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Preface

This Springer Handbook is an overview of the ex-
panding and exciting field of medical technology in
which the reader will find a modern presentation of
the relevant aspects of research, design, manufactur-
ing, and application of different medical devices. The
following components: Basics, Functional Diagnostics
Devices, Monitoring, Medical Imaging, Therapeutic
Devices, Rehabilitation, Medical Information Process-
ing, Telemedicine, Equipment and Tools cover the
major aspects of this field.

The handbook was compiled to be an indispensable
resource for professionals working directly or indirectly
with medical systems and appliances. Just as impor-
tantly, it was organized for graduate and postgraduate
students in hospital management, medical engineering,
and medical physics.

Medical technology has a long and productive tra-
dition of developing medical devices, and innovative
approaches to solve critical problems in medicine, bi-
ology, and environmental sciences. Hence, biomedical
engineering is a rapidly developing field, which exem-
plifies multidisciplinary approaches such as biotechnol-
ogy, microsystems technology and telematics. Biomed-
ical engineers develop devices and systems which
ultimately contribute to the identification, treatment,
abatement and monitoring of diseases and to the com-
pensation of disabilities. The use of modern diagnostic
methods enables the early and safe identification of nu-
merous diseases and improving therapeutic outcomes.
Using engineering methods to address medical prob-
lems will foster additional breakthroughs in clinical
treatment and management.

The transfer of ideas from basic research and pro-
totyping to the final medical product, including the

methodological questions of application requires con-
tinued cooperation between teams. The result of the
interaction of basic and clinical medical sciences, in-
formation technology, engineering, materials science,
and cell biology will open up undreamed-of possibili-
ties in diagnostics and therapy. Challenges include 4-D
imaging, e.g. for beating heart diagnostics, coupling of
microsystems to neurons, e.g. neural prostheses, the ap-
plication of new biomaterials with surface modifications
at the nanoscale, e.g. for the fabrication of a lifelong
stable joining of hip prostheses, and the computer mod-
eling of a virtual patient for the verification of diagnosis
and direction of therapy.

Protection of patients, cost reduction and the con-
sideration of progress in medicine as well as the
technological state-of-the-art are significant challenges
for the development of medical products. Hopefully this
Springer Handbook will assist in the continued develop-
ment of new medical products that will enhance the well
being of patients.

The editors would like to thank the authors for their
fruitful, successful and collegial cooperation. It was
a pleasure for us to collect views from the different
fields of medical technology and bring them together
in the handbook. Special thanks to Dr. Werner Skolaut,
Senior Manager Springer Handbooks, and Dr. Thomas
Ditzinger, Senior Editor Engineering/Applied Sciences,
from Springer publishing for their time, help and kind
support.

May 2011
Riidiger Kramme Titisee
Klaus-Peter Hoffmann St. Ingbert

Robert S. Pozos San Diego
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Materials

AT adaptive tripole

ATC automatic tube compensation

ATMP advanced therapy medicinal product

ATP antitachycardic pacing

ATP adenosine triphosphate

ATPD ambient temperature and pressure, dry

ATPS ambient temperature and pressure,
saturated

ATS American Thoracic Society

AV atrioventricular

AVC automatic volume control

AWIGS advanced workplace for image guided
surgery

B

B-mode brightness mode

B2B business-to-business

BAHA bone-anchored hearing aid

BANG bis acrylamide nitrogen gelatin

BAR billing and accounting request

BART breathing-adapted radiotherapy

BC bone conduction

BCI brain—computer interface

BCM body composition monitor

BER bit error ratio

BERA brainstem electric response audiometry

BERA brainstem evoked response audiometry

BF body floating

BGA blood gas analysis

BGO bismuth germanate

BILD binaural intelligibility level difference

BIS bispectral index

bit binary digit

BL blended learning

BMLD binaural masking level difference
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BOLD
BPEG

BPH
BPS
BSE
BSN
BTB
BTD
BTE
BTPS
BTR
BTT
BVAD
BfArM

Bipol-TUR

C

blood oxygenation-dependent imaging
British Pacing and Electrophysiology
Group

benign prostate tissue
battery-supported power supply
bovine spongiform encephalopathy
body sensor network

bridge to bridge

bridge to decision

behind the ear

body temperature and pressure, saturated
bridge to recovery

bridge a patient to transplantation
biventricular assist device
Bundesinstitut fiir Arzneimittel und
Medizinprodukte

bipolar transurethral resection

CABG
CAD
CAD
CAL
CAM
CAP
CAPD
CAS
CAS
CAT
CBCT
CBF
CBI
CBIR
CBT
CBV
cCcC
CCD
CCITT

CCR
CCu
CCU
CCuU

CD
CD-ROM
CDA
CDC
CDM

CE

CEN
CENELEC

CERA
CF
CFP

coronary artery bypass grafting
computer-aided diagnosis
coronary artery disease
computer-assisted learning
computer-aided manufacture
contention access period

central auditory processing disorder
compressed analog stimulation strategy
computer-aided surgery
computerized axial tomography
cone-beam computed tomography
cerebral blood flow
computer-based instruction
content-based image retrieval
computer-based training

cerebral blood volume

China compulsory certificate
charge-coupled device

Comité Consultatif International
Téléphonique et Télégraphique
continuity of care record

camera control unit

coronary care unit

critical care unit

compact disc

compact disc read-only memory
clinical document architecture
Center for Disease Control

central display and control module
contractile element

Comité Européen de Normalisation

European Committee for Electrotechnical

Standardization

cortical electric response audiometry
cardiac floating

contention-free period

CGM
CGMS
CGS

CI

CI

CIC
CIM
cIONM

CIRS
CJD
CL
CLT
CMCT
CML
CMOS

CMRR
CNAP
CNC
CNCA

CNS
CNT
CNV
CNV
CcO
CPA
CPAP
CPK
CPOE
CPP
CPU
CQC
CQM
CR
CROS
CRT
CRT
CSCL

CSCN
CSCW
CSF
CSMA-CA

CSSD
CT
CTA
CTG
CTI
CTV
CUNY
CvC
CVD

continuous glucose monitoring
continuous glucose monitoring system
centimeter-gram-second

cochlear implant

confidence interval

completely in the canal

ceramic injection molding

continuous intraoperative
neuromonitoring

computer integrated radiology system
Creutzfeldt—Jakob disease
comfortable stimulation level

color lookup table

central motor conduction time
chronic myeloic leukemia
complementary
metal-oxide—semiconductor

common mode rejection ratio
continuous noninvasive arterial pressure
computer numerically controlled
Certification and Accreditation
Administration of the Peoples Republic
of China

central nervous system

carbon nanotube

choroidal neovascularizations
contingent negative variation

cardiac output

continuous positive airway
continuous positive airway pressure
creatine phosphokinease
computerized physician order entry
cerebral perfusion pressure

central processing unit

China Quality Certification Centre
contact quality monitor

computed radiography

contralateral routing of signals
cardiac resynchronization therapy
cathode-ray tube

computer-supported
cooperative/collaborative learning
customer support clinical network
computer-supported cooperative work
cerebrospinal fluid

carrier sense multiple access with
collision avoidance

central sterilization supply department
computer tomograph(y)
CT-angiography

cardiotocography

computed tomography imaging
clinical target volume

City University of New York

central venous catheter
cardiovascular disease
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CVD congenital vascular disorder

CVP central venous pressure

Ccw continuous wave

CWRUVA Case Western Reserve
University/Department of Veterans
Affairs

D

D2D doctor-to-doctor

DAC digital-to-analog converter

DART dynamic adaptive radiotherapy

DAS data-acquisition system

DAS detector angular subtense

DBS deep brain stimulation

DC direct current

DCT dynamic contour tonometry

DECT digital enhanced cordless
telecommunication

DFM design for manufacture

DFT defibrillation threshold

DFT detail financial transaction

DGSL Deutsche Gesellschaft fiir
Stosswellenlithotripsie

DGSM German Sleep Society

DHZB Deutsches Herzzentrum Berlin

DICOM digital imaging and communications in
medicine

DIHK Deutscher Industrie- und
Handelskammertag

DIMDI Deutsches Institut fiir Medizinische
Dokumentation und Information

DIT differential infrared thermography

DMD Duchenne muscular dystrophy

DNA deoxyribonucleic acid

DNEP descending neurogenic evoked potential

DOF degree of freedom

DPF differential path length

DPOAE distortion product otoacoustic emission

DQE dose quantum efficiency

DR direct radiography

DR dual rate

DRC dynamic range compression

DRG diagnosis related group

DRL driven right leg

DRR digitally reconstructed radiograph

DRR dynamic range reduction

DSA digital subtraction angiography

DSL desired speech level

DSO distribution system operator

DSP digital signal processor

DT destination therapy

DTI diffusion tensor imaging

DTL Dawson-Trick-Litzkow

DVD digital versatile disc

DVH dose volume histogram

DWI diffusion-weighted imaging
DoD Department of Defense
DoF degree of freedom
E
E-ABR evoked auditory brainstem response
e-HC electronic health card
EAEP early auditory evoked potential
EAS electric and acoustic stimulation
EBCT electron-beam computed tomography
EBUS endobronchial ultrasonography
ECC enhanced cornea compensation
ECC extracorporeal circulation
ECG electrocardiogram
ECG electrocardiograph(y)
ECMO extracorporeal circulatory support
ECW extracellular water
ECoG electrocortical grid
ECoG electrocorticography
ED energy flux density
EDG electrodermography
EDP electronic data processing
EDTA ethylenediaminetetraacetic acid
EEG electroencephalogram
EEG electroencephalograph(y)
eFA electronic case record
EFOV extended field of view
EFT electrical fast transient
EG electrogram
EGFET extended gate field effect transistor
EGG electrogastrography
EHG electrohysterography
EHR electronic health record
EHT electrohydrothermosation
EIRP effective isotropically radiated power
EIS electrochemical impedance spectroscopy
EL electroluminescent
EM electromagnetic
EMC electromagnetic compatibility
EMEA European Medicine Agency
EMG electromyogram
EMG electromyograph(y)
EMI Electric and Musical Industries Ltd.
EMI electromagnetic interference
EMS electrical muscle stimulation
EMSE electromagnetic source
ENG electronystagmography
ENG electroneurogram
ENG electroneurography
ENT ear, nose, throat
EO electrooptic
EO ethylene oxide
EOAE evoked otoacoustic emission
EOG electrooculogram
EOG electrooculography
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EP electropolished

EP evoked potential

EPR electronic patient record

EPSP excitatory postsynaptic potential

ER enhanced reality

ERA electric response audiometry

ERB equivalent rectangular bandwidth

ERD event-related desynchronization

ERG electroretinography

ERG electroretinogram

ERP early receptor potential

ERP event related potential

ERS European Respiratory Society

ERS event-related synchronization

ERV expiratory reserve volume

ESC European Society of Cardiology

ESD electrostatic discharge

ESWL extracorporeal shock wave lithotripsy

ESWT extracorporeal shock wave treatment

ESWT extracorporeal shock wave therapy

ETL echo train length

ETO ethylene oxide

ETSI European Telecommunications Standards
Institute

EUG ectopic pregnancy (Extrauteringraviditét)

EUS endosonographic

EUTox European Uremic Toxin Working Group

EVC expiration volume capacity

F

FA flip angle

FAEP brainstem auditory evoked potentials
(friihe akustisch evozierte Potentiale)

FBP filtered back-projection

FCC US Federal Communications
Commission

FDA US Food and Drug Administration

FDI Fédération Dentaire Internationale

FDL flashlamp pumped dye laser

FDRC full dynamic range compression

FEL free-electron laser

FEM finite element method

FES functional electrical stimulation

FET FES therapy

FFE fast field echo

FFP field free point

ffs form/fill/seal

FFT fast Fourier transformation

FHN Fitzhugh—-Nagumo

FINE flat interface nerve electrode

FIR far-infrared

FIV1 forced expiratory volume in 1 s

FLAIR fluid-attenuated inversion recovery

FLASH fast low-angle shot

FMD fibromuscular dysplasia

FMEA failure modes and effects analysis

fMRI functional magnetic resonance imaging

FMT floating mass transducer

FO formaldehyde

FOvV field of view

FP Framework Programme

FRC functional residual capacity

FSE fast spin echo

FSK frequency shift keying

FSM Frederick S. Mikelberg

FSp fine structure processing

FT Fourier transformation

FTIR Fourier transform infrared

FVC forced vital capacity

FWHM full width at half maximum

FoV field of view

G

GA genetic algorithm

GCP good clinical practice

GEDV global end-diastolic volume

GEF global ejection fraction

GIF graphics interchange format

GM gray matter

GMDS Society for Medical Informatics,
Biometry and Epidemiology

GMG Law on the Modernization of Healthcare

GOx glucose oxidase

GPU graphics processing unit

GRAPPA generalized autocalibrating partially
parallel acquisition

GRE gradient echo

GS general supply

GSDOM German Society of Dental, Oral and
Craniomandibular Sciences

GSM Global System for Mobile
Communications

GSR galvanic skin response

GTV gross tumor volume

GTWM Georgia Tech Wearable Motherboard

GUI graphical user interface

H

hcg human chorionic gonadotropic

HCV hepatitis C virus

HD hemodialysis

HDD hard-disc drive

HDF hemodiafiltration

HDR high-dose rate

HEMO hemodialysis

HF hemofiltration

HF high frequency

HFCS high-frequency current-switching

HFITT HF-induced interstitial tumor therapy
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HH Hodgkin and Huxley

HI hypopnea index

HINT hearing in noise test

HIS hospital information system

HL hearing level

HL hearing loss

HL7 Health Level 7

HLD high level disinfection

HLM heart-lung machine

HMD head-mounted display

HME heat and moisture exchanger

HMEF heat and moisture exchange filter

HPC health professional card

HR heart rate

HRT Heidelberg Retina Tomograph

HTX heart transplant

HU Hounsfield unit

HV Vickers hardness

Hb hemoglobin

Hbt hemoglobin concentration

HpD hematoporphyrin derivative

|

IC inspiratory capacity

1C integrated circuit

ICD implantable cardioverter-defibrillator

ICD International Classification of Diseases

ICD implantable cardioverter—defibrillator

ICD initial claudication distance

ICG impedance cardiogram

ICG indocyanine green

ICP intracranial pressure

ICSD International Classification of Sleep
Disorders

ICSPE International Commission for the
Standardization of Ergometry
Application

ICT information and communication
technology

ICT information and computer technology

ICU intensive care unit

ICW intracellular water

ID identification number

IDE investigational device exemption

IDEFIX identification of dental fixtures

1IEC International Electrotechnical
Commission

IEGM intracardial electrogram

IFOV instantaneous field of view

IG insertion gain

IGRT image guided radiotherapy

IGV intra-thoracic gas volume

IHC inner hair cell

IHE integrating healthcare enterprises

IHS inspiratory help system
ilONM intermittent intraoperative
neuromonitoring
ILR implantable loop recorder
ILV independent lung ventilation
IMAT intensity-modulated arc therapy
IMRT intensity-modulated radiotherapy
INA instrumentation amplifier
IOERT intraoperative electron radiation therapy
IOL intraocular lens
IOM Institute of Medicine
IONM intraoperative neuromonitoring
(0)4 intraocular pressure
IP intellectual property
PPV intermittent positive pressure ventilation
IPSP inhibitory postsynaptic potential
1Q installation qualification
IR infrared
IRFI infrared functional imaging
IRMA image retrieval in medical applications
IROG infrared oculography
IRV inspiratory reserve volume
ISDN integrated services digital network
ISE ion-selective electrode
ISF interstitial fluid
ISFET ion-sensitive field effect transistor
ISM industrial, scientific, and medical
ISO International Standardization
Organization
IT information technology
ITBV intrathoracic blood volume
ITGV intra-thoracic gas volume
ITS initial transmission slot
ITU International Telecommunication Union
IvC inspiration vital capacity
J
jnd just noticeable difference
K
KIT Karlsruhe Institute of Technology
KV health insurance (Krankenversicherung)
L
LAN local area network
LAP left atrial pressure
LASER light amplification by stimulated
emission of radiation
LCA Leber’s amaurosis
LCD liquid-crystal display
LDA linear discriminant analyzer
LDH lactate dehydrogenase
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LDR
LED
LF
LFP
LGN
LI
LITT
LLLT
LLT
LMS
LOINC

LPRT
LSHD
LTP
LUT
LVAD
LWIR
LiDCO

M

low-dose rate

light-emitting diode

low frequency

local field potential

lateral geniculate nucleus

laser iridotomy

laser-induced thermotherapy
low-level laser therapy

laser lithotripsy

learning management system

logical observation identifiers names and
codes

low-power, real-time protocol

light spot hydrophone
low-temperature plasma sterilization
look-up table

left ventricular assist device
long-wavelength infrared

lithium ion dilution

M-mode
MAC
MAEP
MAP
MARS
MC
MCS
MCSS
MDCT
MDD
MDM
MDR
MDS
MDS
MDX
ME
ME
MEA
MEDARPA
MEDDEV
MEG
MEMS
MEP
MEQ
mfERG
MFI
MFT
MHLW
MIB
MICS
MIP
MIS

motion mode

media access control

middle latency auditory evoked potential
mean arterial pressure

adsorbent recirculating system
microcontroller

mechanical circulatory support
mechanical circulatory support system
multidetector computed tomography
medical device directive

manage document message
medium-dose rate

move during scan

myelodysplastic syndrome

dystrophic mice

medical electrical

medical engineering

multielectrode array

medical augmented reality for patients
medical device
magnetoencephalography
microelectromechanical system

motor evoked potential

modified essay question

multifocal ERG

micro flex interconnection technique
multifrequency tympanometry
Ministry of Health, Labor and Welfare
medical information bus

medical implant communication service
maximum-intensity projection
minimally invasive surgery

MITOS multimodality image-guided diagnosis
and therapy setup

MLC multileaf collimator

MLEM maximum-likelihood expectation
maximization

MLRA middle latency response audiometry

MMN mismatch negativity

MMS multimedia message service

MMT manual muscle testing

MOD magnetooptical disc

MOG magnetooculography

MPDA microphotodiode array

MPE maximum permissible exposure

MPI magnetic particle imaging

MPI master patient index

MPPS modality performed procedure step

MPR multiplanar reconstruction

MPS magnetic particle spectrometer

MPS maximum physical frame size

MR magnetic resonance

MRI magnetic resonance imaging

MRS MR spectroscopy

MRSA methicillin-resistant staphylococcus
aureus

MRT magnetic resonance tomography

MRT minimum resolvable temperature

MRgFUS MR-guided focused ultrasound

MS multiple sclerosis

MSCT multislice computer tomography

MSLT multiple sleep latency test

MT movement time

MTF modulation transfer function

MTT mean transit time

MUAP motor unit action potential

MUP motor unit potential

MV minute volume

MVCT megavoltage computer tomography

MVP MedBiquitous virtual patient

MWIR mid-wavelength infrared

MWT maintenance of wakefulness test

Mb myoglobin

MetHb methemoglobin

Mi mechanical index

N

NA numerical aperture

NAA n-acetyl-aspartate

NAL National Acoustics Laboratories

NAS network attached storage

NASPE North American Society of Pacing and
Electrophysiology

NBG NASPE/BPEG generic pacemaker code

NBI narrowband imaging

NBP noninvasive blood pressure
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NCIGT National Center for Image Guided
Therapy

nCPAP nasal continuous positive airway pressure

NCV nerve conduction velocity

NDIR nondispersive infrared

NDT nondestructive testing

NE neutral electrode

NEDT noise equivalent differential temperature

NET noise equivalent temperature

NETD noise equivalent temperature difference

NFD nephrogenic fibrosing dermopathy

NFI nerve fiber indicator

NIBP noninvasive blood pressure

NICU neonatal intensive care unit

NIHL noise-induced hearing loss

NIP needle image plate

NIR near-infrared

NIRS near-infrared spectroscopy

NIV noninvasive ventilation

NMES neuromuscular electrical stimulation

NMR nuclear magnetic resonance

NN nearest neighbor

NOTES natural orifice translumenal endoscopic
surgery

NP neural pathway

NRZ no return to zero

NSF nephrogenic systemic fibrosis

NTC negative-temperature coefficient

NTP normal transmission period

NTSC National Television System Committee

NYHA New York Heart Association

0

O,Hb oxyhemoglobin

02C oxygen to see

OAE otoacoustic emission

OAR organ at risk

OCT optical coherence tomography

ODI oxygen desaturation index

OEG open ear gain

OHC outer hair cell

OID object identifier

OKN optokinetic nystagmus

OL-HDF online hemodiafiltration

OME otitis media with effusion

ONH optic nerve head

op operative field

OPCAB off-pump coronary artery bypass

OPS classification of operational procedures
(Germany)

0Q operational qualification

OR operating room

ORC oxygen ratio controller

ORM order message

ORU observation results unsolicited

OSA obstructive sleep apnoea

OSCE objective structured clinical examination

OSI open system interconnection

oT operating theater

OXI oximetry

P

PA polyamide

PAAM polyacrylamide

PACC patient contact control

PACS picture archiving and communication
system

PAD peripheral arterial disease

PAL pharmaceutical affairs law

PAN polyacrylonitrile

PAP pulmonary artery pressure

PAPm mean pulmonary artery pressure

PAT parallel acquisition technique

PAV proportional assist ventilation

PAW airway pressure

PBL problem-based learning

PC peak clipping

PC personal computer

PC pressure controlled

PC-AC pressure control-assist control

PC-APRV pressure control airway pressure release
ventilation

PC-BIPAP pressure control, biphasic positive airway
pressure

PC-CMV pressure control-continuous mandatory
ventilation

PC-SIMV+ pressure control-synchronized
intermittent mandatory ventilation plus

PCB printed circuit board

PCR principal component regression

PCS patient control system

PCV pressure-controlled ventilation

PCWP pulmonary capillary wedge pressure

PDA patent ductus arteriosus

PDA personal digital assistant

PDCA plan—do—check—act

PDD percentage depth dose

PDF portable document format

PDM permanent dynamic monitoring

PDMA Pharmaceuticals and Medical Devices
Agency

PDR pulsed-dose rate

PDT photodynamic therapy

PDw proton density weighting

PE parallel element

PE protective earth

PEEP positive end-expiratory pressure

PEF peak expiratory flow
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PEG
PELV
PEMS
PENG
PERG
PET
PF
PFO
PFT
PHS
PI
PID
PII
PIN
PLS
PLV
PMMA

PUVA
PVAD
PVARP
pPVC
PVDF
PVDF
PVI
PVP
PVR
PW
PW
PWC
PWV

polyethylene glycol
protective extra low voltage

programmable electrical medical system

photoelectronystagmography
pattern ERG

positron emission tomography
pulmonary function

patent foramen ovale
pulmonary function test
personal health system
perfusion index
proportional-integral—derivative
pulse intensity integral

personal identification number
partial least-squares
pressure-limited ventilation
polymethylmethacrylate
periodic leg movement

pump minute volume

peripheral nerve stimulation
peripheral nervous system
photoplethysmogram

parts per million

proportional pressure support
performance qualification
proton resonance frequency
pulse repetition frequency
pressure regulated volume controlled
power supply

pressure support

pelvic splanchnic nerve
polysulfone

perception threshold
programmed teaching
percutaneous transluminal angioplasty
percutaneous transluminal coronary
angioplasty

permanent threshold shift

pulse transit time

planned target volume

parallel transmit

personal unblocking key
polyurethane

psoralen and ultraviolet A
paracorporeal ventricular assist device
postventricular atrial refractory period
polyvinyl chloride

polyvinyl difluoride
polyvinylidene fluoride

pleth variability index
polyvinylpyrrolidone
pulmonary vascular resistance
pulsed wave

pulse width

pulse working capacity

pulse wave velocity

QBE query by example
QM quality management
QMS quality management system
QSRL Q-switched ruby laser
QT quasi-tripole
QWIP quantum-well infrared photodetector
QoS quality of service
R
RAID redundant array of independent discs
RARE rapid acquisition with relaxation
enhancement
RBC red blood cell
RCD residual current protective device
RCTX radiochemotherapy
RDI respiratory disturbance index
RECD real ear to coupler difference
REFET reference FET
REM rapid eye movement
RF radiofrequency
RFID radiofrequency identification
RGB red—green—blue
RGRT respiratory guided radiotherapy
RIM reference information model
RIS radiology information system
RKI Robert Koch Institute
RLN recurrent laryngeal nerve
RMS root mean square
ROI region of interest
ROM range of motion
RPE retinal pigment epithelium
RR respiration rate
RSNA Radiological Society of North America
RST rotation, scale, and translation
RT radiation therapy
RV residual volume
R&TTE radio and telecommunications terminal
equipment
S
S-MAC sensor MAC
SA sinoatrial
SAN storage area network
SAP systemic arterial pressure
SAR specific absorption rate
SARS severe acute respiratory syndrome
SB spontaneous breathing
SBRT stereotactic body radiation therapy
SCI steered compound imaging
SCI spinal cord injury
SCORM sharable courseware object reference

model
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SISI
SLARSI

SMD
SME
SMR
SMS
SNOMED
SNR

SOA
SOAE
SOC
SPECT

SPGR
SPIN

SPIO

SPL
SPN-CPAP

SPN-CPAP/PS
SPN-PPS
SQUID

SRS
SRT
SRT
SSEP
SSVEP
STAN
STIR
STPD
STR
SV
SVC
SVES
SVR
SWI
SWIR
SkBF

slow cortical potential

standard deviation

spin echo

series element

scanning electron microscopy
spontaneous electromyography
sensitivity encoding

somatosensory evoked potential
signal extraction technology

standard flash

stimulus frequency otoacoustic emission
sudden infant death syndrome
synchronized intermittent mandatory
ventilation

short increment sensitivity index
sacro-lumbar anterior root stimulator
implant

surface mount device

small and medium-sized enterprises
sensorimotor rhythmic

short message service

Systematized Nomenclature of Medicine
signal-to-noise ratio

service oriented architecture
spontaneous otoacoustic emission
system-on-a-chip

single photon emission computed
tomography

spoiled gradient recalled

speech in noise

superparamagnetic iron oxide

sound pressure level
spontaneous-continuous positive airway
pressure

spontaneous continuous positive airway
pressure/pressure support
spontaneous proportional pressure
support

superconductive quantum interference
device

stereotactic radiosurgery

stereotactic radiotherapy

speech perception threshold
somatosensory evoked potential
steady-state visually evoked potential
ST waveform analysis

short-tau inversion recovery

standard temperature and pressure, dry
scotopic threshold response

stroke volume

superior vena cava

ventricular super-extrasystole
systemic vascular resistance
susceptibility-weighted imaging
short-wavelength infrared

skin blood flow

T

TA technical assistant

TAH total artificial heart

TASP téléassistance en soins de plaies

TBI total body irradiation

TC tube compensation

TCI target-controlled infusion

TCP/IP transmission control protocol/Internet
protocol

TDI tissue Doppler imaging

TDMA time-division multiple access

TE time of echo

TEB thoracic electrical bioimpedance

TEC thermoelectric cooler

TEE transesophageal echocardiography

tEMG triggered electromyography

TENS transcutaneous electrical nerve
stimulation

TEOAE transient evoked otoacoustic emission

tf-LIFE thin-film longitudinal intrafascicular
electrode

TFT thin-film technology

TFT thin-film transistor

THC tissue hemoglobin measurement

THI tissue hemoglobin index

TIFF tagged image file format

TIVA total intravenous anesthesia

TLC total lung capacity

TLD thermoluminescent dosimeter

TMP transmembrane pressure

T™MS transcranial magnetic stimulation

TN-S terre neutre séparé

TOI tissue oxygenation index

TPR total peripheral resistance

TPS treatment planning system

TPU thermoplastic polyurethane

TR time of repetition

TRICKS time-resolved imaging of contrast
kinetics

TSE turbo spin echo

TSEBT total skin electron beam therapy

TT true-tripole

TTDT threshold tone decay test

TTP time to peak

TTS temporary threshold shift

TTS transdermal therapeutical system

TUR transurethral resection

TUR-B transurethral resection, bladder

TUR-P transurethral resection, prostate

TV television

TWIST time-resolved imaging with interleaved
stochastic trajectory

TimCT total imaging matrix with continuous
table movement

ToF-MRA time-of-flight MR angiography
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UCUM
UDP
UEA
UITDD

ULF
UPG
UPS
URR
Us
USB
USRDS
uv

)

Unified Code for Units of Measure
user datagram protocol

Utah electrode array
ultrasound-induced targeted drug
delivery

ultralow frequency

ultrasound pneumography
uninterruptible power supply
urea reduction rate

ultrasound

universal serial bus

United States Renal Data System
ultraviolet

VAD
VAH

VAP

VC

VC
VC-AC
VC-MMV

VC-SIMV

vCJD
VCT
VDE

VEP
VES
VG
VLAN
VLF

ventricular assist device

Verbund fiir angewandte Hygiene
ventilator-associated pneumonia

vital capacity

volume controlled

volume control-assist control

volume control-mandatory minute
volume

volume control-synchronized intermittent
mandatory ventilation

variant Creutzfeldt-Jakob disease
volume computer tomography

Verband der Elektrotechnik, Elektronik
und Informationstechnik

visual evoked potential

ventricular extrasystole

volume guarantee

virtual local area network

very low frequency

VLWIR very longwave infrared
VNA vendor-neutral archive
VOG videooculography
VOR vestibulo-ocular reflex
VOT vascular occlusion test
VR ventricular rate
VR virtual reality
VRE vancomycin-resistant enterococcus
faecium
VRT volume rendering technique
VSV vacuum-steam—vacuum
VT tidal volume
VTC videoteleconference
W
W3C World Wide Web Consortium
WBT web-based training
WD washer-disinfector
WDRC wide dynamic range compression
WHMS wireless health monitoring system
WIM wireless interface module
WLAN wireless local area network
WM white matter
WOB work of breathing
WPW Wolff—Parkinson—White-syndrome
WSN wireless sensor network
X
XDS cross-enterprise document sharing
XML extensible markup language
Z
ZVEI Zentralverband der Elektrotechnischen

Industrie
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Riidiger Kramme, Heike Kramme

New avenues in diagnosis and therapy are to-
day increasingly being opened up as a result
of sophisticated and advanced technology, and
at the forefront of this are evolutionary devel-
opments in existing technology. Many medical
devices and pieces of equipment are devel-
oping at lightning speed as a result of digital
technologies, which enable new medical con-
cepts, strategies, and visions to be implemented
faster than ever before. This means that de-
velopments which previously took a decade to
implement are now being introduced at a rate of
one a year. Technology thus not only has a dynamic
interrelationship with medicine; it influences
and shapes modern medical science on the

1.1 A Short History

Medicine (from the Latin ars medicina, the art of heal-
ing) and technology (from the Greek, meaning skill,
craft) have inspired and fascinated mankind since its
early beginnings. Technical instruments and devices
have always had their place in medicine. Acupuncture
needles are known to have been used in Far Eastern
medicine since approximately 2500 BC. Hippocrates
(460-370BC), the founder of scientific medicine in
the Western world and a prominent doctor of his time,
was already using a proctoscope to inspect his pa-
tients’ intestines. He also gave descriptions of a variety
of instruments and apparatuses for the treatment of

1. Technology in Medicine:
Its Role and Significance in Terms of Health Policy

1.1 AShortHistory .................................... 3

1.2 Early Breakthroughs
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basis of new technical possibilities. First-class
health care would be inconceivable without
progress and innovation in the field of medical
technology.

wounds. These included, for example, apparatuses with
weights and straps which, in the case of an arm frac-
ture, positioned the broken bones in relation to one
another, straightened them, and simultaneously immo-
bilized them. As striking evidence from archeological
digs in the buried town of Pompeii has shown, sophisti-
cated instruments and devices for surgical interventions
were already being used in the Roman Empire (from
63 BC onwards). The vision aids known as glasses, on
which many of us rely, are not an achievement of the
20th century but had already been invented by a crafts-
man at the end of the 13th century.

1.2 Early Breakthroughs of Medical Technology

The first major breakthrough in medical technology
and boom in modern medicine took place around the
turn of the 20th century with Rontgen’s discovery of

x-rays in 1895. Although the nomenclature of the elec-
trocardiograph (ECG) — which is still in use today —
had already been decided by Einthoven in 1895, use
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of the first clinically viable ECG was not possible un-
til 1903. In 1896, Riva-Rocci introduced the method
of noninvasive palpatory measurement for determin-
ing blood pressure. The electroencephalogram (EEG)
was first recorded in 1924 by Berger using a string
galvanometer. Other milestones in medical technology
were the invention and introduction of the artificial kid-
ney (1942), the heart-lung machine (1953), hip-joint
prostheses (1960), artificial cardiac valves (1961), and
the first clinical patient monitoring devices (around
1965). Criteria which had already been used for classifi-
cation in the USA were developed for measurement and
standardization of the ECG according to the Minnesota

1.3 Analog to Digital

The radical change in technology from analogue to
digital opened up new dimensions in medical technol-
ogy: the computer tomograph (CT), which generates
cross-sectional images of the body, was developed by
Hounsfield and Cormack, and a prototype was installed
and tested in a hospital in 1971. In 1977, Mansfield
found success with a breakthrough for medical appli-
cations of magnetic resonance tomography using the
magnetic resonance method, and the human thorax was
imaged for the first time without the use of x-rays.
Unique and sophisticated possibilities in diagnosis were
introduced by a large-scale medical technology system
which is used in nuclear medicine: the positron emis-
sion tomograph (PET). As an imaging system, the PET
enhances the diagnostic range because it enables repre-
sentations of physiological and metabolic processes in
the human body to be determined both quantitatively
and on a location-dependent basis. Molecular imaging
with hybrid PET/CT scanners offers a view of things
which had previously not been visible. However, other
hybrids such as ultrasound and magnetic resonance
imaging also not only have the advantage that they offer
an image quality which is much more precise and accu-
rate in every detail when compared with other imaging
methods, but they can also be used without any expo-
sure to radiation. It has so far been possible to reduce
the radiation dose for a full body scan to as little as 40%
compared with older systems.

As a result of the increasing integration of
computer-based systems in x-ray technology, imaging
methods are being redeveloped in ever shorter time
cycles. The rapid growth of the spectrum of clinical

Code around 1960. In the early 1940s, the construction
of the first electronic computer ushered in a new era, and
a new technology was born which was to revolution-
ize medical technology once more: data processing and
information technology. This new technology overshad-
owed all the technological developments which went
before it. If a modern calculator were equipped with
electronic components (e.g., transistors) from 40 years
ago, that calculator would require a power of 6000 W,
provided by an electricity supply and emitted to the sur-
roundings as heat. A weight of 50kg and cube edges
approximately 1 m in length would more likely suggest
an oven than a calculator.

applications and the continuous further development
and implementation of new technologies have not only
led to an altered and extended range of indications for
these methods. Furthermore, imaging technologies are
increasingly being developed as a complete solution,
such as hybrid systems for interventional radiology or
integrated IT solutions (picture archiving and commu-
nication system (PACS), radiology information system
(RIS), etc.) which aim to optimize processes and thus
increase efficiency in hospitals. The increasing inter-
connectedness of technology will change the health
system.

To outline the progress and development of all the
devices and achievements in medical technology would
be to go beyond the scope of this book. Although med-
ical technology is in most cases not original but rather
adopts technological developments from fields such as
electronics, optics, precision engineering, and plastics
technology among others, and these developments are
only thought of as being part of medical technology
when applied to living creatures, medical technology
has nevertheless established itself as a field, and med-
ical care today would be unthinkable without it. This
fact reveals the real significance of medical technology:

Medical technology devices and equipment (includ-
ing in the laboratory and research field) are individual
or interlinked instruments, apparatuses, machines, ap-
pliances, and auxiliary devices, and any necessary
equipment which is used because of its function for
the identification (diagnosis), treatment (therapy), ob-
servation (monitoring), and prevention (prophylaxis) of
illness in humans.
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1.5 New Key Areas

1.4 Health Policy

The aim of health policy must be to provide hu-
man, modern, high-performance, efficient, and people-
orientated medical care both in hospitals and on an
ambulatory basis, with the focus on the patient. In
the future, diagnosis and therapy will be adjusted ac-
cording to the genetics of the patient, and technical
solutions will be orientated towards the interaction be-
tween diagnosis and therapy. Another trend is that
of orientation towards disease patterns. This aspect
is even more important, because the risks of acute
illnesses will increase as a result of ageing society. In-
vestment in health care should provide benefits, not
only in terms of administration at the level of individ-
ual hospitals and clinics but also in terms of national
economics.

The development of medical technology as an
essential part of health care is in permanent in-
teraction with the changes in social lifestyles. The
significance of medical technology in terms of health
policy is therefore essentially based on the following
points.

® The quality and security of medical care as a re-
sult of continuous modifications and improvements
to diagnostic and therapeutic options and promotion
of medical and technological research, and further-
more with broad application and extension to large
population and patient groups using equipment-
based mass screening (e.g., within the scope of
illness prevention).

® Shortening the duration of illness or the length of
hospital stay, which will reduce costs and therefore
bring about associated benefits in terms of national
€CONomics.

® Relieving staff from time-consuming routine jobs.

® Meeting the expectations and demand level of the
population in terms of the quality of the processes
and of the results in health care.

Future developments in technical medicine must be
geared towards the additional demands of health care as
a result of limited resources.

1.5 New Key Areas

A key area of technology in health care of the 21st
century is telematics, which has the potential to bring

® Medical technological diagnosis and therapy with
high cost-savings potential, using environmentally
friendly equipment and systems.

® Further development of minimally invasive proce-
dures with the aim of reducing morbidity rates and
convalescence times.

® Miniaturized compact systems, which are less time
and cost intensive in terms of installation and ser-
vicing.

® User-friendly and operationally reliable design,
which substantially avoids faulty operation. Inva-
sive techniques will increasingly be replaced by
less invasive and/or noninvasive techniques, such
as disintegration of kidney and gall stones using
a lithotripter instead of surgical intervention, en-
doscopic minimally invasive interventions instead
of conventional surgery, three-dimensional (3-D)
echocardiography to show complex malformations
of the heart, pathomorphological changes in the mi-
tral or tricuspid valve, and atrial or ventricular septal
defects instead of the complex and high-risk pro-
cedure of cardiac catheterization, and imaging the
coronary vessels using magnetic resonance imag-
ing instead of contrast angiography or diagnosis by
cardiac catheterization.

It is becoming apparent that the boundaries be-
tween diagnosis and therapy are becoming increasingly
blurred by the use of current technological solutions
such as interventional radiological or endoscopic pro-
cedures, for example.

Where operative interventions in traditional surgery
were performed using a scalpel and surgical instru-
ments, in the foreseeable future these will to a large
extent be replaced by the light and sound of noninvasive
surgery. Successful high-energy ultrasound operations
on the brain have already been achieved in the field of
neurosurgery, meaning not only that there are new meth-
ods of treatment opening up but that there is even talk
of a paradigm shift in neurosurgical therapy. Neurosur-
gical treatment by means of ultrasound in the case of
psychiatric disorders, such as affective psychoses, for
example, should also be possible in the future.

enormous advantages to all those involved in health
care but will also mean that health care organizations
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are faced with many new organizational, technologi-
cal, and legal requirements. In the future, hospitals will
be centers of telemedicine applications. Telemedical
communication and systems — that is to say all IT ap-
plications in the health care system which are provided
via public or long-distance communications networks —
enable large amounts of data to be transferred quickly,

meaning that physical distance is no longer an obsta-
cle. This is also a reason for the fact that increasingly
great importance is placed on telemedicine internation-
ally. These endeavors are aimed at developing a uniform
platform for telematics, so that use of modern telecom-
munications and information technology will improve
the quality of care and economic efficiency in the future.

1.6 Innovation Versus Financial Resources

Today, limited financial resources in hospitals mean
that it is only rarely possible to introduce and exploit
every technical innovation and possibility. It is there-
fore imperative for the user to evaluate any investment
decisions on a commercial and performance-related ba-
sis (e.g., by process-orientated technology assessment,
which takes account primarily of criteria such as perfor-
mance, effectiveness, and efficiency). Particularly with
respect to the advantages of a real investment, it is im-
portant that it is not emotional but rather rational criteria
which are at the fore in the decision-making process.
One of the key questions is whether there are limits to
technical progress, and where these limits might lie. As-
sessment of technological possibilities with respect to
their benefits for patients requires an understanding of
modern technology and its limits. Frequently, the aim
of medical technological manufacturers and suppliers
is to provide medical technological products and medi-
cal data-processing systems which are better and more
technically perfect every time. The result is that, these
days, the functions of many medical technological prod-
ucts go far beyond the needs and possible uses for them.
Users — who are usually not technophiles — will pay for
something extra that they cannot use. Numerous sophis-
ticated products are perhaps technically perfect but are
rarely tailored to suit a need. There is a lot which is fea-

sible technologically, but equally it is obvious that hu-
mans can barely control this technology, as in the case
of the complexity of various software interfaces, which
are no longer completely understood even by highly
qualified technicians. This means that the technical pos-
sibilities are frequently beyond the ability of many users
to use them. Uncritical enthusiasm for technology can
therefore very quickly turn into technophobia.

However, to do nothing or to make do without in-
novations and to cling to outdated technical products is
not a solution either. In the future, the service provided
to customers in hospitals or in a doctor’s practice will
itself become a product with greater potential for dif-
ferentiation than the quality and technical performance
of medical technological products. The innovations in
medical technology which will also be indispensable in
the future must have a human dimension and be tai-
lored to suit a need. This will inevitably be embedded
in the area of tension between technical and scientific
knowhow, market orientation, and orientation towards
individual customers. From the point of view of the
user, virtually all products are becoming increasingly
similar. Good customer service will be another factor
in the success of medical products: the focus must in-
creasingly be on the demand for products and not just
supplying them on offer.



2. Medicine Is More Than Applied Technology
for Human Beings

Giovanni Maio

Medicine owes many of its undeniable achieve-
ments to technological developments; without the
elaboration of technologies, medicine would have
been unable to devise or apply many methods of
treatment which are, indisputably, a blessing for
mankind. And yet, curative science has sometimes
been dazzled by the alliance between medicine
and technology. Medicine has been taken in by
technology to such an extent that it has lost sight
of what characterizes it as curative science and
what constitutes its actual essence. Technology is
not just a method to be chosen, but also a pro-
gramme. Ethical reflections on the relationship

From the very moment when medicine presents
a purely technical solution to the crisis of falling
ill, medicine has not only chosen a method, but
has devoted itself to a certain view of the world
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between medicine and technology are presented
in this chapter.

and humankind. If the relationship between medicine
and technology is to be understood adequately, these
basic preconceptions about humanity must be contem-
plated.

