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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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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



xxviii

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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INTRODUCTION

Epidemiology

A congenital form of hydrocephalus occurs in roughly 50
in 100,000 live births (6). Hydrocephalus may also be
acquired later in life as a result of a brain tumor, following
meningitis, trauma, or intracranial hemorrhage. It has been
estimated that prevalence of shunted hydrocephalus is
about 40/100,000 population in the United States (7).
Untreated hydrocephalus has a poor natural history with
a mortality rate of 20-25% and results in severe physical
and mental disabilities in survivors (8,9). There has been a
significant reduction in mortality and morbidity with use of
shunting. However, shunting is associated with a high
failure rate; a 40% failure rate occurs within the first year
after shunting (10). Advances in the technology have lead to
the development of a diverse type of shunt systems to
circumvent problems related to long-term shunting, such
as obstruction, infection, and overdrainage. Yet, studies done
to evaluate these devices have not shown a significant long-
or short-term benefit from their use compared with the
conventional devices (10). It is estimated that, during the
year 2000, the cost associated with shunting exceeded one
billion dollars in the United States alone (11). Shunt replace-
ment accounted for 43% of shunt procedures. Endoscopic
surgery has provided an alternative strategy in patients with
obstructive hydrocephalus. However, limited data in the
literature suggest that long-term survival of third ventricu-
lostomy is not significantly superior to that of a shunt (12).

Physiology

The CSF flow in the craniospinal system is influenced
by two separate processes: (1) the circulation of the CSF
from its formation sites to its absorption sites (i.e., bulk
flow) and (2) an oscillatory (back and forth) flow during
the cardiac cycle (pulsatile flow). The first process governs
the overall volume of CSF and thereby influences intra-
cranial pressure (ICP). The second process, the oscillatory
movement of the CSF within the craniospinal com-
partments, is caused by the pulsatile blood flow entering
and leaving the intracranial compartment during the
cardiac cycle. These two processes occur over different
time scales; circulation and replenishing of CSF occurs
over minutes, whereas the time scale of the pulsatile CSF
flow is milliseconds.

CSF Circulation. Unlike other organ systems, the brain
and the spinal cord are unique in being bathed in a clear
fluid called cerebrospinal fluid. The exact role that it plays
in maintaining the necessary environment for the func-
tioning of the nervous system is unclear. It has been
ascribed a role in providing nutrition, removing excess
waste, circulating neurotransmitters, maintaining the
necessary electrolyte environment, and acting as a shock
absorber against trauma.

The distribution of nutrients, or neurotransmitters, and
removal of waste products of metabolism, is an unlikely
function of CSF, because these chemicals are present in
very low concentrations in the CSF. The main function of
CSF is to provide buoyancy to support the brain and act as
a cushion against trauma. The normal brain weighs about
1500 g; however, supported by the buoyancy of the CSF, its
apparent weight is reduced to about 50 g in the cranium.
Support for its role in cushioning the brain and spinal cord
against trauma comes from clinical conditions like severe
spinal canal stenosis. The CSF cushion around at the site of
stenosis is markedly reduced. As a result, spinal cord injury
often occurs even with minor trauma as the shock waves are
directly transmitted from the bone to the spinal cord.

Cerebrospinal fluid is made through a complex process
that occurs in the cells of the choroid plexus, which
lines the margin of the four fluid-filled spaces in the brain
called the ventricles. First, an ultrafilterate of plasma is
formed in the connective tissue surrounding the choroidal
capillaries. Next, this is converted into a secretion by
carbonic anhydrase enzyme present in the choroids epithe-
lium. The CSF is made at a fairly constant rate of about 10
mL/h. Most of the CSF is made in the choroids plexus of the
lateral ventricles. Roughly, 20% of the CSF comes from the
ventricular walls. As most CSF is made in the lateral
ventricles, it is traditionally believed that the CSF bulk
flow occurs from the lateral ventricles to the third ventricle,
fourth ventricle, and then through the foramen of Magen-
die and Lushka into the cerebello-pontine cistern and on to
the surface of the brain and spinal cord (Fig. 1). A fifth of
the CSF runs down around the spinal cord and then back to
the cranial subarachnoid space.

The CSF is absorbed by the cells of the arachnoid
granulations (13). These are present in the superior sagit-
tal sinus. The process involves pinocytosis of a small
quanta of CSF, on the subarachnoid side of the granula-
tions, and discharge into the blood on the venous side. The
process is driven by a pressure difference of at least 5 mm
Hg between the subarachnoid CSF and the superior sagit-
tal sinus. A small proportion of CSF is also absorbed along
the perivascular spaces and along the nerve sheaths exit-
ing the spinal canal (14).

This traditional view has been recently challenged.
Johnston et al. in experimental and cadaveric studies have
demonstrated that a large amount of CSF is present
around the olfactory nerve and the cribriform plate area
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Tufts of arachnoid Sagittal sinus

Spinal cord
Basal cisterns

Cisterna magna

Figure 1. CSF is mainly formed by the choroids plexus in the
lateral, third (1), and fourth (4) ventricles. The fluid flows (in the
direction of the arrows) from lateral ventricles through the foramen
of Monro (6) into the third ventricle. CSF then passes through
the aqueduct of Sylvius (2) into the fourth ventricle (3) and exits the
fourth ventricle through the foramen of Luschka and Magendie (5)
into the cisterna magna and the basal cisterns. The flow is then
into the subarachnoid space over the surface of the brain and about
the spinal cord. Finally, the fluid is absorbed through the tufts of
arachnoid (arachnoid villi) into the sagittal sinus.

and drains into the lymphatic system of the face (15,16).
Others believe that CSF may be absorbed directly at the
level of the capillaries and perivascular spaces (17).

CSF Pulsations. The pulsatile back and forth movement
of CSF between the cranium and the spinal canal with each
heartbeat plays a role in modulating the pulsatile cerebral
blood flow. Blood flow in the arteries leading blood to the
brain is pulsatile, whereas the pulsatility of blood flow in
the cerebral veins is considerably attenuated. The displa-
cement of CSF into the spinal canal during the systolic
phase helps accommodate the temporary increase in blood
volume in the intracranial space, which otherwise has only
a limited capacity to accommodate additional volume due
to the limited compliance of the intracranial compartment.
Reducing the pulsatility of the blood flow through the brain
may play a role in diffusion of nutrients to the brain cells
from the blood and of waste products from the brain cell to
the blood through a less pulsatile flow at the level of the
capillaries. As discussed later, MRI measurements of
the pulsatile arterial, venous, and CSF flows, to and from
the cranium, can now be used to measure intracranial
compliance and pressure (ICP), noninvasively. As one of
the main roles of shunting is to protect the brain from
increased ICP, diagnostic noninvasive measurement of
ICP may aid in management decisions in hydrocephalous.

Pathophysiology

Hydrocephalus occurs if there is a mismatch between the
CSF production and the absorption. Accumulation of CSF

can occur from obstruction to the egress of CSF from the
ventricles. This is referred to as obstructive or noncommu-
nicating hydrocephalus. It may also result from impairment
of absorption of the CSF at the level of the arachnoid villi or
increased resistance to the flow of CSF in the subarachnoid
spaces from fibrosis and scarring related to meningitis or
previous subarachnoid hemorrhage. This is referred to as
communicating hydrocephalus. Irrespective of the cause,
the accumulation of CSF has two consequences. It results in
an increase in the pressure in the cranium and may cause
diltation of the ventricles (ventriculomegaly).

e Increase in Intracranial Pressure: Maintaining
normal intracranial pressure is important for the
functioning of the brain. The pressure in the intra-
cranial cavity increases exponentially with an
increase in the total volume of its content (brain
tissue, blood, and the CSF) (18). Therefore, increase
in intracranial volume, due to uncompensated accu-
mulation of CSF, increases ICP and reduces intracra-
nial compliance. Compliance quantifies the ability of a
compartment to accommodate increase in volume for
a given increase in pressure and is defined as the ratio
of the changes in volume and pressure:

Compliance = ﬁ—: (1)

where, Av is change in volume and, Ap is the change in
pressure. Intracranial compliance decreases with
increased ICP because of the exponential relationship
between ICP and intracranial volume (ICV).

Normal ICP is about 1-5 mm Hg in an infant and up to 20
mm Hg in an adult. It is measured by inserting a needle into
the spinal canal and recording the pressure using a man-
ometer or by placing a catheter with miniature strain gauge
transducer at its distal tip (Codman, Raynham, MA;
Camino, Integra LifeSciences, Plainsboro, NdJ) directly into
the brain parenchyma or the ventricles through a small
twist drill hole in the skull. Noninvasive means for mea-
surement of ICP would be important for diagnosis and man-
agement of hydrocephalus. Over the last several decades,
different approaches have been attempted (19). A method
based on measurements of CSF and blood flows to and from
the brain by MRI is described in more detail in this article.
Increase in ICP can affect the brain in two ways. First, it
reduces perfusion of blood into the brain due to the reduced
cerebral perfusion pressure (i.e., arterial pressure minus
ICP). Depending on the severity and duration, it may
result in chronic ischemia causing impairment in higher
mental functions, developmental delay in children, or an
acute ischemic injury and stroke. Second, rise in pressure
in any one of the compartments in the cranium, formed by
the tough dural falx in the midline and the tentorium
between the cerebral hemispheres superiorly and the cer-
ebellum inferiorly, forces the brain to herniate. This often
leads to infarction of the brain stem and death.

e Symptoms: Clinically, patients who have elevated
ICP generally present with typical symptoms. Head-
ache is the most common. It occurs especially in the
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early hours of the morning in initial stages. Low
respiratory rate during sleep results in buildup of blood
CO; and vasodiltation. This aggravates the increased
ICP in the early stages of the disease. Vomiting is the
next common symptom and probably results either
from the distortion of the brain stem vomiting center
or its ischemia. Vomiting is often associated with
retching and rapid respiration that lowers the blood
COg level. This in turn leads to vasoconstriction and
lowers the ICP and often results in a transient reliefin
headaches. Diplopia or double vision is also commonly
encountered in a setting of increased ICP. It is a result
of stretch of the sixth cranial nerve, which controls the
abduction of the eyes. Weakness of ocular abduction
disturbs the normal axial alignment of the two eyes
resulting in defective fusion of the two images by the
brain. Blurring of vision and visual loss may occur in
patients with long-standing intracranial hypertension.
This results from edema of the optic nerve head as the
axoplasmic flow in the neurons of the optic nerve is
impaired by the high ICP that is transmitted to the
nerve through the patent nerve sheath. Hearing
deficits related to similar effect on the cochlea are,
however, less frequent. Lethargy or sleepiness is fre-
quently observed in patients with high ICP and is
probably from a combination of decreased cerebral
perfusion and distortion of the brain stem.

e Ventricular Enlargement: Depending on the
pathophysiology of hydrocephalus, CSF may accumu-
late only in the ventricles as in obstructive hydroce-
phalus or in both the ventricles and the subarachnoid
space in communicating hydrocephalus. The increased
pressure within the ventricle is transmitted to the
periventricular region and results, over time, in loss
of neurons, increase in periventricular interstitial fluid,
and subsequent gliosis with loss of white matter (20).

When onset of hydrocephalus occurs early in infancy,
before the skull sutures have closed, the enlarging ven-
tricles are associated with a progressive increase in head
circumference and developmental delay. In later childhood
and adults, the increasing ventricular size is associated
with symptoms of increased ICP. However, ventricular
enlargement may also occur with normal mean ICP, in
the elderly patients (21). This is referred to as normal
pressure hydrocephalus (NPH). The enlarging ventricle
stretches the periventricular nerve fibers. The patient
presents not with signs of increase in ICP but with pro-
gressive gait ataxia, bladder incontinence, and dementia.
Similar presentation may also be observed in adolescents
with aqueductal stenosis and obstructive hydrocephalus.
These patients with compensated long-standing hydroce-
phalus have been referred to as long-standing hydrocepha-
lus of adults (LOVA) (22).

It is not clear why the ventricles enlarge preferentially,
compared with the subarachnoid space, even though the
pressure distributes equally in a closed system. It has been
argued that, rather than the actual mean ICP, it is the pulse
pressure that determines ventricular diltation. Di Rocco et
al. (23) have shown that ventricular enlargement could be
induced by an intraventricular pulsatile balloon with a high

pulse pressure, despite the mean ICP being normal. It may
be argued that in a pulsatile system, it is the root mean
square (RMS) of the pressure, rather than the mean pres-
sure, that is the cause of enlarged ventricles. It has been
suggested that, in communicating hydrocephalus, decrease
in compliance may be responsible for preferential transmis-
sion of the pulsations to the ventricles (24,25). However,
others have shown that in acute or chronic communicating
hydrocephalus, the pulse pressure and the pressure wave-
forms in the SAS and the ventricles are similar (26,27).
Alternative explanations offered are that the pia over the
cortical surface is more resilient than ependyma that lines
the ventricular wall; the venous pressure in the periventri-
cular region is lower, making it more deformable than the
subcortical area (28).

DIAGNOSTIC METHODS

Measurement of Resistance to CSF Reabsorption

The hydrodynamics of the craniospinal system is governed
by patient-specific properties like CSF formation
rate, CSF reabsorption resistance (historically termed
as outflow resistance), venous pressure in the sinus, and
craniospinal compliance. Together with the periodic var-
iations in ICP, due to blood volume variation from the
heartbeat and vasomotion, these properties describe the
CSF dynamics, which provide the working environment of
the brain. When this environment is disturbed, it affects
the function of the brain resulting in the clinical symptoms
of hydrocephalus. After shunting, symptoms are
often eliminated or reduced. It shows that a clinical
improvement can be accomplished by actively changing
the brain’s working environment. This link among CSF
dynamics, brain function, symptoms, and shunting has
made researchers look for CSF dynamical means to iden-
tify patients that would benefit from a shunt surgery.
Outflow resistance has been suggested as a strong predictive
parameter in communicating hydrocephalus. Invasive infu-
sion tests in conjunction with a mathematical model of the
craniospinal system can be used to estimate CSF absorption
rate. The most accepted model for the system hydrodynamics
has been proposed by Marmarou (29).
The basic assumptions for the model are as follows:

e CSF reabsorption rate is linearly dependent on the
difference between the intracranial and venous pres-
sures (the outflow resistance describes this linear
relationship)

e A pressure-dependent compliance

e A constant formation rate of CSF, independent of ICP

The model can be displayed as an electrical analogy
(Fig. 2). The model is described mathematically as a differ-
ential equation of the time-dependent ICP as a function
of external infusion and the governing physical parameters:

dPrc(t) N K
dt Rout

Pro(t)]? - (Klinfusm(t) +%)Plc(t) 0
@)
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Figure 2. Model of the dynamics of the CSF system. I, mation 1S
the CSF formation rate, C is the pressure-dependent compliance
described by the elastance parameter K, R; is outflow resistance,
Pgnus is the venous pressure in the sinus, and Pic is the
intracranial pressure. Ii,fsion 1S the option of external infusion
of artificial CSF.

where R, is outflow resistance, Pic is the intracranial
pressure, P, is the ICP at rest, and K is the elastance.

Estimation of CSF outflow resistance and the other
system parameters requires perturbation of the system
steady state by infusion of fluid into the craniospinal
system, either through a lumbar or a ventricular route.
Typically, one or two needles are placed in the lumbar
canal. When two needles are used, one is connected to a
pressure transducer for continuous recording of the
dynamic changes in ICP following the infusion, and the
other one for infusion and/or withdrawal of the fluid.
Different protocols of infusion will lead to unique mathe-
matical solutions. In addition to the resting pressure (also
refereed to as opening pressure), which always is deter-
mined during these investigations, it is generally believed
that the outflow resistance is the clinically most important
parameter, but compliance has also been proposed as a
predictor for outcome after shunting.

Bolus Infusion. An example of ICP recoding during the
bolus infusion test is shown in Fig. 3. The approach is to
first determine the compliance from the ratio of the injected
volume and the magnitude of pressure increase (30). A
pressure volume index (PVI), which describes compliance,
is calculated through the expression:

B AV
- log(Pp/Po)

PVI (3)

ICP (mm Hg)

0 30 60 90
Time (s)

Figure 3. ICP curve from a bolus injection of 4 mL. Figure from
Marmarou et al. (30).

where AV is the infused volume, P, is the peak pressure
and P, is the initial pressure just before the infusion. The
next step is to determine R,; from the spontaneous relaxa-
tion curve when the ICP returns toward the resting pres-
sure (Fig. 3). Solving the differential equation for the
relaxation phase after the bolus infusion gives the follow-
ing expression for R, as a function of time (31):

tP,
Rout = _ (4)
t— 40

where ¢ is the time in seconds after the bolus and P, is the
measured pressure at time ¢ on the relaxation curve. From
each bolus, a number of values of R,,; are calculated and
averaged, for example at# = 1 min, 1.5 min, and 2 min. The
bolus procedure is usually repeated a couple of times for
increased measurement reliability.

Constant Pressure Infusion. In this infusion protocol,
several constant ICP levels are created. This is done by
using a measurement system that continuously records the
ICP and regulates it by controlling the pump speed of an
infusion pump (Fig. 4) (32). The net infusion rate needed to
sustain ICP at each pressure level is determined, and a flow
versus pressure curve is generated (Fig. 4). Using linear
regression, the outflow resistance is then determined from
the slope of that curve (33), because at steady state, the
differential equation reduces to

1 P,
Ly =—=Pic — 5
inf Rout IC Rout ( )

where Pjc is the mean intracranial pressure on each level,
P.is the resting pressure, and I;,¢is the net infusion flow at
each level.

The constant pressure method can also be used to
estimate the CSF formation rate. This is done by lowering
the ICP beneath the venous pressure, i.e., below 5 mm Hg.
At that ICP, no CSF reabsorption should take place. There-
fore, the net withdrawal of CSF needed to sustain that
constant pressure level should equal the formation rate.

Constant Flow Infusion. In this method, both the static
and the dynamic behavior of the CSF system can be used to
estimate outflow resistance (34). In a steady-state analysis
R, can be calculated from the stable ICP value associated
with a certain constant infusion rate. R, is then estimated
by the following expression:

P, level — P,
Ting

Rout‘stat = (6)
where R,y stat 1S a static estimation of Ryy¢, Pievel is the new
equilibrium pressure obtained at the constant infusion
rate, P, is the resting pressure, and I;,¢ is the infusion rate
(Fig. 5).

R, can also be estimated from the dynamic phase
during the pressure increases toward the new equilibrium
(Fig. 5). This procedure will also give an estimate of the
craniospinal compliance (elastance). The differential equa-
tion is now solved for a condition of a constant infusion rate,
and the solution is fitted against the recorded pressure
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Figure 4. Pressure and flow curves for the constant pressure method. Left graph shows typical data
for ICP and infused CSF volume versus time. Right graph shows the mean pressure and flow points
determined from each steady-state level. Outflow resistance corresponds to the inverse of the slope.

curve. The time-dependent pressure increase is described
by the following expression:

P(t) (Iinf +11;:;§?1) ] (Pr B PO) P (7)
P,—P -K (;"PO +Ianf>t ’
e g [o Vi

where K is the elastance and P, is a reference pressure that
is suggested to be equal to venous sinus pressure. Fitting
against data will result in estimations of the unknown
parameters Rout dyn, K, and Py.

In summary, CSF infusion tests are conducted to reveal
parameters describing the hydrodynamics of the craniosp-
inal system. An active infusion of artificial CSF is per-
formed, and the resulting ICP response is recorded, and
parameters such as outflow resistance, compliance, forma-
tion rate, and the venous sinus pressure are then estimated
based on a proposed mathematical model. Outflow resis-
tance values determined with the bolus method are usually
lower than the values determined with the constant infu-
sion and constant pressure methods. The reason for this
difference is not well understood at this time. Determina-

icp S0

tion of R, is often used as a predictive test in hydroce-
phalus, and it has been stated that if the outflow resistance
exceeded a certain threshold, it is an excellent predictor of
clinical improvement after shunting (35). In a recent guide-
line for idiopathic normal pressure hydrocephalus, mea-
surement of R,y is included as a supplementary test for
selecting patients suitable for shunt surgery (36).

DIAGNOSIS WITH IMAGING

Cross-sectional imaging is routinely used in the diagnosis
of hydrocephalous. CSF spaces are well visualized with CT
and MRI. In CT images, CSF spaces appear darker due to
the lower atomic density of the CSF compared with that of
brain tissue. MRI provides an excellent soft-tissue contrast
resolution and is considered the primary imaging modality
for brain imaging. With MRI, CSF spaces can appear either
darker or brighter compared with its surrounding tissues
depending on the imaging technique. An example of a CT
image and MRI images demonstrating abnormally large
CSF spaces is shown in Fig. 6. Cross-sectional imaging
enables quantitative assessment of the CSF spaces as well
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Figure 5. ICP data from a constant
infusion investigation. Figure modified
from Czosnyka et al. (34).
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(b)

Figure 6. An example of a (a) CT image and (b and ¢) MRI images demonstrating abnormally large
CSF spaces. The appearance of CSF in MRI depends on the technique used to acquire the images; its
(b) dark with a T1 technique and (c) bright with a T2 technique.

as 3D reconstruction of the geometry of the ventricular
system. The 3D model is obtained by segmentation of the
CSF spaces in each of the 2D slices. An example of 3D
models of the ventricular system from MRI data demon-
strating normal size ventricles and enlarged ventricles are
shown in Fig. 7a and b, respectively.

MRI-based motion-sensitive techniques capable of ima-
ging flow are gaining an important role in the diagnosis
of hydrocephalus. In particular, dynamic phase-contrast
techniques provide images of velocities (velocity-encoded
images). The degree of brightness in these images is pro-
portional to the direction and the speed of the moving fluid
or tissue. Dynamic (cine) phase contrast images are used to
visualize the back and forth flow through the different CSF
pathways. The cine phase contrast MRI (PCMRI) techni-
que is also used to derive quantitative parameters such as
CSF volumetric flow rate through the aqueduct of Sylvius,
from which the CSF production rate in the lateral ventri-
cles can be estimated (37), and intracranial compliance and
pressure (19,30).

MRI-Based Measurement of Intracranial Compliance and
Pressure

The noninvasive measurement of compliance and pressure
uses the cardiac pulsations of the intracranial volume and

Figure 7. Volume rendering of the
CSF spaces inside the brain (i.e., ven-
tricles) generated using segmented
MRI data from a (left) healthy vol-
unteer and from a (right) hydroce-
phalic patient.

pressure (30,38). This method is the noninvasive analogs to
the measurement of intracranial compliance with the pre-
viously described bolus infusion method where the volume
and pressure changes are calculated from the MRI mea-
surements of CSF and blood flows to and from the brain.
Intracranial elastance, i.e., a change in pressure due to a
small change in volume, or the inverse of compliance, is
derived from the ratio of the magnitudes of the changes in
volume and pressure, and the pressure is then derived
through the linear relationship between elastance and
pressure. The MRI method measures the arterial, venous,
and CSF flows into and out of the cranial vault. A small-
volume change, on the order of 1 mL, is calculated from the
momentary differences between inflow and outflow at each
time points in the cardiac cycle. The pressure change is
proportional to the pressure gradient change, which is
calculated from time and spatial derivatives of the CSF
velocities using fluid dynamics principles.

A motion-sensitive MRI technique, cine phase con-
trast, provides a series of images where the value at each
picture element is proportional to the velocity at that
location. The phase contrast MRI technique is based on
the principle that the precession frequency of the protons
is proportional to the magnetic field strength. Therefore,
velocity can be phased-encoded by varying the magnetic
field in space and time, i.e., generating magnetic field
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(d)

gradients. When a gradient field is applied along an axis
for a short time, the proton’s phase will change based on
its location along that axis. When a bipolar (positive and
then negative) gradient field is applied, the phase of the
stationary protons will increase during the positive por-
tion (lobe) of the bipolar gradient and then will decrease
during the negative lobe. If the lobes were of equal area,
no net phase change would occur. However, moving pro-
tons, such as those in the blood or CSF, will experience
different field strength during each lobe due to their

R. Vertebral artery

R. Jugular vein

(@)

()

Figure 8. (a) Anatomical mid-
sagittal T1l-weighted MR image
showing the location of the axial plane
used for CSF flow measure- ment (dark
line). (b and c¢) Phase-contrast MRI
images of CSF flow in the spinal canal.
(b) CSF flow during systole. (c) CSF flow
during diastole. The pixel values in these
images are proportional to velocities in a
direction perpendicular to the image
plane. Gray-static tissue, white-
outward flow (caudal direction), and
black-inward flow (cranial direction).
(d) A 3D plot of the CSF velocities
during systole.

change in position; this will result in a net phase change
proportional to the proton velocity.

Examples of MRI phase contrast images of CSF and
blood flow are shown in Figs. 8 and 9, respectively. The
oscillatory CSF flow between the cranial and the spinal
compartments is visualized in images taken in a transverse
anatomical orientation through the upper cervical spinal
canal. The location of this plane is indicated on a mid-
sagittal scout MR image shown in Fig. 8a. Fig. 8b depicts
outflow (white pixels) during systole, and Fig. 8c depicts

Figure 9. (a) A blood vessel MRI scout image
showing the location of the axial plane for blood
flow measurement (dash line). (b) A phase con-
trast MRI image of blood flow through that
location. Black pixels indicate arterial inflow,
and white are venous outflow. (c) A 3D plot of
the blood flow velocities.
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Figure 10. The volumetric flows into and out of the cranial vault
during the cardiac cycle derived from the MRI phase contrast
scans. Total arterial inflow (filled circles), venous outflow (open),
and the cranial-to-spinal CSF volumetric flow rate (diamonds)
during the cardiac cycle. Note that arterial inflow is greater
than venous outflow during systole.

inflow (black pixels) during diastole. Fig 9d depicts a 3D
plot of the velocities in a region of interest containing the
CSF space and an epidural vein. The CSF flow is imaged
with a low-velocity encoding, and the faster blood flow
through the neck arteries and veins is imaged using
high-velocity encoding. The location of the imaging plane
used for blood flow measurement is shown in Fig. 9a, and
a velocity encoded image of blood flow is shown in Fig. 9b.
Fig 9c depicts a 3D plot of the velocities in a region of
interest containing the internal carotid and vertebral
arteries and the jugular vein.

Volumetric flow rates are obtained by integration of the
velocities throughout a lumen cross-sectional area. The
total volumetric arterial flow rate—that is, total cerebral
blood flow—is calculated directly from the sum of the
volumetric flow through the four vessels carrying blood
to the brain (internal carotid and vertebral arteries). The
venous blood outflow is obtained by summation of the flow
through the jugular veins, and through secondary venous
outflow channels such as the epidural, vertebral, and deep
cervical veins when venous drainage occurs through these
veins. An example of the volumetric flow waveforms for
CSF, arterial inflow, and venous outflow measured in a
healthy volunteer is shown in Fig. 10.

The rate of the time-varying intracranial volume change
(net transcranial volumetric flow rate) is obtained by sub-

tracting outflow rates from inflow rates at each time point.
The intracranial volume change (delta of volume from a
given reference point) is obtained by integrating that wave-
form with respect to time. Waveforms of the net transcra-
nial volumetric flow rate and the change in the intracranial
volume are shown in Fig. 11.

The magnitude of the change in intracranial pressure
during the cardiac cycle (pulse pressure) is proportional to
that of the CSF pressure gradient waveform. A method to
measure pressure gradient of pulsatile flow in tubes with
MRI was reported by Urchuk and Plewes (39). Pulsatile
pressure gradients are derived from the MRI velocity-
encoded phase contrast images using the Navier—Stokes
relationship between pressure gradient and temporal and
spatial derivatives of the fluid velocity for incompressible
fluid in a rigid tube (40). Pressure traces from invasive
recordings obtained invasively in patients with low and
elevated ICP with an intraventricular pressure transducer
and the corresponding CSF pressure gradient waveforms
derived from the MRI measurements of the CSF velocities
at low- and high-pressure states are shown in Fig 12. The
ratio of the magnitude of the pressure and volume changes,
i.e., intracranial elastance, is then expressed in terms of
MR-ICP based on the linear relationship between ela-
stance and ICP.

DEVICES FOR TREATMENT

Despite significant advances in understanding of the
pathophysiology of hydrocephalus, the gold standard for
the treatment of hydrocephalus still continues to be CSF
diversion through a tube shunt to another body cavity.
Unfortunately, treatment with CSF shunts is associated
with multiple complications and morbidity. The rate of
shunt malfunction in the first year of shunt placement is
40%, and, thereafter, about 10% per year. The cumulative
risk of infection approaches 20% per person although the
risk of infection per procedure is only 5-8% (41). The
technological advances in shunt valve designs and materi-
als have had only a marginal impact on the rate of com-
plications. Third ventriculostomy has become popular in
recent years for management of obstructive hydrocepha-
lus, but many questions about its long-term permanence
remain controversial. Choroid plexectomy (42,43) aimed at
arresting hydrocephalus by reducing CSF production or
pharmacotherapy with similar intentions have had very
limited success in selected patients.

500 0.8
T 250 _ dv = 0.5mL
. ) = - 0.4 1

Figure 11. (Left) The MRI-derived 35 | 3
net transcranial volumetric flow rate £ 0 o
waveform. (Right) The intra cranial g _250 5 0
volume change during the cardiac T
cycle derived by integrating the net 500 04
transcranial volumetric flow waveform - 0 200 400 600 800 1000 0 200 400 600 800 1000
on the left. Note that the maximal Time (ms) Time (ms)

volume change in this subjectis 0.5 mL.
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Figure 12. Invasive pressure traces (top) obtained with an intra-ventricular catheter from two
patients with (left) low and (right) elevated ICP. The corresponding MRI-derived CSF pressure

gradients are shown at the bottom.

Nonobstructive Hydrocephalus

No treatment other than CSF diversion has been effective in
management of this form of hydrocephalus. The CSF may be
diverted from the ventricles through a catheter that runs in
the subcutaneous tissue into the abdominal cavity where it
is absorbed by the peritoneum (ventriculo- peritoeal shunt)
(Fig. 13). It may also be diverted from the spinal subarach-
noid space by a lumbar shunt that diverts it to the perito-
neum (Lumbar-peritoneal shunt). Lumbar CSF diversion
avoids the potential risk of brain injury by the ventricular
catheter. Lumbar shunts have a lower risk of obstruction
and infection (44) but are more prone to malfunction from
mechanical failures (45), and, the development of hind brain
herniation, over a period of time, has been well documented
(46,47). Evaluation of a lumbar shunt for function is more
cumbersome than that of a ventricular shunt. The lumbar
shunt is usable in patients with communicating hydroce-
phalus, small ventricles, and patients who have had multi-
ple ventricular shunt malfunctions.

In patients who cannot absorb CSF from the peritoneum
due to scarring from previous operations or infections, the
CSF may be diverted to the venous system through a

catheter placed at the junction of superior vena cava and
the right atrium (ventriculo /lumbar-atrial shunt).

A typical shunt system consists of three parts (Fig. 14).
First, the proximal catheter, i.e, the catheter, is inserted into
the ventricle or the lumbar subarachnoid space. Second, the
valve controls the amount of CSF that flows through the
shunt system, and third, the distal catheter drains the CSF
from the valve to the peritoneum or the atrium.

Proximal Catheter

Three basic types of proximal catheter designs are
available: simple with multiple perforations (Codman,
Raynham, MA; PS Medical, Goleta, CA), simple Flanged
(Heyer-Schulte), Integra, Plainsboro, NdJ; Anti-Blok
(Phoenix Vygon Neuro, Valley Forge, PA) with receded
perforations. The last two have been designed to minimize
the growth of choroid plexus into the perforations and
causing obstruction. There is no controlled study to sug-
gest that these two designs are in any way superior to
simple perforations. The flanged catheters can get stuck,
as choroid plexus grows around it, making removal of an
obstructed catheter difficult (48).
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Figure 13. The shunt consists of three parts. The ventricular
catheter enters the skull through a burr hole in the skull and
passes through the brain into the lateral ventricle. It is connected
to the valve that is placed in the subcutaneous tissue of the scalp.
The valve in turn is connected to the distal catheter that runs in
the subcutaneous tissue to enter the peritoneal cavity of the
abdomen as shown in the inset (ventriculo-peritoneal shunt) or
into the jugular vein and through it to the superior vena cava
(ventriculo-atrial shunt).

Placement of the proximal catheter has generated con-
siderable controversy in the literature (48-51). More
recently, endoscopic placement of the proximal catheter
into the frontal horn, away from the choroid plexus, has
been advocated to minimize proximal malfunction
(3,52,53). Again no controlled study has been done to
confirm whether placement of the proximal catheter into
frontal or occipital horn is superior to placement in the
body of the lateral ventricle. Often catheters that are
grossly malpositioned may continue to work, whereas
those that are well positioned may fail. The choice of the
site, frontal or parietal, may be made on the basis of the
above although some studies have suggested a higher
incidence of seizure with catheters placed via a frontal
burr-hole (49). A study to evaluate use of endoscope to place
the shunt catheter in the frontal horn failed to show any
benefit (54). This suggests that no matter where the cathe-
ter is placed, the flow of CSF toward the catheter causes the
choroids plexus to creep toward the catheter, ultimately
causing ingrowth and obstruction of the catheter (55).

To remove an obstructed catheter, intraluminal coagu-
lation of the choroid plexus is done using a stylet and low-
voltage diathermy, at the time of shunt revision (56-58).
Massive intraventricular hemorrhage may occur if the

choroid plexus is torn while forcefully removing the cathe-
ter. Delayed subarachnoid hemorrhage from rupture of
pseudoaneurysm resulting from diathermy of a catheter
close to anterior cerebral artery has been reported (59). At
times, if the ventricular catheter is severely stuck, it is
advisable to leave it in position but occlude it by a ligature
and clip. This may become necessary as sometimes an
occluded catheter may become unstuck over time and begin
to partially function, resulting in formation of subgaleal
CSF collection. Replacing a new catheter into the ventricle
in patients with small or collapsed ventricles can be some-
times challenging. In most instances, after removal of the
old catheter, the new catheter can be gently passed into the
ventricle through the same tract. Frameless stereotaxis
(StealthStation, Medtronics, Goleta, PA) is now available
and may offer an alternative to cumbersome and time-
consuming frame-based stereotactic catheter placement
(52).

