapy
including safety features both fronthe perspectiveof the patient andhe operatoy and ttat enable
theuserto modify thefunctionality andtheassociated securitgf the entire system even under
working arrangementsduring aprocedure Such enhancementef thesystem are linked to
the preventon of risks that have been describéa previous chapters, and sifjoantly simplify and
streamlinethework of themedical staffatall levels (medicine, nursing, pharmacy, etc.These
sysemsand additional health resourcatsolimit theadversesffects of thepatiend snvironment
simplify the manipulaton of devices andfacilitate their transport (togethaith the patien} as well
as their safe and orderly placemerdtthebedside of thepatient. Progressis also seen
in the software of devicesand assembled systemsatltan be connectedthto anetwork which
improves theoverview of changesin dosage, provides impaant informaton about thedrug
database and drug interactprallows themarking of prepared as well aactually used drugs
(colour labels barcodes, alphanumerinarks of larger sizes, etc.)seethesoc a | lineegrated
drug libraryo that can be regularly updated and adaptedthespecific needsof thegiven
workplace
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During its clinical existencetheentire system (@t can be called infusenh therapy) has
developed intaarelatively complex drm and includes several clearly defined parts which differ
in their characterdesign purposeof use,functionalityas well agheimportancefor this therapy. It
is possible to admithat thesystem can bésimplifi e dndsomeof its partsomittedunde certan
circumstancesneverthelessthis possibility is limited bythecurrent requirementsor proven
quality of treatmentinterventions.anegative factor tit may cause this situam lies in limited
financial capacities tat exist and will exist The queston is wheretheacceptable limits areBasic
domainsforming the systemof infusion therapy can be divided as follows

1 (P)$¥ PATIENT who is connected to suchsystem Thetaskof thesystem is to improve
or stabilize his/her clinical condition This is adetermining factor for developing
(assemblingjhe system especiallyin casef life-savinginterventions

1 (SZM) ¥ SPECIAL MEDICAL SUPPLIES i medical apparatuseg¢materials)that are
consistently underestimated terms of quality and impacbnthesafety and functionality
of theentire system. Persistent requirements to redlieénancial costsof treatment are
ahighly negative factothatjust rigidly acceptshenecesary claim to anacceptable balance
between risks and benefitBhis mostly relates taedicalapparatusethat must be entirely
disposable especially in considerattn of ther direct link to thep at i entetnd s
environment

1. Infusion assemblies and syringes i their importance and impacbnthequality
of interventon are describeth Chapter 4

2. Medical apparatuses devicesrelated to vascular accessist be chosen very respdlgi
with respect totheanticipated coursef therapy andclinical statusof thepatient These
apparatusesnust alsoensurethesafety of medical personnel(see Secton 10.9); it is
appropriatehat they arefitted with secuity featuresthat minimize stabinjuries This group
mainly includesthefollowing items

a) Injection nealleswith wings, designed onlyor shortterm use
b) Intravenous cannulasthatare intendedor long-term use.

3. Partof these medicahpparatuses / giees effectinterventon quality and safetyndirectly,
as aprecautionary measure to minimize certaisks or streamline somerocedures
Forexample, his relates tahe minimization of cortaminaton by foreign particles

a) On-line filters or in-line filters, dependingonthetype with filtration efficiency
for particles smaller than & mDue tohigh filtration efficiency, theymust be inserted
immedidely beforethe point of vascular access

b) Particulate filter s with afiltration efficiency for particles up to 15¢& m intended
for comnonuse

c) Aspiration spikes intended for asecureand very simple applicatin of fluids by
syringes. Filtration efficiency (e.g.insoluble lyophilisates is ensured by filters
with permeabilityaround5 e m
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d) Aspiration straws for sucking in solutions from vials are fitted with filters
with efficiency up to5 € mand reliably eliminatesolid particlegglass, rubber, plastics
etc.).

€) Note Filters under letters a) and b are also effectivein the elimination of air and
gasesas well aghe consequencesf possibledrug incompatibilities

4. Otherimportant elementare thosehat enable secureeedleaccess tdheinfusion assembly
evenduring aprocedure This group includeslassicports with a separating membrane,
as well asneedlefree valves that are equippedwith afilter membrane and reliably
eliminatesolid particles.