2.1 Technology Suggests Feasibility and Controllability

Despite the uncertainty that still remains, a system that
backs technology alone assumes a high degree of con-
trollability of the system. In this case, that which is
incalculable merely represents a challenge to the de-
veloper to perfect technology to make it controllable.
If technology is now used to heal the ill, and as a central
instrument at that, this engineer’s way of thinking also
infiltrates how physicians think. In other words, physi-
cians who rely fully on technology are under the tacit
assumption that the problems faced by medicine are
generally problems that can be solved using technology.
If a problem remains, however, technology is to blame
for not being sophisticated enough, according to this
credo. This way, it is assumed that basically everything
is feasible and that all problems faced by mankind can
be solved using technology. The reproductive-medicine

complex is one example of coupling treatment with
technology. Reproductive medicine, in particular, which
increasingly regards itself as a market-oriented ser-
vice industry, equates remedy with the application of
technical instruments; it responds to many persons’ cri-
sis of meaning by offering technical solutions. What
is more, reproductive medicine implicitly declares the
technical solution to be the only possible response
to the challenge arising from involuntary childless-
ness. Medicine that regards itself in this way does not
only create an offer, but also establishes standards that
those who are confronted with involuntary childless-
ness are virtually unable to avoid [2.1]. In particular,
however, reproductive medicine comprehended in this
way fails to make use of the opportunity of mak-
ing couples aware of the potential of alternative life
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concepts at a sufficiently early stage. Such an absolu-
tization of the technical solution leads to a continuation
of infertile couples being dependent on the techni-
cal solutions offered by medicine, rather than making
them aware that a crisis of meaning can also be over-
come by giving life a new meaning, a meaning that
may arise by opening up new prospects of life [2.2].
It is the example of reproductive medicine, in par-
ticular, that highlights the fact that humane medicine
is more than about just being technically adept. It
is equally important to invest in good consultation,
in a good conversation which should, in particular
cases, also include touching upon the potential fail-
ure of technology. Technology suggests feasibility —

2.2 Technology Knows No Bounds

Technology has no boundaries; it progresses into un-
chartered territory, it never shies away from the new,
nor does it spare the essence of being; technology is
always oriented towards change and dynamism. With
such a basic concept, however, technology ensures that
there is no longer such a thing as a reasonable bound-
ary within medicine, and that there is no state that might
not undergo technical optimization or change. Research
on embryos is one example of this. Here, in particu-
lar, it can be seen that technical methods are considered
almost blindly without thinking about morally tenable
boundaries. There are grounds here for criticizing the
basic approach of using an inherently problematic tech-
nical means for an undeniably good cause. The fact that
the destruction of embryos was at all taken into account
as an option is the actual core of the ethical problem,
which is that, in their basic approach, the natural sci-
ences and technology grasp blindly at methods simply
because they are technically feasible or simply because
they are required to make promises come true. Offer-
ing such options alone creates a problematic denial of
any boundaries whatsoever. It is like asking a counter-
part a certain question that simply should not be asked,
no matter what the situation is, because it is, for exam-
ple, an unreasonable demand. In the same way, there
should be certain methods in technical research and de-
velopment that one simply does not select, because they
are bound to offend the feelings of far too many people,
and should therefore be regarded as unacceptable. Con-
sequently, the basic problem that research on embryos
has to face only arose because research methods were
chosen blindly from the start, and, from the very begin-

as can be clearly seen using reproductive medicine
as an example — and puts the victims of technology
in a situation where they are unable to escape from
the resulting technical imperative. Thanks to technol-
ogy, every woman has the opportunity to fall pregnant,
and if they still remain infertile, they just have not in-
vested enough or have not had a sufficient number of
attempts. It hardly occurs to the majority of physicians,
nor, secondarily, to many couples, that the technical
solution may not be the adequate one. Thus, technol-
ogy creates a maelstrom, a feasibility maelstrom, which
can only be resisted with difficulty. This aspect must
always be taken into consideration with every new
technology.

ning, no respect was shown for the fact that merely the
request of sacrificing embryos is an unreasonable de-
mand for many people — and this is just one example
representing many more. We need only think of cloning
techniques, the creation of chimera, and so on. In this
case, technicians cannot retract and deny any respon-
sibility. Moreover, simply by selecting their methods,
technicians assume responsibility, and this responsibil-
ity must become apparent prior to the development so
that no blind mechanization occurs, but a mechaniza-
tion on a humane scale. And this humane scale must
also take boundaries into consideration, and must bear
in mind that certain processes are inherently problem-
atic. If they are still selected, despite being aware of
these problems, presenting the whole of society with
a fait accompli, this could signify a heavy burden in
certain constellations.

And yet, it is not only the moral boundary that de-
velopers of technology defy without further reflection —
the denial of the boundary itself is the basic problem of
technical development. Technology knows no point at
which it could be said that it is perfect now as it is; tech-
nology, i. e., those who work on technical products, are
always anxious to surpass existing technology with one
that is even faster, even more sophisticated, even smaller
or even more comprehensive. This attitude towards end-
less development is based on the lack of a notion about
the ideal state and on a glorification of efficiency. The
credo is: the faster, the better; the more, the better, and
so on. Admittedly, this credo may be useful when deal-
ing with certain utensils. In the context of medicine,
however, the credo cannot be generalized in all cases.
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2.4 Technology Alone Does Not Make Medicine Humane

What about the discussion on enhancement? This is pre-
cisely where the esteem for more and more reaches its
limits and where less is more makes sense [2.3]. The
human being is not a machine that operates better the
faster it runs; humans need efficiency as much as they
crave leisure, they need to achieve their goals quickly,
but also need changes in their lives, and resistance to be

able to mature at all. Accelerating everything — human
beings included — does not automatically mean that hu-
man beings are doing themselves a favor. With regard to
humanity, offering less, decelerating or back-pedalling
is often more conducive to reaching the goal, provided,
of course, that humanity finds fulfilment is the desirable
goal rather than rapid production.

2.3 Technology Is Unable to Answer the Question of Meaning

Technology knows only purpose-rational thinking, and
if technology is proclaimed as the solution for mankind,
the human being will primarily be regarded as a body
machine within such thought. Technology does not ask
about meaning, about the superior sense; indeed, it can-
not ask what is meaningful, because it lacks the tools to
assess the answer to this question — since the question
of meaning cannot be expressed in figures and values.
With regard to technology in the context of medicine,
this aspect is particularly precarious. As a result of tech-
nology’s triumph, medicine has sometimes fallen victim
to an absolutization of the natural sciences and technol-
ogy, with the grave consequence that medicine is time
and again inclined to define not only what is proper
but also what is good via the natural sciences. That
which takes place as an applied natural science and
technology in the course of the self-image of medicine
is equating functionality with the good, equating natural
scientific properness with what is good for mankind. In

this context, organic functionality is occasionally seen
as a value in itself; in other words, functionality should
always be restored. Secondly, the loss of functionality
is per se interpreted as something negative or even as
a failure on the part of medicine under this natural scien-
tific dictum. Both conclusions, however, are inherently
problematic. First of all, trying to restore functional-
ity by all means may be problematic if sight of the
whole picture is lost. Concerning the superior sense,
restoring functionality cannot be equated with the cre-
ation of meaningfulness; for example, organs can be
restored but the treatment may be senseless regardless.
The more medicine becomes specialized and regards it-
self as a natural science, the more it sometimes treats
organs and x-ray photographs, blood gases, and labo-
ratory values, but by doing this does not automatically
treat the human being. Precisely this, then, becomes
a serious problem if medicine sees itself only as a tech-
nically oriented specialist medicine.

2.4 Technology Alone Does Not Make Medicine Humane

Bearing all this in mind, it should become apparent that
it is not a matter of demonizing technology. Technology
per se is not the problem of modern medicine. The prob-
lem starts when the importance of technology is overes-
timated, i.e., when it is assumed that existential ques-
tions arising from a patient falling ill can only be solved
by technological means. The central criticism is there-
fore not directed at technology itself, but at the thought
that technology is the one and only solution. Medicine
that categorically rejects technology is doomed to fail-
ure, because in this case, it often fails to exploit the
potential of being able to assist. Medicine, however,
that relies solely on technology and ignores everything
else will equally fail. For this reason, humane medicine
has to focus on implementing technology, whilst al-

ways bearing in mind that human beings need more
than effective technology to recover. The art of heal-
ing is to precisely recognize where technology would
be a good solution for human beings and where it is
merely an apparent solution. This art of healing requires
a pronounced practical power of judgement in a more
comprehensive sense, and not only technical expertise.

The technical credo in modern medicine overlooks
the fact that physicians often successfully bring about
a cure by a good relationship in which technology has
to be embedded. Technology without a relationship will
generally achieve little. Great importance is attached to
the technical aspect, whereas the human relationship is
often completely ignored. This change in priorities rep-
resents the greatest challenge mechanized medicine has

9
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to face. The more technology is used as a substitute for
a relationship, the more this will lead to the loss of a cu-
rative culture. Consequently, as long as we do not expect
more from technology than it is actually able to solve,
and avoid using it as a substitute for everything, the
sick will rightly hope that they will regain their health if
possible or find comfort and meaning when there is no
further chance of a cure. As long as medicine wishes to
see itself as a curative science and not as a repair ser-
vice, it will have to invest the same amount of energy
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3. Hygiene in Medical Technology

Heinz-Michael Just, Eckhard Roggenkamp, Annette Reinhardt

The application of new technologies in medicine
leads to therapeutic and diagnostic advance-
ments, yet also causes risks for patients to aquire
health-care associated infections. In this chapter
precautions to prevent the transmission of in-
fectious agents from inanimate medicotechnical
sources are shown.

Disinfection and sterilization processes are
described in detail aside with requirements for
cleaning equipement used for noninvasisve and
invasive technology on the patient (Sects. 3.4-3.7).
Targeted measures with focus on technical means
for preventing the four most important device-
related infections are pointed out in practical
examples (Sect.3.8). Furthermore special atten-
tion is given to dialysis departments because of
high risk of infection both for patients and staff
and to the special processing of medical devices
that have been used on patients with proven or
strongly suspected Creutzfeld-Jacob disease (CID)
respectively its new variant (vCID).

Finally technical regulations and standards fo-
cused on german and european circumstances
give an overview of what must be observed
by manufacturers and users of medical devices
(Sect. 3.9).
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ments have only become possible as a result of corre-
sponding technical processes and further developments.
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3.1 Background

The significance of hygiene becomes clear when we
realize that even many years ago almost half of all
infections contracted by patients in hospital were asso-
ciated with medicotechnical measures or were (partly)
caused by them [3.1]. Medical progress uses increas-
ingly complicated and sophisticated technical facilities
and equipment, the use and preparation of which also
endangers employees.

It is difficult to obtain reliable data which is more
or less representative from Germany, because to date
there is no central collection point for this purpose. An
indication can be gained by drawing on observations
which are based on data from the Trade Association
for Health and Welfare in Hamburg [3.2]. Accord-
ing to these observations, infectious diseases represent
the second largest group after dermatosis with a fre-
quency of 7.3%, but their numbers increase to one-third
in the case of those occupational diseases for which
compensation is awarded for the first time. The data
do not show what percentage of the cases of der-
matosis can also be attributed to technical use in
the widest sense, such as handling of detergents and
disinfectants.

Hygiene measures in the context of medical tech-
nology devices must therefore pursue the goals of

1. Protection of employees during handling,
Protection of patients during use of these devices
against the transmission of germs, which can lead
to
a) Contamination,

b) Colonization, or
¢) Infection.

The measures that are necessary in individual cases
to achieve these goals depend on several factors.

3.1.1 Employee Protection

When using these devices on patients, the rule is to act
such that the risk of coming into contact with the pa-
tient’s germs is kept to a minimum. This is achieved
by providing appropriate briefing regarding correct han-
dling before a medical technology device is used for the
first time. Hygiene guidelines govern which protective
measures are necessary and when, but these protec-
tive measures are also dependent on the illness of the
patient, the suspected bacterial colonization, and the
possible transmission path. When dealing with medical

technology devices in the course of reprocessing, main-
tenance, and repair, the employee can himself monitor
whether the equipment is already visibly contaminated
on the outside or components are dirty, for example.
He/she must in particular have been instructed by the
operator regarding whether the device has been used
immediately beforehand for a patient with a contagious
disease or with certain germs.

In such cases, disinfectant preliminary cleaning
must be carried out before maintenance or repair is
begun. Disinfection as a first step is also always nec-
essary when handling of the device is linked with
an increased risk of injury. Where reprocessing work
is concerned, processes should be used in which the
devices are cleaned and disinfected by machine, and
this should be done with the application of heat and
in one process. Under some circumstances, certain
protective clothing (e.g., gloves) is sensible or even
compulsory.

3.1.2 Patient Protection

How the medical technology device is used on the
patient is crucial to the necessary measures. A pace-
maker implanted in the patient must be and remain
sterile and pyrogen-free during insertion. Disinfectant
pretreatment is sufficient for medical equipment with
only external (skin) contact, and in the case of equip-
ment which stands at the bedside next to the patient,
cleaning is generally sufficient. However, if parts of
a piece of equipment which is situated remotely from
the patient come into contact with sterile areas of the
patient (e.g., tube systems which convey blood in a dial-
ysis machine or in cardiac surgery equipment), then this
system component must of course satisfy the same crite-
ria as an implanted device. The same also applies when
equipment is used to introduce fluids or medication into
sensitive (e.g., lungs in the case of machine-assisted ar-
tificial respiration) or sterile regions of the body (e.g.,
infusion apparatus) [3.3-5].

The text which follows explains the principles of
targeted hygiene measures and demonstrates, with ref-
erence to examples, how the risks can be recognized and
which risk-based measures are necessary. Reference is
made to sets of regulations which must be observed, al-
though it is the duty of the person responsible for the
area in question to adapt the catalog of measures to new
scientific findings and recommendations in the course
of regular training. General guidelines which are not
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orientated towards practical use, the specific risk of in-
fection, and the path of infection are often expensive, as

3.2 Causes of Infection

Requirements for an infection to develop are an in-
fectious agent, a person susceptible to infection, and
contact which enables the germs to colonize the individ-
ual such that an infection can develop. This multitude
of requirements makes it clear that there is no rea-
son to live in general fear of microorganisms, be
they bacteria, viruses or fungi. Bacteria colonize our
skin and mucous membranes and are an important
part of our body’s defenses. Over 40 different species
can be isolated from our nasopharyngeal cavity, and
there are up to 10'> germs living in every gram of
feces.

The natural bacterial colonization present in the skin
of every human being can be divided into permanent
and femporary. Permanent germs are always present,
whereas temporary germs are acquired and therefore
change according to what the person has been handling
or what work he/she has been carrying out. Wash-
ing the hands eliminates the majority (> 90%) of this
acquired contamination but leaves the permanent bac-
terial colonization undisturbed. Disinfecting the hands
or skin should completely eliminate acquired germs,
but it also has an adverse effect on the permanent skin
colony.

The skin and mucous membranes are mechanical
barriers which, when they are not damaged, prevent
microorganisms from penetrating into our bodies. This
explains why damage to the skin and mucous mem-
branes is always accompanied by an increased risk of
infection, whether that be in the form of a local, super-
ficial infection (pustule, abscess) or whether it be in the

3.3 Vaccinations

One of the most important measures for protect-
ing against infections is vaccination. The vaccinations
which are recommended and constantly updated by
the Standing Committee on Vaccination (Stdndige
Impfkommission — STIKO) at the Robert Koch In-
stitute (RKI) [3.6] are of particular importance for
employees in the health care system. The vaccina-
tions in category S (standard vaccinations with general

they require a lot of personnel and time, but are rarely
effective.

form of a widespread infection — usually occurring in
immunocompromised patients — of the soft tissue (ul-
ceration, gangrene), which can also result in sepsis with
high fever.

In many fields, our body has also developed fur-
ther defense mechanisms, such as the acid mantle of
the skin, microorganism-killing enzymes in secretions
and excretions (e.g., tear fluid), and special structures in
our blood whose primary role is to eliminate intruders.
These include the white blood cells which eatr up and
digest bacteria (phagocytose), and so-called antibodies
which help blood cells identify structures in the body
which they should destroy. These specific antibodies are
formed in the lymphatic tissue of our body following
such stimulation. Stimulation of this kind may be due
to contact with the infectious agent itself (natural immu-
nization) or may be as a result of vaccination (artificial
immunization, see later).

If a germ nonetheless manages to attach to skin or
mucous membranes, then the first important step has
been successful. If this colonization persists, although
it does not result in illness, the patient or member of
staff would become an (undetected) source of further
transmission, in case the germ in question is a problem-
atic germ (infectious agent, multiresistant bacterium).
However, if in the second step the germ is able to de-
ploy its pathogenic properties and the person affected
is not immune, then this would lead to an infection
which, depending on the state of health of the affected
individual, can result in an illness which varies in its
severity.

application = standard vaccinations) are the vaccina-
tions for infants and children and should be given
to all employees in the health care system and, if
necessary, should be regularly boosted. These include
important vaccinations against such as tetanus, po-
liomyelitis, and diphtheria. Depending on the field of
activity, so-called indicated vaccinations (category I)
may also be added, such as vaccinations against hep-
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atitis A and B, influenza, and varicella. The point of
contact for questions regarding personal vaccine pro-

3.4 Disinfection Methods
3.4.1 Basics of Disinfection

Like sterilization (Sect. 3.5), disinfection also has the
aim of preventing transmission of pathogens. Complete
freedom from germs (sterility) is not guaranteed, how-
ever. Disinfection of equipment and materials is always
sufficient if, although the aim is to prevent transmission
of microorganisms which are capable of multiplying,
the body physiologically speaking has a certain level of
self-protection in these areas as well as in other areas of
the human body which have colonies of germs (e.g., the
gastrointestinal tract). Obligate pathogens (those which
always cause illness) must not be present on disinfected
items, however.

When using disinfectants and disinfection pro-
cesses, both the respective microbiological spectrum of
activity and the field of use must be taken into consid-
eration. Thermal disinfection processes, where they can
be used, must always be given precedence over chem-
ical disinfectants and disinfection processes. Provided
they do not contain any other special directions, chem-
ical disinfectants are usually only suitable for killing
vegetative bacteria and fungi.

Before they come onto the market, disinfectants are
tested for their antimicrobial action by means of micro-
biological analysis. There are standardized methods for
this, whose results also determine whether a substance
will be included in the list of substances permitted by

tection and work-related requirements is generally the
occupational health officer.

the Robert Koch Institute in accordance with the Ger-
man Infection Protection Act [3.7].

3.4.2 Disinfection Processes

Thermal processes are only suitable for thermostable
objects, while chemical processes are also suitable for
thermolabile objects and surfaces.

A distinction is made between the fields of use for
chemical disinfection, as follows:

e Disinfection of hands, skin, and mucous membranes
e Disinfection of surfaces
® Disinfection of instruments.

Disinfection of Hands, Skin, and Mucous

Membranes and Disinfection of Surfaces
Disinfection of hands, skin, and mucous membranes and
disinfection of surfaces can only be carried out in the
form of chemical disinfection, with various germicidal
substance groups being used (Table 3.1). When select-
ing a substance, the purpose for which it will be used and
the required strength of its effect as well as the required
scope of its effect are crucial in this selection. Appro-
priate definitions should be regulated in area-specific
or process-specific hygiene plans based on the corre-
sponding KRINKO (Kommission fiir Krankenhaushy-
giene und Infektionsprivention) recommendation [3.8].

Table3.1 Advantages and disadvantages and fields of use of the most common active substances in disinfectants

Active substance
Alcohols

Iodine/iodophosphorus
compounds

Formaldehyde/aldehyde

Quaternary ammonium
compounds

Peracids/peroxides

Phenols

Advantages
Fast-acting, no residues,
low toxicity, pleasant odor

Does not irritate mucous
membranes, fast-acting

Broad spectrum of activity,
biodegradable

Good detergent action,

low odor, low toxicity
Broad spectrum of activity,
fast-acting

Low impact

because of environment

Disadvantages

Not sporocidal,
combustible/explosive, expensive
Allergies possible,

naturally colored,

(side-effects on thyroid?)

Irritant, allergenic,

moderately toxic, (carcinogenic?)
Gaps in effectiveness,

inactivated by soap and protein
Inactivated by protein,

corrosive, irritant, unstable

Gaps in effectiveness,

barely biodegradable

Field of use

Hand disinfection,

skin disinfection, small surfaces
Skin disinfection,

mucous membrane disinfection,
hand disinfection

Surfaces, instruments,
disinfection of rooms
Disinfection of surfaces

in special areas (kitchen)

Surfaces, instruments

Disinfection of excretions,
otherwise obsolete
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Disinfection of Instruments

Instruments and equipment can be disinfected thermally,
thermochemically, or else purely chemically. The choice
of the process is dependent on the suitability of the
material for certain types of disinfection, on the local
conditions (infrastructure), and if applicable, on certain
requirements. The most reliable option is mechanical
thermal disinfection in special washer-disinfectors, be-
cause it is only when exposed to appropriate tempera-
tures that the desired reduction in germs is guaranteed
with sufficient certainty. The machines report faults in
the program sequence, which means that it is not possi-
ble to remove items inadvertently before the disinfection
process is complete, and errors are for the most part
ruled out. Purely chemical processes, such as immersion
in solutions, etc., are in contrast susceptible to errors in
processing and require a high degree of reliability on the
part of the staff performing the process.

3.4.3 Chemical Disinfecting Agents

The most common active substances in disinfectants,
their advantages and disadvantages, and their fields of
use are reproduced in Table 3.1. In the rarest cases,
commercial disinfectants contain only one active sub-
stance, but they frequently consist of mixtures of active
substances in order to achieve the most optimum an-
timicrobial action possible.

3.4.4 Carrying out Manual Disinfection

Selection of Disinfectants

Disinfectants are usually selected on the basis of the
Network for Applied Hygiene (Verbund fiir angewandte
Hygiene, VAH) list. However, in so doing it is neces-
sary to bear in mind that, in addition to the field of use,
the concentration, and the application time (which are
dependent on one another), the necessary scope of activ-
ity is also ensured. Where there is any doubt, reference
must be made to appropriate expert advice. A further
important source of information, in particular from the
point of view of occupational health, is the material
safety data sheets according to 91/155/EEC — amended
by 2001/58/EEC - for the disinfectants in question.
With regard to material compatibility and effectiveness,
particular care must be taken with materials which con-
tain rubber and plastic.

Exposure Time
The maximum period during which the substance has its
intended effect can be gathered from the relevant data

sheets. If the solution becomes visibly dirty, however,
then it should be replaced immediately. If a combina-
tion of detergents and disinfectants is used, the exposure
time is generally only 24 h.

Sequence: Disinfection and Cleaning
In the case of instruments where there is a risk of in-
jury, disinfection must be carried out prior to cleaning.
In other cases, disinfection is performed with or after
cleaning.

Procedures
Disinfectants for treating surfaces and instruments are
provided by manufacturers in the form of a concen-
trate in various packaging sizes, from sachets to large
packs, and must be made up to the appropriate us-
age concentration by the user by adding water. To
avoid foam formation when preparing a disinfectant so-
lution, water is added first and then the disinfectant.
The solution is prepared by hand by means of dosing
aids or using mixing equipment. The advantage of us-
ing mixing equipment is the automatic dosing of the
disinfectant.

Disinfectants must only be used for the stated pur-
pose and must not be mixed with detergents without
prior testing, because this can result in a loss of effec-
tiveness of the disinfectant (follow the information from
the manufacturer). It becomes necessary to change the
disinfectant solution when the exposure time stated by
the manufacturer has been reached or when the solution
becomes visibly dirty.

Effectiveness may be impaired in tubes and pipes
with narrow lumen, e.g., as a result of air bubbles or im-
purities. It is therefore necessary to ensure that the item
to be disinfected is completely submerged, that there
are no bubbles, and that all surfaces are completely and
thoroughly wetted.

All items should be disassembled as far as possible.
Instruments should be immersed in the solution with
care to prevent damage.

Cost-Saving Hints
The following options can be used for cost savings:

® [t is often sufficient to carry out cleaning instead of
disinfection prior to subsequent sterilization. Excep-
tions: Only pointed, sharp items must be disinfected
prior to cleaning.

® Where feasible from a time perspective, low con-
centrations should be selected with a longer appli-
cation time.
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® If possible, make do without additional detergents,
because a disinfectant solution with added detergent
must be changed daily.

® Contaminate the solution as little as possible with
organic materials, so that it is not necessary to
change the solution before the end of the exposure
time.

® Wipe down items instead of immersing them.

Pouring Away

To protect drainage systems against corrosion, care
must be taken to ensure that the solution is diluted
sufficiently before it is poured away. Disinfectants for
treating instruments are generally provided with cor-
rosion inhibitors. High concentrations can nevertheless
be problematic for drains. The municipal wastewater
bylaws must also be taken into account. Disinfectant
concentrates are considered hazardous substances, and
their disposal requires special supervision.

Personal Protection

When preparing the solution, immersing/removing
items, and emptying and cleaning the bowl, gloves (dis-
posable or household gloves) and protective clothing
(waterproof apron) must be worn. If there is a dan-
ger of splashing, protective goggles and a face mask
must be worn. Bowls filled with disinfectant must be
covered to minimize evaporation into the surround-
ing air. Disinfectant solutions must always be made
up with cold water (no warmer than lukewarm) for
the same reason. Disinfectant concentrates must not
be stored above eye level. The workplace-specific
regulations to protect staff should take into account
the relevant technical regulations (the German Tech-
nical Regulations for Biological Agents, TRBA, and
the Technical Regulations for Hazardous Substances,
TRGS) (Bundesanstalt fiir Arbeitsschutz und Arbeits-
medizin, BAuA).

Special Circumstances
There may be undesired effects on materials if unsuit-
able disinfectants are used. The chemical resistance of
the items must therefore always be taken into account.
Where there is any doubt, enquiries should be made to
the instrument manufacturer.

3.4.5 Physical Disinfection Processes
With physical disinfection processes, a distinction is

made between thermal and thermochemical disinfection
processes.

Thermal Disinfection Processes

In thermal disinfection processes, pathogens are ren-
dered harmless as a result of the influence of heat.
The higher the temperature and the longer the applica-
tion time, the more effective the process is. In practical
applications, a distinction is made between dry heat
and damp heat, depending on the presence or absence
of free water. Only damp heat is of significance for
combating hospital infections. When using a treatment
with damp heat, a distinction is made between two
processes:

1. Rinsing with hot water (washer-disinfectors) and
2. Treating with steam (steam disinfection process).

Washer-disinfectors
Washer-disinfectors are devices in which instruments,
anesthesia accessories, laboratory materials (glassware
and the like), and other thermostable items are pro-
cessed by machine.

The series of standards DIN EN ISO 15883 specifies
the performance and device requirements for washer-
disinfectors.

Depending on the design, a distinction is made be-
tween washer-disinfectors with one processing chamber
and devices with multiple processing chambers, so-
called batch washer systems.

Washer-disinfectors are available in a front-loading
design (loaded and unloaded in the same area) or in
a through-loading design with two doors (separated into
a clean and dirty side).

Batch washer systems (multichamber systems) con-
sist of multiple washing chambers and drying chambers
through which the items to be treated are passed on
loading trolleys. The loading trolleys differ according
to the items to be treated. Sensors on the loading trol-
leys allow the control unit in the system to identify what
items are on the trolley and to automatically select the
correct processing program, which means that operat-
ing errors as a result of incorrectly selected programs,
temperatures, and times are ruled out.

The disinfection process which runs in each case
is usually thermochemical or thermal. An ultrasonic
cleaning tank can be added to the system as an addi-
tional feature for precleaning of heavily soiled items.

Different processing steps are performed in each
chamber. Special tanks with the appropriate detergents
are assigned to each chamber. The detergent solution is
collected in the tanks and reused for the next process-
ing batch. Because not all of the detergent solution is
recaptured, some of the solution must be supplemented.
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The exact dosing of the detergent is done using dosing
pumps which are controlled via contact water meters.
The contents of the processing tank must be emptied
and refilled every working day.

Owing to their relatively high throughput rate, batch
washer systems are predominantly used in central sterile
supply departments.

Carrying out Machine (Cleaning

and Disinfection
To achieve a good cleaning and disinfection result,
the way in which the machine is loaded is of cru-
cial importance. It is important to ensure that all items
are disassembled as far as is possible and that hollow
parts are inserted with the opening pointing downwards.
Fluid must also flow through the interior of instruments
with long or narrow cavities, such as metal catheters,
metal suction apparatus, special needles, etc. Special
loading trolleys must be used for this.

In the case of use of detergents or combined dis-
infectants and detergents, the information provided by
the manufacturer (application time, concentration, and
temperature) must be followed precisely.

Only the correct dosage will ensure a perfect disin-
fection and cleaning result while providing the greatest
possible protection of the material. Underdosing of al-
kaline detergents involves the risk that pitting may
occur, as this is avoided at pH values of above 10.5.
When using acidic detergents, corrosion may occur as
a result of chlorides in the water, and this can only be
precluded by using demineralized water.

In the case of machine cleaning, all residues from
the cleaning phase must be reliably removed in the rins-
ing phase, as otherwise stains and discolorations may
appear on the surgical instruments. Additional use of
a suitable neutralizing agent can support this process
and improve the result of rinsing.

Documentation
In the course of quality assurance, when processing
medical equipment it is necessary for the process-
relevant processing steps of the individual batches to be
documented with direct assignment to the relevant items
to be treated.

Inspections and Maintenance
Disinfection measures in cleaning equipment are only
effective if maintenance and inspection of these ma-
chines are not neglected. The necessary inspection and
maintenance are specified in the operating instruction,
which should be issued by the manufacturer. Mainte-

nance should be carried out at least once a year by
trained specialists.

Tests
The ordinance regarding the installation, opera-
tion, and use of medical devices (German Medi-
cal Devices Operator Ordinance — Medizinprodukte-
Betreiberverordnung, MPBetreibV) states the require-
ment that medical devices must be processed using
suitable, validated processes such that reproducible
success is ensured and the safety and health of pa-
tients, users, and third parties are not endangered. The
KRINKO recommendation [3.9] likewise requires vali-
dated processing of medical devices.

Specific information about carrying out the vali-
dation and the subsequent periodic tests is set out in
DIN EN ISO 15883-1 — Washer-disinfectors — General
Requirements, Definitions, and Tests, and in the guide-
line from the German Society for Hospital Hygiene, the
German Society for Sterile Supply, and the Working
Group Instrument Preparation for routine monitoring of
machine washer-disinfectors for thermolabile medical
devices.

Validation is a documented process for providing,
recording, and interpreting the results necessary to show
that a process constantly produces the desired qual-
ity which conforms with the given specifications. For
washer-disinfectors (WD), the validation consists of
installation qualification, operating qualification, and
performance qualification, performed for devices which
have documented proof from the manufacturer of com-
pliance with the requirements of DIN EN ISO 15883.

The installation qualification is performed to en-
sure that the WD and accessories have been properly
supplied and installed and that the supply of operating
media satisfies the special requirements. The tests and
inspections which are to be carried out for the installa-
tion qualification must be defined and performed, and
the results documented.

Tests and inspections which must be carried out are:

® Testing the scope of supply and delivery (in the case
of existing installations, testing the stock)

® Loading trolleys/baskets, cartridges, and also plugs/
adapters

e [Installation plan, instructions for use

® Testing the connections and supply of media, and
comparing them with the installation plan

® FElectricity

® Water (cold/warm/demineralized)

e Steam
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® Wastewater
e Exhaust air/ventilation.

The operating qualification is carried out to en-
sure that the WD and the supply of media comply
with the manufacturer’s specifications and the require-
ments set out in DIN EN ISO 15883. The tests and
inspections which are to be carried out for the operat-
ing qualification must be defined and performed, and
the results documented. In the performance testing, the
specified washer-disinfector programs are tested for ref-
erence loading, and the results are documented. When
observing the regulations, it should be ensured that re-
sults are obtained which can be reproduced at any time.
Any reference loading must cover instruments with con-
tamination which is typical of operation as well as
critical design features. Reference loading is always
operator specific and must be documented. A require-
ment for the performance qualification is specification
and documentation of the necessary programs with the
corresponding process flows. The description of the pro-
cess must also include the preconditions for cleaning.
The process description must be documented in detail,
including precise information about the chemicals. The
following tests are performed as part of the performance
qualification.

Testing the Cleaning. The cleaning is tested using
two different methods. Test instruments (hemostats af-
ter Crile) with defined test soiling in accordance with
DIN EN ISO 15883 and instruments which are actu-
ally soiled following use are used. Every program used
must be tested. The test instruments are removed from
the WD using gloves following the cleaning phase and
prior to the disinfection phase.

The results of the cleaning process are first evalu-
ated visually, and these findings are documented. The
test instruments must be visibly clean. The test instru-
ments must then be tested for protein residues using
a protein detection method which is at least semiquan-
titative. In practice, detection of protein residues using
the Biuret method has proven successful. Testing of the
instruments which are actually soiled is carried out in
the same way.

Assessment. The limit value is that all test instruments
must neither reach nor exceed the protein content of
100 pg protein per ml eluate. If this limit is exceeded,
then the WD is immediately shut down. The guide value
is a maximum of 50 g protein per ml eluate for a test
instrument, at which no measures are necessary.

Testing the Disinfection. The disinfection is tested
using thermoelements which are distributed in the dis-
infection chamber at critical locations and which record
the temperature profile during processing. The result-
ing temperature graphs show whether the temperature
necessary for killing microorganisms was present at all
locations in the chamber. The A value can be calcu-
lated from the temperature graph in accordance with
DIN EN ISO 15883. The Ag value of a disinfection pro-
cess with damp heat is a measure of the rate at which
microorganisms are killed, given as a time in seconds at
a temperature of 80°C applied to the medical item by
the process.

The Ag value which must be achieved depends on
the nature and quantity of the microorganisms on the
contaminated medical device and on the subsequent
use. In the case of crucial medical devices and medical
devices which are or may be contaminated with heat-
resistant viruses such as hepatitis B, the Ao value must
reach 3000. This corresponds to an application time of
Smin at a temperature of 90 °C or an application time
of 50 min at a temperature of 80 °C.

An Ay value of 600 is used in the case of noncriti-
cal medical devices which can only come into contact
with undamaged skin. This corresponds to an appli-
cation time of 1 min at a temperature of 90°C or an
application time of 10 min at a temperature of 80 °C.

In addition to the thermoelectric measurements (Ag
concept), biological indicators can also be used to make
statements about the killing of microorganisms. Biolog-
ical indicators are germ carriers which are contaminated
with a blood/germ mixture which has a defined resis-
tance to the disinfection process in question. The Robert
Koch Institute stipulates the use of contaminated screws
and tubes for testing thermal disinfection processes in
washer-disinfector machines. Meanwhile, equally good
biological indicators are available which allow testing
which is easier for the user.

The performance qualification must be repeated an-
nually. When the programs or process chemicals are
changed or new medical devices are introduced which
have to be processed differently, the performance quali-
fication must be carried out once more.

Decontamination Systems
Decontamination systems have in the past been used
first and foremost for cleaning and disinfection (de-
contamination) of bed frames and accessories. Require-
ments regarding hygiene, economic considerations, and
occupational safety requirements (TRBA 401 hazard
due to skin contact) have led to decontamination sys-
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tems increasingly being used for other articles in the
field of medicine as well, such as transport trolleys, con-
tainers (e.g., for medications, medical devices, sterile
articles, and meals), operating theater shoes, transport-
ing containers for small conveyor systems, and similar
items.

A decontamination system consists of a decontami-
nation chamber, which receives the items to be treated,
and an apparatus compartment, which contains the units
and components necessary for operation. The systems
are generally constructed with a two-door design.

The items to be treated are pushed into the decon-
tamination chamber on the dirty side (in some cases
using special loading trolleys). Combined cleaning and
disinfection of the items to be treated is carried out
in the first phase using a separate nozzle system by
means of a recirculation pump. The temperature of
the decontamination agent solution and the decontam-
ination period can be set and changed on the control
panel, making it possible to optimally adapt the process
quickly and simply to the items being treated. The de-
contamination agent solution is supplied from a heated
storage tank.

Following the decontamination process, the items
being treated are sprayed with a rinsing agent solution to
remove residues of the decontamination agent solution
and ensure fast and spotless drying. During the dry-
ing time, a ventilator extracts the damp warm air from
the interior of the compartment, while at the same time
sucking in fresh air from the clean side. The decontam-
ination agent solution is pumped back into the storage
tank via a recirculation pump, so that only about 201 of
water is required for each batch.

With regard to the requirements, operation, and test-
ing of the effectiveness of decontamination systems,
reference should also be made to DIN standards 58955
section 1-7.

Steam Disinfection Processes
Steam disinfection processes are preferably used to dis-
infect bedding (mattresses, laundry, and textiles) but
also for waste which needs to be disinfected. Simul-
taneous use of these systems for disinfecting waste as
well can be considered to be problematic because of the
offensive smell and risk of contamination of the appa-
ratus. With appropriate separation, however, joint use of
the apparatus to disinfect both bedding and waste is also
perfectly feasible.

The items to be disinfected are subjected to the
effect of saturated steam in the steam disinfection ap-
paratus. To ensure that all surfaces to be disinfected

are exposed to unobstructed steam, the air must be
removed from the disinfection chamber and from the
items.

A distinction of steam disinfection processes can be
made depending on the procedure:

1. Steam flow process, and
2. Fractionated vacuum process (vacuum-—steam-—va-
cuum (VSV) process).

Steam Flow Process (Range of Action, ABC:
Sect. 3.4.6). In the steam flow process the air is forced
out of the chamber and the items to be disinfected
using saturated steam. The disinfection temperature is
100-105 °C, with an application time of at least 15 min.
For porous items, the application time may be more than
1 h. The steam flow process is suitable for disinfecting
waste which contains sufficient water, e.g., microbio-
logical cultures.

Fractionated Vacuum Process. The process (Fig.3.1)
is characterized by:

1. Removal of the air from the chamber and the items
to be disinfected by repeated evacuation alternated
with influx of saturated steam

2. Disinfection with saturated steam

3. Drying of the disinfected items by evacuation.

To perform this process, steam which is largely
free of air and foreign gases is necessary (cf. DIN EN
285). The disinfection chamber must be vacuumtight.
The fractionated vacuum process is mainly used to dis-
infect porous items such as mattresses, blankets, and
waste.

3.4.6 Application Times
and Ranges of Action

The application times and ranges of action are presented
in Table 3.2. In the list of disinfectants and disinfection
processes tested and approved by the Robert Koch Insti-
tute [3.7], the ranges of action are identified by letters;
these are:

® A —suitable for killing vegetative bacteria, includ-
ing mycobacteria, as well as fungi, including fungal
spores

® B — suitable for inactivating viruses

® C - suitable for killing spores of the anthrax
pathogen.
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Fig.3.1 Diagram of the fractionated

vacuum process
Venting

Table 3.2 Application times and ranges of action of disinfection processes

Temperature (°C)

Duration (min)

75 20
105 1
105 5

Higher temperatures and longer application times

are sometimes used for disinfecting waste. Approved
processes can be found in the RKI list. The require-
ments, operation, and testing of the effectiveness of
steam disinfection apparatus are laid down in the DIN
standards 58949 section 1-7.

3.4.7 Comparison of Chemical

and Physical Disinfection Processes

Disadvantages of Chemical Disinfection

Gaps in effectiveness, contamination

(Primary) bacterial resistance

Adaptation (biofilm formation)

Possible distribution of germs in the hospital (cen-
tral units)

Dependence on concentration, temperature, and
pH

Decomposability, loss of effectiveness

Range of action

A, B (except viral hepatitis)
A, B

A,B,C

Inactivation by soap and protein

Limited ability to penetrate organic material

Risk of decontamination

Disinfectant residues in the material (e.g., rubber)
Material corrosion

Health effects for staff and patients

Pollution of the workplace and environmental dam-
age

High costs

Increase in the volume of refuse.

Advantages of Physical Disinfection Processes
Lower costs

Lower impact on the environment

Higher degree of reliability

Automated operation possible

Cleaning, disinfection, and drying in one process
No toxicity and no allergization

Testing for effectiveness.
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3.5 Sterilization Methods
3.5.1 Sterilization Processes

Physical processes

Steam sterilization

Hot air sterilization

Physicochemical processes

Ethylene oxide gas sterilization
Formaldehyde gas sterilization

H>0O; low-temperature plasma sterilization.

Physical Processes
Steam Sterilization. Sterilization with the aid of sat-
urated and compressed steam, also sometimes referred
to as damp heat, is the most reliable sterilization pro-
cess and, because of its simple handling, is the most
important process for sterilizing medical devices.

The principle of steam sterilization is based on the
transfer of thermal energy to the contaminated surfaces
as aresult of condensation of compressed steam. Energy
is released through condensation of the steam on the
items to be sterilized, which causes irreversible damage
to microorganisms.

The pressure and temperature of steam are depen-
dent on one another; for example, compressed, saturated
steam at a temperature of 121 °C has a pressure of 2 bar
(1 bar = 105 Pa), while at a temperature of 134 °C it has
a pressure of 3.2bar. In practice, two standard condi-
tions are used:

® 121 °C with application time of 15 min
® 134°C with application time of 3 min (only for cor-
respondingly heat-resistant items).

Pathogen Resistance to Damp Heat. The resistance
of germs to damp heat is classified into four levels (Ta-
ble 3.3).

A complete effect of the steam on the items to be
sterilized is only possible if the air has been removed
from the chamber and from the items which are to be
sterilized. Processes for removing the air from the items
to be sterilized include:

1. Fore-vacuum process. In the fore-vacuum process
(Fig.3.2), the air is removed from the sterilizer
chamber using a vacuum pump. The process fea-
tures the following operating phases:

— Single evacuation of the sterilizer chamber to
pressure of 20—70 mbar

— Admission of steam until the operating pressure
has been reached.

The fore-vacuum process is not suitable for ster-

ilizing porous items (e.g., laundry) in sterilization

containers with a filter or valve in the lid of the

sterilization container.

2. Fractionated vacuum process. The fractionated vac-
uum process (Fig.3.3) features operating phases
such as:

— Evacuation to pressure < 130 mbar (1 mbar
= 100 Pa), repeated several times

— Alternated with influx of steam to a pressure
which is below or above atmospheric pressure

— Admission of steam until the operating pressure
has been reached.

The fractionated vacuum process is suitable for all
sterilization items in packaging approved for steam ster-
ilization.

According to the German Medical Devices Operator
Ordinance § 4, medical devices must be sterilized us-

p

Fig. 3.2 Fore-vacuum process

Table 3.3 The four levels of resistance of germs to damp heat

Level of resistance = Temperature (°C) Application time

I 100 Seconds to minutes
I 105 5 min

it 121 or 134 15 min or 3 min
v 134 Upto6h

Pathogens recorded

Vegetative bacteria, fungi including fungal spores, viruses, protozoa
Bacterial spores with a lower level of resistance, e.g., anthrax spores

Bacterial spores with a higher level of resistance

Bacterial spores with a high level of resistance
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> 1

Fig. 3.3 Fractionated vacuum process

ing suitable, validated processes, such that reproducible
success of these processes is ensured and the safety and
health of patients, users, and third parties are not en-
dangered. Validation serves to prove the effectiveness of
the sterilization process under the operating conditions
present in the location where the equipment is installed,
with the items which are to be sterilized in routine
operation, in the appropriate packaging, and with the
loading model used. Validation consists of commis-
sioning and performance qualification. DIN EN 554
and DIN 58946-6 have been replaced by DIN EN ISO
17665-1. Validation according to DIN EN ISO 17665-1
consists of installation qualification (IQ), operational
qualification (OQ), and performance qualification (PQ).

In the installation qualification, evidence must be
found that the device equipment, documentation, oper-
ating media, and installation comply with the standard.
It must also be demonstrated that the device is in good
working order, and that there is no leakage of the oper-
ating media or in the equipment.

In the operational qualification, evidence must be
provided that the sterilizer is able to perform the speci-
fied sterilization programs.

In the performance qualification, all sterilization
items and the types of packaging used must be recorded
and commissioned. The sterilization parameters of the
resulting commissioned items are then measured and
assessed in the sterilizer using physical test methods.

In addition to the physical test methods, DIN
EN ISO 17665 also approves microbiological testing.
Thermoelectric tests cannot be performed on medi-
cal devices (e.g., instruments for minimally invasive
surgery). In this case, there is the option of contami-
nating the instrument directly with test germs or using
suitable medical device simulators as per DIN 58921.
The results must be documented in the validation report.

Documentation. As part of the quality assurance in
the central sterilization supply department (CSSD), the
sterilization batches must be documented. This is done
firstly by recording the process-relevant sterilization pa-
rameters (pressure, temperature, and time) and secondly
by testing each batch using a suitable chemical indicator
in a special test specimen. Using a label with the batch
number on ensures that the item to be sterilized is as-
signed to the batch. Once sterilization has taken place,
the parameters are checked, and the batch is released
and documented.