Valve

The valve regulates the amount of CSF that is drained. The
aim is to maintain normal ICP. The simplest valves are
differential pressure valves. The CSF drainage in these
valves is based on the pressure difference between the
proximal and the distal ends. Three major configurations
are available (Fig. 14): diaphragm, slit valve, and ball-
spring mechanism in different pressure ranges (low, med-
ium, and high). Recently, valves in which the pressure
setting can be changed with a magnetic wand have become
available. These programmable valves allow pressure
changes over different pressure ranges based on the man-
ufacturer. The pressure setting on the valve can be ascer-
tained by X ray of the head in the Medos valve (Codman,
Raynham, MA) or using a magnetic wand in the Strata
valve ( Medtronics, Goleta, CA). To prevent inadvertent
changes in the valve setting by stray magnetic fields, the
Polaris valve (Sophysa, Costa Mesa, CA) has an ingenious
locking mechanism that allows changes only if the mag-
netic field has a certain configuration.

Slit valves tend to be the most inaccurate in their
performance followed by ball and spring valves. The dia-
phragm valves proved to be most stable in long-term tests.
Most valves, like the slit valves, ball-spring, and dia-
phragm valves, offer a lower resistance (<2.5 mm Hg/
mL/min) than the normal physiological CSF outflow of
6-10 mm Hg/mL/min. The standard distal tubing of 110
cm increases the overall resistance to 50-80% of the phy-
siological value (60).

Standard differential pressure valves are available in
different pressure ranges. It is unclear whether it makes a
difference in an ambulatory patient to use a low-, medium-,
or high-pressure valve because in the upright position
irrespective of the rating the hydrostatic column converts
all differential pressure valves into “negative” pressure
valves (61). The overdrainage results in persistent head-
aches from low ICP, ventricular collapse, and increased
risk of shunt obstruction. Long-term changes in cerebro-
venous physiology cause acute and severe increase in ICP
without enlargement of ventricles at the time of shunt
malfunction (62). To circumvent the overdrainage in the
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Figure 14. Three major types of valve designs are available. (a) Differential pressure valves allow
flow in proportion to the pressure difference between the proximal catheter and the distal catheter.
Configurations are a simple diaphragm, ball and spring, or slit valve. Programmable differential
pressure valves can be programmed to a pressure setting using a magnetic wand. In the upright
position, due to a negative pressure from the hydrostatic column of fluid in the distal catheter, these
valves tend to overdrain causing negative pressure symptoms. (b) Flow control valves have the ability
to limit overdrainage from a negative hydrostatic pressure gradient. The Orbis-Sigma Valve has a
wedge-shaped pin over which the orifice of the diaphragm (arrows) rests. When the distal pressure
becomes negative in the upright position, the diaphragm slides downward on the pin narrowing the
drainage channel and hence reducing the flow rate. The Diamond valve has a wedge-shaped slit in
the construct (arrows) that narrows as the distal pressure becomes increasingly negative again
reducing the flow rate. (¢c) Gravity actuated devices reduce drainage in the upright position by increase

(C) Gravity Actuated
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in resistance to flow of CSF from the weight of metal balls in the drainage channel.

upright position, ingenious devices, also referred to as
devices for reducing siphoning (DRS), have been developed
(Fig. 14). The Anti-Siphon device (Integra LifeSciences)
has a flexible diaphragm that mechanically senses atmo-
spheric pressure and shuts off the drainage channel if the
hydrostatic pressure in the fluid column becomes negative.
Flow control valves (Orbis Sigma Valve, Integra Life-
Sciences and Diamond Valve, Vygon Neuro, Valley Forge,
PA) have a drainage channel that narrows as the differ-
ential pressure increases in the upright position to reduce
the flow. Gravity actuated devices (Gravity Compensating
Accessory, Integra LifeSciences, CA, Chabbra Shunt) have
metal balls that fall over one another in the upright posi-
tion to increase resistance to flow. Double channel devices
(Dual Switch Valve, Christoph Miethke GmBH & Co KG;
SiphonGuard, Codman) have two channels; the low-resis-
tance channel is shut off by a gravity actuated ball in the
upright position.

There is no evidence to suggest that use of one type of
valve is superior to the other, and several valve designs are
available in the market today. A recent multicentric study,
evaluating three basis types of valves, failed to confirm the
utility of flow control or anti-siphon valves in children and
infants over the differential pressure valves (10). Similarly,
studies have failed to show that programmable devices are
superior to fixed pressure valves (63). Over a period of time,
the ventricle tended to become small irrespective of the
type of valve used. The rate of proximal malfunction in a
patient with flow control valves was 6.5% compared with
42-46% for the other two valves, although the overall rate
of malfunction and shunt survival was not statistically

different. The design of the flow control valves with a
narrow orifice makes it sensitive to malfunction (64). Cer-
tainly, revising a valve has less morbidity and risk of
neurological injury than revising the proximal catheter,
especially in patients with slit ventricles. There is evidence
that a significant number of patients do not tolerate flow
control valves and, despite a radiologically functioning
shunt, have high intracranial pressure from under-
drainage through the valve. In patients with limited pres-
sure—volume compensatory reserve, there can be an exces-
sive increase in intracranial pressure during cardiovascular
fluctuations, especially at night and be responsible for night-
time or early morning headaches, in patients with flow
control devices (60). Self-adjusting diaphragm valves like
the Orbis-Sigma (Integra LifeSciences), on bench test, have
proved to be inaccurate and unstable at perfusion rates of
20-30 mL/h, which is the most important physiological
range, leading to pre-valve pressures rapidly changing
between 4 and 28 mm Hg. During long-term perfusion,
these may resemble ICP pressure waves (60).
Diaphragm-based anti-siphon devices are prone to
obstruction from encapsulation as has been shown in
experimental animals and is often encountered in patients
who have had recurrent malfunctions (65). Some patients
are more prone to develop heavy scarring around the shunt
system. Again, there is no evidence that using an open
(ASD, Anti Siphon device, Integra LifeSciences) has any
advantage over using a closed system that opens when the
pressure exceeds the negative hydrostatic pressure (SCD,
Siphon Control Device, Medtronics), although theoretically
malfunctions in an open system would only result in loss of
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anti-siphon function without obstruction to the flow of
CSF. In the open system (ASD), the flow through the valve
stops only after the intracranial pressure has become
negative in the upright position, which is more physiolo-
gical, than with SCD, in which the flow stops once the
pressure reaches zero. In the multicentric shunt study, the
incidence of overdrainage was 7.8% in the SCD group and
2.6% in the Standard valve group. The study suggests that
diaphragm-based anti-siphon devices may not be any super-
ior to differential pressure valves in reducing overdrainage
(10). Considerable controversy also revolves around the most
optimum site for placement for the anti-siphon devices
(66,67). The classic position is at the level of the skull base:
however, the bench test suggests a marked tendency to over-
drain if the SCD is below the level of the proximal catheter.
These factors may be minor when considered in light of the
excessive sensitivity of the SCD to external pressure from
scar or when the patient is lying on the device (64).

The gravity actuated device (GAD) is used in conjunction
with a differential pressure valve to limit overdrainage (68).
It is similar to the horizontal vertical valve used in lumbar
shunts but constructed to fit in-line with a ventriculoper-
itoneal shunt. There is no literature to prove or disprove
its utility; however, in individual cases, we have found it
effective. Experimental evidence suggests that motion and
vibration (35) make the mechanism of these devices ineffec-
tive although clinical studies are lacking. The position of the
GAD device is critical for optimum functioning. Slight
angulation of the device to vertical can cause underdrainage
in the horizontal position and overdrainage in the vertical
position. Examples of pressure flow characteristics of a
standard differential pressure valve, a flow control valve,
and a valve containing a GAD are shown in Fig. 15.

Distal Catheter

Distal shunt malfunction is reported to occur in 12% to 34%
of shunts (51,69). Three types of distal catheters have been
used: the closed ended with side slits, open ended with side
slits, and open ended. A higher incidence of distal catheter
obstruction has been noted in catheters with side slits
whether closed ended or open ended (51,70). Omental in-
growth is responsible for the peritoneal catheter obstruc-
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tion; possibly the distal slits act as collection points for the
debris and provide a channel for trapping the omentum. It
is unclear whether using open-ended distal catheters
increases the likelihood of small ventricle malfunction.
Use of extended length catheters (110-120 c¢m) is not
associated with an increase in the complications and elim-
inates the need to lengthen the peritoneal catheter for
growth of the patient (71). However, care must be taken
to identify patients who may have enough length of tubing
in the abdomen but may underdrain due to a narrow and
taught segment of tubing from subcutaneous tethering as a
result of scarring and calcification.

It is difficulty to justify use of atrial over the peritoneal
site for distal absorption (72,73). Data on 887 patients
suggested that atrial shunts have a higher rate of mal-
function although some studies have not shown a signifi-
cant difference. However, when the same information was
stratified by age, shunt type, and time period, there was no
significant difference in shunt durability. Cardio-pulmonary
complication, such as irreversible pulmonary hyperten-
sion, endocarditis, and glomerulonephritis, are some of
the more serious complications that may occur with atrial
shunts (73). Alternative sites, like pleura, may result in
significant negative pressures in the shunt system (74).
Poor absorption from the pleura may result in large pleural
effusions in small children (74). The gall bladder has also
been effectively used in patients in whom peritoneal, atrial,
or pleural sites have been exhausted (75,76). Potential
complications of these shunts, notably biliary ventriculitis
and biliary meningitis, have been reported in the literature
(77,78). The ventriculo-femoral shunt may be tried in
patients with a difficult access to the atrium from the
subclavian or jugular route (79). Trans-diaphragmatic pla-
cement of the distal catheter in the sub-hepatic space
worked successfully in one reported patient with poor
peritoneal access due to scarring (80).

Shunt Material

Ideal shunt material should be completely biocompatible,
be easy to handle, flexible, resistant to infection, and non-
metallic but radio-opaque (metals interfere with MRI ima-
ging). From a manufacturing standpoint, it should be easy
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Figure 15. Pressure flow characteristics of (a). Standard differential pressure valve; note that
with increasing differential pressure, such as from upright posture, there is an increase in the flow
rate. (b) The flow control valve has a sigmoid flow-pressure relationship; in the upright position, the
valve works at the high resistance stage and maintains a relatively steady flow rate despite increase
in differential pressure. (c) Gravity actuated device, in vertical position acts as a very high-
resistance differential pressure valve (depending on the number of balls in the device) and as a
low-resistance differential pressure valve in the supine position.
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to mold into tubing and making valve components. Silicone
polymer is probably the best available material for this
purpose.

Some studies have suggested development of silicone
allergy in some patients with ventricular shunts (81-84). It
is unclear whether it represents a true immunological
reaction or a nonspecific foreign body type granulomatous
reaction (85). In patients with suspected or documented
silicone allergy, use of polyurethane (86) or, more recently
COg extracted silicone catheters has been postulated but
not proven to offer some advantage in reducing risk of
recurrent malfunctions.

Subcutaneous location of the distal catheters makes
them susceptible to degradation from a foreign-body reac-
tion mounted by the body (87). Scarring around the catheter,
calcification, and stress fractures are long-term conse-
quences of this reaction (88,89). Unless there is some
amount of surface degradation, the adhesions to the sub-
cutaneous tissues do not occur (87). Evidence suggests that
barium used in the silicone catheters is probably not an
important factor in promoting calcification and degradation
(90). Use of barium-free catheters, however, makes it diffi-
cult to evaluate a shunt system on radiological imaging.

To minimize colonization of shunt catheters and infec-
tion, recently antibiotic-coated catheters have become avail-
able. The catheters are available coated with rifampin and
minocycline (Medtronics, Goleta, CA) and another with
rifampin and clindamycin (Bactiseal, Codman, Raynham,
MA). The antibiotic is most active against Staph epidermi-
dis, which is the cause of shunt infection in most patients.
The antibiotic gradually leaches out of the catheter over a
30—60 day period providing added advantage. Control stu-
dies have shown a significant reduction in rate of infection
with use of these catheters (91,92). The major drawback is
the excessive cost of the antibiotic-coated catheters.

Shunt Malfunction

About 30—40% of the shunts malfunction within the first
year of placement (10) and 80% of malfunctions are prox-
imal malfunctions. Although most patients with a mal-
functioning shunt will present with the classic features of
raised pressure, headache, and vomiting, in 20%, there
may be no signs of raised pressure (93). Instead, this group
of patients present with a subtle change in behavior,
decline in school performance, gait disturbances, and
incontinence. Some patients may present with aggravation
in the signs and symptoms of Chiari malformation or
syringomyelia. Parents are often more sensitive to these
subtle changes. In a study comparing the accuracy of
referral source in diagnosing shunt malfunction, parents
were more likely to be correct about the diagnosis as
compared with a hospital or general practitioner (94).

At examination, a tense fontanelle, split sutures, and
swelling at the shunt site are very strongly suggestive of a
malfunctioning shunt. Shunt pumping has a positive pre-
dictive value of only 20% (95). A shunt valve that fails to fill
up in 10 minutes is very strongly suggestive of shunt
malfunction. Radiological assessment may demonstrate a
fracture or dislocation. Presence of double-backing of the
distal catheter, wherein the distal catheter tip loops out of

the peritoneal through the same spot that it enters it, is
diagnostic of distal malfunction (96). The shunt tap gives
useful information about the proximal and distal shunt
system. The absence of spontaneous flow and poor drip rate
indicate proximal malfunction, whereas a high opening
pressure is suggestive of distal malfunction (97). The pre-
sence of increase in size of the ventricles on CT scan
confirms a malfunctioning shunt; however, a large number
of patients with long-standing shunt have altered brain
compliance and may not dilate the ventricles at the time of
presentation. In children, similar symptoms occur in the
common illnesses like otitis media; gastroenteritis of viral
fevers often confound the diagnosis. Radiological assess-
ment of shunt flow using radionuclide or iodide contrast
media injected into the shunt may help (2,98-100). Unfor-
tunately, although some studies have shown an accuracy of
99% with combined pressure and radionuclide evaluation
(98,101), others have shown a 25—-40% incidence of decep-
tive patency when evaluated by radionuclide cisternogram
(97). This could stem from a partial but inadequately
functioning shunt, intermittent malfunction, or presence
of isolated ventricle. Similar problems are encountered
with an iodide contrast-based shuntogram or shunt injec-
tion tests. In the absence of normative data with regard to
adequate flow in the shunt, which may vary significantly
with the individual, time of the day, and activity (102), use
of Doppler-based flow devices, flow systems that work
based on differential temperature-gradient or MRI-based
flow systems becomes irrelevant for an individual patient.
Lumbar infusion tests and shunt infusion tests to assess
the outflow resistance through the shunt are cumbersome
and require a laboratory-based setup and may not be
possible in an ER setting (103-105). Infusion through a
reservoir to assess outflow resistance through the shunt
suggests a cutoff of less than 12 mm Hg/mIL/min as reliable
for distinguishing a clinically suspected high probability of
malfunction from those with a low probability of shunt
malfunction (104). However, this is the group of patients
who may not really need the test, and patients who have a
questionable malfunction on clinical grounds often have
equivocal results on the infusion study.

In childhood hydrocephalus, ICP is the only accurate
guide to shunt function other than the symptoms (105).
Again the ability to measure ICP through the valve tap
becomes unreliable with a partial proximal malfunction. A
similar problem may be encountered with in-line tele-
metric ICP monitors (106,107). In-addition, the telemetric
transducers may develop a significant drift over time. In
difficult cases, the only way to resolve the issue may be to
explore the shunt, to measure ICP through a lumbar
puncture if the patient has communicating hydrocephalus,
or to place an ICP monitor. Noninvasive monitoring of ICP
is going to have a major role in assessment of these
patients. For patients who have a very compliant brain,
ventricular diltation on the CT scan easily confirms inade-
quate shunt function.

Despite advances in shunt technology, the incidence of
shunt malfunction has not changed over the last 50 years.
Nulsen and Becker (3) reported a rate of malfunction of
44%, in 1967, which is similar to that reported in recent
studies. To improve on the existing shunt systems, it is
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Figure 16. Third ventriculostomy is useful
in patients with obstructive hydrocephalus
such as observed with aqueductal stenosis
(arrows). An endoscope is passed through a
small hole in the skull into the frontal horn of
the ventricle and navigated into the third
ventricle. The floor of the third ventricle is
then perforated under vision (arrow, in the
inset) so as to bypass the obstruction at the
aqueduct. Iohexol, a nonionic iodinated dye, is
then instilled into the ventricle to demonstrate
good communication between the ventricles
and the subarachnoid space.

important to understand the factors that reduce shunt
survival. Although the location of the proximal catheter
has not been clearly shown to influence shunt survival
(50,51), the presence of a small amount of fluid around the
proximal catheter is associated with longer shunt survival.
In a study that looked at shunt over a 11 year period,
statistically significant differences were noted in shunt
survival in patients with tumor versus post-hemorrhagic
and aqueductal stenosis; shunts in infants and the pedia-
tric age group survive shorter than in adults; shunt after
multiple revisions survive shorter, and additional shunts
placed for isolated ventricles have shorter survival
(70,108). Chronic inflammatory changes of granular epen-
dymitis often seen at the time of endoscopic shunt place-
ment in patients with multiple revisions probably
contribute to recurrent malfunction and progressive short-
ening of the interval between revisions as the number of
surgeries increase (108).

The nature of the valve clearly influences the risk of
proximal catheter malfunction. It is much lower with flow
control valves (10,109). Overdrainage from the differential
pressure valves pulls the choroid plexus toward the prox-
imal catheter and may promote malfunction (55). However,
the increased rate of valve malfunction in flow control
devices balances out this advantage (10).

THIRD VENTRICULOSTOMY

In patients with an obstructive type of hydrocephalus,
third ventriculostomy offers an alternative to shunt. The
procedure involves making an opening in the relatively

Endoscope

Enlarged
lateral ventricle

lohexol

thin membrane of the floor of the third ventricle. This is
accomplished by passing an endoscope through the lateral
ventricle and guiding it through the foramen of Munro to
the floor of the third ventricle (Fig. 16). The opening allows
CSF to bypass the obstruction at the level of the aqueduct
or the fourth ventricle and directly enter the subarachnoid
space.

Although third ventriculostomy has been recommended
as a procedure of choice for obstructive hydrocephalus;
data from some prospective studies have failed to show
animproved cure rate (110,111). A retrospective analysis of
ventriculographic versus endoscopic third ventriculostomy
in 213 cases does show the superiority of the endoscopic
procedure over the ventriculographic operation both in
terms of reduced risk and improved survival of the proce-
dure (112). Despite the theoretical advantages, evidence
suggests that third ventriculostomy may not be effective in
controlling raised intracranial pressure in all patients
(112,113). Early failures in a radiologically proven case
of obstructive hydrocephalus may relate to multifactorial
etiology of hydrocephalus; associated absorption defects,
obliteration of subarachnoid space from long-standing ven-
tricular diltation, and unidentified infectious cause of aqe-
ductal stenosis may be responsible. Late failures may
relate to gliotic scarring over the ventriculostomy, which
has been visually confirmed by endoscope in some cases.
Does the ventriculostomy close from scarring, or is it a
secondary response to lack of flow through the ventricu-
lostomy due to poor absorption, therefore, a lack of gradient
between the ventricle and the subarachnoid space, is
unclear. In a small prospective study comparing the shunt
failure rate with the failure rate of third ventriculostomy,
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no statistical difference was found between the two (12).
Likewise, no controlled study has compared laser, blunt, or
sharp fenestration of the floor or demonstrated usefulness
of balloon diltation of the fenestration. The success rate of
third ventriculostomy of 49-100%, as reported in the litera-
ture, may not be a true representative of the efficacy of third
ventriculostomy (12). Evaluation after third ventriculostomy
and defining success is difficult in the absence of documented
reduction in ICP or improvement on neuropyschological
tests. This is so because the ventricles may not reduce in
size, and to and from motion through the patent fenestration
may still be observed on MRI CSF flow studies even though
the patient may be symptomatic. In the absence of clear
evidence in literature, third ventriculostomy is often advo-
cated for patients with obstructive hydrocephalus, and if
failures occur, shuntingis preferred over repeat fenestration.

It is hoped that close collaboration between the industry
and medicine will help develop “smart shunts” that would
be able to mimic physiological CSF dynamics. These devices
will possibly incorporate nanotechnology and would be
superior to the presently available devices. It is likely that
better understanding of CSF drainage mechanism in the
future may help develop alternatives such as drugs that
improve drainage of CSF through lymphatic/arachnoidal
venous channels or promote proliferation of new lympha-
tic/arachnoidal venous channels. Until that time, it seems
that shunts are the best available alternative for manage-
ment of communicating hydrocephalus.

BIBLIOGRAPHY

1. Dandy WE, Blackfan KD. Internal hydrocephalus: An experi-
mental, clinical and pathological study. Am J Dis Child
1914;30:406—482.

2. Graham P, Howman-Giles R, Johnston I, Besser M. Evalua-
tion of CSF shunt patency by means of technetium-99m DTPA.
J Neurosurg 1982;57:262-266.

3. Nulsen FE, Becker DP. Control of hydrocephalus by valve-
regulated shunt. J Neurosurg 1967;26:362-374.

4. Pudenz RH, Russell FE, Hurd AH, Shelden CH. Ventriculo-
auriculostomy; a technique for shunting cerebrospinal fluid
into the right auricle; preliminary report. J Neurosurg
1957;14:171-179.

5. Nulsen FE, Spitz EB. Treatment of hydrocephalus by direct
shunt from ventricle to jugular vain. Surg Forum 1951;94:
399-403.

6. Fernell E, Hagberg B, Hagberg G, von Wendt L. Epidemiology
of infantile hydrocephalus in Sweden. I. Birth prevalence and
general data. Acta Paediatr Scand 1986;75:975-981.

7. Bondurant CP, Jimenez DF. Epidemiology of cerebrospinal
fluid shunting. Pediatr Neurosurg 1995;23:254-258; discus-
sion 259.

8. Foltz EL, Shurtleff DB. Five-year comparative study of hydro-
cephalus in children with and without operation (113 Cases). J
Neurosurg 1963;20:1064—-1079.

9. Laurence KM, Coates S. The natural history of hydrocephalus.
Detailed analysis of 182 unoperated cases. Arch Dis Child
1962;37:345-362.

10. Drake JM, Kestle JR, Milner R, Cinalli G, Boop F, Piatt J, Jr.
Haines S, Schiff SJ, Cochrane DD, Steinbok P, MacNeil N.
Randomized trial of cerebrospinal fluid shunt valve design
in pediatric hydrocephalus. Neurosurgery 1998;43:294-303;
discussion 303-295.

11. Patwardhan RV, Nanda A. Implanted ventricular shunts in
the United States: The billion-dollar-a-year cost of hydroce-
phalus treatment. Neurosurgery 2005;56:139-144; discussion
144-135.

12. Tuli S, Alshail E, Drake J. Third ventriculostomy versus
cerebrospinal fluid shunt as a first procedure in pediatric
hydrocephalus. Pediatr Neurosurg 1999;30:11-15.

13. Bell WO. Cerebrospinal fluid reabsorption. A critical apprai-
sal. 1990. Pediatr Neurosurg 1995;23:42-53.

14. Edsbagge M, Tisell M, Jacobsson L, Wikkelso C. Spinal CSF
absorption in healthy individuals. Am J Physiol Regul Integr
Comp Physiol 2004;287:R1450-1455.

15. Koh L, Zakharov A, Johnston MG. Integration of the subar-
achnoid space and lymphatics: Is it time to embrace a new
concept of cerebrospinal fluid absorption? Cerebrospinal Fluid
Res 2005;2:6.

16. Johnston M, Zakharov A, Papaiconomou C, Salmasi G, Arm-
strong D. Evidence of connections between cerebrospinal fluid
and nasal lymphatic vessels in humans, non-human primates
and other mammalian species. Cerebrospinal Fluid Res
2004;1:2.

17. Greitz D, Greitz T, Hindmarsh T. We need a new understand-
ing of the reabsorption of cerebrospinal fluid—II. Acta Pae-
diatr 1997;86:1148.

18. Marmarou A, Shulman K, LaMorgese J. Compartmental ana-
lysis of compliance and outflow resistance of the cerebrospinal
fluid system. J Neurosurg 1975;43:523-534.

19. Raksin PB, Alperin N, Sivaramakrishnan A, Surapaneni S,
Lichtor T. Noninvasive intracranial compliance and pressure
based on dynamic magnetic resonance imaging of blood flow and
cerebrospinal fluid flow: Review of principles, implementation,
and other noninvasive approaches. Neurosurg Focus 2003;14:e4.

20. McAllister JP2nd, Chovan P. Neonatal hydrocephalus.
Mechanisms and consequences. Neurosurg Clin N Am 1998;
9:73-93.

21. Adams RD, Fisher CM, Hakim S, Ojemann RG, Sweet WH.
Symptomatic occult hydrocephalus with “normal” cerebrospinal-
fluid pressure. A treatable syndrome. N Engl J Med 1965;
273:117-126.

22. Oi S, Shimoda M, Shibata M, Honda Y, Togo K, Shinoda M,
Tsugane R, Sato O. Pathophysiology of long-standing overt
ventriculomegaly in adults. J Neurosurg 2000;92:933—-940.

23. DiRocco C, Pettorossi VE, Caldarelli M, Mancinelli R, Velardi
F. Experimental hydrocephalus following mechanical
increment of intraventricular pulse pressure. Experientia
1977;33:1470-1472.

24. Egnor M, Rosiello A, Zheng L. A model of intracranial pulsa-
tions. Pediatr Neurosurg 2001;35:284-298.

25. Egnor M, Zheng L, Rosiello A, Gutman F, Davis R. A model of
pulsations in communicating hydrocephalus. Pediatr Neuro-
surg 2002;36:281-303.

26. Linninger AA, Tsakiris C, Zhu DC, Xenos M, Roycewicz P,
Danziger Z, Penn R. Pulsatile cerebrospinal fluid dynamics in
the human brain. IEEE Trans Biomed Eng 2005;52:557-565.

27. Stephensen H, Tisell M, Wikkelso C. There is no transmantle
pressure gradient in communicating or noncommunicating
hydrocephalus. Neurosurgery 2002;50:763—-771; discussion
771-763.

28. Portnoy HD, Branch C, Castro ME. The relationship of intra-
cranial venous pressure to hydrocephalus. Childs Nerv Syst
1994;10:29-35.

29. Marmarou A. A theoretical model and experimental evalua-
tion of the cerebrospinal fluid system. 1973.

30. Alperin N, Lichtor T, Mazda M, Lee SH. From cerebrospinal
fluid pulsation to noninvasive intracranial compliance and
pressure measured by MRI flow studies. Curr Med Imaging
Rev. In press.



16

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

HYDROCEPHALUS, TOOLS FOR DIAGNOSIS AND TREATMENT OF

Marmarou A, Shulman K, Rosende RM. A nonlinear analysis
of the cerebrospinal fluid system and intracranial pressure
dynamics. J Neurosurg 1978;48:332—-344.

Ekstedt J. CSF hydrodynamic studies in man. 1. Method of
constant pressure CSF infusion. J Neurol Neurosurg Psych
1977;40:105-119.

Lundkvist B, Eklund A, Kristensen B, Fagerlund M, Koskinen
LO, Malm J. Cerebrospinal fluid hydrodynamics after place-
ment of a shunt with an antisiphon device: A long-term study.
J Neurosurg 2001;94:750-756.

Czosnyka M, Batorski L, Laniewski P, Maksymowicz W,
Koszewski W, Zaworski W. A computer system for the identi-
fication of the cerebrospinal compensatory model. Acta Neu-
rochirurgica 1990;105:112-116.

Borgesen SE, Gjerris F. The predictive value of conductance to
outflow of CSF in normal pressure hydrocephalus. J Neurol
1982;105:65-86.

Marmarou A, Bergsneider M, Klinge P, Relkin N, Black PM.
The value of supplemental prognostic tests for the preopera-
tive assessment of idiopathic normal-pressure hydrocephalus.
Neurosurgery 2005;57:17-28.

Huang TY, Chung HW, Chen MY, Giiang LH, Chin SC, Lee
CS, Chen CY, Liu YdJ. Supratentorial cerebrospinal fluid
production rate in healthy adults: Quantification with two-
dimensional cine phase-contrast MR imaging with high tem-
poral and spatial resolution. Radiology 2004;233:603—608.
Alperin NJ, Lee SH, Loth F, Raksin PB, Lichtor T. MR-
Intracranial pressure (ICP): A method to measure intracranial
elastance and pressure noninvasively by means of MR imaging:
Baboon and human study. Radiology 2000;217:877—885.
Urchuk SN, Plewes DB. MR measurements of pulsatile pres-
sure gradients. J Magn Reson Imaging 1994;4:829-836.
Bird R, Stewart W, Lightfoot E. Transport Phenomena. New
York: Wiley Sons; 1960.

Walters BC, Hoffman HJ, Hendrick EB, Humphreys RP.
Cerebrospinal fluid shunt infection. Influences on initial man-
agement and subsequent outcome. J Neurosurg 1984;60: 1014—
1021.

Pople IK, Ettles D. The role of endoscopic choroid plexus
coagulation in the management of hydrocephalus. Neurosur-
gery 1995;36:698-701; discussion 701-692.

Weiss MH, Nulsen FE, Kaufman B. Selective radionecrosis of
the choroid plexus for control of experimental hydrocephalus.
J Neurosurg 1972;36:270-275.

Aoki N. Lumboperitoneal shunt: Clinical applications, com-
plications, and comparison with ventriculoperitoneal shunt.
Neurosurgery 1990;26:998-1003; discussion 1003-1004.
Selman WR, Spetzler RF, Wilson CB, Grollmus JW. Percuta-
neous lumboperitoneal shunt: Review of 130 cases. Neurosur-
gery 1980;6:255-257.

Chumas PD, Armstrong DC, Drake JM, Kulkarni AV, Hoff-
man HJ, Humphreys RP, Rutka JT, Hendrick EB. Tonsillar
herniation: The rule rather than the exception after lumbo-
peritoneal shunting in the pediatric population. J Neurosurg
1993;78:568-573.

Payner TD, Prenger E, Berger TS, Crone KR. Acquired Chiari
malformations: Incidence, diagnosis, and management. Neu-
rosurgery 1994;34:429-434; discussion 434.

Ausman JI. Shunts: Which one, and why? Surg Neurol
1998;49:8-13.

Albright AL, Haines SJ, Taylor FH. Function of parietal and
frontal shunts in childhood hydrocephalus. J Neurosurg
1988;69:883—-886.

Bierbrauer KS, Storrs BB, McLone DG, Tomita T, Dauser R. A
prospective, randomized study of shunt function and infec-
tions as a function of shunt placement. Pediatr Neurosurg
1990;16:287—291.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Sainte-Rose C, Piatt JH, Renier D, Pierre-Kahn A, Hirsch JF,
Hoffman HJ, Humphreys RP, Hendrick EB. Mechanical com-
plications in shunts. Pediatr Neurosurg 1991;17:2-9.

Pang D, Grabb PA. Accurate placement of coronal ventricular
catheter using stereotactic coordinate-guided free-hand pas-
sage. Technical note. J Neurosurg 1994;80:750-755.
Yamamoto M, Oka K, Nagasaka S, Tomonaga M. Ventriculoscope-
guided ventriculoperitoneal shunt and shunt revision.
Technical note. Acta Neurochir (Wien) 1994;129:85-88.
Kestle JR, Drake JM, Cochrane DD, Milner R, Walker ML,
Abbott R, 3rd, Boop FA. Lack of benefit of endoscopic ventri-
culoperitoneal shunt insertion: A multicenter randomized
trial. J Neurosurg 2003;98:284-290.

Hakim S. Observations on the physiopathology of the CSF
pulse and prevention of ventricular catheter obstruction in
valve shunts. Dev Med Child Neurol Suppl 1969;20:42—48.
Martinez-Lage JF, Lopez F, Poza M, Hernandez M. Preven-
tion of intraventricular hemorrhage during CSF shunt revi-
sions by means of a flexible coagulating electrode. A
preliminary report. Childs Nerv Syst 1998;14:203-206.
Steinbok P, Cochrane DD. Removal of adherent ventricular
catheter. Pediatr Neurosurg 1992;18:167—-168.

Whitfield PC, Guazzo EP, Pickard JD. Safe removal of retained
ventricular catheters using intraluminal choroid plexus coagu-
lation. Technical note. J Neurosurg 1995;83: 1101-1102.
Handler MH. A complication in removing a retained ventri-
cular catheter using electrocautery. Pediatr Neurosurg 1996;
25:276.

Czosnyka M, Czosnyka Z, Whitehouse H, Pickard JD. Hydro-
dynamic properties of hydrocephalus shunts: United Kingdom
Shunt Evaluation Laboratory. J Neurol Neurosurg Psych
1997,62:43-50.

Trost HA. Is there a reasonable differential indication for
different hydrocephalus shunt systems? Childs Nerv Syst
1995;11:189-192.

Sood S, Kumar CR, Jamous M, Schuhmann MU, Ham SD,
Canady AI. Pathophysiological changes in cerebrovascular
distensibility in patients undergoing chronic shunt therapy.
J Neurosurg 2004;100:447—453.

Pollack IF, Albright AL, Adelson PD. A randomized, controlled
study of a programmable shunt valve versus a conventional
valve for patients with hydrocephalus. Hakim-Medos Inves-
tigator Group. Neurosurgery 1999;45:1399-1408; discussion
1408-1311.

Aschoff A, Kremer P, Benesch C, Fruh K, Klank A, Kunze S.
Overdrainage and shunt technology. A critical comparison of
programmable, hydrostatic and variable-resistance valves and
flow-reducing devices. Childs Nerv Syst 1995;11:193-202.
Drake JM, da Silva MC, Rutka JT. Functional obstruction of
an antisiphon device by raised tissue capsule pressure. Neu-
rosurgery 1993;32:137-139.

Fox JL, Portnoy HD, Shulte RR. Cerebrospinal fluid shunts:
An experimental evaluation of flow rates and pressure values
in the anti-siphon valve. Surg Neurol 1973;1:299-302.
Tokoro K, Chiba Y. Optimum position for an anti-siphon
device in a cerebrospinal fluid shunt system. Neurosurgery
1991;29:519-525.

Chabbra DK, Agarwal GD, Mittal P. “Z” flow hydrocephalus
shunts, a new approach to the problem of hysrocephalus. The
rationale behind its design and the initial results of pressure
monitoring after “Z” flow shunt implantation. Acta Neurochir
(Wien) 1993;121:43-47.

