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PREFACE

This six-volume work is an alphabetically organized compi-
lation of almost 300 articles that describe critical aspects of
medical devices and instrumentation.

It is comprehensive. The articles emphasize the contri-
butions of engineering, physics, and computers to each of the
general areas of anesthesiology, biomaterials, burns, cardi-
ology, clinical chemistry, clinical engineering, communica-
tive disorders, computers in medicine, critical care
medicine, dermatology, dentistry, ear, nose, and throat,
emergency medicine, endocrinology, gastroenterology,
genetics, geriatrics, gynecology, hematology, heptology,
internal medicine, medical physics, microbiology, nephrol-
ogy, neurology, nutrition, obstetrics, oncology, ophthalmol-
ogy, orthopedics, pain, pediatrics, peripheral vascular
disease, pharmacology, physical therapy, psychiatry, pul-
monary medicine, radiology, rehabilitation, surgery, tissue
engineering, transducers, and urology.

The discipline is defined through the synthesis of the core
knowledge from all the fields encompassed by the applica-
tion of engineering, physics, and computers to problems in
medicine. The articles focus not only on what is now useful
but also on what is likely to be useful in future medical
applications.

These volumes answer the question, “What are the
branches of medicine and how does technology assist each
of them?” rather than “What are the branches of technology
and how could each be used in medicine?” To keep this work
to a manageable length, the practice of medicine that is
unassisted by devices, such as the use of drugs to treat
disease, has been excluded.

The articles are accessible to the user; each benefits from
brevity of condensation instead of what could easily have
been a book-length work. The articles are designed not for
peers, but rather for workers from related fields who wish to
take a first look at what is important in the subject.

The articles are readable. They do not presume a detailed
background in the subject, but are designed for any person
with a scientific background and an interest in technology.
Rather than attempting to teach the basics of physiology or
Ohm’s law, the articles build on such basic concepts to show
how the worlds of life science and physical science meld to
produce improved systems. While the ideal reader might be
a person with a Master’s degree in biomedical engineering or
medical physics or an M.D. with a physical science under-
graduate degree, much of the material will be of value to
others with an interest in this growing field. High school
students and hospital patients can skip over more technical
areas and still gain much from the descriptive presentations.

XV

The Encyclopedia of Medical Devices and Instrumenta-
tion is excellent for browsing and searching for those new
divergent associations that may advance work in a periph-
eral field. While it can be used as a reference for facts, the
articles are long enough that they can serve as an educa-
tional instrument and provide genuine understanding of a
subject.

One can use this work just as one would use a dictionary,
since the articles are arranged alphabetically by topic. Cross
references assist the reader looking for subjects listed under
slightly different names. The index at the end leads the
reader to all articles containing pertinent information on
any subject. Listed on pages xxi to xxx are all the abbrevia-
tions and acronyms used in the Encyclopedia. Because of
the increasing use of SI units in all branches of science, these
units are provided throughout the Encyclopedia articles as
well as on pages xxxi to xxxv in the section on conversion
factors and unit symbols.

I owe a great debt to the many people who have con-
tributed to the creation of this work. At John Wiley & Sons,
Encyclopedia Editor George Telecki provided the idea and
guiding influence to launch the project. Sean Pidgeon was
Editorial Director of the project. Assistant Editors Roseann
Zappia, Sarah Harrington, and Surlan Murrell handled the
myriad details of communication between publisher, editor,
authors, and reviewers and stimulated authors and
reviewers to meet necessary deadlines.

My own background has been in the electrical aspects of
biomedical engineering. I was delighted to have the assis-
tance of the editorial board to develop a comprehensive
encyclopedia. David J. Beebe suggested cellular topics such
as microfluidics. Jerry M. Calkins assisted in defining the
chemically related subjects, such as anesthesiology.
Michael R. Neuman suggested subjects related to sensors,
such as in his own work—neonatology. Joon B. Park has
written extensively on biomaterials and suggested related
subjects. Edward S. Sternick provided many suggestions
from medical physics. The Editorial Board was instrumen-
tal both in defining the list of subjects and in suggesting
authors.

This second edition brings the field up to date. It is
available on the web at http://www.mrw.interscience.wiley.
com/emdi, where articles can be searched simultaneously to
provide rapid and comprehensive information on all aspects
of medical devices and instrumentation.

JOHN G. WEBSTER
University of Wisconsin, Madison
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Gamma amino buteric acid

Glycosaminoglycan

Gas-bearing electrodynamometer

GC
GDT
GFR
GHb
GI
GLC
GMV
GNP
GPC
GPH
GPH-EW
GPO
GSC
GSR
GSWD
HA
HAM
Hb
HBE
HBO
HC
HCA
HCFA
HCL
hep
HCP
HDPE
HECS
HEMS

HEPA
HES
HETP
HF
HFCWO
HFER
HFJV
HFO
HFOV
HFPPV

HFV
HHS

HIBC
HIMA

HIP
HIS
HK
HL
HMBA
HMO
HMWPE
HOL
HP
HpD
HPLC
HPNS
HPS
HPX

Gas chromatography; Guanine-cytosine

Gas discharge tube

Glomerular filtration rate

Glycosylated hemoglobin

Gastrointestinal

Gas-liquid chromatography

General minimum variance

Gross national product

Giant papillary conjunctivitis

Gas-permeable hard

Gas-permeable hard lens extended wear

Government Printing Office

Gas-solid chromatography

Galvanic skin response

Generalized spike-wave discharge

Hydroxyapatite

Helical axis of motion

Hemoglobin

His bundle electrogram

Hyperbaric oxygenation

Head circumference

Hypothermic circulatory arrest

Health care financing administration

Harvard Cyclotron Laboratory

Hexagonal close-packed

Half cell potential

High density polyethylene

Hospital Equipment Control System

Hospital Engineering Management
System

High efficiency particulate air filter

Hydroxyethylstarch

Height equivalent to a theoretical plate

High-frequency; Heating factor

High-frequency chest wall oscillation

High-frequency electromagnetic radiation

High-frequency jet ventilation

High-frequency oscillator

High-frequency oscillatory ventilation

High-frequency positive pressure
ventilation

High-frequency ventilation

Department of Health and Human
Services

Health industry bar code

Health Industry Manufacturers
Association

Hydrostatic indifference point

Hospital information system

Hexokinase

Hearing level

Hexamethylene bisacetamide

Health maintenance organization

High-molecular-weight polyethylene

Higher-order languages

Heating factor; His-Purkinje

Hematoporphyrin derivative

High-performance liquid chromatography

High-pressure neurological syndrome

His-Purkinje system

High peroxidase activity



HR
HRNB

H/S
HSA
HSG
HTCA
HTLV
HU
HVL
HVR

IA

IABP
TAEA
TAIMS

IASP

IC
ICCE
ICD
ICDA
ICL
ICP

ICPA
ICRP

ICRU

ICU
ID
IDDM
IDE
IDI
LE
IEC

IEEE

IEP
BETS
IF
IFIP

IFMBE

IGFET
IgG
IgM
IHP
IHSS
II
IITES

IM
IMFET

Heart rate; High-resolution

Halstead-Reitan Neuropsychological
Battery

Hard/soft

Human serum albumin

Hysterosalpingogram

Human tumor cloning assay

Human T cell lymphotrophic virus

Heat unit; Houndsfield units; Hydroxyurea

Half value layer

Hypoxic ventilatory response

Half-value thickness

Image intensifier assembly; Inominate
artery

Intraaortic balloon pumping

International Atomic Energy Agency

Integrated Academic Information
Management System

International Association for the Study
of Pain

Inspiratory capacity; Integrated circuit

Intracapsular cataract extraction

Intracervical device

International classification of diagnoses

Ms-clip lens

Inductively coupled plasma;
Intracranial pressure

Intracranial pressure amplitude

International Commission on
Radiological Protection

International Commission on Radiological
Units and Measurements

Intensive care unit

Inside diameter

Insulin dependent diabetes mellitus

Investigational device exemption

Index of inspired gas distribution

Inspiratory: expiratory

International Electrotechnical
Commission; Ion-exchange
chromatography

Institute of Electrical and Electronics
Engineers

Individual educational program

Inelastic electron tunneling spectroscopy

Immunofluorescent

International Federation for Information
Processing

International Federation for Medical and
Biological Engineering

Insulated-gate field-effect transistor

Immunoglobulin G

Immunoglobulin M

Inner Helmholtz plane

Idiopathic hypertrophic subaortic stenosis

Image intensifier

Image intensifier input-exposure
sensitivity

Intramuscular

Immunologically sensitive field-effect
transistor

IMIA

IMS
IMV
INF
IOL
IPC
IPD
IPG
IPI
IPPB
IPTS
IR
IRB
IRBBB
IRPA

IRRAS

IRRS
IRS
IRV
IS

ISC
ISDA
ISE
ISFET
ISIT
ISO

ISS
IT
ITEP

ITEPI

ITLC
IUD
v
IvC
IVP
JCAH

JND
JRP

Kerma
KO
KPM
KRPB
LA
LAD

LAE
LAK
LAL
LAN
LAP
LAT
LBBB
LC
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International Medical Informatics
Association

Information management system

Intermittent mandatory ventilation

Interferon

Intraocular lens

Ion-pair chromatography

Intermittent peritoneal dialysis

Impedance plethysmography

Interpulse interval

Intermittent positive pressure breathing

International practical temperature scale

Polyisoprene rubber

Institutional Review Board

Incomplete right bundle branch block

International Radiation Protection
Association

Infrared reflection-absorption
spectroscopy

Infrared reflection spectroscopy

Internal reflection spectroscopy

Inspiratory reserve capacity

Image size; Ion-selective

Infant skin servo control

Instantaneous screw displacement axis

Ion-selective electrode

Ton-sensitive field effect transistor

Intensified silicon-intensified target tube

International Organization for
Standardization

Ton scattering spectroscopy

Intrathecal

Institute of Theoretical and Experimental
Physics

Instantaneous trailing edge pulse
impedance

Instant thin-layer chromatography

Intrauterine device

Intravenous

Inferior vena cava

Intraventricular pressure

Joint Commission on the Accreditation
of Hospitals

Just noticeable difference

Joint replacement prosthesis

Kent bundle

Kinetic energy released in unit mass

Knee orthosis

Kilopond meter

Krebs-Ringer physiological buffer

Left arm; Left atrium

Left anterior descending; Left axis
deviation

Left atrial enlargement

Lymphokine activated killer

Limulus amoebocyte lysate

Local area network

Left atrial pressure

Left anterior temporalis

Left bundle branch block

Left carotid; Liquid chromatography
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LCC
LCD
LDA
LDF
LDH
LDPE
LEBS
LED
LEED
LES
LESP
LET
LF
LH
LHT
LL
LLDPE
LLPC
LLW
LM
LNNB

LOS
LP
LPA
LPC
LPT
LPV
LRP
LS
LSC
LSI
LSV

LTI
LUC
LV
LVAD
LVDT
LVEP
LVET
LVH
LYMPH
MAA
MAC
MAN
MAP

MAST
MBA
MBV
MBX
MCA
MCG
MCI
MCMI
MCT
MCV
MDC
MDI
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Left coronary cusp

Liquid crystal display

Laser Doppler anemometry

Laser Doppler flowmetry

Lactate dehydrogenase

Low density polyethylene

Low-energy brief stimulus

Light-emitting diode

Low energy electron diffraction

Lower esophageal sphincter

Lower esophageal sphincter pressure

Linear energy transfer

Low frequency

Luteinizing hormone

Local hyperthermia

Left leg

Linear low density polyethylene

Liquid-liquid partition chromatography

Low-level waste

Left masseter

Luria-Nebraska Neuropsychological
Battery

Length of stay

Late potential; Lumboperitoneal

Left pulmonary artery

Linear predictive coding

Left posterior temporalis

Left pulmonary veins

Late receptor potential

Left subclavian

Liquid-solid adsorption chromatography

Large scale integrated

Low-amplitude shear-wave
viscoelastometry

Low temperature isotropic

Large unstained cells

Left ventricle

Left ventricular assist device

Linear variable differential transformer

Left ventricular ejection period

Left ventricular ejection time

Left ventricular hypertrophy

Lymphocyte

Macroaggregated albumin

Minimal auditory capabilities

Manubrium

Mean airway pressure; Mean arterial
pressure

Military assistance to safety and traffic

Monoclonal antibody

Maximum breathing ventilation

Monitoring branch exchange

Methyl cryanoacrylate

Magnetocardiogram

Motion Control Incorporated

Millon Clinical Multiaxial Inventory

Microcatheter transducer

Mean corpuscular volume

Medical diagnostic categories

Diphenylmethane diisocyanate;
Medical Database Informatics

MDP
MDR
MDS
ME
MED
MEDPAR
MEFV
MEG
MeSH
METS
MF
MFP
MGH
MHV
MI
MIC
MIFR
MINET
MIR
MIS

MIT
MIT/BIH

MMA
MMA
MMECT
MMFR
mm Hg
MMPI

MMSE
MO
MONO
MOSFET

MP
MPD
MR
MRG
MRI
MRS
MRT
MS
MSR
MTBF
MTF
MTTR
MTX
MUA
MUAP
MUAPT
MUMPI

MUMPS

MV
MVO,
MVTR
MVV
MW

Mean diastolic aortic pressure

Medical device reporting

Multidimensional scaling

Myoelectric

Minimum erythema dose

Medicare provider analysis and review

Maximal expiratory flow volume

Magnetoencephalography

Medline subject heading

Metabolic equivalents

Melamine-formaldehyde

Magnetic field potential

Massachusetts General Hospital

Magnetic heart vector

Myocardial infarction

Minimum inhibitory concentration

Maximum inspiratory flow rate

Medical Information Network

Mercury-in-rubber

Medical information system;
Metal-insulator-semiconductor

Massachusetts Institute of Technology

Massachusetts Institute of Technology/
Beth Israel Hospital

Manual metal arc welding

Methyl methacrylate

Multiple-monitored ECT

Maximum midexpiratory flow rate

Millimeters of mercury

Minnesota Multiphasic Personality
Inventory

Minimum mean square error

Membrane oxygenation

Monocyte

Metal oxide silicon field-effect
transistor

Mercaptopurine; Metacarpal-phalangeal

Maximal permissible dose

Magnetic resonance

Magnetoretinogram

Magnetic resonance imaging

Magnetic resonance spectroscopy

Mean residence time

Mild steel; Multiple sclerosis

Magnetically shielded room

Mean time between failure

Modulation transfer function

Mean time to repair

Methotroxate

Motor unit activity

Motor unit action potential

Motor unit action potential train

Missouri University Multi-Plane
Imager

Massachusetts General Hospital utility
multiuser programming system

Mitral valve

Maximal oxygen uptake

Moisture vapor transmission rate

Maximum voluntary ventilation

Molecular weight



NAA
NAD
NADH

NADP

NAF
NARM

NBB
NBD
N-BPC
NBS
NCC
NCCLS

NCRP
NCT
NEEP
NEMA

NEMR
NEQ
NET
NEUT
NFPA
NH
NHE
NHLBI
NIR
NIRS
NK
NMJ
NMOS
NMR
NMS
NPH
NPL
NR
NRC
NRZ
NTC
NTIS

NYHA
ob/gyn
OCR

oCcv
OD

ODC
oDT
ODU
OER
OFD

OHL
OHP
OIH

Neutron activation analysis

Nicotinamide adenine dinucleotide

Nicotinamide adenine dinucleotide,
reduced form

Nicotinamide adenine dinucleotide
phosphate

Neutrophil activating factor

Naturally occurring and accelerator-
produced radioactive materials

Normal buffer base

Neuromuscular blocking drugs

Normal bonded phase chromatography

National Bureau of Standards

Noncoronary cusp

National Committee for Clinical
Laboratory Standards; National
Committee on Clinical Laboratory
Standards

National Council on Radiation Protection

Neutron capture theory

Negative end-expiratory pressure

National Electrical Manufacturers
Association

Nonionizing electromagnetic radiation

Noise equivalent quanta

Norethisterone

Neutrophil

National Fire Protection Association

Neonatal hepatitis

Normal hydrogen electrode

National Heart, Lung, and Blood Institute

Nonionizing radiation

National Institute for Radiologic Science

Natural killer

Neuromuscular junction

N-type metal oxide silicon

Nuclear magnetic resonance

Neuromuscular stimulation

Normal pressure hydrocephalus

National Physical Laboratory

Natural rubber

Nuclear Regulatory Commission

Non-return-to-zero

Negative temperature coefficient

National Technical Information Service

Neutrons versus time

New York Heart Association

Obstetrics and gynecology

Off-center ratio; Optical character
recognition

Open circuit voltage

Optical density; Outside diameter

Oxyhemoglobin dissociation curve

Oxygen delivery truck

Optical density unit

Oxygen enhancement ratio

Object to film distance; Occiputo-frontal
diameter

Outer Helmholtz layer

Outer Helmholtz plane

Orthoiodohippurate

OoPG
OR
(O}
OoTC
ov
PA

PACS

PAD
PAM
PAN
PAP
PAR
PARFR

PARR
PAS
PASG
PBI
PBL
PBT
PC

PCA

PCG
PCI
PCL

PCR
PCRC
PCS
PCT
PCWP
PD

PDD

PDE
p.d.f.
PDL
PDM
PDMSX
PDS

PE
PEEP
PEFR
PEN
PEP
PEPPER

PET

PEU
PF
PFA
PFC
PFT
PG
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Ocular pneumoplethysmography

Operating room

Object of known size; Operating system

Over the counter

Offset voltage

Posterioanterior; Pulmonary artery;
Pulse amplitude

Picture archiving and communications
systems

Primary afferent depolarization

Pulse amplitude modulation

Polyacrylonitrile

Pulmonary artery pressure

Photoactivation ratio

Program for Applied Research on
Fertility Regulation

Poetanesthesia recovery room

Photoacoustic spectroscopy

Pneumatic antishock garment

Penile brachial index

Positive beam limitation

Polybutylene terephthalate

Paper chromatography; Personal
computer; Polycarbonate

Patient controlled analgesia; Principal
components factor analysis

Phonocardiogram

Physiological cost index

Polycaprolactone; Posterior chamber
lens

Percent regurgitation

Perinatal Clinical Research Center

Patient care system

Porphyria cutanea tarda

Pulmonary capillary wedge pressure

Peritoneal dialysis; Poly-p-dioxanone;
Potential difference; Proportional and
derivative

Percent depth dose; Perinatal Data
Directory

Pregelled disposable electrodes

Probability density function

Periodontal ligament

Pulse duration modulation

Polydimethyl siloxane

Polydioxanone

Polyethylene

Positive end-expiratory pressure

Peak expiratory now rate

Parenteral and enteral nutrition

Preegjection period

Programs examine phonetic find
phonological evaluation records

Polyethylene terephthalate;
Positron-emission tomography

Polyetherurethane

Platelet factor

Phosphonoformic add

Petrofluorochemical

Pulmonary function testing

Polyglycolide; Propylene glycol
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PGA
PHA

PHEMA
PI
PID

PIP

PL
PLA
PLATO

PLD
PLED
PLT
PM

PMA
p.m.f.
PMMA
PMOS
PMP

PMT
PO
P02
POBT
POM
POMC

POPRAS
PP

PPA
PPF
PPM
PPSFH

PR
PRBS
PRP
PRO
PROM
PS
PSA
PSF
PSI
PSP
PSR
PSS
PT
PTB
PTC

PTCA
PTFE

PTT
PUL
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Polyglycolic add

Phytohemagglutinin; Pulse-height
analyzer

Poly-2-hydroxyethyl methacrylate

Propidium iodide

Pelvic inflammatory disease;
Proportional/integral/derivative

Peak inspiratory pressure

Posterior leaflet

Polylactic acid

Program Logic for Automated Teaching
Operations

Potentially lethal damage

Periodic latoralized epileptiform discharge

Platelet

Papillary muscles; Preventive
maintenance

Polymethyl acrylate

Probability mass function

Polymethyl methacrylate

P-type metal oxide silicon

Patient management problem,;
Poly(4-methylpentane)

Photomultiplier tube

Per os

Partial pressure of oxygen

Polyoxybutylene terephthalate

Polyoxymethylene

Patient order management and
communication system

Problem Oriented Perinatal Risk
Assessment System

Perfusion pressure; Polyproplyene;
Postprandial (after meals)

Phonemic process analysis

Plasma protein fraction

Pulse position modulation

Polymerized phyridoxalated stroma-free
hemoglobin

Pattern recognition; Pulse rate

Pseudo-random binary signals

Pulse repetition frequency

Professional review organization

Programmable read only memory

Polystyrene

Pressure-sensitive adhesive

Point spread function

Primary skin irritation

Postsynaptic potential

Proton spin resonance

Progressive systemic sclerosis

Plasma thromboplastin

Patellar tendon bearing orthosis

Plasma thromboplastin component;
Positive temperature coefficient;
Pressurized personal transfer capsule

Percutaneous transluminal coronary
angioplasty

Polytetrafluoroethylene

Partial thromboplastin time

Percutaneous ultrasonic lithotripsy

PURA
PUVA

PV
PVC

PVI
PW

PXE

RB
RBBB
RBC
RBE
RBF
RBI
RCBD
rCBF
RCC
RCE
R&D
r.e.
RE
REM

REMATE

RES
RESNA

RF

RFI
RFP
RFQ
RH
RHE
RIA
RM
RMR
RMS
RN
RNCA
ROI
ROM
RP
RPA
RPP
RPT
RPV

RQ

Prolonged ultraviolet-A radiation

Psoralens and longwave ultraviolet light
photochemotherapy

Pressure/volume

Polyvinyl chloride; Premature ventricular
contraction

Pressure—volume index

Pulse wave; Pulse width

Pulse width modulation

Pseudo-xanthoma elasticum

Quality assurance

Quality control

Reverse bonded phase chromatography

Radiopaque-spherical

Respiratory amplitude; Right arm

Right axis deviation

Right atrial enlargement

Random access memory

Right atrial pressure

Right anterior temporalis

Right bundle

Right bundle branch block

Red blood cell

Relative biologic effectiveness

Rose bengal fecal excretion

Resting baseline impedance

Randomized complete block diagram

Regional cerebral blood flow

Right coronary cusp

Resistive contact electrode

Research and development

Random experiment

Reference electrode

Rapid eye movement; Return electrode
monitor

Remote access and telecommunication
system

Reticuloendothelial system

Rehabilitation Engineering Society of
North America

Radio frequency; Radiographic-
nuoroscopic

Radio-frequency interference

Request for proposal

Request for quotation

Relative humidity

Reversible hydrogen electrode

Radioimmunoassay

Repetition maximum; Right masseter

Resting metabolic rate

Root mean square

Radionuclide

Radionuclide cineagiogram

Regions of interest

Range of motion; Read only memory

Retinitis pigmentosa

Right pulmonary artery

Rate pressure product

Rapid pull-through technique

Right pulmonary veins

Respiratory quotient



RR
RRT

RT
RTD
RIT
r.v.
RV
RVH
RVOT
RZ

SA
SACH
SAD

SAINT

SAL

SALT

SAMI

SAP
SAR
SARA

SBE
SBR
SC
SCAP
SCE

SCI
SCRAD
SCS
SCUBA

SD
SDA
SDS
S&E
SE
SEC
SEM

SEP
SEXAFS

SF
SFD
SFH
SFTR
SG
SGF
SGG
SGOT
SGP

SHE
SI

Recovery room

Recovery room time; Right posterior
temporalis

Reaction time

Resistance temperature device

Revised token test

Random variable

Residual volume; Right ventricle

Right ventricular hypertrophy

Right ventricular outflow tract

Return-to-zero

Sinoatrial; Specific absorption

Solid-ankle-cushion-heel

Source-axis distance; Statistical
Analysis System

System analysis of integrated network
of tasks

Sterility assurance level; Surface
averaged lead

Systematic analysis of language
transcripts

Socially acceptable monitoring
instrument

Systemic arterial pressure

Scatter-air ratio; Specific absorption rate

System for anesthetic and respiratory
gas analysis

Subbacterial endocarditis

Styrene-butadiene rubbers

Stratum corneum; Subcommittees

Right scapula

Saturated calomel electrode; Sister
chromatid exchange

Spinal cord injury

Sub-Committee on Radiation Dosimetry

Spinal cord stimulation

Self-contained underwater breathing
apparatus

Standard deviation

Stepwise discriminant analysis

Sodium dodecyl sulfate

Safety and effectiveness

Standard error

Size exclusion chromatography

Scanning electron microscope; Standard
error of the mean

Somatosensory evoked potential

Surface extended X-ray absorption
fine structure

Surviving fraction

Source-film distance

Stroma-free hemoglobin

Sagittal frontal transverse rotational

Silica gel

Silica gel fraction

Spark gap generator

Serum glutamic oxaloacetic transaminase

Strain gage plethysmography;
Stress-generated potential

Standard hydrogen electrode

Le Systéme International d’Unités

SEBS
SID
SIMFU

SIMS

SISI
SL
SLD
SLE
SMA
SMAC

SMR
S/N
S:N/D
SNP
SNR
SOA
SOAP
SOBP
SP
SPECT

SPL
SPRINT
SPRT

SPSS
SQUID

SQV
SR
SRT
SS
SSB
SSD

SSE
SSEP
SSG
SSP
SSS
STD
STI
STP
STPD
SV
SvC
SW
TAA
TAC
TAD
TAG
TAH
TAR
TC
TCA
TCD
TCES
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Surgical isolation barrier system