5. Three-way cocks and extenson hosesthat enabletheusert o orgéniz othedosing
of liquids, drugs and other substances

1 (L) and (SW) § ELIMINATI ON OF MEDICAL MISCONDUCT AND DRUG
INCOMPATIBILITY should beapriority. in these casegpreventon is amethodological
or organizational measum@nd can also be very effectively and efficiently supported by
anumberof technical elements.

a) A clea description, caur coding orbarcodemarkingof all thesyringes plastic bottles
and bagshatalready conta diluted drugs and are reathyr application.

b) Colour coding of vascular accestools and related ilets (e.g.catheters, mukway
cocks etc).

c) Systemicmeasures tit allow theuseof software optionsegardingtheinterconnectin
of infusion devicesnto a network ancenablethefollowing functions

- An overviewof dosage andtheir eventuaimodificatiors
- Keepng an updated lisvf drugs

- Selectonfrom this list of drugs

- Adjustingdose limis using software

- Regulathgtheflow andflexibility of its control

1 (P-ZT) $¥ STABLE, TECHNICALLY AND STRUCTURALLY DEFINED
COMBINATIONS  OF INSTRUMENT MEDICAL DEVICES TOGETHER
WITH THEIR LOCATI ON atTHE PATIENT 6 S B E DdselabeEessary condan
for theapplicaton of this techniquge this prevents unnecessary damage tsingle
componentstheir malfuncton or destructionand improveshe overviewof devices:

a) currently usedddjustedoarametes of thetherapy i therapyisin progress,

b) in standby mode parametersof thetherapyare adjustedspecialmedical supplies,
diluted drugscrystalloids are prepared, gtt.therapy does not take place

c) ready to use devices are installednh theassemblybutthey are nb yet equipped
for treatmeny,
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d) in an alarm conditin where thetreatment is blockedhy software and therespective
causes / failures aenalysed

e) requiringthereplenishmenof drugs, solutions, disposablaids, etc.,
f) in combinatonwith otherdevices designedor nutritional support
g) Iidentified asanecessarpackup

h) intendedfor operational maintenance (disinfextiand cleaning) batteryreplacement
etc,

i) instrumentation
J) thoseoutof orderandthatrequire professional servicingtc.

Placingall thedevices imo adodk station is asolution that ensureshe mechanical stability
of therequired combinatian their standard electric power supply(excluson of any
extenson cords and plugs) andtable position inthepatien6 £nvironment e.g.throud
singlepurpose railsjnfusion stands, suspersi systems etc. Forcreating simple mobile
units, we usdransport carriers; they performasimilar functon asdod statiors butare
designedfor asmaller nurber of devices (up to 3 pieces)ahcan be tansported by one
person Such assembligstiwels Yoareabasic (constructional) system element.

(O) T SECURE STORAGE OF WASTE. Thefact is that asignificant proporton

of injuries occur attheend of theuse of disposable aids especially in cases where
contaminated materialare storedin anonstandard way(plastic bags, paper boxes
discarded cans, etcBotential adverse situations are significantly eliminated by using waste
containers

(O) i SAFE DISPOSAL OF WASTE. This is necessarywith regard totheformation
of considerable amountsf disposable singlese waste largely produced frompolymers
siliconeandrubber asmall portonis composeaf low-alloy stainless steelglass and paper
contaminated by residueef drugs (someofthem may pose arisk, e.g.cytostatics)
Contaminatn by various substancesrystaloids and substancesf biological origin) is
also possible whereas we cannot disregtrdfact that theresidues conta ahigh
proporton of water!
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4/ VASCULAR|
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CANNULAS
CATHETERE

Passive and active
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staff protection agains

(3) injuries and
contamination.

Figure 11.1: Infusion therapy system ascombinaton of medical means, (1) vascular access, (2) medical means
for single use which serve to protect or implemesiable and functional vascular access dle= cannulas, catheters),
(3) i protecton elementsfor (2), (4a)i pressure infusin assemblies, (4bj syringes fittedwith asilicone seal,
(5a) 1 infusion pumps, (5b)i linear dispensers, (6) dock statn (bracket), (a ) i plastic bottles or bags
with crystalloids (infusdn solutions), (7b)i drugs, medicinal substances, nutritional support, {7&dftwarei A d r u g
Il i braryo + i ondine tilterd arinline fijters, (9)8 Jhreeway cocks, (10) special neediree valves,
(11) i barcodes (or colour inscripin labels), (12)i waste containers, (ET) i medical technique, (P) patient,
(SW) i software, (SZM)i special medical supplies, A, B, Cconnecting points, (O) biologically contaminated
waste.