Sekhar LN, Moossy J, Guthkelch AN. Malfunctioning ventri-
culoperitoneal shunts. Clinical and pathological features. J
Neurosurg 1982;56:411-416.

Cozzens JW, Chandler JP. Increased risk of distal ventricu-
loperitoneal shunt obstruction associated with slit valves or



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

HYDROCEPHALUS, TOOLS FOR DIAGNOSIS AND TREATMENT OF 17

distal slits in the peritoneal catheter. J Neurosurg 1997;87:
682—686.

Couldwell WT, LeMay DR, McComb JG. Experience with use
of extended length peritoneal shunt catheters. J Neurosurg
1996;85:425-427.

Borgbjerg BM, Gjerris F, Albeck MdJ, Hauerberg J, Borgesen
SV. A comparison between ventriculo-peritoneal and
ventriculo-atrial cerebrospinal fluid shunts in relation to rate
of revision and durability. Acta Neurochir (Wien) 1998;140:
459-464; discussion 465.

Lam CH, Villemure JG. Comparison between ventriculoa-
trial and ventriculoperitoneal shunting in the adult popula-
tion. Br J Neurosurg 1997;11:43-48.

Willison CD, Kopitnik TA, Gustafson R, Kaufman HH. Ven-
triculopleural shunting used as a temporary diversion. Acta
Neurochir (Wien) 1992;115:67-68.

Ketoff JA, Klein RL, Maukkassa KF. Ventricular cholecystic
shunts in children. J Pediatr Surg 1997;32:181-183.
Novelli PM, Reigel DH. A closer look at the ventriculo-
gallbladder shunt for the treatment of hydrocephalus.
Pediatr Neurosurg 1997;26:197-199.

Barami K, Sood S, Ham SD, Canady Al. Postural changes in
intracranial pressure in chronically shunted patients.
Pediatr Neurosurg 2000;33:64—69.

Bernstein RA, Hsueh W. Ventriculocholecystic shunt. A
mortality report. Surg Neurol 1985;23:31-37.

Philips MF, Schwartz SB, Soutter AD, Sutton LN. Ventricu-
lofemoroatrial shunt: A viable alternative for the treatment
of hydrocephalus. Technical note. J Neurosurg 1997;86:
1063-1066.

Rengachary SS. Transdiaphragmatic ventriculoperitoneal
shunting: Technical case report. Neurosurgery 1997;41:
695—697; discussion 697-698.

Goldblum RM, Pelley RP, O’Donell AA, Pyron D, Heggers JP.
Antibodies to silicone elastomers and reactions to ventricu-
loperitoneal shunts. Lancet 1992;340:510-513.

Gower DJ, Lewis JC, Kelly DL, Jr. Sterile shunt malfunction.
A scanning electron microscopic perspective. J Neurosurg
1984,61:1079-1084.

Snow RB, Kossovsky N. Hypersensitivity reaction associated
with sterile ventriculoperitoneal shunt malfunction. Surg
Neurol 1989;31:209-214.

Sugar O, Bailey OT. Subcutaneous reaction to silicone in
ventriculoperitoneal shunts. Long-term results. J Neurosurg
1974;41:367-371.

Kalousdian S, Karlan MS, Williams MA. Silicone elastomer
cerebrospinal fluid shunt systems. Council on Scientific
Affairs, American Medical Association. Neurosurgery 1998;
42:887-892.

Jimenez DF, Keating R, Goodrich JT. Silicone allergy in
ventriculoperitoneal shunts. Childs Nerv Syst 1994;10: 59—
63.

Del Bigio MR. Biological reactions to cerebrospinal fluid
shunt devices: A review of the cellular pathology. Neurosur-
gery 1998;42:319-325; discussion 325-316.

Echizenya K, Satoh M, Murai H, Ueno H, Abe H, Komai T.
Mineralization and biodegradation of CSF shunting systems.
J Neurosurg 1987;67 :584-591.

Elisevich K, Mattar AG, Cheeseman F. Biodegradation of
distal shunt catheters. Pediatr Neurosurg 1994;21:71-76.
Irving IM, Castilla P, Hall EG, Rickham PP: Tissue reaction
to pure and impregnated silastic. J Pediatr Surg 1971;6:724—
729.

Aryan HE, Meltzer HS, Park MS, Bennett RL, Jandial R,
Levy ML. Initial experience with antibiotic-impregnated sili-
cone catheters for shunting of cerebrospinal fluid in children.
Childs Nerv Syst 2005;21:56—61.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Govender ST, Nathoo N, van Dellen JR: Evaluation of an
antibiotic-impregnated shunt system for the treatment of
hydrocephalus. J Neurosurg 2003;99:831-839.

Fried A, Shapiro K. Subtle deterioration in shunted childhood
hydrocephalus. A biomechanical and clinical profile. J Neu-
rosurg 1986;65:211-216.

Watkins L, Hayward R, Andar U, Harkness W. The diagnosis
of blocked cerebrospinal fluid shunts: A prospective study of
referral to a paediatric neurosurgical unit. Childs Nerv Syst
1994;10:87-90.

Piatt JH, Jr. Physical examination of patients with cere-
brospinal fluid shunts: Is there useful information in pump-
ing the shunt? Pediatrics 1992;89:470—473.

Martinez-Lage JF, Poza M, Izura V. Retrograde migration of
the abdominal catheter as a complication of ventriculoperitoneal
shunts: The fishhook sign. Childs Nerv Syst 1993;9: 425-427.
Sood S, Canady AI, Ham SD. Evaluation of shunt malfunc-
tion using shunt site reservoir. Pediatr Neurosurg 2000;
32:180-186.

Hayden PW, Rudd TG, Shurtleff DB. Combined pressure-
radionuclide evaluation of suspected cerebrospinal fluid
shunt malfunction: A seven-year clinical experience. Pedia-
trics 1980;66:679—-684.

Sweeney LE, Thomas PS. Contrast examination of cerebrosp-
inal fluid shunt malfunction in infancy and childhood.
Pediatr Radiol 1987;17:177-183.

Vernet O, Farmer JP, Lambert R, Montes JL. Radionuclide
shuntogram: Adjunct to manage hydrocephalic patients. J
Nucl Med 1996;37:406-410.

Savoiardo M, Solero CL, Passerini A, Migliavacca F. Deter-
mination of cerebrospinal fluid shunt function with water-
soluble contrast medium. J Neurosurg 1978;49:398-407.
Kadowaki C, Hara M, Numoto M, Takeuchi K, Saito I. CSF
shunt physics: factors influencing inshunt CSF flow. Childs
Nerv Syst 1995;11:203-206.

Czosnyka M, Whitehouse H, Smielewski P, Simac S, Pickard
JD. Testing of cerebrospinal compensatory reserve in
shunted and non-shunted patients: A guide to interpretation
based on an observational study. J Neurol Neurosurg Psych
1996;60:549-558.

Morgan MK, Johnston IH, Spittaler PJ. A ventricular infu-
sion technique for the evaluation of treated and untreated
hydrocephalus. Neurosurgery 1991;29:832-836; discussion
836-837.

Fouyas IP, Casey AT, Thompson D, Harkness WF, Hayward
RD. Use of intracranial pressure monitoring in the manage-
ment of childhood hydrocephalus and shunt-related pro-
blems. Neurosurgery 1996;38:726-731; discussion 731-722.
Woodford J, Saunders RL, Sachs E, Jr. Shunt system patency
testing by lumbar infusion. J Neurosurg 1976;45:60-65.
Cosman ER, Zervas NT, Chapman PH, Cosman BdJ, Arnold
MA. A telemetric pressure sensor for ventricular shunt sys-
tems. Surg Neurol 1979;11:287—294.

Miyake H, Ohta T, Kajimoto Y, Matsukawa M. A new ventri-
culoperitoneal shunt with a telemetric intracranial pressure
sensor: Clinical experience in 94 patients with hydrocephalus.
Neurosurgery 1997;40:931-935.

Lazareff JA, Peacock W, Holly L, Ver Halen J, Wong A,
Olmstead C. Multiple shunt failures: An analysis of relevant
factors. Childs Nerv Syst 1998;14:271-275.

Decq P, Barat JL, Duplessis E, Leguerinel C, Gendrault P,
Keravel Y. Shunt failure in adult hydrocephalus: Flow-con-
trolled shunt versus differential pressure shunts—a coopera-
tive study in 289 patients. Surg Neurol 1995;43:333-339.
Garton HJ, Kestle JR, Cochrane DD, Steinbok P. A cost-
effectiveness analysis of endoscopic third ventriculostomy.
Neurosurgery 2002;51:69-77; discussion 77—68.



18 HYPERBARIC MEDICINE

112. Santamarta D, Diaz Alvarez A, Goncalves JM, Hernandez J.
Outcome of endoscopic third ventriculostomy. Results from
an unselected series with noncommunicating hydrocephalus.
Acta Neurochir (Wien) 2005;147:377-382.

113. Cinalli G, Sainte-Rose C, Chumas P, Zerah M, Brunelle F,
Lot G, Pierre-Kahn A, Renier D. Failure of third ventricu-
lostomy in the treatment of aqueductal stenosis in children. J
Neurosurg 1999;90:448-454.

114. Hirsch JF, Hirsch E, Sainte Rose C, Renier D, Pierre-Khan A.
Stenosis of the aqueduct of Sylvius. Etiology and treatment. J
Neurosurg Sci 1986;30:29-39.

See also INTRAUTERINE SURGICAL TECHNIQUES; MICRODIALYSIS SAMPLING;
MONITORING, INTRACRANIAL PRESSURE.

HYPERALIMENTATION.

See NUTRITION, PARENTERAL.

HYPERBARIC MEDICINE

BaRBARA L. PERSONS
Bera CoLLINS

WiLLiam C. LINEAWEAVER
University of Mississippi
Medical Center

Jackson, Mississippi

INTRODUCTION

The goal of hyperbaric oxygen (HBO) therapy is to deliver
high concentrations of oxygen under pressure to increase
the amount of dissolved oxygen in the blood. The physio-
logic repercussions of this increased plasma oxygen have
widespread effects that translate into a variety of clinical
applications. Initially, the use of hyperbaric medicine sur-
rounded acute decompression illness and gas embolism.
Later, the increased oxygen under pressure was shown to
have use in a variety of clinical situations. The delivered
pressure can be two to six times ambient atmospheric
pressure (ATM) or atmospheres absolute (ATA) depending
on the indication. The current Undersea and Hyperbaric
Medical Society approved uses of HBO are shown in Table 1,
and many of these indications will be discussed individually.

Table 1. Approved Uses for Hyperbaric
Oxygen Therapy

acute decompression illness

gas embolism

carbon monoxide poisioning
clostridial gas gangrene
necrotizing soft tissue infections
compromised skin grafts and skin flaps
crush injury

compartment syndrome

acute traumatic ischemias
radiation tissue damage

refractory osteomyelitis

selected problem wounds

acute exceptional blood loss anemia
acute thermal burns

intracranial abscess

HBO in the treatment of these conditions is supported by
controlled medical trials published in peer-reviewed jour-
nals and, as such, is evidence-based. Numerous other
experimental uses exist for HBO, such as for stroke and
for cardiac ischemia, but these uses have not yet been
sufficiently proven to be supported by the Undersea and
Hyperbaric Medicine Society or by the American College
of Hyperbaric Medicine. The goal of this chapter is to
outline the physical principles underlying the use of HBO
therapy, to discuss its medical indications for HBO, and
to familiarize the reader with the mechanical, safety,
and regulatory issues involved in operating a hyperbaric
medicine program.

HISTORICAL BACKGROUND

British physician and clergyman Henshaw was the first to
use alteration in atmospheric pressure to treat medical con-
ditions when he used his domicilium chamber in 1862.
Hyperbaric medicine also surrounded diving and diving
medicine. Triger, in 1841, gave the first human description
of decompression sickness (1). In 1934, U.S. Naval Submar-
ine Officer Dr. Albert Behnke was the first to use oxygen
recompression to treat decompression sickness in naval
divers (2). Later, in 1943, Gagnon and Cousteau invented
SCUBA (self-contained underwater breathing apparatus).
Dr. Boerma, a Dutch thoracic surgeon, removed the blood
cells from pigs in 1955 and found they could survive with the
oxygen dissolved in plasma by use of HBO. An upsurge in
hyperbaric surgery followed in 1956, when Boerma per-
formed cardiovascular surgery in a hyperbaric chamber,
which along with hypothermia, allowed for periods of circu-
latory arrest of 7-8 min. The large chamber developed at
Wilhelmina Gasthuis in Amsterdam in 1959, headed by
Boerma, allowed a wide variety of research to be carried
out on the uses of HBO therapy on many diseases (3). By
1966, it was indicated for the treatment of protection during
induced circulatory arrest, homotransplantation, clostridial
infection, acute arterial insufficiency, chronic arterial insuf-
ficiency, and hypovolemic shock. Shortly thereafter, the
advent of cardiopulmonary bypass obviated hyperbaric
chambers for cardiac protecton. In 1967, the Undersea Med-
ical Society was founded by the U.S. Navy diving and sub-
marine medical officers. This organization originally focused
on undersea and diving medicine but, later, came to include
clinical hyperbaric medicine. In 1986, the name was changed
to the Undersea and Hyperbaric Medical Society or UHMS
with more than 2500 physician and scientist members in
50 countries. More recently, the American College of Hyper-
baric Medicine has come to offer board certification to U.S.
physicians in the specialty of hyperbaric medicine.

PHYSICS

To understand HBO therapy, one must understand a few
basic laws of physics, namely, Boyle’s law, Charles law,
Dalton’s law, and Henry’s law. Boyles law explains how gas
volume shrinks with increasing pressure. Charles law
explains that the volume of a gas decreases with decreasing
temperature. Dalton’s law explains that each gas in a



mixture exerts its own partial pressure independently of the
others. Henry’s law explains that the number of gas molecules
that will dissolve in a liquid depends on the partial pressure of
the gas as well as on the mass of the liquid. These laws
themselves will be explained in the first part of this section
and the application of the laws to each area of hyperbaric
medicine will be explained in the respective section.

Boyle’s Law

Boyles law states if the temperature remains constant, the
volume of a gas is inversely proportional to the pressure.

Boyle’s law is stated as PV = Kor P = K/V, where P is
pressure, V is volume, and K is a constant.

Thus, as in Table 2, the volume of a bubble at 1 Atmo-
sphere or sea level shrinks to one-half of its original volume
at 33 feet below sea level (10 m or 2 atmospheres). It
shrinks to one-third of its original size at 66 feet below
sea level (20 m or 3 atmospheres). Conversely, if a diver
were to hold his breath at depth and then ascend, the air in
his lungs will expand to three times the volume it occupied
at 66 feet below sea level.

Charle’s Law

Charles’ law states that if the pressure remains constant,
the volume of a fixed mass of gas is directly proportional to
absolute temperature. The volume increases as the tem-
perature increases. For example, a balloon has a volume of
1L at 20 °C and its volume would expand to 1.1 L at 50 °C.

Charles’ law is stated as V/T = K or V1/T1 = V2/T2,
where Vis volume of gas 1 or 2, T is temperature in Kelvin
of gas 1 or 2, and K is a constant.

Dalton’s Law

Dalton’s law states that each gas in a mixture exerts its
partial pressure independently, which isimportant in under-
standinghuman physiogy and HBO. For example, if a patient
is given a high concentration of oxygen and a lower concen-
tration of nitrogen, these gasses will diffuse across mem-
branes and act in the body independently of each other.

Dalton’s law is stated as P(t) = P1+P2+P3, where P(t)
is total pressure and P1, P2, and P3 are the individual gas
pressures. Gases try to equalize their concentrations across
a membrane, which explains how breathing a higher oxy-
gen, lower nitrogen mixture can help nitrogen leave the
blood through the lungs as nitrogen gas.

Henry’s Law

Henry’s law states that at a given temperature, the amount
of gas dissolved in a solute is directly proportional to the
pressure of the gas above the substance.

Table 2. Pressure vs. Volume at Depth
Depth Pressure (ATA)

(feet sea water) atmospheres Gas Volume (%)
O(sea level) 1 100

33 2 50

66 3 33
165 6 17
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Henry’s law illustrates that when a liquid is exposed to a
gas, some of the gas molecules dissolve into it. The number
of moles that will dissolve in the liquid depends on the mass
of the liquid, the partial pressure of the gas, its solubility in
the liquid, the surface area of contact, and the temperature
(as that changes with the partial pressure). Thus, more
gas, oxygen, or nitrogen will dissolve in tissue fluid at a
higher pressure because the partial pressure of each gas
increases at a higher pressure.

Henry’s law is stated as p = Kc, where p is the partial
pressure of the gas 1, ¢ is its molar concentration, and K is
the Henry’s law constant, which is temperature-dependent.

An example of Henry’s law is dissolved carbon dioxide
in soda, which bubbles out of solution as the pressure
decreases. Another example is exemplified by water when
it is heated. Long before it boils, bubbles of air form on the
side of the pan, which is an example of the gas coming out of
solution as the temperature is raised.

For treatment of decompression illness (DCI) and gas
embolism (GE), increased pressure alone as well as the
increased oxygen pressure facilitate treatment. Both of these
conditions are a result of gas bubbles in the tissues or gas
bubbles in the blood causing blockage of vessles or ischemia of
tissues. Therefore, shrinking the bubbles with increased pres-
sure allows them to be removed or minimized by the body,
which is the principle of Boyle’s law, that the volume of a gas
varies inversely with pressure. If one has a bubble occluding
an important vessel or lodged in a joint, it will shrink as the
pressure increases as in Table 2. The blood can accommodate
an increased amount of dissolved gas with increased atmo-
spheric pressure as explained by Henry’s law. Henry’s law
states that the amount of gas that will dissolve in a liquid is
proportional to the partial pressure of the gas in contact with
that liquid as well as to the atmospheric pressure. Atmo-
spheric pressure at sea level is 760 mmHg, and the normal
atmosphere consists of 21% oxygen and 79% nitrogen. (see
Fig. 1) (4). The pressure of a gas dissolved in plasma relates to
its solubility in a liquid as well as to its partial pressure. A gas
bubble caught in the tissues or in the systemic circulation
either because of an air embolus or because of decompression
sickness is significantly decreased under hyperbaric condi-
tions, as illustrated by Table 3. By Boyles law, the pressure
alone shrinks the bubble to a fraction of its’ original size.
Dalton’s law states that total pressure of a mixture of gases
is equal to the sum of the pressures of each gas. Each gas is
acting as if it alone were present, which explains how the
oxygen under pressure creates a situation whereby the higher
dissolved oxygen surrounds the bubble and causes the diffu-
sion of nitrogen out of the bubble, called nitrogen washout.
Simply put, each gas attempts to have equal concentration
of particles, in this case, nitrogen and oxygen on each side
of the gas bubble. Nitrogen, therefore, diffuses out of the
bubble and shrinks in size. Hyperbaric oxygen enables
treatment of the two conditions where air or nitrogen
bubbles become lodged in the tissues.

PHYSIOLOGY

Hyperbaric oxygen therapy oxygen enters the systemic
circulation through the alveoli in the lungs, and the
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Table 3. Oxygen Levels During Hyperbaric Oxygen Treatment Breathing Air (4)

ATA Chamber Pressure Chamber POy (mmHg) Chamber PAO; (mmHg) Lung Og ml/dl vol % Plasma
1 760 160 100 0.31

2 1520 319 269 0.83
2.36 1794 377 322 1.00
2.82 2143 450 400 1.24

3 2280 479 429 1.33

4 3040 638 588 1.82

5 3800 798 748 2.32

6 4560 958 908 2.81
Breathing 100% Oxygen

1 760 760 673 2.08

2 1520 1520 1433 4.44
2.36 1794 1794 1707 5.29
2.82 2143 2143 2056 5.80

3 2280 2280 2193 6.80

4 3040 100% oxygen is not used above 3ATA to minimize the risk of oxygen toxicity.
5 3800

6 4560

diffusion is mediated by the pressure differential between
the alveolar oxygen content and the oxygen content of
venous blood. Alveolar oxygen content is 100 mmHg and
venous oxygen content is 40 mm Hg (5). Normally, 97% of
oxygen iscarried in the arterial blood bound to hemoglobin
molecules and only 3% of the oxygen is dissolved in plasma,
illustrated by the formula for oxygen content in arterial
blood. CaOy = (1.34 x Hb x Sa0,) + (0.003 x Pa0,), where
CaOs is oxygen content, Hb is Hemoglobin in grams, and
SaQ, is arterial Og saturation expressed as a fraction not a
percentage (0.95, not 95%). 1.34 is the realistic binding
capacity of hemoglobin, although 1.39 is the actual binding
capacity. 0.003 times the PaO, is the amount of oxygen
soluble in plasma at normal atmospheric pressure. With
hyperbaric oxygen, the amount of oxygen dissolved in arter-
ial blood is dramatically increased. Conversely, the amount
carried by hemoglobin remains about the same as that
achieved by inspiring oxygen at 1 atmosphere absolute
(ATA) (4). As measured in ml O, per deciliter of whole blood,
the oxygen content increases significantly under hyperbaric
conditions as shown in Table 3. The oxygen content of blood
increases from 0.31 at 1 atmosphere to 6.80ml/dl vol% at
3 atmospheres. Note that 100% oxygen is not used at
pressures greater than 3 ATA to minimize the risk of oxygen
toxicity. The alveolar type 1 cells in the lungs and the
neurons in the brain are sensitive to excessive concentra-
tions of oxygen. Again, to prevent oxygen toxicity, which can
lead to alveolar damage or seizure, 100% oxygen is not given
at pressures greater than 3 ATA. Even in these pressure
ranges, air breaks are given to patients and they breathe air
as opposed to concentrated oxygen under pressure for 10
minutes during many of the protocols, which in theory, gives
the xanthine oxidese system a chance to deal with the
current load of free radicals in the lungs and tissues and
the Gaba amino buteric acid (GABA) depletion in the brain a
chance to normalize. As mentioned, the blood’s ability to
carry more dissolved oxygen molecules under higher atmo-
spheric pressure is a function of Henry’s law. It states that
the amount of gas that will dissolve in a liquid is propor-

tional to the partial pressure of the gas in contact with that
liquid as well as to the atmospheric pressure. Thus, more
gas, oxygen, or nitrogen will dissolve in tissue fluid at higher
atmospheric pressure. %X is the percentage of gas X dis-
solvedin theliquid, P(¢) is the atmospheric pressure, and P(X)
is the partial pressure of gas X.

TRANSCUTANEOUS OXYMETRY (TcPO, OR TCOM)

In order for the patient to benefit from HBO therapy, they
must have adequate perfusion of blood to the affected area.
This perfusion can be assessed prior to hyperbaric oxygen
therapy by checking transcutaneous oxygen tension,
TcPO,. Transcutaneous oxygen tension values of less than
40, which increase to more than 100 mmHg while breath-
ing 100% oxygen or to more than 200 during HBO therapy,
will likely benefit from hyperbaric oxygen therapy (6). The
detailed mechanisms by which the elevated oxygen tension
is felt to improve wound healing and the body’s ability to
combat bacterial pathogens will be discussed under each
indication for HBO therapy. Briefly, Hunt and Pa: (7)
showed, in 1976, that increased oxygen tension stimulated
collagen synthesis and fiberblast proliferation. Then, stu-
dies revealed improved ability of leukocytes to clear infected
wounds of bacteria with hyperbaric oxygen (8,9). Then, in
1989, Zamboni et al. (10) showed that HBO therapy in the
reduction of tissue flap necrosis was a systemic phenomenon
that involved inhibition of neutrophil adherence and pre-
vention of arteriolar vasoconstriction thought to be via a
nitric oxide-mediated mechanism. In addition, it increases
platelet-derived growth factor Beta (PDGF B), vascular
endothelial growth factor (VEGF), Epidermal growth factor
(EGF), and other factors.

APPROVED INDICATIONS

The following indications are approved uses of hyperbaric
oxygen therapy as defined by the Hyperbaric Oxygen



Therapy Committee of the Undersea and Hyperbaric
Medical Society (Table 1). Most of these indications are
also covered by Medicare and many are covered by major
insurance companies. The indications include air or gas
embolism, decompression illness, carbon monoxide poi-
sioning, Clostridial myositis and myonecrosis (gas gang-
rene), crush injury, compartment syndrome and other
acute traumatic ischemias, decompression sickness, pro-
blem wounds, exceptional blood loss anemia, intracranial
abscess, necrotizing soft tissue infections, refractory osteo-
myelitis, delayed radiation injury, compromised skin grafts
and flaps, and thermal burns. Many of these indications will
be specifically discussed in the following sections.

HYPERBARIC CHAMBER BASICS

Hyperbaric oxygen therapy is a feature offered in many
hospitals, medical centers, and in specialty situations
such as diver rescue stations and oil rigs. Over 500
hyperbaric chambers exist in the United States alone.
When a patient is refered for one of the listed emergent
or nonemergent indications to undergo hyperbaric oxygen
therapy, a complete workup of the patient should be
performed if possible prior to hyperbaric oxygen therapy.
Emergency situations may necessitate an abbreviated
exam. The patient should wear only cotton medical-cen-
ter-provided clothing to prevent static electricity, which
could cause a spark and a fire. All foreign appliances
should be removed, including hearing aids, lighters,
and jewelry. Internal appliances such as pacemakers
are usually safe under hyperbaric conditions. The patient
will then be premedicated with a benzodiazapine such as
valium if needed for anxiety. Hyperbaric oxygen therapy
can be administered through monoplace or multiplace
chambers. Monoplace chambers accommodate a single
patient within a pressurized environment of 100% oxygen
(Fig. 1). These chambers are often constructed as acrylic
cylinders with steel ends and can withstand pressures of
up to 3 ATA. Multiplace chambers are usually constructed
of steel and can withstand pressures up to 6 ATA (Fig. 2).
They can accommodate two or more people and often have
the capacity to treat ventilated or critically ill patients.
Some are even large enough to accommodate operating
teams, and the 100% oxygen is delivered to the patient via
face mask, hood, or endotrachial tube. Depending on the
indication, patients will require from 1 to 60 treatments.
Most commonly, treatments are delivered to the patient
for 60-90 min at 2.8-3.0 ATA five days a week for the
protocol duration.

CONTRAINDICATIONS

Six absolute contraindications exist to hyperbaric oxygen
therapy.

1. Untreated pneumothorax — An untreated pneu-
mothorax can be converted to a tension pneu-
mothorax with administration of HBO.

2. History of spontaneous pneumothorax.
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Other
1%

Nitrogen
78%

Figure 1. Relative composition of air.

3. Bleomycin — History of the chemotherapy agent
Bleomycin, which can cause pneumonitis, especially
if the patient is exposed to HBO.

4. Doxyrubicin.

5. Disulfiram — (antibuse) Blocks production of super-
oxide dismutase, which protects the patient from
oxygen toxicity.

6. Cisplatin/Carboplatin — An anticancer agent that
interferes with DNA synthesis.

7. Mefanide (Sulfamyelon) — It is a topical ointment for
burns and wounds that is a carbonic anhydrase

inhibitor and increases the risk of seizure during
HBO therapy.

The relative considerations and contraindications are
many. In these patients, the hyperbaric physician should
consider each patient individually, including their history
of thoracic surgery, seizure disorder, obstructive lung dis-
ease, congestive heart failure, pulmonary lesions on X-ray
or CT scan, seizure disorder, upper respiratory infections

Static 14%

Contraband 66%

Figure 2. Fire risk.
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Table 4. Arterial and Venous Air Embolism Etiology

Etiology of Air Embolism

Arterial Air Embolism Venous Air Embolism

Pulmonary Overpressure Central Venous Catheters

Open Lung Biobsy Infusion Pumps

Arterial Catheter Neurosurgery

Angiography Laparoscopy

Surgery Liver Transplantation

Penetrating Chest Trauma Neurosurgery

Pneumothorax Pelvic Surgery
Trendelenburg Position

Cardiopulmonary Bypass Necrotizing Enterocolitis

Dialysis Lumbar Spine Spine Surgery

Autotransfusion Air Contrast Salpingogram

Neonatal Respiratory Umbilical Venous Catheters

Distress Syndrome
Paradoxical, Patent
Foramen Ovale

(due to risk of barotraumas to the ears), acute viral infec-
tions, uncontrolled high fever (as it increases CNS sensi-
tivity to oxygen), reconstructive ear surgery, congenital
spherocytosis, history of optic neuritis, recent retinal
repair, claustrophobia, acidosis, nicotine, alcohol, and
many others.

AIR EMBOLISM

Air embolism is a medical emergency. In the diving com-
munity, it is the main cause of death following diving
accidents. Early diagnosis followed by definitive treat-
ment are critical in determining the eventual outcome.
Treatment is based on compression of the air bubbles by
Boyle’s law as well as oxygenation of ischemic tissues and
treatment of ischemia reperfusion injury with hyperbaric
oxygen. Air embolism can occur in the hospital setting
by introduction of air into the systemic circulation by
central venous and arterial catheters and other invasive
procedures. Interestingly, the first report of a death from
air embolism was from France in 1821. The patient was
undergoing surgery on his clavicle when the surgeon
noted a hissing sound in the area of operation and the
patient yelled “my blood is falling into my heart- I'm
dead” (11). The patient likely died of a venous air embo-

lism obstructing the systemic circulation. Air entry in
the systemic circulation occurs following violation of
the systemic circulation by any number of mechanisms
(Table 4), which can be either by introduction of air into
the arterial circulation, as in a lung biopsy, chest trauma,
and pulmonary overpressure (diving), or into venous cir-
culation, as in air introduction via central venous cathe-
ters, liver transplantation, and neurosurgery. Venous air
emboli are more common, whereas arterial emboli are tend
to be more serious. Physiologically, the air bubble forms or is
introduced into the circulation. The lung usually serves as
an excellent filter for air emboli, and can protect the embo-
lism from traveling to the brain. This protective filter may be
bypassed by a patent foramen ovale. Approximately 30% of
patients have a foramen ovale that is patent by probe. The
lung as a filter may be overwhelmed by large quantities of
air. The bubble can then lodge in the smaller arteries of the
brain causing obstruction. An air embolism is immediately
identified as a foreign body, and platelets are activated,
which leads to an inflammatory cascade. Hypoxia then
develops distal to the obstruction with associated swelling.
The embolism is eventually absorbed by the body, but the
fibrin deposition at the embolism site may prevent return of
blood flow. In order to diagnose an air embolism, it needs to
have a high index of suspicion. If air embolism is suspected,
the patient should receive a number of immediate measures,
including ACLS or ATLS protocols. The patient should be
placed on the left side and one should consider draining air
from the right atrium with a central venous catheter. Air in
the heart can cause a machinery murmur. 100% oxygen
should be administered via a face mask or endotrachial tube,
and the patient should be hydrated to preserve intravas-
cular volume. Per Dalton’s law, administration of high
oxygen will cause nitrogen to diffuse out of the air bubble
and shrink in size. Dalton’s law states that total pressure of
a mixture of gases is equal to the sum of the pressures of
each gas. Each gas acts as if it alone were present. Dalton’s
law is stated as P(t) = P1 + P2 + P3. The inspired 100%
oxygen will also maximize oxygenation of the tissues as
much as possible under normal atmospheric pressure. Next,
the patient should be emergently treated with hyperbaric
oxygen. If a chamber is available that can provide compres-
sion to 6 ATA with air or a mixture of 50% nitrogen and 50%
air, treatment should immediately be performed following
the U.S. Navy protocol (Fig. 3).
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Figure 3. U.S. Navy decompression treatment.



DECOMPRESSION ILLNESS

By definition, decompression illness (DCI), also called
bends or caisson disease, occurs when gas bubbles exit
in the blood or body tissues. At depth, more gas can
dissolve in the tissues than in the blood. When the diver
ascends too quickly, the gas comes out of solution and
forms bubbles in the tissues and in the blood, much like
popping a soda can and releasing its pressure causes the
carbon dioxide bubbles to come out of the solution. In
1994, Diver’s Alert Network (DAN) recorded 1164 diving-
related injuries and 97 diving-related deaths, many
related to DCI (12). The severity of DCI depends on the
volume and location of gas bubbles. The range of symp-
toms is from vague constitutional complaints or limb pain
to cardiopulmonary arrest and coma, the pathophysiology
of which is explained by Henry’s law. As previously
explained, Henry’s law is p = Kc, where p is the partial
pressure of the gas 1, ¢ is its molar concentration, and K is
the Henry’s law constant, which is temperature-depen-
dent. Thus, simply stated, more inert gas can be dissolved
in a liquid at higher atmospheric pressure and, conver-
sely, less under lower atmospheric pressure, which occurs
on decompression when gas must be removed from tis-
sues, and rapid decompression leads to bubble formation.
Using the Henry’s law equation, one can calculate the
estimated amount of nitrogen a diver must clear from the
bloodstream (about 5 L) in rising from 100 ft to the sur-
face. The amout would be approximately 750 ml nitrogen
assuming room temperature, which is a significant
volume of nitrogen that must be eliminated from the
divers bloodstream. The onset of symptoms is usually
rapid and 75% of patients experience symptoms within
1 h of decompression and 90% within 12 h of decompres-
sion (13). A small number of patients may present even
later, particularly if they have flown in commercial air-
craft after diving and not followed the recommendation of
the major diving organizations not to fly within 24 hours
of one’s last dive. Interestingly, up to 10% of the inert gas
that is absorbed in the tissues is released as bubbles after
the diver’s decompression (14). Patients experience symp-
toms depending on the location and concentration of the

Table 5. Signs and Symptoms of Decompression Illness

Symptoms of
Decompression Illness

Signs of
Decompression Illness

Blotchy skin rash
Paralysis, muscle weakness
Difficulty urinating

Unusual fatigue

Skin itching

Pain in joints/
muscles of arms,
legs or torso

Dizziness Confusion, personality
changes, bizarre behavior

Vertigo Amnesia,

Ringing in the ears, (Tinnitus) Staggering

Numbness, tingling
and paralysis
Shortness of breath (Dyspnea)

Coughing up bloody,

frothy sputum
Collapse or unconsciousness
Tremors

HYPERBARIC MEDICINE 23

bubbles (see Table 5). Bubbles forming in or near joints
cause the joint pain of a classical “bend.” These muscu-
loskeletal effects are called type 1 DCS. When these
effects occur in the spinal cord or brain, numbness,
paralysis, and disorders of higher cerebral function may
result. If large numbers of bubbles enter the venous
bloodstream, congestive symptoms in the lung and circu-
latory shock can then occur. These pulmonary and neu-
rologic effects are termed type 2 DCS. Treatment should
involve immediate administration of 100% oxygen, which
facilitates nitrogen washout by the previously explained
principles of Dalton’s law. Rehydration as well as
advanced cardiac or trauma life-support protocols should
be followed by transfer to a hyperbaric facility emer-
gently. The patient should be treated with hyperbaric
oxygen following U.S. Navy guidelines (Fig. 3), even if
the inspired oxygen and rehydration alone have improved
the patient’s signs and symptoms because tiny bubbles
may be left that can cause tissue necrosis. Hyperbaric
oxygen shrinks the size of the mostly nitrogen-filled bub-
bles by the principles of Boyle’s law, and the increased
pressure also increases the partial pressure of the gas by
Dalton’s law, hastening complete elimination of the bubble
(Table 2). If the U.S. Navy (Fig. 3) recompression regimen
fails to lead to symptom resolution, the Diver’s Alert
Network or a medical expert on DCI should be contacted,
and one of a number of recompression tables may be
followed.