Hot Air Sterilization. Hot air sterilization is sterilization
by dry heat. Because dry air is a poor thermal conductor,
relatively high temperatures and long application times
(e.g., 180°C for 30min sterilization time) are neces-
sary to ensure reliable sterilization. Table 3.4 presents
the sterilization times for hot air sterilization.

Germs, spores, and viruses are killed as a result of
protein coagulation. The sterilization effect is strongly
dependent on the preparation of the items to be steril-
ized. The items to be sterilized must be clean and dry
(evaporatively cooled).

The following must be taken into consideration
when loading the sterilizer.

® [t must be possible for air to flow unhindered around
all of the items.

® The direction of the air flow must be taken into
account.

® Larger items can create a slipstream.

® The items to be sterilized must not be stacked in
blocks.

Larger sterilizers must be equipped with forced air
circulation equipment (ventilator). Because of their un-
reliable operation, hot air sterilizers should only be used
to a very limited degree. Their fields of use are:

® Glass (laboratory)
® Metal
® Porcelain.

Suitable packaging materials are:

® Metal cases
® Glass bowls
® Aluminium foil.

Note that textile and paper packaging are not suitable.

Physicochemical Processes
Ethylene Oxide Sterilization. Sterilization with ethy-
lene oxide must only be used if the item to be sterilized
cannot be sterilized using any other process [3.10].
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Table 3.4 Sterilization times for hot air sterilization

Sterilization temperature (°C) Sterilization time (min)

160 120
170 60
180 30

According to the German Ordinance on Hazardous
Substances and the TRGS 513, since 1 January 1995,
ethylene oxide (EO) may only be used in validated, fully
automatic sterilizers, in which an automated degassing
program follows the sterilization program, with the ster-
ilizer remaining locked until the program is finished.

Substance Properties. Ethylene oxide is a colorless,
sweet-smelling, highly flammable gas, which can form
explosive mixtures with air. It is toxic and can cause
cancer and inheritable damage. A maximum allowable
concentration (MAC value), in the sense of harmless
concentration, can therefore not be given. The technical
reference concentration (TRC value) for the breathing
air in the workplace is 1 ppm-vol. EO irritates the eyes,
the respiratory organs, and the skin. It is classified as
hazardous to water (water hazard class WHC 2).

How It Works. Its good ability to penetrate cells makes
it possible for various vital biochemical components in
the metabolism of microorganisms, such as DNA, pro-
teins, vitamins, and enzymes, to be exposed to EO.
The alkylation reaction of proteins with EO kills the
microorganisms.

The effectiveness of EO is influenced by various pa-
rameters. The relative humidity of the gas mixture is
optimally 33% at a temperature of 55+ 3 °C. Because
the materials to be sterilized and their packaging absorb
water to different degrees depending on how the steril-
ization chamber is loaded, relative humidity of 100% is
in practice aimed for at the beginning of the sterilization
process. Water loss due to vacuum and absorption then
results in a reduction in the relative humidity. This ini-
tially high humidification should in practice prevent the
relative humidity from dropping below the limit value
of 33% which is necessary for reliable EO sterilization.

Adsorption and Desorption. Ethylene oxide binds
to surfaces of solids (is adsorbed) depending on the
material. With regard to EO sterilization this means
that residues adhere to the materials following EO
exposure. A relatively long degassing or desorption
time is therefore necessary for the treated items fol-
lowing sterilization. These may contain a maximum

residual concentration of 1ppm EO before use on
patients [3.11]. As already mentioned above, in accor-
dance with TRGS 513, the desorption process must
be performed in the sterilization chamber, which is
automatically locked, after sterilization has ended.
Reloading of the sterile items directly after sterilization
into so-called ventilation cabinets is not permitted.

Exhaust Air from EQ Sterilization Systems. A mass flow
of 2.5 ppm EO (according to the German Technical In-
structions on Air Quality Control, TALuft) must not be
exceeded in the exhaust air from the system. Methods
used for reducing the EO concentration are listed here.

® Combustion. This must be supported using aux-
iliary gas firing. The consumption of fuel gas is
~ 0.5m>/h. In the process, EO is fully converted
into carbon dioxide and water.

® Catalytic reaction. The necessary temperature of the
catalyst is reached by supplying energy in the form
of steam or electrical energy. It is virtually impossi-
ble to achieve complete decomposition of the EO.

® Gas wet scrubbing process (only for pure EO). The
firm VIG provides a process in which the EO is
bonded with a washing agent. Using diluted sulfuric
acid in water, the EO is converted to ethylene gly-
col. The EO is disposed of completely, and there is
no need to supply exhaust air.

Sterilization Processes

Vacuum Process. This process involves working with
100% EO in the vacuum range. After evacuation to be-
low absolute pressure of 55hPa and humidification of
the sterilization chamber, the EO flows into the cham-
ber, and the items to be sterilized are treated at an
operating temperature of 50—60 °C for between 1 h and
6h. The application time is essentially determined by
the process parameters of EO concentration, pressure,
humidity, and temperature. The pressure range is kept
below the lower explosive limit of EO. The sterilization
chamber is then purged and ventilated multiple times.

Overpressure Process. Following a pre-vacuum and
humidification, sterilization is performed in the over-
pressure range using a gas mixture of 6% EO and 94%
CO». As in the vacuum pressure process, the application
time is essentially determined by the process parameters
of EO concentration, pressure, humidity, and temper-
ature. The inert gas (mostly carbon dioxide) helps to
avoid explosion. After the sterilization phase, multiple
vacuum and ventilation phases take place alternately to
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achieve desorption of the EO from the sterile items. The
desorption time is generally 8—10h.

Requirements for Sterilizers. The requirements for re-
liable sterilization are described in detail in DIN 58948
and DIN EN 1422. According to the German ordinance
for minimizing hazardous substances, care should be
taken to ensure that sterilizers work with gas mixtures
of 6% EO and 94% CO, and that the risks for staff,
patients, and the environment are therefore reduced.

Requirements for Operating Staff. According to
TRGS 513, operating staff must demonstrate knowl-
edge of the subject through an approved course.

Formaldehyde Gas Sterilization

Substance Properties. Formaldehyde (FO) is a color-
less, pungent-smelling gas with a broad spectrum of
biocidal activity. It is toxic, allergenic, suspected to
cause cancer, combustible, and can form explosive mix-
tures with air. With the exception of its allergenicity, the
potential for danger in the areas just mentioned is lower
than in the case of ethylene oxide, but it is also less ef-
fective. The maximum allowable concentration (MAC
value) is 0.5 ppm. Formaldehyde is commercially avail-
able as a 30—50 weight percent solution (formalin).

Adsorption and Desorption. Formaldehyde is adsorbed
by the surfaces of solids. With regard to FO sterilization,
this means that residues remain on materials follow-
ing FO exposure. After the sterilization phase, the FO
residues adsorbed on the sterile items are removed by
purging with air and steam (desorption). The extent of
adsorption and desorption is dependent, among other
things, on the type of material of the solids. Experi-
ments looking at its desorption behavior have shown
that the residues on sterilized products can often be
removed relatively easily, but that the residues in the
sterilization packaging are many times higher in com-
parison. FO-sterilized items stored in poorly ventilated
spaces can lead to the MAC value for formaldehyde be-
ing reached in the air of the room. Storage locations
in which sufficient dilution and aeration are guaranteed
must accordingly be selected.

Process Sequence

1. Ventilation and humidification, often using a frac-
tionated vacuum process. The FO sterilization
process is not able to penetrate to the same extent
as the EO sterilization process. To achieve sufficient
penetration in the process, the FO sterilization pro-

cess may only be performed using the fractionated
vacuum process.

2. Sterilization, at a constant, low vacuum and high
atmospheric humidity (at least 60%); i. e., formalde-
hyde and steam are used for sterilization in combi-
nation at temperature of 60—75 °C.

3. Desorption: purging and ventilation using steam/air
scrubbing; i.e., the chamber and the items being
sterilized are purged in 15-20 changes in pressure
with air or steam.

Requirements for Sterilizers. Sterilizers must comply
with the requirements of DIN 58948.

Requirements for Operating Staff. According to
TRGS 513, operating staff must demonstrate knowl-
edge of the subject through an approved course.

H,0, Low-Temperature

Plasma Sterilization (LTP)
Field of Use. Because of their well-known problems in
respect of residues, there are considerable restrictions
on operation of conventional gas sterilizers (ethylene
oxide/formaldehyde) (German Ordinance on Hazardous
Substances, TRGS 525). No harmful residues of the
active substance are to be expected in the case of
H»>O, LTP sterilization, which is based on the active
substance H>0O3, i.e., hydrogen peroxide plasma, and
whose chamber temperature is 45 °C.

Active Principle. The active substance used is hydro-
gen peroxide (HyO3). In a vacuum it is evaporated,
diffused through the sterilization packaging, and then
excited by radiofrequency to form hydrogen peroxide
plasma. Hydroxyl and hydroperoxy radicals form in the
plasma, which inactivate the microorganisms. After the
radiofrequency field is switched off, the radicals lose
their high levels of energy and recombine to form water
and oxygen [3.12,13].

Process Sequence

First Phase: Vacuum. The sterilization chamber is
evacuated to residual pressure of &~ 1 mbar (1 mbar =
100 Pa). The radiofrequency generator is then switched
on, and an air plasma is generated. The chamber is then
ventilated and evacuated once more to prepare for the
injection. The air plasma allows any residual moisture
to be dried for better preparation for loading.

Second Phase: Injection. At room temperature, 1.8 ml
H;0, is injected into the chamber and evaporated at
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pressure of ~ 11 mbar. A short period of ventilation
then follows. This ensures that the active substance pen-
etrates quickly into the lumina.

Third Phase: Diffusion. The H,O, diffuses into the
items being sterilized. A vacuum is generated once
again before the plasma phase.

Fourth Phase: Plasma. The pressure in the chamber
is reduced to 0.7 mbar, and the plasma phase is be-
gun by means of radiofrequency in the MHz range.
The hydrogen peroxide vapor is thereby ionized, i.e.,
converted into gas plasma. This consists, among other
things, of highly reactive hydroxy and hydroxyl rad-
icals, which bond with functional building blocks of
microorganisms, thus causing them irreversible dam-
age. Phases 2—4 are carried out twice, the so-called first
and second halves of the cycle.

Fifth Phase: Ventilation/Pressure Equalizing. Follow-
ing completion of the 10min plasma phase, the gas
residues in the chamber and in the sterile items are re-
moved harmlessly by fractionated air purging and active
carbon filtering. The vacuum is equalized. When atmo-
spheric pressure is reached, the cycle is ended and the
door can be opened.

Process Duration. When fully loaded, the process lasts
for 75 min. Smaller loads sometimes mean shorter pro-
cess times.

Information for Use. Because of the way in which
it works, this process can be used for sterilization of

thermolabile items, but with certain restrictions [3.14].
Users of this process should draw up a list of all the
thermolabile items which must be sterilized and then
decide which items this process can be used for. A so-
called positive list of articles which are approved for
sterilization is issued by the manufacturer.

Based on comprehensive tests, open plastic tubes
with internal lumen > 3 mm and up to 200 mm in length
can currently be sterilized. Tubes with internal lumen
< 3 mm must be provided with a diffusion amplifier be-
fore sterilization. Catheters which are closed at one end
cannot be reliably sterilized.

The disadvantages of this process should be dis-
cussed very specifically: hydrogen peroxide vapor is
strongly adsorbed by materials containing cellulose.
Plasma sterilization therefore cannot be used for items
to be sterilized which contain cellulose or for instru-
ments in packaging containing cellulose. All packaging
materials must be free from cellulose and are currently
only available from the operating company. Packaging
bags, for example, are also on average three times more
expensive than similar products for steam sterilization.
Containers for instruments, such as those which are
available for steam sterilization, are only in the devel-
opment stages. The instruments must be completely dry
before loading the plasma sterilizer. In the case of or-
ganic contamination of the surface, the effect of plasma
sterilization is restricted considerably, but this is also the
case with all surface sterilization processes.

Inspection and Testing for Effectiveness. Test sys-
tems with biological indicators in accordance with
ISO 14937 must be used to test effectiveness.

3.6 Hygiene of Noninvasive Technology Equipment

This category includes all equipment and technical
measures which are used for diagnosis and therapy
but which are not inserted into the patient. These
may be electrocardiogram (ECG) electrodes, ultrasonic
transducers or monitors by the patient’s bed or in
function-testing departments, and they may equally be
small conveyor systems, ventilation technology or pro-
cessing machines.

3.6.1 Equipment Used on the Patient

These must be included in regular cleaning. If the
equipment does not come into contact with the patient,

then cleaning — often only of the accessible surfaces
— is usually sufficient. Environmentally friendly de-
tergents should be given preference for this, and it
is also important to bear in mind material compat-
ibility and area-specific regulations (e.g., explosion
protection).

Where such equipment is in areas with increased re-
quirements in terms of sterility (e.g., operating theaters)
or in isolation rooms (infectious patients, patients with
multiresistant colonized bacteria, immunosuppressed
patients), disinfectant cleaning must be stipulated. The
disinfectant used must be suitable for the field of use
(disinfectants for treating surfaces or instruments) and
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must comply with requirements in the scope of its ef-
fect. When used in areas with increased requirements
in terms of sterility, all potential pathogens should be
covered, and when used in isolation areas, substances
are preferred which act very quickly against the known
pathogens with a long-lasting effect.

Equipment or equipment parts which come into con-
tact with the patient must be cleaned carefully prior to
use in accordance with the guidelines and must always
be disinfected if there are corresponding regulations
(e.g., after use on patients with multiresistant germs) or
if, despite proper cleaning, there is still a risk of infec-
tion, e.g., in the case of severely immunocompromised
patients for whom even harmless environmental germs
can become a threat.

3.6.2 Equipment Not Used on the Patient

Initially, the same requirements apply for this equip-
ment as for use outside a hospital. It must be maintained
according to its intended purpose and regularly cleaned.
Different requirements may be necessary when the
equipment is used in areas with increased requirements
in terms of sterility, and, when necessary, these in-
creased requirements should be governed by in-house
guidelines. If, as a result of use, the equipment/unit
is contaminated with material from the patient, then
disinfectant cleaning is recommended, and if the ma-
terial is from an infectious patient then disinfectant
cleaning is a requirement. For certain equipment (e.g.,
air-conditioning units, cleanroom benches), special reg-

ulations may need to be taken into account (see
below).

3.6.3 Repair and Maintenance

Equipment which is handed in for repair and mainte-
nance to relevant departments should have been given at
least basic cleaning beforehand. Equipment parts which
have been in contact with patients/patient material must
only be disinfected before being worked on if they are
visibly dirty, or if it can be assumed that it is con-
taminated with germs which should be prevented from
spreading in the hospital (multiresistant germs), which
can lead to infections in the maintenance staff, or which
are subject to special regulations by law (German Infec-
tion Protection Act). These also include germs such as
hepatitis and tuberculosis pathogens, and other similar
pathogens.

Whether this pretreatment is carried out by the user,
somebody in another position (processing unit) or the
maintenance department itself may depend on the struc-
ture of the organization and also on the size of the
hospital. It is therefore recommended that the procedure
and the respective responsibility are set down in writing
and that hygiene plans are used to regulate who has to
do what, when, and in particular precisely how, and in
what sequence. This should in any case be agreed upon
together with the person responsible for hygiene (hy-
giene officer/infection control nurse) and possibly also
with the member of staff responsible for occupational
health and safety.

3.7 Hygiene of Invasive Technology Equipment

This includes all equipment, equipment parts, and tech-
nical measures which are used for diagnosis or therapy
and which in the process are inserted into the patient.
These may either be instruments or equipment which
are used in the patient without penetrating the skin or
mucosa (e.g., bronchoscope, oesophageal arteriography,
suction aspirator), in which case there may be inten-
tional (biopsy) or unintentional damage to the mucosa,
or they may be instruments or equipment which are de-
signed for use with or after penetration of the barrier of

3.8 Practical Examples

Targeted measures to prevent transmission of germs and
infections must be adapted to the pathogen, the group

the skin/mucosa (e.g., biopsy forceps, arthroscope, and
vascular catheter).

Disinfectant measures are usually sufficient for the
first group, whereas a sterilization process is obligatory
for the second group (see above).

Here, too, the following general rule applies: Pri-
marily use thermal disinfection (washing) processes,
and only consider thermochemical or even purely chem-
ical processes when the materials are not compatible
with thermal disinfection processes.

of people, and the hazard potential. Vaccination alone
may be sufficient, or specific disinfection or steriliza-
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tion measures or even isolation of the patient may be
necessary. The route of transmission plays a crucial role
in this (Table 3.5).

The German Infection Protection Act, which has
been in force since 1 January 2001 and has replaced the

old Federal Contagious Diseases Act, takes into con-
sideration these findings but also takes into account the
effects of technology in the changing world of medicine
by stipulating in § 23 that infections acquired in hospi-
tals must be continuously recorded, even those which

Table3.5 Types of infection transmission and their features and protective measures (after [3.15])

Type of transmission  Features

Airborne transmission ~ Microorganisms at-

tached to particles

Examples

1. Reasonable suspicion of or
confirmed tuberculosis

Protective measures

1. Isolation in a single
room (door and windows

in the air with size 2. Measles closed), cohort isolation
of <5 pum, move- 3. Varicella/disseminated her-  potentially possible
ment over a relatively pes zoster 2. Respiratory protection

long period of time
therefore possible

Droplet transmission Microorganisms at-
tached to particles
>5 wm (these droplets
are created when
speaking, coughing,
and sneezing)

Direct contact (touch-
ing) or indirect
contact (secondary,
e.g., via contami-
nated surfaces) with
epidemiologically im-
portant pathogens in
the case of infected or
colonized patients

Contact transmission

4. HIV patients with cough,
fever, and opaque pulmonary
infiltrates, provided TB cannot
be ruled out

1. Bacterial diseases: H.
influenzae (type B) infections,
meningococcal infections,
multiresistant pneumococcal
infections, diphtheria, pertus-
sis, mycoplasma pneumonia
infections

2. Viral diseases: influenza,
mumps, rubella, parvovirus
infections

1. Infectious diarrheal diseases
2. C. difficile enteritis

3. Respiratory infections in
children (bronchiolitis, croup)
4. Multiresistant pathogens
such as Methicillin-resistant
Staphylococcus aureus
(MRSA), Vancomycin-
resistant Enterococcus
faecium (VRE) (except mul-

when entering the room if
open-lung TB is identified
or there is strong clinical
suspicion

3. In the case of certain
diseases (measles, vari-
cella) nonimmune people
should not enter the room:;
if unavoidable, only with
respiratory protection

1. Single room, cohort
isolation if necessary; if
not possible a distance of
at least 1 m should be kept
between the infectious pa-
tient and other patients or
visitors

2. Mouth and nose pro-
tection required when
working close to the
patient (<1 m distance)

1. If possible single room;
cohort isolation if neces-
sary

2. Gloves and gowns de-
pending on the pathogen
and site of the infection
(follow infection control
recommendations)

3. Disinfect hands on
leaving the room

tiresistant TB)

5. Abscess or secreting
wounds which cannot be
covered
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are particularly influenced by technical factors (device
related):

Postoperative wound infections
Ventilator associated pneumonias
Catheter-related septicemias
Catheter-related urinary tract infections.

Because these are also the four most common
health-care acquired infections in hospitals and the mea-
sures required by law make an important contribution
to sensible quality management, the following practical
examples are limited to these infections and demonstrate
the vital contribution that technology can make here.

3.8.1 Postoperative Wound Infections

The pathogens for postoperative wound infections ei-
ther originate from the patient himself (germs in the skin
or mucous membranes) or are introduced into the pa-
tient from outside during surgery as a result of a lack of
hygiene. Before many surgical procedures, hair removal
up to now is still carried out using a razor (medicotech-
nical measure). If this is done on the evening before the
procedure, then the bacteria from skin flora have time
overnight to migrate deep into the skin via the micro-
scopic cuts in the skin which are unavoidably caused
during shaving to cause inflammation there. The re-
sult is a significantly higher risk of developing surgical
site infection. It is therefore recommended either not to
shave at all and to simply cut the hair short using hair
trimmers, or to shave immediately before the surgery
and thus immediately before the skin is disinfected (see
also KRINKO recommendation for the prevention of
postoperative infections in the operating field [3.9]).

Further important measures for the avoidance of
postoperative wound infections which are proven in
their effectiveness and which relate to technical means
are: sterile instruments, sterile implants, reliably ster-
ilized equipment parts which are required for surgery
(suction apparatus, counter with connection cable, etc.),
correctly functioning air-conditioning units, sufficient
vacuum in the case of reprocessed reusable drainage
equipment, etc. [3.16].

3.8.2 Ventilator-Associated Pneumonias
(VAP)

Pneumonia is the second most common overall infec-
tion in hospitals and is the most important in the case
of intensive care patients. It is seen as the primary or
secondary cause in 30-50% of deaths. With respect

to diagnosis related groups (DRGs), it is also signif-
icant that health-care associated pneumonia increases
the length of hospital stay by an average of 11.5 days.
The main risk factor for developing health-care associ-
ated pneumonia is mechanical ventilation.

According to the KRINKO evidence criteria, ori-
entated towards the criteria of the Centers for Disease
Control and Prevention (CDC) [3.17], the following
technically relevant points are important for targeted
prevention [3.17-20].

1. Oral intubation is better than nasal (development of
maxillary sinusitis); in the case of long-term artifi-
cial respiration prefer tracheotomy.

2. Use sterile or disinfected tracheal tubes.

3. Clean all equipment and tools thoroughly before
disinfection and sterilization.

4. Do not carry out routine sterilization or disinfection
of the circulation system of ventilators and anes-
thetic apparatus.

5. Do not change ventilator breathing circuits more
frequently than every 48h, including tubes and
expiratory valves and also nebulizers and steam hu-
midifiers, provided the equipment is only used for
one patient (according to recent studies an interval
of 7 days between changing is even possible).

6. Do notuse atmospheric humidifiers, which form aer-
osols (= atomizer), if sterilization/disinfection and
sterile water are not used on at least a daily basis.

7. Use sterile (not distilled or nonsterile) water for
rinsing the processed equipment and tools which are
used on the respiratory tract after they have been
chemically disinfected.

8. Do not reprocess equipment and tools which have
been manufactured for single use, unless there is data
to show that reprocessing does not pose any threat to
the patient and is cost-effective and that the function-
ality of the equipment and tools is not altered.

9. Sterilize or disinfect ventilation breathing circuits
and humidifiers between use on different patients.

10. Do not use bacterial filters between the humidifier
reservoir and the inspiratory tube.

11. Do not change the respiratory tube routinely if the
system is connected to an heat and moisture ex-
change (HME) or heat and moisture exchange filter
(HMEF), provided it is only used on one patient.

12. Change tubes between patients, including nose
clamps or masks, which are used to supply oxygen
from a wall outlet.

13. Sterilize atmospheric humidifiers which are used in
inhalation therapy, e.g., for tracheostomy patients,
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or disinfect between patients and every 24 h when
used on the same patient.

14. Sterilize or disinfect portable spirometers, oxygen
probes, and other respiratory tools which are used
on various patients between uses.

15. Anesthetic equipment: clean and then sterilize or
thermally/chemically disinfect the reprocessable
parts of the respiratory circuit (such as the endo-
tracheal tube or mask, inspiratory and expiratory
tube, Y-piece, bag valve mask, humidifier, and tube)
between use on different patients and observe the
relevant manufacturer’s instructions.

16. Pulmonary function testing: sterilize or disinfect
reusable mouthpieces and tubes between different
patients or in accordance with the manufacturer’s
instructions.

3.8.3 Catheter-Related Septicemia

Most cases of septicemia acquired in hospitals are the
result of using a vascular catheter. The most impor-
tant points to avoid resulting infections are checking
of the indication for access, selection of the correct
catheter and the correct access site, aseptic placement
of the catheter, and aseptic dressing change. The tech-
nical component is comparatively low here and covers
the following points [3.21]:

1. Change IV tubes including the three-way valves
only every 72 h (every 24 h when blood/blood prod-
ucts or lipid solutions are administered), except
where there are signs of infection.

2. When choosing transducers (pressure sensors), pref-
erence should if possible be given to disposable
items (as opposed to reusable equipment).

3. The transducer, the tube system, and the rinse solu-
tion must be changed at least every 96 h.

4. All components of the blood pressure monitoring
system must be sterile (including the calibration ap-
paratus and the rinsing fluid). The entire pressure
system (tube lines, transducers, and rinse solution)
must be handled aseptically.

5. Reusable pressure systems must be processed and
sterilized taking into account the manufacturer’s in-
structions.

6. If preparation of mixed infusions in areas close to
patients is unavoidable, then it must be done under
controlled aseptic conditions.

In past years it has been increasingly common to re-
process certain expensive intravascular catheters within

the hospital or to have them reprocessed by external
providers (see later). This practice is currently the sub-
ject of controversial debate for very many different
reasons (German Medical Devices Act, costs, borine
spongiform enphalopaty (BSE)). In this context, refer-
ence should in particular be made to the recommenda-
tions of the German Commission for Hospital Hygiene
and Infection Prevention at the RKI [3.21] and [3.9]
with the explanations from the RKI and the final re-
port of the vCJID taskforce: variant Creutzfeldt—Jakob
disease (vCJD), epidemiology, identification, diagnosis,
and prevention, with particular consideration of mini-
mizing the risk of iatrogenic transmission via medical
devices, particularly surgical instruments [3.22]. Refer-
ence is further made to specific literature [3.23-26].

3.8.4 Catheter-Related Urinary Tract
Infection

Urinary tract infections make up more than 40% of all
infections acquired in hospital and, as the starting point
for urosepsis, are responsible for up to 15% of cases of
septicemia. Up to 80% of these urinary tract infections
are found in patients with urinary catheters, which em-
phasizes their significance. Technically relevant aspects
of targeted prevention are as follows:

® Urinary catheters should only be placed if medically
necessary and only for as long as is absolutely nec-
essary; an indication as part of nursing care must be
rejected.

® Only sterile, permanently sealed urine drainage sys-
tems with an antireflux valve should be used (i.e.,
without disconnection to empty the bag) [3.27,28].

3.8.5 Dialysis

Because of the high risk of infection both for patients
and also for staff, dialysis departments deserve special
attention. The risks of infection are:

1. For the patient:

a) Infections via the vascular access

b) Bloodborne infections

¢) Contamination of the dialysate and dialyzer.
2. For the staff:

a) Through infected dialysis systems

b) Infections via blood and dialysate.

In comparison with peritoneal dialysis, hemodial-
ysis is more significant from a technical viewpoint
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and is the basis for the following explanations. How-
ever, some of the requirements also apply to peritoneal
dialysis.

If drinking water is used for dialysis, it must un-
dergo additional processing because it contains bacteria
and pyrogens, even if chlorinated. The processes used
for this are ion exchange (water softening), active
carbon filtering, distillation, and reverse osmosis. How-
ever, it must be borne in mind that particularly the
first process mentioned can provide waterborne bacte-
ria (mainly Pseudomonas spp. and other Gram-negative
bacteria such as acinetobacter and enterobacter) but also
mycobacteria, which are present in water and are de-
scribed as atypical, with good opportunities to multiply.
Subsequent ultrafiltration to remove bacteria and bacte-
rial toxins is therefore considered essential [3.29].

Although reverse osmosis is currently the most op-
timum processing method, it is still necessary to take
into account that, even with this method, there may be
microbial contamination of the membrane, and germs
may find their way in if there are leaks. Once the
dialysate is added, this forms a mixture which, be-
cause of its composition, is a good culture medium
for waterborne bacteria. Various countries have there-
fore suggested guidelines for the assessment of dialysis
water (Table 3.6).

To prevent contamination of hemodialysis equip-
ment and supply apparatus, the following technical
requirements are deemed necessary [3.30]:

@ No open reservoirs for water and processed dialysis
fluid

e No open reservoirs for concentrates

Small line cross-sections in supply lines

® Route lines as a closed circular pipeline; avoid dead
spaces (only for clean water)

e Complete disinfectability of the line system

® Pipe disconnection when disposing of the dialysis
fluid to prevent retrograde microbial contamination.

In accordance with the hygiene guideline which is
an appendix to the 2006 Dialysis Standard [3.31], dial-
ysis equipment (hemo- and peritoneal dialysis) used

must comply with the regulations of the German Med-
ical Devices Act and must be maintained, operated,
cleaned, and disinfected in accordance with the man-
ufacturer’s instructions (instructions for use, technical
manual) [3.30]. Due to this required disinfection after
each patient, the formerly required separation into a so-
called yellow (for infectious patients) and white (for
noninfectious patients) region is now obsolete. The op-
erator is responsible for ensuring that all parts which
come into contact with the used dialysate or even with
the patient’s blood are treated as potentially infectious
and that the equipment is disinfected after each dialysis
treatment.
This can be done by [3.29]:

® Sterilization with steam at a temperature of 121 °C,
provided this is technically possible from a mater-
ials point of view (equipment with stainless-steel
tanks)

® Disinfection using hot water (90—-95 °C for 20 min);
citric acid is automatically added during the process
to prevent deposits in the equipment

® Thermochemical disinfection (for ecological rea-
sons, preferably with peracetic acid, possibly
also with formaldehyde or glutaraldehyde or with
sodium hypochlorite).

Dialyzers have been regularly reprocessed in the
past. Figures for the USA show that the proportion of
dialysis centers reprocessing their equipment rose from
18% in 1976 to 82% in 1997 [3.32], and correspond-
ing processing guidelines issued by the Association for
the Advancement of Medical Instrumentation (AAMI)
were adopted by official authorities [3.33]. The per-
centage then dropped to 62% by 2002. The literature
describes infectious complications through to outbreaks
in the course of reprocessing dialyzers, without be-
ing able to prove causality beyond doubt [3.34]. For
quality assurance purposes it is therefore necessary
to ensure that effective processes are used, which are
currently based on thermochemical disinfection. The
hygiene guideline which is an appendix to the 2006
Dialysis Standard — written by the German Commit-

Table 3.6 Guidelines for assessment of dialysis water in various countries

Dialysis water (generally permeate)

(CFU/ml)
AAMI (USA 2004) <200
European Pharmacopoeia (2008) <100
Swedish Pharmacopoeia (1997) < 100
Japanese Society for Dialysis Therapy (2008) < 100

Dialysis fluid
Endotoxin (CFU/ml) Endotoxin
2EU/ml <2000 2EU/ml
<0.251U0/ml No information No information
< 0.251U0/ml < 100
< 0.05EU/ml < 100 0.05EU/ml
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tee for Clinical Nephrology in collaboration with the
Association of German Nephrology Centers run by
the German Society of Nephrologists in Private Prac-
tice and also with the German Society of Pediatric
Nephrology, in agreement with the German Commis-
sion for Hospital Hygiene and Infection Prevention
— likewise points to the requirements for a process-
ing method with appropriate validation and stresses
that the German Committee for Nephrology currently
does not favor reuse of dialyzers and tube systems,
despite the financial ramifications [3.30]. Tests to mon-
itor clean water and dialysis fluid must be performed
and documented at least twice a year [3.30, 35]. The
relevant water-conducting systems (e.g., closed circu-
lar pipelines) must be fitted with suitable sampling
points.

The following procedure is considered necessary to
test the microbiological quality of the water [3.35]:

e Disinfect hands before each sample is taken
® Use sterile glass bottles with a screw closure for
collecting the sample; to test for endotoxins use
pyrogen-free containers made from polystyrene
® Draw off ~ 100 ml in each case
® Demineralized water
— From the closed circular pipeline at the bedside
— Aseptic sampling (disinfected adapter, at least
twice a year)
® Basic bicarbonate
— Only if it is taken as a concentrate from a closed
circular pipeline at the bedside (not from canis-
ters or cartridges)
— Aseptic sampling (disinfected adapter)
— Once a month
® Dialysis fluid
— Sample taken from the dialyzer
— Before the start and after the end of dialysis
— Every 6 months

3.9 Regulations

3.9.1 Technical Regulations
for Hazardous Substances

® TRGS 513. Fumigations with ethylene oxide and
formaldehyde in sterilization and disinfection sys-
tems (edition June 2008).

® TRGS 525. Handling of hazardous substances in fa-
cilities for human medical care (as of May 1998

® The assessment is performed according to the fol-
lowing guidelines
— In the processed water and in the dialysis fluid
before the beginning of dialysis: 100 CFU/ml.

In an ISO standard [3.36] which appeared in 2009
and in which the quality of fluids for hemodialysis is
formulated as an international standard, requirements,
and limit values for the chemical constituents and impu-
rities in water, concentrate, and dialysis fluid are listed
in addition to microbiological quality standards. The
operator of specialist dialysis departments is responsi-
ble for monitoring of microbiological water quality and
also for chemical monitoring.

3.8.6 Creutzfeldt-Jakob Disease

After medical devices have been used on patients with
a proven or strongly suspected case of Creutzfeldt—
Jakob disease (CJD) or its new variant (vCJD), spe-
cial processing procedures are necessary [3.22, 25].
According to the currently favored prion theory, par-
ticular significance is attributed to the cleaning which
takes place during processing, because proteins must
primarily be removed. For disinfectant processing,
1-2M sodium hydroxide (NaOH), 2.5-5% sodium
hypochlorite (NaOCl), or 4 M guanidinium thiocyanate
(GdnSCN) is currently recommended [3.22].

Instruments which cannot be steam-sterilized are
then subsequently processed with aldehyde disinfectant
and finally rinsed with 70% alcohol (e.g., endoscope)
and gas-sterilized.

Instruments which can be steam-sterilized undergo
chemical decontamination before then being subjected
to machine processing at 93 °C, and are finally auto-
claved at 134 °C for 1 h.

The relevant appendices to the RKI guideline must
be observed [3.22].

BArbBI. no. 5/1998, p. 58, currently undergoing re-
vision).

® TRGS 401. Hazards due to skin contact (as of June
2008).

e TRBA/TRGS 406. Sensitizing substances for the
airways (as of June 2008).

e TRBA 250. Technical regulations for biological
agents (as of February 2008).
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3.9.2 Standards

The importance of standards has been re-evaluated as

a result of Directive 93/42/EEC about medical devices

and the correspondingly harmonized German Medical

Table 3.7 Standards for the (minimum) standard for medi-

cal devices »

Type of standard Source

DIN German standard

E DIN Published German draft standard
EN European standard

DIN EN Harmonized (European) standard
prEN, E Published European draft standard
DIN EN/ISO International standard

Table 3.8 Overview of major standards in the field of sterilization technology for the health care system

Standard
DIN EN 285
DIN EN/ISO 17665-1

DIN 58948
Section 17

DIN EN 14180

Standard
DIN EN 1422
DIN 58948-7

DIN 58949
Section 1
Section 2
Section 3
Section 4
Section 6
Section 7
DIN 58955
Section 1
Section 2
Section 3
Section 4
Section 6
Section 7
DIN EN/ISO 11138
Section 1
Section 2
Section 3
Section 4
Section 5
DIN 58921

DIN EN/ISO 11140
Section 1
Section 3
Section 4

Steam sterilization
Sterilization — steam sterilizers — large sterilizers

Requirements for the development, validation, and routine control of a sterilization process
for medical devices

Sterilization — low-temperature steam formaldehyde sterilizers

Requirements for the installation and operation of low-temperature steam formaldehyde and
formaldehyde sterilizers and their supply sources

Sterilizers for medical purposes
Low-temperature steam and formaldehyde sterilizers — requirements and testing

Ethylene oxide sterilization
Sterilizers for medical purposes — ethylene oxide sterilizers — requirements and test methods

Requirements on the installation and requirements on the service supply for ethylene oxide
sterilizers

Steam disinfection apparatus

Terminology

Requirements

Efficiency testing

Biological indicators for efficacy tests

Operating of steam disinfection apparatus

Structural requirements and requirements on service supply
Decontamination equipment for medical use

Terminology

Requirements

Efficiency testing

Biological indicators for efficacy tests

Operation

Structural requirements and requirements on service supply
Sterilization of health care products — biological indicators
Requirements

Biological indicators for ethylene oxide sterilization processes
Biological indicators for moist heat sterilization processes
Biological indicators for dry heat sterilization processes
Biological indicators for low-temperature steam and formaldehyde sterilization processes

Draft standard: Test method to demonstrate the suitability of a medical device simulator
during steam sterilization — medical device simulator testing

Sterilization of health care products — chemical indicators
General requirements
Class 2 indicator systems for use in the Bowie and Dick-type steam penetration test

Class 2 indicators as an alternative to the Bowie and Dick-type test for detection of steam
penetration

As of
8/2009
11/2006

3/2009

1/2010

As of
8/2009
1/2010

As of
1/2001
1/2001
2/2004
10/2006
2/2004
1/2001
As of
1/2003
7/2005
9/1998
3/2006
3/2001
3/2001

8/2008
9/2009
9/2009
9/2006
9/2007
12/2008

9/2009
9/2009
7/2007
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4. Technical Safety of Electrical Medical Technology
Equipment and Systems

Riidiger Kramme, Hans-Peter Uhlig

Medical electrical (ME) equipment and systems
are used primarily in medical institutions such
as doctors' surgeries, dental surgeries, medical
centers, outpatient clinics, rehabilitation clinics,
sanatoriums, health clinics, nursing homes for
the elderly, homes for the disabled and those
with learning difficulties, and hospitals and clin-
ics. According to the regulations and standards
for electrical systems, suitable rooms — areas
used for medical purposes — must be present
in these institutions in which mains-operated
ME equipment can be operated. Many questions
emerge concerning the use of this equipment,
on the one hand relating to the safety of pa-
tients and those operating the equipment, and
on the other hand relating to the smooth op-
eration of this apparatus. The main risks posed
by these pieces of ME equipment and ME sys-
tems may be of electrical, mechanical or thermal
nature. Other possible potential risks are ioniz-
ing radiation, explosion or fire as outlined in this
chapter.

What is meant by risks and hazard? Risks in an opera-
tional process are components of the working system
which can damage the life or health of operating
staff or patients. These risks are energy sources or
are connected to them. When this energy is greater
than the electrical resistance of the human body or an
affected body part, the energy is of a damaging na-
ture. The damaging force is derived from the ratio of
energy to body resistance. A hazard is described as
the possibility of humans encountering risks in space
and time. To provide safe medical workplaces, it is
therefore necessary to clarify how and under what
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operating conditions humans encounter risks and the
risk of injury occurs, and what successful safety mea-
sures (protection objectives) are or should be in use
to guard against this [4.1]. The largest proportion of
possible hazards result from ME equipment and ME
systems for diagnosis, therapy, and monitoring. The
commonest causes of an electrical accident can be at-
tributed to malfunctioning protective devices, defective
insulation on cables and wires, defective or missing
protective covers on equipment and plug connectors,
and missing, disconnected or interchanged protective
earths.
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4.1 General Information Regarding the Safety of Technical Systems

The current state of science and technology which has
been achieved in principle makes it possible to develop
and build technical products and systems which are very
safe. Absolute safety nevertheless does not exist, either
in life or in technology. The important thing is therefore
to ascertain the justifiable residual risk in each individ-
ual case, then to consciously live with this risk [4.2].

DIN 31000 general guidelines for the safety de-
sign of technical products (Allgemeine Leitsditze fiir
das sicherheitsgerechte Gestalten technischer Erzeug-
nisse), dated 03/1979, forms the basis for the content
of safety standards and VDE (Verband der Elektrotech-
nik, Elektronik und Informationstechnik, Association
for Electrical, Electronic and Information Technology)
specifications. In DIN 31000 part 2, dated 12/1987,
which was unfortunately withdrawn in 2005, borderline
risk is described as the greatest risk relating to a certain
technical process or condition that is still considered
justifiable. Safety is defined according to DIN VDE
31000 part 2 as a circumstance in which the residual
risk remains below a defined borderline risk. The level
of risk is formed as an abstract variable from the prod-
uct of the extent of damage and probability of damage
occurring [4.3]. The temporal and content-based limit
on safety resulting from this is achieved through the
description of appropriate requirements or measures.

The measures which ensure safety are divided into
three classes according to DIN 31000 part 1 (three-class
theory).

1. Direct safety engineering includes measures which
provide safety mainly through constructive, planning-
related engineering of products and systems and their
parts.

2. Indirect safety engineering is understood as mean-
ing the application of safety-related means, e.g.,
locking mechanisms.

3. Indicative safety engineering is produced by guide-
lines regarding the conditions for risk-free use —
e.g., in operating instructions and on signs — when
direct and indirect safety engineering do not, or do
not completely, achieve their goal.

In the case of all of the safety-engineering measures
mentioned, use of the products and systems accord-
ing to their intended purpose is a precondition. The
first-fault philosophy, described in DIN VDE 0752
supplementary sheet 1, dated 03/2003, forms an im-
portant foundation when assessing hazard situations.
The findings of the international standardization on
the subject of safety, such as the contents of IEC
300-3-9, dated 12/1995 (Dependability Management;
Part 3: Application Guide; Section 9: Risk Analysis
of Technological Systems), can also be used [4.2].
The possible consequences of first faults are virtually
ruled out by protective measures and by scheduled
testing and maintenance. Suitable monitoring devices
must immediately discover any first faults which might
occur.

4.2 Attaining Safety in Medical Institutions

In Germany there are very comprehensive regulations,
provisions, standards, and guidelines which apply to
the planning, installation, refurbishment, and testing of
electrical systems in medical institutions. The same ap-
plies to the development, manufacture, and operation
of ME equipment and ME systems. The crossovers
or points of intersection between these documents
are unfortunately not defined but are instead fluid.
So, for example, different provisions and standards
for ME equipment contain important requirements
regarding the planning and installation of electrical
systems.

Provisions and standards in principle contain only the
minimum requirements, and there is not always confor-
mity between them. In addition, they do not always reflect
the state of the art, because in many cases technologi-
cal developments move at a faster rate than revision of
these documents is carried out. Each individual project
must therefore be checked both with regard to observance
of the statutory and normative minimum requirements
and with regard to additional requirements. The required
safety can in principle only be achieved if the overall sys-
tem, consisting of the physical structure and technical
systems as well as the ME equipment, is safe.
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4.3 Minimum Requirements for ME Equipment

The safety of the system consisting of electrical
system/ME equipment is essentially described by the
protection objectives [4.2].

® Protection of patients and staff from shock currents
and from the risks of power failure or of poor-
quality voltage or frequency

e Safety of the interface between the ME equipment
and the electrical system, in particular when using
equipment for vital purposes

Safety of the escape and emergency routes

® Protection from fires and their effect on the system
of electrical installations and ME equipment over
a required period of time

e Safety as a result of using reliable technology

o Safety as a result of using all of the sys-
tem components according to their intended pur-
pose

e Safety as a result of operation in accordance with

regulations and regular maintenance.

4.3 Minimum Requirements for ME Equipment

DIN EN 60601-1 (classified as VDE 0750-1) Med-
ical electrical equipment: General requirements for
basic safety and essential performance (Medizini-
sche elektrische Gerdte; Allgemeine Festlegungen fiir
die Sicherheit einschlieflich der wesentlichen Leis-
tungsmerkmale), dated 2007 (which replaces the 1996
edition), is the basic standard in this series and describes
the general requirements for ME equipment. All ap-
proved ME equipment in Germany must be built and
tested according to the standards of the DIN EN 60601
series. The basic standard DIN EN 60601-1 is evalu-
ated here based mainly in connection to the electrical
system. The protection classes I and II are approved for
mains-operated ME equipment.