Figure 11.2: Special medical supplies increasitige safety of instrument infusin therapy, (1)i access needizee
cock with membrane valve, (2) aspiraton spikeswith filter, (3) i safety shubff pinchcock, (4a - (4)b T clips
(retainers), (5) silicone insert/ liner.
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Introduction

Renal insufficiencyi a kidney failure in humans, both partial and compiete a serious life
threatening medical condition wherrék basic functions performed by the kidneys in human body
are dysfunctional: the removing of metabolic toxins as a prodficinetabolic exchange,
theregulating of physiologically accepted amount of water in body (namely the excretion of any
excessive watr), and the maintaining of electrolytic (adidse) hlance. Last but not least,
thekidney produce hormonike substances that regulate the growth of human body (which is
particularly important in children and youth), blood formatidwrfan erythropoi@t.), etc.
Theconsequences of this medical conditions are not comeatilth life and without using
acomprehensive therapy, including haemodialysis devices, a patient who has reached the termin
stage of renal insufficiency dies. Conservative theragset 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 theatiestasf all renal functions
to their ful 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 texamd excessive water and regulate the
acid-base balance only to a certain extent. Therefore, dialysis therapy must always be considere
Afonl yo as maintenance therapy which enabl e
time while providing arelatively 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 successt
kidney transplantation. Obviously, dialysis remains of the majorséfeng tlerapy in situations
when kidney transplantation is not possible, such as when other accompanying disease
contraindicate transplantation, when the graft was rejected, a suitable donor cannot be found for
long time, etc. Although both device dialysis gmetitoneal dialysis are very young therapeutic
methods, they are both very effective and compared to other therapeutic methods that are include
under Anartificial body organsao or Asupport
replacement, artificiablood circulation (perfusiology), lung ventilators, cochlear replacements,
implantable cardiac stimulators, parenteral and enteral nutrition support, etc.) they are among th
most effective ones therapeutic methods that are nowspdead, [28], [62].
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Chapter 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 technicak resoear
missing. However, they were clearly guided in the right direction and success appeared as soon
adequate technical means were available. These related to advances in the chemistry of polyme
i.e. mainly the realization of suitable permeablentheanes (diaphragms), because dialysis is
primarily a question of a controlled substance transfer through selectively permeable membrane:s
Although it is a passive biophysical substance transfer mechanism, semipermeable membrane
allowed for at least a siugient replacement of basic biological kidney functions:

T

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 replengsit of missing fluids,
Ensuring electrolytic balance (adhse 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 thaise modified technicolinical 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 efficidititation 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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121The APrehistoryo of dialysis

As stated above, dimis 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 ingrfGgimay therefore be
regarded as somewhat aged.

185471 The first work in this direction is attributed to Thomas Graham, a Scottish chemist who
focused on the study of permeable materials of
material sered 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
Adi alysiso that is stildl used today.

1855and 18601 Attempts with a vaety of colloid membranes were carried out by German
physiologists A. Fick (around 1855) and W. Schumacher (around 1860).

19127 The work of German physiologists was the basis for a series of experiments that
ultimately resultedalpwzéehe devBhbpmemoteophwnsiid
G. Rowntry and B. B. Turner. It is truly remarkable that the dialyzer, which is the result of these
wor ks, most resembled todayds capillary dialyz
capillaries composed of a mixture of celloidin + ether + ethanol; a similar design was subsequently
also used by other scientists (d6gure 12.1). They used a physiological saline solution (0.9 %

NaCl solution) insteadf a dialysis solution; hirudin was used as an anticoagulant.

19147 C. L. Hess and H. McGuigan conducted their experiments on dogs.

191971 The first dialysis attempt on humans (unfortunately unsuccessful) was conducted in 1928
by G. Haas, a German physini 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 pictsmee Dutch Hanseatic town of Kampen on the bank of a
canal that separates it from |IJssel meWiempol der
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 cellHasetate membranes based on the
German discovery of cellophane, which was originally meant for thet $eotor. Together with the
use of an isotonic sugar solution, this all owe
Figure 12.2). Its base was a horizontally positioned rotating cylinder assembled Wedtens
(wooden slats) with a wourah cellophane hose that was several meters long. The length of this

hose (3040 metres) defined the Adialyzero area, wl
day dialyzers. The cylinder with the hose was pldneaal bathtub that was hdifled with solution.