PROBLEM WOUNDS

The management of problem wounds should always
include infection control, debridement, aggressive wound
care, and correction of perfusion and oxygenation defi-
ciencies. When an oxygenation deficiency of the wound is
found, in the face of nonreconstructable vascular disease,
hyperbaric oxygen should be considered as an adjunctive
therapy. An increase in tissue oxygen tension by HBO
therapy enhances wound healing by increasing neutro-
phil bactericidal capacity, inhibiting toxin formation in
and even killing some anaerobes, encouraging fibroblast
activity, and promoting angiogenesis (15). In normal phy-
siology, the oxygen gradient across a wound is essential to
stimulate these components of healing. Oxygen consump-
tion is relatively low in wounds, and microvasculature
damage and peripheral vasoconstriction increase diffu-
sion distances. Partial pressure via Dalton’s law is the
driving force of diffusion. Hyperbaric oxygen creates a
steep tissue oxygenation gradient, providing a stronger
stimulus than lactate or moderate hypoxia, to initiate and
facilitate wound healing (16,17). These stimulated factors
are thought to include platelet-derived growth factor B
(PDGF-B), Vascular endothelial growth factor (VEGF),
Epidermal growth factor, and others. Several clinical
studies support the use of hyperbaric oxygen to promote
wound healing. Perhaps the studies involving diabetic
lower extremity wounds have been most informative.
Several studies have shown an increased number of
healed wounds, decreased wound size, and decreased
rates of amputation among patients receiving hyperbaric



24 HYPERBARIC MEDICINE

oxygen therapy as an adjunctive treatment (18,19). Bar-
oni et al. reported in a controlled study that a significant
number of subjects receiving HBO went on to heal their
wounds and fewer required amputation when compared
with subjects not receiving HBO (20). In another study
involving 151 diabetic patients with wounds of the lower
extremity, Oriani et al. showed that 130 of these patients
completely healed their wounds with adjunctive HBO
(21). When compared with conventionally treated
wounds, HBO-treated patients had an accelerated rate
of healing, reduced rate of amputation, and an increased
rate of completely healed wounds on a long-term basis
(21). Transcutaneous Oxymetry (TcPOy) is currently the
best tool available to evaluate tissue hypoxia and to select
patients appropriate for HBO therapy. It can also be used
to monitor progress during hyperbaric oxygen therapy.
TcPO, measurements should be taken with the patient
breathing room air. A value of greater than 50 mmHg
around the wound site indicates that the wound has
adequate oxygenation and hyperbaric oxygen is not likely
to improve healing. Values below 40 at the wound site
should be considered for HBO therapy. Patients with
marginal TePO, should be further tested while breathing
100% oxygen. TcPOy values of greater than 100 while
breathing 100% oxygen is an indicator that they are likely
to respond to HBO therapy. If this challenge TcPOs is less
than 100, they still may benefit if the tested TcPO, at the
wound site is greater than 200 mmHg while they are
breathing 100% oxygen at 2.0 ATA in the hyperbaric
chamber (22). A TcPOy value of less than 30 around a
wound that does not exhibit this response, which indicates
vascular compromise and the patient should be consid-
ered for revascularization if possible. Of note, 96% of limbs
with TcPO, values below 30 mmHg had abnormal arter-
iograms. It is also important to follow TcPOo values
weekly, and diabetic patients may have normal or falsely
elevated noninvasive Doppler studies and a low TcPO,,
implying satisfactory perfusion and inadequate oxygena-
tion of the wound and, as such, may pose a diagnostic
delimma. The diabetic patient with normal noninvasive
Doppler and low TcPOy will respond best to HBO. HBO
therapy should be reserved for those diabetic wounds not
responding to traditional management of debridement,
antibiotics, and general wound care, including vascular
reconstruction. The use of HBO therapy is necessary in
only 15-20% of these patients. HBO therapy increases
wound oxygen tension, enhancing host antibacterial
mechanisms and promoting wound healing and is
reserved for wounds in which the primary etiologies are
tissue hypoxia or infection (13). Treatments are delivered
at 2.0-2.4 atmospheres for 90—120 min once or twice daily.
When serious infections are present, patients are typi-
cally hospitalized and given IV antibiotics and hyperbaric
treatments twice daily five days a week. The TcPO5 values
should be checked weekly because hyperbaric oxygen
facilitates angiogenesis by a nitric oxide and vascular
endothelial growth factor Beta (VEGF-B). When the room
air TcPOs is greater than 40 mmHg, the hyperbaric oxy-
gen therapy can safely be discontinued. HBO is an adju-
vant treatment; therefore, diabetic control, debridement,
and aggressive wound treatment are given first priority.

When the wound bed has adequate granulation tissue,
application of grafts can shorten morbidity, hospital stay,
and health-care costs. The underlying problem in failure
of a wound to heal is usually hypoxia and infection.
Hyperbaric oxygen treatments in selected patients can
facilitate healing by increasing tissue oxygen tension,
thus providing the wound with a more favorable environ-
ment for healing. Therefore, hyperbaric oxygen therapy
can be an important component to any comprehensive
wound care program.

COMPROMISED FLAPS AND GRAFTS

Skin grafts and flaps with adequate blood supply do not
require HBO. Hyperbaric oxygen therapy is extremely
useful in situations where the skin grafts or flaps suffer
from compromised microcirculation or hypoxia.

Flaps

The benefits of HBO on flaps develop from a systemic
elevation in oxygen tension (23-25). In addition, HBO
therapy prevents neutrophil adherence and subsequent
vasoconstriction following ischemia. Too often, a compro-
mised flap is allowed to progress over the days following
surgery until visible signs of necrosis obviate the use of
HBO, because delayed treatment with HBO cannot revive
dead tissue. The resulting disappointment, as well as the
associated patient dissatisfaction, can be avoided by rapid
diagnosis of the flap problem and early involvement of the
hyperbaric physician. The keys to successful treatment of
compromised flaps with HBO are accurate diagnosis of the
specific flap problem and appropriate and expedient initia-
tion of hyperbaric oxygen treatment. Awareness of the
different etiologies of flap compromise is necessary to plan
for effective HBO treatment. A random flap with distal
necrosis is completely different from a free flap with total
venous occlusion. Proper classification of flaps, different
etiologies of flap compromise, and understanding of how
HBO is thought to effect ischemia reperfusion injury
defines which patients will benefit from HBO. Flap classi-
fication is based on an assessment of blood supply, tissue
composition, and method of movement. Each of these
elements must be evaluated, but it is blood supply that
is most important. The blood supply to the flap is either
axial, based on a named vessel, or random, based on the
subdermal plexus. Commonly, flap compromise occurs
when the surgeon tries to mobilize tissue outside the
defined arterial supply, when there is a pedicle problem
exists, or when free flaps are exposed to prolonged ische-
mia. The tissue composition of a flap may include skin,
subcutaneous tissue, fascia, muscle, bone, other tissues, or
a combination of these. Flap composition is very important
because different tissue types have different tolerances to
ischemia. For instance, a myocutaneous flap will be more
susceptible to ischemia than a fasciocutaneous flap,
because muscle is much more sensitive to ischemic injury
than fascia and skin (26). In those circumstances where a
prolonged primary ischemia or any secondary ischemia
resulting from vessel thrombosis and revision anastomosis
exists, the flaps will undergo ischemia reperfusion injury.



When treating compromised flaps, a multimodality approach
should be initiated. This approach should include the use
of vasodilators if arterial vasospasm is suspected, removal
of sutures if tension or compression are suspected, dextran
and pentoxifylline for rheological purposes, medicinal and
chemical leeching for venous congestion, and the early
use of hyperbaric oxygen if blood flow can be documented.
The use of HBO therapy is appropriate only when the
flap problem has been defined, documented perfusion of
theflap exists, appropriate surgical salvage measures have
been first considered, and HBO therapy can be performed
in an expedient manner. Specifically with respect to free
flaps, extended primary ischemia time greater than 2 h
or any secondary ischemia time may result in partial or
total flap necrosis. This injury is usually reversible if
recognized early and treated expeditiously. Essentially,
it is ischemia reperfusion injury. Numerous research
studies support the use of HBO in the salvage of compro-
mised free tissue transfers (27,28). A rat free-flap model
showed similar improvement in flap survival (27). A clin-
ical study evaluated free-flap salvage in the face of pro-
longed primary or any secondary ischemia (28). Salvage
was significantly better in the HBO treatment group vs.
controls, but only if initiated within 24 h. Free flaps com-
promised by prolonged primary or secondary ischemia
have responded favorably to HBO treatment with com-
plete salvage, in most cases, if HBO is started early. The
treatment regimenis 2.0-2.4 ATA, 90 min q8 hx 24 h, then
q8-12hx48h (29). Treatment duration is based on clinical
evaluation.

Grafts

Skin grafts are anatomically different from flapsin that skin
grafts lack an inherent blood supply. Skin grafts are com-
posed of avascular tissue that depends entirely on the reci-
pient bed for oxygenation. HBO is useful in preparing the
recipient bed and in promoting healthy granulation tissue to
support split-thickness skin grafts. One controlled study
showed a significant improvement in skin graft survival
from 17% to 64% with the addition of HBO treatment.
Although literature exists to support the use of HBO for
composite grafts, a study by the University of Mississippi
Medical Center found no significant effect of HBO on rat-ear
composite grafts larger than 1 cm (30,31) Further research
is needed to better understand the effects of HBO on
composite graft survival. The rational for use of HBO in
crush injury, compartment syndrome, frostbite, and other
traumatic ischemias is similar to those for compromised
flaps as they are all cases of ischemia and ischemia reper-
fusion injury.

CRUSH INJURY, COMPARTMENT SYNDROME, AND
OTHER ACUTE TRAUMATIC ISCHEMIAS

These conditions are trauma-related situations in which
the underlying pathophysiology is that of ischemia reper-
fusion (IR) injury. Ischemia times of greater than 4 h
willresult in some degree of permanent necrosis. The
physiologic basis of IR injury has become better under-
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stood in recent years. Most of the animal research centers
around the production of oxygen-free radicals. Although
the endothelial xanthine oxidase pathway has received
much attention in the literature (32), more recent evi-
dence supports the fact that neutrophils are a more
important source of oxygen-free radicals via membrane
NADPH oxidase and degranulation. Also, neutrophil
adhesion is felt to cause ischemia reperfusion IR-asso-
ciated vasoconstriction.

A perceived paradox exists related to HBO for IR injury.
The less-informed observer often does not understand why
HBO improves reperfusion injury and might think HBO
instead increases free radical formation. (An oxygen-free
radical is an oxygen molecules with an unpaired electron
in its outer shell.) During ischemia, ATP is ultimately
degraded to hypoxanthine and xanthine, which are anae-
robic metabolites. With reperfusion, oxygenated blood is
reintroduced into the ischemic tissue, and the hypox-
anthine and xanthine plus oxygen creates oxygen-free
radicals. Superoxide and hydroxyl oxygen-free radicals
are formed, which can cause extensive tissue damage.
The authors believe that the major mediator of damage
is, in fact, neutrophil adherence to postcapillary venules
significant and progressive vasoconstriction occurs in
arterioles adjacent to leukocyte-damaged venules. Neutro-
phil adherence and vasoconstriction lead to a low flow state
in the microcirculation and then vessel thrombosis, which
is the endpoint of IR injury. The leukocyte-damaged venule
is thought to be responsible for the arterial vasoactive
response. HBO inhibits neutrophil adherence to the
endothelial cells and thereby inhibits the ultimate throm-
bosis of microvessels, but the complete mechanism is still
poorly understood, but is thought to involve the elevation
in nitric oxide mediated by an increase in nitric oxide
syntase (33). Free radical formation is not felt to be wor-
sened with HBO as fewer adherent neutrophils actually
exist to contribute to the neutrophil oxygen-free radical-
generating system.

Treatment with hyperbaric oxygen in the face of IR
injury carried the concern that that providing extra oxy-
gen would increase free radical production and tissue
damage. This query has been resolved by studies that
have shown that HBO actually antagonizes the ill effects
of IR injury in a variety of tissues (33—35). One of the first
studies evaluating HBO and IR injury showed that HBO,
immediately upon reperfusion, significantly improved
skin flap survival following 8 h of global ischemia in a
rat axial skin flap model with increased microvascular
blood flow during reperfusion. Free-flap survival
improves with HBO treatment during reperfusion even
following ischemia times of up to 24 h (36). Hyperbaric
oxygen administered during and up to 1 h following 4 h
global ischemia significantly reduced neutrophil endothe-
lial adherence in venules and also blocked the progressive
arteriolar vasoconstriction associated with reperfusion
injury (37). HBO inhibited in vitro beta-2-integrin
(CD18)-induced neutrophil adherence function, but did
not alter other important neutrophil functions such as
oxidative burst or stimulus-induced chemotaxis and
migration. This latter finding is very important, because
HBO, through its action on the CD18 adhesion molecule,
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blocks the neutrophil adherence associated with IR injury
without interfering with other neutrophil functions that
would increase the risk of infectious complications. Initi-
ally, the focus in acute ischemia caused by trauma should
be restoration of blood supply. The authors, therefore,
recommend HBO therapy for all patients with muscle
ischemia time greater than 4 h and skin ischemia time
greater than 8 h. The major effects of IR injury are felt to
occur within the first 4-7 h of reperfusion. 2 ATA hyper-
baric oxygen increases the tissue oxygen tension 1000%.
Treatment protocol is 2.0-2.5 ATA for 60 min,q8 hx24 h,
then q 8-12 h x 48 h with clinical re-evaluation. If pro-
gressive signs of ischemic injury are still present, the
treatment is continued at 2.0 ATA, q 12 h for 2-3 more
days. Usually, 72 h of treatment is adequate as long as the
first treatment is initiated within 4 h of surgery.

RADIATION TISSUE DAMAGE AND
OSTEORADIONECROSIS

1.2 million cases of invasive cancer are diagnosed yearly,
half of which will receive radiation therapy and 5% of
which will have serious radiation complications, which
represents 30,000 cases per year of serious radiation
sequellae (38). HBO is also well studied for its use in
treating osteoradionecrosis in conjunction with adequate
debridement of necrotic bone. Carl et al. also reported
success is applying HBO to 32 women with radiation
injury following lumpectomy and radiation compared
with controls (39). Feldmeier and his colleagues reviewed
the literature and found no evidence to support the poten-
tiation of malignant cells or the engancement of cancer
growth (40). The treatment protocol is 2.5 ATA for 90 min
daily for 20-50 treatments. HBO can also be used as a
radiosensitizer and are as much as three times
more sensitive to radiation kisses than are hypoxic cells
(41).

REFRACTORY OSTEOMYELITIS

Chronic refractory osteomyelitis (CROM) is infection of
the medullary and cortical portions of the bone that
persists or recurs following treatment with debridement
and antibiotics. The principles of treatment are fairly
simple. First, the dead bone is debrided and bone cultures
should be taken along with administration of appropriate
antibiotics. Next, the interface or cicatrix, which sepa-
rates the compromised bone from adequate blood supply,
is removed. Finally, hypoxia in the wound must be cor-
rected, which may be accomplished by HBO. The treat-
ment protocol is 2.0 ATA for 90 min daily for 20-60
treatments. Note that CROM and refractory osteomyelitis
require the longest treatment protocols. HBO is believed
to oxygenate hypoxic/ischemic tissues, augment host anti-
microbial responses, augment osteoclastic activity, and
induce osteogenesis in normal and infected bone and
antibiotic synergism.

ACUTE THERMAL BURNS

HBO is approved by the USMS but it is not covered by
Medicare. Gruber demonstratedin 1970 that the area around
and under a third-degree burn was hypoxic and could only be
raised by oxygen at increased pressure (42). HBO has been
found to prevent extension, reduce edema, increase healing
rates, and decrease total cost in several randomized studies
(43,44). HBO is also thought to decrease the rate of burn
sepsis based on several early studies. The controversy, in
part, surrounds current guidelines for early debridement and
grafting of burns. Once excised, a burn no longer exists and
HBO will not be helpful. In case burns are not easily amen-
able to excision such as flash burns to the face or groin, HBO
may be helpful to prevent extension of the burn and to aid
healing. Treatment must be started within 24 h. The recom-
mended regimen is 2.0 ATA for 90 min every 8 h on the first
day, then every 12 hours for 5 or 6 days.

ACUTE EXCEPTIONAL BLOOD LOSS ANEMIA

Hyperbaric oxygen for treatment of acute blood loss anemia
is reserved for those patients whose anemia is not immedi-
ately treatable for practical, disease process, or religious
reasons, which may include warm antibody hemolytic dis-
ease, Jehova’s Witnesses, those with rare blood types, and
those who refuse transfusion for other personal reasons. As
explained in the physiology section, HBO dramatically
increases the amount of solublized oxygen the blood can
carry. In fact, Boerema showed, in 1955, that pigs could be
exsanguinated to four-tenths of one gram of hemoglobin per
deciliter and be maintained in a hyperbaric environment of
3 ATA without hypoxia. The goal in HBO therapy for these
conditions is to improve the oxygen depth with the daily or
twice daily HBO treatments until the anemia can be
improved. In between the treatments, the patients should
be maintained a lower FIO; of inspired oxygen if possible to
help reduce oxygen toxicity.

CARBON MONOXIDE POISONING

In 1966, Wada first used HBO to treat survivors of coal mine
disasters with carbon monoxide poisoning and burns. The
modern-day sources of carbon monoxide include automobile
exhaust, home heaters, portable generators, propane
engines, charcoal burners and camp stoves, and methylene
chloride paint strippers. The initial treatment for carbon
monoxide poisoning is 100% oxygen. The administration
of 100% oxygen via a nonrebreather mask facilitates the
dissociation of CO from hemoglobin to approximately 1.5
h. Hyperbaric oxygen delivered at 2.8-3.0 ATA reduced
the halflife of CO-bound hemoglobin further to 23 min. In
addition, patients who had one hyperbaric treatment for
CO poisoning had 46% neuropsychiatric sequelae at dis-
charge and 50% at one month versus two HBO treatments
at 2.8-3.0 ATA having 13% at discharge and 18% at one
month. The current recommendation is 3.0 ATA for 90
min with air breaks delivered every 8 h for a total of 3
treatments (called theWeaver protocol). Some authors
still feel one treatment may be adequate (45).



CYANIDE POISONING

Hydrocyanide gas or HCN is formed when any number of
substances burns, including furniture, asphalt, paper, car-
peting (nylon), lighting baths (acrylic), plastic(polystyrene),
and insulation (melamine resins). The antidote for cyanide
poisoning begins with breathing 100% oxygen, ATLS pro-
tocols, and administration of IV sodium thiosulphate and is
continued with a slow infusion of sodium nitrate and simul-
taneous HBO therapy if it is available. The sodium nitrate
creates methemoglobin, which can impair the oxygen-carry-
ing capacity of hemoglobin. HBO increases the amount of
oxygen dissolved in plasma and may offer a direct benefit.
The treatment regimin is 3.0 ATA with 30/10 airbreaks.

HYPERBARIC CHAMBER FACILITY DESIGN
AND SAFETY

Over 500 hyperbaric facilities exist in the United States,
and the number of hyperbaric chambers is steadily increas-
ing worldwide. Hyperbaric chambers are classified as
either monoplace or multiplace. They differ functionally
in that the monoplace chamber instills oxygen into the
entire chamber environment, whereas in a multiplace
chamber, patients breathe 100% oxygen via a breathing
mask or oxygen hood and exhaled gases are vented outside
the chamber. Monoplace chambers are constructed either
as an acrylic cylinder with metal ends or are primarily
constructed of metal. Most commonly, the monoplace
chambers are formed from an acrylic cylinder from 20 to
40 inches in diameter with tie rods connecting it to end
caps. The opening is a rotating lock or a cam action lever
closure. Separate oxygen and air sources provide the oxy-
gen sources and air for air breaks during therapy. An
oxygen vent must be exhausted outside the building.
The through ports on the HBO chamber door allow passage
of specially made intravenous monitoring devices and
ventilators. The larger diameter monoplace chambers
are more comfortable; however, they require more oxygen
and can be heavier and more expensive to install. The
acrylic chambers can provide a maximum of 3 ATA pres-
sure. Alternatively, some monoplace chambers are con-
structed mostly of steel with acrylic view ports, which
can accommodate pressures of up to 6 ATA and are often
used in special situations such as offshore rigs where a
compact chamber is needed to treat decompression illness
required in U.S. Navy Table 5. Multiplace chambers are
much larger and are designed to provide treatment to
multiple people or to manage complex conditions. Some
can even house operating rooms with special precautions.
They are typically made of steel with acrylic view ports
and are designed for operation up to 6 ATA or 165 feet of
sea water. The gauges are reported in feet of sea water on
these multiplace chambers to facilitate the use of dive
tables for staff or patients. These multiplace chambers
are, therefore, best-suited to treat deep water decom-
pression illness. These chambers can accommodate from
2 to 20 people and have variable configurations including
horizontal cylinders, spherical shapes, and rectangular
chambers.
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The primary professional hyperbaric medicine societies
in the United States are the Undersea and Hyperbaric
Medical Society (UHMS) and the American College of
Hyperbaric Medicine. The UHMS has developed a clinical
hyperbaric medicine facility accreditation program. This
program can be accessed via the UHMS website at http:/
www.uhms.org, and it was designed to assure that clinical
facilities are:

1. Staffed with well-trained specialists;

2. Using high quality equipment that is properly
installed, maintained, and operated to the highest
possible safety standards;

3. Providing high quality care;

4. Maintaining proper documentation of informed con-
sent, treatment protocols, physician participation,
training, and so on (46).

Safety Elements for Equipment and Facilities

The American Society of Mechanical Engineers (ASME) and
the Pressure Vessel for Human Occupancy Committee
(PVHO) define the design and fabrication guidelines for
hyperbaric chambers. Although not required in all states
or worldwide, it is accepted as the international standard
(46). Next, the National Fire Protection Association (NFPA)
has established a safety standard for hyperbaric facilities.
The publication, NFPA 99, Safety Standard for Health Care
Facilities, Hyperbaric Facilities, Chapter 20 explains the
details of and criteria for equipment associated with a
hyperbaric chamber facility. The requirements include fire
abatement systems, air quality, and electrical require-
ments. These requirements apply to any hyperbaric cham-
ber placed within a health-care facility. Each site must have
a safety director. It is important to have only cotton clothing
and to avoid any sources of sparks or static electricity given
the 100% oxygen (Fig. 2). In addition to these guidelines,
hyperbaric chambers are pressure vessels and, as such, are
subject to boiler and pressure vessel laws. They are also
medical devices and, in the United States, are also subject to
FDA rulesfor class I medical devices. Achamberisrequired
to have a clearance from the FDA before the device can be
legally marketed or distributed, which is often calleda510 k
clearance, denoting the form on which the clearance must be
submitted. To check on whether a device has received clear-
ance in the United States, one must contact the manufac-
turer or the Food and Drug Administration (FDA) most
easily via their website, http://www.fda.gov/scripts/cdrh/
cfdocds/cfpmn/dsearch.cfm.

Facilities must develop defined safety protocols and
emergency plans that are available through both the
Undersea and Hyperbaric Medicine Society (UHMS) and
the American College of Hyperbaric Medicine (ACHM).

FRONTIERS AND INVESTIGATIONAL USES

The use of hyperbaric oxygen therapy has, at times, been
surrounded with controversy and spurious claims from
improving athletic performance to slowing the aging
process. It is essential that the hyperbaric medicine



28 HYPERBARIC MEDICINE

physician, staff, and potential patients understand and
follow the principles of evidence-based practice, which
means prescribing HBO therapy for the conditions proven
to benefit from such treatment. The UHMS website, at
www.UHMS. org, and AHCM are good resources for addi-
tional information as are numerous publications on hyper-
baric medicine such as the hyperbaric medicine textbook
available through the UHMS website. Investigational uses
for hyperbaric oxygen therapy include carbon tetrachloride
poisoning, hydrogen sulfide poisioning, sickle cell crisis,
spinal cord injury, closed head injury, cerebral palsy, pur-
pura fulminans, intraabdominal and intracranial abscess,
mesenteric thrombosis, retinal artery occlusion, cystoid
macular edema, bell’s palsy, leprosy, lyme disease, stroke
and traumatic brain injury, and brown recluse spider bite.
Some of the many investigational uses for HBO therapy may
have merit, but these must be rigorously studied using well-
designed trials. As the field of hyperbaric medicine con-
tinues to advance, so will our understanding of the complex
physiologic effects of delivering oxygen under pressure.
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INTRODUCTION

Hyperbaric oxygen (HBO) is simply the delivery of mole-
cular oxygen in very high dosage. Even though experience
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has shown HBO to be very useful in a number of conditions,
the exact mechanism of action at the molecular level is not
fully understood. Studies done by Thom et al. (1) demon-
strated that elevated oxygen tensions stimulated neuronal
nitric oxide synthase (NOS1) and increased steady-state
nitric oxide concentration in their microelectrode-
implanted rodents. Buras et al. (2) in their studies with
human umbilical vein endothelial cells (HUVEC) and
bovine aortic endothelial cells (BAEC) showed that hyper-
baric oxygen (HBO) down-regulated intracellular adhesion
molecule 1 (ICAM 1) expression via the induction of
endothelial nitric oxide synthase (NOS3), which proved
beneficial in treating ischemia reperfusion injuries. Other
studies talk about interactions between nitric oxide and
oxygen species and their role in various disease states.
Clearly, interest in HBO is growing.

Boerema (3) introduced hospital use of the hyperbaric
chamber in the late 1950s in Holland, simply to maintain a
semblance of normoxia in patients undergoing cardiac
surgery. Heart-lung machines had not yet been invented,
and the use of the chamber made certain kinds of cardiac
surgery possible for the first time. Boerema felt that if
enough oxygen could be driven physically into solution in
the tissues, which he termed “drenching”, the circulation to
the brain could be interrupted longer than 3—4 min. It also
rendered surgery on many pediatric patients less risky. For
example, if the normal arterial pO, in a patient with
Tetralogy of Fallot was 38 mmHg, placing him in the
chamber might raise it to 94 mmHg. Operating on the
patient under hyperbaric conditions posed much less risk
of ventricular fibrillation when the heart or great vessels
were manipulated.

This idea caught on quickly, and soon large surgical
hyperbaric chambers were built in Glasgow, New York, Los
Angeles, Chicago, Minneapolis, and at Boston Children’s
Hospital. By the early 1960s, however, heart-lung
machines became more common, and the need to do sur-
gery in the hyperbaric chamber diminished substantially.
Many large surgical chambers were left to gather dust or
were dismantled, as hospital floor space is always at a
premium. During this time the surgeons, who had been
doing most of the research, left the field. Of the nondiving
conditions, only carbon monoxide poisoning and gas gang-
rene seemed to be likely candidates for hyperbaric oxygen
treatment based on credible research.

In 1969, however, a double-blind controlled study on the
use of hyperbaric oxygen in senility was published in The
New England Journal of Medicine. Results seemed pro-
mising, and this initiated the propagation of hyperbaric
quackery. The original investigators made no sweeping
claims for the research, but simply felt that the area
merited further investigation. Eventually, further
research showed that the results of the study reported in
the New England Journal article were a statistical anom-
aly and could not be reproduced. However, hyperbaric
enthusiasts seized upon the earlier report, and senility
began to be treated in hyperbaric chambers, along with
a host of other diseases. Most of these were not in medical
centers. Fly-by-night “clinics” suddenly appeared claiming
to cure anything and everything. Patients were treated for
skin wrinkles, loss of sexual vigor, and a host of other
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maladies. As there were few investigators doing good
research in the area at that time, the field fell into dis-
repute.

Fortunately, a few legitimate investigators persisted in
their work, looking at the effects of hyperbaric oxygen in
greater detail. Soon it became clear that under hyperbaric
conditions oxygen had some unusual effects. The Undersea
and Hyperbaric Medical Society created a committee to
investigate the field. After careful study, the committee
laid down guidelines for what should be reimbursed by
third-party payers and what conditions should be consid-
ered investigational. Their report appeared in 1977 and
was adopted as a source document for Blue Cross/Blue
Shield (4). About the same time, Jefferson C. Davis of the
United States Air Force School of Aerospace Medicine
edited the first textbook in hyperbaric medicine (5). It
was only then that a firm scientific basis was reestablished
for the field, leading to increased acceptance by the medical
community. The number of chambers operating in hospi-
tals has risen dramatically from only 37 in 1977 to > 500
today. The Undersea and Hyperbaric Medical Society
(www.UHMS.org) and the American College of Hyperbaric
Medicine (www.ACHM.org) have taken responsibility for
setting standards in this field and for encouraging addi-
tional research. At this time, ~ 13 clinical disorders have
been approved for hyperbaric treatment. They include air
or gas embolism, carbon monoxide poisoning, clostridial
myonecrosis, crush injury or compartment syndrome,
decompression sickness, problem wounds, severe blood loss
anemia, necrotizing soft tissue infections, osteomyelitis,
radiation tissue damage, skin grafts or flaps, thermal
burns and brain abscess.

Remember that hyperbaric oxygen was introduced
initially into hospitals in order to simply maintain nor-
moxia or near-normoxia in patients undergoing surgery.
It was only later, and quite serendipitously that research-
ers discovered that oxygen under increased atmospheric
pressure gained some of the attributes of a pharmacologic
agent. Oxygen begins to act like a drug when given at
pressures of 2 atm or greater. For example, oxygen under
pressure can terminate lipid peroxidation in vivo (6), it
can enhance the bacteriocidal capabilities of the normal
leukocyte (7,8), and it can stimulate the growth of new
capillaries in chronically ischemic tissue, such as in the
diabetic foot, or in tissue that has undergone heavy radia-
tion. It can reduce intracranial pressure on the order of
50% within seconds of its initiation, and this effect is
additive to that of hypocapnia (9—11). HBOT can increase
the flexibility of red cells, augmenting the effects of pen-
toxifylline (12). It can decrease edema formation by a
factor of 50% in postischemic muscle and prevent sec-
ond-degree burn from advancing to full-thickness injury
(13-15). Hyperbaric oxygen has also been shown to hasten
functional recovery of traumatized peripheral nerves by
almost 30% following repair. Many of these discoveries
have been made only in the last decade.

In a number of these areas, we are beginning to under-
stand the basic mechanisms of action, but overall very
little is understood at the molecular level. It is anticipated
that studies involving nitric oxide synthase will provide
insight regarding the elusive molecular mechanistic

explanation. Also, many contributions to our understand-
ing have come from advances made in the biochemistry of
normal wound healing. We understand that normal oxy-
gen pressures are 80-90-mmHg arterially, that oxygen
enters our tissues from the capillaries, and that at this
interface carbon dioxide (COy) is removed. Under hyper-
baric conditions, all of this changes. At a chamber pres-
sure of 2.4 atm (ATA), the arterial oxygen pressure (pOs)
reaches ~ 1500 mmHg, immediately saturating the red
blood cells (RBCs). Upon reaching the tissues, these RBCs
never unload their oxygen. At this high partial pressure of
gas, oxygen diffuses into the tissues directly from the
plasma. Returning to the heart, the RBCs are bathed in
plasma with a pOs of 150-200 mmHg. Tissue oxygen
requirements are completely derived from the plasma.
In theory, one might think that this condition could prove
fatal, as red cells no longer can carry CO; away from the
tissues. However, we are fortunate that CO5 is 50 times
more soluble in plasma than are oxygen and nitrogen, and
the body has a very capable buffering system which
overcomes the loss of the Haldane effect, which is the
increase in COy carrying capacity of deoxygenated red
cells (16).

Another factor to be considered is the actual part of the
circulatory system that overcomes the loss of the Haldane
effect. Traditionally, we think of this exchange occurring in
the capillaries. Under very high pressures, however, com-
puter modeling has shown that nitrogen exchange under
pressure (as in deep sea divers) is probably complete by the
time the blood reaches the arteriolar level. Whether this is
true when hyperbaric oxygen is breathed has not yet been
determined. The rate of metabolism under hyperbaric
conditions appears to be unchanged, and the amount of
COg produced appears to be about the same as when
breathing air. It would be interesting to know just at what
level oxygen exchange is accomplished in the tissues, as
this might have practical implications when treating peo-
ple with severe capillary disease.

Oxygen can be toxic under pressure. Pulmonary toxi-
city and lung damage can be seen at oxygen pressures
> 0.6 atm during chronic exposure. Central nervous sys-
tem (CNS) toxicity can manifest as generalized seizure
activity when oxygen is breathed at pressures of 3 atm or
greater. The CNS toxicity was first observed by Paul Bert
in 1878, and is termed the “Paul Bert Effect” (17). Despite
years of research into this phenomenon, the exact under-
lying or molecular cause of the seizure has not yet been
discovered. There is a generalized vasoconstriction that
occurs when oxygen is breathed at high pressure, redu-
cing blood flow to muscle, heart, and brain by a factor of
~ 20%, as a defense against toxic quantities of oxygen.
The exact mechanism responsible for this phenomenon is
not fully understood.

Central nervous system oxygen toxicity was evaluated
by the Royal Navy. The purpose of this research was to
determine the time until convulsion so that combat swim-
mers would know their endurance limits under various
conditions. Volunteer research subjects swam in a test
tank using closed-circuit oxygen rigs until convulsion
occurred and thus established safe oxygen tolerance
boundaries.