Source to image reception distance

Scanned intensity modulated focused
ultrasound

Secondary ion mass spectroscopy; System
for isometric muscle strength

Short increment sensitivity index

Surgical lithotomy

Sublethal damage

Systemic lupus erythemotodes

Sequential multiple analyzer

Sequential multiple analyzer with
computer

Sensorimotor

Signal-to-noise

Signal-to-noise ratio per unit dose

Sodium nitroprusside

Signal-to-noise ratio

Sources of artifact

Subjective, objective, assessment, plan

Spread-out Bragg peak

Skin potential

Single photon emission computed
tomography

Sound pressure level

Single photon ring tomograph

Standard platinum resistance
thermometer

Statistical Package for the Social Sciences

Superconducting quantum interference
device

Square wave voltammetry

Polysulfide rubbers

Speech reception threshold

Stainless steel

Single strand breaks

Source-to-skin distance; Source-to-surface
distance

Stainless steel electrode

Somatosensory evoked potential

Solid state generator

Skin stretch potential

Sick sinus syndrome

Source-tray distance

Systolic time intervals

Standard temperature and pressure

Standard temperature pressure dry

Stroke volume

Superior vena cava

Standing wave

Tumor-associated antigens

Time-averaged concentration

Transverse abdominal diameter

Technical Advisory Group

Total artificial heart

Tissue-air ratio

Technical Committees

Tricarboxylic acid cycle

Thermal conductivity detector

Transcutaneous cranial electrical
stimulation
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TCP
TDD

TDM
TE
TEAM

TEM

TENS

TEP
TEPA
TF

TFE

TI
TICCIT

TLC

TLD
TMJ
TMR

TNF
TOF
TP
TPC
TPD
TPG
TPN
TR
tRNA
TSH
TSS
TTD
TTI
TTR
TTV
TTY
TUR
TURP

vV
TVER
™
TxB 2
TZ
UES
UpP
UfIS
UHMW
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Tricalcium phosphate

Telecommunication devices for the
deaf

Therapeutic drug monitoring

Test electrode; Thermoplastic elastomers

Technology evaluation and acquisition
methods

Transmission electron microscope;
Transverse electric and magnetic mode;
Transverse electromagnetic mode

Transcutaneous electrical nerve
stimulation

Tracheoesophageal puncture

Triethylenepho-sphoramide

Transmission factor

Tetrafluorethylene

Totally implantable

Time-shared Interaction Computer-
Controlled Information Television

Thin-layer chromatography; Total
lung capacity

Thermoluminescent dosimetry

Temporomandibular joint

Tissue maximum ratio; Topical
magnetic resonance

Tumor necrosis factor

Train-of-four

Thermal performance

Temperature pressure correction

Triphasic dissociation

Transvalvular pressure gradient

Total parenteral nutrition

Temperature rise

Transfer RNA

Thyroid stimulating hormone

Toxic shock syndrome

Telephone devices for the deaf

Tension time index

Transition temperature range

Trimming tip version

Teletypewriter

Transurethral resection

Transurethral resections of the
prostrate

Television; Tidal volume; Tricuspid valve

Transscleral visual evoked response

Traveling wave

Thrombozame B2

Transformation zone

Upper esophageal sphincter

Urea-formaldehyde

University Hospital Information System

Ultra high molecular weight

UHMWPE
UL
ULF
ULTI
UMN
Uuo
UPTD
UR
Us
USNC
USP
UTS
uv
UVR
V/F
VA
VAS
VBA
vC
VCO
VDT
VECG
VEP
VF
VOP
VP
VPA
VPB
VPR
VSD
VSWR
VT
VTG
VTS
Vv
WAIS-R

WAK
WAML
WBAR
WBC
WG
WHO

WLF
WMR
w/o
WORM
WPW
XPS
XR
YAG
ZPL

Ultra high molecular weight polyethylene

Underwriters Laboratory

Ultralow frequency

Ultralow temperature isotropic

Upper motor neuron

Urinary output

Unit pulmonary oxygen toxicity doses

Unconditioned response

Ultrasound; Unconditioned stimulus

United States National Committee

United States Pharmacopeia

Ultimate tensile strength

Ultraviolet; Umbilical vessel

Ultraviolet radiation

Voltage-to-frequency

Veterans Administration

Visual analog scale

Vaginal blood volume in arousal

Vital capacity

Voltage-controlled oscillator

Video display terminal

Vectorelectrocardiography

Visually evoked potential

Ventricular fibrillation

Venous occlusion plethysmography

Ventriculoperitoneal

Vaginal pressure pulse in arousal

Ventricular premature beat

Volume pressure response

Ventricular septal defect

Voltage standing wave ratio

Ventricular tachycardia

Vacuum tube generator

Viewscan text system

Variable version

Weschler Adult Intelligence
Scale-Revised

Wearable artificial kidney

Wide-angle mobility light

Whole-body autoradiography

White blood cell

Working Groups

World Health Organization; Wrist hand
orthosis

Williams-Landel-Ferry

Work metabolic rate

Weight percent

Write once, read many

Wolff-Parkinson-White

X-ray photon spectroscopy

Xeroradiograph

Yttrium aluminum garnet

Zero pressure level



CONVERSION FACTORS AND UNIT SYMBOLS

SI UNITS (ADOPTED 1960)

A new system of metric measurement, the International System of Units (abbreviated SI), is being implemented throughout

the world. This system is a modernized version of the MKSA (meter, kilogram, second, ampere) system, and its details are

published and controlled by an international treaty organization (The International Bureau of Weights and Measures).
SI units are divided into three classes:

Base Units

length meter’ (m)
masst kilogram (kg)
time second (s)
electric current ampere (A)
thermodynamic temperature$ kelvin (K)
amount of substance mole (mol)
luminous intensity candela (cd)

Supplementary Units
plane angle radian (rad)
solid angle steradian (sr)

Derived Units and Other Acceptable Units

These units are formed by combining base units, supplementary units, and other derived units. Those derived units having
special names and symbols are marked with an asterisk (*) in the list below:

Quantity Unit Symbol Acceptable equivalent
“absorbed dose gray Gy J/kg
acceleration meter per second squared m/s?
“activity (of ionizing radiation source) becquerel Bq 1/s
area square kilometer km?
square hectometer hm? ha (hectare)
square meter m?

"The spellings “metre” and “litre” are preferred by American Society for Testing and Materials (ASTM); however, “—er” will be
used in the Encyclopedia.

#Weight” is the commonly used term for “mass.”

§Wide use is made of “Celsius temperature” (¢) defined ¢ = T' — Ty where T is the thermodynamic temperature, expressed in
kelvins, and T = 273.15K by definition. A temperature interval may be expressed in degrees Celsius as well as in kelvins.

XXxi



CONVERSION FACTORS AND UNIT SYMBOLS

Quantity

equivalent

“capacitance

concentration (of amount of substance)

“conductance

current density

density, mass density

dipole moment (quantity)

“electric charge, quantity of electricity

electric charge density

electric field strength

electric flux density

“electric potential, potential difference,
electromotive force

“electric resistance

“energy, work, quantity of heat

energy density
“force

“frequency

heat capacity, entropy
heat capacity (specific), specific entropy
heat transfer coefficient

“illuminance

“inductance

linear density

luminance

“luminous flux

magnetic field strength

“magnetic flux

“magnetic flux density

molar energy

molar entropy, molar heat capacity
moment of force, torque
momentum

permeability

permittivity

“power, heat flow rate, radiant flux

power density, heat flux density,
irradiance

.

pressure, stress

sound level

specific energy
specific volume
surface tension
thermal conductivity
velocity

viscosity, dynamic

"This non-SI unit is recognized as having to be retained because of practical importance or use in specialized fields.

Unit

farad

mole per cubic meter
siemens

ampere per square meter
kilogram per cubic meter
coulomb meter

coulomb

coulomb per cubic meter
volt per meter

coulomb per square meter

volt

ohm

megajoule

kilojoule

joule

electron volt'

kilowatt hour!

joule per cubic meter

kilonewton

newton

megahertz

hertz

joule per kelvin

joule per kilogram kelvin

watt per square meter
kelvin

lux

henry

kilogram per meter

candela per square meter

lumen

ampere per meter

weber

tesla

joule per mole

joule per mole kelvin

newton meter

kilogram meter per second

henry per meter

farad per meter

kilowatt

watt

watt per square meter
megapascal

kilopascal

pascal

decibel

joule per kilogram
cubic meter per kilogram
newton per meter
watt per meter kelvin
meter per second
kilometer per hour
pascal second
millipascal second

C/m?

A%

Q

MJ

kJ

J

eV'
kW-h'
J/m3
kN

N

MHz
Hz

J/K
J/(kg-K)
W/(m?K)

Ix

H
kg/m
cd/m?
Im
A/m
Wb

T
J/mol
J/(mol-K)
N-m
kg:m/s
H/m
F/m
kW

W

W/m?
MPa
kPa
Pa

dB
J/kg
m®/kg
N/m
W/(m-K)
m/s
km/h
Pas
mPa-s

Acceptable
CvV

AN

g/L; mg/cm?

As

W/A
V/A

kg-m/s?

1/s

lm/m?
Whb/A

cd-sr

Vs
Wh/m?

J/s

N/m?
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Quantity Unit Symbol Acceptable equivalent
viscosity, kinematic square meter per second m?%/s
square millimeter per second mm?/s
cubic meter m?
cubic decimeter dm? L(liter)
cubic centimeter cm? mL
wave number 1 per meter m™?
1 per centimeter em™!
In addition, there are 16 prefixes used to indicate order of magnitude, as follows:
Multiplication factor Prefix Symbol Note
1018 exa E
1015 peta P
1012 tera T
10° giga G
108 mega M
10° kilo k
102 hecto h* “Although hecto, deka, deci, and centi are
10 deka da“” SI prefixes, their use should be avoided
107! deci d“ except for SI unit-multiples for area and
1072 centi c? volume and nontechnical use of
1073 milli m centimeter, as for body and clothing
1078 micro u measurement.
107° nano n
10712 pico p
10°1° femto f
10718 atto a

For a complete description of SI and its use the reader is referred to ASTM E 380.

CONVERSION FACTORS TO SI UNITS

A representative list of conversion factors from non-SI to SI units is presented herewith. Factors are given to four significant
figures. Exact relationships are followed by a dagger (). A more complete list is given in ASTM E 380-76 and ANSI Z210.

1-1976.

To convert from

acre

angstrom

are

astronomical unit
atmosphere

bar

barrel (42 U.S. liquid gallons)
Btu (International Table)
Btu (mean)

Bt (thermochemical)

bushel

calorie (International Table)
calorie (mean)

calorie (thermochemical)
centimeters of water (39.2 °F)
centipoise

centistokes

To

square meter (m?)
meter (m)

square meter (m?)
meter (m)

pascal (Pa)

pascal (Pa)

cubic meter (m?)
joule (J)

joule (J)

joule (J)

cubic meter (m®)
joule (J)

joule (J)

joule (J)

pascal (Pa)

pascal second (Pa-s)
square millimeter per second (mm?/s)

Multiply by
4.047 x 103
1.0 x 1010t
1.0 x 102
1.496 x 101!
1.013 x 105
1.0 x 105
0.1590
1.055 x 103
1.056 x 103
1.054 x 103
3.524 x 1072
4.187

4.190
4.184%
98.07

1.0 x 1073
1.0f
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To convert from

cfm (cubic foot per minute)
cubic inch

cubic foot

cubic yard

curie

debye

degree (angle)

denier (international)

dram (apothecaries’)
dram (avoirdupois)
dram (U.S. fluid)

dyne

dyne/cm

electron volt

erg

fathom

fluid ounce (U.S.)

foot

foot-pound force
foot-pound force
foot-pound force per second
footcandle

furlong

gal

gallon (U.S. dry)
gallon (U.S. liquid)
gilbert

gill (U.S.)

grad

grain

gram force per denier
hectare

horsepower (550 ft-1bf/s)
horsepower (boiler)
horsepower (electric)
hundredweight (long)
hundredweight (short)
inch

inch of mercury (32 °F)
inch of water (39.2 °F)
kilogram force
kilopond
kilopond-meter
kilopond-meter per second
kilopond-meter per min
kilowatt hour

kip

knot international
lambert

league (British nautical)
league (statute)

light year

liter (for fluids only)
maxwell

micron

mil

mile (U.S. nautical)
mile (statute)

mile per hour

To

cubic meter per second (m?/s)
cubic meter (m®)

cubic meter (m®)

cubic meter (m?)
becquerel (Bq)
coulomb-meter (C-m)
radian (rad)

kilogram per meter (kg/m)
tex

kilogram (kg)
kilogram (kg)

cubic meter (m®)
newton(N)

newton per meter (N/m)
joule (J)

joule (J)

meter (m)

cubic meter (m®)
meter (m)

joule (J)

newton meter (N-m)
watt(W)

lux (Ix)

meter (m)

meter per second squared (m/s?)
cubic meter (m®)

cubic meter (m®)
ampere (A)

cubic meter (m®)
radian

kilogram (kg)

newton per tex (N/tex)
square meter (m?)
watt(W)

watt(W)

watt(W)

kilogram (kg)
kilogram (kg)

meter (m)

pascal (Pa)

pascal (Pa)

newton (N)

newton (N)
newton-meter (N-m)
watt (W)

watt(W)

megajoule (MdJ)
newton (N)

meter per second (m/s)
candela per square meter (cd/m?)
meter (m)

meter (m)

meter (m)

cubic meter (m®)
weber (Wb)

meter (m)

meter (m)

meter (m)

meter (m)

meter per second (m/s)

Multiply by
472 x 1074
1.639 x 104
2.832 x 1072
0.7646

3.70 x 1010t
3.336 x 10730
1.745 x 102
1.111 x 1077
0.1111
3.888 x 1073
1.772 x 1073
3.697 x 107©
1.0 x 1076
1.00 x 1073t
1.602 x 10719
1.0 x 10°7
1.829

2.957 x 1075
0.3048"
1.356

1.356

1.356

10.76

2.012 x 102
1.0 x 1072
4.405 x 103
3.785 x 1073
0.7958
1.183 x 10~
1.571 x 102
6.480 x 1075
8.826 x 102
1.0 x 10*
7.457 x 102
9.810 x 103
7.46 x 102t
50.80

45.36

2.54 x 102
3.386 x 103
2.491 x 102
9.807

9.807

9.807

9.807
0.1635

3.6

4.448 x 102
0.5144
3.183 x 103
5.559 x 102
4.828 x 103
9.461 x 1015
1.0 x 1073
1.0 x 1078
1.0 x 106t
2.54 x 105t
1.852 x 103t
1.609 x 103
0.4470



To convert from

millibar

millimeter of mercury (0°C)
millimeter of water (39.2 °F)
minute (angular)
myriagram

myriameter

oersted

ounce (avoirdupois)
ounce (troy)

ounce (U.S. fluid)
ounce-force

peck (U.S.)

pennyweight

pint (U.S. dry)

pint (U.S. liquid)

poise (absolute viscosity)
pound (avoirdupois)
pound (troy)

poundal

pound-force

pound per square inch (psi)
quart (U.S. dry)

quart (U.S. liquid)
quintal

rad

rod

roentgen

second (angle)

section

slug

spherical candle power
square inch

square foot

square mile

square yard

store

stokes (kinematic viscosity)
tex

ton (long, 2240 pounds)
ton (metric)

ton (short, 2000 pounds)
torr

unit pole

yard

CONVERSION FACTORS AND UNIT SYMBOLS

To

pascal (Pa)

pascal (Pa)

pascal (Pa)

radian

kilogram (kg)
kilometer (km)
ampere per meter (A/m)
kilogram (kg)
kilogram (kg)

cubic meter (m?)
newton (N)

cubic meter (m®)
kilogram (kg)

cubic meter (m®)
cubic meter (m®)
pascal second (Pa-s)
kilogram (kg)
kilogram (kg)
newton (N)

newton (N)

pascal (Pa)

cubic meter (m®)
cubic meter (m®)
kilogram (kg)

gray (Gy)

meter (m)

coulomb per kilogram (C/kg)
radian (rad)

square meter (m?)
kilogram (kg)
lumen (Im)

square meter (m?)
square meter (m?)
square meter (m?)
square meter (m?)
cubic meter (m®)
square meter per second (m?/s)
kilogram per meter (kg/m)
kilogram (kg)
kilogram (kg)
kilogram (kg)
pascal (Pa)

weber (Wb)

meter (m)

Multiply by
1.0 x 102
1.333 x 102t
9.807

2.909 x 104
10

10

79.58

2.835 x 1072
3.110 x 102
2.957 x 1075
0.2780
8.810 x 1073
1.555 x 1073
5.506 x 1074
4.732 x 1074
0.10f

0.4536
0.3732
0.1383
4.448

6.895 x 103
1.101 x 1073
9.464 x 1074
1.0 x 10%f
1.0 x 102
5.029

2.58 x 104
4.848 x 1078
2.590 x 108
14.59

12.57

6.452 x 1074
9.290 x 102
2.590 x 106
0.8361

1.0

1.0 x 10~#f
1.0 x 106t
1.016 x 103
1.0 x 103t
9.072 x 102
1.333 x 102
1.257 x 1077
0.9144"
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ECHOCARDIOGRAPHY AND DOPPLER
ECHOCARDIOGRAPHY
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University of Wisconsin Medical
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Madison, Wisconsin

INTRODUCTION

Echocardiography is a diagnostic technique that utilizes
ultrasound (high frequency sound waves above the audible
limit of 20 kHz) to produce an image of the beating heart in
real time. A piezoelectric transducer element is used to
emit short bursts of high frequency, low intensity sound
through the chest wall to the heart and then detect the
reflections of this sound as it returns from the heart. Since
movement patterns and shape changes of several regions of
the heart correlate with cardiac function and since changes
in these patterns consistently appear in several types of
cardiac disease, echocardiography has become a frequently
used method for evaluation of the heart. Echocardiography
has several advantages over other diagnostic tests of car-
diac function:

1. Tt is flexible and can be used with transducers placed
on the chest wall, inside oral cavities such as the
esophagus or stomach, or inside the heart and great
vessels.

2. It is painless.

3. It is a safe procedure that has no known harmful
biologic effects.

4. It is easily transported almost anywhere including
the bedside, operating room, cath lab, or emergency
department.

5. It may be repeated as frequently as necessary allow-
ing serial evaluation of a given disease process.

6. It produces an image instantaneously, which allows
rapid diagnosis in emergent situations.

The first echocardiogram was performed by Edler and
Hertz in 1953 (1) using a device that displayed reflected
ultrasound on a cathode ray tube. Since that time multiple
interrogation and display formats have been devised to dis-
play reflected ultrasound. The common display formats are

M-mode: A narrow beam of reflected sound is displayed
on a scrolling strip chart plotting depth versus time.
Only a small portion of the heart along one inter-
rogation line (“ice pick” view) is shown at any one
time.

Two-Dimensional Sector Scan (2D): A sector scan is
generated by sequential firing of a phased array
transducer along different lines of sight that are
swept through a 2D plane. The image (a narrow
plane in cross-section) is typically updated at a rate
of 15-200 Hz and shown on a video monitor, which
allows real time display of cardiac motion.

Three-Dimensional Imaging (3D): Image data from mul-
tiple 2D sector scans are acquired sequentially or in
real time and displayed in a spatial format in three
dimensions. If continuous data is displayed, time
becomes the fourth dimension. The display can be
shown as a loop that continuously repeats or on some
systems in real time. Software allows rotation and
“slicing” of the display.

Doppler: The Doppler effect is used to detect the rate
and direction of blood flowing in the chambers of the
heart and great vessels. Blood generally moves at a
higher velocity than the walls of cardiac structures
allowing motion of these structures to be filtered out.
Blood flow is displayed in four formats:

Continuous Wave Doppler (CW): A signal of continuous
frequency is directed into the heart while a receiver
(or array of receivers) continuously processes the
reflected signal. The difference between the two sig-
nals is processed and displayed showing direction
and velocity of blood flow. All blood velocities in the
line of sight of the Doppler beam are displayed.

Pulsed Wave Doppler (PW): Many bursts of sound are
transmitted into the heart and reflected signals from
a user defined depth are acquired and stored for each
burst. Using these reflected signals an estimate is
made of the velocities of blood or tissue encountered
by the burst of sound at the selected depth. The
velocity estimates are displayed similar to CW Dop-
pler. The user defined position in the heart that the
signal is obtained from stipulate the time of the
acquisition of the reflected signal relative to trans-
mission and length of the burst, respectively. The
difference between transmitted and reflected signal
frequencies is calculated, converted to velocity, and
displayed. By varying the time between transmission
and reception of the signal, selected velocities in
small parts of the heart are sampled for blood flow.

Duplex Scanning: The 2D echo is used to orient the
interrogator to the location of either the CW or PW
signal allowing rapid correlation of blood flow data
with cardiac anatomy. This is done by simultaneous
display of the Doppler positional range gate super-
imposed on the 2D image.

Color Doppler: Using a complex array of bursts of fre-
quency (pulsed packets) and multiple ultrasound
acquisitions down the same beam line, motion of
blood flow is estimated from a cross-correlation
among the various acquired reflected waves. The



2 ECHOCARDIOGRAPHY AND DOPPLER ECHOCARDIOGRAPHY

data is combined as an overlay onto the 2D sector
scan for anatomical orientation. Blood flow direction,
and an estimate of flow velocity are displayed simul-
taneously with 2D echocardiographic data for each
point in the sector.

CLINICAL FORMATS OF ULTRASOUND

Current generation ultrasound systems allow display of all
of the imaging formats discussed except 3D/4D imaging
that is still limited in availability to some high end systems.
Specialized transducers that emit and receive the ultra-
sound have been designed for various clinical indications.
Four common types of transducers are used (Fig. 1):

Transthoracic: By far the most common, this transducer
is placed on the surface of the chest and moved to
different locations to image different parts of the
heart or great vessels. All display formats are possi-
ble (Fig. 2).