In protection class I, all nonactive parts of the ME
equipment are connected to the protective earth (PE).
The equipment housing is composed of metal and is
likewise connected to the PE. In the event of a fault to
frame or earth fault internally in the equipment (e.g., in-
sulation fault) between an active conductor and the PE,
a protective device is triggered in the equipment and/or
in the electrical system and the electrical circuit affected
is disconnected. During a fault situation, a contact volt-
age occurs between the housing of the equipment and
other earthed components.

The definition of ME equipment in protection class I
which is given in DIN 60601-1.

The equipment in protection class II is double in-
sulated (all-insulated). A fault can only occur between
active conductors or an active conductor and the neu-
tral conductor (N). No contact voltage to earth occurs
during a first fault to frame or earth fault.

The definition of ME equipment in protection
class II which is given in DIN EN 60601-1.

Another category is made up mostly by battery-
operated ME equipment which does not rely on mains
electricity. As in mains-operated ME equipment of pro-
tection class II, with regard to protection against shock
currents, this equipment is not dependent on the in-
stalled protective measures.

Equipment in class AP (anaesthetic proof (low risk))
must comply with the requirements regarding con-
struction, labeling, and accompanying documentation to
avoid ignition sources in explosive mixtures of inhala-
tional anesthetic agents with air.

Equipment in class APG (anaesthetic proof, Cat. G
(high risk)) must comply with the requirements regard-
ing construction, labeling, and accompanying documen-
tation to avoid ignition sources in explosive mixtures
of inhalational anesthetic agents with oxygen or nitrous
oxide.

A distinction is also made between ME equipment
according to the insulation classes of the applied parts.

® Insulation class B: The applied part is connected
to earth. External application to the patient. Pro-
vides protection against electric shock by taking into
account the fault current. Not suitable for direct ap-
plication to the heart.

® Insulation class BF: The applied part is insulated
from the ME equipment (no connection to earth).
External application to the patient, higher-quality
protection against electric shock than in insulation
class B. Not suitable for direct application to the
heart.

® Insulation class CF: The applied part is insulated to
a high level from the ME equipment (no connec-
tion to earth). External and intracardiac application
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Table 4.1 Requirements of
the electrical system for ME
equipment
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to the patient, higher-quality protection against elec-
tric shock than in insulation class BF. Suitable for
direct application to the heart.

DIN EN 60601-1 applies accordingly to the safety of
ME equipment.

Prerequisites for this are performance of risk man-
agement processes, use of the equipment according
to its intended purpose, and compliance with the in-
structions from the manufacturer. The following are
considered to be first faults for ME equipment.

1. Break in the protective earth.
Break in a power supply cable.

3. Occurrence of an external voltage at applied parts
with code letter “F”.

4. Occurrence of an external voltage at signal input or
output parts.

5. Failure of an electrical component.

The rated voltage may be a maximum of 250V for
handheld ME equipment. For ME equipment and ME
systems which are operated on direct current or single-
phase alternating current, the maximum value is 250 V
at a power limitation of 4kV A. For ME equipment and
ME systems operated on polyphase current, the upper
limit of the rated voltage is 500 V.

The tolerance of the nominal voltage for ME equip-
ment is £10% and that of the mains frequency is
< 1 Hz. According to the standards which apply to elec-
trical systems, other values may also occur in this case
(Sect.4.7).

The protective earth of the equipment must be
checked regularly. A limit value of 0.1 2 is permitted

4.4 Areas Used for Medical Purposes

Medical examinations and treatments must be carried
out in appropriate rooms, areas used for medical pur-
poses, regardless of where these rooms are. It may be
a hospital, medical center or health center, an outpa-
tient clinic or a private doctor’s practice. The use of
medical procedures requires the areas used for medical
purposes to be divided into the groups 0, 1 or 2 (DIN
VDE 0100-710).

There are specific hazards caused by the possi-
ble condition of patients, such as unconsciousness, or
the nature of the medical examination or treatment,
e.g., an operation. A patient’s skin resistance can be
compromised as a result of medical interventions, and
a patient’s cognitive ability or the body’s defenses can

between the PE of the plug and exposed metal parts
(housing) for equipment with a permanently connected
power supply cord, and of 0.2 Q2 for equipment with
a removable power supply cord.

The collateral standard DIN EN 60601-1-1 stipu-
lates that, when using portable multiple sockets, it must
be possible to connect the ME equipment of an ME sys-
tem to a multiple socket only with the aid of a tool.
Multiple sockets of this kind are available factory-built
in accordance with DIN EN 60601-1-1. Alternatively,
the portable multiple socket must be electrically isolated
(e.g., isolating transformer).

It is worth noting that electrically wired toroidal
transformers are frequently used as isolating transform-
ers. There is no proof of safety from first faults for this
arrangement. The same applies to the supply of entire
ME systems from one power socket. Complete power
failure is possible at any time.

The conclusion is that the safest kind of power
supply is the supply of ME systems from fixed
single power sockets, especially for vital purposes,
being connected to an information technology (IT)
system.

Some of the requirements for ME equipment in DIN
EN 60601-1 which have been mentioned have a direct
or indirect bearing on the electrical system. Some ad-
ditional requirements for the electrical system can be
found there [4.2].

Table 4.1 summarizes the various applications of
ME equipment such that the most important require-
ments can be recognized at the interface with the
electrical system and additional requirements can be
defined.

be impaired or limited as a result of medical treat-
ment. It is mandatory that the required classification
and division of the areas used for medical purposes
into groups be carried out — generally by the repre-
sentative of the purchaser (= planner) together with
the medical and technical staff (= operators). An es-
sential basis for the decision regarding which group
a room is allocated to (Table 4.2) is the nature of the
contact between the applied parts of the ME equip-
ment and the body of the patient. In areas belonging
to group 1, invasive examinations and therapies can
even be performed, but no examinations or therapies
can be performed directly on the heart. A power fail-
ure with a maximum duration of 15 s can be dangerous
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Table 4.2 Normative criteria for the classification of rooms in groups
Group 0 Group 1 Group 2
Consulting rooms Medical and dental practice rooms Surgery preparation rooms
Surgery consulting rooms Surgical outpatient clinics Operating theaters
Dressing rooms Rooms for home dialysis Recovery rooms
Wards Wards Intensive care units
Massage rooms Rooms for hydrotherapy Special baby care units
Fitness rooms Endoscopy rooms Endoscopy rooms
OT adjoining rooms Rooms for minimally invasive surgery Rooms for minimally invasive surgery
Respiratory chambers Angiography rooms Angiography rooms
Cardiac catheterization laboratories Cardiac catheterization laboratories
(investigation) (investigation and treatment)
CT rooms
Magnetic resonance imaging (MRI) rooms
Electrocardiography (ECG) rooms
Electroencephalography (EEG) rooms
Delivery room

Application parts of ME
equipment are not
used.

le—|

The patient is not put at
risk as a result of a first
fault to frame or earth
fault when switching off
the electrical system.

The patient is not put at
risk in the event of
failure of the general
power supply.

Investigations and
treatments can be
interrupted and
repeated.

—

Application parts of ME
equipment are used
externally and/or
invasively on any part of
the body required,
except on the heart.

Fig. 4.1 Examples of the allocation of rooms to groups
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The patient is put at
risk as a result of a first
fault to frame or earth
fault when switching off
the electrical system.

=

The patient is put at risk
in the event of failure of
the general power
supply.

Treatments are
dangerous for the
patient. Investigations
cannot be repeated.

Application parts of ME
equipment are used for
applications such as
intracardiac procedures
and vital treatments.

!
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in this situation, however. Classification in group 2
and the use of a battery-supported power supply for
safety purposes (BPS, previously PS) should therefore
be considered.

In group 2, the criteria applied are intracardiac
or open-heart treatments or examinations (in addition,
consider DIN 57753-2) and essential examinations and

treatments. The additional description of the electrical
conditions in DIN VDE 0100-710 for classification into
groups should help in making the decision (Fig.4.1).
All criteria which are important for the safety of the
patient must always be consulted when selecting the
group. Where there is any doubt, the decision should
be made to choose the higher level of safety [4.2].

4.5 Electrical Systems According to the Nature

of the Connection to Earth

Consistent application of the terre neutre séparé (TN-S)
system in accordance with DIN VDE 0100-100 and
DIN VDE 0100-710 within a building is of fundamental
importance for the effectiveness and the proper appli-
cation of protective measures in the electrical system,
in particular of measures to protect against shock cur-
rents and against electromagnetic interference (external
voltages). In this system, the neutral conductor and the
protective earth (PE) are conducted separately in the
entire building and are only connected to one another
at one point, e.g., in the low-voltage main distribution

board. As a result, only fault currents but no operat-
ing currents can continue to flow in the protective earth.
In normal operation, small, unavoidable fault currents
occur in the protective earth of the final circuits, in par-
ticular small inductively and capacitively induced fault
currents and those induced by insulation resistances.
These currents can be several amps in the protective
earth of the building’s main distributor. In the case of
fault to frame or earth faults, relatively high fault cur-
rents of up to several kA may briefly occur in final
circuits until the protective device is triggered [4.2].

4.6 Protection Against Shock Currents

In areas used for medical purposes belonging to
groups 1 and 2, according to DIN VDE 0100-710 an
agreed limit of the contact voltage (DIN VDE 0100-
200) of Ur, <25V applies, which must be observed.
Examinations and treatments performed directly on the
heart are an exception. A maximum contact voltage of
10mV is applicable in this case, in accordance with
DIN 57753 part 2 of 02/1983 (VDE guideline 0753-2
part 2/02.83). In the event of a fault, a low value of this
kind cannot be achieved purely by physical means via
the protective earth by means of measures in the electri-
cal system. For this reason, ME equipment in protection
class I can in this case only be operated at the medical IT
system (DIN VDE 0100-710). The flexible additional
potential equalization cables must be connected without
fail. With interventions of this kind, measures must also
be carried out on the medical side, such as the use of
ME equipment with applied parts of insulation class CF.
Under the conditions mentioned, risks caused by leak-
age currents are extremely unlikely. Leakage currents
(Fig.4.2) and their effects are limited in terms of the
electrical system by the application of the medical IT
system and by the additional potential equalization.

Protection against the effect of leakage currents is
achieved in terms of equipment by using ME equipment
in protection class II and by limiting the patient leakage
current (Table 4.3).

The additional potential equalization in every area
used for medical purposes is the most important fun-
damental protective measure in the areas used for
medical purposes belonging to groups 1 and 2. In
the areas belonging to group 2, in accordance with
DIN VDE 0100-710, additional connector bolts for
the additional potential equalization according to DIN
42801 are installed in the patient environment (DIN
VDE 0100-710, DIN EN 60601-1-1). The flexible
potential equalization cables to be connected there,
which establish an additional direct connection between
the PE of the permanently installed system and the
housings of the ME equipment, serve the purposes
of

® cqualizing potential differences between the ME
equipment in the patient environment,

e preventing failure of the protective earth in equip-
ment in protection class I (first-fault safety), and
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Fig. 4.2 Patient and op-
erator connected to ME
equipment (after [4.4]).
The various equipment
parts form capacitors C
with the safety-related in-
sulation which is situated
between them, and the pa-
A-ar ~ tient leakage current and
) housing leakage current
S flow via these capacitors.
In equipment belonging
to protection class I, the
earth leakage current also
flows via the protective
earth. (A—a Insulation
mains part/exposed metal
parts, B—a Insulation
mains part/applied part,
B—d Insulation applied
\ part/mains part)

C

//IR Patient leakage current

{ e
Mains part \

Applied part

-
e

L1 mains __| Patient

Housing leakage current Operator

® ensuring that the required contact voltage at the
housing of equipment in protection class I is main-
tained.

2007, this protective measure may only be used for
power sockets of up to 20 A when the power socket
is monitored (in this regard see the German govern-
ment safety organization regulation BGV A3). In all
other situations, 2 shall apply.

2. Protection by automatic disconnection of the power
supply using residual current protective devices
(RCD) release current Iny = 30 mA
This protective measure is prescribed for power
sockets in areas in groups 1 and 2 if there is no risk

These cables are of great importance for protect-
ing against shock currents and must always be
connected when equipment in protection class I is
used [4.2].

Further important protective measures against
shock currents include

1. Protection by automatic disconnection according to
DIN VDE 0100-410
The electrical circuits of power sockets must be dis-
connected by the associated protective device within
0.3 s in the event of a fault (zero-impedance short
circuit). In accordance with DIN VDE 0100-410 of

Table 4.3 Maximum permissible leakage currents from
ME equipment according to DIN EN 60601-1

Type Type B Type BF Type CF
Earth leakage 0.5 0.5 0.5
current (mA)

Housing leakage 0.1 0.1 0.1
current (mA)

Patient leakage 0.1 0.1 0.01

current (mA)

to the patient. ME equipment for vital purposes must
not be connected here.

Protection by notification of insulation faults in the
medical IT system

Where ME equipment is used for vital purposes
or for investigations which cannot be repeated, the
equipment must be supplied from a medical IT sys-
tem. In accordance with DIN VDE 0100-710, power
sockets of this type are only installed in areas be-
longing to group 2. Here, the medical IT system
constitutes the preferred protective measure. Owing
to the limitation of power in the IT isolating trans-
formers to a maximum of 8 kV A, however, it cannot
always be used universally.

The medical IT system forms an isolated and locally

restricted network. The conductive housing of the ME

43

9°4 |V Med



L4

8'4 |V Med

Part A

Medical Technology Basics

equipment in protection class I is connected to the pro-
tective earth. When only one first fault to frame or earth
fault occurs, only the housing leakage current emerges
as a fault current and there is no disconnection. This
ensures that a piece of ME equipment which is vital
for the examination or treatment will not fail and can
continue to be operated until the treatment is complete.
The medical staff are notified of this. Protection against
overload is not permissible. The overloading of the IT
isolating transformer is communicated to the medical
staff via a monitoring device. The causes of the overload

4.7 Power Supply

A safe power supply is another important criterion for
safe operation. The following forms of power supply are
available for areas used for medical purposes.

® General supply (GS) via a house connection or
a high-voltage feed from a distribution system op-
erator (DSO);

® Power supply for safety purposes (PS) via power
generation units with internal combustion recipro-
cating piston engines;

® Battery-supported central power supply for safety
purposes (BPS).

When supplying safety-relevant consumers in areas be-
longing to group 2, it is necessary to switch between
these power supplies (power sources and mains net-
works). The requirements for this switching can be
found in DIN VDE 0100-710 under several sections.
Considering these normative sources, the following
switching devices are necessary in the subdistributors
for the supply to areas in group 2.

® Switching between a PS and GS feed.
In this case, the voltage of the outer conductor of the
first cable (PS) is monitored. If the first cable fails,

must be determined and remedied because otherwise the
isolating transformer can be destroyed.

The power sockets of the medical IT system must
be accordingly labeled or designed such that they are
unmistakable when several systems are present in one
room according to the type of earth connection. The in-
tention of this is to prevent ME equipment which must
be supplied from the medical IT system from being
inadvertently connected to power sockets of the TN-
S system. There are no normative guidelines for such
color coding.

continued supply to the consumers mentioned un-
der 710.564.4 and 5 must be guaranteed within 15,
provided this supply is fed from a subdistributor.
® Switching between a PS and BPS feed.

In this case, the voltage of the outer conductor of
the first cable (PS) is monitored. If the first cable
fails, continued supply to the ME equipment must
be guaranteed within 0.5s. If the BPS is used in
continuous operation and the first cable is supplied
with power from the BPS, the voltage provided is
uninterruptible.

The stability and quality of the supply voltage is an
important criterion for a safe power supply. When the
standards for the power socket are observed, in individ-
ual cases the nominal voltage of the mains electricity
can deviate by 14% below the nominal voltage. When
supplying the mains from a power generation unit, in
the case of certain load changes deviations of £1Hz
from the permissible tolerance band for the ME equip-
ment are possible. On account of the lower impedance
of the generator compared with mains electricity, har-
monic currents can also affect the voltage and lead to
interference. The deviations mentioned can be compen-
sated by suitable planning measures [4.2].

4.8 Power Sources for Safety Purposes with Accumulators

In accordance with DIN VDE 0100-710, supply from
a BPS with a maximum permissible interruption time
of 0.5 s and a minimum supply period of 1 or 3h is re-
quired for surgical lights. A minimum supply period of
3h is required when only one power generation unit is
present.

Central BPS units for the supply of ME equipment
are unfortunately not covered by DIN VDE 0100-710.
DIN EN 60601-1 requires that ME equipment be de-
signed such that an interruption in the power supply
does not present a hazard before it is restored. On this
basis, the function of the BPS is in many cases adopted
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4.10 Static Electricity

by what are known as internal power sources built into
the ME equipment. There is still demand for central
BPS units, however, as is evidenced by many examples.
Some reasons for this are

® acentral BPS generates lower costs, in particular in
large medical institutions, when the high testing and
maintenance costs for the internal power sources
(small accumulators) are taken into consideration in
addition to the investment costs,

e other indispensable lighting for the operating the-
ater lighting (e.g., OT microscopes, endoscopes) are
operated with a 230 V alternating current,

@ the internal power sources of ME equipment are not
sufficiently reliable,

4.9 Final Circuits and Plug Sockets

Important requirements for the circuits of plug sockets
are mentioned in DIN VDE 0100-710. The plug sock-
ets in the patient space must therefore be split between
at least two circuits. The note includes the requirement
that two medical IT systems must be set up where there
are more than two electrical circuits per patient space. It
is therefore virtually recommended by the standards to
set up two medical IT systems per patient space.

When using portable multiple sockets, individu-
ally protected electrical circuits are prescribed. For

4.10 Static Electricity

Static charges are dependent on the conductivity and
separation speed of the materials involved. Conductive
substances are those solid or liquid substances whose
specific resistance is up to 10* Q/m. Nonconductive
substances on the other hand have specific resistance of
more than 10* Q/m. Particularly in the field of surgery,
where there is a large amount of medical technology
equipment, and anesthetic gases as well as combustible
liquids such as disinfectants are used, an electrostatic
discharge could ignite the explosive OT atmosphere,
with devastating consequences. The following protec-
tive measures are therefore necessary in rooms used
for medical purposes which have areas with potentially
explosive atmospheres [4.5].

® Work clothes and also sheets and blankets must be
made of a blended fabric consisting of at least 30%

e the internal power sources of ME equipment have
no standby system,

® there is ME equipment without internal power
sources in circulation,

® the central BPS units are required under building
law.

For battery-supported central power supply systems
(BPS) for safety purposes for supplying areas used
for medical purposes, the German national standard
DIN VDE 0558-507 has been applicable since October
2008.

A uninterruptible power supply (UPS) must not be
used to supply ME equipment because it does not meet
the necessary requirements.

safety reasons, multiple sockets must not be used,
with the exception of wheeled equipment trolleys
(Sect. 4.3).

DIN VDE 0100-710 furthermore stipulates that all
power sockets which supply ME equipment must be
equipped with an optical voltage indicator. As a result,
the medical personnel will immediately be able to rec-
ognize which power sockets are still carrying voltage
following a fault.

natural cotton or viscose (without a resin finish).
Rubber blankets, mattresses, and pillows must be
made or covered with conductive rubber.

® The leakage resistance of the flooring may be
107-10% Q. To achieve a certain standard insula-
tion, the flooring leakage resistance should not fall
below 5x 10* Q.

® Equipment and furnishings which are exposed and
are conductive must be conductively connected
both to one another and to the floor. The floor-
ing should be electrostatically conductive and at
the same time connected to the potential equaliza-
tion. Because explosive, volatile anesthetics such
as halothane or enflurane are no longer available,
a controversial discussion has arisen about the
need to equip operating theaters with expensive
static-dissipative flooring. Nevertheless, according
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to experts, the problem of static charge remains
and can negatively influence or even damage medi-
cal technology equipment (e.g., monitoring), which
means that it is still sensible to keep the floor
dissipative.

® Operating table systems must be connected to the
potential equalization conductor or protective earth.
The tabletop pad must be electrically conductive
so that any electricity generated as a result of fric-

4.1 Electromagnetic Compatibility

A very high level of electromagnetic compatibility
(EMC) is required in ME equipment and ME systems to
ensure the proper functioning of other electrical devices.
IEC 50-161 gives the definition for EMC [4.7].
Magnetic and electrical interference fields can im-
pair or prevent the safe operation of medical technology
equipment and systems. Interference radiated or con-
ducted from the environment can on the one hand affect
medical technology electrical devices, but can also orig-
inate from such devices. One example of a radiated
interference variable is electrosurgery or radiofrequency
(RF) surgery. The construction of an RF generator
(frequency spectrum 0.4—-5MHz) is in principle com-
parable to a transmitter; all that is missing are electronic
components for the transmission of information and an
antenna. A high proportion of the radiofrequency en-
ergy of the RF generator is radiated wirelessly from
the cables into the environment, especially in the case
of relatively old equipment. Further interference occurs
when electrical cables are conducted parallel to the ca-
bles of the RF generator, because stray currents arise in
the electrical supply cables of neighboring equipment
as a result of capacitive and inductive coupling. To en-
sure the smooth operation of electromedical equipment
and systems it is also necessary for the required mains
voltage to be electromagnetically compatible, i.e., for
the effective value to be stable within prescribed lim-
its and the level of interference in the voltage to be less
than the level of compatibility of the equipment being
operated (EMC environment class 1 and/or 2). Major
conduction-related parasitic inductions are caused by
what are known as interference phenomena, such as

e fluctuations in the voltage and periodic voltage fluc-
tuations as a result of quick load changes in the
supply network (flicker),

® harmonics and interharmonics,

tion can be discharged via the earthed table without
sparking.

® Conductive footwear (including overshoes) must
have a leakage resistance of at least 5 x 10* Q.

® Breathing bags of inhalational anesthetic equip-
ment and oxygen ventilation equipment must only
be manufactured from conductive material. Elec-
trically conductive latex mixtures or polypropylene
are particularly suitable for this purpose.

voltage drops and short interruptions,
transient overvoltages,

imbalances,

fluctuations in the mains frequency.

As the number and use of pieces of ME equipment
increase, there is also a proportional increase in the
problems with electromagnetic compatibility, which is
ultimately a synonym for concepts including overvolt-
age, RF noise, 50 Hz mains hum, earth loops, and circuit
feedback (Table 4.4).

The following EMC features are of particular inter-
est for electromedical equipment [4.8].

® In the case of life-sustaining and life-supporting
medical technology equipment and systems, correct
operation without any impairment must be ensured.

® In the case of medical technology equipment and
systems which are not for life-sustaining purposes,
impairment may occur which is not relevant to
safety and can be recognized by the operator.

Table 4.4 Reference values for interference parameters
(after [4.6])

Interference variable Unit Reference value
Frequency range [Hz] 0-10'°
Voltage vl 10~6-10°
Voltage variation [V/s] up to 10!
Current [A] 1079-10°
Current variation [A/s] up to 10!
Field strength, electrical [V/m] up to 10°
Field strength, magnetic [A/m] 10-%-108
Power W1 1072-10°
Pulse energy m 10~2-107
Pulses Rise time [s] 10-10-10-2
Duration [s] 1078-10
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4.12 Conclusions
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5. Quality Management in Medical Technology

Albrecht Malkmus

This chapter aims to provide a basic under-

standing about the objectives, elements, and
structure of a quality management system in
the field of medical technology. It will show
the elements and the organization of a qual-
ity management system. Practical guidance is
given for setting up a quality management

system.
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5.1 Objectives of a Quality Management System

5.1.1 Concepts

What exactly is a quality management system, and what
does it achieve?

The standard EN ISO 9000:2008 gives the following
answers to this question:

® A quality management system is a management sys-
tem to direct and control an organization with regard
to quality.

® (Quality is the degree to which a set of inherent char-
acteristics fulfils requirements.

Expressed in rather more everyday language, this
means that, with the help of a quality management sys-
tem (QMS), the relevant processes in an organization
are designed and controlled such that the finished prod-
ucts or services rendered satisfy the requirements of the
customers to the highest possible degree.

According to this understanding, other management
activities such as finance management or environmental
management are not part of quality management (QM)
— unless the quality of the products and services would

be directly affected by these management systems. All
of a company’s customer-based and value-adding pro-
cesses are accordingly the subject of QM:

® Marketing and sales
® Development, procurement, and production
® Delivery, installation, and maintenance.

A particular feature of medical technology is the
comprehensive regulatory guidelines, that is to say the
legal requirements which are attached to the marketing
and operation of medical devices. Since these require-
ments have an impact on virtually all product realization
processes, it makes sense in the field of medical technol-
ogy to regard the systematic fulfilment of the regulatory
requirements (regulatory affairs) as part of QM.

Another feature is the critical nature of medical de-
vices: The consequent minimization of risks for the
patient, user, and third parties during development, pro-
duction, installation, and use of a medical device must
be pursued with a dedicated risk management process.

Because the requirement for safe medical devices is
part of the essential customer requirements, the techni-
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cal risk management must also be an integral part of

QM.

Quality Costs
Another concept which is important in understanding
QM is the idea of quality costs. Quality costs are under-
stood as being the sum of the following cost groups:

® Prevention costs
All endeavors which are undertaken to prevent
faults from emerging: implementation of a QMS,
internal audits, staff training, identifying cus-
tomer requirements, designing the infrastructure
and working environment, etc.

® Appraisal costs
All endeavors which are undertaken to detect faults:
verification and validation of products and pro-
cesses.

® Nonconformity costs
All endeavors which are undertaken to remedy
faults and their consequences: reworking, warranty
costs, etc.

® FExternal quality assurance costs
All endeavors which are undertaken to demonstrate
to third parties the existence of an effective QMS:
certifications and product approvals, demonstration
of the QMS to customers, etc.

5.1.2 Objectives and Clientele of a QMS

Why do businesses with high costs implement a QMS?
The increase in the competitiveness of the company is
the intrinsic motivation for implementing a QMS. This
means:

® Realizing the products and services such that they
fulfil the requirements of the customers as best pos-
sible

® Introducing new products onto the desired markets
in as short a time as possible, while fulfilling all
applicable regulatory requirements

® Minimizing the quality costs while maintaining
a given level of quality.

The numerous regulatory requirements and the re-
quirements of the market are the extrinsic motivation:

® An effective QMS is required by law as a prerequi-
site for marketing medical devices. The existence of
an effective QMS is checked by independent certifi-
cation authorities (notified bodies).

® The customers in the business-to-business sector
(B2B) and also large end customers will only accept
suppliers which have a certified QMS.

® The liability risk of the manufacturer within the
scope of product liability can be reduced by an ap-
propriate design of the QMS. A checklist covering
these points can be found in a handbook provided
by the DIHK (Deutscher Industrie- und Handels-
kammertag, German Association of Chambers of
Industry and Commerce) [5.1].

As a result of these different objectives for a QMS,
a QMS must also serve different customer groups.

The diagram in Fig.5.1 shows the most important
customer groups for a QMS in medical technology.

5.1.3 Regulatory Requirements

The numerous regulatory requirements in the field of
medical technology relate to:

® The product realization processes and the manufac-
turer itself

® The products manufactured and the services ren-
dered, as well as

® The marketing, installation, operation, and mainte-
nance of medical devices.

These regulatory requirements therefore have a di-
rect impact on the processes of the company which fall
within the domain of QM and must therefore be taken
into consideration when setting up a QMS. Table 5.1
gives an overview of the applicable requirements in the
most important medical technology markets.

In addition to the directives, numerous guidelines
have also been created for the European Union (EU) in
a consensus between authorities and manufacturers of
medical devices, so-called MEDDEVs, which represent
a general interpretation of legal requirements. These
guidelines deal with different issues, from definitions
of concepts, through general and specific production re-
quirements, to market observation. A complete list of
the MEDDEVs can be found on the Internet pages of
the European Commission [5.2].

In the case of the European Union, the national laws
must also be taken into account, which arise as a result
of the translation of European law into national law.

Those which are applicable for Germany are those
shown in Table 5.2.

In addition to the European directives and guide-
lines and the national laws, the approval of medical
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Fig. 5.1 Customer groups for a QMS in medical technology

devices in the European economic zone is predomi-
nantly based on harmonized standards:

® Harmonized standards are developed by the Eu-
ropean standardization bodies CEN (Comite Eu-
ropeen de Normalisation, Europeaan Committee for
Standardization), CENELEC (European Commit-
tee for Electrotechnical Standardization), and ETSI
(European Telecommunications Standards Institute)
with the aim of specifying the requirements of the
CE directives.

® Harmonized standards adapt the requirements to the
EU member states. When a harmonized standard is
satisfied, it is assumed that the requirements of the
corresponding CE directive on which it is based will
be satisfied.

® The implementation of (harmonized) standards is
not compulsory. However, the manufacturer must

then demonstrate in some other way that the under-
lying requirements are satisfied.

® The harmonized standards include standards for
quality management models such as EN ISO 13485,
standards regarding general safety, and standards
regarding the safety and effectiveness of specific
product groups or products.

A complete list of the harmonized standards in the
field of medical devices is provided by the European
Commission on the Internet (http://www.newapproach.
org/Directives/DirectiveList.asp). The European Direc-
tives for medical devices distinguish between different
development stages of a quality management system:

® Complete quality management system.
The QMS includes the areas of design, manufacture,
and final checking of the products in question.
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Table 5.1 International regulatory requirements in medical technology

Economic zone Applicable requirements

European Union directives

93/42/EEC Medical device directive (1993)
90/385/EEC Active implantable medical devices (1990)
98/79/EC In vitro diagnostic medical devices (1998)

Authority/link

National authorities in Germany
Bundesinstitut fiir Arzneimittel
und Medizinprodukte (BfArM):
http://www.bfarm.de/

Deutsches Institut fiir Medizinische
Dokumentation und Information
(DIMDI): http://www.dimdi.de/

USA 21 CFR Part 820 Quality system regulation Federal Drug Administration (FDA)
21 CFR Part 11 Electronic records http://www.fda.gov/
21 CFR Parts 800-1299 Medical devices

Canada Medical devices regulations Health Canada:
http://www.hc-sc.gc.ca/

Japan New Japanese pharmaceutical affairs law (PAL; 2005) Ministry of Health, Labor and
Welfare (MHLW), Pharmaceuticals
and Medical Devices Agency
(PDMA): http://www.mhlw.go.jp/

China China compulsory certificate (CCC) Certification and Accreditation

Administration of the Peoples
Republic of China (CNCA), China
Quality Certification Centre (CQC):
http://www.cnca.gov.cn/

Table 5.2 Further regulatory requirements in Germany in the field of medical technology

Law Applies to
MPG Medical Devices Act; 2002/2007/2009 (Medizinproduktegesetz) Manufacturer and product
MPV Ordinance on Medical Devices; 2001/2004 (Medizinprodukteverordnung) Manufacturer and product
MPSV Ordinance on Medical Devices Safety Planning; 2003 Manufacturer, operator

(Medizinprodukte-Sicherheitsplanverordnung)
Medical Devices Operator Ordinance; 2003
(Medizinprodukte-Betreiberverordnung)

MPBetreibV

MPVertrV
(Medizinprodukte-Vertriebswegeverordnung)

MPVerschrV  Ordinance on the Prescription Requirement for Medical Devices; 2002

(Verschreibungspflicht von Medizinprodukten)
DIMDIV

Ordinance on Medical Devices Marketing Channels; 1997/2001/2003

Ordinance on Database-Assisted Information Systems Concerning Medical Devices

Manufacturer, operator
Manufacturer
Manufacturer, operator

Manufacturer, operator

(Verordnung Datenbankgestiitztes Informationssystem iiber Medizinprodukte)

® (Quality management system production.
The QMS only includes the areas of manufacture
and final checking of the products in question.

® (Quality management system product.
The QMS only includes the final checking of the
products in question.

With the lower development stages of the QMS,
depending on the critical nature of the product, product-
related tests must be carried out by a notified body —
process steps which under certain circumstances can
lead to sensitive delays in market introduction. Because
the international requirements moreover do not make
these distinctions, it can only be recommended that
a complete QMS be implemented.

The requirements for a QMS in the field of medical
technology are specified in the following standards.

e EN ISO 13485:2009. Medical devices — Quality
management systems — Requirements for regulatory
purposes.

e ENISO 14971:2008. Medical devices — Application
of risk management to medical devices.

Whoever is certified according to ISO 13485:2009
satisfies the European legal requirements for a QMS. In
addition, compliance with ISO 13485 and ISO 14971
also for the most part means satisfaction of the inter-
national requirements (USA, Japan, Canada, etc.) for
a QMS.
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Table 5.3 The most important QM elements according to ISO 13485

Responsibility of the management
and quality management officer

Quality policy and quality goals

Document management

Human resources

Infrastructure and working environment

Product realization

Planning of all the necessary processes
within the scope of product realization
(including risk management)
Ascertainment of customer requirements
Define product development processes
Define procurement processes

Define production processes

Define processes for delivery, installation,
and maintenance

Measurement, analysis, and improvement

Quality management is the responsibility of the company man-
agement.

It is the responsibility of the company management to ensure
the implementation and maintenance of a QMS and to regularly
check its effectiveness.

A member of the company management (management rep-
resentative) must be nominated who has responsibility and
authorization for the implementation and maintenance of the
QMS and who informs the management about quality matters
in the company.

The responsibilities of the company management also include
the obligation of the company to document quality in a quality
policy and to form concrete quality goals from this policy.

Document management, which is to say the creation, release, dis-
tribution, and updating of specifications and quality certificates,
must be provided in written form. The standard also stipulates
what content must be documented.

The employees whose work can influence the product quality
must be adequately qualified for their jobs.

The company must design the infrastructure and the working en-
vironment such that the required product properties are achieved.
Examples of this include suitable premises, machines, and tools
or environmental conditions, such as the atmospheric humidity,
temperature, etc.

All product realization processes must be planned and docu-
mented.

The process chain under consideration ranges from marketing
and sales (ascertaining customer requirements) to service in the
field (maintenance and market observation).

The standard stipulates at what points in the process chain checks
must be performed.

The (technical) risk management must be integrated in this
process chain in the same way as the verifiable fulfilment of
all regulatory requirements (conformity to standards, product
approvals).

Setting up meaningful and valid performance measurement sys-
tems which provide information about the conformity of the
product and the conformity and effectiveness of the QMS.

The spectrum of the performance figures covers both technical
process parameters and performance figures concerning cus-
tomer satisfaction.

Setting up effective improvement processes which make the nec-
essary corrective and preventive measures possible.
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Note: 1SO 13485:2009 is based on ISO 9001:2008,
which is not industry specific. Allowance must be made
for the fact that ISO 13485 has not adopted all of the

requirements of ISO 9001. Organizations which are
certified according to ISO 13485 therefore do not au-
tomatically meet the requirements of ISO 9001.

5.2 Elements of a Quality Management System

The requirements for a QMS in the field of medical
technology are defined in detail in ISO 13845. In case
of any questions, the following standards can be used:

e DIN EN ISO 9000:2005 (Concepts)
e DIN EN ISO 9004:2000
® ISO/TR 14969 (Guidelines).

Table 5.3 aims to give a brief overview of the es-
sential elements of a QMS according to ISO 13485:
The last element “Measurement, analysis, and improve-
ment” in particular represents a principle which forms
the basis of all QM models, the plan—do—check—act
(PDCA) cycle by Deming [5.3], a cycle for continuous
improvements (Fig. 5.2):

Plan: Analysis of the current situation, determina-
tion of the new quality goals, specification of
the new processes

Do: Implementation of the new processes

Check: Checking to ascertain whether the planned

goals are being achieved

Fig.5.2 The
PDCA cycle by
Deming [5.3],
a cycle for
continuous im-
provements

Plan

Check

Act: Transfer the new processes into the routine and
implement countermeasures in the event of de-

viations.

This cycle is followed continuously for the purpose
of constant improvement and is a closed control loop.

The challenge when setting up a QMS is to integrate
the principle of the PDCA cycle into all elements of
the QMS and thus to create an active and self-adapting
QMS.

5.3 Organization of a Quality Management System

If the field of application and the elements of the QMS
have already been prescribed in detail by means of the
European directives and ISO 13485, then there is a great
deal of room for maneuver in the organization of the
QMS. The spectrum of the possible forms of organi-
zation ranges from a large, central QM department,
which is responsible for all QM duties, to delegation
of the QM duties to all management staff and employ-
ees and to complete abandonment of a separate QM
organization.

Three principles have proved to be of value in prac-
tice and are consistent with the applicable requirements:

1. Direct feeding or integration of QM into company
management

2. Preferably process-oriented responsibility for the
individual elements of the QMS

3. Guarantee the independence of all testing authori-
ties.

These principles can lead to the following organiza-
tional model:

® A separate organizational unit is formed which is re-
sponsible and authorized for all superior (company-
wide) QM issues.

® This central QM position is a member of the corpo-
rate management or is directly below the corporate
management.

@ In all functional areas of the company which are the
subject of QM, one or more employees are assigned
QM tasks. Depending on the size of the functional
area, they take on the QM tasks either in addition to
other assignments or on a full-time basis. Within the
scope of their QM tasks, they report professionally
to the superior QM position.

e All employees who perform checks do not belong to
the organizational unit whose processes or products
they check.
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Table 5.4 Organization of quality management

Superior QM QM representative of a functional area

Formulation of the company-wide quality goals in co-
ordination with the company management

Implementation and adjustment of a company-wide
performance measurement system

Preparation of the annual management appraisal

Identification of the applicable legal and normative re-
quirements and communication of these requirements
in the company

Coordination/performance of QM training
programmes

Implementation and maintenance of the company-
wide QM handbook

Implementation and maintenance of a superior proce-
dure model for product realization

Coordination of external quality audits and certifica-
tions

Coordination/performance of internal quality audits

Monitoring of superior corrective and preventive mea-
sures

Performance of product approvals

Contact with authorities as part of the notification obli-
gation

In the model above, the tasks would be distributed
as shown in Table 5.4. The representation of Ta-
ble 5.4 does not show the processing of customer
complaints, investigation into customer satisfaction or
product observation in the field. These activities can
be sensibly integrated into the superior QM position
and into service or sales. Demonstration of conformity
of the products with technical standards is likewise
not included. According to the principle of process-
oriented responsibility, it is recommended that these

Formulation of the area-specific quality goals in coor-
dination with the area management and the superior
QM position

Determination of the performance figures for the func-
tional area

Provision of the necessary information

Adaptation of the processes in the functional area to
the applicable requirements

Performance of QM training in the functional area

Implementation and maintenance of all sections of the
QM handbook which concern the functional area

Implementation and maintenance of all steps of the
procedure model which concern the functional area

Preparation and provision of the necessary documents
and points of contact

Preparation and provision of the necessary documents
and points of contact; if necessary, involvement in the
audit

Monitoring of area-specific corrective and preventive
measures

Provision of the necessary documents

Provision of the necessary information

tasks be integrated into product development. The num-
ber of employees who are assigned QM tasks is of
course dependent on the size of the company and
the complexity of the products. In very small compa-
nies, all of the activities described above could also
be undertaken by one employee in simultaneously held
positions.

Last but not least, the principles of effective man-
agement should of course also be observed in the
structuring of a QMS [5.4].
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5.4 Implementation of a QMS

As in the organizational implementation, there is also
a large degree of freedom in the technical implementa-
tion of a QMS. When implementing a QMS, the various
customer groups of the QMS should be considered
again (Sect.5.1.2).

5.4.1 The QMS and the (End) Customers

The (end) customer is the reason for the existence of
the company and the QMS. It is important that the cus-
tomer is actually also integrated into the processes of the
QMS as a real person. This should be done not merely
reactively as part of the processing of complaints but
also proactively, for example, through cooperation in
the development of new products and services.

5.4.2 The QMS and the Management

The management of the company is the key customer
group of the QMS. For the management, the QMS must
represent a reliable instrument for managing the com-
pany. As mentioned in Concept of a QMS (Sect.5.1.1)
to the management the QMS is just one of many
management systems. To create an easily understand-
able and manageable basis for decision-making for
the company management, the most important perfor-
mance figures from the QMS should be integrated with
the most important performance figures from the other
management systems to form a common instrument.

One suitable approach to this is the balanced score-
card performance and management system [5.5].

A balanced scorecard combines at least the follow-
ing four perspectives of a company:

The financial perspective

The customer perspective

The internal processes perspective

The learning and development perspective.

Sl e

With the help of these four perspectives, both retro-
spective and prospective performance figures are used
to manage the company. The performance figures for
the QMS fall under the customer perspective in partic-
ular, but also the internal processes perspective and the
learning and development perspective.

5.4.3 The QMS and the Employees

The employees are numerically the largest customer
group of a QMS. If their requirements are not met, the

guidelines of a QMS do not become a valued resource
but rather an unpopular burden. The regulations of the
QMS should not only satisfy the regulatory require-
ments but should also represent valuable tools for the
employee.

This results in the following requirements for the
QMS.

® The structure of the quality management manual
should be orientated towards the processes in the
company, and not towards the structure of a stan-
dard.

® Specifications (process descriptions, work instruc-
tions, etc.) should be written for the respective target
group in an easily comprehensible form and should
contain implementable instructions. For each pro-
cess step, the required results should be defined in
content and structure.

e All specifications should be integrated into the re-
spective working environment, and it should be
possible to find them quickly and intuitively.

® It is recommended that a structured procedure
model be defined for product realization and that the
necessary results be reported for each process step.

This structured procedure model is ideally imple-
mented as an electronic workflow. This workflow is
used for implementation of the QMS as well as for
project management. Note: In the case of a paperless
workflow, the international regulatory requirements for
electronic signatures must be observed (see, for exam-
ple, [5.6]):

® All process steps of the QMS should regularly be
checked for their effectiveness, their efficiency, and
the reason for their existence.

® Checking of the acceptance of the QMS by the
employees should be incorporated in the QMS as
a fixed component.

5.4.4 The QMS and Satisfaction
of the Regulatory Requirements

The implementation of a QMS should take into consid-
eration the regulatory requirements of all countries in
which the products will be marketed. A decision must
also be made regarding the language in which the doc-
uments of the QMS and the product-related documents,
such as specifications, design documents or test certifi-
cates, will be written. To be able to present the QMS
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externally with little effort or cost, it is a good idea to
create associations between the QMS documents and
the product-related documents on the one hand and the
various national and international requirements on the
other hand.

Ideally, these associations are managed in a database
and are integrated directly into the electronic document
management system and into the electronic workflow

5.5 Product Quality

of product realization. All necessary regulatory per-
spectives can then be generated from the database on
demand, and the proof of conformity for the QMS and
for the products can thus be provided with little effort or
cost. Conversely, the electronic workflow can automati-
cally compile the respective process steps necessary and
product-related documents on the basis of the informa-
tion for the planned markets.

Table 5.5 Product requirements of various parties in different lifecycle phases

Lifecycle phase Distributor ~ Buyer/ User  Patient  Technical Health Notified  Legislating
operator service insurance  body body/
authority

Product realization X X X
Marketing X X
Commissioning X X X X
Operation X X X X X
Maintenance X X X
Reprocessing X X X
Decommissioning X

Scrapping X X

Following the discussion of the objectives and the im-
plementation of quality management systems, the actual
subject of a QMS should still be taken into considera-
tion: the quality of the products manufactured. What is
important here is that consideration should not only be
given to the requirements of patient and user during op-
eration of the product, but also that the manufacturer
takes into account the requirements of all relevant par-
ties over the entire lifecycle of the product. Table 5.5
illustrates which parties place requirements on the prod-
uct in which phase of its lifecycle.

The scope of the requirements and the signifi-
cance of the individual lifecycle phases are dependent

5.6 Concluding Remarks

The principle of QM — to systematically ensure that
the requirements of the customers are met — must al-
ways also be adapted to the QMS itself. In a continuous
process of reflection, or rather in a continuous plan—do—
check—act cycle, checks must continuously be carried
out to determine:

on the nature and complexity of the medical de-
vice: nonactive or active medical device, instrument or
computer-assisted device, individual product or system
component, disposable product or reusable equipment,
etc.