Also related to the effect of oxygen, the “off” phenom-
enon (18) was first described by Donald in 1942. He
observed that seizures sometimes occurred when the cham-
ber pressure was reduced or when a diver surfaced and
oxygen breathing under pressure was suddenly termi-
nated. Lambertsen (19) provided a description of this type
of seizure activity:

The convulsion is usually but not always preceded by the
occurrence of localized muscular twitching, especially
about the eyes, mouth and forehead. Small muscles of
the hands may also be involved, and incoordination of
diaphragm activity in respiration may occur. After they
begin, these phenomena increase in severity over a period
which may vary from a few minutes to nearly an hour, with
essentially clear consciousness being retained. Eventually
an abrupt spread of excitation occurs and the rigid tonic
phase of the convulsion begins. Respiration ceases at this
point and does not begin again until the intermittent
muscular contractions return. The tonic phase lasts for
about 30 seconds and is accompanied by an abrupt loss of
consciousness. It is followed by vigorous clonic contractions
of the muscle groups of the head and neck, trunk and limbs.
As the incoordinated motor activity stops, respiration can
proceed normally.

Within the wound healing community, current doc-
trine holds that a tissue pO; of 30-40 mmHg is necessary
for adequate wound healing (20,21). Below 30 mmHg,
fibroblasts are unable to replicate or produce collagen.
Additionally, when the pO; drops < 30 mmHg, leukocytes
are unable to utilize oxidative mechanisms to kill bac-
teria. We have noted that the tissue pOs is critical, but
that the actual quantity of oxygen consumed in wound
healing is relatively small. The amount of oxygen used to
heal a wound is only ~ 10% of that required for brain
metabolism.

Production of new collagen is also a requirement for
capillary ingrowth or proliferation (22). As capillaries
advance, stimulated by angiogenic growth factor, they
must be supported by an extracellular collagen matrix to
facilitate ingrowth into tissue. In the absence of new
collagen, capillary ingrowth cannot occur. This effect is
crucial in treating radionecrosis (23-25), where the tissue
is primarily hypovascular, and secondarily hypoxic and
hypocellular. It has been discovered that when collagen
production can be facilitated, new capillaries will invade
the previously irradiated area, and healing will then occur.
The tissue pOg rises to ~ 80% of normal and plateaus;
however, this is sufficient for healing and will even support
bone grafting. Historically, the only means of managing
radionecrosis was to excise the radiated area and bring in
fresh tissue with its own blood supply. New collagen for-
mation and capillary ingrowth also account for the rise in
tissue pO,, which can be achieved in patients with diabetic
foot lesions.

It is now well understood that the stimulus for growth
factor production by the macrophage is hypoxia and/or
the presence of lactic acid (26,27). Wounds managed in
hyperbaric units are typically ischemic and hypoxic.
Periods of relative hypoxia, required for the stimulation
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of growth factor production, exist between hyperbaric
treatments.

Surprisingly, oxygen levels remain high in tissues for
longer than one would expect following hyperbaric treat-
ment. In a study by George Hart (28) at Long Beach
Memorial Hospital, a mass spectrometer probe was
inserted in the unanesthetized thigh tissues of normal
volunteers. Muscle and subcutaneous tissue pO, values
in study subjects remained significantly elevated for 2-3 h
following hyperbaric oxygen treatment. Arterial pOo, was
also measured and found to rise immediately and signifi-
cantly under hyperbaric conditions but returned to normal
levels within a couple of minutes upon egress from the
chamber (Fig. 1). Thus, multiple daily HBO treatments can
maintain useful oxygen levels for up to 12 h/day.

Mention has been made of enhanced leukocyte killing of
bacteria under hyperbaric conditions. Jon Mader of the
University of Texas-Galveston (29) carried out a rather
simple, but elegant, experiment to demonstrate this. The
fascinating part of this study is that in the evolution of the
human body, a leukocyte has never been exposed to a
partial pressure of 150 mmHg while in tissues. This level
is impossible to attain breathing air. Nevertheless, when
one artificially raises the pO, far beyond the leukocyte’s
normal functional parameters, it becomes even more
lethal to bacteria. This is an anomaly, as one rarely can
improve on Mother Nature. Of some interest in this
regard is that if one bites one’s tongue, one is never
concerned about possible infection, even though it is a
human bite. Similarly, hemorrhoidectomies rarely, if
ever, become infected. The reason is that the pO; of the
tissues in and around the oral cavity are very high, and
the pOy in hemorrhoidal veins is nearly arterial. Tom
Hunt has shown it is impossible to infect tissue that is
injected with raw staphylococci if the pO; in the same
tissue is > 50 mmHg. Both he and David Knighton have
described oxygen as an antibiotic (30,31).

The reduction of intracranial pressure is facilitated by
vasoconstriction. Experimentally, Rockswold has shown
that mortality can be halved in victims of closed head
injury with Glasgow Coma Scales in the range of 4-6.
One of the major mechanisms here is a reduction of intra-
cranial pressure while continuing to oxygenate hypoxic
brain (32—-36). Sukoff et al. (37) administered 100% O,
1.5 ATA x 60 min every 24 h (maximum of 7 h) to severely
brain injured patients. This resulted in a 50% reduction in
mortality.

A paper published by Mathieu (38) has shown that the
flexibility index of red cells can be changed from 23.2to 11.3
within 15 hyperbaric treatments. This increase in flexibil-
ity can prove quite useful in people with narrowed capil-
laries. However, whether this phenomenon plateaus at 15
treatments, its duration and underlying mechanism are
still unknown.

Nylander et al. (39) demonstrated that following com-
plete occlusion of the blood flow to rat leg for 3 h, post-
ischemic edema could be reduced by 50% if the animals are
promptly treated with hyperbaric oxygen. He also demon-
strated that the mechanism for this was preservation of
adenosine triphosphate (ATP) in the cells, which provides
the energy for the cells to maintain their osmolarity. Cianci
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Figure 1. Arterial, muscle and subcuta-
neous pOy after HBO treatment.

(40,41). Yamaguchi, and others have underscored the
importance of ATP in preventing edema in burn. Treat-
ment twice daily has shown to be more efficacious than
treatment once a day.

Zamboni (42) and Gingrass, working at the University
of Southern Illinois, have shown the effects of hyperbaric
oxygen on speeding functional return in peripheral nerve
repair and grafting. At 6 weeks, there is a 28% improve-
ment of function in the affected leg of these rats.

Niezgoda (43) performed a randomized and double-
blinded study in human volunteers investigating the effect
of hyperbaric oxygen in a controlled burn wound model. He
demonstrated statistically significant decreases in edema
formation and wound exudate in the hyperbaric oxygen
treated group.

Finally, the mechanism for the effects of hyperbaric
oxygen in carbon monoxide poisoning (44,45) is now better
understood. Traditionally, it was felt that the mere pre-
sence of carboxyhemoglobin blocked transport of oxygen to
the tissues. However, studies by Goldbaum et al. (46) at the
Armed Forces Institute of Pathology in 1975 lead us to
different conclusions. Impairment of cytochrome A3 oxi-
dase and lipid peroxidation occurring following a reperfu-
sion injury are now suggested as the primary pathways in
the pathophysiology causing fatality. Stephen Thom (47—
50) at the University of Pennsylvania pioneered research
in this area. It appears that as carbon monoxide levels fall,
the products of lipid peroxidation rise, indicating that
brain damage is occurring only during the resuscitative
phase, thus becoming reperfusion injury. Thom demon-
strated that a period of hypotension (even though it may
only be a matter of seconds) is enough to initiate lipid
peroxidation. Oxygen at 1 atm has no effect on halting the
process. However, oxygen at 3 atm terminates lipid per-
oxidation. Patients who have been treated acutely with
hyperbaric oxygen rarely exhibit signs of delayed dete-
rioration, reported in 30—-40% of severe cases treated only

with normobaric oxygen. The probable mechanism for this

Time (in hours)

is the ability of hyperbaric oxygen at three ATA to termi-
nate lipid peroxidation.

Finally, in many ways it seems paradoxical that oxygen
at high pressure, which intuitively would seem to provide
more substrate for free-radical formation, still benefits
tissues from crush injury and postischemic states. But
ironically, it is precisely this hyperbaric environment that
promotes certain so-called reactive oxygen species with
inherent protective qualities (51). More studies are cer-
tainly needed to investigate the underlying pharmacologic
benefits afforded by hyperbaric oxygen. We have only just
begun to explore and utilize a treatment modality whose
time has come.
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INTRODUCTION

Interstitial hyperthermia or thermal therapy is a mini-
mally invasive method for the treatment of cancer. Radio
frequency (RF), microwave, laser light, or ultrasound
energy is delivered through one or more thin needle devices
inserted directly into the tumor.

Interstitial devices have the significant advantage
over external devices of being able to deliver thermal
energy directly into the target region, thereby avoiding
depositing energy into intervening nontarget tissue.
Their main disadvantage is that the needle devices
employed often deposit energy over only a small volume.
This can make it challenging to deliver an adequate
thermal dose to large target regions. This problem was
highlighted in an early radiation therapy oncology group
(RTOG) phase III trial in which only 1 out of 86 patients
was deemed to have received an adequate thermal treat-
ment (1).

These early challenges in interstitial hyperthermia
have been addressed, to some extent, through the devel-
opment of improved heating devices and more detailed
monitoring of applicator placement and dose delivery.
Quality assurance guidelines have been developed by
the RTOG to raise the quality of heating (2). The guide-
lines recommend pretreatment planning and equipment
checks, the implantation of considerations and documen-
tation, the use of thermometry, and the development of
safety procedures. Treatment procedures have also been
improved through the use of more detailed thermometry,
especially using magnetic resonance imaging approaches
(3,4).

THERMAL DOSE AND HEAT TRANSFER

The goal of interstitial thermal therapy is to deliver a
prescribed dose to a target volume. Thermal dose is defined
as equivalent minutes at 43 °C, or TD. The units of TD are
minutes, which represents the time tissue would need
to be maintained at a constant temperature of 43 °C to
have the same effect as the particular time—temperature
history that the tissue was exposed to. The thermal dose
after [] minutes of heating can be calculated if the time—

temperature history is known (5),

ot
TD(¢) = / R®¥-Tdr  where
0
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The dose prescribed for treatment depends on whether the
heating is being used as an adjuvant to radiation or sys-
temic therapy, or whether it is being used as a stand-alone
treatment to coagulate tissue. For the former use, the dose
prescribed is typically 10-60 min (Eq. 1) and for the latter it
is usually prescribed to be > 240 min (Eq. 2). This is
because temperatures employed for adjuvant treatment
(usually referred to as hyperthermia) are in the 40—
45 °C range. For stand-alone coagulation (usually referred
to as thermal therapy or thermal ablation), temperatures
in the range of 55-90 °C are used.

The temperature (T) produced in tissue depends on the
heat deposition by the applicator, heat conduction, and
blood flow according to

pc%—f—V-(kVT)—i—v-VT:Q
where p is the tissue mass density, V is the heat capacity of
the tissue, & is the thermal conductivity of the tissue, v is
the blood velocity profile, and @ is the heat absorbed per
unit volume. Detailed knowledge of the blood velocity
profile at the capillary level is generally unknown, and
even if it were known the calculations would require
impractically large computational resources. While several
models have been proposed to calculate heat transfer due to
perfusion, the Pennes bioheat transfer equation is most
often employed (6)
oT
Py~ V- (kVT) +we,(T-Tp) =Q

where w is blood mass perfusion rate, ¢y, is the blood heat
capacity, and T}, is the temperature of the blood entering
the treatment field, and v is the velocity field of any
convective flow (e.g., as the blood in large vessels). This
equation can be used to predict the temperature in tissue,
and therefore plan thermal therapy or hyperthermia treat-
ments if the perfusion rate is known. Penne’s equation does
not accurately predict for the effect of large blood vessels
that must be modeled individually.

ELECTROMAGNETIC HEATING

The heat absorbed (or deposited) in tissue is often described
in terms of the power per unit mass. It is called the specific
absorption rate or SAR. For electromagnetic devices heat is
deposited by the motion of charges or ions. The movement
of charge depends on the electric field produced by the
applicator in tissue. In microwave and RF hyperthermia,
the applicators are driven by sinusoidally time-varying
signals. In this case, the electric field can be written in
phasor form E such that the electric field is given by,
E(t) = R(Ee/), where R(x) is the real part of the complex
vector x, and o is the angular frequency of the driving



signal. The SAR is then

Q_o R
SAR===—(E-E
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where o is the electrical conductivity of the tissue.
The calculation of the electric field E is based on
Maxwell’s equations. For microwave devices, these equa-
tions are combined to produce the Helmholtz vector wave

equation
VxVxE-EE=0

where k is the complex-valued wavenumber given by
k? = w?pe — jopo and p is the magnetic permeability
of the medium, which for tissue is the same as the
free-space value, and ¢ is the electrical permittivity of
the medium. The divergence free condition, V-E =0,
may have to also be explicitly imposed if the solution
technique does not inherently do this.

For RF devices, the frequency is sufficiently low that the
displacement currents can be ignored. In this case, it is
usually simpler to determine the scalar electric potential V
and from this derive the electric field, E = — VV. The
electric potential obeys a Poisson-type equation

—V - (EVV) =0

For models of both microwave and RF devices, the
governing Helmholtz or Poisson equation is imposed in a
domain with a known electric field or electric potential
specified as a boundary condition to represent the power
source. Another condition that is often imposed on the
surface of metals is that the tangential component of the
electric field is zero, AxE = 0.

The solution of the governing equations with appropri-
ate boundary conditions is impossible for all but the sim-
plest geometries. For most practical cases, numerical
methods and computational tools are required. The finite
difference time domain (FDTD) method (7), the finite ele-
ment (FE) method (8,9), and the volume surface integral
equation (VSIE) method (10) are the most commonly uti-
lized methods for solving the governing equations in elec-
tromagnetic hyperthermia and thermal therapy. In the
FDTD method, the domain is discretized into rectangular
elements. The accuracy of a FDTD solution depends on the
size of the mesh spacing. Smaller elements produce more
accurate solutions, but also require more memory to store
the system of equations. Since the grids are rectangular,
their nonconformation to curved tissue boundaries pro-
duces a stair-casing effect. Therefore, a large number of
elements are required to model such geometries accurately.
Unlike the FDTD method, the FE method uses tetrahedral
meshes in the domain and the VSIE method uses triangular
meshes on domain surfaces. Tetrahedral and triangular
meshes are more suitable than regular finite difference
grids for three-dimensional (3D) modeling since they do
not have the stair casing effect at tissue boundaries.

RADIO FREQUENCY DEVICES

In RF, thermal therapy tissue is heated by electrical resis-
tive (or J) heating. The heating devices, or applicators, are
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Figure 1. The heating in RF devices is caused by current flow.
Since the current flows from the heating electrode to the ground
pad, there is a high current density near the electrode due to its
small size compared to the ground pad. This results in heating that
is localized to the heating electrode.

inserted interstitially to produce currents in the tissue. The
currents typically oscillate sinusoidally in the kilohertz or
low megahertz frequency range. As a result, this modality
is often referred to as radio frequency or RF heating. There
devices have an advantage over other interstitial devices in
their simplicity and low cost. They can operate at low
frequency, and therefore do not require complex power
generators. The RF probes, due their simplicity, tend to
have the smallest diameter of all the types of interstitial
heating probes. The RF heating technique has been exten-
sively reviewed by others (11-15).

There are several designs of RF interstitial devices,
which may be categorized into three groups. The simplest
design consists of a single electrode at a probe tip (often
referred to as a needle electrode) (9,16-20). The current
flows between a single electrode at the end of an applicator
and a large ground plate placed at a distal site. Since the
current flows between a small electrode and a large plate,
the currents are concentrated near the electrodes resulting
in SAR patterns that are localized to the electrodes as
illustrated in Fig. 1.

With these single electrode probes the coagulation dia-
meter is usually limited to ~ 1.6 cm. Therefore several
probes are needed to cover a larger area (21), or a single
probe can be inserted into several locations, sequentially,
during a treatment.

Since it is desirable to avoid the insertion of multiple
interstitial probes, single probes that release multiple
electrodes outward from the probe tip have been designed
to produce large coagulation volumes. Two examples of
these are the Boston Scientific (Watertown, MA; formerly
Radio Therapeutics Corporation, Mountain View, CA) RF
3000 system in which 10-12 tines are deployed from a
cannula to form an umbrella shape (Fig. 2) and the RITA
Medical Systems (Mountain View, CA) Starburst probes
with up to 9 tines. In some configurations, some of the tines
in the Starburst probes are replaced with dedicated ther-
mocouples while others are hollow electrodes through
which saline can be infused into the target region to
enhance heating. These multielectrode probes are able to
produce coagulation regions with diameters up to 7 cm,
although complete coverage of a large region can be diffi-
cult in high blood flow organs, such as the kidney (22).

The negative RTOG phase III trial, in which only 1 out
of 86 patients was deemed to have received an adequate
thermal dose (1) illustrated the need to not only increase
the target volume coverage, but also to control the heating.
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Figure 2. A Boston Scientific (Watertown, MA; formerly Radio Therapeutics Corporation,
Mountain View, CA) insterstital RF probe with 10 tines that are deployed from the cannulus
after insertion into a target region. The deployed tines produce a coagulation zone that is larger than
the zone that can be produced by a single electrode probe. The top probe is shown with the tines
undeployed (ready for insertion) and the bottom probe shows the probe with the tines deployed (as
they would be after insertion).

Control is needed to enable the conformation of the heating
toirregularly shaped target volumes while avoiding nearby
organs at risk and to compensate for heterogeneous cooling
by the vasculature (23). Partial control can be achieved by
appropriate positioning of the probes and the adjustment
their power. Further control along the direction of the
probe is also needed (24,25) and multielectrode current
source (MECS) applicators have been developed to provide
this capability (26). The MECS applicators contain several
electrodes placed along their length with the amplitude
and phase of each electrode independently controlled. In
the most common configuration, the electrodes are capaci-
tively coupled (insulated) with the tissue. The electric fields
induced by the electrodes produce currents in the tissue
that cause heating. Since the electrodes are capacitively
coupled, the probes can be inserted into brachytherapy
catheters, for example, making it feasible to add interstitial
heating as a simultaneous adjuvant to brachytherapy
(interstitial radiation therapy). The electric field (and
hence current) may be induced between electrodes on
the same probe or on separate probes, or it may be induced
between the probe electrodes and a grounding plane.

MICROWAVE DEVICES

Microwave applicators can produce larger coagulation
regions than RF applicators due to their radiative nature.
However, the construction of the power generator and
matching circuitry makes these devices more complex,
and therefore more expensive. Due to this, microwave
interstitial hyperthermia has been used less often in the
clinic than RF interstitial hyperthermia.

Ryan et al. reviewed and compared several types of
microwave interstitial applicators (27) and several excel-
lent reviews of microwave interstitial thermal therapy
exist (28-32). The two most commonly used devices are
the dipole antenna and the helical antenna. The dipole
antenna is the simplest form of microwave interstitial
antenna (7,8,33). It is usually constructed from a coaxial
cable with the outer conductor removed from an end
section (typically 1 or 2 cm in length) to expose the inner
conductor (Fig. 3). A power generator feeds a sinusoidally
oscillating signal into the cable at one of the ISM fre-
quency bands between 400 MHz and 3 GHz. The inner- and

outer-conductor electrodes at the tip of the coaxial cable
act as an antenna that produces microwaves that radiate
out into the tissue. Tissue is an attenuating medium that
absorbs microwaves, and this absorbed energy is converted
into heat in the tissue.

The radiative or active length of a typical dipole inter-
stitial device is 1-3 ¢cm. The devices produce a coagulation
region that is ellipsoidal shaped with a large axis of up to
3 cm along the length of the antenna and a small axis of
up to 2 cm diameter. The drawback of the dipole appli-
cator is that the region of highest SAR, or hot spot, is
located at the point at which the outer conductor is cut
away. Therefore, the tips of these antennas have to be
inserted past the center of the target region, and this can
be a problem if the target region is located adjacent to a
critical structure.

A further problem with dipole antennas is that the SAR
patterns are sensitive to the depth to which the antenna is
inserted into tissue (8). A second common microwave
applicator design, referred to as a helical antenna (34—
36), has been designed to make the applicator insensitive to
its insertion depth. In this applicator, one electrode is
wrapped in a helix pattern around an exposed coaxial cable
(Fig. 4). The antennas are also designed to extend the
heating pattern along the applicator and toward the tip
of the antenna compared to the dipole antenna. The SAR
pattern from a BSD Medical (Salt Lake City, UT) helical
antenna is shown in (Fig. 5). The antenna was operating at
915 MHz. The measurement was performed using the
thermographic imaging technique (37) and demonstrates
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Figure 3. A schematic representation of a microwave interstitial
dipole antenna applicator. The outer conductor of a coaxial cable is
stripped away to produce a radiating section.



Figure 4. Shown here is a BSD Medical (Salt Lake City, UT)
helical microwave applicator. The inner conductor of a coaxial
cable is extended backward in a helical pattern around the
dielectric insulator. There is no connection between the helical
section and the outer conductor.

that the heating extends along the length of the helix and
that the hot spot is close to the tip of the applicator.

Interstitial microwave applicators have the advantage
over RF applicators in the ability to use arrays of applica-
tors to dynamically steer the SAR pattern (33). For large
target volumes, several applicators can be inserted. The
heating pattern can then be adjusted by not only adjusting
the power to each applicator, but also by adjusting the
relative phase of the signal to each applicator. The phase
can be adjusted such that the microwaves produced by
the applicators interfere constructively in regions that
require heating and interfere destructively in regions that
should be spared. The predetermination of the phase
required for each applicator can be calculated during treat-
ment planning. This is a challenging calculation for appli-
cations in which tissue is electrically heterogeneous or
the placement of the applicators cannot be accurately
predicted. In these cases real-time monitoring of the treat-
ment is required and a manual or computer run feedback
control is used to set the phase of the applicators to produce
the desired heating profile.

The size of the coagulation volume is limited by the
maximum temperature in the treatment field. Since the
maximum temperature is usually located at the applicator,
it is possible to increase the coagulation volume by cooling
adjacent to the applicator. Using this technique, the cross-

< Power deposition contour pattern
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Figure 5. The normalized SAR pattern along the coronal plane of
a BSD Medical (Salt Lake City, UT) helical applicator operating at
915 MHz. The image was provided courtesy of Claire McCann.
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section area of a coagulation volume has been noted to
increase by a factor of 2.5 in one study (38) and the
coagulation volume diameter was found to increase from
1.2 to 2.4 cm (39). In microwave heating, the cooling is
usually done by passing water or air through the catheter
containing the antenna (29,38,40). In RF heating, cooling
water is passed inside the electrode to cool the tissue near
the electrode (41,42).

In RF heating, it is also possible to increase the coagula-
tion volume by saline injection from the lumen of the
electrode (43). Since saline is electrically conductive, inject-
ing it into the tumor increases the electrical conductivity of
the tumor, and hence the SAR in the tumor. This technique
has not gained popularity due to the inability of control the
flow of saline in the tumor, resulting in irregular and
unpredictable coagulation regions being produced.

CLINICAL STUDIES WITH MICROWAVE AND RF DEVICES

Interstitial microwave and RF heating systems have been
widely used to clinically treat a variety of tumors in phase I
(34,44-47), phase II (18,32,44-49) and phase III trials
(1,50). The RF systems have been used to treat a large
range of sites, including brain (45), head and neck (1),
breast (1), myocardium (51), lung (14), liver (11,52), pan-
creas (18), prostate (48), and kidney (44,53). Microwave
systems have also been used to treat a large range of sites,
including liver (4), prostate (both carcinoma and benign
hyperplasia) (29,36), head and neck (1,32,49), brain
(34,50), breast (1), and other pelvic areas (1). The heat
treatments are used alone (29,36), or combined with exter-
nal beam radiation (54), interstitial radiotherapy (brachy-
therapy) (1,32,46), and/or chemotherapy (17). The heat
treatments are used alone (29,36), or combined with exter-
nal beam radiation (29,36,48,54,55), combined with external
beam radiation (54) or interstitial radiotherapy (brachyther-
apy) (1,32,46,48,55), and with chemotherapy (17).

The interstitial hyperthermia treatments are usually
administered under ultrasound, CT or MR guidance. Dur-
ing the treatment the hyperechoginicity of microbubbles
that can be produced at sufficiently high temperatures can
provide some real-time ultrasound feedback of the treat-
ment. Posttreatment evaluation can be performed using
contrast enhanced ultrasound, CT or MR. The vasculature
in the coagulated volume is destroyed and the destroyed
volume can be identified as an unenhanced region in the
image (41,56,57).

LASER DEVICES

First described in 1983 by Bown (58), Interstitial Laser
Photocoagulation (ILP) [sometimes referred to as Laser
Induced Thermal Therapy (LITT)] involves the use visible
or near infra-red (IR) light delivered through fibre optic
cables to heat tissue for therapeutic purposes. The ILP has
been investigated as an experimental treatment for a
variety of solid tumors including liver, breast, stomach,
pancreas, kidney, lung, and bone (59). The tissue tempera-
ture is raised causing coagulation of the target volume.
Similar to the microwave and RF cases, the production of
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heat in a local volume of tissue results from the amount of
absorbed laser energy, S(r). In biomedical treatments, such
as LITT, it is the total absorbed laser energy that typically
determines the therapeutic outcome. It is equal to the
product of the local fluence rate, &(r) which is the total
photon power over all directions that pass through a point
area of space, and the absorbing characteristics, () of the
tissue (60):

S(r) = pa(r)d(r)

The absorbed optical energy deposition pattern is governed
by the absorption and scattering characteristics of the
tissue. An absorption event causes the interacting mole-
cule to enter a vibrational-rotational state that resultsin a
transfer of energy to surrounding molecules that manifests
as a local increase in temperature (61). Absorption occurs
due to interactions with native molecules called chromo-
phores with examples including melanin, hemoglobin, and
water. In a given tissue, the concentration weighted sum of
the absorption of different chromophores leads to its bulk
macroscopic absorption. Scattering refers to a directional
change in light propagation and likely results from differ-
ences in the index of refraction in the various cellular
components, such as the between cell membranes and
the extracellular space. Here the scattering is assumed
to be elastic with no change in energy occurring during the
interaction. The statistical quantities that govern light
interactions are the scattering coefficient, p,(cm™!) and
absorption coefficient, p,(cm™') and are defined, respec-
tively, as the probability of scattering or absorption per
average distance traveled (also known as the mean free
path). In the case of scattering, consideration is given to the
probability of scatter in a particular direction. An addi-
tional parameter known as the anisotropy factor, g, quan-
tifies this directionality by integrating the average cosine
of the scattering probability over all directions. When
g = 0, scattering is isotropic. However, in the case of
biological tissues g typically lies within the range of 0.7
and 0.99 meaning that scattering typically occurs in the
forward direction. The reduced scattering coefficient,
pe = ue(1 —g), allows light scattering to be approximated
as isotropic although scattering events are actually in the
forward direction. The inverse of the reduced scattering
coefficient is, therefore, the average distance that light
travels before it changes direction from its original direc-
tion of propagation (62).

In theory, Maxwell’s equations could be used to calcu-
late the scattering and absorption of the EM vector fields
due to the underlying tissue components (63). In this case,
the tissue microstructure could be modeled as random
perturbations, &;(r) in the dielectric constant around a
mean value, gy(r), with the total dielectric constant, £(r),
given by the sum of these quantities. However, in practice,
due to the complex and random composition of tissue, a
complete and accurate description of &(r) has yet to be
realized. Instead a more commonly used solution is to
consider light as a stream of neutral particles or photons
with individual quanta of energy that propagate elastically
throughout the medium. This formalism is governed by
radiative transport theory (64), and assumes light to be

monochromatic while ignoring its conventional wave char-
acteristics, such as polarization, diffraction, interference,
and fluorescence. Although incomplete, the photon model
has been shown to be consistent with experimental mea-
surements in turbid media (65).

A commonly employed model of photon propagation is
the Monte Carlo (MC) method (66), which utilizes prob-
ability distributions to simulate the propagation of thou-
sands to millions of individual photon packets based on the
optical properties of tissue to arrive at a statistical repre-
sentation of the overall light distribution. The MC is amen-
able to heterogeneous and arbitrary geometries and does
not suffer from the limiting assumptions of analytical
solutions. However, its primary disadvantage is the
requirement of long computational times, on the order of
hours to days, to achieve reasonable statistics. Regardless,
with the increasing speed of modern computers, the Monte
Carlo method remains a viable option for photon simula-
tions. The reader is referred to an excellent review by
Roggan and Muller (67) for the implementation of the
MC model for treatment planning of LITT.

Alternatively, one may employ formal solutions to the
governing equations for photon transport. The energy flow
of photons in a scattering and absorbing medium is
described by the radiative transfer equation (RTE) (64).
The RTE is an integro differential equation that describes
the energy conservation of photons within an infinitesi-
mally small volume that result from losses due to absorp-
tion and scattering as well as gains arising from photons
scattered from other directions and from the laser source.
Analytical solutions to the RTE are difficult to obtain.
Hence, various approximations have been proposed to
convert the RTE to a more mathematically tractable and
practical form. A standard technique, called the P,, approx-
imation, expands the radiance and source as a finite series
of spherical harmonics to nth order. The P1 approximation
is the simplest of these expansions and in the steady state
is also known as the diffusion approximation (63,64):

V2(r) B (7 )a(r) = 5 8(7)
Here ¢(7) is the photon fluence rate, while D is the photon
diffusion coefficient given by

1
3[ns + Mgl

The primary assumption of the diffusion equation, that is
linear flux anisotropy, is only accurate when the scattering
properties of the medium are much larger than the absorp-
tion properties and at locations > 1/p. from the source. A
number of analytical solutions to the diffusion equation
exist for simple but practical geometries. The solution for a
point source in an infinite homogeneous medium is given
by (63)

N Poe(fl‘*eﬁ r)
d)( r) - 4’1Tr

This solution is particularly useful as, assuming an
infinite medium, it may be integrated numerically to pro-

vide the light distribution of cylindrical or extended source



of arbitrary geometries. However, it is well known that
tissue optical properties often change from their native
state after undergoing thermal coagulation. This results in
heterogeneities in optical properties that effect the overall
light distribution (68). In such cases, analytical solutions
are available only for the simplest geometries and numerical
methods such as the finite element (69), finite difference
(70), and boundary element method (71) must be employed.
A thorough discussion of these methods was given in the
preceding section for microwaves and their implementation
in the case of photon propagation is the same.

Initially, bare tipped optical fibers were used to deliver
laser light to the tumor. High temperatures immediately
adjacent to the fiber tip cause the tissue to char and form a
zone of carbonization. The charred fiber then acts as a point
heat source and the temperature of the fiber increases
significantly leading to vacuolization of the surrounding
tissue. The volume of coagulation around the fiber grows
until thermal equilibrium is reached at the edges of the
lesion. Here, the conduction of heat from the fiber is
balanced by the tissue’s ability to remove energy through
blood flow and thermal conduction.

The size of the lesion depends on the thermal conduction
properties of the tissue, but would normally be limited to
~ 2 cmin diameter. Larger tumors require multiple optical
fiber implants to enable complete coverage of the tumor
volume. For example, a 4 cm diameter tumor would
require at least eight fibers to fully coagulate the tumor.

The limitations of the bare tipped fibers have been
addressed in two ways. The first was to employ a line
source geometry instead of a point source. This can be
achieved by using a diffusing tip fiber where light gradu-
ally leaks out of the fiber over an extended distance of a few
centimeters. The second approach is to restrict the tem-
perature of the fiber to lower than the charring threshold
by controlling the power delivered to the fiber. If charring is
avoided, light can propagate into the tissue resulting in
heating at a distance from the fiber and a broader SAR
pattern. These two approaches can be combined to achieve
greater lesion volumes from single fibers. Heisterkamp et
al. (72) demonstrated an almost doubling of the coagulated
volume from 4.32 cm?® (bare tipped) to 8.16 cm?® (tempera-
ture restricted diffusing tip) using such an approach.

The other major factor that affects the lesion size is the
wavelength of the light used. Somewhat counterintui-
tively, light that is less absorbed by tissue, results in
greater lesion sizes. This is because the light can penetrate
further into the tissue, and therefore directly heat at
greater distances from the fiber. The availability of high
power sources at two specific wavelengths (810 nm as
produced by diode lasers and 1064 nm as produced by
Nd:YAG lasers) has dominated the development of inter-
stitial laser thermal therapy. Wyman et al. (73) have
shown that 1064 nm light can enable the creation of
greater lesion sizes due to its greater penetration. How-
ever, Nd:YAG lasers are large, generally immobile and
inconvenient and so many have adopted 810 nm as the
wavelength of choice due to the availability of compact and
inexpensive sources. More recently 980 nm lasers have
been employed to combine mobility with greater light
penetration (74,75).
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Differences between Nd:YAG and Diode lasers are only
realized if charring is avoided. Once charring and carbo-
nization has occurred the fiber acts as a point or line heat
source. There is no further light propagation into the tissue
and subsequent heating has no wavelength dependency.
In order to exploit the penetration of light into the tissue,
the fiber tip temperature must be controlled to avoid
charring. Achieving such control is somewhat challenging
asthetemperature of the tip can rise very quickly in a positive
feedback loop. As charring begins, the rate of temperature
rise increases that causes an increasing rate of charring.
Robust, automatic feedback control mechanisms are neces-
sary to ensure controlled heating and lesion formation.

INTERSTITIAL ULTRASOUND

The possibility of developing interstitial ultrasound
devices for hyperthermia applications was proposed by
Hynynen in 1992 (76). The initial studies examined various
design parameters including the choice of ultrasound fre-
quency, electric and acoustic power, and catheter cooling.
As Hynynen showed (76), thin interstitial ultrasound
applicators were likely capable of heating perfused tissue
to therapeutic temperatures.

Ultrasound is a high frequency longitudinal pressure
wave that can pass relatively easily through soft tissue.
Consequently, it has been useful as an energy source for
diagnostic imaging where focussed ultrasound radiators
are used to produce high resolution images of soft tissue
abnormalities. During transmission through tissue energy
is lost due to absorption and to a much lesser extent to
scattering. The absorption is caused by friction as the
pressure wave causes relative motion of the tissue compo-
nents. These frictional forces cause heating that can be
significant if the incident ultrasound power is high enough.
The absorption, a is frequency dependent where

a=af™

and a and m are coefficients that are variable between
tissues although m is ~ 1.5 for most soft tissues. Rapidly
increasing absorption with frequency is the main reason
that the penetration of diagnostic imaging is limited at
very high ultrasound frequencies. Higher penetration is
also the reason that relatively low ultrasound frequencies
are used for ultrasound heating. Typically, frequencies in
the range 0.5—-2 MHz have been used in external focused
ultrasound heating applications. However, this becomes
problematic for interstitial devices that are small and
resonate at high ultrasound frequencies.