Transesophageal: The transducer is designed to be
inserted through the patient’s mouth into the eso-
phagus and stomach. The ultrasound signal is direc-
ted at the heart from that location for specialized
exams. All display formats are possible.

Intracardiac: A small transducer is mounted on a cathe-
ter, inserted into a large vein and moved into the
heart. Imaging from within the heart is performed to
monitor specialized interventional therapy. Most dis-
play formats are available.

Intravascular: Miniature sized transducers are
mounted on small catheters and moved through
arteries to examine arterial pathology and the
results of selected interventions. Limited 2D display
formats are available some being radial rather than
sector based. The transducers run at very high fre-
quencies (20—-30 MHz).

Ultrasound systems vary considerably in size and
sophistication (Fig. 3). Full size systems, typically found
in hospitals display all imaging formats, accept all types of

Figure 1. Comparative view of commonly used ultrasound trans-
ducers: (a) intracardiac, (b) transesophageal, (c) transthoracic, and
(d) Pedof (special Doppler) transducer. A pencil is shown for size
reference.

Suprasternal

WStemal notch

Parasternal
Assume left side
unless otherwise stated

LAXX

SAXX

Apical
Assume left side
unless otherwise stated

Subcostal

(b)

Figure 2. (a) Phased array transducer used for transthoracic
imaging. The patient is shown, on left side, on exam table, typical
for a transthoracic study. The transducer is in the apical position.
(b) Diagram of the chest showing how the heart and great vessels
are positioned in the chest and the locations where transthoracic
transducers are placed on the chest wall. The four common posi-
tions for transducer placement are shown. The long axis (LAXX)
and short axis (SAXX) orientations of the heart are shown for
reference. These orientations form a reference for all of the views
obtained in a study. Abbreviations are as follows: aorta (Ao), left
atrium (LA), left ventricle (LV), pulmonary artery (PA), right
atrium (RA), and right ventricle (RV).



Figure 3. Picture showing various types of ultrasound systems.
At left a large “full-size” system is shown that can perform all types
of imaging. At center is a miniaturized system that has most of the
features of the full service system, but limited display, analysis
and recording formats are available. The smallest “hand-held”
system shown at right has basic features and is battery operated. It
is designed for rapid screening exams integrated into a clinical
assessment at the bedside, clinic, or emergency room.

transthoracic and transesophageal transducers, allow con-
siderable on line image processing and support consider-
able analytic capacity to quantify the image.

Small imaging systems accept many but not all trans-
ducers and produce virtually all display formats, but lack
the sophisticated array of image processing and analysis
capacity found on the full systems. These devices may be
used in ambulatory offices or other specialized circum-
stances requiring more basic image data. A full clinical
study is possible.

Portable hand-held battery operated devices are used in
limited circumstances, sometimes for screening exams or
limited studies. Typically transducers are limited, image
processing is rudimentary and analysis capacity very
limited.

PRINCIPLES OF ULTRASOUND
Prior to discussing the mechanism of image production

some common terms that govern the behavior of ultra-
sound in soft tissue should be defined. Since ultrasound is

Table 1. Ultrasonic Properties of Some Selected Tissues®
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propagated in waves, its behavior in a medium is defined by

*TF

where fis the wave frequency, \ is the wavelength, and c is
the acoustic velocity of ultrasound in the medium. The
acoustic velocity for most soft tissues is similar and
remains constant for a given tissue no matter what the
frequency or wavelength (Table 1). Thus in any tissue
frequency and wavelength are inversely related. As fre-
quency increases, wavelength decreases. As wavelength
decreases, the minimum distance between two structures,
that allows them to be characterized as two separate
structures, also decreases. This is called the spatial resolu-
tion of the instrument. One might conclude that very high
frequency should always be used to maximize resolution.
Unfortunately, as frequency increases, penetration of the
ultrasound signal into soft tissue decreases. This serves to
limit the frequency and, thus, the resolving power of an
ultrasonic system for any given application.

Sound waves are emitted in short bursts from the
transducer. As frequency rises, it takes less time to emit
the same number of waves per burst. Thus, more bursts of
sound can be emitted per unit of time, increasing the
spatial resolution of the instrument (Fig. 4). The optimal
image is generated by using a frequency that gives the
highest possible resolution and an adequate amount of
penetration. For transthoracic transducers expected to
penetrate up to 24 cm into the chest, typical frequencies
used are from 1.6 to 7.0 MHz. Most transducers are broad-
band in that they generate sound within an adjustable
range of frequency rather than at a single frequency.
Certain specialized transducers such as the intravascular
transducer may only need to penetrate 4 cm. They may
have a frequency of 30 MHz to maximize resolution of small
structures.

The term ultrasonic attenuation formally defines the
more qualitative concept of tissue penetration. It is a
complex parameter that is different for every tissue type
and is defined as the rate of decrease in wave amplitude per
distance penetrated at a given frequency. The two impor-
tant properties that define ultrasonic attenuation are
reflection and absorption of sound waves (2). Note in Table
1 that ultrasound easily passes through blood and soft
tissue, but poorly penetrates bone or air-filled lungs.

Acoustic impedance (z) is the product of acoustic velocity
(¢) and tissue density (p); thus this property is tissue
specific but frequency independent. This property is impor-
tant because it determines how much ultrasound is

Tissue Velocity of Propagation, 10° m-s~' Density, g- mL~! Acoustic Impedance, 10° rayl® Attenuation at 2.25 MHz, dB - cm ™!
Blood 1.56 1.06 1.62 0.57

Myocardium 1.54 1.07 1.67 3

Fat 1.48 0.92 1.35 1.7

Bone ~3—4 1.4-1.8 4-6 37

Lung (inflated) 0.7 0.4 0.26-0.46 62

“Adapted from Wilson D. A., Basic principles of ultrasound. In: Kraus R., editor.

This material is used by permission of John Wiley & Sons, Inc.
®1 rayl=1kgm2-s'.

The Practice of Echocardiography, New York: John Wiley & Sons; 1985, p 15.
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Low frequency pulse
[

High frequency pulse
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Figure 4. Upper panel Two depictions of an emitted pulse of
ultrasound. Time moves horizontally and amplitude moves verti-
cally. Note the high frequency pulse of three waves takes less time.
Lower panel Effect of pulse duration on resolution. One echo pulse
is delivered toward two reflectors and reflections are shown. In the
top panel, the reflectors are well separated from each other and
distinguished as two separate structures. In the middle panel,
pulse frequency and duration are unchanged, but the reflectors are
close together. The two returning reflections overlap, the instru-
ment will register the two reflectors as one structure. In the lower
panel the pulse frequency is increased, thus pulse duration is
shortened. The two objects are again separately resolved. (Rep-
rinted from Zagzebski JA Essentials of Ultrasound Physics.
St. Louis: Mosby-Year Book; copyright © 1996, p 28, with permis-
sion from Elsevier.)

reflected at an interface between two different types of
tissue (Table 1). When a short burst of ultrasound is
directed at the heart, portions of this energy are reflected
back to the receiver. It is these reflected waves that produce
the image of the heart. A very dense structure such
as calcified tissue has high impedance and is a strong
reflector.

There are two types of reflected waves: specular reflec-
tions and diffuse reflections (Fig. 5). Specular reflections
occur at the interface between two types of tissue. The
greater the difference in acoustic impedance between two
tissues, the greater the amount of specular reflection and
the lower the amount of energy that penetrates beyond the
interface. The interface between heart muscle and blood
produces a specular echo, as does the interface between a
heart valve and blood. Specular echoes are the primary

Specular Diffuse
reflection reflection
One direction Many directions
low amplitude
Scatterers

Figure 5. Upper panel Comparison between specular and diffuse
reflectors. Note the diffuse reflector is less angle dependent than
the specular reflector. Lower panel Example of combined reflec-
tions (shown at bottom of figure) returning from a structure, ty-
pical of reflections coming back from heart muscle. The large
amplitude specular echo corresponds to the border of the structure.
The interior of the structure produces low amplitude scattered
reflections. (Reprinted from Zagzebski JA, Essentials of Ultra-
sound Physics. St. Louis, Mosby-Year Book; copyright © 1996
p 12 with permission from Elsevier.)

echoes that are imaged by M-mode, 2D echo, and 3D echo
and thus primarily form an outline of the heart. Diffuse
reflected echoes are much weaker in energy. They are
produced by small irregular more weakly reflective objects
such as the myocardium itself. Scattered echoes “fill in the
details” between the specular echoes. With modern equip-
ment scattered echoes are processed and analyzed provid-
ing much more detail to tissue being examined.

Doppler echocardiography uses scattered echoes from
red blood cells for detecting blood flow. Blood cells are
Rayleigh scatterers since the diameter of the blood cells
are much smaller than the typical wavelength of sound
used to interrogate tissue. Since these reflected signals are
even fainter than myocardial echoes, Doppler must operate
at a higher energy level than M-mode or 2D imaging.

Harmonic imaging is a recent addition to image display
made possible by advances in transducer design and signal
processing. It was first developed to improve the display of
contrast agents injected intravenously as they passed
through the heart. These agents, gas filled microbubbles
2-5 pm in diameter, are highly reflective Rayleigh scat-
terers. At certain frequencies within the broadband trans-
ducer range the contrast bubbles resonate, producing a
relatively strong signal at multiples of the fundamental
interrogation frequency called harmonics. By using a high



pass filter (a system that blanks out all frequency below a
certain level), to eliminate the fundamental frequency
reflectors, selective reflections from the second harmonic
are displayed. In second harmonic mode, reflections from
the resonating bubbles are a much stronger than reflec-
tions from soft tissue and thus bubbles are preferentially
displayed. This allows selective analysis of the contrast
agent as it passes through the heart muscle or in the LV
cavity (3).

Harmonic imaging has recently been applied to conven-
tional 2D images without contrast. As the ultrasound wave
passes through tissue, the waveform is modified by nonlinear
propagation through tissue causing a shape change in the
ultrasound beam. This progressively increases as the beam
travels deeper into the heart. Electronic canceling of much of
the image by filtering out the fundamental frequency allows
selective display of the harmonic image, improving overall
image quality by elimination of some artifacts. The spatial
resolution of the signal is also improved since the reflected
signal analyzed and displayed is double that of the frequency
produced by the transducer (4).

ECHOCARDIOGRAPHIC INSTRUMENTATION

The transducer is a piezoelectric (pressure electric) device.
When subjected to an alternating electrical current, the
ceramic crystal (usually barium titanate, lead zirconate
titanate, or a composite ceramic) expands and contracts
producing compressions and rarefactions in its environ-
ment, which become waves. Various transducers produce
ultrasonic waves within a frequency range of 1.0-40 MHz.
The waves are emitted as brief pulses lasting ~ 1 s out of
every 100—200 ps. During the remaining 99-199 us of each
interval the transducer functions as a receiver that detects
specular and diffuse reflections as they return from the
heart. The same crystal, when excited by a reflected sound
wave, produces an electrical signal and sends it back to the
echocardiograph for analysis and display. Since one heart-
beat lasts somewhere from 0.3 to 1.2 s, the echocardio-
graphic device sends out a minimum of several hundred
impulses per beat allowing precise tracking of cardiac
motion throughout the beat.

After the specular and diffuse echoes are received they
must be displayed in a usable format. The original ultra-
sound devices used an A-mode format (Fig. 6) that dis-
played depth on the y axis and amplitude of the signal on
the x-axis. The specular echoes from boundaries between
cardiac chambers register as the strongest echoes. No more
than 1D spatial information is obtained from this format.

In a second format, B-mode, the amplitudes of the
returning echoes are displayed as dots of varying intensity
on a video monitor in what has come to be called a gray
scale (Fig. 6). If the background is black (zero intensity),
then progressively stronger echoes are displayed as pro-
gressively brighter shades of gray with white representing
the highest intensity. Most echocardiographic equipment
today uses between 64 and 512 shades of gray in its output
display. The B-mode format, by itself, is not adequate for
cardiac imaging and must be modified to image a continu-
ously moving structure.
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Figure 6. Composite drawing showing the three different modes
of display for a one-dimensional (1D) ultrasound signal. In the
right half of the figure is a schematic drawing of a cross-section
through the heart. The transducer (T) sits on the chest wall (CW)
and directs a thin beam of ultrasonic pulses into the heart. This
beam traverses the anterior wall (aHW) of the right ventricle (RV),
the interventricular septum (IVS), the anterior (aML), and poster-
ior (pML) leaflets of the mitral valve, and the posterior wall of the
left ventricle (LVPW). Each dot along the path of the beam repre-
sents production of a specular echo. These are displayed in the
corresponding A-mode format, where vertical direction is depth
and horizontal direction is amplitude of the reflected echo and B-
mode format where again vertical direction is depth but amplitude
is intensity of the dot. If time is added to the B-mode format, an
M-mode echo is produced, which is shown in the left panel. This
allows simultaneous presentation of motion of the cardiac struc-
tures in the path of the echo beam throughout the entire cardiac
cycle; measurement of vertical depth, thickness of various struc-
tures, and timing of events within the cardiac cycle. If the trans-
ducer is angled in a different direction, a distinctly different
configuration of echoes will be obtained. In the figure, the M-mode
displayed is at the same beam location as noted in the right-side
panel. Typical movement of the AML and PML is shown.
ECG =electrocardiogram signal. (From Pierand L., Meltzer
RS., Roelandt J, Examination techniques in M-mode and two-
dimensional echocardiography. In: Kraus R editor, The Practice
of Echocardiography, New York: John Wiley & Sons; copyright ©
1985, p 69. This material is used by permission of John Wiley &
Sons, Inc.)

To image the heart, the M-mode format (M for motion)
was devised (Fig. 6). With this technique, the transducer is
pointed into the chest at the heart and returning echoes are
displayed in B-mode. A strip chart recorder (or scrolling
video display) constantly records the B-mode signal with
depth of penetration on the y-axis and time the parameter
displayed on the x-axis. By adding an electrocardiographic
signal to monitor cardiac electrical activity and to mark the
beginning of each cardiac cycle, the size, thickness, and
movement of various cardiac structures throughout a car-
diac cycle are displayed with high resolution. By variation
of transducer position, the ultrasound beam is directed
toward several cardiac structures (Fig. 7).

The M-mode echo was the first practical ultrasound
device for cardiac imaging and has produced a considerable
amount of important data. Its major limitation is its limited
field of view. Few spatial relationships between cardiac
structures can be displayed that severely limits diagnostic
capability. The angle of interrogation of the heart is also
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Figure 7. Upper panel Schematic diagram of the heart as in
Fig. 6. The principal M-mode views are labeled 1-4. The corre-
sponding M-mode image from these four views is shown in lower
panel Abbreviations as in Fig. 6a Additional abbreviations:
AV = Aortic valve, AAOW = anterior aortic wall, LA =left atrial
posterior wall, LVOT =left ventricular outflow tract, RVOT =
right ventricular outflow tract. (From Pierand L, Meltzer RS,
Roelandt J, Examination techniques in M-mode and 2D echocar-
diography. In: Kraus R editor, The Practice of Echocardiography,
New York, John Wiley & Sons; copyright © 1985, p 71. This
material is used with permission of John Wiley & Sons, Inc.)

difficult to control. This can distort the image and render
size and dimension measurements unreliable.

Since the speed of sound is rapid enough to allow up to
5000 short pulses of ultrasound to be emitted and received
each second at depths typical for cardiac imaging, it was
recognized that multiple B-mode scans in several directions
could be processed rapidly enough to display a “real-time”
image. Sector scanning in two dimensions was originally
performed by mechanically moving a single element piezo-
electric crystal through a plane. Typically, 128 B-mode scan
lines were swept through a 60-90° arc 30 times - s~! to form
a video composite B-mode sector (Fig. 8). These mechanical
devices have been replaced by transducer arrays that place a
group of closely spaced piezoelectric elements, each with its
own electrical connection to the ultrasound system, into a
transducer. The type of array used depends on the structure

3 Element rotor

transducer
Wheel

128 Display lines

edd

Figure 8. Diagram of a 2D echo mechanical transducer with
three crystals. As each segment sweeps through the 90° arc, an
element fires a total of 128 times. The composite of the 128 B-mode
lines form a 2D echo frame. Typically there are 30 frames/s of
video information, a rate rapid enough to show contractile motion
of the heart smoothly. (From Graham PL, Instrumentation. In:
Krause R. editor. The Practice of Echocardiography, New York:
John Wiley & Sons; copyright © 1985, p 41. This material is used
by permission of John Wiley & Sons, Inc.)

being imaged. For cardiac ultrasound, a phased array con-
figuration is used, typically consisting of 128—-1024 indivi-
dual elements. In a phased array transducer, a portion of the
elements are fired to produce each sector scan line. The
sound beams are electronically steered through the sector by
changing the time delay sequence of the array elements
(Fig. 9). In a similar fashion, all elements are electronically
sequenced to receive reflected sound from selected parts of
the sector being scanned (5).

Use of a phased array device allows many other mod-
ifications of the sound wave in addition to steering. Further
sophisticated electronic manipulations of the time of sound
transmission and delays in reception allow selective focus-
ing of the beam to concentrate transmit energy that
enhance image quality of selected structures displaced in
the sector. Recent design advances have markedly
increased the sector frame rate (number of displayed sec-
tors/second) to levels beyond 220 Hz, markedly increasing
the time resolution of the imaging system. While the
human visual processing system cannot resolve time at
such a rapid rate, high frame rates allow for sophisticated
quantitation based on the 2D image, such as high-resolu-
tion graphs of time based indexes.

DOPPLER ECHOCARDIOGRAPHY

Application of the Doppler effect allows analysis of blood
flow within the heart and great vessels. The Doppler effect,
named for its discoverer Christian Doppler, describes the
change in frequency and wavelength that occurs with
relative motion between the source of the waves and the
receiver. If a source of sound remains stationary with
respect to its listener, then the frequency and wavelength
of the sound will also remain constant. However, if the



Figure 9. Diagram of a phased array transducer. Beam direction
is varied by changing the delay sequence among the transmitted
pulses produced by each individual element. (From Zagzebski JA.
Essentials of Ultrasound Physics. St. Louis: Mosby-Year Book Inc.;
copyright © 1996, with permission from Elsevier.)

sound source is moving away from the listener wavelength
increases and frequency decreases. The opposite will occur
if the sound source is moving toward the listener (Fig. 10).

The Doppler principle is applied to cardiac ultrasound in
the following way: A beam of continuous wave ultrasound is
transmitted into the heart and reflected off red blood cells as
they travel through the heart. The reflected impulses are
then detected by a receiver. If the red blood cells are moving
toward the receiver, the frequency of the reflected echoes
will be higher than the frequency of the transmitted echoes
and vice versa (Fig. 10).

The difference between the frequency of the transmitted
and received echoes (usually called the Doppler shift) can
be related to the velocity of blood flow by the following

equation:
_ k1)
"~ 2(f;)(cos 8)30

where V is the blood flow velocity, c is the speed of sound
in soft tissue (1540 m-s~1), f. is the frequency of the
reflected echoes, f; is the frequency of the transmitted
echoes, and 6 is the intercept angle between the direction
of blood flow and the ultrasound beam. Thus, flow toward
the transducer will produce a positive Doppler shift
(f. > 1), while flow away from the transducer will produce
a negative Doppler shift (f. <f;). The only variable that
cannot be directly measured is 6. Since cos 0° =1, it follows
that maximal flow will be detected when the Doppler
beam is parallel to blood flow. Since blood flow cannot be
seen with 2D echo, at best, § can only be estimated.
Fortunately, if 6 is within 20° of the direction of blood flow,
the error introduced by angulation is small. Therefore,
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Figure 10. Upper panel The Doppler effect as applied to ultra-
sound. The frequency increases slightly when the reflector is
moving toward the transducer and decreases when the reflector
is moving away from the transducer. Lower panel Relative mag-
nitude of the Doppler shift caused by red blood cells moving
between cardiac chambers. In this example the frequency shift
corresponds to a movement rate of 1 m-s~!. (Reprinted from
Zagzebski JA. Essentials of Ultrasound Physics. St. Louis:
Mosby-Year Book Inc.; copyright © 1996, with permission from
Elsevier.)

most investigators do not formally correct for 6. Instead,
the Doppler beam is aligned as closely as possible in the
presumed direction of maximal flow and then adjusted
until maximal flow is detected (6).

Doppler echo operates in two basic formats. Figure 10
depicts the CW method. An ultrasound signal is continu-
ously transmitted into the heart while a second crystal (or
array of crystals) in the transducer continually receives
reflected signals. All red blood cells in the overlap region
between the beam patterns of the transmit and receive
crystals contribute to the calculated signal. The frequency
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FLOW TOWARD

FLOW AWAY

Figure 11. Example of a continuous wave Doppler signal taken
from a patient. Flow toward the transducer is a positive (upward)
deflection from the baseline and flow away from the transducer is
downward. ECG = electrocardiogram signal.

content of this signal, combined with an electrocardio-
graphic monitor lead, is then displayed on a strip chart
similar to an M-mode echo (Fig. 11).

The advantage of the CW method is that it can detect a
wide range of flow velocities encompassing every possible
physiologic or pathologic flow state. The main disadvan-
tage of the CW format is that the site of flow cannot be
localized. To overcome the lack of localization of CW
Doppler, a second format was developed called pulsed
Doppler (PW). In this format, similar to B-mode echocar-
diographic imaging, brief bursts of ultrasound are trans-
mitted at a given frequency followed by a silent interval
(Fig. 12). Since the time it takes for a reflected burst of
sound waves to return to the receiving crystal is directly
related to the distance the reflecting structure is from the
receiver, the position in the heart from which blood flow is
sampled can be precisely controlled by limiting the time
interval during which reflected ultrasound is received.
This is known as range gating and allows the investigator
to limit the area sampled to small portions of the heart or
great vessel. There is a price to be paid for sample selec-
tivity, however. The maximal detectable velocity PW Dop-
pler is able to display is equal to one-half the pulse
repetition frequency (frequently called the Nyquist limit).
This reduces the number of situations in which flow velo-
city samples unambiguously display the flow phenomenon.
A typical PW Doppler display shows flow both toward and
away from the transducer (Fig. 13).

As one interrogates deeper structures progressively
further from the transducer, the pulse repetition frequency
must, of necessity, be decreased. As a result, the highest
detectable velocity of the PW Doppler mode becomes pro-
gressively smaller. Due to attenuation, the sensitivity for
detecting flow becomes progressively lower at greater dis-
tances from the transducer. Despite these limitations,
selective sampling of blood flow allows interrogation of a
wide array of cardiac structures in the heart.

When a measured flow has a velocity in a particular
direction greater than the Nyquist limit, not all of the

Pulsed doppler
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Figure 12. Pulsed Doppler echocardiography. In place of a con-
tinuous stream of ultrasound, brief pulses are emitted similar to
M-mode or 2D imaging. By acquiring reflected signal data over a
limited time window following each pulse, reflections emanating
only from a certain depth may be received. (From Feigenbaum H,
Echocardiography (5th ed), Philadelphia, PA: Lea & Febiger; 1994,
p 29, with permission from Lippincott Williams & Wilkins ©.)