The QMS of the manufacturer of the medical device
must therefore be designed such that the requirements
of all parties for a product in the various lifecycle phases
are determined at the beginning of the product realiza-
tion phase and are adequately satisfied. Only in this way
is it possible to guarantee that the customer receives
a product which complies with their requirements over
its entire lifecycle.

® Whether the QMS effectively establishes the rele-
vant requirements for the product and ensures these
requirements are met

® Whether the balance is maintained between
(a) helpful guidelines and unnecessary regi-
mentation, (b) important evidence and superflu-
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ous paper, and (c) customer-orientated optimiza-
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6. Usability of Medical Devices

Ulrich Matern, Dirk Biichel

This chapter gives an overview on how to design
medical equipment according to international
standards (IEC EN DIN 62366 and IEC EN DIN 60601-
1-6) with the user in mind, no matter if physician,
nurse or patient. After the definition of the term
usability (Sect.6.1) and widening it to include
questions of safety and user satisfaction. In Sects.
6.2 and 6.3 the general questions of usability
in medical technology are positively discussed
to lead to Sects. 6.4-6.6 outlining in detail the
development, testing and assessment of usable
devices. The chapter ends with a an illustrative
example (Sect. 6.7).

Usability engineering (also called human factors engi-
neering), which is the development of devices which
are fit for use, is a subarea of ergonomics. Ergonomics
is an interdisciplinary science which concerns itself
with adapting work to people. Until the middle of the

6.1 What Is Usability?

As a result also of the increasing digitalization of the
working world and of leisure and consumer goods, in
recent years the focus has shifted from the reduction
of physical exertion to the reduction of mental exer-
tion of the user when using devices, and it could also
be said that the devices should not distract the oper-
ator’s attention away from the actual task as a result
of inexplicable operating concepts. Devices which are
particularly simple and intuitive to operate are today
described as usable.

Usability is a qualitative attribute which indicates
how easy devices are to use. The term usability includes
the following properties of a device:

e Effectiveness: Can the goal of the user be fully
achieved with the device?
e Efficiency: What is the cost of achieving this goal?

6.1 What Is Usability? ..................coeeeiinnnnnn. 59
6.2 Usability in Medical Technology -
Obligation or Opportunity?.................... 60

6.3 Usability in Medical Technology - Why?.. 61
6.4 Development of Usable Devices -
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6.5 Testing of Usable Devices -

How Is this Done?................................. 6L4
6.6 Assessment of Usability......................... 67
6.7 Usability Development, Testing,

and Assessment — An Example............... 67
References ..........ccoooeviiiiiiiiiiiiiiii e, 70

last century, it was the primary aim of engineers,
medical scientists, ergonomists, anthropologists, phys-
iologists, psychologists, and others to reduce the
physical exertion of the worker and simultaneously in-
crease production.

e Satisfaction: What reaction does the device prompt
in the operator: does it disturb, or provide assis-
tance?

Another aspect is increasingly gaining in importance in
connection with usability in the field of medicine itself,
i.e., the aspect of safety. This is important because it
has been recognized that risks to the operator or to other
people and objects are possible both as a result of poten-
tial faulty operation and also as a result of correct use
of a device. This recognition gained acceptance early
on in the field of aviation and the power plant indus-
try, and in these sectors there is a lot of investment in
the development and testing of ergonomic and usable
properties.

In other consumer sectors, however, it often be-
comes apparent that the terms ergonomic and usable
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are used as marketing instruments, rather than the cor-
responding product properties being based on verifiable
criteria with a scientific basis.

In contrast, products which are truly intuitive and
therefore simple to use have an indisputable competi-

6.2 Usability in Medical Technology

To provide all groups involved in health care with
a guideline about how usability can be achieved and
tested, an internationally valid standard was published
in 2006 as a collateral standard for the general pro-
visions for the safety of medical devices. This safety
standard for electrical medical devices was authori-
tatively written by manufacturers of medical devices,
scientists, testing institutes, and experts in usability, and
has been validated in Germany as a harmonized stan-
dard since 1 February 2008 [6.1].

Another international standard for the application
of usability for all medical devices gained validity on
1 September 2008 [6.2]: IEC 62366 is increasingly re-
placing the older IEC 60601-1-6, and for this reason
reference will primarily be made below to the content
of IEC 62366.

It is first necessary to establish how international
standardization defines usability. According to interna-
tional standardization, usability is the [6.2]:

character of the user—product interface, which in-
cludes the effectiveness, efficiency and learnability
and the satisfaction of the user.

Through this definition alone, the device is accred-
ited with essential features, and the user, in contrast
to the manufacturer, is to a certain extent relieved of
his responsibility; the device must support the user in
operating the device correctly and learning how to do
$O.

The introduction to this process standard already
includes clarification that safe usability is not an un-
ambiguous definition, such as, the paper size according
to DIN A, but rather is a challenging task, a method,
a process, which demands entirely different capabilities
than the (purely) technical realization of this interface.
Ergonomics and considerations of usability constitute
an interdisciplinary science which primarily involves
designing, evaluating, and finally testing the configu-
ration of the operating elements and the man—machine
interface, with an external but expert eye, both with im-
partiality and without blinkers. The usability-orientated

tive advantage. They are accepted by the customer as
being top of the line and so become bestsellers. The iPod
and iPhone have already become almost proverbial ex-
amples of these kinds of products which are extremely
successful in the market.

- Obligation or Opportunity?

developing process should therefore minimize opera-
tional errors and risks associated with use. It is closely
associated with the established risk management pro-
cess of ISO 14971 [6.3].

The manufacturer must establish how it specifies the
usability of its medical device [6.2] and therefore min-
imizes risks associated with use. Which risks it accepts
is left to the manufacturer according to ISO 14971 [6.3]
and is thus the policy of the manufacturer. This pro-
vides the manufacturer with the opportunity to position
itself in the market according to its concepts, goals, and
possibilities. It can determine for itself how it mini-
mizes hazards which it will not accept for its product.
It can invest, for example, in an intuitive man—machine
interface [6.2]:

If training is necessary for the medical device in
question in order to ensure safe and effective use
of the main operating functions by the designated
user, the manufacturer must take at least one of the
measures

— provide the necessary training material itself;

— ensure that this material is available; or

— provide the training itself.

If training of this nature is necessary, the accom-
panying documentation must describe the available
training possibilities and give details of the approx-
imate duration and frequency of training.

It remains to be seen whether usability will in the
future be seen by manufacturers as an inconvenient obli-
gation which must be fulfilled, or as an opportunity to
set themselves apart from competitors as a premium
manufacturer.

Another advantage for the manufacturers is the re-
sult of usability tests which are to be carried out in
accordance with IEC EN DIN 62366 and 60601-1-6
during the design and development process and docu-
mented in what is known as the usability engineering
file. Doing so, the manufacturer can increase the ease
of use of his product and can avoid usability issues
and risks associated with usability. This reduces the
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6.3 Usability in Medical Technology — Why?

cost and the legal risks for the manufacturers and the
participating clinics in the subsequent phase of clini-
cal testing according to MEDDEV 2.7.1 [6.4] and DIN
14155 [6.5]. Application and insurance regarding these
clinical studies will become easier, because reference
can then be made to the results of the usability tests
which are documented in the ergonomics record. The
staffing costs associated with safeguarding correct op-
eration of the testing equipment in the clinic will be

reduced if it is possible to ensure in advance that the
product can be operated easily and safely even in diffi-
cult situations.

The new standards for usability also provide the op-
erators and users of medical devices with obligations
and opportunities. There is therefore a sufficient basis
for a comparative cost-benefit analysis of medical de-
vices which, if used correctly, can furthermore make an
economical and medical contribution to patient safety.

6.3 Usability in Medical Technology - Why?

The possible importance of this contribution to patient
safety is just as well known as the economic benefits
which it will bring to health care worldwide.

National surveys of German surgeons and operat-
ing theater (OT) nursing staff have confirmed that 70%
of surgeons and 50% of OT nursing staff have difficul-
ties in correctly operating the medical devices found
in the operating theater. They do not consider them-
selves to be sufficiently well trained in dealing with the
devices, do not attend briefings, and do not read the
operating instructions. The users themselves estimate
the resulting risk to the patients and employees to be
considerable [6.6].

An assessment of the reports of these incidents in-
volving medical devices, which are required by law and
presented to the Bundesinstitut fiir Arzneimittel und
Medizinprodukte (BfArM, the German Federal Insti-
tute for Drugs and Medical Devices), demonstrates that
this observation is correct. Approximately half of all in-
cidents are based on a misunderstanding between the
user and the device, which is to say they are based on
a usability problem. The dangers posed by these inci-
dents are greater and the consequences for the patients
more serious than those resulting from purely technical
causes [6.7].

The Institute of Medicine (IOM) proceeds from the
assumption that more people are killed every year in the
USA as a result of usability incidents than are killed
by acquired immune-deficiency syndrome (AIDS) or
traffic accidents, and that figure is between 44 000 and
98 000 patients per year [6.8].

During a Dutch study, problems were found with
the technical equipment in 87% of the operations ob-
served [6.9].

Of the working time of medical technology ser-
vice centers in hospitals, 50—70% is spent ensuring
that equipment which has been adjusted by doctors and

nursing staff but which is reported as faulty is returned
to full working order [6.10].

The economic impact is colossal. In German inten-
sive care units alone, usability problems are the cause
of additional costs of approximately €396 million per
year for the health insurance funds [6.11]. In England,
the number of incidents per year as a result of user
errors with medical devices is taken to be 850000,
with costs of £400 million. Between 1984 and 1991,
approximately 130000 incidents were reported in the
USA, and in 60% of these incidents incorrect opera-
tion was at least partly responsible [6.12]. The same
conclusions were reached by Bleyer [6.13] and von der
Mosel [6.14].

Manufacturers know these data and confirm the
situation from their own experience. Although their
medical devices have ever more functionality because
of the increasing requests from doctors and nursing
staff, it is the users who then complain about the
complexity and demand repeated briefings and retrain-
ing from the manufacturers — at the expense of the
manufacturers, of course, leading to hugely increasing
costs.

It is of course right, as a manufacturer, operator,
and solicitor, to refer to the duty of care of the user,
and the user should read the manuals and participate
in the equipment briefings. However, the clinics and
those running practices must then provide their employ-
ees with the time necessary for this. At a time when we
have a worldwide shortage of nurses and doctors and
ever shorter hospital stays, this is an unrealistic require-
ment.

The approach of DIN EN IEC 62366 can be help-
ful here in specifying the expenditure on training for
the medical device in question. All those involved can
therefore calculate the value of the investment in a us-
able medical device.
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6.4 Development of Usable Devices — How Is this Done?

An interdisciplinary approach is not all that is neces-
sary for the development of usable medical devices. As
soon as the decision has been made to develop a new
device, consideration must also be given to how the
device is to be operated. This means that the man—
machine interface must be developed in parallel with
the development of the technology, with the focus on
the future users. Every operating element which has to
be changed at a later date because it has not proved to
be a success causes unnecessary costs. The fundamen-
tal requirements of usability thus belong just as much

Establishing the necessity

in the functional specifications as do the fundamental
technical requirements.

When designing a usable device, it is essential to
understand the context of use, the user requirements,
and the organizational requirements. This involves tak-
ing into consideration not only the medical application
but also the cleaning — and, if appropriate, recycling —
as well as the necessary maintenance work. An essential
principle here is that the users should not only be ques-
tioned regarding what they expect from a new device,
but rather they should be observed in their daily work

of a user-orientated design

Understanding and defining

Fig. 6.1 User-
oriented
development
process from
DIN EN ISO
13407 (at-
ter [6.15])

Assessment of design solutions
in comparison with requirements

Fig. 6.2 Practical exercises as part
of the training on the subject of er-
gonomics and usability at wwH-c

GmbH
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Determining user requirements
and organCal requirements
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Fig. 6.3 Different stages of development in the course of the usability engineering process (after [6.16])
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in a targeted and structured manner in order to identify
which functions they really need. The reason for this
is that users generally find it difficult to articulate their
true requirements. It is only through doing this that the
excessive functionality, and therefore the complexity, of
the equipment can be avoided. The many unused func-
tions of a device make it not only complex to operate
but also susceptible to faults and, above all, expensive.
With fewer functions, less can be significantly more in
the sense of effectiveness, efficiency, and safety.

To successfully turn less into more, usability engi-
neering uses various proven methods and fundamental
technologies which are used in an iterative development
process (Fig. 6.1).

The developers must have a distinct understanding
of the users and the culture of usability. If this is not
yet the case, training on the topic of usability should be
contemplated, where possible with practical exercises
in the field of the respective context of use (Fig. 6.2). At
the beginning of the work, it is crucial that the develop-
ers are familiar with the concerns, needs, and working
environment of their users and regard them as the focal
point of the development process.

First and foremost, the context of use, including
the requirements of the user and organizational re-
quirements, must be understood and defined by the
engineers: Who uses the device, in what situations and
what environment, for what purpose, and on whom?
Focus groups, field observations, and cognitive walk-
throughs are used to answer these and other questions:

® Focus groups: Moderated group meetings with users
and developers to ascertain the requirements and
goals of the users.

® Field observations: Participatory observation of
users in their working environment.

Table 6.1 Typical development errors

e No primary analysis of the needs and expectations
of users

e No or too little understanding of the needs of the
users

e Focus on using design features which are esthetic
and showy

o No interdisciplinary usability engineering team

e Poor communication between the members of the
development team

e No iterative development

e No or only little use of design prototypes

o No usability evaluation

® Cognitive walkthroughs: Usability experts run
through tasks within a user interface. Here the fo-
cus is less on the device and more on the thought
processes of the user during operation.

Equipped with this knowledge, the functional specifi-
cations are checked once more and refined again, in
particular in terms of ergonomics and usability. What is
particularly important here is that checks are continually
carried out to ascertain (Fig. 6.3):

® What is really needed in the medical application;
this provides a list of the main or primary functions
of the devices, and

® Which supporting functions are necessary for this;
the list of secondary functions should be as short as
possible.

The development of the man—machine interface then
begins in parallel with the development of the techni-
cal functions. To this end, the first design proposals are
then drafted and checked using the simplest possible
means:

® Paper prototyping: Operating elements, interaction
concepts, and information displays are checked with
users with the aid of drawings of an early operating
concept.

® Card sorting: Interactive cards test the operational
logic of menu structures and interaction concepts.

These design proposals are compared with the es-
tablished requirements and tested in stages:

® Heuristic evaluation: Neutral experts evaluate an
interface with the aid of recognized principles in
software ergonomics and give suggestions for im-
provement.

® User test (also usability test): Users tackle tasks
under observation using a user interface. Experts
analyze the man-machine interaction and find us-
ability problems.

These tests usually feed into an iterative process with
recurrent design and evaluation phases, as no-one suc-
ceeds in producing a perfect design at the first attempt.
The planning must include the time and means to avoid
the typical stumbling blocks listed in Table 6.1, which
are encountered in particular when the development
team is a closed group in which results are no longer
sufficiently discussed. Careless mistakes of this kind
mean that development quickly becomes an extremely
expensive and lengthy procedure, which can be avoided
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if the development team obtains suggestions from exter-
nal experts at an early stage which help to overcome the
typical tunnel vision (Table 6.1).

The design phase may extend over many cycles in
which functions must be repeatedly tested, optimized,
and checked. At the end of this process, there should be
a usable and safe device.

The technical solution has proved its functionality
and reliability in the animal model. For this purpose,
long-term tests and survival tests have been performed,

where applicable using histological and biochemical
methods:

® The recycling and/or disposal of the device have
been tested.

® The experiences with the device have been incor-
porated in the manual and any possible training
material.

® The design prototype has passed the normatively
prescribed usability tests.

6.5 Testing of Usable Devices — How Is this Done?

When testing usability, IEC EN DIN 60601-1-6 and
62366 distinguish between the concepts of verification
and validation.

Verification is understood as meaning the evaluation
of the individual parts of a device during development.
Various methods can be used to verify the individ-
ual functions of the man—-machine interface, and these
methods include heuristic evaluation, cognitive walk-
through, pluralistic walkthrough, feature inspection,
and user test. Usability experts and typical users ex-
amine and test the individual functions, according to
typical usability criteria in accordance with structured
study protocols and guidelines, in the development
stages which are available at the particular point in time
(Fig. 6.4).

The validation of usability, in contrast, concludes
the usability-orientated development process. During
validation, all functions are scrutinized and not just

User

individual functions, as in the previous verification
processes. Finally, it ensures that a suitable, operable
device is built in which there should be no unexpected
and hazardous interactions between the user and the
device.

A user test (also called a usability test or laboratory
experiment) is performed for validation. In this method,
the strengths and weaknesses of a device are systemati-
cally evaluated with the involvement of representatives
of the user group, in an environment which is as repre-
sentative as possible, with representative tasks. For this
purpose, the context of use is represented as realistically
as possible in a laboratory.

Usability laboratories are very expensive and are
fundamentally divided into two areas. The actual use
situation is simulated in the test area. This area ide-
ally corresponds 1 : 1 to the real usage environment, to
give the test person the feeling of being in his or her

; Evaluation
requirements
Development
idea
Development
process
Verification Bevelopment
result
Fig. 6.4 Verification and \
validation in the usability- Medical
: Validation .

orientated development device

process
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Fig. 6.5 Typical user test in the
laboratory (wwH-c GmbH, Tiibingen)

usual workplace. Recording equipment such as video
cameras and microphones should be positioned as in-
conspicuously as possible here, so that the test person
can work undisturbed with the equipment which is to
be examined. In the monitoring area there is record-
ing equipment and an intercom system. From here,
test supervisors, minute-takers, and any other interested
parties can observe the test participant, usually behind
a semitransparent mirror or a window (Fig. 6.5). In this
way, the test person is disturbed as little as possible, but
assistance and instructions can nevertheless be given.
User tests are among the most widely used and
most reliable methods in the world for determining the
usability of a device. It takes only a few test people
to find a relatively large number of problems. In the
consumer sector, just six test users are generally suf-
ficient to find 80% of usability problems (Fig. 6.6). In
the safety-critical context of medicine, 10 test people
from one occupational group are usually recommended
to test the safety-critical functions. To ensure this, the
test people must be selected with a great deal of care.
The particular advantage of this method is that, in
the simulation environment, critical situations in which
the device to be tested must be operated safely under
nerve-wracking tension can be repeated with various
test people in a standardized manner, without any risks
to patients. Precise tasks which correspond to the evalu-
ation goal are set for this purpose. Problems which were
not noticed in the actual situation can be subsequently

detected using the video and audio documentation and
demonstrated to the development team. Quality fac-
tors such as objectivity, reliability, and validity can be
maintained in the simulation environment in contrast to
clinical testing on a patient.

It is a disadvantage that a completely real context of
use can never be simulated under laboratory conditions,
and these results are thus not 100% transferable to the
real context of use. However, in a laboratory, those in-
terferences and stress situations can be created which,
for ethical and actuarial reasons, cannot be simulated in
routine clinical operation and even in an animal labora-

Usability problems found
100%

75%
50%

25%

0%
0 3 6 9 12 15

Number of test users

Fig. 6.6 Dependence of the usability problems found on
the number of test users in a user test in the consumer sector
(after [6.17])
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Fig. 6.7 Three-dimensional matrix for the assessment of the usability of medical devices (after [6.18])

tory, but which are the situations which are relevant to  the legal risks for the manufacturer and the participating

patient safety.

clinics in the subsequent phase of clinical testing accord-

It is therefore sensible in terms of patient safety for ing to MEDDEV 2.7.1 [6.4] and DIN 14155 [6.5].
amedical device to undergo such tests for the verification During the user test, the test people are also urged to
and validation of usability before it is used clinically. As  perform these typical work tasks using the equipment.
already mentioned, this procedure reduces the cost and Conclusions regarding the usability of the equipment
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can be drawn from the observations and testimonies
during the performance of the tasks. For this purpose,
the criteria of effectiveness, efficiency, and satisfaction

6.6 Assessment of Usability

The results of usability studies are typically documented
in long accounts. However, no priorities generally
emerge from these accounts for the development team.
The assessment matrix developed for the field of medi-
cal technology UseProb provides transparency here for
the manufacturer and user.

The degree of severity of the problem, the probabil-
ity of occurrence, and the extent of damage are taken
into consideration. Each criterion is given a grade. For
the computing-based correlation of the three influenc-
ing variables, a three-dimensional matrix was selected
which brings together the individual combinations to
form a 10-level assessment (Fig. 6.7), which are divided
into four color-coded areas. The red area (grading scale
1-3) represents safety-critical functions, that is to say

are operationalized such that qualitative statements are
possible. The results are listed and displayed, sorted
according to functions and problems.

those which should have been avoided by the usabil-
ity engineering process prompted by the two standards.
Functions whose assessment is in the orange, yellow or
green areas conform to the standards, with the green
area representing very simple and safe operation.

In this way, the party commissioning the usability
study receives an overview of grades for the product
which enables them to recognize immediately which
functions are problematic and also which have been ex-
cellently solved (Fig.6.8). Thus, there is an objective
instrument available which the manufacturer can use not
only to further develop his product but which they can
also use for marketing purposes. Those buying medi-
cal devices can likewise base their purchase on these
assessments.

9 10 11 12 13 14
Functions

Fig. 6.8 Example of an overview of grades for a medical device which must be classified as safety-critical and therefore
one which does not conform to standards. The operation of the functions 1, 6, 9, 10, 11, and 14 should be revised before

the device can come onto the market (after [6.18])

6.7 Usability Development, Testing, and Assessment — An Example

In their laboratory, the experimental OT, wwH-c GmbH
developed and tested the operator interface of a car-

diac catheter pump in accordance with the normatively
prescribed design process described.
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Fig. 6.9 From design drafts to the flash simulation in which the operation of all functions could be checked (after [6.18])

Fig.6.10 The flash simulation was
integrated into the hardware such
that the test users did not notice the
simulation

To determine the usability requirements for the
equipment, a user profile was first created, and a task
and environment analysis was performed. This pro-
cess involved users in the development. In interviews
they provided initial information about the require-

ments in practice and about problems with comparable
devices to be found on the market. In accordance
with the principle of look at what your users do, but
never ask them what they want [6.19], field observa-
tions then provided the essential information about the
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requirements, which were recorded in the functional
specifications.

The iterative design process, consisting of repeating
design and evaluation phases, could then begin. Out-
lines of hardware and operating concepts were drawn
up, discussed with users, and tested in a first expert
evaluation.

The interaction concept and the operating logic were
put into concrete terms and presented in detailed design
drafts (Fig.6.9). Various experts in ergonomics tested
the logic of the preset interaction steps with the aid

Problem grading

W

W

10 —
e
9 HERN

of the verification method of cognitive walkthrough,
and revealed potential usability problems. The results
of this evaluation were simulated in a flash simulation
fully functioning in all menu structures. This simula-
tion depicted the interaction steps to be carried out,
and was integrated into the hardware of the catheter
pump (Fig. 6.10). Using this animation, a realistic op-
erator interface could be simulated for test users before
any software code was written. Users were unable to
detect that they were in reality not controlling the de-
vice.

Fig. 6.1 With
the aid of a rigid
foam prototype,
the ergonomi-
cally expedient
installation on
the patient bed
is tested (af-
ter [6.20])

O Sequence 2

Fig. 6.12 Results
from the first
user test; assess-
ment by means
‘ of UseProb be-
fore the second
1teration
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The hardware models were also subjected to various
function checks. Figure 6.11 shows a test which verifies
the installation of the equipment on a patient bed.

To prepare the final user test, ergonomics ex-
perts conducted a heuristic evaluation. The evaluation
method provides initial results about potential prob-
lems, which are verified in the following user test. The
tasks involved in this user test consisted of the primary
tasks identified in the task analysis and some secondary
tasks, as well as the potentially problematic tasks. Nine
doctors and nurses were used as test people. The test
tasks were completed in the form of a role play in which
an employee from wwH-c GmbH gave instructions to
the test people in the role of the operator. Additional
recorded OT noises increased the level of realism for
the test people. The test was recorded and documented
using four cameras and a microphone.

Even in this first usability evaluation with real users,
the positive effects of the user-orientated design pro-
cess were evident. The users were able to complete the
tasks set relatively quickly and were satisfied with the
operation of the equipment (Table 6.2).

Nevertheless, several problems were identified in
this usability evaluation. These problems were assessed
with the aid of the UseProb problem evaluation method
developed by wwH-c GmbH. This method also looks at
usability problems from the point of view of safety. The
results of the evaluation are shown in Fig.6.12. They
show the relevance of the problems found.

References

Table 6.2 Statements from the test people, typical of the
result for a usability engineering process performed with
such consistency

When I saw the equipment, I realized for the first
time how complicated our pump is. (specialist nurse)

It was easy to operate. Considering that I was doing
it for the first time, it was fantastic. (trainee assistant
surgical technician)

The equipment is self-explanatory. (specialist nurse)

It makes a good impression and is simple and intu-
itive. (perfusionist)

Compared with other equipment, the menu sequence
is positive and very simple. (cardiologist)

Following the evaluation, the problems found were
analyzed and the animation optimized on the basis of
the proposals for improvement acquired.

Another user test was conducted with the im-
proved use concept. It became apparent that the
usability had further improved in respect of the fac-
tors of effectiveness, efficiency, satisfaction, and safety.
Until this point, all development steps of the man—
machine interface were simulated. Only now, once
safe and efficient operation has been ensured by
the users, does the programming of the software
begin.
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7. Basic Diagnostics in Cardiology

Riidiger Kramme

The term basic cardiology diagnostics refers to
the noninvasive measurement of the cardiac
electrical action potential at rest and under
stress, in order to assess heart function. Due
to technical developments in ECG systems, the
informative value of (basic) diagnostic assess-
ments of the cardiovascular system has improved
enormously with ever-increasing accuracy. This
chapter introduces equipment-based diagnostic
methods: Sect.7.1 ECG, Sect.7.9 Holter Monitoring
and Sect. 7.19 Exercise ECG.

7.1 Electrocardiography.............................. 75
7.2 Electrocardiograph Equipment
Technology and PCECG.......................... 76
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7.1 Electrocardiography

Electrocardiography (ECG) is a method of recording
electrocardiograms — which record the temporal and
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spatial profiles of the electrical excitation processes in
the myocardium in the form of waves, peaks and lines
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Fig. 7.1 Nomenclature of the electrocardiogram (ECG)

(Fig.7.1) — and performing diagnostic analyses of these
electrocardiograms.

Every instance of depolarization through cardiac
fibres is the source of an electric potential. These
noninvasive measurements generally measure potential
differences that occur across an electric field on the sur-
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face of the body, which make up only a fraction of the
potential generated by the heart. The heart is thus inter-
preted as a source of potential, so the ECG ultimately
provides an image of the generation of electricity (po-
tential shift) and reflects the excitation processes in the
measurements selected.

7.2 Electrocardiograph Equipment Technology and PC ECG

Electrocardiographs (ECG devices for short) and PC
ECG modules are diagnostic devices for recording,
amplifying, storing, processing, analysing and docu-
menting (registering) an electrocardiogram. Noninva-
sive electrocardiography has been a standard procedure
for a number of decades, and ECG equipment is there-
fore as good as is mandatory in both hospitals and small
private practices.

7.2.1 Physical and Technological Principles

ECG systems are low-noise differential amplifiers; in
other words, they consist of a strongly coupled DC am-
plifier with a high amplification factor and inverting
(reversed) and noninverting inputs. The output voltage
is a multiple of the voltage present at the input termi-
nals. It is the differential voltage of the two voltages
present at the same pole. Particularly high requirements

are set for an ECG preamplifier when compared to usual
amplifier technology: interfering high-frequency AC
voltages are attenuated by means of a high-frequency
filter upstream of the preamplifier input, so that no
overamplification or self-excitation can occur. Extreme
interference voltages are likewise blocked by means of
discharge sections and antiparallel diodes. A relatively
high input resistance (generally 10MS2 and above)
keeps the input currents very low. Capacitively coupled
mains-frequency AC voltages are eliminated through
high common mode rejection. Following a 20- to 30-
fold preamplification, the ECG signal is separated from
the direct current via a high-pass filter. The time con-
stant of this filter is 1.5 or 3.2 s. Whereas the processed
ECG signal is fed to the respective channel ampli-
fiers (1... > 12) via an lead selector in analogue ECG
equipment, this step is omitted in digital ECG equip-
ment. The recorded signals are instead connected to 12
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leads, amplified and fed to a processor system (control
computer — CPU) via multiplexers and A/D convert-
ers. The system software processes all of the digitized
input signals, interpolates the individual measurement
readings to give continuous curves, controls equipment
processes, and communicates with the operator via the
keypad, display and printout; it prepares text outputs,
displays the time, produces a QRS trigger signal, and
evaluates the remote start ergometer input. Output oc-
curs via a digital recording system, the thermal comb.

In analogue ECG equipment, following further am-
plification to ~1-2V using the respective channel
amplifier, the ECG signal is output via a power amplifier
stage (final amplifier) and finally through a mechanical
recording system (e.g. lever recorder, inkjet recorder,
etc.).

ECG measurement, the signal path and signal pro-
cessing resemble a measurement chain, from the test
object (patient) via transducers or sensors (electrodes)
and the transfer of measurement readings (electrode
leads and patient cables) to signal processing, signal
evaluation and documentation (ECG equipment). The
recording electrodes or the intracardiac electrode (sig-
nal source) on the surface of the body receive the ECG
signal (useful signal) and transmit it via a cable to the
input amplifier of the cardiograph. There is a galvanic
potential between the skin and the metal section of
the electrode, which is substantially influenced by the
electrode material, the composition of the electrolytes,
and by the condition of the electrode/electrolyte inter-
face. This electrochemical contact potential can be up to
300 mV. The transmitted input signal from the amplifier
consists of four different fractions:

1. The useful signal (ECG), with an amplitude of
50 wV to approximately 1 mV, and

— Analogue ECG
instruments (without
ECG processing)
and analogue printer

1 channel ECG (direct write)

3 channel ECG
ECG 6 channel
mnstruments 12 channel

>12 channel

— Digital ECG
systems with ECG
processing (memory
ECG) and digital
thermo printer

2. A DC voltage component of up to 300mV that is
superimposed on the useful signal; however

3. Interfering signals of up to 100mV (50Hz ripple
voltage) and

4. Extreme interference voltages (resulting from de-
fibrillators and RF surgery equipment, among other
sources) of up to 3000V can also occur.

In order to ensure that the patient is galvanically isolated
from the mains voltage, the power supply and the output
signal are galvanically decoupled.

In order to promote reproducibility, the ECG signal
processing, recording and measuring process is stan-
dardized:

® Frequency response:
— Lower frequency limit fjimit = 0.05 Hz
— Upper frequency limit fiimit = >100Hz
o ECG amplitudes:
2.5, 5,10 and 20 mm/mV
® Times:
10, 25, 50 and 100 mm/s

7.2.2 Equipment Classification

ECG recorders are mainly classified according to the
number of channels of the device and the equipment
technology used (Figs. 7.2, 7.3).

From analogue to digital ECG systems with inte-
grated recording components, a new ECG generation
has developed: the PC ECG. The recorded analogue
signals are amplified, digitized and supplied to data
transmission equipment in an external module. The data
can be transmitted to a connected computer (PC or lap-
top) using either a USB microcontroller or wireless
data transmission technology (bluetooth technology)

Modular ECG

systems

N . Fig.7.2 Overview and differentiation
onmodular : :

O s of ECG recording equipment and PC

ECG modules

7
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External amplifier module

Communication

PCECG — dovi
evice

1...> 12 channel —

UBS

Bluetooth

Fig. 7.3 PC ECG module

(Fig.7.3). Whereas the USB port is also used to sup-
ply power to the module, the Bluetooth method makes
mains-independent operation (10—12h) possible with
an accumulator battery. The transmitted data is pro-
cessed and prepared on the computer using installed
ECG application programs. In addition to the visual
image on the computer display or external monitor,
ECG graphs and interpretations can be printed out on
a connected printer and plain paper for documentation
purposes.

The PC ECG has practical advantages over conven-
tional ECG equipment: the ability to save any desired
ECG sequences at any time, the comprehensive avail-
ability of the data, the considerable reduction in the
consumption of expensive ECG paper and therefore
financial savings, the lack of mechanical equipment
components, the ability to back up data on common
storage media, the capacity for mobile use with mains-
independent operation, as well as the possibility of
interactive data exchange via the Internet. A particular
disadvantage is the restricted data exchange possible via
data carriers or over the Internet, as data can only be

Table 7.1 Overview of electrode types

exchanged with an application program which is com-
patible with the PC ECG software. An artefact that is
characteristic of PC ECG equipment, and is probably
a result of computer electronics, leads to interference in
the sensitive ECG analysis.

7.2.3 Recording Systems

Recording systems can be considered the various
technical possibilities of the recording components
(Fig.7.3). The digital thermal array recording method
is the current state of the art. Thermal comb record-
ings have high resolution and a low susceptibility to
interference from the recording system, and allow opti-
mum reproduction of the recorded and processed ECG
signal.

7.2.4 Electrode Technology
The recording and transmission of the ECG signal from

the surface of the body and the quality of this signal are
fundamentally influenced by the electrodes. They repre-

Type of Electrode material Recording  Shortap-  Long ap- Obser- Emergency Comments
electrode region plication plication vation application
time time
Plate Vs Limbs X Without electrode gel
Suction Silver/silver chloride ~ Chest X Low polarization voltage
Button Silver/silver chloride =~ Limbs X X X X Use foam plaster
Self-adhesive  Silver/silver chloride = Limbs Comparatively low artefacts
in restless patients
Single-use Silver/silver chloride ~ Limbs, X X X Higher costs
chest
Triple Silver/silver chloride = Chest X X Fast application possible
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Fig. 7.4 ECG recording methods
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sent a junction between the ionic conduction in the body
and the metallic electronic conduction of the electrode
surface and of the transmitting cable. There is therefore
an electrical potential between the body and electrode,
which is dependent on three factors in particular:

1. The electrode material
2. The composition of the electrolytes
3. The condition of the electrode—electrolyte interface.

Electrochemical contact potentials of up to 300 mV can
occur at these interfaces. The electrode impedance (also
known as electrode transfer impedance) — the sum of the
electrode and skin impedances and also the resistance of
the contact medium, which is dependent on the current
density — is the result of the current state of the skin,
body, contacting agent and electrode material. For this
reason, electrode pastes or gels are used to reduce the
transfer impedance.

Particularly in the case of polarizable electrode
material (e.g. high-grade steel), unwanted polarization
voltages may occur. These spontaneous voltage fluctu-
ations are superimposed on the ECG signal and lead
to signal instabilities in the recording (drifting leads).
Nonpolarizable electrodes from Ag/AgCl (silver/silver
chloride) have proven to be particularly advantageous
(Table 7.1).

7.2.5 System Properties
The following properties represent the performance

spectrum and at the same time the requirements for
modern ECG systems:

7.3 ECG Methods

Figure 7.5 shows an overview of noninvasive and inva-
sive ECG methods.

Simultaneous display of the 12 standard leads in
a time frame of 15

Various alphanumerical recording options

High operational convenience and programmable
Digital signal processing

Automated control together with programs
Interfaces for communication with other systems

A high-resolution recording system without me-
chanical parts.

An upgradable system has the advantage of being
able to perform more functions than just one ECG
registration. The ECG device has these so-called mul-
tifunctional system properties when it is equipped
with additional functions such as spirometry, long-
term ECG monitoring, arrhythmia monitoring, Doppler
ultrasound, pulse oximetry, capnography and late po-
tentials, etc. Data communication with a PC and
networking with other systems is also standard. The
conditions for the use of medical EDP statistics, ECG
data management and ECG software libraries are there-
fore satisfied.

7.2.6 Operating Modes

A fundamental distinction is drawn between manual and
automatic operating modes. Automatic programs, such
as standard ECGs with 12 leads, ergometry and arrhyth-
mia, are typical of modern cardiographs which can be
programmed by the user. The lead mode, formatting,
baseline, calibration and sensitivity are for the most part
automated. Alternatively, registration can be performed
manually at any time.
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__ Diagnostic resting ECG with 12

Fig.7.5 Noninvasive and invasive
ECG methods

— Reduced exercise ECG surface leads

— Long-term ECG with reduced leads

— Mapping ECG with orthogonal leads

surface leads
Noninvasive
B0 emtin | Vector cardiogram/Parametric
display with orthogonal leads
ECG
methods
— Esophagus ECG with unipolar
Invasive ECG electrode catheter
recording | HIS bundle EG with bipolar

multielectrode

7.4 Lead Systems

7.4.1 Measurements from the Surface
of the Body

The action currents produced by biopotential differ-
ences that vary with time are measured as electrical
potentials (the magnitude of the useful signal is around
1 mV) between two points on the surface of the body.
Theoretically, any point on the surface of the body could
be used for this purpose, but specific electrode sites
have developed in practice, and the respective leads are
defined according to these sites. The leads differ sub-
stantially in terms of recording technique and spatial
arrangement.

—

red yellow <|

black green

Leads between two points are described as bipo-
lar leads. In unipolar leads, in contrast, the different
electrodes are connected to what is known as a zero
electrode (collector electrode). This collector electrode
is created by connecting together limb leads via high-
impedance resistors. The limb leads provide a spatial
view of the frontal plane, and the chest leads provide
a spatial view of the horizontal plane.

7.4.2 Standard Leads

The standard leads are the three bipolar limb leads
known as Einthoven’s leads (I, II, III), the three unipo-

1T 1T

Fig.7.6 Lead positions, connector colors and schematic diagram of the bipolar limb leads according to Einthoven
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Table7.2 Overview of the 12 standard leads of an ECG

Limb leads Chest leads
Description According to Einthoven According to Goldberger According to Wilson
Electrodes LI, I aVR, aVL, aVF Vi, V2, V3, V4, Vs, Vg
Measurement technique ~ Bipolar Unipolar Unipolar

Electrode sites Upper and lower limbs

Projection Distal potentials of the frontal plane

lar limb leads constructed from these three bipolar limb
leads (known as Goldberger’s leads: aVR, aVL, aVF),
and six unipolar chest leads known as Wilson’s chest
leads (V1...V6) (Table 7.2).

Einthoven's Bipolar Limb Leads (Fig.7.6)
For these, the potential difference is measured between
two electrodes:

R: right arm = red connector

L: left arm = yellow connector

F: left foot = green connector

N: right foot = black connector (earth)

The three leads lie in the frontal plane and form what is
known as Einthoven’s triangle (Fig. 7.7).

Goldberger's Unipolar Limb Leads
For these, the potential difference is determined be-
tween each electrode on the limb and an electrical zero
which lies at the central potential between the two other
limbs (Fig. 7.8).

aVR: R—L+F/2

+90°

Fig. 7.7 Einthoven’s triangle

Constructed from I, II, ITT

Chest wall C;. . .Cg

Proximal potentials of the horizontal plane

aVL: L-F+R/2
aVF: F—L+R/2

Wilson's Unipolar Chest Leads
The chest electrodes (Vi...Ve, V = voltage) are
placed at six defined points on the thorax (Cj...Ce,
C = chest). The three limb leads are combined via

aVR
™

T~o
NS~
TN
\ S~
N ~<
\
\
N
.
\
\
.
\
\

aVR

W

T

Fig.7.8 Unipolar leads according to Goldberger, and
schematic diagram

aVL

81

4°L] 9 Med



82

4°L| 9 Med

Part B

Functional Diagnostics Devices

N

Gs
Q'.

Fig.7.9 Unipolar chest leads according to Wilson: C; —
Fourth intercostal space at the right border of the sternum;
C, — Fourth intercostal space at the left border of the ster-
num; C3 — Fourth intercostal space at the fifth rib, midway
between C, and Cy4; C4 — At the mid-clavicular line in the
fifth intercostal space; Cs — At the left anterior axillary
line on the same horizontal level as C4; Cg — At the left
mid-axillary line on the same horizontal level as C4

a high-impedance resistor to form a collector electrode
(indifferent electrode). Wilson’s central terminal forms
the electrical zero point. As a result of the proximity to
the heart, the amplitudes of the chest leads are greater
than those of the limb leads (Figs. 7.9, 7.10)

-F +C

Fig.7.10 Lead positions after Wilson, and illustration in the hori-
zontal plane

Cabrera's Lead Sequence
Cabrera’s circle is a hexaxial system that can be used,
among other things, as an aid when determining the
axis deviation. The circle includes leads of the frontal
plane that are each rotated through 30° with respect
to one another. The leads from Einthoven’s triangle
are shifted parallel such that lead I assumes an an-
gle of zero, lead II +60° and lead III +120°. The
Goldberger leads are also included in this system, and
have angles of: aVR —150°, aVL —30° and aVF +90°
(Fig.7.11).

By flipping the aVR lead through 180°, we get
—aVR at 30°. It is possible to determine the axis de-
viation simply by determining the highest R amplitude
from the leads. The angular space allocated to the
leads determines the deviation of the axis (for exam-
ple, the highest R amplitude is found in lead II; i.e.
the electrical axis of the heart falls at +-60°. This cor-
responds to the normal position of the heart in a healthy
adult).

7.4.3 Augmented and Reduced Leads
from the Surface of the Body

Augmented Leads
Augmented leads include the corrected orthogonal leads
of Frank and the additional unipolar chest leads of Wil-
son.

The Frank leads are based on a theoretical model
in which the heart is at the centre of a square three-
dimensional coordinate system consisting of a lateral
axis x, a longitudinal axis y and a sagittal axis z. The
excitation processes can therefore be registered in the
form of vector loops (vectorcardiography).

VL

Fig.7.11 Cabrera’s circle
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In addition to Wilson’s standard leads on the chest,
it is also possible to include other electrode sites. These
can be extended precordially to the right (V3, V4, Vis,
V;6) or to the left (V7, Vg, Vg or Vg two ICS lower).

Reduced Leads
Reduced leads include leads for ECG monitoring, leads
for long-term ECG and ergometry leads (see the indi-
vidual chapter on this topic).

7.4.4 Invasive Leads

Unipolar Oesophageal Leads
When using oesophageal leads, an electrode catheter is
inserted via the oesophagus to just above the cardia.
The aim is to obtain a precise assessment of proximal
potentials of the posterior myocardial wall and the left
atrium.

HIS Bundle Electrocardiography
Here an intracardiac electrogram (EG) is obtained us-
ing a three-pole electrode catheter. This investigation
is performed with radiological and electrocardiographic
monitoring (this procedure is part of routine diag-
nostics in cardiac centres). The particular advantage
of this lead is that it is possible to precisely in-

7.5 Methodological Notes

Faults that occur during ECG registration can gener-
ally be differentiated into patient-, environment-, user-
or equipment-related faults. Most faults (baseline shifts,

7.6 The Diagnostic Value of the ECG

As it illustrates the electrical excitation processes occur-
ring in the heart, the ECG provides information about
the origin and rhythm of excitation, the heart position
and rate, pulse propagation, as well as repolarization
and repolarization arrhythmias, which in turn can be
caused by anatomical, mechanical, metabolic or cir-
culatory problems. However, the ECG has no direct
informative value regarding the contraction and pump-
ing capacity of the heart (mechanical cardiac function).
The medical significance of the ECG is undisputed,
although its capabilities should not be overestimated.
Within the field of cardiological investigation, the ECG

ECG

HBE

Fig.7.12 Surface ECG compared with the intracardiac HIS
bundle EG. HBE HIS bundle electrogram, A depolarization
in the atria, V depolarization in the ventricles, H depolar-
ization in the HIS bundle

vestigate the proximal potentials of the right atrium,
the right ventricle and the conductive system, and
in this case the HIS-Purkinje system in particular
(Fig.7.12).

irregular and regular superpositions of AC voltage) that
occur during ECG registration can be traced back to
external influences.

is essential, and in routine internal investigations it is
a valuable, possibly even crucial, investigation tool.
Caution is advised regarding the informative power
of the ECG in relation to the aetiology and patho-
genesis of a cardiac disease, as well as in relation
to the indications for and success of therapeutic mea-
sures. Anatomical damage and functional faults of
the myocardium are not necessarily reflected in the
ECG. It must be observed that the informative value
of the ECG is dependent on the knowledge and ex-
perience of the individual providing the assessment.
Whereas inexperienced users will be inclined to inter-
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pret the ECG too broadly, the experienced user will
give a more reserved assessment and where possible
avoid schematization and generalizations. It must be

7.7 Complications

Whereas incidents during noninvasive ECG recording
are a complete novelty, serious arrhythmias (e.g. flut-

noted that, particularly with computerized evaluation
programs (e.g. diagnostic hints), an individual’s own
assessment is essential.

ter, fibrillation, etc.) can occur during intracardiac ECG
registration.