It should be emphasized that it was an inter mi
filled and captured in the cellophane hose, t h

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 cylindeistand the time of blood
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purification. Therefore, any precision throughout the entire process was lacking and the humar
factor played an i mportant rol e. The amount
cellophane hose (approximately 2.p to 2.4 m, i . e. an equivalent t
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
unfavoumble 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 tc
consider the risks associated with returning the blood (blood tmksiaembolism, very common
and serious complications at the beginning o
problematic features; the first dialyses were therefore not so successful and the first fifteen patient
died. Consequently, Kof f 6 s kidney earned an undeser vec
machineo which, despite its following succes:¢
ALuck s mil e 8aptentbar 11K W45ivHen he performed the first successful dieyn

a patient, Sopfia Schafstandt. It was an acute dialysis procedure and the patient finally returned to
normal life and died at the age of 73 in 1951. This successful procedure provided conclusive
evidence that treatment of renal insufficiency wasgible. As with many other inventions, a major
impetus for its development and further improvement and practical deployment was the war anc
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 i n-195& &he dekloymentoh an\Aleeady impraved K&@f5 0
kidney led to alemonstrable decrease in deaths of allied soldiers due to pésaumatic shocks
byupto50%. Still, however, it was fAonlyod an acu

Figure 121: A replica of a Hess fdAdialyzero, source: an ex|
EDTNA / ERCA Congress in Hamburg, see also [18].

Figure 1222.A repl i ca of Kol ffbés #dAartificial kidneyod, sour c
EDTNA / ERCA Congress in Hamburg, seeod$8].
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Nevertheless, it is necessary to objectively say that Dutchman W. J. Kolff was not the only one

who
acut e

intensively
Atreat mento

wor ked

on

an

Aarti fi
Ndse Alwadl, naa $wedishn sciantist [28],1 peoneeded

ci al

ki dne

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 ¢hefore 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 tequality 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 fisignt blood flow on a londerm basis. Another
breakthrough moment in dialysis treatment is associated with the year 1959 and a young American

docto

r, B.

H. Scri

bner ,

wh o

sol ved

t he

repeate

shunt. Initidly, 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] vias 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 thérst 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 teraimiodl,
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 shkarc h o f chil drenobs

continuous dialyses in anaesthesauscitation wards), etc.
Year | Number of | HDS? Number of | Number of | Number | Personnef

patients' deviced procedures' | of beds

2001 | 5290/(420) | 83 1 109/(404) | 539 742 814 149/ 999/250
2002 | 5559/(457) | 88/(21) |1 188/(500) | 563 865 840 170/1 038/258
2003 | 5678/(453) | 91/(23) |1 208/(614) | 573 357 839 171/1 039/245
2004 | 5 884/(492) | 88/(27) | 1276/(561) | 603 561 889 172/1 040/237
2005 | 5992/(503) | 89/(34) |1 311/(642)| 629 4% 926 187/1 072/251
2006 | 5905/(495) | 92/(41) |1 346/(693) | 635 774 977 187/1 051/212
2007 | 6 508/(548) | 92/(43) | 1452/(693) | 710 056 1016 236/1 087/245
2008 | 6 827/(597) | 92/(45) | 1509/(670) | 763 571 1 057 229/1 129/
2009 | 6 927/(616) | 97/(46) | 1 637/(750) | 798 B7 1158 260/1 179/258
2010 | 7 426/(633) | 102/(51) | 1 688/(781) | 862 927 1218 297/1 246/283
2011 | 7 314/(648) | 102/(51) | 1 733/(807) | 910 978 1271 289/1 242/282

Table 12.1: Expansion of dialysis therapy in 20@011. [21]

di al ysi s i s
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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 boa
of one dialysis centre in Prague. The first successful dialysis was performed on Deb@nil9ss.
I n 1958, anot her di al ysi s centre was estab
followed: in Ostrava (1963), Olomouc (1964), PraguikkKEM (1966), Pilsen (1969) and then in
Brno and Zl2n. The first bdiahegsli s ncKotgn &€ ei 1f
also in Bratislava (1966) and Martin (1966). [28] The start, therefore, was not so bad. From the ven
beginning, however, the work of these centres was dependent on the acquisition of foreigr
equipment and materialdédt limited the extent of necessary treatment and therapyir(gouit
measures); consequently, this therapy was not provided to the extent required and, of course, not
all people who need it. This unfavourable situation did not improve for a longatichevas even
artificially deepened by the smlled contraindications which did not always have medical and
ethical reasons. Attempts to develop dialysis devices of Czechoslovak origin were unfortunately no
very successful, although several industrialgmufactured devices (Chiradis, versions A, B and C)
were used in clinical practice (the 1990s). Clinical practice was therefore mainly dependent or
imports. Gradually, the centres were equipped with Moeller, Alwall, Travenol, Niechal and Cobe
devices (se€&igure12.3 andFigure 12.4). Later, they were also fitted with higind devices from
the Swedish company Gambro and the German company Fresenius which, together witl
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 19931994 and later years, when the number of dialysis centres in Czedlloalstarted to
grow (sometimes in an avalanelilee way) to the level required; this trend essentially continued
also in the newhmdependent Czech Republic. Currently, this treatment is available in the required
quality and quantity. Naturally, all theeeds of the instrumentation (dialysis monitors) have not yet
been met, especially regarding the renewal and replacement of dated equipment, suitabl
geographical distribution, the amount of qualified personnel, i.e. mainly attested doctors
(nephrology), gneral nurses (with appropriate specialization) as well as other workers in
paramedical professions very closely related to this type of therapy (dieticians, clinical
psychologists andiomedical engineers / techniciansetc.).