LVOT Pulsed Wave Doppler
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SV Angle 0°
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Figure 13. Example of a pulsed wave Doppler tracing. The study
was recorded in duplex mode from the LVOT. The small upper
insert shows the 2D image which guides positioning of the sample
volume (arrow). The Doppler signal is shown below and has been
traced by the sonographer using electronic analysis system. Data
automatically detected from tracing the signal are shown on the
left and include the peak velocity (PV) of flow and the integral
of flow velocity (VTI) that can be used for calculations of cardiac
output.



spectral envelope of the signal is visible. Indeed, the velo-
city estimates “wrap-around” to the other side of the velo-
city map and the flow appears to be going in the opposite
direction. This phenomenon where large positives veloci-
ties are displayed as negative velocities is called aliasing.
There are two strategies to mitigate or eliminate aliasing.
The zero shift line (no velocity) may be moved upward or
downward, effectively doubling the display range in the
desired direction. This may be sufficient to “un-wrap” the
aliased velocity and display it entirely in the appropriate
direction. Some velocities may still be too high for this
strategy to work. To display these higher velocities an
alternative method called high pulse repetition frequency
(high PRF) mode is employed. In this mode, sample
volumes at multiples of the main interrogation sample
volume are also interrogated. This is accomplished by
sending out bursts of pulse packets at multiples of the
burst rate necessary to sample at the desired depth. The
system displays multiple sites from which the displayed
signal might originate. While this creates some ambiguity
in the exam, the anatomy displayed by the 2D exam usually
allows a correct delineation as to which range gate is
creating the signal (Fig. 14).

By itself, Doppler echo is a nonimaging technique that
only produces flow patterns and audible tone patterns
(since all Doppler shifts fall within the audible range).
Phased array transducers, however, allow simultaneous
display of both 2D images and Doppler in a mode called
duplex Doppler echocardiography. By using this combina-
tion, the PW Doppler sample volume is displayed as an
overlay on the 2D image and is moved to a precise area in
the heart where the flow velocity is measured (Fig. 13).
This combination provides both anatomic and physiologic
information about the interrogated cardiac structure. Most
commonly, Duplex mode is used with the PW wave format
of Doppler echo. However, it is also possible to position the
continuous wave beam anywhere in the 2D sector by super-
imposing the Doppler line of interrogation on top of the 2D image.

Just as changing from an M-mode echo to a 2D sector
scan markedly increases the amount of spacial data simul-
taneously available to the clinician, Doppler information
can be expanded from a single a PW wave sample volume or
CW line to a full sector array. Color Doppler echocardio-
graphy displays blood flow within the heart or blood vessel
as a sector plane of velocity information. By itself, a color
flow scan imparts little information so the display is always
combined with the 2D image as an overlay so blood flow
may be instantly correlated with anatomic structures
within the heart or vessel.

Color Doppler uses the same transmission principles as
B-mode 2D imaging and PW Doppler. Brief transmit pulses
of sound are steered along interrogation lines in a sector
simultaneously with usual B-mode imaging pulses
(Fig. 15). In place of just one pulse of sound, multiple
pulses are transmitted. The multiple bursts of sound,
typically 4-8 in number, are referred to as packets or
ensembles of pulses. The first signal stores all reflected
echoes along each scan line. Reflectors from subsequent
pulses in the packet are received, stored, and rapidly
compared to the previous packets. Reflected waves that
are identical during each burst in the packet are canceled
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Figure 14. Example of high PFR mode of pulsed Doppler. The
signal is used for velocity detected at the main gate because pulse
packets are sent out more frequently at multiples of the frequency
needed to sample at the main gate. Information can also be
acquired at other gates that are multiples of the main gate.
While the Nyquist limit is higher due to a higher sampling
rate some signal ambiguity may occur due to information acquired
from the unwanted gates. (Reprinted from Zagzebski JA. Essen-
tials of Ultrasound Physics. St. Louis: Mosby-Year Book Inc. copy-
right © 1996 with permission from Elsevier.)

out and designated as stationary. Reflected waves that
progressively change from burst to burst are acquired
and processed rapidly for calculation of the phase shift
in the ultrasound carrier. Both direction and velocity of
movement are proportional to this phase change. Esti-
mates for the average velocity are assigned to a pixel
location on the video display. The velocity is estimated
by an auto correlator system. On the output display, velo-
city is typically displayed as brightness of a given color
similar to B-mode gray scale with black meaning no motion
and maximum brightness indicating the highest velocity
detected. Two contrasting colors are used to display direc-
tion of flow, typically a red-orange group for flow toward
the transducer and a blue group away from transducer.
Since the amount of data processed is markedly greater
than a typical B-Mode, maximum frame rates of sector scan
displays tend to be much lower. This limitation is due both
to the speed of sound and the multiple packets of ultra-
sound evaluated in each interrogation line. To maximize
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W Color flow and

B-mode beam lines

Figure 15. Diagram showing method of transmission of color flow
Doppler ultrasound signals. Packets or ensembles of pulses repre-
sented by the open circles in the figure are sent out along some of
the scan lines of the image. The reflected waves are analyzed in an
autocorrelation circuit to allow display of the color flow image.
(Reprinted from Zagzebski JA. Essentials of Ultrasound Physics.
St. Louis: Mosby-Year Book Inc. copyright © 1996, with permis-
sion from Elsevier.)

time resolution, the color flow sector used to display data
during a 2D echo may be considerably reduced in size
compared to a usual 90° 2D sector scan. Some systems
can only display color flow data at relatively slow frame
rates of 6-10 Hz. Recent innovations, in which there are
multiple receive lines for each transmit line allow much
higher frame rates giving excellent time resolution on some
systems (7).

Clinically, precise measurement of flow velocity is
usually obtained with PW or CW Doppler. Color is used
to rapidly interrogate a sector for the presence or absence of
blood flow during a given part of the cardiac cycle. Another
important part of the color exam is a display of the type of
flow present. Normal blood flow is laminar; abnormal blood
flow caused by valve or blood vessel pathology is turbulent.
The difference between laminar and turbulent flow is
easily displayed by color Doppler. With laminar flow, the
direction of flow is uniform and variation in velocity of
adjacent pixels of interrogation is small. With turbulent
flow, both parameters are highly variable. The auto corre-
lation system analyzing color Doppler compares the var-
iance in blood flow between different pixels. The display
can be set to register a third color for variance such as
green, or the clinician may look for a “mosaic” pattern of
flow in which non uniform color velocities and directions
are scattered through the sector areas of color interroga-
tion (Figs. 16 and 17).

As with pulsed Doppler there is a Nyquist limit restric-
tion on maximal velocity than can be displayed. The zero
flow position line may be adjusted as with PW Doppler to
maximize the velocity limit in a given direction. High PRF
is not possible with color Doppler. The nature of the color
display is such that aliasing results in a shift from one color
sequence to the next. Thus, in some situations a high
velocity shift can be detected due to a clear shift in color
(e.g., from a red-orange sequence to a blue sequence). This
phenomenon has been put to use clinically by purposely
manipulating the velocity range of color display to force
aliasing to occur. By doing this, isovelocity lines are dis-
played outlining a velocity border of flow in a particular
direction and a particular velocity (8).

Thus far, all discussion of Doppler has been confined to
interrogation and display of flow velocity. Alternate modes
of interrogation are possible. One mode, called power Dop-
pler (or energy display Doppler) assesses the amplitude of
the Doppler signal rather than velocity. By evaluating
amplitude in place of velocity, this display becomes propor-
tional to the number of moving blood cells present in the
interrogation field rather than the velocity. This applica-
tion is particularly valuable for perfusion imaging when
the amount of blood present in a given area is of primary
interest (9).

ULTRASOUND SIGNAL PROCESSING, DISPLAY, AND
MANAGEMENT

Once each set of the reflected ultrasound data returns to
the transducer, it is processed and then transmitted to
video display. The information is first processed by a scan
converter, which assigns video data to a matrix array of
picture elements, “pixels.” Several manipulations of the
image are possible to reduce artifacts, enhance information
in the display, and analyze the display quantitatively.

The concept of attenuation has been introduced earlier.
In order to achieve a usable signal, the returning reflec-
tions must be amplified. The amplification can be done in
multiple ways. Similar to a sound system, overall gain may
be adjusted to increase or decrease the sensitivity of the
received signal. More important, however, is the progres-
sive loss of signal strength that occurs with reflections from
deeper structures due to attenuation. To overcome this
issue, ultrasound systems employ a variable gain circuit
that selectively allows gain control at different depths. The
applied gain is changed as a function of time (range) in the
gain circuit, hence the term time gain compensation (TGC)
is used to describe the process. This powerful tool can
“normalize” the overall appearance of the image helping
make much weaker returning echoes from great depth
appear equal to near-field information (Fig. 18). The user
also has slide pot control of gain as a function of depth.
Some of this user-defined adjustment is applied as part of
the TGC function or later as part of digital signal proces-
sing.

Manipulation of data prior to writing into the scan
converter is called preprocessing. An important part of
preprocessing is data compression. The raw data received
by the transducer encompasses such a broad energy range
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that it cannot be adequately shown on a video display.
Therefore, the dynamic range of the signal is reduced to
better fit visual display characteristics. Selective
enhancement of certain parts of the data is possible to
better display borders between structures. Finally, per-
sistence may be added to the image. With this enhance-
ment, a fraction of data from the previous video frames at
each pixel location may be added and averaged together.
This helps define weaker diffuse echo scatterers and may
work well in a static organ. However, with the heart in
constant motion, only modest amounts of persistence add
value to the image. Too much persistence reduces motion
resolution of the image.

Once the digital signal is registered in the scan con-
verter, further image manipulation is possible. This is
called postprocessing of the image. Information in digital
memory has a 1:1 ratio between ultrasound signal ampli-
tude and video brightness. Depending on the structure
imaged, considerable information may not be discernible
in the image. With postprocessing, the relationship of video
brightness to signal strength can be altered, frequently to
enhance weaker echos and suppress high amplitude
echoes. This may result in a better appreciation of less
echogenic structures such as myocardium and the edges of
the myocardium. The gray scale image may be transformed
to a pseudo-color display that adds color to video amplitude
data. In certain circumstances this may allow differentia-
tion of pathologic changes from normal. Selective magni-
fication of the image is also possible (Fig. 19).
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Figure 16. Diagram of color Doppler
signal processing. At top, each box in
the insonification line indicates a pulse
of sound. A packet is made up of 4-8
pulses. The steps in the analysis cycle of
a packet are shown in the “Echo” col-
umn and represent the comparison
function of the autocorrelation system.
From the first pulse the analysis deter-
mines the appropriate color represent-
ing direction. Comparisons between
subsequent packets detect the velocity
of blood flow. The brightness of the color
selected corresponds to velocity. Com-
parisons of the variability of velocity are
also done. Green is added proportional
to the amount of variance. The final
pixel color represents an average of
the packet data for direction, velocity
and variance. The right-hand column is
the “color bar” that summarizes the
type of map used, displays the range
of color and brightness selected, and
depicts how variance is shown. (From
Sehgal CM, Principles of Ultrasound
and Imaging and Doppler Ultrasound.
In: Sutton, MG et al. editors: Textbook
of Echocardiography and Doppler
Ultrasound in Adults and Children
(2nd ed). Oxford: Blackwell Science
Publishing; 1996. p 29. Reprinted with
permission of Blackwell Publishing,
LTD. p 29)
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Figure 17. Color Doppler (here shown in gray scale only) depict-
ing mitral valve regurgitation. The large mosaic mitral insuffi-
ciency jet is caused by turbulent flow coming through the mitral
valve. The turbulent flow area has been traced to measure its area.
The more uniform flow in the left atrium is caused by normal flow
in the chamber. It is of uniform color and of much lower velocity.
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Figure 18. Processing steps during transmission of sound data to
the scan converter. Raw data emerges from the transducer (a) that
is imaging two objects that produce specular border echoes at
points 1, 2, 3, and 4 and scattered echoes in between. (b) Specular
echo raw data. (c) Low noise amplification is applied. Both
specular and scattered echoes are now shown. Relative signal
strength declines with depth due to attenuation of the signal,
making signal 4 weaker than signal 1 even though the material
border interface at borders 1 and 4 are identical. (d) Time gain
compensation is applied proportionally by depth to electronically
amplify signals received progressively later after the pulse leaves
the transducer. This helps equalize perceived signal strength (e).
The signal is then rectified (f) and smoothed (g) before entering the
scan converter. (h) The process is repeated several times per
second, in this case all new data appears every 1/30 of a second.
The end result is a “real-time” video display of the two structures.
(From Sehgal SH, Principles of Ultrasound Imaging and Doppler
Ultrasound. In: Sutton MG et al. editors. Textbook of Echocardio
graphy and Doppler Ultrasound in Adults and Children. Oxford:
Blackwell Science; 1996. p 11. Reprinted with permission of
Blackwell Publishing, LTD.)

Signal processing of PW and CW Doppler data includes
filtering and averaging, but the most important component
of the analysis is the computation of the velocity estimates.
The most commonly used method of analysis is the fast
Fourier transform analyzer, which estimates the relative
amplitude of various frequency components of the input
signal. This system (Fig. 20) divides data up into discreet
time segments of very short duration (1-5 ms). For each
segment, amplitude estimates are made for each frequency
that corresponds to different velocity components in the
flow and the relative amplitude of each frequency is
recorded on gray scale display. Laminar flow typically
has a narrow, discrete velocity range on PW Doppler while
turbulent flow may be composed of the entire velocity
range. Differentiation of laminar from turbulent flow
may help define normal from abnormal flow states. Similar
analysis is used to display the CW Doppler signal. Color
Doppler displays can be adjusted by using multiple types of
display maps. Each manufacturer has basic and special
proprietary maps available to enhance color flow data.

All Doppler data can be subjected to selective band pass
filters. For conventional Doppler imaging, signals coming
from immobile structures or very slow moving structures
such as chamber walls and the pericardium, are effectively
blanked out. The range of velocity filtered can be changed
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Figure 19. B-mode post processing occurs in which signal input
intensity varies from 0 to 127 units. On the left side of the figure a
linear output is equally amplified, the signal intensity range is now
0-255. On the right, nonlinear amplification is applied. The output
is manipulated to enhance or compress the relative video intensity
of data. In this example high energy specular reflection video data
is relatively compressed (high numbers) while low energy data
(from scattered echoes and weak specular echoes) is enhanced.
Thus relatively more of the video range is used for relatively
weaker signals in the final product. This postprocessing is in
addition to time gain compensation done during preprocessing.
(From Sehgal SH. Principles of Ultrasound Imaging and Doppler
Ultrasound, In: Sutton MG et al. editors: Textbook of Echocardio-
graphy and Doppler Ultrasound in Adults and Children. Oxford:
Blackwell Science; 1996. p 12. Reprinted with permission of
Blackwell Publishing, LTD.)
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Figure 20. Upper panel Build-up of a spectral Doppler signal by
Fast-Fourier analysis. The relative amplitude of the signal at each
pixel location is assigned a level of gray. With laminar flow, the
range of velocities is narrow resulting in a narrow window of dis-
played velocity. Lower panel As flow becomes more turbulent the
range of velocities detected increases to the point that very turbu-
lent signals may display all velocities. (Reprinted from Zagzebski
JA. Essentials of Ultrasound Physics. St. Louis: Mosby-Year Book
Inc. copyright © 1996, p 100,101, with permission from Elsevier.)
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Figure 21. Example of tissue Doppler imaging. Duplex mode is
used; the 2D image is shown in the upper insert. The sample
volume has been placed outside the left ventricular cavity over the
mitral valve annulus and is being used to detect movement of that
structure. The three most commonly detected waveforms are
shown: (S) systolic contraction wave, (E) early diastolic relaxation
wave, and (A) atrial contraction wave.

for different clinical circumstances. In some situations, not
all of the slower moving structures can be fully eliminated
without losing valuable Doppler data, resulting in various
types of artifact.

New techniques of Doppler analysis focus on analyzing
wall motion with Doppler and displaying the data either in
color or with Fourier transform analysis. In this setting,
the band pass filters are set to eliminate all high velocity
data from blood flow and only analyze very low velocity
movement coming from the wall of the ventricles or other
structures such as valve tissue. Analysis of tissue motion
measures the velocity of wall movement at selected loca-
tions in the heart using the typical PW sample volume.
Conventional strip chart display is used and velocity can be
displayed to represent both the velocity of contraction and
the velocity of relaxation (Fig. 21). Color Doppler uses the
auto correlator system to calculate velocity of large seg-
ments of myocardium at once. Systems that record data at
high color Doppler frame rates store sufficient information
to allow selective time—velocity plots to be made at various
locations of the cardiac chamber walls. Color Doppler may
also be utilized to calculate strain and strain rate, another
alternate display mode being investigated as a parameter
of ventricular function (10,11).

Once the video signal processing is complete, it is
displayed on a monitor. Until recently, most monitors
were analogue and used standard NTSC video display
modes. The composite (or RGB) signal was sent to a
videocassette recorder for long-term storage and play-
back. The study could then be played on a standard video
playback system for review and interpretation. Many
laboratories continue to use this method of recording
and storage of images.
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Figure 22. Organization chart showing a digital echo image
storage system. Images generated by the ultrasound systems in
the hospital and remote sites are input via high speed links thr-
ough a switch to the server. The server has on line digital storage
and is linked to a jukebox mass storage device. From the server,
data may be viewed at any workstation either in the hospital or
remotely. The hospital information system is linked to the system.
This can allow electronic ordering of studies, downloading of de-
mographic data on patients and interface with the workstations.
Typically, images are reviewed at a workstation; a report is com-
posed and is electronically signed. The report is stored in the server
but may also be sent to the Hospital Information System electronic
record or put out on paper as a final report.
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Recently, many echo laboratories have changed to digi-
tal image display and storage. In some labs, the ultrasound
system directly records the study in digital format, storing
data on a large hard disk in the ultrasound system. The
data is then output, typically using a DICOM standard
signal to a digital storage and display system. Other
laboratories may attach an acquisition box to the ultra-
sound system that digitally records and transmits the RGB
signal to a central image server.

A digital laboratory set up is shown in Fig. 22. It has
several advantages over videotape. Image data is sent to a
server and on to a digital mass storage device. Depending
on the amount of digital storage and volume of studies in
the lab, days to months of image data may be instantly
available for review. More remote data is stored in a mass
storage system (PACS system) on more inexpensive media
such as digital tape. Data in this remote storage may be
held online in a second “juke box” server or be fully off line
in storage media that must be put back on line manually.

Digital systems link the entire lab together and are
typically integrated with the hospital information system.
Common studies may be organized by patient and dis-
played on multiple workstations within the laboratory,
hospital, and at remote clinics. This is a marked improve-
ment compared to having each study isolated to one video-
tape. The quality of the image is superior. High-speed fiber
optic links allow virtually simultaneous image retrieval at
remote sites. Lower speed links may need several minutes
to transmit a full study. To reduce the amount of storage,
studies are typically compressed. Compression ratios of
30:1 can be used without evidence of any significant image
degradation.
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THE ECHOCARDIOGRAPHIC EXAMINATION

The Transthoracic Exam

A full-featured cardiac ultrasound system is designed to
allow the operator to perform an M-mode echo, 2D echo,
CW Doppler, PW Doppler, color Doppler, and tissue Dop-
pler examination. Except for the specialized CW Doppler
transducer, the entire exam is usually performed with a
broadband multipurpose transducer. Occasionally, a spe-
cialized transducer of a different frequency or beam focus
must be utilized to interrogate certain types of suspected
pathology. The examination is performed in a quiet, dar-
kened room with the patient supine or lying in a left lateral
position on a specialized exam bed. The transducer is
covered with a coupling medium (gel-like substance) that
allows a direct interface between the transducer head and
the patient’s skin. If this coupling is broken the signal will
be lost since ultrasound reflects strongly from tissue—air
interfaces (Table 1). The transducer is then placed between
the ribs, angled in the direction of the heart (ultrasound
penetrates bone poorly and bone causes image artifacts),
and adjusted until a satisfactory image is obtained (Fig.
2a). Electrodes for a single channel electrocardiogram are
applied to the patient. The electrocardiogram signal is
displayed continuously during the exam.

A standard examination begins in the left parasternal
position (i.e., in the fourth and fifth rib interspaces just left
of the sternum) (Fig. 2b). By orienting the 2D plane parallel
to the long axis of the heart, an image of the proximal aorta,
aortic valve, left atrium, mitral valve, and left ventricle can
be obtained (Fig. 23). The standard M-mode echocardio-
graphic views for dimension measurement are also
obtained from this view (Fig. 6). Color Doppler is activated
to examine flow near the mitral and aortic valves. By
angulation from this position the tricuspid valve and por-
tions of the right atrium and right ventricle are brought
into view (Fig. 24). By rotation of the transducer ~90° from
the long axis, the parasternal short-axis view is obtained.

LAXX LV

Figure 23. Parasternal long axis view of the heart (LAXX) similar
to orientation shown in Fig. 6. Abbreviations are as follows: aorta
(Ao), left ventricle (LV), left atrium (LA), and right ventricle (RV).
This is a 2D image.

LAXX RY inflow

Figure 24. Parasternal long axis view angled toward the right
ventricle. Right-sided structures are shown: right atrium (RA),
right ventricle (RV) and tricuspid valve (TV).

By progressively changing the angle of the transducer it is
possible to obtain a series of cross-sectional views through
the left ventricle from near the apex to the base of the heart
at the level of the origin of the great vessels (Figs. 25 and
26). In an optimal study, several cross-sections through the
left ventricle, mitral valve, aortic valve, and to a lesser
degree the tricuspid valve, pulmonic valve, and right ven-
tricular outflow tract can be obtained. Since conventional
1D arrays yield only 2D images, only small slices of the
heart are examined at any one time.

The transducer is then moved to the mid-left chest
slightly below the left breast where the apex of the heart
touches the chest wall (Fig. 2). The 2D transducer is then
angled along the long axis toward the base of the heart. The
result is a simultaneous display of all four chambers of the
heart and the mitral and tricuspid valves (Fig. 27). No M-
mode views are taken from this position. Using duplex

SAXX
level of Ao Tei
demonstrating coronary arteries
RVOT
RCA

Figure 25. Parasternal short axis view at the level of the great
vessels. Shown is the aorta (Ao), a portion of the left atrium (LA),
the origin of the left (LCA), and right (RCA) coronary arteries, and
a part of the right ventricular outflow tract.



SAXX LV
level of papillary muscles

Figure 26. Short axis orientation at the transducer (SAXX) show-
ing a cross-sectional view of the left ventricle (LV). The muscle
appears as a ring. The septum (IVS) separates the LV from the
right ventricle (RV).

mode, PW Doppler samples of blood flow are taken to show
the forward flow signal across the mitral and tricuspid
valves (Fig. 28). By further anterior angulation, the left
ventricular outflow tract and aortic valve are imaged
(Fig. 29) and forward flow velocities are sampled at each
site. The 2D image allows precise positioning of the Dop-
pler sample volume. By rotation of the transducer, further
selective portions of the walls of the left ventricle are
obtained (Fig. 30). Color Doppler is then used to sample
blood flow across each heart valve, screening for abnormal
turbulent flow, particularly related to valve insufficiency
(leakage during valve closure). The transducer is then
moved to a location just below the sternum (Fig. 2b) and
aimed up toward the heart where the right atrium and
atrial septum can be further interrogated, along with
partial views of the other chambers (Fig. 31). In some

APEX 4 chamber

Figure 27. The transducer is placed in the apical position. The
view shown is the apical “four chamber” view since all four cham-
bers of the heart can be imaged simultaneously. Abbreviations are
as follows: left ventricle (LV), left atrium (LA), right atrium (RA),
and right ventricle (RV).
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Figure 28. By using the same transducer orientation as Fig. 27,
several other types of data are obtained. In this case, the system
has been switched to Duplex mode. The 2D echo is used as a guide
to position the mitral sample volume (small upper image). Flow is
obtained across the mitral valve (MV) with waveforms for early
(E), and atrial (A) diastolic flow shown.

patients, cross-sectional views equivalent to the short-axis
view may be obtained.