7.8 Technical Safety Aspects of ECG Systems

Electrocardiographs are power-operated technical med-
ical devices, with associated provisions, regulations and
standards that are applied to protect patients and oper-
ating personnel.

ECG devices that measure intracardially, or are pro-
vided for that purpose, are subject to Annex 1 of the
German Medical Devices Operator Ordinance (Medi-
zinproduktebetreiberverordnung — MPBetreibV). The

7.9 Long-Term ECG

Long-term electrocardiography — long-term ECG for
short, and also known as Holter monitoring, ambulant
ECG or ambulatory monitoring — is a noninvasive rou-
tine ECG procedure that is central to primary diagnosis
and the therapeutic monitoring of cardiac arrhythmias.
As its name suggests, in this procedure, the ECG is
recorded and analysed over a relatively long period of
time (generally 24 h), under everyday stress.

Whereas other electrocardiographic investigation
procedures, such as resting or exercise ECGs, only al-
low a diagnostic statement to be made over a limited
period of time under specific conditions (laboratory
conditions), the long-term ECG follows the various
physical and emotional stresses that occur over the
course of at least one day/night period.

7.9.1 Leads

To date there is no uniform agreement on the best
electrode positions for long-term electrocardiography.
Efforts are being made towards standardization, how-
ever, in order to ensure better comparability of the
results obtained. The electrode sites must be selected

protection classes that apply to ECG equipment are pri-
marily protection class 1 (with a protective earth) and
protection class 2 (without a protective earth). VDE
0750 allows devices to be equipped with a protection
class switch so that operation in either protection class is
possible. In order to maintain functional and operational
safety, the equipment must be subjected to technical
safety checks and tests at regular intervals.

such that they satisfy the following criteria:

1. The electrodes must be placed on the thorax at sites
where there is little muscle, since movements of the
skeletal muscles during long-term monitoring can
lead to undesirable fluctuations and tremors in the
ECG (artefacts).

2. The patient’s freedom of movement must not be
restricted.

3. The amplitude of the R wave in relation to the P and
T waves must be sufficient for computer-based ECG
analysis of the recordings.

As a general rule, right and left precordial leads are cho-
sen. Preference is given to the following bipolar chest
leads:

MCS5: This lead is applied parallel to the electrical axis
of the heart; the different electrode level with the
fifth ICS, and the indifferent electrode above the
sternum (manubrium sterni). The position of the
electrode is varied depending on the deviation of
the axis.
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MX: The indifferent electrode lies above the sternum,
whereas the different electrode is applied above
the xiphoid process (xiphoideus) of the sternum.
This lead has the advantage of having the greatest
freedom from interference from muscle tremors.

CCS5: The electrodes are applied to both sides
of the anterior axillary line, level with the

7.10 Long-Term ECG Systems

The fundamental work of Norman J. Holter (physiol-
ogist) on the development of wireless telemetry — in
1947 he transmitted an ECG signal by radio, and then
in 1949 he transmitted ECG signals from ambulant
patients performing physical work — had a great influ-
ence on modern long-term ECG registration, and indeed
made it possible in the first place.

Long-term ECG systems consist of a portable
recording device (recorder) with 2—3 channels that
registers and stores the ECG signals, a computer-
ized playback device, and a high-performance analysis
unit. By means of fast Fourier transformation, appli-
cation programs enable frequency analysis for artefact
recognition, automatic evaluation according to vari-
ous criteria, accelerated analysis, or batch processing.
If we consider the recording technology, a distinction
can be drawn between continuously and discontinu-
ously recording long-term electrocardiographic systems
in which the data carrier of the recording device is ei-
ther a tape cartridge or solid-state memory. The tape
cassette, which records in analogue, has today been
virtually completely superseded by digital solid-state
memory. In continuous recording, the ECG potentials
are stored in their entirety over a period of between
24 and 72h. In addition to real-time analysis, high-
quality devices also make it possible to evaluate a highly
amplified ECG, long-term blood pressure, heart rate
variability, and other functions on the unit in parallel.

Discontinuous system-based ECGs are plotted ac-
cording to the limited storage capacity on the recording
device. Following a continuous recording analysis, only
time-limited ECG information and results are stored and
documented. With these so-called event recorders, the

7.11 Computer-Based Assessment

The nature and number of events (e.g. SVES, VES, bige-
miny, couplets, salvos, R-on-T phenomena, etc.) within

fifth ICS, with the different electrode to the
right and the indifferent electrode to the
left.

In addition to the leads mentioned here, modified leads
are recommended by various authors in order to opti-
mize the sensitivity of detection.

patient has the option of activating the recording via
an activator or remote control unit if symptoms occur.
Loop recorders have memory on a loop; in this case,
ECG information remains stored for a limited period of
time. Only ECG sequences that have been marked by
the patient using the activator remain stored. A further
development of the event recorder is the subcutaneous
implantable loop recorder (ILR), which is used partic-
ularly in the case of symptomatic cardiac arrhythmias
that occur infrequently. The device, which generally has
an operating time of up to two years, is implanted sub-
cutaneously in the region of the left sternum using local
anaesthetic. The continuously recording bipolar electro-
gram is evaluated in the implant. ECG episodes that
deviate from programmed ECG criteria are recorded.
Here, too, the patient has the option of marking and
storing symptoms or events that occur using a remote
control.

With so-called simple sampling recorders, ECG
sections are recorded only in certain time segments,
without the recording being triggered by cardiac ar-
rhythmias and without being influenced by the patient.
This intermittently recording system, which stores in-
formation only randomly and nonspecifically, leads to
recordings with only very limited informative value re-
garding the complete day/night rhythm.

The transmission of stored ECGs and complete
long-term ECG data records via telephone to a com-
puter in the hospital or in a private practice is
increasingly gaining in significance. Developments in
telecommunications are enabling ECGs to be trans-
mitted using mobile phones, thus permitting online
diagnosis.

a certain time interval provide insight into cardiac ar-
rhythmia. At the beginning of the analysis, there is
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Fig.7.13 Flow diagram of a computer-based assessment of the long-term ECG

a learning phase for the program: the QRS complex that
is typical of this particular patient is calculated, and the
QRS morphology is learnt and considered the normal
curve shape, in order to be able to distinguish the QRS
morphology from deviating QRS complexes and from
artefacts. The arrhythmia program uses detection criteria
(Fig. 7.13) for the QRS complex (a parameter compari-
son, also known as feature extraction or characteristics
recognition) to draw a rhythmological distinction be-
tween physiological and pathological cardiac actions.
The polarity of the R wave, the amplitude, the QRS area
and position, the offset of the QRS from the baseline,
and the slope of the R wave are calculated and deter-
mined as particular features for each QRS complex. The
individual parameters are used at various points in the
analysis for decision-making purposes. Thus, for exam-
ple, the height of the complex provides an additional
criterion when validating a QRS complex. A morpholog-

ical (normal case or not) and rhythmological correlation
(premature, delayed, later, etc.), as well as an individual
complex assessment and ultimately a conclusion of ar-
rhythmia, are possible using this feature determination.
Continuous comparison between the current QRS com-
plex and the learnt QRS is termed the cross-correlation
method (or the template-matching method). The clas-
sification of each QRS complex forms the basis of the
arrhythmia monitoring. The shape and time of occur-
rence of the complex are taken into account for this
purpose. If the QRS shape that is typical of this particular
patient is found after a learning phase, the next com-
plex will be compared with the stored reference complex
by superimposing the two complex shapes and checking
point-for-point for a match. Where there is a low per-
centage of deviation, the complexes are defined as being
identical in shape and are used as the reference complex
for the next shape comparison. If there is no match (if the
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complexes have different shapes), this is stored in what is
known as a QRS class memory.

In order to qualitatively assess diagnostic effec-
tiveness and analytical accuracy, it is necessary to
test analytical programs that have equipment-specific
algorithms against recognized and evaluated ECG
databases, and to compare the results (validation). The
quality of the analysis, and in particular the reliabil-
ity of the system, can be described statistically by the
sensitivity, positive correctness and specificity:

® True positive = an event is correctly recognized and
evaluated

® True negative = a normal complex is correctly rec-
ognized and evaluated

® False positive = an event is incorrectly recognized
and evaluated

False negative = an event is overlooked

True positive and true negative = number of com-
plexes

False positive and false negative = number of errors

true positive

Sensitivity = . .
true positive + false negative
x100(%) ,
Positive ~ _ true positive
correctness  true positive 4 false positive
x100(%) ,
. true negative
Specificity =

true negative + false positive
x100(%) .

7.12 Heart Rate Variability and Heart Rate Turbulence

Prognostic indicators such as heart rate variability (HRV)
and heart rate turbulence can be calculated from the
recording of a long-term ECG. Whereas heart rate vari-
ability provides information on the variations in heart
rate over arelatively long period of time, heart rate turbu-
lence refers to the variations in the interval between two
heart beats (RR interval, where R denotes the peak in the
QRS complex) following the occurrence of a ventricular
extrasystole. In order to assess the heart rate variability,
the standard deviation of the RR intervals recorded over

a period of 24 h is ascertained (SDNN). A spectral anal-
ysis of heart rate variability can be performed by most
analytical devices from approximately 300 recorded si-
nus beats. Various frequency ranges can be discerned by
means of fast Fourier transformation:

ULF (ultra low frequency power): <0.0034 Hz
VLF (very low frequency power): 0.0034—0.04 Hz
LF (low frequency power): 0.04—0.15 Hz

HF (high frequency power): 0.15-0.4 Hz.

7.13 Indications for Long-Term Electrocardiography

The range of indications for performing a long-term
ECG has changed over the years. The most important
indication is an investigation where there is suspicion
of underlying cardiac arrhythmias (Class I indication).
Other indications are risk stratification achieved by

recording ventricular arrhythmias, and the monitoring

of an anti-arrthythmic therapy. The guidelines of the
American College of Cardiology (ACC), the American
Heart Association (AHA) and the European Society of
Cardiology (ESC) provide further possible applications.

7.14 The Significance of the Long-Term ECG

The long-term ECG is of great significance for primary
cardiological diagnosis and the monitoring of therapy
for arrhythmias, as well as for the diagnosis of is-
chaemia. The resting and exercise ECG usually do not

allow a reliable judgement to be made on the frequency
and nature of cardiac arrhythmias, since they record

only a small period of time. A significant advantage of
the long-term ECG is the continuous recording of the

HT°L] 9 Med



88

9T°. |49 Med

Part B

Functional Diagnostics Devices

ECG over a relatively long period of time (at least 24 h).
In addition, the results of the analysis can be quantita-

7.15 The Exercise ECG

Ergometry, the most commonly used exercise tolerance
test in clinical and outpatient cardiology, is a noninva-
sive routine procedure in cardiovascular diagnostics.

By providing additional information to the resting
ECG, ergometry yields essential insights into current
cardiopulmonary performance and into limitations on
performance which may result from coronary heart con-
ditions.

The Difference Between Ergometry

and Exercise ECG
Ergometry (from the Greek ergon, meaning work or
performance) refers to the generation of a defined

7.16 Equipment Technology
7.16.1 Physical and Technological Principles

The work performed by the test subjects during the exer-
cise period at various stress stages is the product of the
force (in newtons, N) and the distance (in metres, m).
Including the time component, the output generated can
then be measured in newton metres per second = watts
= joules per second (Nm/s = W =J/s).

If we now consider a bicycle ergometer, when the bi-
cycle peddle is rotated, a force must be expended over
a distance. The speed at which the bicycle peddle is
rotated is equal to the time in which this output is gener-
ated. As the bicycle pedal rotates, the output is thus cal-
culated from 27 x rotational speed x torque. The torque
is calculated from the force with which the pedals are ro-
tated multiplied by the length of the pedal cranks. In the
process, it becomes clear that the performance changes
depending on the force or rotational speed applied.

7.16.2 Ergometry Measuring Station

In order to avoid standalone systems and restrictions on
the range of equipment that can be used, complete sys-
tems known as fully automatic ergometry measuring sta-
tions are currently available. These measuring stations
consist of a 3-, 6- or 12-channel ECG device, an ergome-

tively measured, documented, or passed on for further
data processing.

and reproducible stress with an ergometer per unit
time, and the subsequent monitoring of the ECG,
heart rate, blood pressure and oxygen consumption.
On the other hand, in an exercise ECG, the fo-
cus is less on the blood pressure, heart rate and
oxygen consumption and more on recording elec-
trocardiographic changes during and after the period
of exertion. Conventional ergometry generally does
not include measurements of the oxygen consumption
and saturation, whereas such measurements are abso-
lutely essential in ergospirometry (see more Chap.8,
Sect. 8.2.5).

ter or treadmill, a 1-, 3-, 6- or 12-channel cardioscope,
a defibrillator, a noninvasive blood pressure meter, an
electrode application system and a portable equipment
trolley that carries this equipment and thus enables flexi-
ble transportation of it (Fig. 7.14). When new equipment
is acquired, conventional ECG devices are usually re-
placed with PC ECGs. The advantage of these systems
is that they allow data storage and data transfer.

7.16.3 Types of Ergometers

In terms of technology and apparatus, there are three
main types of ergometer: bicycle ergometers that
are used in the sitting position, recumbent bicycle
ergometers, and treadmill ergometers (primarily in
Anglo-Saxon countries).

Essential requirements for an ergometer — primarily
bicycle ergometers — are:

® Ability to adjust the stress accuracy (max. £5%)

® Accurate monitoring as a result of standardization
and comparability

® 5 W should be the smallest stress that can be set

® Ability to display the stress and rotational speed

® Optimized adjustment options for different body
sizes
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Fig. 7.14 Ergometry measuring station with bicycle er-
gometer (courtesy of ergoline Inc., Germany)

® [ow requirements in terms of space, and high sta-
bility at the same time.

Rotational Speed Dependence

of Bicycle Ergometers
In bicycle ergometers that are dependent on rotational
speed, the output can be increased by both increas-
ing the braking resistance and increasing the pedalling
frequency. If a particular braking action (belts, brake
shoes, weights or an electromechanical eddy-current
brake) that predefines the force is set, a specific rota-
tional speed must be maintained in order to be able to
precisely determine the output. In practice, this situation
is rather difficult to implement. It is for this reason (as
well as the inaccuracies in the coefficients of friction
for different braking systems) that bicycle ergometers
which depend on rotational speed are unsuitable for

7.17 Reduced Exercise ECG Leads

As with the other ECG leads, there are currently a vast
number of ergometry lead programs. The are two main
requirements for the reduced ECG leads during the ex-
ercise ECG:

ergometry. The use of these devices for medical investi-
gations has therefore been banned. Bicycle ergometers
that do not depend on rotational speed are predom-
inantly used today. These are usually equipped with
a computer-controlled eddy-current brake, and only the
output to be attained is predefined; if the pedalling
frequency is increased, the resistance decreases propor-
tionally. The braking action is constantly compared with
the rotational speed, the force expended and the prede-
fined stress. Deviations are corrected electronically by
increasing or decreasing the braking force. The accu-
racy is specific to the measuring system, and dependent
on the consistency and the control rate. In good systems,
deviations of between 1 and 3% in the stress set are
observed; the standard allows deviations of up to 5%.

Characteristics and Criteria for Bicycle

and Recumbent Ergometers
The following characteristics are important when as-
sessing a bicycle or recumbent ergometer:

1. Braking principle. Computer-controlled eddy-cur-
rent brake, independent of rotational speed, torque
measurement.

2. Stress range. Dependent on the test subject clien-
tele:

a) Standard ergometer 20—450 W

b) High-performance ergometer 20—1000 W
3. Rotational speed range:

a) 30-100 /min

b) 30-130 /min

4. Stress accuracy. No less than 3 W or 3% (standard
5%).

5. Stress stages. Smallest stress which can be manually

set of SW.

Time interval. Smallest time interval of 1 min.

7. Exercise tolerance testing programs. Can be pro-

grammed freely.

Seat height adjustment. Infinitely variable.

9. Handlebar adjustment. Infinitely variable.

&

e

® Minimal susceptibility to faults due to superposition
of muscle potentials and movement artefacts

® (Qualitative and quantitative registration of ST seg-
ment deviations.
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Fig.7.15 Exercise ECG with reduced chest leads (C;, C4
and Cg) «

Six leads are generally sufficient. The measurements
can be taken using multiple-use electrodes on ten-
sioning straps and electrode belts. Appropriate use of
single-use adhesive electrodes or electrode suction units
is more hygienic, simpler and faster. The limb leads can
be applied respectively to the right and left sides of the
shoulder blade (head of the humerus) and in the lateral
regions of the right and left iliac wings. These show the
least superposition from muscle potentials. The chest
leads are of particular interest, because ischaemic ST
depressions and repolarization arrhythmias of the ante-
rior wall appear to be most pronounced and occur most
frequently in these leads. The most popular electrode
sites for chest leads are C,, C4 and Cs or C¢ (Fig. 7.15).

7.18 Automatic ST Measuring Programs

Elevation or depression of the ST segment in the ECG
under stress allows diagnostic conclusions to be drawn
regarding coronary heart conditions, so this is a major
focus of measurements. Modern electrocardiographs,
which usually provide an ergometry program, auto-
matically measure and document the ST segment and
amplitude. A distinction must be drawn between con-
tinuous and discontinuous ST measurement programs:
in the case of continuous measurement, each QRS com-
plex recorded is measured and analysed directly. An
average beat is generated continuously for each chan-
nel from a number of beats that exhibit good correlation
(usually 16). In contrast, in the case of discontinuous ST
measurement, the average beat is generated from either

7.19 Exercise Test

Since the diagnostic issues and the composition of
the patient clientéle are assessed in very different
ways, a uniform, standardized exercise tolerance test is
not always possible. The guidelines compiled by the
International Commission for the Standardization of
Ergometry Application (ICSPE) have led to a largely
standardized procedure in routine investigation and in
sports medicine.

values taken at timed intervals (e.g. per minute) or just
from a start and end complex.

To obtain the average beat, the start and end point
of the QRS complex are first determined. The ST am-
plitude and slope are measured at point J 4+ x (J point =
junction point, which marks the end of the QRS com-
plex and the transition to the full excitation phase: the
ST segment). The J + x interval is determined as a func-
tion of the heart rate. The isoelectric line is established
between the P wave and the start of the QRS complex.
The amplitude at point x is the interval from the cal-
culated and displayed baseline. The slope at point x is
given by the angle «, and is obtained by passing a re-
gression line through the ST segment and point x.

7.19.1 Stress Intensity

In ergometry, there are two different types of stress
intensity in principle: maximal stress and submaximal
stress. In the case of maximal stress, the exertion in-
creases until the physical output limit of the test subject
is reached (e.g. in sports medicine investigations, per-
formance diagnosis, etc.). In the case of submaximal
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stress, exertion is continued until medically relevant
problems occur or their correlation with the exertion
can be ascertained (e.g. arrhythmias, ST elevation or
depression, etc.). The level of submaximal stress is de-
pendent on the medical problem, and may be arrived at
long before maximal stress is reached.

Stress Steps
The Standardization Commission for Ergometry (IC-
SPE) has stipulated the following stress steps:

5W for 1min
10 W for 1 min
25 W for 2 min
50 W for 3 min.

Ergometry — according to standardized regulations —
consists of a warm-up phase with a basic stress and at
least three of these predefined stress steps as well as
a recovery phase. The warm-up phase should stimulate
circulation and prepare for the stress to come. It is gen-
erally of the same duration as the subsequent stress step.
The wattage and the duration of the stress step are se-
lected according to the physical capability of the test
subject. A further criterion is that a so-called steady
state is reached at the end of the stress stage. Steady
state in this case means that at the end of the stress stage
both the pulse and the blood pressure no longer deviate
upwards — these values remain constant (equilibrium).
(For more on the selection of the stress stage, see the
section on PWC later.)

Stress Limits

The following is a rule of thumb for maximal stress with
bicycle ergometry: a maximum heart rate of 220/min
minus the age of the test subject. To ensure the safety
of the test subject, the following so-called submaximal
stress limit is recommended as a guide for routine in-
vestigations: a maximum heart rate 200/min minus the
age of the test subject.

Assessment of Performance
To make sure that the ergometry procedure is suitable
for diagnosis, it is very important to roughly estimate
the performance of the test subject prior to the begin-
ning of ergometry. The following rule applies to this:

The maximum nominal output for a man is 3 W /kg
of body weight minus 10% for every decade over the
age of 30. The maximum nominal output for a woman
is 2.5 W/kg of body weight minus 8% for every decade
over the age of 30.

As an example, let us consider the output settings
for a 65 year old woman weighing 55 kg.
Nominal output: (2.5 Wx55kg) — (8% x 3.5 decades) =
137.5W —28% = 99 W; the maximum stress for this
woman is therefore approximately 90 W. A basic stress
and a stress interval must now be selected that will def-
initely enable the test subject to cope with three stress
stages. In this case, the recommended approach would
be to begin with a basic stress of 50 W and then carry
out ergometer exercise with stress stages of 10 W and
a stress duration of 1 min up to the maximum stress,
which is expected to lie between 80 and 90 W. An-
other advantage of this method is that the output limit
can be defined more precisely for test subjects that have
comparatively low outputs with relatively low stress in-
crease segments.

Pulse Working Capacity (PWC)

Derived from the rules for assessing performance and
the rules for stress limits, the PWC method allows the
comparison of outputs standardized to the pulse rate.
The PWC value assesses the performance (i. e. the out-
put achieved at specific pulse rates) in the submaximal
range when the maximum rate has not been reached.
The selected rate is added as an index (e.g. PWCjsp).
The nominal values for the PWC are not dependent
on age; they are calculated based on weight and gen-
der (for example, the nominal PWCjsg value for men is
2.1 W/kg and for women 1.8 W/kg). These values can
be found in PWC tables, which generally list PWCj3,
PWC59 and PWCj7g values.

Exercise Tolerance Test Procedure
A room temperature of 18—23°C with a relative at-
mospheric humidity of 40—60% is recommended when
performing an ergometry test. Aberrations should be
logged. A resting ECG is recorded prior to the actual
exercise tolerance test. It serves as a starting point when
summarising the exercise tolerance test later. Following
the application of the reduced ECG leads and the blood
pressure cuff, the exercise tolerance test is initiated us-
ing a calibrated ergometer according to the exercise
tolerance test method described. In modern ergometry
measuring stations, the customary stress programs are
stored in either the ergometer or the ECG device. In
a timed ergometry investigation, one of these two de-
vices serves as the command unit for the course of the
investigation. In order to provide complete documen-
tation, an intermediate ECG printout giving details of
the heart rate, the blood pressure as well as the ST seg-
ment and the amplitude is automatically printed after
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each stress stage. However, it is also possible to ini-
tiate a manual ECG recording at any desired stage or
to record an ECG trend over the entire duration of the
test. The following actions must be performed during
the exercise tolerance test:

® Constant observations of the test subject and the
ECG graphs on the monitor

® The ECG strip as well as the blood pressure, the
heart rate and the ST properties after each stress
stage must be monitored.

Following the completion of the exercise tolerance test
and a recovery phase, a resting ECG is recorded once
more (and if necessary more than once), and the blood
pressure is repeatedly monitored.

Types of Exercise Tolerance Testing
The general requirements for an evaluable exercise tol-
erance test can be summarised as follows: it should be
capable of precise metering, physically measurable, and
reproducible at any time. There are many types of exer-
cise that do not satisfy these requirements, but they are
mentioned below for the sake of completeness:

® Forward bends and squats. Insufficient for the ex-
ercise ECG because even the general requirements
(capable of metering and physically measurable)
cannot be satisfied.

® (limbing stairs. Unsuitable for the exercise ECG
since the reproducibility must be questioned, there
is no possibility of ECG monitoring, and the test
subject cannot be subjected to maximum stress.

® Hand crank ergometer. Interference with the ECG
recording as a result of the arm and thorax move-
ments of the test subject and the lack of maximum
stress (small muscle mass) are disadvantages of this
method. However, this type of exercise tolerance
test is often the only option for patients with im-
paired walking abilities.

® [sometric stress (hand-grip). Similar disadvantages
to those for the hand crank ergometer.

® Master’s step test. The one-step or two-step test
offers the following advantages: it is a relatively
physiological form of exercise tolerance testing,
involves a simple sequence of movements, is stan-
dardized and therefore reproducible, is simple to
carry out, stresses a relatively large proportion of the
total musculature, and requires a comparatively low
financial outlay. Disadvantages: the timescale for
maximum stress, it is virtually impossible to record

the ECG and blood pressure during the exercise in-
tolerance test, and its diagnostic informative value
is very low when compared to those of bicycle and
treadmill ergometry.

® Kaltenbach and Klepzig’s step-climbing test. This
test is a modification of Master’s test, and the
advantages and disadvantages are therefore simi-
lar.

® Treadmill ergometer. The treadmill is predomi-
nantly used for exercise tolerance testing of com-
petitive athletes. The fundamental advantages of
the treadmill ergometer are that it physiologically
stresses the entire musculature (and this can be
reproduced at any time), and it allows the stress in-
tensity to be changed (by varying the speed at which
the belt runs). Disadvantages are its relatively high
investment costs, its structural requirements (in par-
ticular soundproofing), and a limited clientéle for
exercise tolerance testing.

® Bicycle ergometer. The most popular and widely
used type of exercise tolerance test is bicycle ergom-
etry, which can be performed in a sitting position or
in a recumbent position. Fundamental advantages
of bicycle ergometry in the sitting position are the
physiological stress and the use of the body weight;
the procedure is also usually found to be pleasant by
the test subject. Disadvantages are the recording of
ECG and blood pressure during the exercise toler-
ance test and orthostatic complaints following the
exercise intolerance test. The fundamental advan-
tages of the recumbent ergometer are the unimpeded
recording of the ECG and blood pressure and the
quality of these recordings, the relatively high level
of safety (predominantly for elderly or frail people),
and the absence of orthostatic complaints following
the exercise tolerance test.

Standardized Investigation Programmes
A number of individual and standardized exercise tol-
erance testing programmes from the early days of
ergometry investigation are still employed. These are
listed below, along with some examples:

® Hollman’s standard test method (begins with 30 W
and is increased every 3 min by 40 W up to the stress
limit)

® The WHO’s standard programme (begins with 25 W
and is increased every 2 min by 25 W up to the stress
limit)

® Knipping’s vita maxima (begins with 10 W and is in-
creased every minute by 10 W up to the stress limit)
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7.23 Abort Criteria and Safety Measures

e Kirchhoff’s square wave test (stress duration of
10 min with 100 W in a sitting or recumbent po-
sition; blood pressure, heart rate and ECG are
monitored every 2 min).

However, ergometry has increasingly evolved into
a standardized method based on the internationally

7.20 Methodological Notes

Most faults that occur during ergometry can be at-
tributed to the patient. A large proportion of these faults
are compensated for by modern equipment technology.
Nevertheless, the test subject can be made aware of the
fact that the necessary pedalling work can be carried out
without excessive movements of the upper body. Inci-
dents are extremely rare in the case of ergometry when
performed correctly, and routine investigations are to-
day therefore predominantly carried out by well-briefed
medical assistants. The only ergometric investigations

recognized regulations of the ICSPE. This has the
advantage that results of investigations from differ-
ent institutes and those obtained by different testing
personnel can be compared and assessed accord-
ing to the same standards. It is therefore the duty
of all testing personnel to adhere to these regula-
tions.

that must be supervised by the doctor over the en-
tire duration of the exercise tolerance test are those in
which — due to the general condition of the test sub-
ject — complications cannot be ruled out. A nurse or
medical assistant must be present at the same time in
order to assist or to provide immediate assistance if
necessary.

An emergency supply of equipment and medication
as well as a functioning defibrillator must be available
to hand at all times.

7.21 The Diagnostic Value of Ergometry

ST segment variation during the exercise ECG is of
the utmost importance for the detection of temporary
myocardial ischaemias. In addition, coronary heart con-
ditions can be established unambiguously. Coronary
angiography has made an essential contribution to im-

7.22 Indications

An indication for an exercise ECG can be given for
diagnostic, therapeutic or prognostic reasons:

® Investigation of a coronary heart condition (e.g.
chest pain during physical exertion)

® Investigation of the blood pressure where there is
suspicion of exercise-induced hypertension

proving the interpretation of the exercise ECG, although
there is a fundamental difference between the two: coro-
nary angiography detects the morphological changes in
the coronary arteries, whereas the exercise ECG detects
the functional effects.

® [Investigation of the stress tolerance (e.g. following
a myocardial infarction, etc.)

® Assessment of cardiac arrhythmias

® Assessment of the progress and therapeutic success
of medication and exercise therapy and following
heart surgery

® Assessment and classification of the degree of sever-
ity of stress-induced coronary insufficiency.

7.23 Abort Criteria and Safety Measures

Exercise tolerance tests cannot be performed without
risks (e.g. myocardial infarction, life-threatening ar-
rhythmias, etc.). In order to minimize the risks, safety

measures should be taken before and after the exer-
cise tolerance test. Before the exercise tolerance test,
information from the resting ECG should be analysed,
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including anamnesis, and the patient should be exam-
ined and informed. It is important to tell the patient
to report any subjective complaints during the exercise
tolerance test, and to continue to monitor the test sub-
ject following the exercise tolerance test (generally for
5-10min); a monitoring ECG should be recorded again
and the blood pressure should be measured.
Criteria for aborting ergometry are:

® Increasing retrosternal severe pain (angina pec-
toris)

® Horizontal or descending ST depression of >0.2mV

® Cumulative monomorphic or polytopic ventricular
extrasystoles

7.24 Technical Safety Aspects

Bicycle ergometers are subject to the provisions of
the German Medical Devices Act (Ila) and DIN VDE
0750-238. They must be serviced regularly, as must the

7.25 Notes on Planning

A room temperature of 18—23°C with a relative at-
mospheric humidity of 40—-60% is recommended. As
a guide, a floor space of area 16 m? would be suitable.
There should be the option to get changed (changing cu-
bicle ~3 mz), and bathroom facilities with WC/shower
(approx. ~#5 m?) should also be provided.
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Pulmonary function tests (PFT) examine the func-
tionality of the lungs. This chapter describes the
working principles of major test techniques and
instruments including spirometry, peak flowmetry,
body plethysmography, nitrogen washout, and er-
gospirometry. Spirometry (Sect. 8.1), specifically the
measurement of the amount (volume) and speed
(flow) of air that can be inhaled or exhaled, is the
most basic of the pulmonary function tests. Body
plethysmography (Sect. 8.2.2) offers determination
of absolute lung volume and airway resistance
and is particularly sensitive in the detection of
obstructive pulmonary disease requiring little pa-
tient cooperation. Nitrogen washout (Sect. 8.2.4) is
a common test for measuring functional residual
lung capacity. Ergospirometry evaluates the com-
plex interaction between lung, heart, and muscle
by analysing the gas exchange under exercise
(Sect. 8.2.5). The chapter closes with considerations
of planning and laboratory space (Sect. 8.2.8).

8.1 Spirometry

Spirometers are noninvasive diagnostic instruments for
screening and basic testing of pulmonary function. Of-
fering essential diagnostic insight into the type and
extent of lung function impairment, spirometry tests
can be performed fast at fairly low cost. In the light
of an ever-increasing prevalence of airway diseases
such as asthma, bronchitis, and emphysema, pulmonary
function instruments have become indispensable diag-
nostic tools, in clinical and office settings, in industrial
and preventive medicine, as well as in epidemiology.
Screening of individuals at risk, basic testing of sick pa-
tients, and treatment follow-up are key applications of
spirometry.

Pulmonary Function Testing
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Two essential questions of pulmonary function test-
ing (PF testing) can be answered by spirometry:

1. What is the size of lung volume which can be in-
spired or expired?

2. What is the time it takes to exhale this volume, or
what is the flow rate during exhalation?

Flow rates and resulting volumes are measured by
connecting a spirometry sensor through a mouthpiece
to the test subject’s mouth. The most common and in-
ternationally standardized test consists of an evaluation
of forced expiration after a complete inhalation, allow-
ing the determination of forced vital capacity (FVC)
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Fig. 8.1 (a) Forced spirogram and (b) flow—volume loop

and the forced expired volume during the first sec-
ond (FEVy). Recording of the test trace is taken as
a forced spirogram (volume over time) or as a flow—
volume loop (flow against volume). Although FVC and
FEV| are the most common, dozens of parameters can
be derived when evaluating forced expiration, all de-
scribing the shape and size of recorded traces and loops
(Fig. 8.1). Besides forced spirometry, slow spirometry,
i.e., the recording of slow inspiration and expiration at
tidal breathing, may also be recorded, offering determi-
nation of lung-volume subdivisions such as tidal volume
(VT), inspiratory and expiratory reserve volume (IRV
and ERV), as well as inspiratory capacity (IC). In most
cases, slow spirometry will be a part of advanced PF
tests (Sect. 8.2.2).

8.1.1 Flow Recording

The basis of all PF tests consists in the recording of
air flow rates against time, a procedure also called
pneumotachography. Mostly, flow velocity [cm/s] is
measured in a defined sensor geometry, yielding flow
[1/s], also referred to as flow rate. In 1925 the Swiss
physiologist Alfred Fleisch published about the clinical
application of pneumotachography. While registration
of spirometry traces and flow—volume loops required
a recorder and manual evaluation in the past, all
contemporary spirometers contain microprocessors for
online data processing, displaying results on a built-
in screen or transferring data to a personal computer.

Measured flow is continuously accrued to lung vol-
ume by digital integration. Independent of the size
and cost of any pulmonary function device, from
a handheld peak flowmeter to a body plethysmograph,
the flow sensor always represents the core element
(Fig.8.2).

8.1.2 Technology

While closed systems such as the bell or wedge spirom-
eter were still in use two to three decades ago, only open
systems will be found today, offering smaller footprint
and size, higher precision, and more comfortable and
hygienic conditions for the patient. In an open system
the patient breathes from and to the ambient air through
a sensor, which in case of more advanced testing can be
connected to one or more valves. The spirometer detects
the flow rate from the sensor and digitally integrates
flow to volume

V:/me,

where V' denotes the inspired or expired volume, and
V = dV/dt (1/s) is the measured flow.

Figure 8.3 depicts a typical pneumotachogram (flow
over time) and the resulting spirogram (flow inte-
grated volume). The recording of breathing traces and
the calculation of derived parameters are usually per-
formed by an integrated microprocessor or a personal
computer.
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Measuring Range
When testing adults, the physiologically relevant flow
range should reach from 25ml/s to 101/s, opti-
mally from 10ml/s to 151/s, requiring a resolution of
5-10ml/s. These conditions impose very demanding
technical specifications on flow sensors. For precise de-
tection of the first part of the forced exhalation, a linear
frequency response of up to 5 Hz is required in the flow
sensor characteristics.

Verification and Calibration
To verify the accuracy of a flow sensor and if needed
to calibrate it, an optional verification and calibration
routine should be implemented in any spirometer. Both
verification and calibration are carried out by means
of a manual or motorized pump of known volume of
at least 21. When activating the calibration pump con-
nected to the flow sensor, the spirometer will read
integrated instantaneous flows. At the end of a full
stroke, the spirometer should display a flow integrated
volume identical to that of the pump. As digital inte-
gration can be assumed to be sufficiently precise, any
deviation in volume will indicate the error in flow mea-
surement. By moving the piston at varying speeds, flow
rates between —101/s and +101/s can be simulated,
covering most of the physiological flow range. Any de-
viation between a stroke volume resulting from low flow
rates versus that produced at high flow rates will in-
dicate a nonlinearity in the flow sensor or spirometer
circuitry. Today, most spirometers offer a calibration
program facilitating the calibration routine. Averaging
over a given number of pump strokes, the deviation
from the correct volume is displayed, and a correction
factor will be considered in future measurements. Ver-
ification and calibration must be carried out without
regard of body temperature pressure saturated (BTPS)
correction (see later), as pump volume is measured at
ambient not at lung conditions.

In recent years, disposable spirometer sensors have
become common. Even if these sensors are precali-
brated or calibration data are read into the spirometer,
a verification routine should be available to allow for
quality assurance. The same applies to the newer digital
sensor systems which are advertised as calibration free.
Nevertheless, accuracy and linearity should be verified
at reasonable intervals.

The American Thoracic Society (ATS) and Euro-
pean Respiratory Society (ERS) have issued recom-
mendations [8.1, 2] mandating testing of spirometers
by independent laboratories prior to market release.
By subjecting production models to a battery of tests,

Fig. 8.2 Pneumo-
tachograph (ndd
Medizintechnik, Zurich,
Switzerland)

Fig. 8.3 Comparison of
pneumotachogram and
spirogram
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manufacturers can document the overall performance
of their spirometers to the user. Test laboratories em-

ploy motorized, processor-controlled calibration pumps
producing standardized flow—volume loops, able to sim-
ulate a wide range of clinically relevant flows. This

testing procedure is part of the obligatory premarket

registration procedure in the USA [Food and Drug Ad-

ministration (FDA) approval]. One can assume that
spirometers which are also sold in the USA fulfill these

requirements. Before purchasing a spirometry device,

documented compliance with the recommendations of
the ERS and ATS spirometry standards [8.1, 2] should

be requested from the manufacturer or supplier.

Hygiene
Cross-contamination is an ever-present risk in spirome-
try. To effectively avoid the risk of infection in patients

T°8 |49 Med
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or individuals tested with the same spirometer, suitable
preventive measures should be instituted. In case the
flow sensor is a fixed installation which cannot easily
be exchanged, a disposable breathing filter is indispens-
able. Like the sensor itself, the breathing filter must have
a low resistance, minimizing any hindering effect on
breathing. Usually the flow sensor can be exchanged
and replaced by one that has been cleaned and sani-
tized. In regular clinical testing, sensors do not need to
be sterile; disinfection according to manufacturer’s rec-
ommendations is sufficient. Many modern spirometers
incorporate disposable sensors, favorably combining
adequate hygiene with ease of use. As single-use sen-
sors should not cost much more than a good breathing
filter, their design is a contradiction in terms of low
cost versus good performance (in accuracy and resolu-
tion, see above). In this regard a disposable item that
is not part of the sensor itself may be advantageous,
as it ensures hygiene while not affecting accuracy. The
ERS has published recommendations concerning the
resistance of spirometry sensors and breathing filters,
calibration, and hygiene of spirometers [8.2].

Conversion to Body Conditions
An open system requires conversion of measured flow
and integrated volume from ambient to lung or BTPS
conditions (37°C, 760 mmHg, 100% relative humid-
ity). The conversion needs to correct inspiratory and
expiratory flows and volumes separately. While, dur-
ing inspiration, 11 of ambient air expands to about 1.11
of lung air due to heating and humidification, 11 of
lung air will shrink during expiration to about 0.971

Table 8.1 Types of flow sensors
Type

Pneumatachograph according to Fleisch

Pros

Pneumatachograph according to Lilly
cleaning possible

Diaphragm pneumotachometer

Proven measuring principle, durable

Proven measuring principle, durable,

Proven measuring principle, durable,

at the sensor, both corrections depending on the sen-
sor type and the geometry of the mouthpiece. Without
BTPS correction, substantial errors in the range of 10%
in flow and volume parameters may occur. Conversion
formulae can be found in [8.2]. In all commercially
available spirometers, conversion to BTPS conditions
is implemented, automatically correcting data to BTPS
conditions.

In Table 8.1, the measuring principles of currently
commercially available flow sensors, their pros and
cons are presented.

Differential Pressure Flowmeter
The classical method to measure respiratory flow con-
sists in the acquisition of the differential pressure (p; —
p2) in a flow tube where a resistive element is inserted.
The type of the resistor characterizes the sensor princi-
ple, and usually it will lend its name to it.

As the airstream leaving the trachea and mouth is
turbulent, a short tube or a breathing filter should be in-
serted between the flow sensor and the mouth, acting
as a flow rectifier to laminarize the flow pattern be-
fore entering the sensor. Only laminar flow will provide
a pressure drop across the resistor which is propor-
tional to flow rate. Depending on flow direction, the
differential pressure across the resistor will be positive
(expiration) or negative (inspiration). The pressure is
picked up by a pressure transducer and converted into
an electrical and/or digital signal. All flow-measuring
devices based on differential pressure transducers are
sensitive to baseline instability. Even the smallest asym-
metry in the transducer leads to a drift in the flow

Cons

Several sensors for different flow ranges
required, sensitive to contamination,
difficult to clean, frequent calibration
required

Sensitive to contamination,

calibration required

Calibration required

lightweight, simple cleaning

Turbine flowmeter

Hot-wire anemometer

Vortex flowmeter

Ultrasound flowmeter

Small, lightweight sensor
Offers good accuracy

Simple sensor construction

Frequent cleaning and calibration
required

Simple anemometer not accurate,
calibration required

Not proven in routine testing,
only unidirectional, difficult to calibrate

Simple sensor construction, small,

lightweight, high accuracy,

calibration free



Pulmonary Function Testing | 8.1 Spirometry

Inspiratory

Mouthpiece

Ap

Pressure transducer

Flow signal

Capillaries = Resistor

Integrator _[V dt=V
0

Volume signal

14

Fig. 8.4 Pneumotachograph according to Fleisch (schematic)

signal and consequently to a drift in volume. Even rather
minimal flow drifts can — over time — integrate into ap-
preciable volume offsets. To avoid this effect, a flow
range around baseline needs to be defined in which no
flow integration takes place (dead zone). As flows at the
end of expirations can be rather small but are of diag-
nostic significance in obstructive disease, the dead zone
should be kept as small as possible and may not exceed
10-15ml/s.

The Fleisch Pneumotachometer

Until the 1980s, the pneumotachometric principle ac-
cording to Fleisch was the most widely used flowmeter
in PF testing, also called the Fleisch pitot tube (Fig. 8.4).
The sensor consists of a bundle of capillaries, typically
a roll of z-folded sheet metal acting as a fixed resis-
tor. The bulk of flow is subdivided into small threads
of flow, laminar over a certain range. The pressure dif-
ference along a capillary can be derived by applying
the Hagen—Poiseuille law, which in case of laminar flow
yields

. 8l .
Ap=c-V= ,V,
r
where c is a constant dependent on the gas viscosity and
sensor geometry, [ is the length of the sensor tube, r is
the radius of the sensor tube, 7 is a viscosity constant,
and V is the flow rate.

In the Fleisch tube, linearity between pressure dif-

ference and flow rate is attained by use of a large

number of bundled capillaries. As long as mechan-
ical signal recorders were used, linearity in flow
assessment was required to allow for direct reading
of the flow rate from the trace. Today, due to fast
digital online processing, also nonlinear sensor prin-
ciples can be implemented for flow determination
and recording. Despite the use of modern technology,
sensor calibration and accuracy need to be checked
regularly. Since the Fleisch tube and all other pneu-
motachographs employing some type of resistor are
directly exposed to the exhaled air, sputum, even
a small droplet, may change the resistance, leading
to considerable errors in indicated flow rate. There-
fore, a bend is inserted between the mouth and sensor
both to retain sputum droplets and to laminarize the
airstream. Alternatively, a disposable air filter can be
inserted to avoid contamination and safeguard hygiene
(Sect.8.1.2).