Notes on individual data (s€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

per f or med; it includes both chronic and act
new patients continuously included in the program, successful transplantations, treatment
interruption, and transfers between treatments (haemodialysjgeritonea dialysis). Of
course, it is necessary to carefully distinguish between numbers of patients included in
dialysis treatment and peritoneal treatment (data in brackets).

An important statistic is the relatively steep increase in the number of centreb, wédis
much steeper in the years immediately after 1990, as well as the change in the ratio of stat
and nonstate centres, strongly in favour of nstate (private) entities.
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It is also interesting to see the increasing number of new devices usitagdbt 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. Nevertheltdds,may not always be exact and fully informative
data (operational hours should always be considered as well).

The increase in the number of procedures performed is also very sharp. In terms of the
quality of health care provided, however, the change¢he pattern of individual therapy
types in favour of haemofiltration methods is more important{ab&e12.2).

The increase in the number of beds by about 36% roughly follows the increasing trend in the
numbe 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 commoa bef
2000 and caused by the limited number of devices (beds); currently, night shifts have been
restricted to the necessary minimum.

From the viewpoint of personnel, it is clear that the main operation burden lies on nurses
whose number (+36%) has not meased 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 theimber 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.

Haemoperfusions are therapeutic methods that (as procedures) are moved to the
competency of anaesthesesuscitation departments where somewhat different
instrumentation (modification) is used.

Year Individual types of procedures
Total HD HDF HF HP

2001 [ 539724 | 508232 | 26102 |3542 |88 |HDT classic low flux dialysis

2002 | 563 865 | 525605 | 34052 |3175 |61 | HDFT haemodiafiltration

2003 | 573 357 | 529522 | 40597 |2007 |57 |HFi high-volume

2004 | 603561 | 537 493 | 63263 |1863 |47 | HPi haemoperfusion

2005 | 629450 | 532799 | 90524 | 2722 |31 | Other method$

2006 | 645 368 | 509 276 | 117 926 | 7 186 | 14 | plasmapheresis, etc.

2007 | 710056 | 525709 | 160 248 | 3665 | 15

2008 | 763 571 | 539 227 | 193 038 | 360 6

2009 | 750 798 | 509 681 | 243 226 | 415 4

2010 | 781862 | 479 383 | 302 825 | 329 7

2011 | 807910 [ 476704 | 376993 | 3345 |4

Table 12.2: Changes in the pattern of individual therapy types in favour of haemofiltration methods. [21]

THE INFUSION TECHNIQUE AND THE HAEMODIALYSIS TECHNIQUE AND TECHNOLOGY



12.4 FURTHER DEVELOPMENT OF DIALYSIS THERAPY IN THE CZECH REPUBLIC 127

Obsolete devices were quickly replaced by more modern device§ifgee 12.3 and Figure
12.4); the number of procedures, dialysis beds and-figdlity instrumentation rapidly grew (see
Figure12.6). At that time in former Czechoslovakia as well as in the independent Czech Republic,
twaso@ mmon to find devices that were provided
good will to help in many cases, but yheere sometimes museum pieces.

When comparing the data in the table ($able12.1) and other data evident froRigure12.5,
the graph and its figures, it is clear that the number of procedures was essentially saturated and tt
dialysis treatment was provided to all who need it using-bighdeices. Part of this development
was also the acquisition of higjuality special consumables (dialyzers), blood assemblies and
dialysis needles, as well as acute and permanent catheters to provide vascular access. The use
professionally produced dialysoncentrates has become a matter of course. The technological
chain also gradually i1incorporated other nec
during this period (water treatment for dialysis). In this respect, the Czech Republic became ¢
producer of some highuality components necessary for dialysis therapy, such as blood dialysis
assemblies, dialysis concentrates, etc.