However, this view in most patients is less useful
because the heart is further from the transducer causing
reduced resolution and increased attenuation of the echo
signals. Finally, the heart may be imaged from the supras-
ternal approach (Fig. 2b), which generally will allow a view
of the ascending aorta and aortic arch (Fig. 32).

APEX 5 chamber

Figure 29. From the view shown in Fig. 27, the transducer has
been tilted slightly to show the outflow region of the left ventricle
(LV) where blood is ejected toward the aorta (Ao). Abbreviations
are as follows: left atrium (LA), right atrium (RA), and right
ventricle (RV).
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APEX 2 chamber

Figure 30. From the position shown in Fig. 27, the transducer is
rotated to show a different perspective from the apical view. The
“two-chamber” view shows only the left-sided chambers and the
mitral valve (MV) that controls flow between these two chambers.
Abbreviations are as follows: left ventricle (LV) and left atrium
(LA).

The Transesophageal Exam

About 3-10% of hospital-based echocardiograms are per-
formed using a specialized transesophageal (TEE) device.
The ultrasound transducer, smaller but otherwise of vir-
tually equal capability to the transthoracic device, is
attached to the end of an endoscope. The patient is prepared
using a topical anesthetic agent in the mouth and pharynx
to eliminate the gag reflex and given conscious sedation to
increase patient comfort. Patient status is monitored by a
nurse, the ultrasound system operated by a sonographer

Subcostal 4 chamber

Figure 31. The transducer is moved to the subcostal position (see
Fig. 2b). Portions of all four chambers are visible. Abbreviations
are as follows: left atrium (LA), left ventricle (LV), right atrium
(RA), and right ventricle (RV).

SSN Ao Arch
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Figure 32. The transducer is positioned at the suprasternal notch
(see Fig. 2b). A portion of the aorta (Asc Ao and Dsc Ao) is visible
along with the origins of three branches coming off of this struc-
ture: innominate artery (IA), left common carotid artery (LCCA)
and left subclavian (LSC).

and the transducer inserted by a physician who personally
performs the exam. As the transducer is passed down in the
esophagus, multiple imaging planes are obtained. These
planes are obtained by a combination of movement of the
transducer to different levels of the esophagus, changing
the angle of the transducer and controlling the transducer
head. Originally, the transducer was fixed in one location on
the endoscope. Virtually all devices now made allow the
operator to rotate the transducer through a 180° arc mark-
edly increasing the number of imaging planes in the exam
(Figs. 33-35). Using this method multiple views of struc-
tures in both a long and short axis configuration are possi-
ble. The transducer may also be passed into the stomach
where additional views are possible.

Lateral Wall

Figure 33. Image generated by a transducer placed in the eso-
phagus. Abbreviations are as follows: left ventricle (LV) and left
atrium (LA).
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Figure 34. Image from a transesophageal transducer. This is a
magnified view of the mitral valve leaflets (arrows).

The exam is performed in a similar fashion to the
transthoracic exam in that multiple views of cardiac cham-
bers and valves are taken in an organized series of views to
achieve a complete examination of the heart. Many planes
are similar to the transthoracic exam except for location of
the transducer. Other views are unique to the TEE exam
and may be the clinical reason the exam was performed.
Once the exam is complete, the transducer is removed, and
the patient is monitored until recovered from the sedation
and topical anesthesia.

The Intracardiac Exam

During specialized procedures it may be valuable to exam-
ine the heart from inside. This is usually done during
specialized sterile cardiac procedures when a transthoracic
transducer would be cumbersome or impossible to use and
a TEE also would be impractical.

Figure 35. Image from a transesophageal transducer. The septal
structure (IAS) that separates the two atrial chambers is shown
(arrow).
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A catheter with a miniaturized transducer is passed
under fluoroscopic guidance up large central veins from the
groin to the right side of the heart. For most applications,
the device may be placed in the right atrium, or infre-
quently, in the right ventricle. The transducer is a minia-
ture phased array device that can provide 2D and Doppler
information. In most cases, the clinical diagnosis is already
known and the patient is undergoing a specialized cardiac
procedure in the catheterization laboratory to close a con-
genital defect or monitor radio frequency ablation during a
complex electrophysiologic procedure, attempting to elim-
inate a cardiac rhythm disorder. The device contains con-
trols that allow change of angle in four directions. This,
combined with positional placement of the catheter in
different parts of the cardiac chambers, allows several
different anatomic views of cardiac structures (Fig. 36).

The Stress Echo Exam

Combining a transthoracic echo with a stress test was first
attempted in the 1980s, became widely available in the
mid-1990s, and is now a widely utilized test for diagnosis of
coronary artery disease. The echo exam itself is purposely
brief, usually confined to 4-6 2D views.

A patient having a stress echo is brought to a specialized
stress lab that contains an ultrasound system set up to
acquire stress images, an exam table, and a stress system
that most commonly consists of a computerized electro-
cardiography system that runs a motorized treadmill
(Fig. 37). The patient is connected to the 12-lead electro-
cardiogram stress system and a baseline electrocardiogram
is obtained. The baseline echo is next performed, recording
2D views (Fig. 38). Then the stress test is begun. It can be
performed in two different formats:

1. Exercise: If the patient is able to walk on a treadmill
(or in some labs, pedal a bike), a standard maximal
exercise test is performed until maximum effort has
been achieved. Immediately upon completion of exer-
cise, the patient is moved back to the echo exam table
and repeat images are obtained within 1-2 min of
completion of exercise.

2. Pharmacologic stimulation: If the patient is unable to
exercise, an alternative is stimulation of the heart
with an intravenous drug that simulates exercise.
Most commonly, this is dobutamine, which is given,
in progressively higher doses in 3-5 min stages. The
patient remains on the exam table the entire time,
connected to the electrocardiographic stress system.
2D echo images are obtained; at baseline, low dose,
intermediate dose, and peak dose of drug infusion
during the exam.

In both types of tests, clinical images are recorded and
then displayed so that pretest and posttest data can be
examined side by side. Comparisons of cardiac function are
carefully made between the prestress and poststress
images. The test relies on perceived changes in mechanical
motion of different anatomic segments of the heart. Both
inward movement of heart muscle and thickening of the
walls of the ventricles are carefully evaluated. The normal
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Figure 36. (a) Image of the atrial septum in a patient with an
atrial septal defect (arrow). This image was taken with an intra-
cardiac transducer placed in the right atrium (RA). The image is of
similar quality to that seen in Fig. 35. (b) Image of same structure
as (a) demonstrating color flow capabilities at the intracardiac
transducer. Color Doppler (seen in gray scale) confirms the struc-
ture is a hole with blood passing through the hole (ASD shunt). (c)
Image taken from same position as (a) and (b). The atrial septal
defect has been closed with an occluder device (arrow). Doppler
was used (not shown) to confirm that no blood could pass through
the previously documented hole.

Figure 37. Typical set-up of a laboratory to perform stress echo-
cardiograms. Shown are the echocardiographic examination table
(ET), the treadmill (T), the treadmill computer control system
(T'C), and the ultrasound system (US).

heart responds by augmenting inward motion and wall
thickening in all regions. If blood supply to a given segment
is not adequate, mechanical motion and wall thickening
either fails to improve or deteriorates in that segment, but
improves in other segments. This change defines an abnor-
mal response on a stress echo (Fig. 38). The location and
extent of abnormal changes in wall motion and thickening
are reported in a semiquantitative manner. In addition, the
electrocardiogram response to stress is also compared with
the baseline exam and reported along with patient symp-
toms and exercise capacity.

Figure 38. Quad screen format of view obtained from a stress
echocardiography examination. Four views are displayed simul-
taneously, and the particular views shown can be changed to
accommodate direct comparison of pre- (images on the left) and
posttest images on the right views of the same part of the heart as
shown in the example. The arrow indicates an area of the heart
that failed to respond normally.



CLINICAL USES OF ECHOCARDIOGRAPHY

M-Mode Echocardiography

The M-mode echo was the original cardiac exam and for
years was the dominant cardiac ultrasound study per-
formed. The 2D echo has superseded M-mode echo as the
primary examination technique and in most circumstances
is superior. However, many laboratories continue to perform
at least a limited M-mode exam because dimension mea-
surements are well standardized. In addition, due to its high
sampling rate, M-mode echo is superior to 2D echo for
timing of events within the cardiac cycle and for recording
simultaneously, with other physiologic measurements such
as phonocardiograms and pulse tracings. Certain movement
patterns of heart valves and chamber walls are only
detected by M-mode, thus providing unique diagnostic infor-
mation (Fig. 39).

Most M-mode echo data is obtained from multiple
different “ice pick” views, all obtained from the paraster-
nal position (Fig. 7). The 2D image is used to direct the
cursor position of these views. The first view angles
through a small portion of the right ventricle, the ven-
tricular septum, the left ventricular chamber, the poster-
ior wall of the left ventricle, and the pericardium. From
this view, left ventricular wall thickness and the short-
axis dimensions of this chamber can be measured. By
calculating the change in dimension between end diastole
(at the beginning of ejection) and end systole (at the end of
ejection), the fractional shortening can be measured using
the equation:

LVEDD - LVESD
LVEDD

where LVEDD is the left ventricular end diastolic dimen-
sion and LVESD is the left ventricular end systolic dimen-

= fractional shortening

M-mode
DCM

MV
B-bump

Figure 39. Example of an M-mode echocardiogram of the mitral
vale showing abnormal motion, in this case a “B-bump” indicating
delayed closure of the valve. DCM = dilated cardiomyopathy.
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sion. This measurement estimates left ventricular
function (Fig. 40). Dimension measurements give a rela-
tively precise estimate of left ventricular chamber size to
calculate whether the ventricle is inappropriately
enlarged. In a similar manner wall thickness measure-
ments can be utilized to determine if the chamber walls
are inappropriately thick (left ventricular hypertrophy),
asymmetrically thickened (hypertrophic cardiomyopa-
thy), or inappropriately thin (following a myocardial
infarction).

The second ice pick view passes through the right
ventricle, septum, mitral valve leaflets, and posterior wall.
This view is used primarily to evaluate motion of the mitral
valve. Certain types of mitral valve disease alter the pat-
tern of motion of this valve (Fig. 39). Other abnormal
patterns of leaflet motion may indicate dysfunction else-
where in the left ventricle.

The third ice pick view passes the echo beam through
the right ventricle, aortic valve, and left atrium. From this
view, analogous to the mitral valve, the pattern of aortic
valve motion will change in characteristic ways allowing
the diagnosis of primary aortic valve disease or diseases
that cause secondary aortic valve motion changes. Also,
from this view the diameter of the left atrium is measured
and whether this structure is of normal size or enlarged can
be of considerable importance in several circumstances.
Other views are possible, but rarely used.

Measurements taken from M-mode may be performed
during the exam by the sonographer. Usually, the scrolling
M-mode video display is saved in digital memory on the
system. The saved data is then reviewed until the best
depiction of the various views discussed above is displayed.
The sonographer then uses electronic calipers, automatically

M-MOde
PLAXX

Figure 40. Example of an M-mode echocardiogram of the left
ventricle. The typical measurements of wall thickness (IVSed
and LVPWed) and chamber dimensions (RVIDed, LVIDed and
LVIDes) are shown. Several calculated parameters are possible
from these values.
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calibrated by the system, to record dimension measurements
(Fig. 40). Basic measures are made and formulas for derived
data such as the % FS are automatically calculated. Mea-
surements can also be made “off line” using special work-
stations that display the video information at the time the
study is interpreted by the physician.

Two-Dimensional Echocardiography

The 2D exam gives information about all four cardiac
chambers and all four cardiac valves. It also serves as
the reference point for positioning all Doppler sample
volumes and the color Doppler exam. The heart is imaged
from multiple positions, which not only improves the
chance of useful information being obtained, but also
allows better characterization of a given structure because
the structure is seen in several perspectives. The primary
role of a 2D echo is to characterize the size of the left and
right ventricles as normal or enlarged, and if enlarged,
estimate the severity of the problem. Second, the 2D exam
evaluates pump function of the two ventricles. Function is
characterized globally (i.e., total ventricular performance)
or regionally (i.e., performance of individual parts of each
ventricle). Some types of disease affect muscle function
relatively equally throughout the chambers. Other forms of
disease, most notably coronary artery atherosclerosis,
which selectively changes blood supply to various parts
of the heart, cause regional changes in function. In this
disease, some portions of the heart may function normally
while other areas change to fibrous scar and decrease or
stop moving entirely. Global function of the left ventricle
can be characterized quantitatively. The most common
measurements of function use calculations of volume dur-
ing the cardiac cycle. This is quantified when the heart is
filled maximally just before a beat begins and minimally
just after ejection of blood has been completed. The volume
calculations are used to determine of ejection fraction. The
equation is
. . LVEDV - LVESV
Ejection fraction = LVEDV x 100

where LVEDV =left ventricular end diastolic volume and
LVESYV = left ventricular end systolic volume.

The 2D echo is sensitive for detecting abnormalities
within the chambers, such as blood clots or vegetations
(infectious material attached to valves). Abnormalities
surrounding the heart, such as pericardial effusions (fluid
surrounding the heart), metastatic spread of tumors to the
heart and pericardium, and abnormalities contiguous to
the heart in the mediastinum or great vessels can be
readily imaged. Most of this information is descriptive in
nature (Figs. 41 and 42).

The ability to directly and precisely make measure-
ments from 2D echo views for quantitative measurements
of dimensions, areas, and volumes is built into the ultra-
sound system and is typically done by the sonographer
during the exam in a similar fashion to M-mode. Further
measurements may be performed off line on dedicated
analysis computers. Many parts of the interpretation of
the exam, however, remain primarily descriptive and are
usually estimated by expert readers.

Apical 4 chamber view

o Thrombus

Figure 41. Example of detection of a blood clot (thrombus) in the
left ventricular chamber.

Doppler Echocardiography

While the 2D echo has considerably expanded the ability to
characterize abnormalities of the four heart valves, it has
not been possible to obtain direct hemodynamic informa-
tion about valve abnormalities by imaging alone. Doppler
imaging provides direct measurement of hemodynamic
information.

By using Doppler, six basic types of information can be
obtained about blood flow across a particular region:

1. The direction of the blood flow.

2. The time during the cardiac cycle during which blood
flow occurs.

The velocity of the blood flow.
The time the peak velocity occurs.
5. The rate at which velocity changes.

N o
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Figure 42. Example of a patient with fluid surrounding the heart.
The dark area surrounding the heart (pericardial effusion) is
shown. In this case, increased pressure caused by the effusion
compresses part of the right atrium (RA).



6. The pressure drop or gradient across a particular
valve or anatomic structure.

Data about pressure gradients is derived from the velo-
city measurement using the Bernoulli equation:

2 dv
P —Py=1/2p(V3-VH+ p 9 TR
N e’ J1 N
N e’

Viscous
friction

Convective Fl
acceleration ow

acceleration

where P; — P5 is the pressure drop across the structure V,
and Vi being blood flow velocity on either side of the
structure, and p is the mass density of blood (1.06 x 10®
kg/m®). For applications in the heart, the contributions by
the flow acceleration and viscous friction terms can be
ignored. In addition, V; is generally much less than V,
(thus, V; can usually be ignored), and p is a constant for the
mass density of blood (6). Combining all these changes
together results in the final “simplified” form of the Ber-
noulli equation:

Py —Py=4V?

Cardiac Output. When the heart rate, blood flow velocity
integral, and cross-sectional area of the region across
which the blood flow is measured are known, cardiac out-
put can be estimated using the following equation:

CO=AxV xHR

where CO is the cardiac output, A is the cross-sectional
area, V is the integrated blood flow velocity, and HR is the
heart rate.

The Character of the Blood Flow. The differentiation
between laminar and turbulent blood flow can be made
by observation of the spectral pattern. In general, laminar
flow (all recorded velocities similar) occurs across normal
cardiac structures of the heart, while disturbed or turbu-
lent flow (multiple velocities detected) occurs across
diseased or congenitally abnormal cardiac structures
(Fig. 20).

Doppler is most valuable in patients with valvular heart
disease and congenital heart disease. In the case of valve
stenosis (abnormal obstruction to flow), use of Doppler
echocardiography allows quantification of the pressure
gradient across the valve (Fig. 43). Using the continuity
principle, which states that the product of cross-sectional
area and flow velocity must be constant at multiple loca-
tions in the heart, it is possible to solve for the severity of
valve stenosis. The equation may be written as noted and
then manipulated to solve for the area at the stenotic valve
(A).

A1V =A3Vy
AV,
=A
Vo 7

For valvular insufficiency, Doppler echocardiography is
most useful when the color Doppler format is used in
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Figure 43. Example of a continuous wave Doppler signal through
the aortic valve (AoV). Two tracings are shown along with mea-
surement technique also demonstrated.

conjunction with 2D echo. Since an insufficient valve
(i.e., a valve that allows backward leakage of blood when
closed) produces turbulent flow in the chamber behind the
valve, color Doppler immediately detects its presence. The
extent to which turbulent flow can be detected is then
graded on a semiquantitative basis to characterize the
amount of valve insufficiency (Fig. 17). Since only 2D
are interrogated at any given time, the best results are
obtained when Doppler sampling is done from more than
one view.

In patients with congenital heart disease, Doppler echo-
cardiography allows the tracing of flow direction and velo-
city across anatomic abnormalities, such as holes between
various cardiac chambers (i.e., atrial or ventricular septal
defects). It can also display gradients across congenitally
malformed valves and great vessels and also determine the
direction and rate of flow through anatomically mal posi-
tioned chambers and great vessels.

In addition to direct interrogation of heart valves for
detection of primary valve disease, Doppler flow sampling
is used to evaluate changes in flow across normal valves
that may indicate additional pathology. For example, the
systolic blood pressure in the lungs (pulmonary artery
pressure) may be estimated by quantifying the velocity
of flow of an insufficiency jet across the tricuspid valve
(another application of the Bernoulli equation). This cal-
culated value, when added to the estimated central venous
pressure (obtained in a different part of the exam) gives an
excellent estimate of pulmonary artery pressure.

A second important measurement involves characteriz-
ing the way the left ventricle fills itself after ejecting blood
into the aorta. There is a well-described set of changes in
the pattern of flow across the mitral valve, changes in flow
into the left atrium from the pulmonary veins and changes
in the outward movement in the muscle itself characterized
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by tissue Doppler that can help categorize the severity of
changes in filling of the left ventricle.

SPECIALIZED CLINICAL DATA

Transesophageal Echocardiography

The TEE exam is used when a transthoracic exam either
cannot be performed or gives inadequate information. One
limitation of echo is the great degree of variability in image
quality from patient to patient. In some circumstances,
particularly in intensive care units, the TEE exam may
provide superior image quality since its image quality is
not dependent on patient position or interfered with by the
presence of bandages, rib interfaces, air or other patient
dependent changes. Similarly, during open heart surgery a
TEE is routinely used to assess cardiac function pre- and
postintervention and pre- and postheart valve replacement
or repair. Since the TEE probe is in the esophagus, outside
of the surgeon’s sterile field images are obtained even when
the patient’s chest is open. This capability allows the
surgeon to evaluate the consequences of, for example, a
surgical repair of a heart valve, when the heart has been
restarted, but before the chest is sutured closed. The TEE
exam also visualizes parts of the heart not seen by any
transthoracic view. A particular example of this is the left
atrial appendage, a part of the left atrium. This structure
sometimes develops blood clots that can only be visualized
by TEE.

Three-Dimensional Reconstruction

While the 2D exam displays considerable data about spa-
tial relationships between structures and quantification of
volume, there is still considerable ambiguity in many
circumstances. One way to further enhance the exam is
to use 3D reconstruction.

Figure 44. Example of on-line 3D reconstruction. The heart is
imaged at the level of the aortic valve where all three leaflets are
shown.

Its use has been a significant challenge. All early meth-
ods developed computerized routines that characterized the
movement of the transthoracic transducer in space. Images
were acquired sequentially and then reconstructed first
using geometric formulae and later using more flexible
algorithms without geometric assumptions. The data, while
shown to be useful for both adding new insight into several
cardiac diseases and improving quantitation, did not
achieve practical acceptance due to the considerable opera-
tor time and effort required to obtain just one image (12).

Recently innovations in image processing and transdu-
cer design have produced 3D renditions of relatively small
sections of the heart in real time. Use remains limited at
present but further development is expected to make 3D
imaging a practical reality on standard ultrasound systems
(Fig. 44).

(b)

Figure 45. (a) Example of injection of agitated saline into sys-
temic veins. The contrast moves into the right atrium (RA) and
right ventricle (RV), causing transient full opacification. The left-
sided chambers are free of contrast. (b) Similar to (a). However,
some of the contrast bubbles have crossed to the left ventricle (LV),
proving a communication exists between the right and left sides of
the heart.



Stress Echocardiogram with contrast
s

Figure 46. Example of contrast use to improve visualization of
the walls of the left ventricle. The contrast agent used in this case
is a gas-filled microbubble that fills the left ventricle during a
stress test. The entire chamber is white with full contrast enhance-
ment.

Contrast Imaging

Contrast agents are combined with certain 2D echo exams
to enhance the amount of diagnostic information available
on the exam, or improve the quality of the exam.

There are two types of contrast agents. One type is made
from normal saline solution. An assistant generates the
contrast for injection during regular 2D imaging. Typically
0.5 mL of air is added to a 10 mL syringe of saline and
vigorously hand agitated between 2 syringes for about 15 s.
This agitation causes production of several million small
bubbles. The bubbles are too large to pass through capil-
laries, thus when injected into a vein, they are all filtered
out by the passage of venous blood through the lungs. Thus
when injected into a normal heart, saline contrast passes
into the right atrium and right ventricle, produces a tran-
sient intense response and disappears, not making it to the
left ventricle. This property makes saline injection ideal for
detecting an abnormal hole, or shunt passage across the
atrial septum or ventricular septum. When a communica-
tion of this type is present bubbles cross directly from the
right side to the left side of the heart. This is an extremely
sensitive method for making this diagnosis (Fig. 45).

A second type of contrast agent, developed and now
commercially marketed, is a gas filled microbubble smaller
than a red blood cell. This type of agent, made from per-
fluorocarbons covered by an albumen or lipid shell, when
intravenously injected passes through the lungs and opa-
cifies the left side of the heart as well as the right side. The
bubbles are gradually destroyed by ultrasound and blood
pressure, lasting for several minutes in ideal circum-
stances. When combined with harmonic imaging these
contrast agents markedly improve the quality of the 2D
image, particularly for the evaluation of left ventricular
wall motion (Fig. 46). The contrast agent markedly
enhances the border between blood and the chamber wall.
Use of these agents is variable among laboratories, but its
use substantially decreases the number of nondiagnostic
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studies. Still under investigation is whether these same
contrast agents can be used for evaluation of blood flow
within the heart muscle. This information could be of
particular value for patients with coronary artery disease
either during acute episodes of ischemia when a new
coronary stenosis is suspected or as an enhancement to
the stress echocardiogram (13).
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INTRODUCTION

Electroanalgesia, electroanesthesia, neurostimulation,
neuromodulation, and other physical methods of producing
analgesia, anesthesia, and/or decreased sensitivity to pain-
ful stimuli are old concepts that are beginning to be revi-
talized in the recent past. For > 40 years, there has been a
revival of electrotherapy in the treatment of pain. Analge-
sia by electrical current is now based on transcutaneous or
percutaneous nerve stimulation, deep stimulation, poster-
ior spinal cords stimulation, and transcutaneous cranial
electrical stimulation (1-8). One reason for this has been
the increased awareness of spinal and supraspinal opioid
analgesic mechanisms, including the precise pathways,

receptors, and neurotransmitters involved in pain percep-
tion, recognition, modulation, and blockade. Another rea-
son is the renewed belief that nonpharmacological
manipulation of these receptors and transmitters should
be possible with electricity since numerous progress have
been made in the development of electric current wave-
forms that result in significant potentiation of the analge-
sic and hypnotics action of many intravenous and inhaled
anesthetics without producing significant side effects (9—
20). Finally, recent successes of transcutaneous electrical
nerve stimulation (TENS) in the treatment of pain and
transcutaneous cranial electrical stimulation (TCES) as a
supplement during anesthesia to obtain postoperative
analgesia by potentiating the anesthetic agents used dur-
ing the intra- and postoperative phases. The popularity of
electroacupuncture in a variety of pain and pain related
areas have focused the attention of investigators and the
public on electricity as a beneficial medical therapy. In this
article, some of the most recent developments in nerve and
brain stimulatory techniques using electrical stimulation
to produce analgesia are addressed.