Interstitial ultrasound applicators have since been
developed and are usually designed as thin tubular radia-
tors. The radiator consists of a piezoelectric material that
will resonate acoustically at a frequency f determined by
the wall diameter d:

1))
f=2%4

where v is the speed of sound in the piezoelectric material
(e. g., 4000 m-s~ ! in the piezoelectric material PZT 4A). For
interstitial applicators, thin radiators are required. A wall
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thickness of 0.2 mm, for example, would translate into an
operating frequency of ~ 10 MHz (76). The SAR for a
cylindrical applicator is dependent on its dimensions and
the frequency of operation as given by

SAR = 2a fl, (rl) e 2ufr=ro)
0

where a is the ultrasound absorption coefficient in tissue, I
is the intensity of ultrasound at the applicator surface, ryis
the radius of the applicator, r is the distance from the
centre of the applicator to the point of interest and . is the
attenuation coefficient of ultrasound that includes absorp-
tion and scattering. Skinner et al. (77) have calculated and
compared the SAR of ultrasound, laser, and microwave
applicators assuming a simple cyclindrical radiation pat-
tern for each. The SAR of all these applicators is dominated
by the thin cylindrical geometry so that despite the larger
penetration depth of ultrasound, only slightly larger dia-
meter lesions can be produced. In order to overcome the
limiting geometry, new interstitial ultrasound applicators
have been developed that take advantage of the focusing
ability of ultrasound (78) or that employs acoustic match-
ing that can result in efficient transmission at multiple
frequencies (79).

The development of interstitial ultrasound applicators
is still at the preclinical stage (80,81) although larger,
intracavitary applicators are being applied in the treat-
ment of prostate cancer using a transrectal technique (82).
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HYPERTHERMIA, SYSTEMIC
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INTRODUCTION

Systemic hyperthermia is deliberate heating of the whole
body to achieve an elevated core temperature for thera-
peutic purposes. Other terms used are whole-body
hyperthermia, systemic or whole body thermal therapy,
and hyperpyrexia. The goal of systemic hyperthermia is to
reproduce the beneficial effects of fever. Typically, core
body temperatures of 41-42 °C are induced for 1-2 h, or
alternatively 39—40 °C for 4-8 h. Systemic hyperthermia,
by virtue of application to the whole body, aims to alleviate
systemic disease conditions, in contrast to local or regional
hyperthermia that treats only a specific tissue, limb, or
body region.

HISTORICAL BACKGROUND

The use of heat to treat disease goes back to ancient times.
Application of fire to cure a breast tumor is recorded in an
ancient Egyptian papyrus, and the therapeutic value of
elevated body temperature in the form of fever was appre-
ciated by ancient Greek physicians. Hippocrates wrote,
“What medicines do not heal, the lance will; what the
lance does not heal, fire will,” while Parmenides stated,

“Give me a chance to create a fever and I will cure any
disease.” In the first century ap, Rufus (also written as
Refus or Ruphos) of Ephesus advocated fever therapy for
a variety of diseases. Hot baths were considered thera-
peutic in ancient Egypt, Greece, Rome, China, and India
as they still are in many aboriginal cultures today, along
with burying diseased individuals in hot sand or mud.
Hot baths and saunas are an integral part of health
traditions throughout the Orient, in Indian Ayurvedic
medicine, as well as in Eastern European and Scandina-
vian countries. Following several earlier anecdotal
reports, several nineteenth century German physicians
observed regression or cure of sarcoma in patients who
suffered prolonged, high fevers due to infectious diseases.
This led to efforts to induce infectious fevers in cancer
patients, for example, by applying soiled bandages or the
blood of malaria patients to wounds. The late nineteenth
century New York physician, William Coley, achieved
cancer cures by administration of erysipelas and other
bacterial endotoxins, now known as Coley’s toxins, and
attempted to create standardized preparations of these
pyrogens (1). At around the same time, treatment of
syphilis by placing the patient in a stove-heated room,
or a heat box, became commonplace. Successful hyperther-
mic treatment of other sexually transmitted diseases, such
as gonorrhea, and neurological conditions, such as chorea
minor, dementia paralytica, and multiple sclerosis along
with arthritis, and asthma were widely reported. Interest-
ingly, it was noted by Italian physicians that upon comple-
tion of the draining of the Pontine Swamps near Rome by
Mussolini in the 1930s, not only was malaria eradicated,
but the prevalence of cancer in the area was the same asin
the rest of Italy, whereas earlier the whole malaria-
infected region was noted for its absence of cancer. It
was concluded that the frequent fever attacks common
in malaria stimulated the immune system to prevent the
development of cancers.

The science of hyperthermia became grounded in the
first few decades of the twentieth century when some of the
biological effects of elevated body temperature were eluci-
dated and attempts were made to understand and control
the therapeutic application of heat. Numerous devices
were developed to produce elevated temperatures of the
body, by a variety of physical means. After a shift in focus to
local and regional hyperthermia, there is now a resurgence
of interest in systemic hyperthermia for treatment of cancer,
as well as other systemic diseases. Whole-body hyperther-
mia treatment is now carried out at several university
centers in the United States, and Europe (Table 1), where
controlled clinical trials are being carried out. Numerous
private clinics, principally in North America, Germany,
Austria, Eastern Europe, Japan, and China also perform
systemic hyperthermia, mostly as part of holistic, alterna-
tive, treatment regimens.

PHYSICS OF SYSTEMIC HYPERTHERMIA

As shown schematically in Fig. 1, in order to achieve body
temperature elevation, there must be greater deposition
of heat energy in the body than heat energy lost from



'900g ur Sunueg,

g1 = paaeyur {Jy = Aouenbaij orpey,,

0. 07 U9
D. 07 U9
0. 07 U9
0. 9% ‘Ug

[e%99H U1
[e%90H U1
[e399H U1
[eaaodaooraixe

otaoxselnp oyffez,
[Mq4BIY "D WerIM
g ‘W ueor
JTe31equayosimy ydesor

gIPIUR) I90UR)) dAIsusyaIduwo) XN
9IMIIISU] JI80UR)) YIBJ [[oMS0Y
[00Y9Q TedIPaJy Sexa], JO AJISIoATU)
youeig [BOTPSJ\ SBX9, JO AJISIOATU[)

Jsutuq( ‘sedusIdg [eITPaIA JO
Awepeoy ueIssnyy

ON ‘weying
AN ‘oregng
X, ‘uojsnoyg
X, ‘uojsearer)

Sejels pajru)
soje)g pojun
Seyels pajruf)
sojelg pojrun)
DOLLDULY YJLON

0. €8F0'TF ‘U1 G BIRA ‘WA JH Ax{sudprey g Jo 199u8)) yYoresssy Tedt3oorpey [edIPSI JsuraqO BISSnY
Do 0F7—G'€¥ yjeq Jore M\ AOAIOUDJ, URWOY  RIULIOYIOdAH JO 9)njrsU] YoIeaso)y JYIuelog UrLISQIS YSIIQISOAON rvIsSNYy
D.8T7V U1 wLeyjeI] ‘Yl weydg UeNSLIY)-pleeyg [endsor £1saoATu) pueednel ‘UaSiag Jo A}ISIDATUN uadiog KemIoN
D.8T7V UT WIBY,0dUQ YT Sonzg SOPIN 19WexsI9Y] Jo L3001pRY JO 9INIIISUT oUW¥SI9Y] Are3uny
0. 81V UT wLIeyjeI] ‘YT JowIwIog preler] otut[) Tedsof] AJISIoATU() UBI[IWIXe]N StmpnT YOTun Aueuriox)
0.8V ‘U1 weyjenby ‘g ejewnyy umyy ‘Iedepf o[y 1SOMPION SneyUaURIY] Jnpuery AuruLion)

IS 1039 ‘ssory I9JUd)) [BOIPSIN ILIBYD
0. 817 U1 wisyjel] Y]  OUUBH PUBIQSP[IH Ii0g Ay1sI0ATU() WeITWIXEA] SIMpNT urpteg Auewion

Do EV-G'Cv £3oorewey] pue
Y1058y Ug g-eeXx ‘WA dH 9pez-[IBWS] UuBWIay £30700U() JLIJRIPA I0] I9JUS)) ShIR[Ag SSUIN ST.re[eg
adounyg
a1 oNaYe], BIIY [endsoy oxnT 0450, uedep
0. °0¥—0% ‘4 9-6¢ a9 1T niSurq noyz3uayyz, Tejdso UIspojy noyz3usyyz, BUIg)

Do 07668
Y90, 8TF UGT Suag Suox V'1d Jo TeidsoH Uiss A1) ue ref, BUIYD
[ea1od.rodeIIxo
2. T8 U¥ 0. 9TF ‘UG ooedg-I ‘Ul oe[, Surdropm Teyidsoy [enue) uelulp reysueyg reysueyg BuIg)
[ea1od.rodeaIxo0

0. CV8'1% ‘U g1 eoedg-1H ‘Y1 noy Susys-rey] I9jus)) eTuLIOYRIedAH Jowng, jo juawrjreda( reysSueyg rUIY)
Suep oilex [00Yog TedIpaNl ATRN[I[N puodeg ‘TeltdsoH reysuey) reySueyg BUIYD
a1 np\ Surduepy [endsoy urwuey uswiSuelf SuopSueny) uswiduerp rUIY)
0. §070% ‘4 9-¢'¢ J9 Suoy on33ueyy [e31dso} Jowm, UIfIp unypsuey) BuIy)
0. °0¥—0% ‘4 9-6¢ a9 urx nyzunyg Surpoegq Jo [e)1dSO puodsg Surpoeg By
ISy
(dwrey ‘ewiry) 1000301  PUIYORIN ‘@dLJ, 10l 107e31seAu] [edouLld Pguldiiulsegg A1) A1juno)

SI9JUd)) BTULIOYLIdAAY JTUId)SAS [BUOLSIY/OTWIOPEIY [BOTUIL) T d[qe],

43



44 HYPERTHERMIA, SYSTEMIC

evaporation conduction
17+ W 4 11w
34°C| . sun.b;gbrf
skin temp, hﬂ&ﬂl or external

et aholism hear source

OER® 23°C
4 air temp
conduction &
?W convection in 50w
convection radiation

Figure 1. Schematic of heat balance mechanisms in the human
body. Body temperature is determined by the balance of metabolic
heat production plus heating from external sources, and heat
losses by radiation, evaporation, convection, and conduction.

conduction, convection, radiation and evaporation, that is,
QiiepAt > QiossAt (1)

where @ = AQ/At represents the change in heat energy,
@ (measured in Joules or calories), over a time period
At. Net heat energy deposition in a volume element AV
of tissue of density pys results in an increase in tem-
perature AT dependent on the specific heat of the tissue,

Ctis»

Qiiep _ Qloss At = (pyAV ey AT
AV AV tis tis

At
AT = (@, — Q. ..) —— 2
( dep IOSS) PtisCtis ( )
Heat deposition is the sum of the absorbed power den-
sity, Paps, from external sources and heat generated by
metabolism, @ct,

AQq AQ;
A‘/ep :Pabs(x7y:27 t) + A‘I‘I/let (x7y727t) (3)

If the air temperature is higher than the body surface
temperature, heat is absorbed from air surrounding the
body by the skin, as well as during respiration. Power
deposition in tissue from external electromagnetic fields
depends on the coupling of the radiation field (micro-
wave, RF, ultrasound, visible or IR light) with tissue.
The body’s metabolic rate depends on the amount of
muscular activity, the temperature, pressure and
humidity of the environment, and the size of the body.
Metabolic rate increases nonlinearly with core body
temperature, in part due to the exponential increase
of the rate of chemical reactions with temperature
(Arrhenius equation). An empirical relationship between

basal metabolic rate and core temperature has been
determined as

Teore
Basal MR = 85X1—07(> (4)
0.5

which can be exploited to maintain elevated body temperatures
(2). At room temperature a human body produces ~ 84 W,

which increases to ~162 W at a core temperature of 41.8 °C.
Heat losses from the body are often termed sensible
(convective, conductive, radiative) and insensible (evapora-
tive, latent). The primary mode of heat loss from the body is
by radiation, as described by the Stefan—Boltzmann law,

/

Ar{a/d = eskin0Askin (Tskin — Ts)4 (5)
where @',,a/AV is the power radiated, eq;, is the emissivity
of the skin (radiating material), o is Stefan’s con-
stant = 5.6703 x 1078 W-m~%/K, Ay, is the skin surface
area, Ty, is the temperature of the skin (radiator), and T'g
is the temperature of the surroundings (e.g., air, water,
wax). Human skin is a near perfect radiator in the IR, with
an emissivity of 0.97. At room temperature, >50% of the
heat generated by metabolism is lost by radiation; a clothed
adult loses some 50 W at room temperature. This increases
to ~66% at a core temperature of41.8 °C, asistargetedin a
number of systemic hyperthermia protocols, when the skin
temperature rises to 39—40 °C (3).

Direct transfer of body heat to the molecules around the
body (typically air) occurs by conduction, or molecular
agitation within a material without any motion of the
material as a whole, which is described by Fourier’s law,

A /

e e i o ©)
where AQ..nq is the heat energy transferred per unit
volume in time Af, k is the thermal conductivity (W-mK 1)
of the material surrounding the body (air, water), and AT is
the temperature difference across thickness Ax of the
material. Air is a poor thermal conductor, therefore heat
loss by conduction is relatively low. On the other hand,
water has a thermal conductivity 20 times that of air at
0 °C, increasing further with temperature, therefore dur-
ing hyperthermia it is important that any water in contact
with the skin is not at a lower temperature. The relative
thermal conductivity of body tissues is important in deter-
mining thermal conduction within the body from external
sources of heat. For example, fat is a relative thermal
insulator with a thermal conductivity one third of that of
most other tissues, therefore fat bodies are slower to heat.

Convective heat transfer involves material movement
and occurs principally via blood moving heat to, or from,
the skin and other tissues, and air currents (respiratory
and environmental) moving warm air to or from the body.
Equation 7 is written for the blood,

AQi!OIlV

T = pbcb[wb(x,y.,z, T) : (T - Tb) + Ub(xvyvzv T) . VT}
(7)

where wy,, is the specific capillary blood flow rate, U, is the
specific blood flow through other vessels. In the context of




systemic hyperthermia, where a patient is in a closed
chamber, environmental air currents can be minimized.
Heat loss by respiration, however, can amount to almost
10% of metabolic heat generation.

Another route of heat loss from the body is evaporation
of perspiration from the skin. Because of the very large
heat of vaporization of water, cooling of the blood in skin
capillaries occurs due to evaporation of sweat. Evaporation
from exhaled moisture also results in cooling of the sur-
rounding air.

AQ:avalp L,
N (8)

where m,, is the mass of the water and L, is the latent heat
of vaporization (2.4 x 10® J-.kg™! at 34 °C). In hot condi-
tions with maximal rates of evaporation, heat loss through
evaporation of sweat can be as much as 1100 W. Heat loss
in the lungs is ~10 W.

Combining the heat generation and heat loss terms
leads to a general heat transfer equation, an extension
of the classic Pennes bioheat transfer equation.

A /
[( A‘rget +Pabs)

_ (AQ;'ad + AQ::ond + AQ/conv +AQ;‘95P + AQéVﬁp>:|

AV AV AV AV AV
= ptisCtisAT (9)

into which the expressions given in Egs. 2-8 may be sub-
stituted. Precise solution of this equation for temperature
distribution is complex and requires a number of simplifying
assumptions which have generated significant controversy
in bioheat transfer circles. Modeling of temperature distri-
butions within a body subjected to hyperthermia is also
complex because of the heterogeneity of thermal character-
istics between and within tissue, the directionality of power
application, and the dynamic nature of thermoregulation by
human body. Nonetheless, the factors governing systemic
heating of the body can be appreciated.

INDUCTION OF SYSTEMIC HYPERTHERMIA

Apart from the induction of biological fever by pathogens or
toxins, all methods of hyperthermia involve transfer of
heat into the body from an external energy source. The
required net power to raise the temperature of a 70 kg
human from 37 to 41.8 °C (2) is 400 W (5.7 mW). While the
heat absorption from these sources is highly nonuniform,
distribution of thermal energy by the vascular system
quickly results in a uniform distribution of temperature.
Indeed, systemic hyperthermia is the only way to achieve
uniform heating of tissues. Because physiological thermo-
regulation mechanisms such as vasodilation and perspira-
tion counteract attempts to increase core body temperature,
careful attention must be paid to optimizing the physical
conditions for heating such that there is efficient deposition
of heat energy in the body and, even more importantly,
minimization of heat losses. Wrapping the body in reflective
blankets, foil, or plastic film to reduce radiative and eva-
porative losses, or keeping the surrounding air moist to
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minimize losses by perspiration are key techniques for
achieving a sustained increase in body temperature.

Noninvasive methods of heating include immersing the
body in hot water or wax, wrapping the body in a blanket or
suit through which heated water is pumped, placing the
patient on a heated water mattress, surrounding the body
with hot air, irradiating with IR energy, and applying RF
or microwave electromagnetic energy. These techniques
may be applied singly or in combination. For example, the
Pomp-Siemens cabinet used until recently throughout
Europe, as well as in the United States, a modification
of a device originally developed by Siemens in the 1930s,
has the patient lying on a heated water mattress under
which an inductive loop generates an RF field, all inside a
chamber through which hot air is circulated. The Russian
Yakhta-5 system applies a high frequency (13.56 MHz)
electromagnetic field through a water-filled mattress to
permit whole body heating up to 43.5 °C and simultaneous
deep local hyperthermia through additional applicators pro-
viding 40.6 MHz electromagnetic radiation. The majority of
whole-body hyperthermia systems currently in clinical use
employ IR radiation to achieve systemic heating. Invasive
approaches to systemic hyperthermia are extracorporeal
heating of blood, removed from the body via an arteriovenous
shunt, prior to returning it to the circulation, as well as
peritoneal irrigation with heated fluid (4). A useful schematic
summary of whole-body hyperthermia induction techniques
along with references is provided by van der Zee (5).

All of these approaches involve a period of steady
temperature increase, followed by a plateau or equilibrium
phase where the target temperature is maintained for any-
where from 30 min to several hours, and finally a cool-down
phase. Depending on the method of hyperthermia induction,
the patient may be anesthetized, consciously sedated, admi-
nistered analgesia, or not given any kind of medication at
all. An epidural block is sometimes given to induce or
increase vasodilation. During radiant heat induction, the
temperature of the skin and superficial tissues (including
tumors) is higher than the core (rectal) temperature
whereas during the plateau (maintenance) phase, the
skin—superficial tissue temperature drops below the core
temperature. As already described, heat losses due to phy-
siological mechanisms limit the rate of heating that can be
achieved. When insulation of the patient with plastic foil
was added to hot air heating, the heating time to 41.8 °C was
decreased from 230 to 150 min (65%), and further to 110 min
(48%) by addition of a warm water perfused mattress (5).
The homogeneity of the temperature distribution was also
significantly increased by the addition of insulation and the
water mattress. Noninvasive systemic hyperthermia meth-
odologies typically produce heating rates of 1-10 °C-h~?!
with 2-3 °C-h~! being most common. More rapid heating
can be achieved by the invasive techniques, at the expense of
greater risk of infection and morbidity.

COMMERCIALLY AVAILABLE WHOLE-BODY
HYPERTHERMIA SYSTEMS

A number of commercially available devices have resulted
from the development of these initially experimental
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systems. The Siemens—Pomp system has already been men-
tioned, but is no longer commercially available. Similarly,
neither the radiant heat chamber developed by Robins (3),
and marketed as the Aquatherm system, nor the similar
Enthermics Medical Systems RHS-7500 radiant heat
device, both producing far IR radiation (IR C) in a moist
air chamber, are currently being sold, though they are
still in use in several centers. A close relative is the
Iratherm2000 radiant heat chamber originally developed
by von Ardenne and co-workers (6). In this device, water-
filtered infrared radiators at 2400 °C emit their energy from
above and below the patient bed, producing near-IR (IR A)
radiation that penetrates deeper into tissue than far IR
radiation, causing direct heating of the subcutaneous capil-
lary bed. Thermal isolation is ensured by reflective foils
placed around the patient. However, note that significant
evaporative heat loss through perspiration can be a problem
with this system. Also with a significant market share is the
Heckel HT 2000 radiant heat device in which patients lie on
a bed enclosed within a soft-sided rectangular tent whose
inner walls are coated with reflective aluminum foil that
ensures that the short wavelength infrared A and B radia-
tion emitted by four radiators within the chamber uniformly
bathes the body surface. Once the target temperature is
reached, the chamber walls are collapsed to wrap around the
body, thereby preventing radiative and evaporative heat
loss, and permitting maintenance of the elevated tempera-
ture, as shown in Fig. 2.

Another radiant heat device, used mainly in Germany,
is the HOT-OncoTherm WBH-2000 whole-body hyperther-
mia unit which is a chamber that encloses all but the
patient’s head. Special light-emitting diode (LED) radia-
tors deliver computer-generated, alloy-filtered IR A wave-
lengths that penetrate the skin to deliver heat to the
capillary bed. The manufacturer claims that these wave-
lengths also preferentially stimulate the immune system.
Recently, Energy Technology, Inc. of China has released
the ET-SPACE whole-body hyperthermia system, which

Figure 2. Heckel HT-2000 radiant heat whole body hyperthermia
system. Unit at the University of Texas Medical School at Houston.
Patient is in the heat maintenance phase of treatment, wrapped in
the thermal blankets which form the sides of the chamber during
active heating.

produces IR A radiation in a small patient chamber into
which warm liquid is infused to help increase the air
humidity and thereby reduce perspiration losses. A num-
ber of low cost, far infrared, or dry, saunas are being sold
to private clinics, health clubs, and even individuals for
treatment of arthritis, fibromyalgia, detoxification, and
weight loss. Examples are the Smarty Hyperthermic
Chamber, the TheraSauna, the Physiotherm, and the
Biotherm Sauna Dome. Table 2 summarizes features of
these commercially available whole-body hyperthermia
devices.

BIOLOGICAL EFFECTS OF SYSTEMIC HYPERTHERMIA

An understanding of the biological effects of systemic
hyperthermia is critical to both its successful induction
and to its therapeutic efficacy. Systemic responses to body
heating, if not counteracted, undermine efforts to raise
body temperature, while cellular effects underlie both
the rationale for the use of hyperthermia to treat specific
diseases, and the toxicities resulting from treatment.
Although improved technology has allowed easier and
more effective induction of systemic hyperthermia, most
of the recent clinical advances are due to better under-
standing and exploitation of specific biological phenomena.

Physiological Effects of Elevated Body Temperature

The sympathetic nervous system attempts to keep all parts
of the body at a constant temperature, tightly controlled by
a central temperature ‘set point’ in the preoptic—anterior
hypothalamus and a variety of feedback mechanisms. The
thermostat has a circadian rhythm and is occasionally
reset, for example, during fever induced by infectious
agents and endotoxins, but not in endogenously induced
hyperthermia. Occasionally, it breaks down completely as
in malignant hyperthermia or some neurological disorders
affecting the hypothalamus. Ordinarily, when core body
temperature rises, the blood vessels initially dilate, heart
rate rises, and blood flow increases in an effort to transport
heat to the body surface where it is lost by radiation,
conduction, and convection. Heart rate increases on average
by 11.7 beats-min— ! °C~! and typically remains elevated for
several hours after normal body temperature is regained.
Systolic blood pressure increases to drive the blood flow, but
diastolic pressure decreases due to the decreased resistance
of dilated vessels, thus there is an increase in cardiac
output. Heart rate and blood pressure must therefore be
monitored during systemic hyperthermia, and whole-body
hyperthermia is contraindicated in most patients with
cardiac conditions. Interestingly, hyperthermia increases
cardiac tolerance to ischemia/reperfusion injury probably
due to activation of manganese superoxide dismutase
(Mn-SOD) and involvement of cytokines.

Respiration rate also increases and breathing becomes
shallower. Perspiration results in evaporation of sweat
from the skin and consequent cooling, while the respiration
rate increases in order to increase cooling by evaporation of
moisture from expired air. Weight loss occurs despite fluid
intake. There is a decrease in urinary output and the urine
has a high specific gravity, concentrating urates and
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phosphates. In endogenously induced hyperthermia, but
not in fever, glomerular filtration, as evidenced by the
creatinine clearance, decreases with increasing tempera-
ture. As already mentioned, metabolic rate increases non-
linearly with temperature, which leads to an increase in
blood sugar, decreased serum potassium levels, and
increased lactic acid production. All the above normal
physiological effects may be enhanced or counteracted by
anesthesia or sedation, as well as by disease states such as
cancer because of drugs used in treatment or intrinsic
pathophysiological consequences of the disease.

At ~42.5 °C, the normal thermocompensatory mechan-
isms break down and the body displays the symptoms of
advanced heat stroke, namely, lack of sweating, rapid
heart beat, Cheyne—Stokes breathing, central nervous
system disfunction, and loss of consciousness. Ultimately,
breathing ceases despite the continuation of a heart beat.

Cellular Thermal Damage

When temperature is increased by a few degrees Celcious,
there is increased efficiency of enzyme reactions (Arrhe-
nius equation), leading to increased metabolic rates, but at
temperatures > 40 °C molecular conformation changes
occur that lead to destabilization of macromolecules and
multimolecular structures, for example, to the side chains
of amino acids in proteins, which in turn inhibit enzyme
action. Small heat shock proteins (HSP) interact with the
unfolding proteins to stabilize them and prevent their
aggregation and precipitation. Eventually, however, at
~42 °C, complete denaturation of proteins begins that
totally disrupts many molecular processes, including deox-
yribonucleic acid (DNA) repair. Thus systemic hyperther-
mia can have significant effects when paired with drugs
that cause DNA damage (e.g., for chemotherapy of cancer).

Membranes are known to be extremely sensitive to
heat stress because of their complex molecular composi-
tion of lipids and proteins. At a certain temperature, lipids
change from the tightly packed gel phase to the less
tightly packed liquid crystalline phase, and permeability
of the cell membrane (membrane fluidity) increases. As
temperature increases further, the conformation of proteins
also becomes affected, eventually resulting in disorderly
rearrangement of the lipid bilayer structure and receptor
inactivation or loss. Temperature changes of ~5 °C are
necessary to cause measurable changes in normal cell
membrane permeability. Heat-induced cell membrane per-
meability can be exploited to increase drug delivery, for
example, transdermally, or into tumor cells. Increased vas-
cular permeability due to thermal increase of endothelial
gap size also aids drug delivery into tumors. At higher
temperatures, heat damage to membranes can cause cell
death, but it will also interfere with therapeutic approaches
that depend on membrane integrity (e.g., receptor targeted
drug delivery, antibodies, etc.). Irreversible disruption of
cytoplasmic microtubule organization and eventual disag-
gregation, as well as disruption of actin stress fibers and
vimentin filaments, occur at high temperatures (4345 °C)
above those used in whole-body hyperthermia, but these
cytoskeletal effects are of concern with loco-regional hyper-
thermia.

A variety of effects in the cell nucleus also occur at high
temperatures (>41 °C) including damage to the nuclear
membrane, increases in nuclear protein content, changes
in the structure of nucleoli, inhibition of DNA synthesis
and chromosomal damage in S-phase. These changes in
nuclear structure compromise nuclear function and may
cause cell death, though they are unlikely to be significant
at the temperatures achieved in systemic hyperthermia.
Disaggregation of the spindle apparatus of mitotic cells
may be responsible for the high thermal sensitivity of cells
in mitosis, as well as in S phase. Hyperthermic inactivation
of polymerase B, an enzyme primarily involved in DNA
repair, is sensitized by anesthetics and may have a role to
play in the enhancement of the effects of ionizing radiation
by systemic hyperthermia, as well as in augmenting the
cytotoxic effect of drugs that cause DNA damage.

Metabolic Effects

Moderate increases in temperature lead to increased cel-
lular reaction rates, which may be seen as increased oxy-
gen consumption and glucose turnover. In consequence,
cells may become deprived of nutrients, the intracellular
ATP concentration falls, accumulation of acid metabolites
increases pH, and thermal sensitivity increases. Such
conditions are found in tumors and may contribute to their
sensitivity to heat. Further acidifying tumor cells during
hyperthermic treatment seems a promising approach as is
discussed further below. At high temperatures, the citric
acid cycle may be damaged leading to other acidic meta-
bolites. Increased plasma acetate has been measured fol-
lowing clinical whole-body hyperthermia treatments,
which reduces both release of fatty acids from adipose
tissue into plasma and subsequent lipid oxidation.

Endocrine Function

Increases in plasma levels of an array of hormones have
been noted after whole-body hyperthermia. Increased
ACTH levels appear to be accompanied by increased levels
of circulating endorphins. This may explain the sense of
well-being felt by many patients after systemic hyperther-
mia treatment, and the palliative effect of hyperthermia
treatments for cancer. Increased secretion of somatotropic
hormone after systemic hyperthermia has also been mea-
sured (7).

Thermal Tolerance

Thermal tolerance is a temporary state of thermal resis-
tance, common to virtually all mammalian cells, which
develops after a prolonged exposure to moderate tempera-
tures (40—42 °C), or a brief heat shock followed by incuba-
tion at 37 °C, and also certain chemicals. The decay of
thermotolerance occurs exponentially and depends on the
treatment time, the temperature, and the proliferative
status of the cells. Several days are usually required for
baseline levels of heat sensitivity to be regained, which has
important implications for fractionated therapy. When pH
is lowered, less thermal tolerance develops, and its decay is
slower. Thus the long periods at moderate temperature
achieved by clinical systemic hyperthermia systems should
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Figure 3. Increase in tumor uptake of large liposomes after 1 h
of 41.5 °C whole-body hyperthermia. Systemic heat treatment
increased the effective pore size from ~210 to 240 nm. Because
of the large pore size in MTLn3 tumors, 100 nm (average diameter)
liposomes were able to pass into the tumor equally well at normal
and elevated temperatures. The increased effective pore size due
to hyperthermia allowed larger 200 nm liposomes, which were
partially blocked at normal temperatures, to pass more effectively
into the tumor.

induce thermal resistance in normal cells, while the acidic
parts of tumors should be relatively unaffected. This has
not, however, been studied clinically. The mechanisms
involved in the induction of thermotolerance are not well
understood, but there is mounting evidence that heat shock
proteins are involved.

Step-Down Sensitization

Another distinct phenomenon is step-down sensitization in
which an exposure of cells to temperatures >43 °C results
in increased sensitivity to subsequent temperatures of
42 °C or lower. This can be important clinically for local
and regional hyperthermia if there are marked variations
in temperature during the course of treatment, the mag-
nitude of the effect depending on the magnitude of the
temperature change. It has been suggested that this phe-
nomenon could be exploited clinically by administering a
short, high temperature treatment prior to a prolonged
treatment at a lower temperature, thereby reducing pain
and discomfort. Since temperatures >43 °C cannot be tol-
erated systemically, a local heat boost would be required to
take advantage of this effect for whole body hyperthermia. So
far, there is no evidence that tumor cells are differently
sensitized by step-down heating than normal cells.
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Effect of Hyperthermia on Tumors

It was initially thought that tumor cells have intrinsically
higher heat sensitivity than normal cells, but this is not
universally true. Although some neoplastic cells are more
sensitive to heat than their normal counterparts, this
appears to be the case at temperatures higher than those
used in systemic hyperthermia. Tumors in vivo, on the
other hand, often do have a higher thermal sensitivity than
normal tissues because of abnormal vasculature (reduced
blood flow), anaerobic metabolism (acidosis), and nutrient
depletion. Due to their tortuous and poorly constructed
vasculature, tumors have poor perfusion, thus heat dis-
sipation by convection is reduced. At high temperatures
(43 °C and up) this means that tumors become a heat
reservoir with a consequent rise in temperature, which
if maintained for too long damages the microcirculation
and further impairs convective heat loss. Also increased
fibrinogen deposition at damaged sites in the vascular wall
leads to clusion of tumor microvessels. Significant heating
of the tumor cells results, which may be directly cytotoxic.
Additionally, the impaired blood flow brings about acidosis,
increased hypoxia and energy depletion all of which
increase the heat sensitivity of tumor cells (8). At lower
temperatures, typical of those achieved in whole-body
hyperthermia, blood flow increases (9) though the mechan-
ism is not well understood. For these reasons, along with
the historical evidence for antitumor effects of fever and the
metastatic nature of malignant disease, cancer has become
the main focus of systemic hyperthermia.

Systemic hyperthermia results in increased delivery of
drugs to tumor sites because of increased systemic blood
flow. It can also increase blood vessel permeability by
increasing the effective pore size between the loosely bound
endothelial cells forming tumor microvessels, permitting
larger molecules, such as nanoparticles and gene therapy
vectors, to pass into the interstitium (10). Figure 3 shows
increased uptake of 210 nm liposomes in rat breast tumors
after 1 h of 41.5 °C whole-body hyperthermia. Heat may
also be toxic to endothelial cells, resulting in a transient
normalization of vascular architecture and improvement
in blood flow (11). Another barrier to drug delivery is the
high interstitial pressure of many tumors. Since whole-
body hyperthermia, even at fever-range temperatures,
causes cell death (apoptosis and necrosis) within tumors
it reduces the oncotic pressure allowing greater penetration
of large molecules. Table 3 summarizes the interactions of
systemic hyperthermia which facilitate nanoparticle deliv-
ery to tumors.