Note: The devices ifrigure 12.3 and Figure 124 come from a private collection of our
coll eague Radko Hyl 8k from Liberec and the p

Figure 12.4: Dialysis device$ 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 precedingxtedialysis 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 requispécial 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 highality communications (transplantation). It is also
necessary to provide a functional concurrence / flow with other medical facilities / branches such as
anaesthesteesuscitation wards and intensive care unitsgh®mical 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 alles patients with renal insufficiency to live a relatively higlality
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 leeennabve 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 lomgeobstacle. The current development of dialysis
techniques is focusing on improving software and functional capabilities (blood pressure
measuremeni NIBP, measurement of blood recirculation in the shuntfiren ultrafiltration
management and dme tracking of the therapy adequacy indeXt/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 systentaklgéh s
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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 moniors: AK 10 Gambro (very successful modular system), a C3émlak attempt to produce
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Figure 12.7: The medicetechnical and technological development of haemodialysis therapy.
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“
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Figure 12.8: A haemodialysis centre asgstem designed for treating renal insufficiency.
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Chapter 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 (biophysal) 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 i
isolation, but are applied at a rate that corresponds to the applied therapy edthestrament 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, tHdéfusion i as a(bio)physical proces§ can be
characterized or defined as a spontaneous passive transport of substances from places with higl
concentrations to places where their concentration is lower [19]. This substance transport result
from the Brown movement andins 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 environmen
(blood circulation and intrabody environment) into an artificially created environmentiadysis
solution. These environments are separated by a permeable membrane with selective permeabili
to various substances (segure13.1). In the case of dialysis, the metabolic toxins (catabolites as
metalolic 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 bemi)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 bthe (semi)permeable membrane,
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e) Back diffusion,

) Fl ow dynamics of fAliquidso on both sides of
g) Diffusion resistance,

h) Temperature, ultrafiltration efficiency (size of retained particles), etc.

At very small di stances (on the or dtrougho f uni
di ffusion processes is relatively Afasto, whil
distances [24]. Diffusion rates decrease with increasing molecular weight; finally, diffusion stops
completely at a certain boundary size ofsahces. Substances that have a low weight (e.g. simple
il ons) may spontaneously pass through even in t
[1], [28], [19], [20].

Diffusion can be described by the following equation:

Y6

0 U CDC)T (13.1)
where:
0 ... diffusion rate,
0 ... diffusion coefficient,

0 €é membrane area,
Y8 é  concentration gradient (difference),
‘Q é diffusion path (of molecukor 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 qeires 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 Ot her undesirable processes that | imit the

Convectioni s a (bio)physical process t hassolvedlan be
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 (hakltnate) 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 princifpiggune 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 extenteded or does not function at all. A prerequisite for
thefunctionality 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
prodwced.
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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 substanc
concentration in the filtrate can be expressed as:

o YD (132)
where:
0 ... the concentration of the substance in the (haemo)filtrate,
0 ... the concentration of the substance in the filtered volume (blood),

Y €& the sieving coeitient.
The transport rate of the substance or its filtration rate is given by the following relationship:

0 0 P 0 D INOYD

(13.3)
where:
0 the rate of filtation,
0 the filtrate flow,
0 e hydraulic permeability of the membrane,
i) the pressure gradient,
Y €& the sieving coefficient,
o € the concentration of the substance in the filtrate,
o) the concentration of treubstance in the filtered volume.

Convection, i.e. ablation, is an effective elimination process that brings another effective methoc
to the therapy of renal insufficiency [26]. It has certain advantages as well as disadvantages typicz
of this principleof 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 fleigmembrane porosity),

d) Requirements for chemical purity of dialysis solutions.
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diffusion stop

Figure 13.1: The diffusion transport of substances, the basic principle of haemodialysis elimination methods.
a) transferof a substance (with the given molecular weight) at the time of an existing concentration gradient on the
permeable membranb) discontinuation of the material transfer at the time when the concentrations on both sides of
the permeable membrane approaghregc) diffusion of substances with a higher molecular weightstoppage of

diffusion in substances with a very large molecular weight.

Lconvection”
uf>>>0

convection
(ablation}

Figure 13.2: The principle of the convective elimination of subsesicompared to elimination based on the diffusion
principle. a) andb) diffusion principle of removing substances up to certain molecular weighasid d) elimination

principle based on the convection / ablation>d d.
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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
sufficient pressure gradient on the membrane [19]. The principle is shdviguire13.3.

Usually, the process is driven by negative pressure (underpressure) created on the side of tt
dialysis solution; in routine clinical practice, this method is most often combined with a certain
amount ofoverpressure 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 us ey thiough adding & $pécsic a n
amount of glucose to the suction side, i.e. into the dialysis solution; this created a situation allowinc
more or less controlled water transport, but with microbiological risks.