HISTORY

Alteration of pain perception utilizing forms of electrical
stimulation dates back to the Greco-Roman period. Elec-
trostimulation to decrease the pain started with the
“electric fish” (torpedo marmorata), as 46 years after Jesus
Christ, Scribonius Largus, physician to emperor Claudius,
recommended the analgesic shock of the Torpille in the
treatment of the pain (21,22). Unfortunately, in those days
attempts were crude and success was limited for many
reasons none-the-least of which was a poor understanding
of the fundamentals of electricity. Interest in electroanal-
gesia was renewed in the seventeenth century when Von
Guericke built the first electrostatic generator to apply
locally to relieve pain; however, results were still marginal.
At the beginning of the twentieth century, Leduc reawa-
kened interest in the idea of producing sleep and local and
general anesthesia with low frequency impulsional elec-
trical current. He used unidirectional rectangular inter-
mittent current of 100 Hz with an ON-time of 1 ms and
OFF-time of 9 ms with a moderate amperage (0.5—10 mA)
on a variety of animals and on himself to evaluate the
effects of electricity on the central nervous system (23,24).
Electrodes were placed on the forehead and kidney areas
and electrostimulation resulted in apnea, cardiac arrhyth-
mias, cardiac arrest, and convulsions in dogs and a “night-
marelike state” in which the subject was aware of pain.
Despite these inauspicious beginnings, studies continued.
In 1903, Zimmern and Dimier produced postepilectic coma
with transcerebral currents, and in 1907, Jardy reported
the first cases of surgery in animals with electroanesthesia.
Between 1907 and 1910, Leduc and other performed a
number of surgical operations on patients with electricity
as an anesthetic supplement (1-5).

In the early decades of the twentieth century, electro-
analgesia was always associated with intense side effects
including muscle contractures, prolonged coma (cerebral
shock), cerebral hemorrhage, hyperthermia, cardiac



arrhythmias, and convulsions. Because of these difficul-
ties, interest waned. In 1944, Frostig and Van Harreveld
began experimenting with an alternating current from 50
to 60 mA and a variable voltage bitemporally. The advan-
tage of this more complex method of stimulation was less
muscular spasm and contraction (4,5). Unfortunately,
these approaches still resulted in transient periods of
apnea, cardiac arrhythmias, and standstill as well as fecal
and urinary soillage. These problems could be reduced,
but not eliminated, by decreasing amperage. Numerous
other investigators began using many diverse currents
without much success. The most interesting results were
obtained in 1951 by Denier (25,26) and in 1952 by Du
Cailar (4). Denier began experimenting with high fre-
quency (90 kHz) rectified sinusoidal current with a pulse
duration of 3 ms (on time) and a resting time of 13 ms
(OFF time), knowing that the effects of modulation at a
high frequency current are those of the envelope of its
waves. Du Cailar introduced the idea of electropharma-
ceutical anesthesia by utilizing a premedication of mor-
phin—lobelin in association with a barbituric induction,
along with the electrical current. This idea of electrophar-
maceutical anesthesia that was taken up again in the
Soviet Union in 1957 by Ananev et al. using the current of
Leduc combined with a direct current (1-3), and in the
United States by Hardy et al. using an alternating sinu-
soidal current of 700 Hz current of Knutson (27-29), and
during the same period by Smith using the current of
Ananev (1). But with these currents the experimenters
were always bothered by side effects (muscle contractions
of the face with trismus, of the body with apnea, etc.) that
required the use of curare and for all practical purposes
made this approach to anesthesia more complicated that
conventional anesthesia.

Other investigators began studying mixtures of phar-
maceutical agents, including opioids, barbiturates, and
later benzodiazepines and butyrophenones in combination
with electric currents to reduce and hopefully eliminate
these problems, which were often attributed to “the initial
shock of the electric current”. Others began studying the
shape of the current waveform and its frequency. Sances
Jr., in United States, used the current of Ananev associated
with white noise (5,30) while Shimoji et al. in Japan, used a
medium frequency (10 kHz) monophasic or biphasic cur-
rent with sinusoidal or rectangular waves (31,32). Many
were able to produce impressive analgesia and anesthesia
in animals, but significant problems (apnea, hypersialor-
rhea, muscular contractures, convulsions, cardiac arrhyth-
mias) continued to occur in humans. As a result, from the
1950s until the present time, many investigators focused
on appropriate electrode placement. It was Djourno who
thought that the principal problem to resolve was to find
the ideal position for the electrodes to determine the
trajectory of the electric current so as to touch precise
zones of the brain. This is why he advocated electrovector
anesthesia applied with three electrode pairs (vertex-
palate, temporal-temporal, fronto-occipital) (4,33). During
this time the Soviets Satchov et al. preferred interferential
currents of middle frequencies (4000-4200 Hz) associated
with barbiturates transmitted by two pairs of crossed
electrodes (left temporal-right retromastoid and right
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temporal-left retromastoid). Others suggested that the
problems can be minimized by using mixtures of sedative,
hypnotic, and analgesic drugs, plus low amperage electri-
cal currents to produce the ideal effect.

The result of all this activity is that there is still no
general agreement on the importance of electrode place-
ment (although frontal and occipital are probably most
popular), waveform, wave frequency, current strength,
interference currents, or the role of supplemental pharma-
cotherapy (4,34-38). What was agreed was that it appeared
impossible to reliably produce problem-free “complete
anesthesia” in humans using any available electrical
generators and associated apparatus. Instead, the most
successful approaches to electroanesthesia have used
waveforms, frequencies, and currents that produce few,
if any, side effects (and result in significant analgesia), but
must be supplemented with pharmacological therapies to
be a “complete anesthetic”. While some may scoff at these
modest gains, others remain optimistic because using a
variety of neurostimulatory approaches, reproducible and
quantifiable analgesia was now possible without pharma-
ceutical supplementation.

Analgesia and Electroneurostimulation

The advancement of the spinal gate control theory of pain by
Melzach and Wall (39,40), the discovery of central nervous
system opiate receptors, and the popularity and apparent
effectiveness of acupuncture in some forms of pain manage-
ment have given support to the basis that neurostimulatory
techniques can produce analgesia via readily understand-
able neurophysiological changes rather than mysterious
semimetaphysical flows of mysterious energy forces
(41,42). It is now clear that electrical stimulation of the
brain and peripheral nerves can markedly increase the
concentration of some endogenous opiates (B-endorphin,
d-sleep producing factor, etc.) in certain areas of the brain
and produce various degrees of analgesia. It is proposed that
pain relief from electrical stimulation also results from a
variety of other mechanisms including alteration in central
nervous system concentrations of other neurotransmitters
(serotonin, substance P), direct depolarization of peripheral
nerves, peripheral nerve fatigue, and more complex nervous
interactions (43—46).

Whatever the mechanisms producing analgesia with
electrical stimulation, many clinicians are beginning to
realize the advantages of these techniques. Neurostimula-
tory techniques are relatively simple, devices are often
portable, their parameters (controls) are easy to under-
stand and manipulate, and application usually requires
minimal skills. Moreover, there are few, if any, side effects,
addiction is unheard of, if a trial proves unsuccessful little
harm is done, the techniques reduce requirements for other
analgesics, and usually the stimulation itself is pleasant.

Transcutaneous Electrical Nerve Stimulators

Transcutaneous electrical nerve stimulation, currently
called TENS, is the most frequently used device for treat-
ment of acute postoperative and chronic pain of most
etiologies. The first portable transcutaneous electrical sti-
mulators were produced in the 1970s with controllable
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wave forms and modulable patterns of stimulation. The
goal was to produce a compact, lightweight, portable min-
iaturized current generator to provide stimulation by
means of skin contacting electrodes, and able to be used
as the patient went about normal daily activities. To that
end, as well as safety reasons, the devices were battery
powered. A plethora of electrical nerve stimulators can be
found on the market. Dimensions are approximately the
size of a pack of cigarettes and can be worn by the patient
by use of straps or belts. These stimulators, that have one
or more adjustable electric parameters that provide no ease
of operation, deliver biphasic waves of low frequency of
1-250 Hz with current intensity from 50 to 100 mA. These
electrical stimulations result in a tingling or vibrating
sensation. Patients are able to adjust the dial settings with
respect to frequency and intensity of the stimulus.

The stimulation electrodes must permit uniform cur-
rent density and have a stimulation surface >4 cm? in
order to avoid cutaneous irritation caused by elevated
current densities. The material must be hypoallergenic,
soft, and flexible to allow maximal reduction of any dis-
comfort while providing for lengthy stimulation in diverse
situations. The impedance at the biologic electrode—skin
interface can be minimized by the choice of material as well
as the use of a conducting gel. Materials used to make the
electrodes can be carbon-based elastomeres as well as
malleable metals. Most recent developments use adhe-
sive-type ribbons impregnated with silver and are acti-
vated by a solvent and provide improved conductibility. For
a clinician who is inexperienced in electronics or electro-
neurophysiology, it is difficult to choose wisely as para-
meters available for use are created by inventors or
producers with absolutely no scientific basis. Analysis of
results obtained with the majority of these devices is based
on subjectivity of the physician or the patient. The domain
is merely empiric. It is a pity that the parameters chosen in
the production and use of these devices is by researchers
that have not taken advantage of the available scientific
works in electrophysiology, notably those of Willer (47,48)
on the nociceptive reflex of exercise in humans. A neuro-
stimulator must be selected that will provide proper nerve
excitation that is reproducible and durable and that does
not cause lesions from burns or electrolysis. Consequently,
all those stimulators that deliver direct or polarized cur-
rent should be used carefully as well as those that deliver a
radio frequency (RF) in excess of 800 kHz. One must chose
stimulators that deliver a constant biphasic asymmetric
current, that is, one that delivers a positive charge that is
equal to the negative charge providing an average inten-
sity of zero. To guide the clinician, it must be recalled that
current always takes the path of least resistance, and
therefore a current of low frequency can only be peripheral
the more one increases the frequency. Otherwise, undesir-
able effects will be produced under electrodes. It is know
that a sensation of numbness appears from 70 to 100 Hz
and that a motor action appears from 1 to 5 Hz.

Implantable Electrical Nerve Stimulators

Other forms of stimulation consist of implanted neurosti-
mulators, spinal cord stimulation (SCS) (dorsal column

stimulators), and deep brain stimulation (DBS). Peripheral
nerve neurostimulation implants are also often used for
chronic pain but may be employed for acute ulnar, brachial
plexus, or sciatic pain in critically ill patients (8).

There are two types of implantable electrical stimula-
tors: Passive-type stimulator with RF made up of as
totally implantable element (receptor) and an external
element (transmitter) that supplies the subcutaneous
receiver through the skin using an RF modulated wave
(500 kHz—2 MHz). Active-type totally implantable stimula-
tor, supplied by two mercury batteries (which lasts for 2—4
years) or a lithium battery, which lasts for 5 or 10 years.
These devices enable several parameters to be controlled
(amplitude peak, wave width, frequency gradient). The
variation of these parameters obviously depends on the
patient, the region stimulated and the symptom which it is
desired to modify.

ACTUAL CLINICAL NEUROSTIMULATORY TECHNIQUES

Certain precautions must be taken and the patient must be
well advised as to the technique, the principles of stimula-
tion, and all desired effects. These techniques should not be
used on patients wearing a cardiac pacemaker, pregnant
women, or in the vicinity of the carotid sinus. The methods
demand the utmost in patience, attention to detail, and
perseverance. It must be regularly practiced by medical or
paramedical personnel.

The most important application of neurostimulatory
techniques in clinical use today is in management of acute
postoperative and chronic pain, however, since 1980
numerous terms are used in the articles to describe the
diverse techniques for electrical stimulation of nervous
system. Certain words do not harmonize with reality, such
as TransCranial Electrostimulation Treatment (TCET) or
Transcranial Electrostimulation (TE). In reality, the
microamperage and low frequency used do not enable
penetration of the current into the brain, they correspond
to a peripheral electrostimulation, which is a bad variant of
Transcutaneous Electrical Nerve Stimulation, now being
used for certain painful conditions.

Transcutaneous Electrical Methods

Transcutaneous Electrical Nerve Stimulation (TENS). The
purpose of this method is to achieve sensitive stimulation,
by a transcutaneous pathway, of the tactile proprioceptive
fibers of rapid conduction with minimal response of noci-
ceptive fibers of slow conduction and of efferent motor
fibers. Numerous studies have documented that TENS
in the early postoperative period reduces pain, and thus
the need for narcotic analgesics, and improves pulmonary
function as measured by functional residual capacity.
TENS is also frequently applied in chronic unremitting
pain when other approaches are less effective or ineffec-
tive. This method is the simplest technique, and appears to
be effective by alleviating the appreciation of pain (6,49).

The points of stimulation and the stimulation adjust-
ments must be multiple and carefully determined before
concluding that the effect is negative. Different stimulation
points are used by the various authors: One can stimulate



either locally by placing the electrodes in the patient at the
level of the painful cutaneous area and more particularly
on the trigger point that may be at times some distance
from the painful zone (50), or along a nerve pathway
“upstream” away from the painful zone to cause parasthe-
sia in the painful area, or an acupuncture point correspond-
ing to the points depicted an acupuncture charts (41,42).
The stimulation time is usually 20-30 min and repeated at
fixed hourly intervals, and discontinued when the pain is
relieved. Whatever method is used, one must avoid the
production of harmful stimulations or muscle contractions
and the stimulation must be conducted with the patient at
rest.

In acute injury states where pain is localized, TENS can
produce analgesia in up to 80% of patients (51), but this
percentage decreases to ~ 20% effectiveness at the end of a
year. In order to obtain this result, this stimulation has the
sensation of “pins and needles” in the area of the cutaneous
stimulation. This phenomenon appears to be in part simi-
lar to a placebo effect estimated at 33% regardless of the
type of current employed or the location of applied current.
As the affected area increases in size, TENS is less likely to
be sufficient and is also less effective in chronic pain,
especially if the cause of the pain itself is diffuse.

The mechanism by which TENS suppresses pain is
probably related to spinal and/or brain modulation of
neurotransmitter and/or opiate or other y-aminobutyric
acid (GABA) receptor function. This method works best
with peripheral nerve injuries and phantom and stump
pains. Transcutaneous nerve stimulators are usually less
effective in low back pain or in patients who have had
multiple operations. It is often totally unsatisfactory for
pain (particularly chronic pain) that does not have a per-
ipheral nerve cause such as pain with a central nervous
system etiology or an important psychological component
(depression and anxiety) (52—55).

Transcutaneous Acupoint Electrical Stimulation (TAES).
Acupuncture, in its traditional form, depends on the inser-
tion of needles into specific acupuncture points in the body
as determined by historical charts. Electrical Acupuncture
(EA) or TAES employs Low Frequency (LF) stimuli of
5-200 Hz in the needles inserted at the classical acupunc-
ture points. Occasionally, nontraditional acupuncturists
use the needles at or near the painful area. Usually these
types of treatments produce mild degrees of analgesia.
Electrical acupuncture is essentially as benign as TENS
and produces its effects by similar mechanisms (42,53,56).
Unfortunaly, EA is more expensive toperform than TENS
because it necessitates the presence of an acupuncturist
clinician. Thus, it is likely that EA will not become as
popular as TENS for treatment of most pain problems.

Transcutaneous Cranial Electrical Stimulation (TCES). This
method is a special form of electrical stimulation that
employs a stimulator that gives a complex current (specific
waveforms and high frequency). It was developed by a
French group headed by Limoge (35-38,57-59). The TCES
method has been used for analgesia during labor pain and
before, during, and after surgery, and has recently been
shown to be effective to potentiate the analgesic drugs for
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major surgery, and cancer pain (60). With TCES two
electrodes are placed in back of the ear lobe and behind
the mastoid bone and one electrode at intersection of the
line of the eyebrowns and the sagittal plane. The resulting
analgesia is systemic rather than regional (see the section
Electrical Anesthesia for a more complete description of the
current).

Neurosurgical Methods

Percutaneous Electrical Nerve Stimulation (PENS). This
method consists of an electric stimulation by means of a
surgically implanted electrode (subcutaneous) coupled by
RF induction to an external stimulator nerve. This surgical
technique produces long-term positive results of ~70%
(61,62). It is possible to carryout this procedure quite
simply by temporarily implanting needle electrodes at
the acupuncture points or auriculotherapy points. This
technique produces results similar to those of classic TENS
(63,64).

Spinal Cord Stimulation (SCS). This is a neurosurgical
method utilized in cases of failure of simple pharmacolo-
gical or physical treatment where the percutaneous test
was positive. As with PENS an RF stimulator is implanted,
which this time is connected to electrodes at a level with the
posterior spinal cord. The electrodes are actually placed in
the epidural space, to provide a percutaneous pathway,
under local anesthesia and radiological control. It is often
difficult to obtain good electrode position and electrodes
can easily become displaced. This technique is reserved for
desperate cases as the results are of long term. Approxi-
mately 30% are discouraging results (8).

Deep Brain Stimulation (DBS). This method is a compli-
cated and awkward procedure bringing to mind stereotaxis
(8). It consists of implanting electrodes at the level of the
Ventral Postero-Lateral (VPL) nucleus of the thalamus,
which is in relation to afferent posterior cords at the level of
PeriAcqueductal Grey Matter (PAGM) or at the level of the
PeriVentricular Grey Matter (PVGM), where endorphin
and serotonin neurons are found at the motor cortex, which
is the start of the pyramidal fascia (10-13). Results
obtained are encouraging in cases of consecutive pains
at the deafferentation (72%), but of no value in case of
pains of nociception. Deep brain stimulation is employed in
patients when pain is severe, when other approaches have
failed, and when there is a desire to avoid a “drugged
existence” and life expectancy is at best a few months. It
is often an approach to patients with metastatic cancer.
This method is less successful when pain originates from
the central nervous system (secondary to stroke, trauma,
quadriplegia). The DBS-stimulating probes are usually
targeted for the periaqueductal gray matter when pain
is deep seated, or for the sensory thalamus or medial
lemniscus when is superficial.

Electrical Anesthesia

As mentioned previously, it has never been nor is not now
possible to produce, “complete anesthesia” with electricity
alone in humans without producing serious side effects. On
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the other hand, work by numerous investigators has demon-
strated that one or more methods of electropharmaceutical
anesthesia (anesthesia consisting of a combination of an
electric current with anesthetic agents) is not only possible,
but also desirable because of the lack of side effects and
reduced requirements for neurodepressants. During past
years, progress in chemical anesthesia has been so success-
ful that the objective was not to replace classical anesthesia,
but to more precisely confirm studies performed on animals,
potentiation of anesthetic drugs by Transcutaneous Cranial
Electrical Stimulation (TCES) to obtain postoperative elec-
tromedicinal analgesia, to the end that toxicity induced by
chemical drugs could be dramatically reduced. The use of
TCES is not without considerable supporting data, as from
1972 to 2000, many clinical trials involving TCES had been
carried out on patients under electromedicinal anesthesia
and provide > 20 specific references (7). During those clin-
ical trials, anesthetists noticed that complaints of patients
operated under TCES were less numerous in the recovery
room than complaints of patients operated with chemical
anesthesia. It seems that a state of indifference and reduc-
tion of painful sensation persisted in TCES-treated patients.
These observations were scientifically confirmed in a study
(59) in which 100 patients operated under electroanesthesia
(EA) was compared to another 100 patients submitted to
narco-neurolept-analgesia, a classical anesthesia (CA): the
head nurses were ordered to administered 15 mg (i.m.) of
pentazocine in case of patient complaints. It is worth noting
that the first 16 postoperative hours, the average intake of
pentazocine for the patients of the EA group was 8.1 mg/
patient, whereas it was 29.7 mg/patient (3.67 time higher)
for the patients of the CA group. This difference between
groups is highly statistically significant (p < 0.001) (Fig. 1).

This residual and prolonged analgesia is surely one of
the most important advantages of TCES, but few clinicians
benefit from its advantages at the present time. The most
likely reason that few clinicians benefit from TCES is that
it is not yet approved for use in the United States, Canada,
and many countries in Europe by the respective regulatory
agencies. Recent research carried on in numerous labora-
tories has increased our knowledge of the neurobiological

Number of
patients
70 -
60 - average per head (mg)
CA: 8,1 (12.69s.e.)
50 A EA: 29.7 (19.88 s.e.)
2 test) P<0.001
40 - (x2 test)
301 O(CA) n=100
20 A m (EA) n=100
d 1
0
0 15 30 45 60

Pentazocin (mg)

Figure 1. Comparison of two groups receiving pentazocin during
the first 16 h after surgery.

effects of these currents, and allowed the establishment of
serious protocols dedicated to new clinical applications (7).

Nature of the Limoge’s Current. Limoge et al. demon-
strated that complex currents of their design are capable of
producing profound analgesia without provoking initial
shock, pain, or unpleasant sensations, burns, other cuta-
neous damage, muscular contractures, cerebral damage or
convulsions, and respiratory or circulatory depression (58).
The Limoge current consists of high frequency (HF) bipha-
sic asymmetrical wave trains composed of modulated high
frequency (166 kHz) pulse trains, regularly interrupted
with a repetition cycle of 100 Hz (7,57). These wave trains
are composed of successive impulsional waves of a parti-
cular shape: one positive impulse of high intensity and
short duration (2 ps), followed by a negative impulse of
weak intensity and long duration (4 ws) adjusted in such a
way that the positive surface is equal to the negative
surface. The average intensity of this current equals
0 mA. The use of such a negative phase makes it possible
to eliminate all risk of burns. The “on-time” of the low
frequency (LF) wave trains is 4 ms, followed by a 6 ms
“OFF-time” (Fig. 2).

High frequency

166 kHz

Magnification (x 1000)

280 mA

L1

Low frequency 100 Hz

Figure 2. The Limoge waveform pattern: a modulated HF
(166 kHz) pulse trains (top) regularly interrupted with a repetition
cycle of 100 Hz. Concerning the high frequency, note the expo-
nential ascent and acute fall of the waveform, and also note the
area of the positive deflection is equal to that of negative deflection.
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Figure 3. Application of the device on a patient during post
operative period. See the placement of the frontal electrode.

This type of current was gradually developed over ~ 20
years through numerous human clinical studies. The
shape and cyclic ration of the HF waves are felt to be of
utmost importance in the production of analgesia. Various
shapes of waves have been tested (triangular, rectangular,
exponential). Clinical impressions suggest that the most
profound analgesia occurs with HF waveforms having an
exponential ascent and acute fall. The most effective cyclic
ratios are 2:5 with LF waves and 1:3 with HF waves with
peak-to-peak intensity between 250 and 300 mA and peak-
to-peak voltage between 30 and 40 V.