The Lilly Pneumotachometer

Over a tube restriction, a pressure drop proportional
to flow can be registered, up to a Reynolds number
of ~ 10. This relation also holds when a combination
of restrictors, such as a close-mesh screen, single or
in a series, characterizes the flow sensor. An essential
feature of this design is the large difference between
tube and mesh diameter. In practice, a layer of several
sieves improves the linearity of the flow measurement
but increases the breathing resistance, which needs to
be considered.
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Diaphragm Pneumotachometer

In this type of flowmeter a specially slotted foil di-
aphragm is employed, acting as the resistor. A pressure
drop across the diaphragm will occur, being either
proportional to flow over a certain range or needing lin-
earization over a larger range. Depending on design, the
diaphragm will exhibit a larger differential pressure at
lower flows, an overproportionally smaller pressure dif-
ference at higher flows. Certain applications, such as
exercise testing or intensive care measurements, may
benefit from such varying resolution. The diaphragm
is less prone to humidity and contamination by sputum
and may be cleaned more easily.

Turbine Flowmeter
A turbine or propeller built into the flow tube char-
acterizes this sensor, which is also called a digital
volume transducer. Excited by the passing gas flow,
the rotating elements interrupt or reflect the light from
a light-emitting diode (LED). Photodiodes register the
rotations, returning an electrical impulse frequency pro-
portional to flow, while the total count is proportional to
volume.

To minimize inertia, the turbine bearing resistance
and turbine mass have to be as small as possible. Con-
temporary turbine flowmeters can be dismantled easily
for cleaning.

Hot-Wire Anemometer
This sensor consists of a Venturi tube in which two
hot wires are installed, linked in an electric bridge
circuit (Wheatstone bridge). While one wire, consist-
ing of two types of platinum, senses gas temperature,

Transducer 1

./

Transducer 2

Temperature

Fig. 8.5 Working principle of an ultrasound flowmeter (ndd Medi-
zintechnik, Zurich, Switzerland)

the other measures the heat flux into the passing gas.
Temperature-corrected heat flux is proportional to gas
flow.

A more modern version of this principle, the so-
called mass flowmeter, is able to measure the amount of
gas molecules passing the hot wire, featuring indepen-
dence from gas temperature and mixture or viscosity.

Vortex Flowmeter

The phenomenon of fluid vortices was already de-
scribed by Leonardo da Vinci as early as 1518. Vortices
are usually caused by waves meeting a resistance in
flow. In a vortex flowmeter the air flow is channeled
towards a resistive element, the so-called bluff body,
where vortices occur. The type and extent of vortices
formed depend on the flow velocity. The number of
vortices can be evaluated by different technologies:
piezoelectric elements, thermistors, or optodes. The
vortex flowmeter can only detect unidirectional flow
and needs an independent sensor, such as a pressure
sensor, for detection of flow direction. Therefore, this
principle finds only limited acceptance in spirometry.

Ultrasound (Transit Time) Flowmeter
This method (Fig. 8.5) is based on the determination of
transit times of acoustic waves traveling through a flow-
ing medium. The velocity of acoustic waves across
a flow tube increases at the same rate as the velocity
of air in that tube. Three technical realizations exist:

1. Continuous phase shift analysis, where the phase
shift of a continuously generated ultrasound signal
is determined.

2. Impulse phase shift, where the phase shift between
sinusoidal ultrasound waves is measured.

3. Time-of-flight impulse, where the transit time of
the ultrasound traveling between a transmitter and
receiver is determined.

While the principle of determining phase shifts has
not been commercialized in medical technology, the
time-of-flight method [8.3] has been successfully intro-
duced in spirometry, with wide acceptance in clinical
practice and epidemiology. The sensor technology em-
ploys two ultrasound elements which are built into the
sensor housing and placed oblique to the airstream in
a flow tube. Alternating ultrasound impulses are emit-
ted in both directions, and their transit times across
the tube are measured. While transit times are shorter
downstream, they are longer upstream. The difference
in transit time is proportional to the flow velocity,
independent of any other variable such as gas tempera-
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ture, viscosity or humidity. In a commercially available
ultrasound flowmeter a disposable breathing tube is
employed, featuring sealed windows across from the ul-
trasound elements. While the windows are transparent
to ultrasound, germs cannot pass, effectively avoiding
cross-contamination. In addition to being calibration
free, this sensor design also has the advantages of high
accuracy and total hygiene. While the difference in tran-
sit time yields the flow, the sum of the transit times is
directly related to the molar mass, the molecular or spe-
cific weight of the breathing gas, allowing instantaneous
reading of the specific weight of the gas passing through
the sensor. During expiration, the molar mass changes
according to the composition of the exhaled gas, similar
to a CO, waveform (Sect. 8.1.4).

Peak Flowmeter

For monitoring obstructive diseases such as asthma and
for analyzing therapy response, peak flowmeters play an
important role, in particular for home use. The classical
mechanical peak flowmeter consists in a piston mov-
ing in a scaled flow tube. A forced expiration moves the
piston up the vertically held tube, allowing a reading of
maximum peak expiratory flow (PEF) in units of 1/min
or 1/s. More modern peak flowmeters implement one of
the above-mentioned measuring principles, most often
turbines. Usually they offer electronic signal process-
ing, display of results, memory and diary function, as
well as data logging through a modem or the Internet.
When applied over a longer period of time, verification
and calibration of PEF meters should be warranted.

8.1.3 Methodology of Spirometry

Lung-Volume Subdivisions
Pulmonary gas transport depends on the filling capac-
ity of the lungs with breathing gas and the speed and
uniformity of gas distribution. Markers of lung filling
are the lung-volume subdivisions, which are measured
at slow breathing, while flow rates are of minor interest.
When two or more volume subdivisions are combined,
lung capacities result. The most important role in PF
testing is played by vital capacity (VC), the volume of
complete inspiration (IVC) or slow expiration volume
(EVC), both directly accessible by spirometry. At the
end of a deep expiration, residual lung volume (RV)
remains in the lungs, which can be determined by gas
dilation methods (Sect. 8.2.4) or body plethysmography
only (Sect.8.2.2). Consequently, the sum of VC and
residual volume (RV) determines the volume at the end
of a complete inspiration and is called the total lung ca-

pacity (TLC), an important measure of maximum lung
volume.
Vital capacity consists of the subdivisions:

e Tidal volume (Vr), the volume ventilated during
a regular breathing cycle

® Expiratory reserve volume (ERV), the volume that
can be exhaled from breathing baseline, i.e., at the
end of a regular breathing cycle

® Inspiratory reserve volume (IRV), the volume which
can be inhaled above the inspiratory breath of a reg-
ular V1 cycle

® Inspiratory capacity (IC), i.e., the sum of VT and
IRV.

As for TLC and RV, the functional residual capacity
(FRC), being the sum of RV and ERYV, can be deter-
mined by more elaborate methods only (Sect. 8.2). As
determination of lung-volume subdivisions is time con-
suming and diagnostically less significant, subdivisions
will be evaluated in combination with the more relevant
FRC.

For standardization of lung volume testing refer
to [8.4].

Forced Spirometry
Of the diagnostic arsenal of internal medicine, dynamic
lung volumes, in particular forced vital capacity and
forced expiratory volume in the first second (FEV), are
considered essential parameters. Forced expiration not
only delivers important information about an existing
pulmonary obstruction in the sense of reduced airway
diameter but may also indicate a loss in lung retrac-
tion, parallel to diminished lung elasticity and enhanced
airway instability. Reduced elasticity mirrors the loss
of functional tissue structure, resulting in reduced sur-
face area for gas exchange and accompanied by a high
demand in ventilation at reduced maximum oxygen up-
take.

In contrast to the predominantly practiced forced
expiration, forced inspiration can be used for differen-
tial diagnosis of extrathoracic obstruction, e.g., tracheal
stenosis.

Being technically less demanding, the recording
of a forced spirogram prevailed traditionally; today
the flow—volume loop is registered together with the
spirogram. The time-based spirogram offers observa-
tion of expiratory time, typically 3 s in a healthy subject
but maybe as long as 10-20s in an obstructed pa-
tient. As the forced spirogram represents the shape of
an exponential function, analysis of its form requires
a certain understanding of the underlying pulmonary
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Table 8.2 The most important parameters of the forced spirogram and flow—volume loop

Forced vital capacity

Forced expiratory volume in 1 s

FEV1 in % of FVC or relative FEV1

e.g., FEV0.5, FEV2, FEV3

Peak expiratory flow

Mean forced expiratory flow between 25% and 75% of FVC
Forced expiratory flow when 25% of FVC has been expired
Forced expiratory flow when 50% of FVC has been expired
Forced expiratory flow when 75% of FVC has been expired

Forced inspiratory volume in 1 s

Parameter Unit Description
FVC 1

FEV1 1

FEV1/FVC %

FEVt 1

PEF 1/s

FEF25-75 1/s

FEF25 1/s

FEF50 1/s

FEF75 1/s

MTT s Mean transit time
FIV1 1

FIF50 1/s

mechanics. In contrast, the flow—volume loop represents
a linearization of the exponential expiratory decay, as an
exponential and its derivative are recorded against each
other. In a healthy person the rise to peak flow is steep,
while the decay is (quite) straight. The very obvious
deviation from a straight line towards a concave shape
means a reduction in flow, which is easy to interpret.

Table 8.2 presents the most important parameters of
the forced spirogram and flow—volume loop. The list
of parameters derived from forced expiration could be
extended (almost) endlessly. Beside the numerical eval-
uation of the flow—volume loop, attention should be
drawn to the analysis of its shape (Fig. 8.6).

Documentation
Online recording and evaluation of the flow—volume
loop has become a gold standard in basic pulmonary
function testing. When testing a patient, several trials
should be registered to assess cooperation and repeata-
bility. Loop tracings should be recorded with sufficient
resolution. The aspect ratio, i.e., the flow versus vol-
ume scaling, is of importance for form analysis, e.g., in
pre/post broncholytic drug medication, and should be
fixed to pronounce the difference between a healthy and
an obstructive loop.

Practical Considerations
The quality of most pulmonary functions tests, in par-
ticular forced expiration, depends on the cooperation
of the test subject and the (incentive) instructions of
the operator. After preparing the spirometer, verifica-
tion or calibration, and insertion of a new mouthpiece or
breathing filter, the testing procedure is explained to the
subject. Before and during spirometry, breathing ma-
neuvers are further supported by the operator, and the

Forced inspiratory flow at 25% of FVC

subject should be motivated to maximize forcing efforts
and exhale completely. The subject, wearing a nose clip,
should be able to breathe free and unhindered through
the mouthpiece and should be encouraged to practice
before recording starts. All tests should be carried out
in the same body position, generally sitting. In screen-
ing and industrial testing, also a standing position is
adequate. In children and seniors, use of a mouthpiece
with a sealing lip is recommended. A smaller, pedi-
atric mouthpiece should be applied in children. Unless
disposable flow sensors are used, a disposable filter at-
tached to the sensor is mandated, both as a hygienic
requirement and a preventive measure to avoid intrusion
of sputum into the flow sensor.

Both the ERS and ATS have issued recommenda-
tions in which at least daily volume calibration using
a calibration syringe is mandated. In a calibration-free
device, volume verification should be carried out at least
once a month.

Slow Vital Capacity

and Volume Subdivisions Instructions
The subject breathes at resting baseline. After a cou-
ple of breaths, the operator gives instructions for a slow,
continuous, maximum inspiration followed by a slow,
maximum expiration, followed again by a complete
inspiration. The cycle should be repeated again. Param-
eters from repeated tests should not deviate by more
than 5%.

Forced Spirometry

and Flow-Volume Loops Instructions
Breathing at resting baseline, the subject is instructed to
inhale completely and exhale as hard and as long as pos-
sible. This procedure should be repeated at least twice.
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Fig. 8.6a-e Typical flow—volume loops: (a) normal, (

Breathing maneuvers need to be instructed clearly; es-
pecially the forced exhalation should be supported by
incentive commands. For evaluation, maximum forced
flow rates (FEFs) are picked from the recording. Con-
temporary software programs offer warnings to the
operator in case quality standards (ERS, ATS) are not
met. Either best values are taken from all forced traces
or the trace with the highest sum of FVC and FEV] is
considered for analysis.

Several errors may occur: Poor cooperation of the
test subject may lead to a late or low PEF (Fig. 8.6a).
In general, low FEFs may result in case no nose clip
is worn or the lips did not entirely seal the mouth-
piece. Deformation of loops and traces may result from
coughing or swallowing. If no FEV is given, exhala-
tion was too short or interrupted. Varying loops indicate
poor instruction and motivation. With good coopera-
tion, all forced flow—volume loops should superimpose
adequately.

After analyzing the results of forced spirometry,
a first classification into normal, obstructive, or restric-
tive findings can take place (Fig. 8.6a—e). In frequently
evidenced obstructive disturbances, even the severity
can be assessed.

Predicted Values
Evaluation of spirometry testing is carried out by com-
paring measured data with predicted norms or reference

b) obstruction, (

e) Stenosis

Intrathoracic
tracheal stenosis

¢) restriction, (d) emphysema, and (e) stenosis

data, derived from body weight, height, age, and gender.
Predictions are calculated from equations published and
recommended by scientific societies. When comparing
measured with predicted values, the standard deviation,
an indicator of the variation of the tested parameter in
a healthy population, needs to be taken into considera-
tion. The determination of the residual R
M-S
R =
SD

is recommended, where M is the measured value, S is
the predicted value, and SD is the standard deviation,
allowing comparison with a distribution in the reference
population and detection of significant deviations.

The leading international societies, the ERS and
ATS [8.5], have issued predicted formulae, mostly de-
rived from Caucasian populations. These European and
North American predicted values do not substantially
differ from each other. When assessing pulmonary func-
tion in other ethnicities, predictions of national societies
or other scientific sources should be used, or at least
a percentage adaptation of Caucasian predicted values
be considered.

Most processor-based test devices are equipped with
different sets of prediction formulae that can be se-
lected by the operator. The user manual should give
the national background and literature references of the
predicted sets.

Fixed extra-
thoracic stenosis
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Besides reporting measured, predicted, and percent-
age values, spirometry reports should contain a marker
for significant deviation from certain limits, such as the
standard deviation. Testing in children and adolescents
requires a set of pediatric formulae.

8.1.4 Cooperation-Free Pulmonary
Function Tests

For more than half a century spirometry has been
a valued clinical tool and its importance has been
documented in numerous publications. Forced spirom-
etry can predict mortality better than smoking habits,
existing cardiovascular morbidity, blood pressure, or
gender [8.6].

As valuable as forced spirometry findings may be,
it is often difficult to attain and ensure cooperation in
subjects. Even well-equipped pulmonary function lab-
oratories with well-trained staff will soon reach their
limits when addressing and motivating children, geri-
atric or foreign-language patients. In former times,
cooperation-free tests were postulated mostly for pe-
diatric departments and epidemiological and screening
studies. More recently, the cataclysmic demographic
changes accompanied by a dramatic increase in the
senior generation underline the urgent necessity of
suitable tests. Although FEV| and FEV|/FVC% are
a recognized gold standard for detecting and assess-
ing obstructive disease, more appropriate, more specific
parameters might be available, correlating well with
dyspnea (shortness of breath). Therefore, new, (almost)
cooperation-free methods have been developed during
the recent years, some of which are still pending com-
mercial release. The next section gives an overview of
proven and new developments in this area.

Ultrasound Pneumography
In Sect. 8.1.3, the ultrasound flowmeter was described
and its ability mentioned to measure molar mass, the
molecular or specific weight of the breathing gas, de-
rived in real time from the sum of transit times —
at no additional expenditure. While ambient air is in-
haled through the sensor, the molecular weight changes
during expiration as oxygen content drops and car-
bon dioxide increases (O has much lower density
than CO7). When molar mass is registered during ex-
piration, its waveform resembles that of CO;. In fact,
ultrasound pneumography (UPG) makes use of the
scientific expertise gathered over decades of clinical
research in expiratory CO;, waveform analysis. The for-
mer approach of complicated synchronous recording

Fig. 8.7 Ultrasound pneumography in a child (ndd Mediz-
intechnik, Zurich, Switzerland)

of spirometry in combination with fast gas analysis,
mostly by demanding mass spectrometry, can be re-
placed by instantaneous and genuinely synchronous
measurement of flow, volume, and molar mass in UPG.
Although the determination of molar mass is compli-
cated by the dependence on temperature and humidity,
recent research indicates the clinical validity of native
molar mass derived directly from uncorrected ultra-
sound transit times. The subject performs regular tidal
breathing into the ultrasound sensor, without the need
for any special breathing maneuvers (Fig. 8.7). Molar
mass waveforms are averaged and analyzed, containing
information about pulmonary gas distribution. Clinical
studies [8.7, 8] confirm a high correlation with FEV|
and FEV | /FVC% as well as the degree of obstruction.

Resistance Measurements
Forced Oscillation Technique. Applied in various
forms since the 1970s, this testing principle combines
a flowmeter, an inserted resistive element, a pres-
sure transducer, and an oscillation generator (loud-
speaker) [8.9, 10]. Low-amplitude (forced) pressure
oscillations by the loudspeaker are superimposed on the
patient’s tidal breathing, resulting in a phase shift orig-
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inating from the respiratory tract. Resulting flow and
pressure signals are differentiated from the originating
patient signals, independent from the patient’s breath-
ing pattern. The analysis yields impedance Z;¢ with its
components, resistance R and reactance X, which can
be plotted in a frequency diagram. Today, this tech-
nique is most often found in a variation called impulse
oscillometry, applied in geriatric, pediatric, and indus-
trial medicine as well as in drug studies. This method,
only requiring passive patient cooperation, i.e., tidal
breathing at a mouthpiece, can complement standard
pulmonary testing modalities and is suited for screen-
ing of obstructive disease [8.11]. Previous concerns
about its technical complexity and limited hygiene have

been cleared with the advent of modern commercial in-
struments. However, technical complexity and cost still
exceed that of conventional spirometry equipment.

Monofrequent Oscillatory Resistance Measurement.
This much simpler version of the forced modality has
been proven clinically over decades [8.12]. Instead of
a loudspeaker a small sinusoidal pump is used, generat-
ing small pressure swings superimposed on the patient’s
tidal breathing. Analysis of measured data again results
in a phase diagram of resistance and reactance. In clin-
ical practice, however, correlation with FEV is just
adequate, offering lower specificity and therefore only
serving as an orientation or screening tool.

8.2 Advanced Cardiopulmonary Function Testing

8.2.1 Overview

In contrast to simple spirometry, advanced cardiopul-
monary function testing requires a much higher level
of methodology, instrumentation, and staff. This may
be the reason why advanced testing can be found pre-
dominantly in internal and pulmonary departments of
hospitals and specialized practices. Nevertheless, slow
and forced spirometry will always remain the founda-
tion of any type of pulmonary function instrumentation,
particularly in all more complex or advanced pulmonary
devices.

Among the more demanding modalities, body
plethysmography takes a prime position, efficiently
combining measurement of lung-volume subdivisions
and airway resistance. Diffusion testing according to the
single-breath method and determination of functional
residual capacity (FRC) by N2 washout are sometimes

preferred in English-speaking countries. Historically,
closed systems with gas dilution methods were widely
applied for FRC studies but have been replaced by more
hygienic devices. Besides the before mentioned, an ar-
ray of more or less complex modalities can be found
but without broad clinical acceptance. An overview of
the most important methods is given in Table 8.3.

Finally, cardiopulmonary stress testing or er-
gospirometry, investigating gas exchange under phys-
ical exercise, has (in combination with ECG) become
an important tool in assessing and differentiating venti-
latory and cardiac disturbances. Especially in medical
opinions and ratings, e.g., regarding compensation
claims, this objective method allows global appraisal
and staging of performance reductions in cardiopul-
monary disease.

During recent years, the interest in continuous mea-
surement of physical activity and metabolic monitoring

Table 8.3 Procedures and parameters in advanced pulmonary function testing

Procedure Main parameters Derived parameters
Body plethysmography Intrathoracic gas volume (IGV) FRC, RV, TLC

Body plethysmography Airway resistance Raw Gaw, SRaw, G aw
Compliance determination Static compliance Cga P

Compliance determination Dynamic compliance Cgyn Work of breathing

Airway occlusion test D0.1> Pmax

Single-breath diffusion test Transfer factor T co
Single-breath test with Oy
Intrabreath diffusion test Co-diffusion Dy co

N, washout test FRC

Membrane factor Dy

Kco, Va, TLCsp
Capillary blood volume V,
Cardiac output Q.

RV, TLC, distribution
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has seen a tremendous rise. Practically all medical
disciplines, from rehabilitation of obstructive patients
to dementia prophylaxis, have recognized and pub-
lished the invaluable importance of physical activity
for improving, rehabilitating from, and particularly
preventing disease. Despite a host of technical innova-
tions facilitating its application, ergospirometry remains
a demanding procedure in regards to test equipment,
duration, and evaluation. This may be the reason why
much more inexpensive portable devices have been de-
veloped for activity monitoring.

Medical technology, as a part of the information
technology (IT) industry, undergoes the same fast-paced
cycles in innovation and cost reduction that the mi-
croelectronics mass market exhibits. In the mid 1970s
a computerized body box, as a body plethysmograph
is called colloquially, sold for about €100 000. To-
day, almost 40years later, a more operator friendly,
even more accurate device can be purchased for less
than €15000. Practically all commercial instruments
incorporate microelectronics, and a PC or notebook,
most often implementing software under a certain op-
erating system, featuring networking capabilities and
data exchange to a hospital information system, to-
gether simplifying operation and enhancing laboratory
productivity.

8.2.2 Body Plethysmography

Physical and Methodological Principles
A body plethysmograph, also called a whole-body
plethysmograph or body box, consists of an airtight
chamber, similar to a sealed phone booth, in which
the patient is seated (Fig. 8.8). The thoracic movements
created by the patient’s breathing are transferred into
volume and pressure swings inside the enclosure, which
are measured and evaluated.

The foundations of modern body plethysmography,
originally published by DuBois in the USA [8.13, 14]
and Ulmer et al. in Germany [8.12], reach back to the
1950s, historically differentiating so-called constant-
volume and constant-pressure modes. Applying the
latter, the test person is seated in a chamber, breath-
ing through a tube from and to the outside air, causing
total thoracic volume displacements inside the enclo-
sure. Today, virtually all commercially available body
plethysmographs implement the constant-volume mea-
suring principle, which seems to be technologically less
demanding and clinically more reliable. In constant-
volume mode, the subject breathes chamber air through
a flowmeter and a fast-acting shutter valve. The goal
of body plethysmography lies in the determination
of (mean) alveolar pressure caused by compression

Fig. 8.8 Body plethysmograph
(CareFusion 234, Hochberg, Ger-
many)
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and decompression of gas volume entrapped in the
thorax. Note that this method captures the (small) com-
pressible volume which, according to Boyle’s law (p -
V = const), is proportional to alveolar pressure. Simul-
taneously with the compression of lung volume and
the corresponding decompression of chamber volume,
the alveolar pressure generates a flow and consequently
a volume, which is measured at the mouth by the
flowmeter. Thus, the thoracic movement causes a vol-
ume and proportional pressure change inside the lung,
which is reflected by an identical volume and, again ac-
cording to Boyle’s law, a proportional pressure swing
inside the chamber (Fig. 8.9).

In a procedure colloquially called box calibration
the proportionality factor between chamber volume
change and chamber pressure change is determined.
Usually a small motorized pump is built into the en-
closure, generating a constant stroke displacement, e.g.,
50ml, which is registered as a pressure swing. Cali-
bration of the chamber is typically stable and does not
require frequent checks.

Determination of Intrathoracic Gas Volume
When breathing against the shutter at the mouth, a tho-
racic volume change takes place, causing an alveolar
pressure swing, as long as pressure equilibration be-
tween mouth and alveolar space can be assumed. When
registering mouth pressure against box pressure dur-
ing shutter closure, the (linear) relation between mouth
pressure and box pressure can be established. This ra-
tio of alveolar pressure to thoracic volume also enables
the calculation of lung volume at the time and level of
shutter closure, which is called the (intra-)thoracic gas
volume (ITGV or IGV).

ITGV = ky- 7% (1),
PM

where px is the chamber pressure, py is the mouth
pressure, and k, is a constant that depends on the cham-
ber volume, the body volume of the subject, and the
barometric pressure.

When, during tidal breathing, the shutter is triggered
at the end of a normal expiration, the ITGV corresponds
to the functional residual capacity (FRC).

Determination of Airway Resistance
The so-called airway resistance loop can be graphed
when the box pressure is registered against flow at the
mouth during tidal breathing (Fig. 8.10). According to
Ohm’s law,

U=R-1I or puy=Raw-V(hPa),

PT pneumotachograph
V., lung volume

EV equilibration vessel
V. flow

P, mouth pressure
P chamber pressure
S shutter

L defined leak

EV

Fig. 8.9 The volume-constant plethysmographic principle

from which airway resistance (Raw) can be derived as

Palv pk (hPa
Raw=". =kg- . ,
A ( 1/s )

where puy is the alveolar pressure, V is the flow
at the mouth, pk is the chamber pressure, and kg
is a factor comprising mainly the ratio of mouth
over chamber pressure established during the shutter
manoeuvre.

Technical Characteristics

of Body Plethysmography
In tidal breathing, the chamber pressure changes are
fairly small, only a few hPa (or cmH,0O). Disturbances
caused by a patient-related temperature increase within
the chamber (body heat), by breathing-related air tem-
perature and humidity changes, and by pressure changes
related to external pressure variations, to mention just
a few, can be significant and may accumulate to an
error greater than the sensed measuring signal. To at-
tain adequate pressure equilibration between mouth and
alveolar space, panting during the shutter maneuver
should be avoided [8.15].

The construction characteristics of the body plethys-
mograph chamber are essential to ensure good measur-
ing quality. Some of these features are:

Rigidity of the enclosure

Heat transfer characteristics of the chamber walls
Built-in equilibration vessel

BTPS compensation

Calibration unit

CP chamber calibration pump
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® Adjustment of a defined leak
® Type and speed of the shutter assembly.

The following remarks, although not exhaustive, should
be made in this context. The enclosure should be con-
structed in a shape and from materials which ensure
solid rigidity and fast heat transfer of the tempera-
ture rise caused by the patient. An equilibration vessel
for common mode rejection of externally transmitted
pressure artifacts should be built into the enclosure
(Fig.8.9). An automatic box calibration pump for dy-
namic simulation of thoracic volume compression and
an adjustable defined leak (pneumatic low-pass filter for
drift compensation) are indispensable for quality assur-
ance. In a modern box, pressure- and flow-related BTPS
compensation is carried out digitally. The resistance of
a breathing filter must be considered when airway resis-
tance is determined.

If the above-mentioned peculiarities are accounted
for, body plethysmography can be implemented into
clinical routine efficiently, offering fast and stable test
results.

Technical service requirements for a body plethys-
mograph enclosure are relatively few. Except for
mouthpieces and breathing filters, no other disposable

material is needed. Improving hygienic requirements,
modern shutter assemblies can be disassembled easily.
Use of breathing filters is recommended.

A complete body plethysmographic evaluation of
a patient, including repeated determination of resistance
and ITGV, will take about 15 min, and in combination
with spirometry determining lung-volume subdivisions,
less than 30 min.

Clinical Value of Body Plethysmography

As described above, body plethysmography offers de-
termination of airway resistance and intrathoracic gas
volume in a single testing procedure. Fairly indepen-
dent from patient cooperation, the test can be repeated
several times, representing a truly fast and efficient
modality to measure the most important parameters
of pulmonary function. The full spectrum of rele-
vant pulmonary diagnostic information can be assessed
by body plethysmography when combined with slow
and forced spirometry and recording of flow—volume
loops, which can be carried out while the enclosure
door remains open, and with testing of other param-
eters, such as lung compliance or diffusion transfer
factor, in case an additional diffusion assembly is built
in.
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Airway Resistance

According to Ulmer et al. [8.12] and Matthys [8.16],
airway resistance can be determined as Ry or Reft,
offering a sensitive measure of bronchial obstruction.
With high sensitivity, these parameters do not only
reflect reduction in cross-section but also dynamic
compression of instable airways and reduced lung elas-
ticity (loss of retraction). Shape analysis of resistance
loops enables differentiation of homogeneous obstruc-
tion (e.g., bronchitis) from inhomogeneous obstruction
(e.g., emphysema), therefore documentation of resis-
tance loops is mandated.

Intrathoracic Gas Volume/FRC

Besides FRC, intrathoracic gas volume comprises all
gas compartments compressed during the shutter ma-
neuver, also trapped air in the lungs as well as
abdominal gas. This method is certainly false positive in
highly obstructive patients when pressure equilibration
between mouth and alveolar space cannot be attained.
In contrast, the dilution and foreign gas methods will
be false negative, underestimating lung volume, which
tends to increase in the presence of severe obstruction.
Because of its accuracy and high reproducibility, body
plethysmography is considered a gold standard in lung
volume assessment. Combining ERV and VC obtained
during spirometry with ITGV/FRC, all volume subdivi-
sions including RV and TLC can be determined in one
sequence.

8.2.3 Diffusion Capacity

Gas exchange between alveolar space and capillary
blood, i.e., the transfer of gas over the alveolar—
capillary membrane, is called pulmonary diffusion. The
diffusion capacity of a gas is defined by the amount of
gas per unit of time exchanged over the membrane and
the partial pressure difference between gas and blood
phase. As the oxygen capillary partial pressure is inac-
cessible to noninvasive testing, the diffusion capacity of
oxygen cannot be assessed. Instead, the diffusion capac-
ity for carbon monoxide (CO) is measured. Only low
concentrations of CO in the ppm range are added to the
inspiratory air, as CO has high affinity to hemoglobin
and patient exposure to CO should be minimized.

Single-Breath Method
For decades the single-breath method, originally de-
veloped by Cotes [8.17], has found broad acceptance.
This modality does not assess diffusion capacity itself
but the so-called transfer factor for CO (TLCO). Af-

ter a deep exhalation, the patient inhales a gas mixture
of air, 0.2-0.3% CO, and a low concentration of an
inert gas, usually helium or methane. At full inspira-
tion, the patient holds his breath for ~ 10, allowing the
gas mixture to distribute in the alveolar space. While
the inert gas resides in the lung, CO will pass the
alveolar—capillary membrane into the blood. After the
breath-holding period, the patient exhales, and the first
part of the expired air is discarded, while the center
part is collected (Fig.8.11). In more modern devices
featuring fast gas analysis, the gas is analyzed contin-
uously, and the gas concentrations of the center part
are averaged. In both cases the center part is considered
representative as an alveolar sample. The inert gas, not
taking part in gas exchange, is diluted in the lung, char-
acterizing the ventilatory distribution. Assuming that
CO is diluted at the same rate as the inert gas, the diffu-
sive part of the CO concentration can be estimated. The
transfer factor is determined by applying an exponential
decay model of alveolar CO concentration during the
breath-holding period. If the initial capillary CO con-
centration is assumed to be zero, the transfer factor can
be derived as

Va Facoo mmol
Tico=b- " -In ) ,
ty Faco min - kPa

where

Fax

Fx

F1 is the inspiratory gas concentration, Fa is the alve-
olar concentration of the expiratory gas sample, X is
an index representing the inert gas, Facop is the initial
alveolar concentration of CO, Vjp is the alveolar vol-
ume, t, is the breath-holding time, and b is a constant
for conversion of dimensions. Besides 71 co, the alveo-
lar volume V can be calculated from the dilution of the
inert gas by using the same data as above, i.e.,

Facoo = Fico -

Fix
Va=(IN—VD) (OF

Fax
where Vqy is the inspired volume prior to breath holding
and Vp is the dead space volume consisting of anatom-
ical and apparatus dead space. All volumes are reported
in BTPS. Combining spirometry with Vo, RV and TLC
can be derived.

Technical Characteristics

of the Single-Breath Method
The technical complexity of this modality should not be
underestimated, as it requires a flowmeter, analyzers for
CO and the inert gas, and a valve system for switching
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Fig. 8.11 Screenshot of

a single-breath test (Care-
Fusion 234, Hochberg,
Germany)

from air to the gas mixture as well as for sampling of
the alveolar gas.

Quality assurance programs could show that the
quality of results depend — besides technical insuffi-
ciencies — mainly on correct operation and calibration.
Avoiding frequently occurring errors, special care
should be taken regarding:

® Correct and fast-acting valves

® Frequent calibration of gas analyzers with certified
test gas

e Optimum patient instructions

® Performance of test according to recommendations
of the European Respiratory Society [8.18].

Smokers and workers exposed to CO have higher
arterial CO partial pressure, a so-called back pressure,
which should be analyzed and considered in the cal-
culation of alveolar partial pressure. If the hemoglobin
content of the subject deviates from the normal range,
a correction should be made when calculating the
TLCO.

The test should be carried out in a sitting position.

In most cases, cleaning of the valve system is
difficult, sometimes impossible, requiring the use of
a breathing filter in compliance with hygiene standards.
The technical service requirement for diffusion testing
devices must not be underestimated, especially when
complex breathing and analyzer valve systems are em-

ployed. The cost and supply logistics of testing and
calibration gas should also be considered. A complete
single-breath test including calibration will only need
a few minutes.

Clinical Value of the Single-Breath Test
Implemented in routine clinical testing, determination
of TLCO by the single-breath technique is simple and
fast. When the above-mentioned errors are avoided
and patients well instructed, results show acceptable
accuracy and good reproducibility. The TLCO param-
eter does not only react to impairments of diffusion
capacity in the sense of gas exchange over the alveolar—
capillary membrane, but also to structural changes of
lung tissue, independent from their cause, which might
be either an increase or a reduction of alveolar space.
A reduced TLCO cannot only be found in interstitial
lung disease such as pulmonary fibrosis, sarcoidosis,
alveolitis, or lung edema, but also in generalized em-
physema, often characterized by loss of lung surface
and increase of alveolar space. A normal or mod-
erately reduced TLCO can also be seen in airway
obstruction, while an increased TLCO may indicate ob-
structive hyperinflation, as attributed to asthma. Also
intrapulmonary bleeding may lead to elevated TLCO
levels.

TLCO is well suited for follow-up studies and ther-
apy control and may be used as an additional parameter
in the assessment of pulmonary—vascular disorders. Due
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to its complexity, application of TLCO in screening may
be limited to specialized studies, e.g., in workers ex-
posed to dust. In a variation of the single-breath method
using a mixture of CO, inert gas, and oxygen the dif-
fusing capacity of the alveolar—capillary membrane, the
so-called membrane component, and the capillary blood
volume can be assessed, an application that might be
confined to more specialized laboratories.

Additional Methods in Diffusion Assessment
During recent years, in addition to the classical modality
described above, the IntraBreath method was intro-
duced, featuring a single deep inhalation but no
breath-holding before exhalation, certainly advanta-
geous in children and dyspneic patients. Using fast
infrared gas analyzers for continuous reading of low-
dose CO, (inert) methane, and diffusible acetylene
(soluble in blood), the capillary cardiac output can be
determined in combination with the TLCO. The test can
also be carried out under exercise.

Due to its high patient exposure to CO, the previ-
ously used steady-state method has been abandoned. In
addition to the TLCO test mentioned, a variety of other
diffusion modalities exist, in particular those using the
rebreathing technique. Nevertheless, their applicability
in a regular laboratory and their international recogni-
tion might be limited.

8.2.4 Nitrogen-Washout Test
for Determination of FRC

Widely applied for decades in the English-speaking
world, this modality requires a valve and gas deliv-
ery system to allow inspiratory switching from air to
pure oxygen. With each inhaled breath of oxygen, ni-
trogen present in the lung, not participating in the gas
exchange, will be replaced. Continuous gas sampling at
the mouth by either a single N> or combined O,/CO;
analyzer allows determination of expired nitrogen vol-
ume during the Njp-washout procedure. Accumulated
nitrogen volume is calculated breath by breath until the
Nj concentration falls below 1%, marking the end of the
washout sequence. Before the start of the washout, the
Ny concentration (including rare inert gases) is 79.2%,
which allows the functional residual capacity (FRC) to
be derived as

v
FRC= 2 ().
0.79

For standardization of lung volume determination by N»
washout refer to [8.4].

Technical Characteristics

of the N,-Washout Method
Historically, this method required a fast N, analyzer
or a mass spectrometer, both expensive and demand-
ing in operation and service. Nowadays, with the advent
of fast-response combi-analyzers, the complementary
gases O and CO, can be determined instead of Nj,
involving less complex and expensive technology. How-
ever, this novel approach makes synchronization of
digitized gas samples necessary. As most analyzers
draw a side-stream gas sample from the mouth, caus-
ing a delay between gas sample and flow, the response
characteristic of the analyzer needs adjustment and cor-
rection. In a dedicated calibration routine the operator
should be offered verification of the response compen-
sation. The valve systems employed in N> washout are
similar to those used in diffusion testing, compromising
hygiene unless a breathing filter is used.

The test duration of FRC determination by Nj
washout depends on the lung distribution of the subject,
taking a few minutes in a healthy and more than 20 min
in a severely obstructed individual.

While classical N>-washout devices use side-stream
gas sampling, the novel ultrasound molar mass spirom-
etry offers a less complex clinical approach with
instantaneous gas analysis (Sect. 8.1.2, Fig. 8.5). The ul-
trasound sensor is able to determine both flow and molar
mass, the specific weight of the gas, with a single trans-
ducer in the main stream of the respired gas. As molar
masses of Oy and CO, are distinctively different, the
N; concentration of the breathing gas can be assessed
instantaneously and synchronous to flow and volume
changes [8.19].

8.2.5 Ergospirometry

Ergospirometry serves as the most prominent method to
determine ventilation and gas exchange under physical
exercise, in the English-speaking world often referred
to as cardiopulmonary stress testing. A complete instru-
ment (Fig. 8.12) consists of:

® A device producing a defined level of physical stress
(ergometer)

® A transducer for measurement of ventilation

® Gas analyzers for O, and CO,

® A computer for online processing of measured data,
as well as

® A multichannel electrocardiograph (ECG).

For physical exercise, usually a bicycle or treadmill
ergometer (Sect.8.2.5) will be employed. Specialized

m
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Fig. 8.13 Portable ergospirometry system (CareFusion
234, Hochberg, Germany)

ergometers such as cranking or rowing ergometers
will be applied in industrial and sports medicine
(Fig. 8.13).

Measurement of Ventilation
In ergospirometry, flowmeters using varying measur-
ing principles can be applied, including pneumota-
chographs, turbines, thermistor mass flowmeters, and
ultrasound flowmeters. Calibration or verification of
flow transducers before each test seems indispensable.
The relative error of flow measurement should not ex-
ceed 3% of reading; the linearity in the measuring

Fig. 8.12 Ergospirometry system
(Medgraphics, St. Paul, USA)

range should be within 2% of reading. For clinical pur-
poses the range should cover at least 1001/min, and
for sports medical purposes up to 2001/min. As the
temperature in fully water-saturated expired air drops,
humidity falls out and may cause erroneous reading in
water-sensitive flow sensors. Supporting natural breath-
ing through mouth and nose, a breathing mask should be
used. The weight of the flowmeter should be as low as
possible to allow direct docking of the flow transducer
to the facemask.

Gas Analysis
Historically, mass spectrometry has been referred to as
the gold standard in gas analysis, as all breathing gas
concentrations, namely those of O, CO,, and N, can
be measured quickly, synchronously, and with high ac-
curacy. As this technology requires a large investment,
continuous upkeep, voluminous space, and complex
handling, its clinical application has become a rarity.
Today, compact to mini-sized gas analyzers are inte-
grated into one instrument together with other electronic
components. As the response and delay of gas analyzers
vary widely, a compensation algorithm is implemented
in the ergospirometry software to allow for precise syn-
chronization of all signals.

Paramagnetic or fuel cells (zirconium oxide tube)
are the prevalent principles in oxygen analysis, while
CO, is determined by means of selective infrared an-
alyzers. The absolute error of gas analyzers should
not exceed 0.1% within the measuring range; linearity
should lie within 1% of reading. Before each test, the
calibration of gas analyzers with certified calibrations
gas at two concentration levels representing inhaled and
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expired air is indispensable for assurance of highly pre-
cise results. Modern ergospirometry systems contain
a software-controlled module for automatic calibration
and verification.

Mixing Bag Method

Reference to this method is made for didactic reasons
only, as practically all presently available instruments
work with the breath-by-breath method. The older mix-
ing method separates inspiratory and expiratory air of
the subject by use of a so-called Y-valve. The expiratory
gas is collected in a mixing bag, from which a contin-
uous sample is drawn and analyzed. The flowmeter is
mounted on the expiratory side at the entrance port of
the mixing bag, allowing determination of expiratory
tidal volume and minute ventilation. Oxygen uptake
Vo, can be calculated according to

VOg =C- VE (F102 ~ks - FEOZ) (1/min) s
where k; is the co-called shrinking factor given by

fe — (100 — FgO, — FECO»)
5T (100— FOy)

’

where Vg is the expiratory minute ventilation, and Fj the
inspiratory and Fg the mean expiratory concentration of
O, and COa», respectively. Additionally a factor for the
conversion from BTPS to standard temperature pressure
dry (STPD) conditions has to be considered.

CO, output can be calculated accordingly. Response
of gas analyzers or delay of the gas sample are of lesser
importance as the gas mixing introduces a fairly high
time constant. For decades, this modality has proven
its clinical reliability. Due to its inability to follow
physiological responses to changing exercise levels in-
stantaneously, the mixing bag system has all but been
replaced by the breath-by-breath method.

Breath-by-Breath Method

In the breath-by-breath (BxB) mode, flow is con-
tinuously measured at the mouthpiece or a breathing
mask. A continuous gas sample is drawn as proximal
as possible through thin moisture-absorbing tubing and
analyzed by fast-response gas analyzers. Flow and gas
concentrations need to be synchronized and precisely
brought into phase. Also, the response of each ana-
lyzer needs software correction. The oxygen uptake is
calculated according to

V02=/F02.th(1/min),

where Vo, is the oxygen uptake, Fo, is the Oy con-
centration or fraction, and V is the flow at the mouth.
Additionally factors for conversion from BTPS to STPD
must be applied by the software. The CO, output is
computed accordingly.

As elegant as it seems, the B xB method can bring
about inaccuracies and errors which need to be ad-
dressed by the operator and can only be avoided by
frequent calibration and consequent verification, in-
cluding precise analyzer delay adjustment. Equipment
operators should demand validation and documenta-
tion of implemented algorithms from the manufacturers
or suppliers of ergospirometry systems. Therefore, an
open structured software showing the delay and re-
sponse adjustment of the analyzers in real time, offering
step-by-step procedures for calibration and verification,
facilitates quality assurance.

Clinical Value of Ergospirometry
Modern ergospirometry is based on the work of Holl-
mann and Wasserman [8.20].

For clinical purposes, physical exercise is increased
stepwise, e.g., using a bicycle ergometer, by increments
of 25W of 2-3min each. This form of exercise is
well suited for patients, allowing the cardiovascular sys-
tem sufficient time to adapt to the exercise level, while
avoiding muscular fatigue, anaerobic metabolism, and
lactate production.

As a valid measure of global physical performance,
oxygen uptake directly relates to the interrelated organ
system of heart-lung circulation, while the maximum
oxygen uptake or vita maxima offers an objective as-
sessment of the maximal performance capacity of the
test subject. By visualizing the dynamics of ventila-
tion, gas exchange, and heart rate, the latter derived
from ECG, reduced capacity of each involved organ
may be determined and differentiated from a lim-
ited degree of motoric efficiency [8.21]. Secondary
parameters such as respiratory ratio and breathing
equivalent (Table 8.4) as well as exercise-related blood
gases assist in detecting compensation mechanisms
and evaluating deficiencies even at submaximal stress
levels.