13.3 Osmosis, osmotic pressure and osmolarity

Osmotic pressureor 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
solvent) passes through the (semi)permeable membrane from areasmtbnentrations of the
substancento areas with high concentrations of the substance whose higher molecular wgight m
prevents its transfer through the membrane Fsgeare13.4).

This process stops when reachargosmotic pressure that is equal to hydrostatic pressure. This
prevents any further water transfer caused by the osmotic gradient. In dialysis, osmosis is used
the following ways:

1 Oncoticpressurei s basi cally the fAos mdhaticanmot ppretate s u
through the (semi)permeable membrane due to their large molecular weighaljéeEs.2)
and counteract the hydrostatic ultrafiltration (elimination of excess water) Higeee
16.20).

1 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 appligdperitoneal dialysis (se&hapter 2

1 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 osmolaty; this helps avoid any undesirable water transfer between the
extracellular and intracellular space and eliminates undesirable situations as seen fron
Figure 135. From this perspective, it is necessary to resgiee clinical significance and
implications of usingsotonic, 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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Bp~0——— uf=0

reverse
ultrafiltration

Figure 13.3: The principle of ultrafiltrationa) ultrafiltration using underpressure on the side of the dialysis solution,
b) ultrafiltration using overpressure on the blood sjeeverse ultrafiltrationgd) zero ultrafiltration

Figure 13.4: The principle of osmosis and mechanism a@f:.and b) the emergence of osmotic pressure and the
discontinuation of watesolvent transferg) andd) oncotic pressure and its influence on ditiation.
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HYPERTONIC® HYPOTONIC ® ISOTONIC ®

a) b) c)

Figure 13.5: The effects of hypertonic, hypotonic and isotonic solutions on living cells.

W
wettable

metabolic
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proteins
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Figure 13.6: Adsorption as a factor in the elimiinat of substances in dialysis therapy and ybwae online filtration.
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13.4 Adsorption

Adsorptioni s often referred to as a fAsuppl ementary
undesirable substances; in fact, it may be a significant factor, indisiple and important under
certan circumstances (sé¢aegure13.6). Adsorptionrelatesto a wide range of substances. However,
it is important in proteins (e.g. albumin, fibrin, b&ani cr o g | edmicrbglobdin][ sbme
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, botsitpely and negatively:

1 Adsorption of blood proteins may come out as a clearance reduction during the therapy,

1 adsorption of some major and important hormones (e.g. erythropoietinHR@] on the
membranes from aglonitrile or its copolymers),

1 the adsagption of beta 2microglobulin is a positive sign,

1 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 sibstances [39], such as b&uanicroglobulin in PMMA (polymethyl methacrylate and
its copolymers) membranes, and are often used targetedly (polysulpresmade).

13.5 The clinical application of fundamental principles

In haemodialysis therapy, individual (bpdlysical 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 concuergnth other circumstances [69], [63].

The substance removal rate is given by the following formula:

0O U 0 0 (134)
where:
BUO ... the overall rate of elimination of substances,
0 ... the rate of elimination of substances by diffusion,

U € therate of elimination of substances by convection (ablation, filtration),
0 € 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]
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Figure 13.8: Applying the concept of molecular weight (mw) in relation to dialysis treatment.
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13.6 Appendix i 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 7 mg;ltherefare, arsimphfied feamework dlarfication will be
useful.In clinical practice, this term is often (even inappropriately) convédrteg speak only of
low-molecular substances, medimolecular substances and higiolecular substances. It is
advisable to point out that this concept is nowhere firmly and cletatgd or at least reasonably
defined; its use, however, must be respected. Moreover, molecular weight is expressed in units
call ed fAidaltono. Currently, in terms of the va
obsolete, but it is still useelven 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. Rggaaoie
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 willibgrglted 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-molecularweight substances that include all ions, water as wellle®ge, and most
of the catabolites such as urea, creatinine, uric acid, etc.).

b) Mediummolecularweight substances whose typical examples are inulin, phosphates, etc.

c) High-molecularweight substances are substances withleoular weights that exceed
10000(seeTable13.2).