Electrodes. Three electrodes are used. One frontal elec-
trode is placed between the eyebrows and two posterior
electrodes are placed behind the mastoid process on each
side of the occiput (Fig. 3). It is hoped that the intracerebral
electric field thus obtained spreads on each side of the
median line and it thus successful in stimulating opioid
receptors surrounding the third and fourth ventricles and
the paraventricular areas of the brain. In addition, some of
the electric current spreads over the scalp, thus provoking
peripheral electrostimulation (Fig. 4). The use of HF bipha-
sic current permits employment of self-sticking electrodes
made of silver (active diameter 30 mm), without risk of
burns and without unpleasant sensations under electrodes.

Transcutaneous Cranial Electrical Stimulators Using
Limoge Currents. Until now three types of devices only give
Limoge currents: two American devices called Foster Bio-
technology Neurostimulation Device (FBND) and Electro-
Analgesia Stimulation Equipment (EASE) and one French
device called Anesthelec (Fig. 5). The electrical stimulator
must abide by general safety rules. The use of electrosur-
gical units during TCES requires excellent electrical iso-
lation of the generator to avoid any risk of return of the
current or skin burns under electrodes, a fault in the
electrosurgical unit. These portable devices of type LF with
isolated output are composed of one HF oscillator, one
oscillator with LF relaxation with internal power supply
generating HF (166 kHz), and LF (100 Hz) currents for
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Median line

Point 0

Z-- Retromastoid
electrode

Retromastoid -
electrode

Figure 4. Location of the electrodes and shape of wave on the
scalp. The center of the frontal electrode is situated at the inter-
section of the line of the eyebrowns and the sagittal plane. The
center of the two retromastoid electrodes is localized in the retro-
mastoid fossa. On the scalp the amplitude of HF waves diminish in
measurement as the point O (occipital line) is approached, and
behind that point there is an inversion of the wave form. The lines
joining the frontal electrode to retromastoid electrodes represent
the projected distribution of Limoge currents through the brain
with action at the level of the periacqueductal gray matter and the
limbic system.

therapeutic use and one delay circuit, to stop output when
its level is too high. The battery pack must be protected
against short circuit as well as polarity inversion and
detachable as it is rechargeable. The patient cable must

ANESTHELEC

753

1 2 3 4 5 6

Figure 5. Front view of the Anesthelec generator box 1 — 3 digits
displayer: Current intensity (from 000 to 300 mA); 2 — Pushing
button On/Off; 3 — Pushing button for increment of the output
current intensity; 4 — Pushing button for decrement of the output
current intensity; 5 — Pushing button to select display (intensity of
voltage); 6 — Connector for the three electrodes.
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be an interlocking type preventing accidental disconnec-
tion and the functioning of the device must be simplified
with detectors to measure the intensity of the current and
the voltage applied to the patient to confirm proper contact
between skin and electrodes. Concerning electromagnetic
compatibility, the device must be autonomous with no
possible direct or indirect link mains supplies. Mini box
and manipulation components must be made in isolated
material and the patient cables must be shrouded and the
applied elements must be protected against overvoltage.

Clinical Usage of TCES

The TCES method being used with increasing frequency in
France, and many other european countries, in Russia,
in Mexico, and in Venezuela. It is not yet approved for use
in the United States, but is being evaluated both in
patients and in volunteers. Numerous studies have demon-
strated that TCES is particularly effective in urologic,
thoracic, and gastrointestinal surgery, but is not limited
to these types of operative procedures. Patients receiving
TCES require less nitrous oxide (N2O) (30—40% less) to
prevent movement in response to a pain stimulus. This
method potentiates both the amnestic and analgesic effects
of N,O and prolongs residual postanesthetic analgesia at
sites of trauma. The mechanism of analgesia resulting from
TCES during administration of NyO is unknown. Volun-
teers getting TCES without N2O for 1 h are not sleepy or
amnesic, but do report a warm and tingling sensation all
over their body, and are objectively analgesic to many
forms of painful stimulation (14—16). Similar results have
been obtained with some TENS units in patients with
chronic pain and after operation in patients with acute
postoperative pain (54,55). As mentioned previously, some
have suggested that receptor sites situated in the central
gray area of the brain, the spinal cord, and other areas in
the central nervous system regulate the effects of painful
stimulation, analgesia, and the perception of somatic pain.
Electrical stimulation of these receptor sites has been
shown to result in relief from pain and can be antagonized
by narcotic antagonists. Furthermore, the analgesic
actions of TENS can be reversed with antagonists like
naloxone (9,10). This suggests that TENS and TCES
may be producing analgesia by stimulating increased pro-
duction and/or release of the body’s endogenous analgesics,
the endorphins, enkephalins, serotonin and/or other
neurotransmitters and neuromodulators (5,11-13,43—
46,63-65).

To separate facts from empiricism and anecdotal infor-
mation for several years, teams of researchers and clin-
icians attempted to show in animals and in humans what
are the neurobiological mechanisms brought into pay by
the TCES with currents of Limoge. For that reason, a study
was conducted in France on rats on TCES potentiation of
halothane-induced anesthesia and the role of endogenous
opioid peptides was addressed (19). Carried out in double
blind for 10 h prior to tracheotomy and the inhalation of
halothane, the TCES provoked in the stimulated rats
(TCES group, n=10), a significant decrease (p <0.001)
in the Minimum Alveolar Concentration of Halothane
(MACH) in comparison with the nonstimulated rats (con-

MACH
(vol %)
1,2

1,0
0,8 *kk
0,6 T
0,4
0,2
0,0

Control TCES Control TCES

+ naloxone + naloxone

Figure 6. Effects of TCES on halothane requirements in rats.
*** indicate significant difference between TCES and CONTROL
groups (ANOVA, p <0.001).

trol group, n = 10). This effect was completely inhibited by
a subcutaneous injection of 2 mg/kg of naloxone (antagonist
of morphine), which restored the MACH to its initial value
in the TCES group without affecting the control group
(Fig. 6). Moreover, TCES potentiation of halothane-induced
anesthesia was dramatically increased by inhibition of
enkephalin degradation. Thus the decrease of the MACH
is associated with the potentiation the analgesic action of
enkephalins released in the cellular space by TCES. These
results demonstrate the direct involvement of endogenous
opioid peptides on therapeutic effects of TCES.

In addition, a double-blind study carried out during
labor and delivery on parturients to provide evidence of
a mode of action of TCES on maternal plasma secretion of
B-endorphins (66). To evaluate the rate of B-endorphins,
blood samples were drawn from two groups of voluntary
women in parturition ( a TCES group, n = 23, and a control
group, n=17) at four precise stages: at the moment the
electric generator was attached, after 1 h of the current
application, at the time of complete dilatation, and finally
after the delivery. The dosages were achieved by the radio-
immuno enzymatic method. The plasmatic rate of B-endor-
phins was identical in the beginning for the two groups as
those described in the literature, but this rate was pro-
gressively augmented in a significant fashion during the
course of the labor from the first hour (p <0.05) for the
TCES group (Table 1).

It is more interesting to know the rate of endorphins
produced in the cerebral structures known for their abun-
dance of opiate receptors, more so than in the plasma. The
exploration of the effects of TCES on brain opioid peptides
was conducted at the Vishnevski Institute in Moscow by
dosing endorphins in the cerebral spinal fluid (CSF) before
cardiac surgery and after 30 min of TCES. The dosage
showed that TCES augmented significantly (p <0.01)
the rate of B-endorphins in the CSF when compared to
the control group and the effects of TCES reversed by
naloxone (49,67,68).

These studies can partially explain the mode of action of
TCES with currents of Limoge in the brain and permit not
only rectification of protocols for clinical trials already
carried out, but also provide better indication for utiliza-
tion of TCES.

For all clinical applications, it must be keep in mind that
the currents of Limoge provoke endogenous neurosecre-
tions (7), which are not immediate, they require a certain
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Table 1. Evaluation of 3-Endorphin During Labor and Delivery on Parturients®

B-Endorphin Plasmatic Rate, pg-mL™*

Medication Labor Time Installation After 1 h Dilatation  Delivery
Control (n=17) Peridural: 1 patient <1 h 30min: 4 patients
Morphine: 11 patients >1h 30min: 13 patients 123 (£12) 127 (+£10) 124 160
None: 5 patients
TCES (n =23) Peridural: 2 patient <1h 30min: 11 patients
Morphine: 3 patients >1 h 30min: 12 patients 133 (£11) N.S.b 167 (£12)° 186 182

None: 18 patients

“Results of B-endorphin rates are expressed as mean + s.e.m. (when available).
’N.S. indicates no difference between B-endorphin rates of control and TCES groups when measured at the installation of labor.
‘Indicates significant difference between B-endorphin rates of control and TCES groups (t-test, p < 0.05) when measured 1 h after the installation of labor.

amount of time for their induction, and then are main-
tained all along the stimulation application. In conse-
quence, the utilization of this technique in classical
anesthesia is not the best indication except for major
interventions of long duration. One must also remember
that during > 10,000 major surgical interventions carried
out under classical anesthesia combined with TCES it has
been proven that the Limoge currents has a potentiation
effect on opioid and non-opioid analgesics, morphinomi-
metics, psychotropes, and psycholeptics, (14-20) and this
potentiation allows a decrease in drug doses, and therefore
a decrease in toxicity. But one must admit objectively that,
during past years, progress in chemical anesthesia has
been so successful that the TCES will not replace classical
anesthesia. The potentiation of drugs nevertheless by
TCES can open new perspectives in the treatment of pain
whether postoperative or chronic. To be precise the poten-
tiation of opioid analgesia by TCES under specific condi-
tions, was demonstrated by Stinus et al. (17). The authors
showed that potentiation was a function of (a) the intensity
of the stimulation, (b) the opioid dose administered, (c) the
duration of TCES applied preceding opioid administration,
and (d) the position and the polarity of the electrodes. This
experimental approach was of prime importance as it
allowed determination of the most efficient parameters,
studied the therapeutic effects of TCES in humans, and
increased our knowledge of the effects of TCES on neuro-
biological substrates.

Taking account of animal experimentation and clinical
trials, one must know that to be successful in clinical
applications, a correct basal protocol for TCES use should
be followed. The main parameters are, the correct place-
ment of the electrodes, starting electrostimulation no<2h

Table 2. Buprenorphine Consumption®

prior to the introduction of drugs and continuation of TCES
delivery during the pharmacokinetic action of drugs.

Abolition of Postoperative Pain (Fig. 3). Patients operated
under TCES associated with pharmaceutical anesthesia
complain strikingly less often about pain than those oper-
ated with a classical anesthesia. The TCES method induces
a postoperative analgesia for an average of 16 h. A double-
blind study has been made during per and postoperative
period on 39 patients (TCES group n = 20 and control group
n =19) undergoing an abdominal surgery (20). Upon arri-
val in the recovery room, patients were given a computer-
ized, patient-controlled analgesia (PCA) device to deliver
IV buprenorphine (50 pg boluses, 30 min lock-out) during
the first four postoperative hours. The recorded variables
included postoperative requirements, pain scores with
pain visual analogue scale (VAS) (from 0=no pain to
10 = worst), sedation, (from 0 = not arousable to 4 = awake)
awake) and were collected hourly from the first to the sixth
postoperative hour by a blinded investigator. There was a
highly significant reduction of cumulative buprenorphine
requirements in the TCES group compared with the con-
trol group (2.36 +0.19vs. 3.43+0.29 ngkg ' h™%; p < 0.01)
(Table 2). At each postoperative hour, patients required
less buprenorphine in the TCES group. These results
indicate that TCES reduces narcotic requirements for post-
operative analgesia. TCES may have potential to facilitate
early postoperative analgesia in patients undergoing major
surgery.Therefore this technique allows a maximal restric-
tion of pharmaceutical contribution.

Obstetric Electroanalgesia (66,69). In order to test the
analgesic efficacy of TCES with Limoge currents during

Postoperative hours (H) TCES Control
H1 1.35+0.15 1.57+0.13
H2 0.90+0.16 1.21+0.18
H3 0.60+0.15 1.104+0.16°
H4 0.60+0.18 1.00+0.15°

Total dose (pg-kg™"h™) 2.36+0.19 3.43+0.29°

“Data are expressed as mean + SEM.
bp <0.05.
°p <0.01.



32 ELECTROANALGESIA, SYSTEMIC

labor and delivery, a double-blind study was performed
with “anesthelec” on 20 cases for whom analgesia was
necessary (TCES group I, current “on”, n =10, and control
group II, current “off ”, n =10). Labor and delivery were
carried out by a medical team different from those using
the anesthelec. The results showed that TCES, with or
without nitrous oxide inhalation, decreases by 80% the
number of epidural analgesia or general anesthesia that
would otherwise have been unavoidable. To define the
effects of TCES, maternal and fetal parameters of 50
deliveries carried out under TCES were compared with
50 deliveries carried out under epidural analgesia (70).

TCES was used only if analgesia was required. These
clinical trials were a retrospective comparison between two
similar nonpaired series. Despite the fact that analgesia
obtained with TCES was less powerful than with epidural
analgesia, this method showed many advantages: total
safety for the child and the mother, easy utilization,
shorter labor time, decreased number of instrumental
extractions and potentially reduced costs. Good acceptance
and satisfaction for the mother should stimulate a rapid
evolution and acceptance of this new method.

The TCES method should be applied following the first
contractions. Analgesia is established after 40 min of sti-
mulation. A diminution of pain is achieved that is compar-
able to that obtained after an injection (IV) of morphine
(but it is less profound than with epidural analgesia), a
decrease in vigilance with euphoria is obtained without
inducing sleep, but allowing compensatory rest between
contractions. The pupils are enlarged. Stimulation is
applied throughout the birthing procedure and residual
analgesia persists for several hours following delivery.
Results are best if the expectant mother participates in
a preparatory course for the birthing experience or if she
uses musicotherapy in conjunction with TCES. If analgesia
is insufficient it is possible to have patients breath nitrous
oxide and oxygen (50:50) or to administer an epidural
analgesia for the remainder of procedure. Thus obstetrical
analgesia utilizing the currents of Limoge allows a reduc-
tion of labor time in all primapares (p <0.001) and is
without risk to the mother or child. Mothers in labor
appreciate this simple, nonmedicinal, nonpainful techni-
que that allows them to actively participate in the delivery.

Electropharmaceutical Anesthesia in Long Duration Micro-
surgery. For major operations and those of long duration
the results are most encouraging as TCES permits a reduc-
tion of anxiolytics and neuroleptics by 45% and reduction
of morphinomimetics by 90% and demonstrates the pos-
sibilities of drug potentiation to prolong analgesia while
at the same time providing a less depressive general anes-
thetic (7,58,59,68). Early results have improved thanks to
animal research and revision of protocols more particularly
(17-19). In 1972, it was not know to begin electrostimula-
tion three hours prior to medicinal induction (4).

Potentiation of Morphine Analgesia for Patients with
Chronic Pain and Associate Problems (71). For all neurophy-
siological applications, a basic protocol must be followed.
This protocol is as follows: If the patient is being treated
pharmacologically, for the first time, never stop the che-

mical medication but diminish the dosage each day until a
threshold dose is obtained according to the particular
pathology and the patient. Begin TCES at least 1 h before
medication whether it be on awakening in the morning or
2 h prior to going to bed. (There is no contraindication in
maintenance of stimulation all-night long.)

If the patient is not being treated chemically, the effect
of the current is best if there is a “starter dosage” of
medicine. It is therefore recommended that a weak med-
icinal dose be prescribed according to the pathology and
begin the TCES 1 h before the patient takes the dose, and
continue stimulation during the time of pharmacocinetic
action of the medicine.

This protocol will permit treatment of cancer patients at
home whenever possible under medical supervision: This is
aless traumatizing course of action than having the patients
come into hospital every day. In the beginning, one must
maintain the standard pain medication therapy and the
patient should be connected to the Limoge Current gen-
erator for 12 h (during the night, if possible); the potenti-
ometer is turned clockwise to a reading of 35 V and 250-300
mA, peak to peak. After this first treatment phase, the
patient can use the machine for 3 h whenever they feels
the need. The analgesic effect of TCES may not appear until
the third day of treatment. Then TCES is initiated upon
awakening. After 1 h, standard pain medication is given and
TCES therapy is continued for another hour. Three hours
before bedtime, TCES is again administered for 2 h, then
standard pain medication is given and TCES therapy con-
tinued for another hour. The patient should enjoy restful
sleep. After 8 days, the standard pain medication therapeu-
tic dose should be decreased gradually, but not totally
terminated. After this status has been achieved, patients
may use the machine whenever they feel the need, for 3 h
preferably with the reduced dose of the standard pain
medication. The minimal therapeutic dose of the pain med-
ication, however, may have to be adjusted upward some-
what due to individual differences in some patients.

CONCLUSION

All numerous and previous clinical trials have demon-
strated that TCES reduces narcotic (fentanyl) require-
ments in patients undergoing urologic operations with
pure neuroleptanesthesia (droperidol, diazepam, fentanyl,
and air-oxygen) (20,36—-38). Use of TCES in a randomized
double-blind trial of these patients resulted in a 40%
decrease in fentanyl requirements for the entire operation.
Unfortunenately, while available TCES units (using cur-
rents of 250—-300 mA peak to peak, with an average inten-
sity of zero) provide analgesia and amnesia, they do not
produce complete anesthesia. Whether any form of TCES
or the use of very high frequency (VHF) will provide more
analgesia and amnesia, that is, amounts sufficient to result
in complete anesthesia without need for pharmaceutical
supplementation, without problems has yet to be carefully
evaluated but obviously needs to be studied. Considerable
research must continue in this area.

Theoretically, lower doses of narcotics or lower concen-
trations of inhalation anesthetics should result in fewer



alterations in major organ system function during anesthe-
sia. This could mean that anesthesia with TCES produces
less physiological insult than more standard anesthetic
techniques and results in a shorter postoperative recovery
period. It has been observed that TCES plus N2O results in
analgesia that persists after stimulation is terminated and
N2O is exhaled (7,14,15,20,58-60). This suggests that
intraoperative use of TCES might reduce postanesthetic
analgesic requirements, and that future clinical trials must
be initiated to confirm this suggestion.

The 30.000 plus major interventions realized under
TCES in France and in Russia since 1972 and the > 5000
drug withdrawals undertaken in opioid addicted patients at
the Medical Center of the University of Bordeaux since 1979
without even the most minor incident permits us to conclude
that the currents of LIMOGE are absolutely innocuous and
cause no side effects. This simple technique reduced the use
of sedative medicaments such as psychotropes or psycho-
leptics that often lead to “legal” addiction. The TCES is
atoxic, reproductible, causes no personality change and is
without habituation. Briefly, this technique fits perfectly
into the domaine of all aspects of classical and alternative
medicine as well as human ecology.
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INTRODUCTION

Digital computers have the ability to store tremendous
amount of data and retrieve them with amazing speed
for further processing and display. These attributes of
computers make them extremely useful in a modern clinic
or hospital environment. Computers play a central role in
medical diagnosis and treatment as well as management of
all processes and information in the hospital including
patient data. Computers greatly facilitate the recording
and retrieval of patient data in a simple way. All areas of
hospital including patient admittance and discharge, the
wards, all specialty areas, clinical and research labora-
tories are now interconnected through computer intranet
and even nationally or globally connected through compu-
ter internet networks. This arrangement provides for bet-
ter coordination of patient management throughout
various hospital departments, and reduces patient waiting



times. Obviously, computers also play a very important
role in all aspects of administration and management of the
hospital like other sophisticated institutions. Therefore,
they greatly facilitate the overall planning and operation of
the hospital resulting in improved healthcare services.

As the electrocardiographic (ECG) signal is one of the
most, if not the most, measured and monitored vital signs,
computers have had a tremendous impact in electrocardio-
graphy. One of the most well known areas of application of
computers in medical diagnosis is their use in recording,
monitoring, analysis and interpretation of ECG signals.
Computers reduce interpretation time and ensure improved
reliability and consistency of interpretation. Computers
assist cardiologists by providing cost-effective and efficient
means in ECG interpretation and relieve them from the
tedious task of reviewing large numbers of ECG recordings.
Computers also increase the diagnostic potential of ECG
signals. Of course, cardiologists consider patient history, the
details of the morphology of the ECG signals and other
pertinent patient data backed by their clinical knowledge
and experience to make a complete diagnosis. It should be
clearly stated and emphasized that computers do in no way
relieve the physicians of forming a complete clinical deci-
sion. However, computers provide them with information on
the ECG examination in a clearer fashion and save them
from the burden of routine, repetitive, and subjective cal-
culations. An additional advantage of using computers in
electrocardiography is the ease of storage and retrieval of
ECG data for further study and analysis.

Computer processing of ECG signals, which are analo-
gue in nature with amplitudes in low millivolt range and
low frequency content (0.05-150 Hz), involves digitization
with a typical sampling frequency of 500 Hz and 12 bit
resolution in analog-to-digital conversion process. Further
processing involves digital filtering, removal of powerline
and biological artifacts (like EMG interference), averaging
and automatic measurement of amplitudes and durations
of different parts of the ECG signal. Computer analysis
programs developed based upon the interpretative experi-
ence of thousands of experts performed on millions of ECG
records, provide important ECG waveform components,
such as amplitude, duration, slope, intervals, transform
domain features, and interrelationships between individual
waves of the ECG signal relative to one another. These
parameters are then compared with those derived from
normal ECGs to decide whether there is an abnormality
in the recordings. There are a wealth of algorithms and
methods developed over several decades to assist with
computer-aided analysis and interpretation of ECG signals.

Computer-assisted ECG analysis is widely performed in
ECG monitoring and interpretation. This method is effec-
tively deployed in routine intensive care monitoring of
cardiac patients, where the ECGs of several patients are
continuously monitored to detect life-threatening abnorm-
alities. The purpose of monitoring is not only to detect and
treat ventricular fibrillation or cardiac arrests, but also to
detect the occurrence of less threatening abnormalities like
heart blocks and arrhythmias. The occurrence of such
episodes and their timely detection helps clinicians to make
early diagnostic decisions and take appropriate therapeu-
tic measures. The accurate detection of trends resulting in
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dangerous cardiac abnormalities by visual inspection
of ECG displays or chart recorders is a difficult task.
Computer-assisted analysis of ECG signals to extract base-
lines, amplitudes, slopes, and other important parameters
to establish minimum and maximum values for these
parameters provides an efficient and accurate means to
track the nature of the ECG rhythms.

The ECG acquisition and analysis systems like many
other biomedical devices are designed to measure physiolo-
gical signals of clinical relevance and significance. To design
and effectively use appropriate instrumentation to measure
and process such signals, an understanding of the origin and
properties of these signals are of prime importance. This
article starts off with an attempt to present a distilled
overview of the origin of bioelectric signals in general,
and the electorcardiographic signal in particular. This over-
view sets the basis to briefly describe the cardiac vector and
its projection along specific directions (leads) providing the
surface ECG recordings and review the basic instrumenta-
tion necessary to record these signals. A detailed description
of a high end computer-based 12 lead clinical ECG acquisi-
tion and analysis system provides an example to appreciate
the role of computers in diagnostic electrocardiography. An
overview of the role of computers in high resolution electro-
cardiography (body surface potential mapping) and other
ECG-based diagnostic devices then follows. A brief intro-
duction to computer-based ECG monitoring systems and a
block diagram description of a QRS detection algorithm
illustrate how computer programming serves as a basis to
detect cardiac arrhythmias. The article ends with a web-
based ECG telemonitoring system as an example.