The determination of the aerobic—anaerobic meta-
bolic transition, briefly called the anaerobic threshold,
plays an important role is assessing and following the
effects of training in rehabilitation and fitness centers.
After addition of blood gases and blood pressure data,
a conclusive report of ergospirometry test results is best
given in graphical format, e.g., in the nine-field graph
according to Wasserman [8.20].
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Table 8.4 Parameters in ergospirometry

Parameter Abbreviation/definition Unit
Load (bicycle ergometer) P w
Speed (treadmill ergometer) v km/h
Elevation (treadmill ergometer) K %
Tidal volume VT 1
Respiratory rate Ry /min
Minute ventilation Vi 1/min
Oxygen uptake VO, 1/min
Carbon dioxide output VCO, 1/min
Heart rate HR min~!
Respiratory ratio Rq=VCO,/VO, -
Breathing equivalent (for Oy) EQO, =Vg/VO, -
Breathing equivalent (for CO;) EQCO; = Vg/VCO, -
Oxygen pulse VO,Pulse = VO, /HR ml/(min kg)
Alveolar-arterial difference AaDO, mmHg
Functional dead space Vbt %

For assessments in compensation claims and other
rating cases, in particular in industrial medicine, er-
gospirometry is the tool of choice when an objective
measure of reduced capacity is required. Also in the
assessment of athletes, an ergospirometry system repre-
sents a valuable instrument which can be found in most
sports medicine centers today.

A minimum of 30min should be considered for
performing a complete stress test, including patient
preparation, calibration, and evaluation of data.

8.2.6 Noninvasive Determination
of Cardiac Output

While ergospirometry allows only indirect assessment
of cardiac function, oxygen uptake can be instrumental
in determining cardiac output through the Fick equation

VO, = Q¢ -avDO; (1/min) .

The arterio-venous O, content difference, which is an
effort-dependent variable, requires invasive assessment
by catheterization.

One of the internationally recognized noninvasive
standards to determine cardiac output is the so-called
CO;-rebreathing method, an application of the Fick
equation above to carbon dioxide rather than to oxygen

VCO, VCO,

= = (I/min),,
avDCO,  (C,CO, —C, CO)

t

where avDCO; is the arterio-venous content differ-
ence, and C,CO; and C,CO, are the mixed-venous

and arterial content of CO; in blood. Figure 8.14 de-
picts schematically the interaction of heart, lungs, and
circulation.

Estimation of the terms in the latter equation requires
a COy-rebreathing module as an expansion to a regular
ergospirometry system. During rest or physical exercise
the subject breathes through a valve box to which a bag
is attached. The bag is filled with a mixture of CO, and
oxygen gas, where the CO; partial pressure in the bag
approximates the mixed-venous partial pressure of the
subject at the current exercise level. Initially, the valve
box allows the subject to breathe ambient air, just like
during a regular exercise test, while CO; output is meas-
ured. Still under air breathing, a micro blood sample is

=
pvCO, VCO,=Q,(CvCO,-CaCO,) paCO,

Fig. 8.14 The Fick principle. The diagram schematically
depicts the interaction of heart, lungs, and circulation
(RH right ventricle, LH left ventricle, MV minute ventila-
tion, VCO, CO; output, Qt cardiac output, pvCO, mixed
venous partial pressure of CO,, paCO; arterial partial pres-
sure of CO;). For explanation refer to text
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drawn from the subject’s ear lobe and analyzed, yielding
the arterial partial pressure p,CO;. From a digital disso-
ciation curve, the arterial CO; content C,CO» is derived.
If micro blood gas analysis is not available, p,CO> can
be estimated from the reading of the end-expiratory CO2
partial pressure peCOy, an acceptable approximation in
healthy subjects. After switching the subject’s breathing
to the bag at the end of an expiration, the CO2/O; gas
mixture is inhaled. While rebreathing to and from the
bag continues for several breaths, CO, partial pressure
will equilibrate between the lung and the bag as long as
a constant p,CO; is delivered from the right heart and
no recirculation occurs. Only a few rebreathing breath
cycles are needed to reach a CO; equilibrium, which is
monitored, and the mixed-venous partial pressure deter-
mined. Applying a digital dissociation curve, the C,CO
content is derived, the last component in the noninvasive
determination of cardiac output.

The CO;-rebreathing method is a very elegant pro-
cedure, bearing no risk for the subject while requiring
little cooperation. Its accuracy compares well with that
of invasive methods [8.22]. In contrast to most of the
catheter procedures, the rebreathing method will only
determine pulmonary cardiac output without right-to-
left shunt. While the expansion module for an existing
instrument may not be very complex, the software up-
grade will determine the cost.

8.2.7 Metabolic Activity Monitoring

Although portable ergospirometry systems have seen
a lot of progress in size and versatility (Fig. 8.13), their
application in normal everyday life and at the work-
place is still very limited. The biggest obstacle seems

a) b)
4

3-axis accelerometer

the restriction in testing time, as a subject cannot wear
a face mask or use a mouthpiece for much more than
several hours. During the last decade, improved diag-
nostic solutions were researched, offering assessment
of physical activity over a longer period of time, up
to several days, without restricting the subject in con-
ducting a normal life. In addition the devices should
be small, lightweight, and inexpensive. Even if the
precision of ergospirometry is not reached with such
a device, physical activity or energy expenditure in total
calories spent, equivalent to oxygen uptake, should be-
come available. Several categories of instruments based
on the evaluation of heart rate (training watch), steps
(pedometer), or acceleration in three axes (accelerome-
ter) have come onto the market. Depending mostly on
activity itself, these principles show good correlations
with energy expenditure at moderate to high activity
levels, but poor agreement in sedentary conditions in
which most of our everyday life takes place. A novel
multisensory device worn on the upper arm (Fig. 8.15)
captures several physiological parameters, such as ac-
celeration, and skin and ambient temperature, but also
heat flux from the body and skin impedance. Employing
artificial intelligence for the evaluation of raw data, en-
ergy expenditure under exercise as well as at low-level
activity, rest or sleep can be assessed with reason-
able to good accuracy. Data are recorded continuously
for up to 3 weeks, offering a complete image of the
subject’s lifestyle, documenting the activity—inactivity
profile minute by minute. Particularly appreciated in
medical research and drug studies, the device cannot
be manipulated as it turns recording on when worn and
turns off when not in skin contact. Due to its small size
and low weight, the wearer will forget about the moni-

Galvanic skin response

Skin temperature

Heat flux

Pittsburgh, USA)

Fig. 8.15a,b Metabolic
armband monitor for
determination of physi-
cal activity (Bodymedia,
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tor on his arm and just pursue his daily routine. A broad
literature base supports its application in different areas
of pulmonary medicine, particularly severe chronic ob-
structive pulmonary disease (COPD) [8.23] and cystic
fibrosis [8.24] where activity is an important outcome
parameter.

8.2.8 Planning and Laboratory Space
Considerations

The laboratory room in which a body plethysmograph
will be installed does not need to be particularly spa-

cious but should be in a quiet location, separated from
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9. Devices and Methods in Clinical Neurophysiology

Klaus-Peter Hoffmann, Ursula Krechel

Methods in clinical neurophysiology, such

as electroencephalography (EEG), electromyo-
graphylelectroneurography (EMG/ENG) and the
recording of evoked potentials (EP) enables the
physician to evaluate the function of the cen-
tral and peripheral nervous system as well as
the muscular system. Thus bioelectrical potentials
are recorded via measuring techniques, am-
plified, stored, analyzed, and evaluated. The
measuring devices used for functional diagnos-
tics are called the electroencephalograph and
the electromyograph. Their respective construc-
tion and their function as well as their most
widespread clinical applications are described in
this chapter.

9.1 Basics

Excitable cells react to a stimulus with changing
membrane characteristics. If a sensitive living cell is
stimulated, the ion conductivity on its membrane is
changed. The consisting resting membrane potential
(50-100mV) can grow to an action potential that is
conducted via the nerve cell and leads to a muscle con-
traction. The motor neuron with all its related muscle
fibers form a motor unit. The number of muscle fibers
supplied by a motor unit differs to a great extent and
contains 5 fibers in an eye muscle up to 1000 in the
temporal muscle.

9.1.1 Neurophysiological Basics

The Nervous System
The central nervous system (Fig.9.1) consists of the
brain and the spinal canal. This is the central part
of the total nervous system and displays a complex
information processing system. The information per-
ceived by the sense organs (9 bit/s) are decreased during
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the signal processing to the central nervous system by
inhibitory and excitatory circuits on the synapses to
10'-10 bit/s. After the processing and analysis they
are transformed into reactions such as motion, behav-
ior, or organic activity. The function of the brain is not
only reduced to voluntary movement, but includes emo-
tions and abilities of the mind such as remembrance and
learning.

Different levels of the central nervous system par-
ticipate in the control of the vegetative nervous system.

® The limbic system for the control of the emotional
drives.

® The hypothalamus for the homeostatic regulation.

® The medulla oblongata for the control of the sym-
pathetic tone.

® The spinal cord for the spinal reflex circuit.

The peripheral nervous system (Fig.9.1) consists of
all nerves and ganglia outside of the central nervous
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Nervous system

Fig. 9.1 Scheme of the central and
peripheral nervous system and the
application area of EEG and EMG
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system. The efferent (motor) pathways innervate the
skeleton muscles. The afferent (sensory) pathways con-
duct the stimulation from the corporal periphery to the
skin receptors and the inner organs to the central ner-
vous system.

The vegetative nervous system or the autonomous
nervous system (Fig. 9.2) is a part of the peripheral ner-
vous system. It controls the function of the organs and
adapts them to their respective needs and supervises
the inner milieu of the corpus. These activities function
mostly unconsciously and cannot be influenced by vol-

untary control. Examples for controlled vital functions
are heart beat, respiration, blood pressure, digestion,

and metabolism.

The vegetative nervous system can be subdivided

into three groups.

® Sympathetic: increasing performance (ergotropic)
® Parasympathetic: predominantly sustaining perfor-

mance (trophotropic)

® Enteral: nervous system of the gastrointestinal tract,
mostly independent from the central nervous system.

Clinical neurophysiology
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Fig. 9.2 Methods in clini-
cal neurophysiology for the
diagnostics of functional dis-
turbances of the central and
peripheral nervous system as
well as the muscular system
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The Muscular System
Skeletal muscles (Fig.9.1) are able to transform chem-
ical energy ATP directly into mechanical energy and
heat. They are innervated voluntarily via motor neurons.
A contraction is exclusively triggered via action poten-
tials at the motor endplate. A significant attribute of the
skeletal muscle cells are striated myofibrils with a reg-
ular succession of dark anisotropic (A-stripes) and light
isotropic (I-stripes) bands.

Muscle types that are not striated are called smooth
muscles (Fig.9.2). They consist of long spindle-like
cells and are loosely arranged and therefore moveable.
Smooth muscles coat the inner organs such as the stom-
ach or intestines as well as the walls of blood vessels.
Smooth muscles have their own system of innervations
and are involuntarily innervated by the vegetative ner-
vous system. They carry out relatively slow movements,
but have very little fatigue and are able to develop great
force over quite a long time.

The heart muscle has striated and smooth muscula-
ture with its own system of innervation and is controlled
involuntarily by vegetative nerves.

The Formation of Resting and Action Potentials
Different distribution of ions on the inside and outside
of living cells creates a membrane potential on the cell
membrane. This is continuously fed by active transport
mechanisms (ion pump). The concentration of K™ ions
inside the cell is 30 times larger than outside, e.g. the
inner cell in an unexcited state has a negative charge
in relation to the outer fluid. The amount of this charge
distortion depends on the membrane capacity.

The action potential is a voltage change on the mem-
brane of living cells created by a cell stimulation above
threshold. It performs a change in ion conductivity on
the stimulated membrane and consists of three phases:
brief depolarization, slow repolarization, and successive
hyperpolarization. The duration of the action potential
depends on temperature and the respective cell type.
Motor nerves transmit the action potential along the
axon, thus causing the muscle to contract.

Transmission of the Action Potential
Nerve impulse transmission differs fundamentally ac-
cording to the kind of nerve fiber. Myelinated nerve
fibers perform a saltatory conduction and in un-
myelinated fibers they transmit impulses smoothly or
continuously.

Myelinated fibers consist of axons coated by
myelin, which produces an isolating effect. This myelin
sheath is interrupted by nodes of Ranvier. Accordingly

nerve impulse transmission jumps from node to node
over a distance of 1-2 mm, thus reaching velocities up
to 120 m/s.

Neuromuscular Transition
The stimulus from one nerve cell to the next or from
the nerve to the muscle is transmitted via synapses.
Synapses are distinguished by electrical or chemical
conduction as well as by their excitatory or inhibitory
effect. The chemical conduction is carried out by
transmitters. Excitatory synapses, for example, release
acetylcholine, adrenaline, nor-adrenaline, and sero-
tonin, thus creating an excitatory postsynaptic potential
(EPSP). Inhibitory synapses release inhibitory transmit-
ters like, GABA thus creating an inhibitory postsynaptic
potential (IPSP). A possible transmission of nerve im-
pulses results from a summation over time and area
of the excitatory and inhibitory effects of the different
singular synapses.

A neuron transmits a nerve impulse to a muscle via
the motor endplate. Arriving action potentials release
acetylcholine, thus producing a depolarization of the
endplate. Above a certain critical threshold the muscle
membrane is innervated and the muscle fiber contracts.
Acetylcholine is split by cholinesterase, thus producing
a repolarization of the endplate, after which the initial
state is reached again and is ready for a new innervation.

9.1.2 Technical Basics

The methods in clinical neurophysiology match with
the spectrum of diagnostic procedures (Fig.9.2). They
complement the diagnostic findings on the basis of
the anamnesis and the clinical examination, such
as other diagnostic methods like laboratory diagnos-
tics, imaging and functional diagnostics. The total
view over all the necessary evaluations and find-
ings brings the physician to the final diagnosis and
thus to the therapy. Therapy control and prognostic
statements reach objectivity by additional monitor-
ing.

In clinical neurophysiology signals of electrical po-
tential differences are evaluated. They are recorded
with needle and surface electrodes. These signals
are detected via measuring techniques, which are
preprocessed and amplified. The respective amplifier
sensitivity and bandwidth depends on the specific
recording signal. These biological signals may perform
amplitudes from a few microvolt up to millivolts and
frequencies from direct voltage up to 30 kHz. Differen-
tial amplifiers process and record the data using various
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Fig. 9.3 Measuring tech-
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bioelectrical potentials in
clinical neurophysiology in

r—=1 Signal acquisition

Filtering

Amplification

the process of diagnostic
findings

v

— Patient

Signal processing

‘ Analysis

‘ Physician

v

Stimulation

Recording
storage

Anamnesis

Clinical examination

Laboratory
diagnostics

Imaging

Function
diagnostics

different settings of sensitivities and frequency bands.
The signals are evaluated visually as well as computer
aided, also providing data storage facilities. The eval-
uation of the specific signals is supported via software
adapted to the various diagnostic problems. The final
diagnostic result always lies in the hands of the physi-
cian. Patient data, raw signals, analysis results, and
findings are stored and printed out. In various diagnos-
tic methods certain stimuli are applied to the patient,
such as photostimulation, in the recording of evoked po-
tentials, and in the evaluation of the nerve conduction
velocity. In this case, the onset of the stimulus triggers
the recording of the evoked action potentials. Different
stimulators are applied for various investigations such
as electrical, acoustic, optic, and magnetic stimulators
(Fig.9.3).

The purpose of signal recording, filtering, amplifi-
cation, and evaluation is to record and store the data
faultlessly. Reproducibility of the results is ensured by
double recording e.g. in evoked potentials. The signal
recording is reactionless, which means that the mea-
surement itself does not influence the measuring values
or the signal.

Electrodes
Electrodes are the interface between the biological tis-
sue and the technical device. They make direct contact
with the skin of the body via electrolytic layers (sur-
face electrodes) or needle electrodes, which are inserted
under the skin (subcutaneous) or into the muscle (in-
tramuscular) like a cannula. Various kinds of electrode

forms and materials are available depending on the
application.

From the electrical point of view electrodes may
be displayed as an electromotive force and a network
of capacitors and resistors. Their components depend
on the electrode material, the electrolytes, the geom-
etry, the current density, and the signal frequency. In
a simplified manner the equivalent circuit diagram in
Fig. 9.4 can be applied. In this case, £}, means the po-
larization voltage, Cy the capacitor part of the transition
resistance (Helmholtz capacitor), Ry the Ohm resistor
part of the transition resistance (Faraday resistance),
and R. the electrode resistance. The Helmholtz capaci-
tor is directly proportional and the Faraday resistance is
indirectly proportional to the recording area.

If a metal electrode is put into an electrolytic so-
lution, positively charged metal ions are released into
the solution caused by the solution pressure. The os-
motic pressure and the field force of the electrical field
react against it. This leads to an electrical charging of

R ——
L
L| -
- —{
Ctr

I|
Il
Fig. 9.4 Equivalent circuit diagram of a recording elec-
trode
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the electrode and to a layer of opposite charge within
the molecular distance of the phase limit. This so called
Helmbholtz double layer acts like a capacitor within
a molecular plate distance, where the plate voltage is
seen as an electromotive force and is called Galvani’s
voltage.

Pure metal electrodes are therefore called polariz-
ing electrodes. If these metal electrodes are coated with
an antisoluble salt (e.g. Ag with AgCl), where the same
anion must be found in the electrolyte (e.g. in NaCl),
then nonpolarized electrodes with much less and more
stable Galvani’s voltage are achieved. Figure 9.5 dis-
plays the characteristics of sintered Ag/AgCl electrodes
over a time period of 10d. An excellent long-term sta-
bility and a broad bandwidth down to the low frequency
range of these materials are clearly shown. Therefore,
Ag/AgCl electrodes are applicable for almost all sig-
nals in clinical neurophysiology.

Bipolar Recording
The bipolar recording method is very often applied in
clinical neurophysiology for the measuring of bioelec-
trical potential differences. Two similar electrodes are
placed on bioelectrical active areas. Each electrode is
connected to one input of the amplifier. A differen-
tial amplifier, which amplifies the respective difference
between the two electrode potentials, is used. If sev-

eral electrodes are applied, such as e.g. in the EEG,
rows of electrodes are formed. In this case, the out-
put voltages equal the respective difference between
the previous and the following electrode. If one as-
sumes a potential distribution where the rising and
falling trend is recorded via five electrodes, this re-
sults in a measuring set-up as shown in Fig.9.6 with
the center electrode being placed on the point of highest
potential.

It is clearly displayed that the output voltages U
and U point downwards and the voltages U3 and Uy
point upwards. At the maximum of the potential dis-
tribution a phase shift takes place. Such maximum
potentials are found e.g. on the fringe of a tumor, thus
enabling a localization of the focus. In bipolar record-
ings the potential gradient is correctly measured.

Unipolar Recording

In unipolar recordings (Fig. 9.7) all channels are related
to one common reference electrode. This reference elec-
trode is preferably placed on a mostly inactive area, so
that as few potentials as possible are recorded. There-
fore, it is called neutral or indifferent. This point is more
hypothetical because the influence of cerebral poten-
tials cannot be excluded. The electrode that is placed
on a bioelectrically active area is called the active, ex-
ploring or different electrode.
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Fig.9.6a,b Bipolar recording.
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Figure 9.7 shows a unipolar recording for the afore-
mentioned potential distribution. The potential e, was
taken for the reference electrode. It is clearly displayed
in the graph that no phase shift takes place in unipolar
recordings. A possible focus is localized by the size of
the correctly recorded potential difference.

Recording Against an Average Reference

In a recording against an average reference (Fig.9.8)
the reference point is the averaged value of all elec-
trode potentials. This can be realized by software or
by connecting all electrodes via resistors of the same
value with a reference point. This potential relates
exactly to the average value of all electrode poten-
tials, because the sum of all currents at this point
equals zero. In this recording a phase shift also takes
place. The output voltage equals the difference between
the respective electrode potential and the reference
potential.

Source Recording
In source recordings the electrodes are also placed on
electrically active areas. The recording is carried out
against a reference that takes the immediate surrounding
electrodes into consideration. In contrast to the record-
ing against an average reference its potential does not
influence the reference potential.

In source recordings (Fig.9.9) the difference be-
tween the potential of the electrode of interest is formed
with the weighted average value from the potentials of
the surrounding electrodes. The weight factor w is cal-
culated from the reciprocal value of the distance. In
a square shaped electrode setting this factor is w =1
for the single, w = 0.5 for the double and w = 0.707 for
the diagonal. To obtain the weighted average value, the
sum of the weighted electrode potentials are divided by
the sum of the weight itself.

Source recordings are applied because they produce
a better display of local events by eliminating signals
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Fig.9.7a,b Unipolar recording.
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from remote areas in the actual local potential such as
e.g. the influence of the EOG when opening the eyes.
However, in source recordings the actual local potential
itself is not recorded in a more precise manner.

Electrode Placement

For reproducible recordings and for the comparability
of results in trend studies it is necessary to always place
the respective electrodes in the same positions. The ap-
plied system cannot be too rigid, but must adapt to
different head sizes (neonatal EEG, EEG in children
and adults). Therefore, these points on the scalp must
be easy to find and reliably defined. These points are
the nasion (the deepest point between nose and fore-
head, right in between the eyes), the inion (the lower
bone hunch at the middle back of the head in between
the onset of the neck muscles), and both preauricular
points (cavity in front of the outer auditory canal di-
rectly below the zygomatic bone and above the lower
jaw joint).

The connecting lines between nasion and inion as
well between the preauricular points cross at the vertex
(C2). These connecting lines are divided into 10% and
20% sections. The electrodes are placed at the cross-
ing points of these longitudinal and lateral rows. The
designations of these positions are named according to
the regions of the cerebral cortex: Fp = frontopolar, F
= frontal, C = central, P = parietal, O = occipital, T
= temporal, A = auricular, and also cb = cerebellar as
well as pg = pharyngeal. The electrode numbers are re-
lated to hemisphere (odd numbers are on the left, even
numbers on the right side) and the distance to the cen-
ter line, and also z = zero. The distance between the
electrodes within the various rows is equal.

The line partition in 10, 20, 20, 20, 20, and 10%
sections result for the lateral longitudinal row in the
electrode positions Fp,, F,, C,, P,, and O, as well as
for the center lateral row T3, C3, C,, C4, and T4. No
electrodes are placed on the positions Fp, and O, no
electrodes. If in the same way the lines between Fp,,
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O,, which are led via T3 and Ty, are divided, on the
left hemisphere this results in the positions Fpy, F7, T3,
Ts, and O as well as Fpa, Fg, T4, Tg, and O3 on the
right hemisphere. Over the electrodes Fpj, C3, and O
as well as Fpy, C4, and O two parasagittal longitudi-
nal rows can be drawn, which cross the frontal (F7, F,,
and Fg) and the lateral row in the back (Ts, P,, and T¢).
These crossing points form the electrode positions F3,
F4, P3, and P4. In between these standard positions fur-
ther electrode positions may be added e.g. Fy, Fy, Fs,
and F7 for the frontal lateral row. The ground electrodes
are fixed on the earlobes, relating to the positions Aj
and A,.

Amplifiers
In clinical neurophysiology differential amplifiers are
used for the amplification of the recorded biosignals.
These amplifiers, whose principles were developed in
1931/32 by Tonnies at the Kaiser-Wilhelm-Institute
in Berlin, amplify the difference of two input sig-

Fig. 9.8a,b Recording against an av-
U, erage reference. (a) Schematic display
of the electrode circuit. (b) Record-
ing example. The spike activity is

b+ shown with a very high amplitude of
ca. 300 WV on channel P3—-AVR

nals. Practically, the amplification of common mode
signals (e.g. equal phase disturbing signals, which de-
rive from leading cables) differ from push—pull signals
(e.g. a potential difference deriving from a bioelectri-
cal generator). The relation of these two amplifications
is called the common mode rejection ratio (CMRR).
This CMRR should stay in the range of 80—120dB,
which means that the amplification of push—pull signals
is 10000—1 000 000 times larger than the amplification
of common mode signals.

Differential amplifiers have an inverted and a non-
inverted input. According to the agreement of Lyon in
1980, electrical connections are such that a negativity
a different electrode is displayed with a positive po-
larity on the recording device. Another feature of the
amplifier is the amplification factor, which is defined as
the quotient between the output and the input voltage.
The input impedance of the amplifier should be high
(50-200M€2). This is necessary because the potential
source should by no means be loaded by current, so the
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(@) Schematic display of the elec-
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measurement is carried out as reactionless. In addition,
the influence of the electrode transition impedance can
be minimized.

The frequency response is a measure for the dy-
namic transition process of electronic devices and
displays the dependence of the amplification on the
frequency of the signal. It can be calculated from the
quotient of the complex amplitude of the output and in-
put signal for a stationary sine wave. A high pass filter
enables signals above a certain threshold frequency to
pass without significant loss. The high pass filter is thus
used to reduce low frequency disturbing signals, such as
zero line drifting. Sometimes, a time constant value is
given instead of the threshold frequency, deriving from
an exponentially falling response of the high pass filter
to a step function. In this case, the time constant is the
time interval in which the amplitude drops to 37% of its
initial value. In contrary, the low pass filter enables sig-
nals below a certain threshold frequency to pass without

Column

P, =

i,

major loss. The low pass filter is used to reduce high
frequency disturbances such as noise.

However, the phase response is based on a phase
difference that usually occurs between the input and
output voltage of a recording system. Another feature
of the amplifier is the noise, whose name is taken from
the acoustic sound image. It is actually a small disturb-
ing signal over a wide frequency band, which can be
recorded at the output when the input is short circuited.
The cause of this may be found in the thermal electrode
movement in resistive components.

Recording/Storing
Apart from the raw signals other values such as the pa-
tient’s name, the date, the recording program, and the
respective result texts are stored in a data bank. At a sin-
gle glance all recorded examinations together with their
measuring results are available and in trend studies all
this data may be immediately recalled.
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Network Systems
In clinical neurophysiology departments several work-
stations are installed for signal evaluation. In most
cases, the specific recording devices are equipped for
specific applications such as EEG, EMG/ENG, and
evoked potentials, with the respective hardware like
stimulators, examination couch, electrodes etc. There is
also a difference in the workstations with respect to how
the EMG examination is carried out by a specialized
physician or the EEG is carried out by a medical-
technical assistant in functional diagnostics. A network
solution between the recording stations and establish-
ing evaluation stations is recommended. In this case, all
the data are available on each PC and for the final re-
sults the physician may recall all the information in his
room.

Computer systems for neurological practice consist
mostly of a recording and an evaluating station. They
usually operate with a simple network function called
peer-to-peer, where the data transfer only has to be
managed between two workstations. In larger systems
from four recording stations upwards and installation
of a local area network (LAN) with its own server is
recommended.

Signal Processing
Signal processing plays a great role in clinical neu-
rophysiology. After preprocessing and analog/digital
conversion the data are available for further evalua-
tion. Most devices operate on a software that displays,
measures, detects simple artifacts, and carries out
a first analysis. The spectrum of possible analysis

Preauricular
point

Fig.9.10 10-20
system for elec-
trode placement
(10/20-system)
Even-numbered:
right scalp,
odd-numbered:
left scalp

(F = frontal,

C = central,

P = parietal,

O = occipital,
T = temporal,
A = auricular)

Left side

programs varies greatly. Fast Fourier transformation
(FFT) for frequency analysis, averaging to enhance
the signal-noise ratio in evoked potentials, the appli-
cation of neuronal networking for pattern recognition,
the application of special filters, the analysis of sleep
stages, and the localization of sources of bioelectri-
cal activity are some examples. In most cases, the
machines offer direct access to the raw data, so
that through using MATLAB or LabView the user’s
own application software can be installed and run as
well.

Artifacts
Artifacts are disturbing potentials, which superimpose
the measuring signal and falsify it. Their causes may be
found in technical or biological processes.

Biological artifacts are generated by the patient him-
self. They are physiological signals that superimpose
the desired potential, e.g. the EEG in evoked poten-
tials or the ECG and EOG in the EEG. Muscle tension,
movement, or sweating of the patient cause additional
potentials.

Technical artifacts are generated by the machine it-
self or coupled in from outside. The artifacts of the
measuring device are the amplifier noise, 50/60 Hz
noise caused by lacking or insufficient grounding, and
the application of unsuitable electrodes. Artifacts are
coupled in galvanically, capacitive or inductive.

A possible artifact rejection may consist of
a 50/60 Hz band filter. Averaging selects the signal re-
sponses correlated to the stimulus out of the background
activity. Special algorithms and the application of neu-
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ronal networks may be used for detecting biological ar-
tifacts. Adaptive filters may serve for artifact rejection
as well.

Safety Aspects
For devices used in clinical neurophysiology the gen-
eral basic requirements for the application of medical
technical products are validated, which means that
the respective machine, the installation, and the op-
eration must be safe. The compliance of technical
parameters such as the patient’s leakage current or the
machine’s leakage current must be checked in defined
intervals.

All the above mentioned examination methods
should be carried out in a separate room. Such rooms

9.2 Electroencephalograph

Electroencephalography (EEG) records electrical po-
tential differences whose source lays in cerebral pro-
cesses with the help of electrodes that are normally
placed on the intact scalp. EEG-machines find their ap-
plication in neurophysiological functional diagnostics
in neurological private practices, in neurology depart-
ments in hospitals, in neurology clinics, as well as in
epilepsy centers, neurological rehabilitation clinics, and
psychiatric clinics. Furthermore, they are used in the
diagnostics of neurological-psychiatric sleep disorders,
in drug studies, and in clinical research. They are also
applied in neurosurgery and in the monitoring of in-
tensive care units. The diagnostic value of the EEG
is found especially in the area of epilepsy (classifica-
tion, therapy control), the diagnostics of diffuse cerebral
functional disorders (inflammatory diseases, cerebral
haemorrhage, metabolism, drugs), functional distur-
bances because of space occupying lesions (increase
of brain pressure, haemorrhage, tumors, craniocerebral
injury), sleep diagnostics, brain death detection, vigi-
lance disturbances, and the determination of the depth
of narcosis. An EEG was recorded for the first time on
a human in 1924 by Hans Berger in Jena.

9.2.1 Signals

The EEG is generated through surface near nerve cells
of the cerebral cortex (Fig.9.11). The cerebral cortex
is about 3 mm thick and consists of six layers, among
them are stellatum cells, stellate and pyramidal cells.
The apicale dendrites of the latter cells are found in five

should not be located near great current consumers
such as elevators, radio stations, magnetic resonance
tomographs (MRT), or computer tomographs (CT), if
possible. Elevators should be at a distance of 10—15m
away. In clinics MRT and CT are usually installed
at some distance from other functional units. Gen-
erally speaking for neurophysiological examinations
nowadays no special room shielding in the sense of
a Faraday cage is necessary, because modern amplifiers
have a high common mode rejection ratio. However, one
should always consider electrostatic charge from shoes
and synthetic fibers, which can easily be discharged
through grounding. The recording seat or the examina-
tion couch as well as the patient must be connected to
ground potential.

of the six layers. An excitatory postsynaptic potential
(EPSP) on the cell soma creates a dipole because of the
depolarization with a positive pole near the surface. In-
hibitory postsynaptic potentials (IPSP) on the cell soma
create on opposite polarization due to hyperpolariza-
tion as well as the EPSP on the apicale dendrites. EPSP
and IPSP could superimpose by successive potentials in
time as well as potentials distributed in space, which
occur synchronously in neighboring synapses. During
arecording from an intact skin surface the potentials are
deformed when traveling in between the cerebral cortex
and the various layers of the skin with their different
tissues. Resistors and capacitors of these layers act like
a low pass filter, wherein frequency components below
1 kHz are mostly eliminated.

The EEG potentials form complex waves, which in
their shape and size depend on neuronal factors in the
cerebral cortex as well as on the gender, respiration,
metabolism, homeostasis, oxygen and carbon dioxide
concentration of the blood, blood sugar, drugs, and tox-
icants. They also depend on physiological factors: sleep
or wake state, open or closed eyes in the wake state, on
the general vigilance, and on age. The amplitudes of the
EEG increase from a newly born to an infant and de-
crease from an adult to a person of old age, whereas the
frequency of the waves increase from the infant up to
old age.

Depending on the frequency alpha-waves (8§—13 Hz),
beta-waves (above 13 Hz), theta-waves (4—7 Hz), and
delta-waves (below 4 Hz) are distinguished. The EEG
is described by frequency, amplitude, occurrence, mod-
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Fig.9.11 Generation of an
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ulation, symmetry, and sensitivity. Special waveforms
are spikes, sharp waves, spike and wave complexes
(SW-complexes), and further waveforms such as u-
waves, vertex-waves or K-complexes (Table 9.1). The
evaluation of the EEG is carried out under clinical
aspects. Here, in his findings the physician evaluates
the regularity, dominant frequency, predominant high
or low amplitudes, physiological local distribution, and
sensitivity, as distinguished from the basic activity con-
tinuous, discontinuous, generalized or localized EEG
activity.

Figure 9.12 shows a normal EEG of a 21 year old
with a blockage of alpha-waves after eye opening. In
comparison, Fig. 9.13 displays an EEG with an epileptic
pattern of a 31 year old male patient. The EEG-activities
differ in relation to their amplitude and frequency.

9.2.2 Device Technology
In the last 15 years a considerable transition has

taken place in EEG devices from paper based thermal
recorders to computer EEG. This relates, on the one

hand, to the hardware, consisting of a PC, A/D con-
verter, and amplifier head box, and on the other, to
computerized analysis and findings based on modern
software as well as digital media for signal storage and
archiving. Therefore, the general appearance of an EEG
device has changed drastically (Fig. 9.14).

A standard component of an EEG device is a pho-
tostimulator. It generates short bright flashes of light
with a defined luminosity and frequency. In the case of
double flashes the time between the two flashes is also
adjustable. The main component of a photostimulator is
a stroboscope or a LED array.

Electrodes

For the recording of the EEG sintered Ag/AgCl surface
electrodes are applied (Fig.9.5). They provide an op-
timal recording even in the low frequency range. The
contact between the electrode and the scalp is produced
via an electrolyte or with sodium solution soaked felt
tips. The scalp is preprocessed in order to reduce the
electrode transition resistance, which should be below
10k€.

Table 9.1 Classification and characteristics of EEG waves and singular waves

Wave nomination Wave frequency Amplitude Wave type Occuring during
Alpha-waves 8-13Hz 30-50 Vv Fast, physiological Wake, eyes closed
Beta-waves > 13Hz ~20 WV Fast, physiological Wake, eyes open,
counting
Theta-waves 4-7Hz Up to 500 wV Slow, physiological Light sleep
Delta-waves 0.5-3.5Hz Many 100 WV Slow, physiological Deep sleep
Upto1-5mV
Sharp waves > 80 ms Variable Steep abnormal wave Normal and abnormal
Spikes < 80ms Variable Steep abnormal Mostly abnormal
Spike series 5-10 times > 50V, Steep abnormal For example in epilep-
with < 80ms often very large tic seizures
Spike-wave-complex 3/s 10-100 nv Many different kinds Always abnormal
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Fig. 9.12 Normal 16-channel EEG of
a 21 year old male patient in unipolar
recording. The connecting scheme of
the electrode is displayed
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Fig. 9.13 EEG with epileptic patterns
of a 31 year old male patient
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Amplifier
A preamplifier (head box) is mounted on scaffolding
near the patient’s head and serves as an electrode con-
nector and preamplifier of the EEG signals. From there
they are transferred to the main device. The preamplifier
has an A/D converter incorporated, therefore the dig-
italized signals can be faultlessly transferred via great
distances without any substantial loss. The preampli-
fier is a differential amplifier with high demands on
the signal amplification and free of distortion. Its qual-
: \ ity criteria is a high common mode rejection ratio and
Headbox a high input impedance (> 120dB and > 100 M).

For a high quality recording an active electrode,

Fig. 9.14 EEG recording in a laboratory a reference electrode, and also a ground electrode must
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be connected to the differential amplifier. Depending
on how the electrodes on are related on the respective
points of the scalp and connected among each other,
different EEG recordings are attained. For the inter-
pretation of the recorded EEG the connection of these
inputs per channel to the preamplifier is of vital impor-
tance; these settings are called recording programs or
montages and they have to be defined and directly re-
lated to the signal. One distinguishes between: unipolar
or reference recordings, bipolar recordings, and source
recordings.

9.2.3 Methodology

Basic Requirements
The German Society of Clinical Neurophysiology has
defined minimal demands for the recording of EEGs.
An EEG device should have minimally 10 EEG am-
plifiers and one ECG amplifier. Electrode placement
must be carried out according to the 10/20 system.
Before and after a recording the device must be cal-
ibrated and the electrode transition impedance must
be documented. The recording should last at least for

20 min and has to consist of reference montages as well
as bipolar longitudinal and lateral row montages. The
sensory sensitivity e.g. open and closed eyes (Berger
effect) as well as photostimulation and hyperventila-
tion must be included. Artifacts during the recording
must be designated and possibly corrected. All im-
portant recording parameters, such as the technical
settings as well as the behavior and situation of the
patient, must be documented along with the recorded
signals.

Recordings
During the EEG recording different montages or con-
nections of the electrodes mounted on the scalp are
applied. Principally the EEG montages displayed in Ta-
ble 9.2 are available.

Usually an EEG is recorded with an amplifier sen-
sitivity of 70 WV /cm, a paper feed and a time base of
30 mm/s, with a time constant of 0.3 s (equalling a high
pass filter with a threshold frequency of 0.53 Hz) and
an upper frequency limit of 70 Hz. These values should
be changed only in well considered circumstances. It is
recommended to avoid a mains filter of 50/60 Hz.

Table 9.2 Overview and characteristics of clinically applied EEG montages

Montages or recording

programs tial amplifier

Pin configuration of the differen-

Characteristics

Unipolar or reference
recordings against a reference

Reference recordings against
averaged references —
common average

Bipolar recordings such as
lateral rows, longitudinal
rows, circumferences etc.

Source recordings — special
unipolar montages with spe-
cial averaged and weighted

references

Different electrode with inverting
input

Common reference electrode on
vertex or on ear

Ground electrode on contralateral
earlobe

Different electrode with inverting
input

Averaged reference out of summated
signal of all electrodes

Ground electrode on earlobe

Two neighbored electrodes on
bioactive area
Ground electrode on earlobe

Singular active electrode, here called
“source”, with inverting input
Averaged reference from weighted
summated signals of all electrodes,
which are located around the active
electrode (= source)

Ground electrode on earlobe

Common potential parts are
highlighted,

Better display of generalized
activity

Amplitude and phases well

recognisable and comparable

See above, but common potential
parts are not highlighted any more
Recommended for signals with
many artifacts

Potential differences between the
electrodes are highlighted

Better display of focal activity
Gradient directly comparable
Focal activities are better high-
lighted

Amplitudes and phases remain well
comparable
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The concrete connection of the electrodes depends
on the number of recording channels. Examples for a 16
channel recording device are given in Fig. 9.15

Methods of Provocation
In routine diagnostics photostimulation and hyperven-
tilation are often applied as activation or provocation
methods.

Hyperventilation is a provocation method that is
very easy to apply. The patient is asked to activate his
respiration in frequency and amplitude for 3 min, e.g.
to breathe deeply and regularly at about 30 breaths per
minute. During the 3 min hyperventilation the potentials
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F7-T3
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are recorded mainly from the frontal, central, occipital,
and middle temporal cerebral regions.

Photostimulation is carried out in a darkened room
with the help of a photostimulator. The intensity of the
flash lights and their frequency should be adjustable.
Photostimulation is a standardized procedure: flashes
are applied for at least 10s while the patient has closed
eyes. During a duration of 2 min of photostimulation
mainly the frontopolar, frontal, and occipital cerebral
regions are recorded.

Further routine activation methods are sleep depri-
vation (awakened night) or sleep recordings (after sleep
deprivation, midday sleep, rare drug induced sleep).
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Fig. 9.15 Examples for EEG connections for a 16-channel recording device
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The duration of these recordings is between about
30—-60 min.

9.2.4 EEG Recording Methods

In relation to the various diagnostic applications in
neurology the following methods of EEG recordings
have developed been: routine EEG in neurological prac-
tice and clinics, ambulatory 24 h long-term EEG, video
EEG, portable EEG, sleep EEG, and pharmaco EEG
(Fig. 9.1, Table 9.3).

Routine EEG

EEG recordings should be carried out in a quiet room.
The patient should position himself on an EEG couch in
a half sitting, half lying position. Head and neck are to
be as relaxed as possible to avoid muscle artifacts that
disturb the recording. Principally, the patient’s eyes are
to be closed during the recording and the recording time
should not fall below 20 min.

Long-term EEG
Long-term EEG recordings are carried out for 24h
in an ambulant manner with an 8-channel and 12-
channel EEG amplifier. The aim is to find rarely
occurring events that cannot be detected by conven-
tional recordings. Raw EEG signals are, therefore,
completely stored. The patient carries on him a small

portable battery driven data recording device or the data
is transmitted via telemetry to an evaluation station. All
physiological artifacts such as speaking, chewing, and
eating are recorded as well, thus producing a lot of
disturbed signal intervals makings it more difficult to
interpret the EEG.

Pharmaco EEG

A specialized area is the recording of an EEG for phar-
macological purposes to evaluate the influence of drugs
on the function of the central nervous system (pharmaco
EEG). In particular, the reproducibility of the same or
similar changes in the EEGs of different test patients
is detected. Here different analysis procedures have
been evaluated, for example, brain mapping. Frequency
analysis calculates the respective quantified wave com-
ponents in a statistic way during the recording, and the
changes in the EEG are recorded and quantified over
larger periods of time.

Video EEG
Parallel to the EEG routine recording a video cam-
era records and stores the image of the patient in
a time synchronized way. Also, infrared camera sys-
tems are used in order to record the video image
from patients in darkened rooms. The signals of the
computer EEG and the video are synchronized up to
a precision of a few milliseconds. The EEG data is

Table 9.3 Application, number of channels, and recording methods in clinically standard EEG recordings

Recording time Evaluation

(average)

ca. 10 min Visual, computerized
20-30 min

20—40 min

Max. 24h Semi-automatic comput-

erized event recognition
algorithms

EEG method Application Number
of channels
1. Routine EEG a) Practice 8-12
b) Clinic 16-24
c) Epilepsy 19-32—64
2. Long-term EEG Clinics, in additionto ~ 8—12
routine EEG, e.g. in
epileptic patients
3. Video EEG Epilepsy, also more 19-24
in clinics
4. Portable EEG Ambulant recording 8-12
in intensive care,
in inner medicine,
and for brain death
recognition
5. Sleep EEG Sleep disorders of 12-24 with
neurological and polygraphy
psychiatric origin
6. Pharmaco EEG Drug studies 12-24

10—60 min, event
related

10-30 min, also
1-2h, with display
of all EEG signals

At least 8 h at night

20-30min de-
pending on aim of
study

EEG signals directly
synchronized with the
video image of the patient

Visual, in brain death
recognition additional
requirements on high
signal resolution

Semi- and automatic sleep
stage recognition

EEG mapping, comput-
erized frequency analysis
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Fig.9.16 Examples of signal analysis

displayed on the screen of a PC monitor with maxi-
mum resolution and free of flickering synchronous to
the video image; even different montages may be se-
lected.

Video EEG is considered especially important for
diagnostics in epilepsy. The physician can easily evalu-
ate from the video image when and how the onset of an
epileptic seizure takes place. In relation to the respective
EEG, he is able to localize the focus or the starting point
of an epileptic activation. The actual recording time can
be assigned as a search criteria, thus displaying the EEG
and the video image at the same time