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 uban 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 elintioa 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) 1 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 lagucg
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Substance| Formula | Atom Weight | Number Molecular weight
Carbon CO, C (carbon) 12 1x E12
. mw = 44

dioxide O (oxygen) |16 2X ¥ 32

Water H.O H (hydrogen) | 1 1x E2 mw = 18
O (oxygen) | 16 2X 16
C (carbon) 12 1x E12
H (hydrogen) | 1 4x E4

Urea CHNO N (nitrogen) | 14 2X F 28 mw = 60
O (oxygen) |16 1x F 16
C (carbon) 12 6X E72

Glucose | CgH1206 H (hydrogen) | 1 12x F12 | mw =180
O (oxygen) |16 6X ¥ 96

Calcium | Ca Ca (calcium) | 40 1x 40 | mw =40

Table13.1: Examples for calculating the molecular weight [mw] of certain substances.

MW class MW class Substance Substance MW

Water 18

Alcohol 46

Rock salt 58
Low-molecuIaF Urea 60
We~|ght substanc\es <300 (up to 500!?) Crealinine 113
(Asmall o : .

Uric acid 168
Mediummolecular | 300 (500!?) up to 5 00(¢ Vitamin B12 Vitamin B121 355
weight substaces Inulin 5200
High-molecular Beta2-microglobulin | 11 800
weight substances | >5 000 Myoglobin 17 800
(Al argeo Albumin 66 000

Table132: A br oad

fisi ze

categorizationo

of substances

The journey from principle to technigechnological and design implementation is long, but the
resul t has a significant | efigrtaveness. dhe clinidaleusaft h e r
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
relaively independent pieces of medical equipment in terms of design. Generally, the assortment o
equipment designed for use in medicine / dialysis can be divided as followsigsee13.9 and
Figure12.8):
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a) Dialysis instrumentation and technology
71 Dialysis monitors
1 Modular equipment
1 Software
1 Accessories
b) Directly related instrumentation
1 Devices for in vitro diagnostics (e.g. ionometers)
1 Water treatment for dialysis
1 Scalegqpersonal, mobile, bed scales, etc.)
c) Other instrumentation
1 Bed side monitors, defibrillators, etc.
1 Infusion technique, etc.
d) Special medical supplies
Dialyzers
Dialysis needles and catheters (vascular access)
Blood assemblies and special assemblies
Online filters (ultrapure solutions)

=4 =4 4 A4 A

Carbon (haemoperfusion) columns, plasma filters, etc.
e) Concentrates, solutions and crystalloids
T Haemodi alysis concentrates (Awet o)

5t

T Haemodi alysis concentrates (fAdryo)
1 Saline solution (physiological salt solution) or other alysids

f) Disinfectants and sterilization procedures

g) Disposable medical supplies
1 Dressing material (bandages), gloves, needles and syringes, etc.

h) Drugs (human erythropoietinrHUuEPO).
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From the perspective designing functional units (assemblies) thasedefor dialysis, there is a
division into specific functional units. However, these may not necessarily be independent device:
or technologies; from the perspective of functionality, they provide specific procedures and
functions. These functional unitswve 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 betbakecount
I application and security aspects, preparation for the treatment, method of the use as well as tt
manner of disposal, etc. We also cannot forget the following therapy parameters: entering
qualification requirements, location in the patiemvieonment, storage, service support and
preventive technical measures. This is because everything impacts the quality of treatment. Th
division into functional units may be as follows:

a) Equipment that ensures the process of substance elimiidDixLYZE R.
b) Functional extracorporeal blood circulatip®LOOD DIALYSIS SET.

c) Dialysis solutioni CONCENTRATES + WATER SECTION OF THE DIALYSIS
DEVI CE + ULTRAFI LTRAT HigeNltrdfilfradion ynontoeing,cefc.j. 6, o

d) Water treatment for dialysis WATER PRE-TREATMENT + REVERSE OSMOSIS, en
line filtration.

e) Provision of vascular acceBPDIALYSIS NEEDLES (DIALYSIS CATHETER).

f) Cleaning and disinfection (MICROBIOLOGICAL SAFETY).

g) Safety devices (BLOOD PRESSURE MEASUREMENT, AIR DETECTOR, etc.).
h) Evaluation of the @equacy of therapy (Kt/V index, recirculation, etc.).

erythrocytes (1)

-
leukocytes (2)

proteins (3)
L —J
thrombocytes (4)

P
metabolic
toxins (6)

endotoxins (7)

~~a———

bacteria (8)

Figure 13.9: A simplified principle of dialysis therapy as a potent selective substance elimination, tkesod
compartment, DS dialysis solution compartment, (s+) and {s1 direction of flow in individual compartments,
(a)1 adsorption, (1) to (8) possible metabolic components involved in the process of substance elimination.
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Figure 13.10: The sysem for dialysis treatmeiita set of basic medical equipment.
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