REVIEW OF BASIC CONCEPTS

From cellular physiology, we recall that biopotentials
are produced as a consequence of chemical activity of
excitable or irritable cells. Excitable cells are components
of the neural, muscular, glandular as well as many plant
tissues. More specifically, biopotentials are generated as
a consequence of ionic concentration difference of elec-
trolytes (mainly Na't, K*, Cl™ ions) across the cellular
membrane of excitable cells. Ionic differences are main-
tained by membrane permeability properties and active
transport mechanisms across the cellular membrane (ionic
pumps.)

The cellular membrane is a semipermeable lipid bilayer
that separates the extracellular and intracellular fluids
having different ionic concentrations. As a consequence of
semipermeability and differences in concentration of ions,
electrochemical gradients are set up across the membrane.
Tonic transfer across the membrane by diffusion and active
transport mechanisms results in the generation of a vol-
tage difference (membrane potential), which is negative
inside. The resting membrane potential is mainly estab-
lished by the efflux of K" ions due to diffusion and is
balanced by the consequent inward electric field due to
charge displacement. This equilibrium voltage can be esti-
mated by the Nernst equation (1), which results from
application of electric field theory and diffusion theory.
If we consider the effects of the three main ions, potassium
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(K", sodium (Na'), and chloride (C17), the Goldman—
Hodgkin and Katz equation can be used to calculate the
resting membrane potential (1).

The smallest sources of bioelectric signals (biosources)
are single excitable cells. These cells exhibit a quiescent
or resting membrane potential across the cellular mem-
brane of several millivolts (mV) (=90 mV with several
hundred milliseconds in duration for ventricular myo-
cytes). When adequately stimulated, the transmembrane
potential in excitable cells becomes positive inside with
respect to outside (depolarization) and action potentials are
generated (at the peak of the action potential in ventricular
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Figure 1. The monophasic action
potential, direction of conduction of
the action potential, and movement
of ions across the cellular mem-
brane. (Courtesy of Ref. 2.)
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myocytes, the membrane potential reaches about +20 mV).
Action potentials are produced by sudden permeability
changes of cellular membrane to ions: primarily sodium
and potassium ions. Action potentials are all-or-none
monophasic waves of depolarization that travel unattenu-
ated with a constant amplitude and speed along the cel-
lular membrane (Fig. 1).

The excitable cells function in large groups as a single
unit and the net effect of all stimulated (active) cells
produces a time-varying electric field in the tissue sur-
rounding the biosource. The surrounding tissue is called a
volume conductor. The electric field spreads in the volume
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conductor and can be detected as small voltages by means
of bioelectrodes or simply electrodes placed in the tissue or
on the skin. Electrodes are sensors, which convert ionic
current flow in the living tissue to electronic current flow in
the electromedical instrument.

To understand the origin (electrogenesis) of biopotential
signals like ECG, we should consider the following:

1. Electrical activity (bioelectric phenomena) at the
cardiac cellular level and the extracellular poten-
tials generated as the result of the electrical activity
of single cardiac cells placed in a large homogeneous
bathing (conducting) medium with the same compo-
sition as body fluids (volume conductor fields of
simple bioelectric sources).

2. Extracellular potentials generated as the result of
the electrical activity of a large number of myocar-
dial cells (tissues) placed in a large conducting
medium with the ionic composition of body fluids
(volume conductor fields of complex bioelectric
sources).

3. The relationship between these extracellular poten-
tials and the gross electrical activity recorded on the
body surface as ECG signals.

A simplified version of the volume conductor problem at
the cellular level can be considered as follows. If a single
excitable cell is placed in a bathing conductive medium, it
acts like a constant current source. When the biosource
becomes adequately depolarized, an action potential is
generated across its membrane and it injects a current
to the surrounding medium. The conductive medium pre-
sents as a load with a long range of loading conditions
depending on its geometry, temperature, and so on. The
lines of current flowing out of the excitable cell into the
volume conductor with a specific resistance r, gives rise to
an extracellular field potential proportional to the trans-
membrane current (i,,) and the medium resistance ()
according to Ohm’s law. Obviously, the extracellular field
potential increases with higher values of membrane
current or tissue resistance.

There has been considerable debate about the exact
relationship between the action potential across the cellu-
lar membrane and the shape of the extracellular field
potential. However, the work of many researchers with
different types of excitable cells has confirmed that the
extracellular field potential resembles the second deriva-
tive of the transmembrane action potential. This means
that a monophasic action potential creates a triphasic
extracellular field potential (1). It has also been shown
that the extracellular field potential is shorter in duration
and much smaller in magnitude (wV compared to mV). Of
course, this relationship has been established for cases
when the geometry of the biosource and its surrounding
environment is simple and the volume conductor is iso-
tropic (uniform in all directions).

More realistically, when a piece of excitable tissue in the
living organism becomes electrically active it becomes depo-
larized, acts like a point current source and injects a current
into the anisotropic volume conductor comprised of tissues
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and body fluids surrounding it with different conductances
(resistances). Consequently, the spatial distribution of cur-
rent will not resemble that of a simple dipole placed in an
isotropic volume conductor. However, it has been shown that
an active nerve trunk (comprised of thousands of sensory and
motor nerve fibers simultaneously stimulated) placed in a
large homogeneous volume conductor generates an extracel-
lular field potential which is quite similar in shape to that of a
single nerve fiber (1). It is concluded that, the extracellular
field potential is formed from the contributions of super-
imposed electric fields of the component biosources in the
nerve trunk. The general form of the extracellular field
potential of a nerve trunk in response to electrical stimulation
is triphasic, it has amplitude in the microvolt range and it
loses both amplitude and high frequency content at large
radial distances from the nerve trunk. It is observed that the
major contribution to the triphasic extracellular field poten-
tial is from the motor nerves in the trunk. It has also been
shown that with a change in the volume conductor load (e.g.,
an increase in the specific resistance of the volume conductor
or a decrease in the radial distance from the complex bio-
source) the amplitude of the recorded extracellular field
potential increases (1).

The concepts discussed above are directly applicable to
explain the relationship between the extracellular field
potentials generated by complex and distributed bio-
sources (current generators) like the cardiac tissue, the
muscles, and the brain and their electrical activities
recorded on the body surface as ECG, electromyogram
(EMG) and electroencephalogram (EEG) signals.

In summary, excitable cells and tissues (biosources),
when adequately stimulated, generate monophasic action
potentials. These action potentials cause the injection of
constant currents into a large bathing medium surround-
ing the biosource (considered as a point current source). As
a result of the current flow in the volume conductor with
specific resistance, extracellular field potentials are gen-
erated in the medium. These field potentials are triphasic
in shape, of shorter duration and smaller amplitude com-
pared to the transmembrane action potential. As the resis-
tivity of the medium increases and the radial distance from
the biosource decreases, the field potential increases.
These field potentials are recorded as clinically useful
signals on the body surface.

The biopotentials most frequently measured and mon-
itored in modern clinics and hospitals are electrocardio-
gram (ECG: a recording of the electrical activity of the
heart), electromyogram (EMG: a recording of the electrical
activity of the muscle), electroencephalogram (EEG: a
recording of the electrical activity of the brain), and others.
Based on the physiological concepts reviewed above, now
we present a brief overview of the electrogenesis of the
ECG signals that carry a wealth of information about the
state of health and disease of the heart. Having done this,
we look at basics of electrocardiography.

BASICS OF ELECTROCARDIOGRAPHY

The conduction system of the heart consists of the sinoa-
trial (SA) node, the internodal tracts, the atrioventricular
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Figure 2. Wavesforms of action potentials in different specialized cells in the conductive pathway
of a normal heart and their contribution with color coding to the surface ECG. (Courtesy of Ref. 2.)

(AV) node, the bundle of histidene (His), the right bundle
branch (RBB), the left bundle branch (LBB), and the
Purkinjie network. The rhythmic electrical activity of
the heart (cardiac impulse) originates in the SA node. This
node is known as the natural pacemaker of the heart,
approximately the size of the tip of a pencil, located at
the junction of the superior vena cava and the right atrium.
The impulse then propagates through internodal and
interatrial (Buchmans’s bundle) tracts. As a consequence,
the pacemaker activity reaches the AV node by cell-to-cell
atrial conduction and activates the right and left atrium in
an organised manner. The pacemaker action potential has
a fast activation phase, a very short steady recovery phase,
followed by a fairly rapid recovery phase and a character-
istic slow depolarization phase leading to self-excitation
(Fig. 2). The pacemaker cells of the SA node act as a
biological oscillator.

As atria and ventricles are separated by fibrous tissue,
direct conduction of cardiac impulse from the atria to the
ventricles can not occur and activation must follow a path
that starts in the atrium at the AV node. The cardiac
impulse is delayed in the AV node for ~ 100 ms. It then
proceeds through the bundle of His, the RBB, the LBB, and
finally to the terminal Purkinjie fibers that arborize and
invaginate the endocardial ventricular tissue. The delay in
the AV node is beneficial since electrical activation of
cardiac muscle initiates its successive mechanical contrac-
tion. This delay allows enough time for completion of atrial
contraction and pumping of blood into the ventricles. Once
the cardiac impulse reaches the bundle of His, conduction

is very rapid, resulting in the initiation of ventricular
activation over a wide range. The subsequent cell-to-cell
propagation of electrical activity is highly sequenced and
coordinated resulting in a highly synchronous and efficient
pumping action by the ventricles.

Essentially, an overall understanding of the genesis of
the ECG waveform (cardiac field potentials recorded on the
body surface) can be based on a cardiac current dipole
model placed in an infinite (extensive) volume conductor.
In this model, an active (depolarizing) region of the tissue is
considered electronegative with respect to an inactive
(repolarizing) region. Therefore, a boundary or separation
exists between negative and positive charges. This is
regarded as a current dipole: a current source and sink
separated by a distance. According to the dipole concept, a
traveling excitation region can be considered as a dipole
moving with its positive pole facing the direction of pro-
pagation. Thus a nearby recording electrode placed in the
surrounding volume conductor (referenced to an indiffer-
ent electrode placed in a region of zero potential) will detect
a positive-going field potential as excitation approaches
and a negative-going field potential as it passes away.
Repolarization (recovery) is considered as a dipole with
its negative pole facing the direction of propagation. There-
fore, the propagation of excitation can be considered as the
advance of an array of positive charges with negative
charges trailing and the recovery could be considered
as the approach of negative charges with positive ones
trailing. Consequently, an upward deflection in the biopo-
tential recording indicates the approaching of excitation
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(depolarization) toward the positive (recording) electrode
and a downward deflection indicates a recovery (depolar-
ization) in the recorded signal.

As the wave of excitation (depolarization) spreads
throughout the conductive pathways and tissues, specific
excitation regions called isochrones are synchronously
excited. In the ventricles, these synchronous activation
regions propagate in a temporally and spatially orderly
fashion from the endocardial to the epicardial direction
(Fig. 3.)

In a localized region of the heart many cells are simul-
taneously activated because of the high electrical and
mechanical coupling (functional syncytium) between the
myocardial cells. Each activation region can be viewed as
an elementary dipole, and all elementary dipoles could be
vectorially added to all others to form a single net dipole.
(For more details on simple and multiple dipole models see
the section Electrocardiography.) Therefore, at each
instant of time, the total cardiac activity can be repre-
sented by a net equivalent dipole current source. The
electric field produced by this dipole source represents
the total electrical activity of the heart and is recorded
at the body surface as the ECG signal (Fig. 4). (For quan-
titative details see chapter 6 in Ref. 2.)

In the early 1900, Einthoven postulated that the cardiac
excitation could be viewed as a vector. He drew an equi-
lateral triangle with two vertices at two shoulders and one
at the navel (representing the left leg). With the cardiac
vector representing the spread of cardiac excitation inside
the triangle, the potential difference measured between
two vertices of the triangle (known as the limb leads) with
respect to right leg, is proportional to the projection of the
vector on each side of the triangle (Fig. 5).

In summary, based on the aforementioned concepts,
electrocardiographers have developed an oversimplified
model to explain the electrical activity of the heart. In this
model, the heart is considered as an electric dipole (points
of equal positive and negative charges separated from one
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Figure 3. Isochrone surfaces in ventri-
cular activation color coded to show
spatiotemporal propagation. (Courtesy
of Ref. 2.)

another by a distance), denoted by a spatiotemporally chan-
ging dipole moment vector M. This dipole moment (amount of
charge times distance between positive and negative charges)
is called the cardiac vector. As the wave of depolarization
spreads throughout the cardiac cycle, the magnitude and
orientation of the cardiac vector changes and the resulting
bioelectric potentials appear throughout the body and on its
surface. The potential differences (ECG signals) are mea-
sured by placing electrodes on the body surface and connected
to biopotential amplifier. (For details, see the section Bioelec-
trodes, and Electrocardiographic Monitors.) In making these
potential measurements, the amplifier has a very high input
impedance to minimally disturb the cardiac electric field that
produces the ECG signal. As it was discussed before, when
the depolarization wavefront points toward the recording
positive electrode (connected to the + input terminal of the
bioamplifier), the output ECG signal will be positive going,
and when it points toward the negative electrode, the ECG
signal will be negative going. The time varying cardiac vector
produces the surface ECG signal with its characteristics P
wave, QRS complex, and T wave during the cardiac cycle.
These field potentials are measured by using bioelectrodes
and biopotential amplifiers to record the ECG tracings.

BASIC INSTRUMENTATION TO RECORD ECG SIGNALS

As the electrical events in the normal heart precede its
mechanical function, ECG signals are of great clinical
value in diagnosis and monitoring of a wide variety of
cardiac abnormalities including myocardial infarction
and chamber enlargements. Therefore, ECG signal acqui-
sition systems are widely used in cardiology, cardiac cathe-
terization laboratories, intensive and cardiac care units,
and at patient’s bedside, among other areas.

As it was described earlier, the electrical activity of
the heart can be best modeled and characterized by
vector quantities. However, it is easier to measure scalar
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Figure 4. The total cardiac electri-
cal activity represented by the net
dipole (cardiac vector) during differ-
ent phases of the cardiac cycle and
its projection along the frontal plane
electrocardiographic leads (I, II, and
III). (Courtesy of Ref. 3.)

quantities, such as potential differences between specified
points on the torso known as surface ECGs. These ECG
signals have a diagnostically significant frequency content
between 0.05 and 150 Hz. To ensure stability of the baseline,
a good low frequency response is required. The instabilities
in the baseline recordings originate from changes in the
electrode—electrolyte interface at the point of contact of the
bioelectrode with the skin. (For details see the section Bioe-
lectrodes.) To faithfully record fast changes in the ECG
signals and distinguish between other interfering signals
of biological origin, adequate high frequency response is
necessary. This upper frequency value is a compromise
between several factors including limitation of mechanical
recording parts of ECG machines using direct writing chart
recorders.

5
1EAD

To amplify the ECG signals and reject nonbiological
(e.g., powerline noise) as well as biological interferences
(e.g., EMG), differential amplifiers (DAs) with high gains
(typically 1000 or 60 dB) and excellent common mode
rejection capabilities must be used. Typically, common
mode rejection ratios (CMMRs) in the range of 80-
120 dB with 5 K() imbalance between differential amplifier
input leads provide a desirable level of environmental and
biological noise and artifact rejection in ECG acquisition
systems. In addition to this, in very noisy environments it
becomes necessary to engage a notch (band-reject) filter
centered at 60 Hz or 50 Hz (in some countries) to reduce
powerline noise further. A good review of adaptive filtering
method applied to ECG powerline noise removal is given in
Adaptive Filter Theory by Simon Haykin (4).
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Figure 5. Einthoven equilateral
triangle. The vertices are LA (left
arm), RA (right arm), and LL (left
leg). The RL (right leg) is used as a
reference for potential difference
N measurements and is not shown. I,

I

II and IIT represent electrocardio-
graphic frontal limb leads. The +
and — represent connection to the
terminals of an ECG (biopotential)
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Many modern biomedical instruments use instrumen-
tation amplifiers (IAs). These amplifiers are advanced
versions of differential amplifiers enhanced with many
additional desirable characteristics such as very high input
impedance > 100 M) to prevent loading the small ECG
signals to be picked up from the skin. The final stages of the
ECG amplifier module limit the system’s response (band
pass filtering) to the desirable range of frequencies for
diagnostic (i.e., 0.05-150 Hz) or monitoring (i.e., 0.5—
40 Hz) purposes. A more limited bandwidth in the mon-
itoring mode provides improved signal to noise ratio and
removes ECG baseline drift due to half-cell potentials
generated at the electrode/electrolyte interface and motion
artifacts. Driven right-leg amplifiers improve the CMRR.
The amplified and adequately filtered ECG signals are
then applied to display, recording or digitization modules
of a computer-based ECG acquisition system. Detailed
specifications for diagnostic ECGs have been developed
by the American National Standards Institute (5). For
more detailed specification and design as well as other
aspects of ECG instrumentation and measurements, see
the Appendix, Bioelectrodes, Electrocardiography, and
Electrocardiographic Monitors.

COMPUTER SYSTEMS IN ELECTROCARDIOGRAPHY

Diagnostic Computer-Based ECG Systems

Heart diseases cause a significant mortality rate in the
world. Accurate diagnosis of heart abnormalities at an
early stage could be the best way to save patients from
disability or death. The ECG signal has considerable diag-
nostic value and ECG monitoring is a very well established
and commonly used clinical method. Diagnostic ECG test-
ing is performed in a doctor’s office, in a clinic or hospital as
a routine check up. In this test, a full 12-lead ECG (to be
described later) is acquired from a resting subject and
displayed on a chart recorder or a computer screen to
diagnose cardiac diseases. In cardiac care units (CCUs),
a patient’s single lead ECG may be continuously acquired
and displayed on a cathode ray tube (CRT) or a computer
screen for signs of cardiac beat abnormalities. The ECG

amplifier. Lead I is the potential
difference between LA and RA. Lead
ITis the potential difference between
LL and RA. Lead III is the potential
difference between LL and LA. (The
input polarity of the amplifier shown
is for recording: III limb.)

monitoring capabilities are now an integral part of a num-
ber of other medical devises, such as cardiotachometers,
Holter monitors, cardiac pacemakers, and automatic defi-
brillators.

Most of the traditional clinical ECG machines used a
single channel amplifier and recording system. The recod-
ing was achieved using a direct writing chart recorder. In
modern systems, however, computer memory, display
screen and printing capabilities are deployed to record,
display and report the ECG data. Traditional single chan-
nel systems used a multiposition switch to select the
desired lead connection (I, II, III, aVg, aVy, aVg, Vi, Vs,
Vs, V4, Vs, and V) and apply it to the biopotential amplifier
and chart recorder. Only one ECG lead at a time could be
selected and recorded with these machines. The block
diagram of a modern single channel computer-based
ECG acquisition system is shown in Fig. 6.

Most of the modern ECG machines are multichannel
systems. They include several amplifier channels and
record several ECG leads simultaneously. This feature
enables them to considerably reduce the time required to
complete a set of standard clinical ECG recordings. As the
ECG leads are recorded simultaneously, they can be shown
in their proper temporal relationship with respect to each
other. These systems use microprocessors to acquire the
cardiac signals from the standard 12-lead configuration by
sequencing the lead selector to capture four groups of three
lead signals, and switch groups every few seconds. The
high end computer-based systems capture all 12-leads
simultaneously and are capable of real-time acquisition
and display of the standard 12-lead clinical ECG signals
(see Example below.)

Modern ECG acquisition systems achieve certain desir-
able features, such as removal of artifacts, baseline wan-
der, and centering of the ECG tracings by using specialized
computer algorithms. These systems perform automatic
self-testing on power up and check for lead continuity and
polarity and indicate lead fall-off or reversal. They deploy
digital filters implemented in software to considerably
improve the ECG signal quality and automatically remove
baseline drift and reduce excessive powerline and biologi-
cal noise. Powerful software programs not only minimize
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Figure 6. Block diagram of a three-
lead electrocardiograph. The normal
locations for surface electrodes are ri-
ght arm (RA), right leg (RL = ground or

reference), left arm (LA), and left leg
(LL). In 12-lead electrocardiographs,
six electrodes are attached on the chest
of the patient as well. (Courtesy of Ref.
6.)

baseline drift without signal distortion during rest, they
also produce high quality ECG tracings during patient
monitoring, exercise and ambulation.

12-Lead Clinical Electrocardiography. The most com-
monly used or standard clinical ECG system is the 12-lead
system. This system is comprised of three bipolar limb
leads (I, II, III) connected to the arms and legs; three
augmented leads (aVg, aVi, aVy); and six unipolar chest
or precordial leads (V, Vy, V3, Vy, Vi, Ve).

The connections to measurement points in the 12-lead
system are shown in Fig. 7. Six of these 12 leads are frontal
leads (the bipolar and the augmented leads) and six of them
are transverse leads (the precordial leads). The frontal
leads are derived from three measurement points RA,
LA, LL with reference to RL. Therefore, any two of these
six leads contain exactly the same information as the other
four. The dipole source model can be used to explain the
total electrical behaviour of the heart (See the section
Electrocardiography and Ref. 2.)

Basically, any two of the three I, II, and III leads could
represent the cardiac activity in the frontal plane and only
one chest lead could be used to represent the transverse
activity. Chest lead Vy is a good representative of electrical
activity in the transverse plane as it is approximately
orthogonal (perpendicular) to the frontal plane. Overall,
as the cardiac electrical activity could be modeled as a
dipole, the 12-lead system could be considered to have three
independent leads and nine redundant leads. However,
since the chest leads also detect unipolar elements of the
cardiac activity directed toward the anterior region of the
heart, they carry significant diagnostic value in the trans-
verse plane. As such, the 12-lead ECG system can be
considered to have eight independent and four redundant
leads. Now the question arises why all the 12-leads are
recorded then. The main reason is that the 12-lead system
enhances pattern recognition and allows cardiologists to
compare the projections of the resultant vectors in the two
orthogonal planes and at different angles. This facilitates
and validates the diagnostic process. Figure 8 shows the
surface anatomical positions for the placement of the bio-
electrodes in 12-lead electrocardiography.

A Detailed Example: The Philips PageWriter Touch 12-Lead
ECG System. Currently, there are a number of highly
advanced 12-Lead ECG data acquisition, analysis and
interpretative systems on the market. A detailed descrip-
tion and comparison of all these systems are beyond the
scope of this chapter (for information on these systems see

Resistors Amp ADC
and switch
J: ‘
Signal
| Monitor I: processor
A

4

Storage |

manufacturers web sites). Due to space limitation, only one
representative system will be described in detail as an
example. The Philips PageWriter Touch (Philips Medical,
MA) is an advanced 12-lead ECG acquisition and analysis
system with many user-friendly features. It has a compact
design and is best suited for busy hospitals and fast-paced
clinical environments. It has an intuitive touch screen
which is fully configurable and it has a powerful build-in
interpretative 12-lead ECG signal analysis algorithm
developed for rapid and accurate interpretation of ECG
signals (Fig. 9).

The PageWriter supports a variety of ECG data acquisi-
tion modes, display settings and reporting schemes. It
provides real-time color-coded ECG signals enabling the
user to perform quality control checks on the acquired ECG
data. Quality control features include surface anatomical
diagrams that alert the user to the location of loose or
inoperable electrodes (Fig. 8). It is equipped with a full-
screen preview display of the ECG report before print out.
It has an ergonomic design that facilitates ECG data
collection from the patient bedside (Fig. 10).

The PageWriter Touch has an alphanumeric keyboard,
an optional barcode scanner,<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.StackOverflowError</ns1:faultstring></ns1:XMLFault>