Table 3. Whole-Body Hyperthermia Facilitates Nanoparticle Therapy

Heat Interaction

Therapeutic Effect

1 Blood flow
1 In endothelial gap size

1 Endothelial cell apoptosis/necrosis — transient normalization of vasculature

1 Tumor cell apoptosis/necrosis | oncotic pressure
Temperature-dependent 7 in permeability of liposome bilayer
Cellular and molecular effects in tumor

Direct interactions with drug

1 Nanoparticle delivery to tumor

1 Nanoparticles in interstitium

1 Nanoparticles in interstitium

1 Nanoparticles in interstitium

1 And synchronization of drug release
1 Drug in tumor cell | drug efficacy

1 Drug efficacy
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Whole-Body Hyperthermia and the Immune System

An increase in ambient temperature can serve as a natural
trigger to the immune system and it appears that the thermal
microenvironment plays a critical role in regulating events in
the immune response. The early work of Coley on cancer
therapy with infectious pyrogens implicated fever-induced
immune stimulation as the mediator of tumor responses (1).
While there have been numerous in vitro studies of the effect
of temperature on components of the immune system, indi-
cating that the thermal milieu regulates T lymphocytes,
natural killer (NK) cells, and dendritic cells (DC), in vivo
examinations of the immune effects of systemic hyperther-
mia are relatively few. Initial animal model studies con-
cluded that whole-body hyperthermia resulted in
immunosuppression, but high temperatures were used,
tumors were mostly immunogenic, and immune response
was merely inferred from the incidence of metastatic spread
rather than from measurement of specific markers of
immune system activation. The majority of in vivo studies
in animals provide evidence of a nonspecific host reaction
in response to hyperthermia in which both T and B
lymphocytes, as well as macrophages, are involved (12).
Although NK cells are intrinsically more sensitive in vitro
to heat than B and T cells, their activation by systemic
hyperthermia has been observed. Microwave induced
whole-body hyperthermia of unrestrained, unanesthe-
tized mice at 39.5—40 °C for 30 min, three or six times
weekly, resulted in increased NK cell activity and reduced
pulmonary metastasis in tumor-bearing mice, but none in
normal mice (13). Evidence for hyperthermia-induced
human tumor lysis by IL-2 stimulated NK cells activated
by HSP72 expression also exists (14). Increased numbers
of lymphocyte-like cells, macrophages, and granulocytes
are observed in the tumor vasculature and in the tumor
stroma of xenografts and syngeneic tumors in mice imme-
diately following a mild hyperthermia exposure for 6-8 h.
In the SCID mouse/human tumor system tumor cell
apoptosis seen following treatment was due largely to
the activity of NK cells. The investigators hypothesize
heat dilatation of blood vessels and increased vessel per-
meability may also give immune effector cells greater
access to the interior of tumors (15). In balb/C mice,
fever-range whole-body hyperthermia increased lympho-
cyte trafficking, resulting in early responsiveness to anti-
gen challenge (16). Thus systemic hyperthermia may be
an effective, nontoxic adjuvant to immunotherapy.

A recent clinical study examined the effect of whole-
body hyperthermia combined with chemotherapy on the
expression up to 48 h later of a broad range of activation
markers on peripheral blood lymphocytes, as well as serum
cytokines and intracellular cytokine levels in T cells, and
the capacity of these cells to proliferate. Immediately after
treatment with 60 min of 41.8 °C WBH as an adjunct to
chemotherapy, a drastic but transient, increase in periph-
eral NK cells and CD56+ cytotoxic T lymphocytes was
observed in the patients’ peripheral blood. The number
of T cells then briefly dropped below baseline levels, a
phenomeonon that has also been observed by others (17).
A marked, but short-lived, increase in the patients’ serum
levels of interleukin-6 (IL-6) was also noted. Significantly

increased serum levels of tumor necrosis factor-alpha
(TNF-alpha) were found at 0, 3, 5 and 24 h posttreatment.
Further immunological consequences of the treatment
consisted of an increase in the percentage of peripheral
cytotoxic T lymphocytes expressing CD56, reaching a max-
imum at 48 h post-WBH. Furthermore, the percentage of
CD4+ T cells expressing the T cell activation marker CD69
increased nearly twofold over time, reaching its maximum
at 48 h. Since similar changes were not observed in
patients receiving chemotherapy alone, this study pro-
vided strong evidence for prolonged activation of human
T cells induced by whole-body hyperthermia combined with
chemotherapy (18).

Activation of monocytes has been observed following hot
water bath immersion such that response to endotoxin
stimulation is enhanced with concomitant release of
TNF-a. Macrophage activation and subsequent lysosomal
exocytosis were observed in the case of a patient treated for
liver metastases by hyperthermia. Lysosomal exocytosis
induced by heat may be an important basic reaction of the
body against bacteria, viruses, and tumor growth and was
proposed as a new mechanism of thermally induced tumor
cell death mediated by an immune reaction (19).

Several investigators have suggested that the immune
changes seen during in vivo whole-body hyperthermia are
mediated by elevations in the plasma concentrations of
either catecholamines, growth hormone, or beta-endorphins.
In volunteers immersed in a heated water bath, neither
recruitment of NK cells to the blood, nor the percentages
or concentrations of any other subpopulations of blood mono-
nuclear cells were altered by hormone blockade. However,
somatostatin partly abolished the hyperthermia induced
increase in neutrophil number. Based on these data and
previous results showing that growth hormone infusion
increases the concentration of neutrophils in the blood, it
was suggested that growth hormone is at least partly
responsible for hyperthermia induced neutrophil increase.
A similar study suggested that hyperthermic induction
of T lymphocytes and NK cells is due to increased secre-
tion of somatotropic hormone (7).

The peripheral blood level of prostaglandin Ey (PGE,),
which may act as an angiogenic switch, transforming a
localized tumor into an invasive one by stimulating new
blood vessel growth, and which also has an immunosup-
pressive effect, is elevated in patients with tumors com-
pared to healthy control subjects. In a clinical study of
cancer patients receiving 1-2 h of 41.8-42.5 °C whole-body
hyperthermia, or extracorporeal hyperthermia, blood
levels of PGE; decreased markedly after treatment and
correlated with tumor response (20).

In addition to their role as protectors of unfolding
proteins, extracellular heat shock proteins (HSP) can act
simultaneously as a source of antigen due to their ability to
chaperone peptides and as a maturation signal for dendri-
tic cells, thereby inducing dendritic cells to cross-present
antigens to CD8+ T cells (21). Heat shock proteins can also
act independently from associated peptides, stimulating
the innate immune system by eliciting potent proinflam-
matory responses in innate immune cells. The heat shock
response also inhibits cyclooxygenase-2 gene expression at
the transcriptional level by preventing the activation of



nuclear factor-kappaB (NFkB) (22). Thermal upregulation
of HSPs (HSP70 and HSP110) is strongest in lymphoid
tissues and may relate to the enhanced immune responses
that are observed during febrile temperatures. It has been
proposed that local necrosis induced by hyperthermic
treatment induces the release of HSPs, followed by uptake,
processing and presentation of associated peptides by den-
dritic cells. By acting as chaperones and as a signal for
dendritic cell maturation, HSP70 might efficiently prime
circulating T cells. Therefore, upregulating HSP70 and
causing local necrosis in tumor tissue by hyperthermia
offers great potential as a new approach to directly activate
the immune system, as well as to enhance other immu-
notherapies (23,24).

CLINICAL TOXICITIES OF WHOLE-BODY HYPERTHERMIA
TREATMENT

At fever-range temperatures, adverse effects of systemic
hyperthermia treatment are minimal however, at higher
temperatures they can be significant, even fatal. On the
other hand, the teratogenic effects (birth defects, still
births, spontaneous abortions) and °Cular damage (catar-
act induction) resulting from electromagnetic fields used in
local hyperthermia are not seen in systemic hyperthermia.
The transient cardiorespiratory effects of elevated tem-
perature can, however, lead to severe toxicity. Elevated
heart rate, especially at high temperatures may result in
arrythmias or ischemic heart failure, consequently
patients have to be very carefully screened with regard
to their cardiac status. Beta blockade has generally been
found to be deleterious although infusion of esmolol has
been safely carried out (25). Pulmonary hypertension and
edema due to capillary leak may also be seen, but like the
cardiac effects, these return to baseline a few hours after
treatment. Increased serum hepatic enzymes have been
noted, but these may be cancer related. All these toxicities
are less prevalent or less severe with radiant heat systems,
particularly at lower temperatures, and when light con-
scious sedation is used rather than general anesthesia. For
example, decreased platelet count, decreased plasma fibri-
nogen, and other factors leading to increased blood clotting
have been noted, particularly in extra-corporeal hyper-
thermia, but also with other methods of heating carried
out under inhalation-administered anesthesia drugs.
On the other hand, with whole-body hyperthermia under
conscious sedation there is no evidence of platelet
drops (26) and animal studies even show platelet stimula-
tion providing protection against radiation induced
thrombocytopenia.

Since systemic hyperthermia is almost never used as a
single treatment modality, it is important to recognize that
whole-body hyperthermia combined with radiation and
chemotherapy can enhance some of the toxicities asso-
ciated with these modalities. For example, the cardiotoxi-
city of doxorubicin and both the renal toxicity and
hematological toxicity of platinum agents may increase
under hyperthermia (27), while the muscle and peripheral
nervous system effects of radiation and some drugs can also
be enhanced (28). Bone marrow suppression is the limiting
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toxicity of many chemotherapy drugs but there is little data
to suggest that whole body hyperthermia exacerbates this
effect. On the contrary, the synergy of hyperthermia with
several chemotherapy agents may mean that lower doses
can be used, resulting in less toxicity. For example, sys-
temic hyperthermia combined with carboplatin achieves
therapeutic results without elevation of myelosuppression
and responses have occurred at lower than normal doses
(29). Pressure sores can easily develop at elevated
temperatures thus care must be taken not only in patient
placement and support, but also with application of mon-
itoring devices. If heat dissipation is locally impaired, for
example, at pressure points, hot spots occur that can lead to
burns. This is rarely a problem with fever-range whole-
body hyperthermia, but in anesthetized patients under-
going high heat regimens burns are not uncommon.
Following systemic hyperthermia treatments, malaise
and lethargy are almost universally experienced although
these may be counteracted by pain relief and a sense of
well-being due to released endorphins. However, the faster
the target temperature is reached, the less the exhaustion
(6), thus attention to minimizing heat dissipation during
the heat-up phase and using efficient heating devices, such
as those that generate heat by several mechanisms (e.g.,
radiant heat and EM fields), add a regional heat boost, or
produce near-IR radiation that is preferentially absorbed,
is advantageous to patient well being. Fever after treat-
ment in the absence of infectious disease is not uncommon
and may be associated with an inflammatory response to
tumor regression. Nausea and vomiting during the first
couple of days after treatment are also common. Outbreaks
of herpes simplex (cold sores) in susceptible individuals
have also been noted, but are easily resolved with acyclovir.

THERMAL DOSE

The definition of dose for systemic hyperthermia is proble-
matic. An applied dose would be the amount of heat energy
generated or delivered to the body but even if it can be
measured, this quantity does not predict biological effects.
By analogy with ionizing radiation, the absorbed dose
would be amount of thermal energy absorbed per unit
mass of tissue (J-kg™!), however, this is not a quantity
that can be readily measured, or controlled, neither would
it necessarily predict biological effects. As indicated in the
previous sections, the effects of systemic hyperthermia
depend on (I) the temperature, and (2) the duration of
heating, but not on the energy required to produce the
temperature rise. This leads to the concept of time at a
given temperature as a practical measure of dose. In
reality, however, temperature is seldom constant through-
out a treatment, even in the plateau phase of systemic
hyperthermia, so time at temperature is at best a crude
measure. Nonetheless, it is the one that is used most often
clinically for whole-body hyperthermia because of its sim-
plicity. Ideally, the dose parameter should allow for com-
parison of treatments at different temperatures. Based on
the Arrhenius relationship and measured cell growth inhi-
bition curves, the heating time at a given temperature
relative to the heating time at a standard temperature or
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thermal dose equivalent (TDE), was defined empirically as,
Ty =ty -RTT2) (10)

A discontinuity occurs in the temperature-time curves
between 42 and 43 °C for both cells in culture and heated
tissues, thus the value of R changes for temperatures above
the transition: R ~ 2 < 42.5 °Cand R ~ 5> 42.5 °Cinvitro
while for in vivo heating studies, R = 2.1 below the transi-
tion temperature and 6.4 above 42.5 °C. In practice, a finite
time is required for the body or tissue of interest to reach the
target temperature, temperature fluctuates even after the
target temperature is reached, and there is a cooling period
after heating ceases. If the temperature is measured fre-
quently throughout treatment, the temperature-time
curves can be integrated to provide the accumulated ther-
mal dose that produces an equivalent effect to that resulting
from holding the cells—tissue at a constant reference tem-
perature for a given a period of time:

ty
tag = / R¥-T®) gt (11)

t;

where ¢; and ¢ are the initial and final times of the heating
procedure (30). This thermal isoeffect dose (TID) is usually
expressed in minutes is sometimes known as the tdm43 or
the cumulative equivalent minutes (CEM 43 °C). While a
biological factor has now been built in to the dose measure,
and the integrated TID allows for temperature variations
during heat-up and cool-down phases, it does not take into
account thermal tolerance and step-down sensitization. Nor
is it particularly relevant to clinical whole-body hyperther-
mia where multiple physical and biological effects combine
in a complex manner although for a given patient, time—
temperature profiles are generally reproducible from one
treatment to another. A further modification attempts to
take into account temperature inhomogeneity through the
measurement of temperature at multiple sites and defining
T90, namely, that temperature exceeded by 90% of the
measurements (or correspondingly 20%: T20; or 50%:
T50). The TID is then expressed as cumulative equivalent
minutes that T90 is equal to 43 °C (CEM 43 °C T90) (31).

The efficiency of adjuvant hyperthermia in enhancing
the biological effectiveness of other treatments is often
reported in terms of the thermal enhancement factor
(TEF) or thermal enhancement ratio (TER). This quantity
is defined in terms of the isoeffect dose as,

dose of treatment to achieve
a given endpoint
dose of treatment with heat
to achieve the same endpoint

TER =

(12)

In clinical and laboratory studies, the TER is often
computed on the basis of isodose rather than isoeffect,
for example, in the case of hyperthermia plus drug
induced arrest of tumor growth, TER = TGDyz1/TGTgr,
where TGDyr is the tumor growth delay due to
hyperthermia plus chemotherapy, and TGTgr is the
tumor growth delay resulting from chemotherapy at room
temperature. Similarly, the enhancing effect of hyperther-

mia on radiation treatment may be expressed through
TER = DOyg1/DOgr or TER = LD50y1/LD50gT, where DO
is the time required to reduce survival to 1/e of its initial
value, and LD50 is the lethal dose to 50% of cells.

TEMPERATURE MEASUREMENT

Since systemic hyperthermia achieves a uniform tempera-
ture distribution, except for possible partial sanctuary sites,
thermometry for systemic hyperthermia is much less chal-
lenging than for regional or intracavitary hyperthermia, but
it is still important to prevent adverse effects, especially
burns. Also, convection can induce steep thermal gradients,
especially around major blood vessels, so that careful place-
ment of temperature probes is required. Most practitioners
of whole-body hyperthermia measure temperature in sev-
eral locations, typically the rectum, the esophagus, and at
several skin sites. During heat-up, the esophageal tempera-
ture is usually 1-2 °C higher than the rectal temperature,
but during plateau phase it drops to 0.5-1.5 °C below the
rectal temperature. Continuous and accurate temperature
measurement is particularly important when temperatures
>41°C are to be achieved, as critical, life-threatening
changes can occur in minutes or even seconds and over
changes in temperature of as little as 0.1-0.2 °C because of
the nonlinear response to temperature. For moderate tem-
perature systemic hyperthermia, temperature measure-
ment to within 0.1 °C is usually adequate, but a precision
of 0.01 °C is desirable when heating to >41 °C and also
allows determination of the specific absorption rate from the
slope of the temperature versus time curve. The tempera-
ture measuring device must be insensitive to all other
influences, such as ambient temperature, moisture, nearby
electromagnetic fields, and so on and satisfying this criter-
ion can be difficult. Frequent calibration of thermometers in
the working range of temperatures is important since some
thermometers appear fine at 30 °C, but drift substantially at
40 °C and above. Stringent quality control of any thermo-
metry system is required to monitor accuracy, precision,
stability, and response time.

Table 4 summarizes the different types of thermometer
probes available for internal and external body tempera-
ture measurements, and their relative merits and disad-
vantages for systemic hyperthermia. Thermistors are most
often used for standard temperature monitoring sites while
thermocouples are used for tumor or other intra-tissue
measurements. Recently, noninvasive methods of tem-
perature measurement have been developed that are
beginning to see application in hyperthermia. Thermogra-
phy provides a two-dimensional (2D) map of surface tem-
perature by measurement of infrared emission from the
body, though deep-seated hot structures may be visualized
because of heat carried by blood flow from the interior heat
source to the skin. It is useful to detect skin hotspots and
therefore in burn prevention. Since temperature-induced
changes in the mechanical properties of tissue lead to
altered ultrasound propagation velocity, mapping of ultra-
sound velocity can also provide a visual map of tempera-
ture. Tomographic reconstruction of 2D or 3D temperature
is theoretically possible, but it is difficult in practice
because of the heterogeneity of tissue characteristics. A
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number of magnetic resonance (MR) techniques have been
used for thermal mapping and BSD Medical and STIEMENS
Medical Systems have collaborated to develop a hybrid
hyperthermia/MRI system, although it is not a whole-body
hyperthermia machine. Currently, the most widely
accepted MR technique is the proton resonance frequency
(PRF) method that exploits the temperature dependence of
the chemical shift of water. Unlike the value of the water
spin-lattice relaxation time or the molecular diffusion
coefficient, both of which have been used for MRI tempera-
ture measurements, the thermal coefficient relating tem-
perature to the water chemical shift has been shown to be
essentially independent of tissue type and physiological
changes induced by temperature (32). Recently an inter-
leaved gradient echo—echo planar imaging (GGE-EPI)
method for rapid, multiplanar temperature imaging was
introduced that provided increased temperature contrast-
to-noise and lipid suppression without compromising spa-
tio-temporal resolution (33).

CLINICAL EXPERIENCE

Cancer

Systemic hyperthermia has been used mostly for treatment
of cancer because of its potential to treat metastatic dis-
ease. Initial treatments aimed to produce direct killing of
tumor cells based on the premise, now understood not to be
universally true, that cancer cells are more susceptible to
elevated temperatures than normal cells, and the higher
the temperature the greater the tumor cell kill. Maximally
tolerated temperatures of 41.5-42 °C were therefore main-
tained for 1-2 h as the sole treatment. Response rates were,
however, disappointing. Tumor regressions were observed
in less than half the cases, no tumor cures were achieved,
and remissions were of short duration. It became apparent
that the heterogeneity of cell populations within tumors,
along with micro-environmental factors, such as blood/
nutrient supply, pH, and oxygen tension prevent the ther-
motoxic results achieved in the laboratory. Consequently,
the focus of research on systemic hyperthermia shifted to
using hyperthermia as an adjunct to other cancer thera-
pies, principally chemotherapy and radiotherapy. It is
important to note that because of the experimental status
of systemic hyperthermia treatment for cancer, almost all
clinical trials, summarized in Table 5, have been performed
on patients with advanced disease for whom whole-body
hyperthermia, either as a sole therapy, or as an adjunct, is
a treatment of last resort. In these cases, any response
whatsoever is often remarkable. Nonetheless, a number of
hyperthermia centers in Europe have discontinued sys-
temic hyperthermia because the high temperature proto-
cols required intensive patient care and led to unacceptable
toxicities, especially in light of the efficacy and reduced
toxicities of newer generation chemotherapies. Large, ran-
domized, multicenter, Phase III trials are, however, needed
to firmly establish the benefits of systemic hyperthermia in
conjunction with chemotherapy and radiation. Also, vali-
dation and optimization of fever-range temperature proto-
cols are much needed.

Systemic Hyperthermia and Chemotherapy. The bene-
ficial interaction of hyperthermia with several classes of
chemotherapy agents, acting via several mechanisms as
summarized in Table 6, has spurred a variety of thermo-
chemotherapy regimens and several clinical trials of sys-
temic hyperthermia and chemotherapy are ongoing. While
the results have been mixed, elevated response rates were
recorded in the treatment of sarcoma when systemic
hyperthermia was combined with doxorubicin and cyclo-
phosphamide (54) or BCNU (34). Systemic hyperthermia is
the only way to heat the lung uniformly, and impressive
response rates and increased durations of response have
been achieved in both small cell and nonsmall cell lung
cancer treated with the combination of whole body
hyperthermia at 41 °C for 1 h with adriamycin, cyclopho-
sphamide, and vincristine (ACO protocol) (34). Neuroendo-
crine tumors also appear to have increased sensitivity to
systemic hyperthermia and multidrug chemotherapy (51).

Optimal combination of whole-body hyperthermia with
chemotherapy requires an understanding of the mechan-
isms of interaction of heat with individual drugs or drugs in
combination. Preclinical data is consistent with the concept
that the timing of chemotherapy during whole-body
hyperthermia should affect therapeutic index. For exam-
ple, Fig. 4 shows the effect on tumor cures in mammary
carcinoma bearing rats of 6 h of 40 °C whole-body
hyperthermia administered with, or 24 or 48 h after gem-
citabine. A synergistic response was obtained when
hyperthermia was begun with gemcitabine administration
or 48 h later. The effect of gemcitabine was completely
negated, however, when hyperthermia was administered
24 h after the start of heating, perhaps due to cell cycle
effects. With cisplatin, the greatest therapeutic index is
achieved if the drug is given 24 h before the start of whole-
body hyperthermia, thereby preventing thermal augmen-
tation of cisplatin induced nephrotoxicity (55). In a clinical
investigation of multiple cycles of radiant heat whole-body
hyperthermia combined with carboplatin, Ifosfamide, eto-
poside, and granulocyte colony stimulating factor, it was
found that toxicity was minimized when carboplatin was
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Figure 4. Schedule dependence of fever range whole-body
hyperthermia enhanced gemcitabine tumor cures. A supraaddi-
tive cure rate occurred when whole-body hyperthermia (WBH)
was given at the same time as gemcitabine administration or 48 h
later. When hyperthermia followed gemcitabine by 24 h the number
of cures dropped to almost zero, well below the number achieved with
gemcitabine alone.



Table 6. Chemotherapy Agents Used with Whole-Body Hyperthermia

HYPERTHERMIA, SYSTEMIC 57

Class of Agent

Likely Mechanism
of Heat Interaction

Drugs Used with
WBH in Clinical Studies

Investigator
References®

Alkylating agents

Nitrosoureas

Platinum agents

Impaired DNA repair
Improved pharmacokinetics

Impaired DNA repair
Improved pharmacokinetics

Impaired DNA repair

Cyclophosphamide (CTX)
Dacarbazine (DTIC)
Melphalan (.-PAM)
Ifosfamide (IFO)

BCNU

Me-CCNU
Cisplatin (CDDP)

Parks, 1983 (4)
Engelhardt, 1988 (34)
Lange, 1983 (35)
Robins, 1997 (36)
Engelhardt, 1988 (34)
Issels, 1990 (37)
Westermann, 2003 (38)
Parks, 1983 (4)

Bull, 1992 (39)

Bull, 1992 (39)
Parks, 1983 (4)

Altered plasma protein binding

Impaired DNA repair
Enzyme activation

Anthracyline antibiotics

Antimetabolites Increased drug transport
Cell cycle arrest
Impaired DNA repair

Antiproliferatives Impaired DNA repair

Topoisomerase inhibitors Impaired DNA repair

Taxanes Microtubule disruption

Apoptosis

Increased anti-viral and
antiproliferative activity

Biological response
modifiers

Herman, 1982 (40)
Engelhardt, 1990 (41)
Robins, 1993 (42)

Douwes, 2004 (43)
Westermann, 2003 (38)
Hegewisch-Becker, 2002 (44)
Hegewisch-Becker, 2003 (45)
Douwes, 2004 (43)

Richel, 2004 (46)

Strobl, 2004 (47)

Carboplatin (CBDCA)

Oxaliplatin Elias, 2004 (48)
Hegewisch-Becker, 2002 (44)
Adriamycin Engelhardt, 1990 (41)
Bull, 2002 (49)
Bleomycin Herman, 1982 (40)

5-FU Lange, 1983 (35)

Larkin, 1979 (50)

Bull, 2002 (49)
Hegewisch-Becker, 2002 (44)
Bull, 2004 (51)

Barlogie, 1979 (52)

Issels, 1990 (37)
Westermann, 2003 (42)
Hegewisch-Becker, 2003 (45)
Elias, 2004 (48)

Gemcitabine
Etoposide (VP-16)

Irinotecan (CPT-11)

Paclitacel Strobl, 2004 (49)
Docetaxel Strobl, 2004 (49)
Interferon Robins, 1989 (53)

Bull, 2002, 2004 (34,49)

“References prior to 1980, or not in English, are not provided in the Bibliography at the end of this article.

given during the plateau phase of WBH, 10 min after target
temperature was reached (56).

A major rationale for whole-body hyperthermia in can-
cer treatment is the ability to treat metastases, but this is
actually a controversial issue. There have been no clinical
studies specifically designed to study the effect of systemic
hyperthermia on either the efficacy against metastatic
disease or prevention of development of metastases.
Increased survival in advanced malignancies is often inter-
preted to mean a reduction in metastatic disease, but direct
measurement of the incidence and response of metastases
is rare. Based on some animal studies, it has been sug-
gested that systemic hyperthermia could actually promote
the metastatic spread of tumor cells, but this has not been
confirmed. One clinical study found an increase of tumor
cells in blood 24 h after 41.8 °C WBH, but there was no

evidence that this caused metastatic spread of disease (57).
Several animal experiments do support the efficacy of
whole-body hyperthermia against metastases. In mouse
models of lung cancer and melanoma, the number of lung
metastases was scored after repeated systemic microwave
heating. It was found that the number of lung metastases
was significantly reduced, and NK-cell activity was higher,
in treated animals. The authors hypothesized that WBH
interferes with the spread of organ metastases, possibly
through a mechanism involving NK cells (13). Another
study of mouse Lewis lung carcinoma in which the animals
were treated with 60 min of systemic hyperthermia at
42 °C, demonstrated a reduction in the number and
percentage of large metastases (>3 mm) on day 20 post-
tumor implantation. Addition of radiation led to a reduc-
tion to 50% of control of the number of lung metastases as
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well as the percent of large metastases on day 20 (58). In a
breast cancer ocult metastasis model in rats, 6 h of 40 °C
whole-body hyperthermia combined with daily, low dose,
metronomic irinotecan resulted in delayed onset, and
reduced incidence, of axillary lymph node metastases com-
pared to control in rats, as did treatment with 40 °C WBH
alone. The combination therapy also reduced axillary
metastasis volume. Interestingly, none of the therapies
significantly affected inguinal lymph node metastases,
but lung metastases were decreased in both the combina-
tion therapy and WBH alone groups. Rats treated with
fever-range whole-body hyperthermia and metronomic
irinotecan also survived significantly longer (36%) than
control animals (59).

Systemic Hyperthermia and Radiotherapy. The augmen-
tation of ionizing radiation induced tumor kill by
hyperthermia is well documented for local hyperthermia
and has led to numerous protocols combining whole-body
hyperthermia with radiation therapy (60,61). Hyperther-
mia is complementary to radiation in several regards:
ionizing radiation acts predominantly in the M and G,
phases of the cell cycle while hyperthermia acts largely
in S phase; radiation is most effective in alkaline tissues
whereas hyperthermic cytotoxicity is enhanced under
acidic conditions; radiation is not effective in hypoxic
regions yet hyperthermia is most toxic to hypoxic cells.
Thus when hyperthermia is combined with radiotherapy,
both the hypoxic, low pH core of the tumor is treated as well
as the relatively well perfused outer layers of the tumor.
Furthermore, because of its vascular effects, hyperthermia
enhances tumor oxygenation thus potentiating radiation
cell kill. Hyperthermia also increases the production of oxy-
gen radicals by radiation, and reduces the repair of DNA
damage caused by ionizing radiation. Thus hyperthermia
and radiotherapy together often have a synergistic effect,
and this combination is now well accepted for treatment of a
number of tumors.

Fever-Range WBH. Like systemic hyperthermia alone,
combined modality treatments were initially aimed to
achieve maximally tolerated temperatures. Such regi-
mens, however, carry significant risk to the patient,
require general anesthesia, and necessitate experienced,
specialist personnel to provide careful monitoring of vital
signs and patient care during the treatment. More
recently, it has been appreciated that lower core body
temperatures (39—-40 °C) maintained for a longer time
(4-8 h), much like fever, can indirectly result in tumor
regression through effects on tumor vasculature, the
immune response, and waste removal (detoxification).
The optimum duration and frequency of mild hyperther-
mia treatment has, however, not yet been determined.
Protocols range from single treatments of 4—6 h, or similar
long duration treatments given once during each cycle of
chemotherapy, to daily treatments of only 1 h. Several
studies of mild, fever-range, whole-body hyperthermia
with chemotherapy have demonstrated efficacy against a
broad range of cancers (34,17) and clinical trials are cur-
rently being conducted at the University of Texas Health
Science Center at Houston, Roswell Park Cancer Institute,

New York, and by the German Interdisciplinary Working
Group on Hyperthermia (62).

Systemic Hyperthermia and Metabolic Therapy.
Increased rates of metabolic reactions lead to rapid turn-
over of metabolites, causing cellular energy depletion,
acidosis, and consequent metabolic disregulation. Tumors,
which have increased metabolic rates [glucose, adenomine
triphosphate (ATP)] compared to normal cells, may be
particularly sensitive to thermally induced energy deple-
tion and this has been exploited in the Cancer Multistep
Therapy developed by von Ardenne, which is a combined
hyperthermia—chemotherapy—metabolic therapy approach
to cancer (63). The core of this approach is systemic
hyperthermia at 40-42 °C, sometimes with added local
hyperthermia to achieve high temperatures within the
tumor. A 10% solution of glucose is infused into the patient
to achieve a high accumulation of lactic acid within the
tumor that cannot be cleared because of sluggish blood flow
and confers an increased sensitivity to heat to the tumor
cells. Administration of oxygen increases the arterial oxy-
gen pressure and stimulates lysozymal cytolysis. Finally
low dose chemotherapy is added.

Palliation. Pain relief is reported by many patients
receiving systemic hyperthermia treatment, whether with
chemotherapy or radiation. Indeed, almost all patients
undergoing thermoradiotherapy report pain relief.
Immediate pain relief following treatment is likely to stem
from an increased level of circulating B-endorphins, while
longer term pain relief may be due to increased blood flow,
direct neurological action, and disease resolution, for
example, tumor regression in cancer patients, or detoxifi-
cation. Meaningful improvements in quality of life typi-
cally result from such pain relief. Localized infrared
therapy using lamps radiating at 2-25 pm is used for
the treatment and relief of pain in numerous medical
institutes in China and Japan.

Diseases Other than Cancer. Therapeutic use of heat
lamps emitting IR radiation is commonplace throughout
the Orient for rheumatic, neurological and musculoskele-
tal conditions, as well as skin diseases, wound healing, and
burns. The improvements reported appear to be largely
due to increased blood flow bringing nutrients to areas of
ischemia or blood vessel damage, and removing waste
products. Scientific reports of these treatments are, how-
ever, difficult to find. Application of heat via hot baths or
ultrasound has long been standard in physical therapy for
arthritis and musculoskeletal conditions, though ice packs
are also used to counter inflammatory responses. Heat
decreases stiffness in tendons and ligaments, relaxes the
muscles, decreases muscle spasm, and lessens pain. Unfor-
tunately, few clinical trials of efficacy have been performed,
and methodological differences or lack of rigor in the
studies hinder comparisons (64). A clinical trial in
Japan reported a supposedly successful solution for seven
out of seven cases of rheumatoid arthritis treated with
whole-body IR therapy, and it is reported that the King of
Belgium was cured of his rheumatoid arthritis in three
months due IR treatments. Systemic hyperthermia with



whole-body radiant heat units is being carried out in
clinical centers as well as many private clinics in Germany
for the purpose of alleviating rheumatoid arthritis. It has
been proposed that the induction of TNF receptors by WBH
may induce a remission in patients with active rheumatoid
arthritis. The use of heat packs has long been standard to
relieve the pain of fibromyalgia. Again, the therapeutic
effect is believed to be due to increased circulation flushing
out toxins and speeding the healing process. Whole-body
hyperthermia treatment for fibromyalgia and chronic fati-
gue syndrome (CFS) is to be found in a number of private
clinics. Hyperthermia increases the number and activity of
white blood cells, stimulating the depressed immune sys-
tem of the CFS patient.

Because of its immune stimulating effects, whole-body
hyperthermia is a strong candidate for treatment of chronic
progressive viral infections, such as HIV and hepatitis C. A
clinical trial at the University Medical Center Utrecht, The
Netherlands has evaluated extracorporeal heating to induce
systemic hyperthermia of 41.8 °C for 120 min under propo-
fol anesthesia for treatment of hepatitis C (65). Human
immunodeficiency virus (HIV)-infected T cells are more
sensitive to heat than healthy lymphocytes, and suscept-
ibility increases when the cells are presensitized by expo-
sure to tumor necrosis factor. Thus, induction of whole-body
hyperthermia or hyperthermia specifically limited to tissues
having a high viral load is a potential antiviral therapy for
acquired immunodeficiency syndrome (AIDS). An Italian
study has found treatment of AIDS with beta-carotene and
hyperthermia to be synergistic, preventing progression of
early disease and also increasing the survival time in
patients with severe AIDS. A single treatment of low flow
extracorporeal hyperthermia was found effective against
AIDS associated Kaposi’s sarcoma, though there was sig-
nificant toxicity. Core temperature was raised to 42 °C and
held for 1 h with extracorporeal perfusion and ex vivo
blood heating to 49 °C. Complete or partial regressions
were seen in 20/29 of those treated at 30 days post-treat-
ment, with regressions persisting in 14/29 of those treated
at 120 days post-treatment. At 360 days, 4/29 maintained
tumor regressions with 1 patient being in complete remis-
sion still at 26 months (66).

THE FUTURE OF SYSTEMIC HYPERTHERMIA

While there is a resurgence of interest in systemic
hyperthermia, this modality has not yet been adopted as
a mainstream therapy, and optimal clinical trials have
not yet been carried out. Well-designed, well-controlled,
multicenter clinical trials need to be conducted. In order to
unequivocally demonstrate the utility of whole-body hyper-
thermiainthe treatment of cancer aswell asother diseases, it
will be important to accrue a sufficiently large number of
patients who do not have end-stage disease. Thanks to the
commercial availability of systemic hyperthermia systems,
the variability between induction techniques at different
institutions can be removed. Newer instrumentation, parti-
cularly near-IRradiant heat devices, along with treatment at
lower temperatures (fever-range thermal therapy) should
lead to significantly reduced toxicity. Better exploitation of
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Figure 5. Fever range whole-body hyperthermia increases
therapeutic gene (grp78-HSVtk) delivery in tumor.

the narrow window of effective temperatures within which
the cellular effects of heat can be exploited yet damage
remains minimal, and improved understanding of the biolo-
gical interactions in vivo of systemic heat with chemotherapy
and radiation will be essential to optimize therapy.

The effects of systemic hyperthermia on tumor blood
flow and vascular permeability have the potential to
increase delivery of various small molecules, nanoparticles,
and gene therapy vectors to tumors. Ferromagnetic nano-
particles can be heated by external magnetic fields and offer
the potential for internal hyperthermia, both locally and
systemically. Thermally sensitive liposomes that release
their contents at designated temperatures are also of inter-
est. The ability of systemic hyperthermia to aid in systemic
delivery of gene therapy vectors (the holy grail of gene
therapy) and enhance transfection of cells with therapeutic
gene plasmids is under investigation in several laboratories
(67,68), and shows potential along with targeted gene ther-
apy via the heat shock response. For example, Fig. 5 shows a
fourfold hyperthermic increase of therapeutic gene delivery
to tumor when plasmid DNA was injected intravenously
into mammary carcinoma bearing rats immediately after 6
h of whole-body hyperthermia at 40 °C. Thus systemic
hyperthermia is likely to see increasing application as an
enhancer of drug delivery.

There is a great deal of interest in the immunological
consequences of whole-body hyperthermia, and as they
become better understood, the combination of systemic
hyperthermia with specific immunotherapies will undoubt-
edly be pioneered, not just for cancer but also, by analogy
with fever, in a broad range of diseases.

SUMMARY

Systemic hyperthermia is founded on solid physical and
biological principles and shows promise in the treatment
of a number of diseases. Modern whole-body hyperther-
mia devices use IR-A radiation sources together with
effective heat loss techniques to achieve a controlled,
uniform temperature distribution throughout the body
with minimal patient toxicity. A shift in paradigm has
occurred away from achieving direct cell killing with short
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bouts of maximally tolerated temperatures, to inducing

indirect curative effects through longer duration treatments
at lower temperatures, and synergy with other modalities,
such as radiotherapy. Better understanding of the interac-
tions of elevated temperature with metabolic and genetic
pathways will allow thermally driven targeted therapies.
Of particular promise is the use of systemic hyperthermia
as an immune system stimulator and adjunct to immu-
notherapy. Application of systemic hyperthermia to nano-
particle delivery and gene therapy is emerging. Whole-body
hyperthermia is moving from being dubbed an alternative
therapy to becoming a standard treatment and clinical
hyperthermia centers are to be found all over the world.
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INTRODUCTION

The use of elevated temperature as a form of medical
treatment has been fairly ubiquitous across cultures
throughout the course of time. The earliest record of heat
for therapeutic use was found in an Egyptian surgical
papyrus dated to 3000 BC (1). Hippocrates, considered
by many to be the father of medicine, used heat to treat
breast cancer. He based his practice of medicine on an
ancient Greek ideology that advises using heat after trials
of surgery and medications have failed (2). German phy-
sicians in the 1800s noted cases where cancer patients had
developed high fevers secondary to infections that resulted
in a miraculous disappearance of their tumors (3). These
observations provided inspiration for the development of
several techniques that attempted to induce hyperthermia.
One such popular method entailed wrapping a patient’s
body in plastic and then dipping him in hot wax. Another
popular technique involved removing a portion of the
patient’s blood, heating it, and then transfusing the warmed
blood back to the patient’s body, thereby creating systemic
hyperthermia (4). These treatments had varied success
rates, often culminating in fatality, and were subsequently
discarded. Thus, the interest in hyperthermia lessened in
the face of more conventional cancer treatments (e.g., che-
motherapy and radiation). The current revival of interest in
hyperthermia has resulted from a combination of clinicians
searching for a therapeutic mode other than chemotherapy
and radiation, in tandem with several preliminary rando-
mized clinical trials in a small selected group of patients that
have shown marked improvement in disease states with the
use of either hyperthermia alone or particularly as an
adjuvant to other more traditional modalities.
Traditionally, conventional hyperthermia has been
defined as a therapeutic elevation of whole body temperature
or target tissue while maintaining low enough temperatures
to avoid tissue coagulation (3). This definition of hyperther-
mia can be broadened to include the therapeutic elevation of
temperature to cause tissue destruction and coagulation,
such as that implemented in HIFU (high intensity focus
ultrasound) procedures. Classically, microwaves, radio fre-
quency (RF), electromagnetic radiations, or ultrasounds have
been used to heat tissue to 40—44 °C (5). This article compares
and contrasts electromagnetic waves to ultrasonic waves as a
heating modality, explain the physics behind ultrasound



generation, and explores the thermal and mechanical bio-
physics involved with ultrasound delivery to tissue. Then, the
medical fields that are currently benefitting from conven-
tional ultrasound hyperthermia and HIFU are considered,
and finally some of the many applicators involved with
thermal ultrasound delivery are evaluated.

ULTRASOUND VERSUS ELECTROMAGNETIC RADIATION

Electromagnetic waves were often used in various applica-
tions of conventional hyperthermia treatments. However,
ultrasound has emerged as a better option because of its
shorter wavelength and lower energy absorption rate,
which make it easier to control and to localize the area
that is being heated. For example, for a half-power pene-
tration depth of 4 cm, the ultrasound wavelength in tissues
(e.g., muscle) is 1 mm; however, electromagnetic wave-
length required for the same transmission is 500 mm.
Focusing energy into a volume smaller than a wavelength
is generally not possible. Using 500 mm (~40 MHz) of
electromagnetic waves to heat a tumor that is situated
4 cm below the skin with proportions of 6 cm in diameter in
the upper abdomen results in a temperature elevation of
the entire abdomen including the spleen, liver, and all
major vessels. More than one-half of the body’s cardiac
output circulates through the abdominal area, and this
widespread heating results in a systemic elevation of tem-
perature, thereby limiting the use of electromagnetic
radiation for tumors in the body cavity (3). Electromagnetic
waves are currently limited to regional hyperthermia and
treating very superficial tumors (6). Conversely, ultra-
sound that has a wavelength of 1 mm can be focused within
the area of the tumor, thus allowing less energy to be
radiated to other areas of the body, resulting in less
damage to surrounding healthy tissue. The current fabri-
cation technology allows for practical applicator dimen-
sions and multiple transducer configurations that makes
it possible to control and shape a wide variety of ultrasound
beams. The use of focused transducers or electronically
phased arrays allow for better localization and tempera-
ture control of the target tissue (7). In contrast to these
positive attributes, high acoustic absorption at bone—soft
tissue interface and reflection from gas surfaces may make
certain therapeutic scenarios difficult.

GENERATION AND PROPAGATION OF ULTRASOUND

Ultrasonic Transducers

In order to generate ultrasonic waves for tissue warming, a
transducer containing piezoelectric crystals is required.
Piezoelectric crystals are found in Nature or can be artifi-
cially grown. Quartz and synthetic ferroelectric ceramics
(e.g., lead metanobiate, lead zirconate, and titanates of
barium) all have strong piezoelectric properties (8). The
ceramic most commonly used in the fabrication of ultra-
sound transducers is synthetic plumbium zirconium
titante (PZT). Transducers are manufactured by applying
an external voltage to these ferroelectric materials to
orient their internal dipole structure. They are then cooled
to permanently maintain their dipole orientation. Finally,
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they are cut into any desired shape, such as spherical bowls
for focused ultrasonic fields (3,8). Ultrasound transducers
have electrodes attached to the front and back for applica-
tion and detection of electrical fields. With the application
of an alternating electrical field parallel to the surface of
piezoelectric material, the crystals will contract and
vibrate for a short time with their resonant frequency.
The frequency at which the transducer is able to vibrate
is indirectly proportional to its thickness; higher frequen-
cies are a result of thinner transducers, lower frequencies a
result of thicker transducers (8).

Piezoelectric crystals are able to contract or expand
when an electrical field is applied to them because dipoles
within the crystal lattice will realign themselves as a result
of attractive and repulsive forces causing a change in
physical dimension of the material in the order of nan-
ometers (electrostriction or reverse piezoelectric effect).
When echos are received, the ultrasound waves will com-
press and expand the crystals (8). This mechanical stress
causes the dipoles to realign on the crystal surface creating
a net charge (piezoelectric effect) (Fig. 1).

Transducers function optimally when there is broad
bandwidth in the frequency domain and short impulse
response in the time domain. Also, when there is little
electroacoustical conversion inefficiency, and little mis-
match between the electrical impedances of the generator
and the transducer (3,9). A transducer’s ability to transmit
energy is dependent on the characteristics of acoustic impe-
dances and its contact medium. Both the density of the
material and propagation velocity of ultrasound waves will
determine its impedance. When both impedances match,
then less energy is lost through reflection back into the
transducer. For example, at the interface between air and
the transducer, most of the energy will be reflected back to
the transducer and will travel to the opposite direction
because air has ~16 times less impedance than the trans-
ducer. If the transducer is a half wavelength in thickness,
the reflected wave arrives at the opposite surface in phase
with the direction of its motion and can then be transmitted
into the medium. Since the efficiency at which a transducer
transmits energy has a direct relationship to the degree of
impedance match, efficiency can be increased significantly
by adding an impedance matching layer of a quarter wave-
length thickness, subsequently making the characteristic
impedance equal to the geometric average of those of the
transducer and the loading medium (3,8).

RADIATION FIELD OF ULTRASONIC TRANSDUCERS

The radiation field of an ultrasonic transducer depends on its
physical properties and the transmission characteristics of
the medium through which it will pass. Conventional planar
transducers create a nonfocused field, whereas some mod-
ifications to the same transducer can create a focused field.

NONFOCUSED FIELDS

Planar Transducers

Ultrasonic waves that are radiated from the transducer
surface can be described as a tightly packed array of
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Figure 1. A piezoelectric compound consists of aligned molecular
dipoles. (a) At equilibrium, the dipoles are arranged in a
configuration that results in a neutral net charge. When the
piezoelectric compound is mechanically stressed (e.g., an
ultrasound wave) the element changes its physical dimensions. At
peak pressure amplitudes, the element will contract. When no stress
is placed upon the element it is in equilibrium. At peak rarefaction,
the element will expand. This realignment of dipoles results in the
production of a net positive or negative surface charge. (b) When an
electrical field is applied to the piezoelectric element the dipoles can
be realigned in response to attractive or repulsion forces. This
rearrangement results in either expansion or contraction of the
element. In the absence of an applied electrical field the element
is in equilibrium and has a neutral net charge. (Published with the
permission from Ref. 8).

separate point sources of sound energy (Fig. 2a). Each of
these points emits a spherical wavelet (Fig. 3). These
waves interact both constructively and destructively
creating a diffraction pattern. Any point in the medium
is a compilation of all the sources that reach that target at
that period of time. This diffraction pattern can be calcu-
lated using Huygen’s principle. Two separate transducers
whose emission fields interact in the same media are
subject to the same laws of construction and destruction.
Planar transducers operating in continuous wave mode
are shown in (Fig. 2). In the Fresnel zone or the near field,
the beam energy distribution is collimated, which is a
result of the many destructive and constructive inter-
actions of the spherical wavelets (Figs. 2¢ and 3). The
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Figure 2. A planar transducer operating in a continuous wave
mode. (a) The envelope containing almost all of the ultrasonic
energy. (b) The relative intensity of the ultrasonic beam along a
central axis. The intensity across the field fluctuates greatly at
small distances from the surface of the transducer. At greater
distances along the central axis the intensity distribution across
the field stabilizes and deteriorates with beam divergence. (c) Ring
diagrams illustrating the energy distribution at positions
indicated in (b). In the near field, the ring beam pattern is
collimated, but at greater distances from the transducer surface
the beam diverges. (Published with permission from Ref. 3).

beam path is a function of the dimension of the active
part of the transducer surface, thus the beam diameter
that is converging at the end of the near field is appro-
ximately one-half of the size of transducer diameter.
The intensity and pressure amplitudes fluctuate greatly
at small distances from the surface transducer (Fig. 2b).
As the distance from the transducer surface increases,
the beam path diverges (Fig. 2c and 3). In large diameter,
high frequency transducers, there is less beam diver-
gence in the far field. After a certain distance from the
transducer surface, the intensity stabilizes; however,
intensity along the axis deteriorates along with beam
divergence (Fig. 2b). Circular, square, and rectangular
transducers have similar fields; albeit, circular trans-
ducers have more pronounced fluctuations of intensity
in the near field (3,8).

Constructive and destructive interference
~—patterns confine beam in the near field

/
Far field

T

Near field
Direction of beam

Figure 3. Ultrasonic waves that are radiated from the trans-
ducer surface are described as a tightly packed array of separate
point sources. Each of these points radiates a spherical wavelet
(Huygen’s principle). These spherical wavelets will interact con-
structively and destructively. In the near field, these interactions
resultin a convergent beam pattern. In the far field, the beam pattern
diverges. (Published with permission from Ref. 8).



FOCUSED FIELDS

Single-Element Transducers

When an ultrasonic wave travels through different media,
the laws of geometric optics can be applied. Ultrasonic
waves can be reflected, refracted, and scattered. When
there is a high degree of impedance mismatch between
the generator and transducer, ultrasonic waves will be
reflected back into the transducer. The angle of reflection
is equal to the angle of impedance, much like that of a
mirror. Single element transducers can be focused by using
a curved acoustic lens or a curved piezoelectric element (8).
When an ultrasonic wave goes through two media with
different propagation velocities there is a certain degree of
refraction. Ultrasonic propagation through water is
1500 m-s~ L. In order to focus the ultrasound field, a lens
of plastic (e.g., polystyrene), which has a higher propagation
velocity, is placed between the transducer and the water
media; these converging lenses are then concave to the
water media and at plane with the transducer interface.
In an unfocused transducer, the focal length is directly
proportional to the transducer frequency and diameter. In
a focused single element transducer, the focal distance is
brought closer to the transducer surface. The focal distance
is defined as the distance between the transducer surface
and the portion of the beam that is narrowest. The focal
zone, which is the area of best lateral resolution, is defined
as the area at which the width of the beam is less than two
times the width at the focal distance (3,8) (Fig. 4). The
focal zone is dependent on the aperture and the wave-
length of the ultrasound. The focal area through which
84% of the ultrasound passes is two to four wavelengths in
hyperthermia systems. With ultrasonic transducers, the
intensity distribution dimensions are a function of fre-
quency and aperture. Therefore, the larger the aperture,
the shorter the focal region, the higher the frequency and
the smaller the diameter of the beam (Fig. 5). Ceramic
curved bowl-shaped transducers, while more efficient
than a lens, do not have the versatility of a lens. Once
a ceramic bowl is fabricated, the focal length is set. Lenses
can be interchanged creating a variety of focal lengths
with one transducer (8).

Focal zone

Curved element

Figure 4. The focal zone is the area of optimal lateral resolution.
The use of a curved element or an acoustic lens allows the focal
distance to be brought closer to the transducer surface. The use of
a curved element decreases the beam diameter at the focal
distance and increases the angle of beam divergence far field.
The focal zone, which is the are of best lateral resolution, is
defined as the area at which the width of the beam is less than
two times the width at the focal distance. (Published with
permission from Ref. 8).
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Figure 5. The intensity distribution in the focus of an ultrasound
transducer. The diameter and the length are a function of
frequency. The lower the frequency, the larger the diameter,
and the smaller the aperture, the longer the focal region.
(Published with permission from Ref. 3).

Multielement Transducers

Linear array transducers contain 256-512 narrow piezo-
electric elements. They produce a beam by firing a portion
of the total number of elements as a group. If a single
element were fired the beam pattern would be divergent in
the near field. By firing a group of elements, it is possible to
focus and converge the beam. All the individual beams
interact both constructively and destructively to produce a
collimated beam. A phase array transducer is composed of
64—128 elements. The ultrasound beam can be steered and
focused without moving the transducer by electrically
activating the separate elements on the transducer surface
at slightly different times (8).
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Table 1. Acoustic Impedance®

Tissue Z, rayls

Air 0.0004 x 108
Lung 0.18 x 10°
Fat 1.34 x 108
water 1.48 x 10°
Kidney 1.63 x 108
Blood 1.65 x 10°
Liver 1.65 x 108
Muscle 1.71 x 108
Skull bone 7.8 x 108

“Measured in rayls. z = pc (z = impedance,
p = sound pressure, ¢ = speed of sound), for
air, water, and selected tissues. (Published
with permission from Ref. (8).

PROPAGATION OF ULTRASOUND IN BIOLOGICAL
TISSUES

The journey of an ultrasound wave through human tissue
is sometimes arduous. As the waves propagate through
different biological media, they are subject to reflection,
refraction, scattering, and absorption (8). When there is a
difference in acoustic impedance between the boundaries of
two tissues, reflection occurs (Table 1). There is 100%
reflection at the air—skin interface. However, if a coupling
medium (e.g., gel) is used, reflection is reduced to 0.1%.
When the beam is not perpendicular to tissue boundary,
the transmitted ultrasound energy undergoes a change in
direction at the boundary; this directional change is termed
refraction. As waves propagate through tissue they must
overcome internal friction resulting in a loss of energy. The
mechanical energy that is lost is converted to heat, which is
termed absorption. At higher frequencies, ultrasonic waves
move quicker, thus forcing the molecules to move against
each other creating friction. The more these molecules
move, the more energy is consumed or absorbed, and
subsequently will be converted to heat. The speed at which
the ultrasonic wave travels is dependent on the arrange-
ment of the molecules. If they are densely arranged, they
will collide sooner when they are exposed to a stimulus, and
will lose energy quickly and at shorter distances. Ultra-
sonic waves can travel through the skin without much
absorption until they reach tissues with high collagen
content, (e.g., bone, periosteum, ligaments, capsules, fas-
cia, and tendons). Ultrasonic waves travel through most
solid tissues at a speed of 1500—1600 m-s L. Its velocity in
fat and postmenopausal breast tissue may be as low as
1450 m-s~! and the lens of the eye ~1600 m-s™'. As a
general rule, ultrasonic waves move through soft tissue
with relatively little reflection or refraction (3,8) (Table 2).

Ultrasonic speed through bone is ~4080 m-s~'. Bone
easily absorbs ultrasonic energy and reflects it to tissues
that are located at the bone-tissue interface. Since bone
absorbs ultrasonic energy so readily, it heats up very
quickly, consequently making it harder to control tempera-
ture. Thus, bone and its immediate surrounding tissue
were once considered problematic for therapeutic use of
ultrasonic hyperthermia (3,8). Nevertheless, in a recent
study, Moros et al. noted that the presence of underlying

Table 2. Density and Speed of Sound in Tissues and
Materials for Medical Ultrasound.”

Material Density, kg-m ™3 ¢, ms! ¢, mm-s !
Air 1.2 330 0.33
Lung 300 600 0.60
Fat 924 1450 1.45
water 1000 1480 1.48
Soft tissue 1050 1540 1.54
Kidney 1041 1565 1.57
Blood 1058 1560 1.56
Liver 1061 1555 1.55
Muscle 1068 1600 1.60
Skull bone 1912 4080 4.08
PZT® 7500 4000 4.00

“Published with permission from Ref. 8.
®PZT, lead cisconate .inanate

bone in superficial unfocused ultrasound hyperthermia
could actually be exploited to induce more uniform and
enhanced temperature distributions in superficial target
volumes. In particular, they have shown that the presence
of bone in superficial target volumes enhances temperature
elevation not only by additional direct power deposition
from acoustic reflection, but also from thermal diffusion
from the underlying bone (10).

The intensity at which an ultrasonic beam is trans-
mitted has an effect on target tissue temperature. Intensity
is defined as the amount of power per unit area. Doubling
the amount of power used will result in quadrupling the
intensity. Ultrasonic waves will lose intensity as they
propagate further into the tissue. The attenuation coeffi-
cient is the relative intensity loss per centimeter of travel in
a given medium (Table 3). Beam divergence, absorption,
and scattering will also cause a loss in intensity of the
propagating beam. The absorption coefficient of the tissue
being exposed to us determines the target temperature
that tissue will reach. The absorption coefficient is depen-
dent on the density of the tissue and will linearly increase
at higher frequencies. The absorption coefficient in soft
tissue is 4-10 times lower than that of bone, and therefore
bone heats more quickly (3). At short exposure times (e.g.,
< 0.1 s), temperature and intensity are directly propor-

Table 3. Attenuation Coefficients for Selected Tissues at
1 MHz.“

Tissue Attenuation Coefficient
Composition 1 MHz beam, dB-cm !

Water 0.0002

Blood 0.18

Soft tissues 0.3-0.8

Brain 0.3-0.5

Liver 0.4-0.7

Fat 0.5-1.8

Smooth muscle 0.2-0.6

Tendon 0.9-1.1

Bone, cortical 13-26

Lung 40

“Published with permission from Ref. 8.



tional. However, as the time intervals increase, other
factors in addition to intensity, (e.g., blood perfusion), must
be considered. An approximate estimate of the ultrasonic
energy requirements for heating a target volume to ther-
apeutic temperature depends on assessing thermophysical
properties of that tissue, intensity of the ultrasound beam,
ultrasonic absorption coefficient, and additional factors
(e.g., blood circulation to target tissue) (3,8,11). The ther-
mal index is defined as the ratio of acoustic power created
by the transducer to raise the target area by 1 °C. This is
calculated by using an algorithm that takes into account
the ultrasonic frequency, beam area, and the acoustic
power output of the transducer (8).

Ultrasonic waves act on tissues thermally and mechani-
cally. Mechanical effects on tissues via ultrasound include
acoustic torque, acoustic streaming, radiation force, stable
cavitation, and unstable cavitation (11). Any object situ-
ated within an acoustic field will be subject to acoustic
pressure and acoustic force. Acoustic pressure in a stand-
ing wave field is inversely proportional to velocity. Acoustic
torque results from variations in the acoustic field, which
can be described as a time-independent twisting action.
Acoustic torque causes a rotational movement of cells and
intracellular organelles in the medium. Acoustic streaming
describes the movement of fluid in an ultrasonic field. The
compression phase of an ultrasonic wave deforms tissue
molecules. Radiation force affects gas bubbles that are in
the tissue fluids. Negative pressure induces the bubbles
originally dissolved in the medium to fall out of solution.
With positive and negative pressure wave fluctuations,
these bubbles expand and contract without reaching cri-
tical size (stable cavitation). Unstable cavitation occurs
when bubbles collapse violently under pressure after grow-
ing to critical size due to excessive energy accumulation.
This implosion produces large, brief local pressure and
temperature release, as well as causing the release of free
radicals. Organs that are air-filled, (e.g., the lungs or
intestines), are subject to greater chance of unstable cavi-
tation. Unstable cavitation is somewhat random, and as
such it may lead to uncontrollable tissue destruction (8,11).
Bubble growth can be limited by low intensity, high fre-
quency, and pulsed ultrasound. Higher frequency means
shorter cycle duration so time for bubble growth is regu-
lated. Pulsed ultrasound restricts the number of successive
growth cycles and allows the bubble to regain its initial size
during the off period. The mechanical index estimates the
possibility of cavitation occurrence. The mechanical index
is directly proportional to peak rarefaction pressure, and
inversely proportional to the square root of the ultrasound
frequency (8).

MEDICAL APPLICATIONS OF CONVENTIONAL
HYPERTHERMIA

Ultrasound as a heating modality has been used in
several different medical fields. It is used in treating
sprains, bursitis, joint inflammation, cardiac ablations,
and in gynecology. However, the main area conventional
hyperthermia is currently used is in oncology. The use of
conventional hyperthermia as an oncologic treatment is
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supported by a plethora of studies that demonstrate that
heat on cell lines and on animal tumor transplant models
can result in tumor regression; however, it is rarely used
alone because its efficacy is greatly potentiated in com-
bination with radiation or chemotherapy. Conventional
hyperthermia treatments elevate target tissue tempera-
tures to 42-46 °C (12). Treatment times are usually
between 30 and 60 min. Treatment applications are
administered once or twice a week and are applied in
conjunction with or not long after radiation. In all of the
recent phase III trials, a sequential delivery scheme was
used. This means that radiation and hyperthermia were
administered separately, with radiation preceding
hyperthermia treatments (13). Tumoricidal effects in
vivo are achieved at temperatures between 40 and
44 °C (5). Large tumors often have an inadequate blood
supply and resultantly, have difficulty meeting their
requirements for oxygen and nutrients. This situation
creates a hypoxic environment that is low in pH (2-3)
(3,5,14). When tumor cells are heated to therapeutic
temperatures, their cellular metabolic processes are
accelerated, thereby further increasing the demands
for oxygen and nutrients in an already depleted envir-
onment. Most tumor cells are unable to reproduce in this
hostile environment, resulting in termination of tumor
growth and shrinkage of the tumor (5,15). In tempera-
tures > 40 °C, protein denaturation has been observed as
the main mechanism of cellular death. Widespread pro-
tein denaturation results in structural changes in the
cytoskeleton and the cell membrane, and in enzymes that
are necessary for deoxyribonucleic acid (DNA) synthesis,
cellular division, and cellular repair (5). Hyperthermic
efficacy is a function of temperature and exposure time.
To quantify, at temperatures > 42.5— 43 °C, the exposure
time can be halved with each 1 ° temperature increase to
give an equivalent cell kill (5,16). Healthy tissues remain
undamaged at temperatures of 44 °C for a 1 h duration
(5,17). The exceptions are central nervous tissues, which
suffer irreversible damage after being exposed to heat at
temperatures ranging from 42 to 42.5 °C for >40—60 min
(5,18). Peripheral nervous tissue that has been treated
for > 30 min at 44 °C or an equivalent dose results in
temporary functional loss that is reversed in 4 weeks
(5,19). Therefore, since a small difference in temperature
produces a large difference in the amount of cells killed,
it is important to be able to have good control on the site
and duration of heat delivery to reduce the damage to
surrounding healthy tissue.

RADIATION COUPLED WITH CONVENTIONAL
HYPERTHERMIA

While hyperthermia independently has been found to have
antitumor effects, its efficacy is greatly potentiated when
coupled with radiation. Cells that are in a low pH hypoxic
environments, those that are in the S or M phases of cell
division, and those that are malnourished are relatively
resistant to radiation (5,7). Hyperthermia increases
radiation damage and prevents cellular repair of damaged
DNA (5,16). Hyperthermia increases blood perfusion via
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vasodilation which results in increased oxygenation, thus
allowing increased radiosensitivity (5,7,16). Response
rates with hyperthermia alone are ~15%, with radiother-
apy ~35%, with combined radiotherapy, and hyperthermia
~T70% (20). There have been many U.S. and European
clinical trials that support substantial improvement in
patients who have been treated with a combination of
radiation and hyperthermia. Examples of some recent
trials include randomized multiinstitutional phase III
trials for treating melanoma (20,21), glioblastoma multi-
forme (20,22), chest wall recurrence of breast cancer
(20,23), head and neck cancer (20,24,25), head and neck
in superficial measurable tumors (20,26,27), in various
recurrent persistent tumors (20,28), cervical cancer (29),
uterine cancer (30) and in locally advanced pelvic tumors
(20,31) (Table 4). Trial success rates were very dependent
on the uniformity of temperature delivery. In the past,
trials had often provided mediocre results because
temperatures were ~1-1.5 °C too low and consequently
not able achieve adequate tumoricidal levels (7). It is often
difficult to uniformly heat larger tumor (3,7). When radia-
tion and hyperthermia are used simultaneously excellent
radiation delivery is achieved, often resulting in tumor
regression; however, its delivery is equally as toxic to
healthy cells that necessitate the need for a very precise
delivery system.

CHEMOTHERAPY IN CONJUNCTION WITH
CONVENTIONAL HYPERTHERMIA

Chemotherapeutic efficacy is enhanced by hyperthermia
(5,20,34,35) (Table 5). As areas are heated, perfusion is
increased, thus allowing an increase in drug concentra-
tions in areas of the tumor that are poorly vascularized,
increased intracellular drug uptake, and enhanced DNA
damage. Drugs (e.g., mitomycin C, nitrosureas, cisplatin,
doxorubicin, and mitoxantrone) are subject to less drug
resistance when used with heat. The synergistic effect of
chemotherapy and hyperthermia was demonstrated in
virtually all cell lines treated at temperatures >40 °C for
alkylating drugs, nitroureas, and platin analogs dependent
on exposure time and temperature. Chemotherapeutic
agents can be revved up 1.2-10 times with the addition
of heat (5). In vivo, experiments showed improvement
when doxorubicin and mitoxantrone were combined with
hyperthermia. However, antimetabolites vinblastine, vin-
cristine, and etoposide did not show improvement with the
addition of hyperthermia. In animal studies, increased
toxicities were seen in skin (cyclophosphamide, bleomycin),
heart (doxorubicin), kidney (cisplatin, with a core tempera-
ture >41 °C), urinary tract (carmustine, with core tem-
peratures >41 °C), and bone marrow (alkylating agents
and nitroureas) (5,34). Lethal toxicity was enhanced when
systemic hyperthermia was applied in combination with
cyclophosphamide, methyl-CCNU, and carmustine (5). The
success of hyperthermia and chemotherapy combinations
depends on the temperature increase in the organs for
which the drug is used and its subsequent toxicity, all of
which are can be influenced by the accuracy of the heating
device and the operator.

MODES OF CONVENTIONAL HYPERTHERMIA
APPLICATION

Externally Applied Techniques

In the past, single planar transducers were used to apply
local heat. A disk shaped piezoelectric transducer (range
from 0.3-6.0 MHz in frequency and up to 16 cm in dia-
meter) is mounted above a chamber of cooled degassed
water. This device has a coupling chamber which allows
water to circulate (3) (Fig. 6). It is coupled to the body via a
plastic or latex membrane. Unfortunately, these types of
devices are unable to achieve homogenous therapeutic
thermal levels. The reason is that this system uses an
unfocused energy source. When an unfocused energy
source is applied to the skin, the intensity and the tem-
perature will be the highest at the contact point and will
subsequently lose intensity as it travels deeper into the
tissue. However, by cooling the skin, the “hot spot” is
shifted to the subcutaneous fatty tissue that is poorly
vascularized. Fat is an insulator and as a result much
energy is conserved rather than lost. Furthermore, cooling
the skin will produce vasoconstriction which conserves
even more heat and facilitates the heating of deeper tissues
(3) (Figs. 7, 8a and b). However, even with this strategy
adequate temperatures could not be reached. The reason
for this is that large tumors often consist of three zones, a
central necrotic core, an intermediate zone that is normally
perfused, and a marginal zone that has a greater number of
vessels due to proliferation induced angiogenesis. Due to
the abundance of vasculature on the marginal surface,
much heat is dissipated to the surrounding tissue. The
relatively avascular center will heat to a higher tempera-
ture than the marginal or intermediate zone because there
is little dissipation of heat, creating hot spots (Fig. 9) (7,54).
Thus, it is not possible to therapeutically heat a tumor with
a single planar source. This theory is substantiated by a
significant number of clinical trials (7,55-61). Most trials
reported that patients had some difficulty with dose-
limiting pain, extensive central tumor necrosis, blistering,
and ulceration (7). Conversely, a focused ultrasound source
localizes energy within the tumor volume while sparing the
surrounding tissue (Fig. 10). The use of a focused beam
allows for homogenous heating and higher intensity which
allows the generation of greater temperatures within the
target area. Attenuation and beam divergence cause rapid
deterioration of intensity beyond the focal zone (3) (Fig. 11
a and b). Focused ultrasound sources overcome some of the
limitations of planar heating. Focusing allows for control-
ling the amount of heat that is delivered to the poorly
perfused areas thus limiting hot spots and some of the side
effects. For a heating system to be successful clinically on a
large scale, it must account for geometric and dimensional
variations of target tissue, possess the ability to heat the
sites that need it, and avoid side effects and complications
as much as possible (3).

Technological advances in hyperthermia devices have
paved the way for better therapeutic options. The use of
mosaics or separately controlled transducers allowed bet-
ter spatial and temperature control to target bulky irre-
gularly shaped tumors. The multielement planar
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Reference/ Results of Results of Significance
name of No. of Type of Control Arm Hyperthermia of Results
trial Tumor Entity (stage)  Type of Trial = Patients = Hyperthermia (RT only)* Arm (RT+HT)* (p<0.05)

(26,32) Head and neck Prospective 106 Superficial 34% CR 34% CR —
RTOG (superficial measurable randomized (915 MHz

tumor) multicenter microwave)
(25) Head and neck untreated  Prospective 65 Superficial 32% DR 55% CR +
locoregional tumor randomized (27-12 MHz
microwave)
19% DFS at 33% DFS +
1.5 years at 1.5 years
(24,33) Head and neck Prospective 41 Superficial 41% CR 83% CR +
(N3locoregional tumor) randomized (280 MHz
microwave)
24% LRFS 68% LRFS +
0% OS at 53% OS at +
5 years 5 years
(21) ESHO-3 Melanoma (skin Prospective 70 Superficial 35% CR 62% CR +
metastases or recurrent randomized (various
skin lesions) Multicenter techniques)
28% LRFS at  46% LRFS at +
5 years 5 years
(23) MRC/ Breast cancer (local Randomized 306 Superficial 41% CR 59% CR +
ESHO-5 recurrences or inoperable  multicenter (various
primary lesions) techniques)
ca. 30% LRFS  ca. 50% LRFS +
ca. 40% AS ca. 40% AS at -
at 2 years 2 years
(31) Rectal cancer Prospective 143 Deep regional 15% CR 21% CR —
randomized HT (various
multicenter techniques)
22% OS at 13% OS at —
3 years 3 years
Bladder cancer 101 51% CR 73% CR +
22% OS at 28% OS at -
3 years 3 years
Cervical cancer 114 57% CR 83% CR +
27% OS at 51% OS at +
3 years 3 years
(28) Various (recurrent or Prospective 174 Interstitial HT 54% CR 57% CR —
progressive lesions) randomized (300-2450 MHz
multicenter microwave
or RF)
34% OS at 35% OS at
2 years 2 years
(25) Gioblastoma Prospective 79 Interstitial HT 15% OS at 31% OS at —+
(postoperative) randomized 2 years 2 years
(29) Stage I1IB Prospective 40 Deep regional 50% CR 80% CR +
uterine cervix randomized HT
45% CR at 79.7% CR at
3 years 3 years

27 Superficial tumors Prospective 122 EM 42.3% CR 66.1% CR —+

randomized

(30) Uterine cervical Prospective 110 RF 68.5% CR 73.2% CR +

randomized
multicenter

“AS = actuarial survival; CR = complete remission; DFS = disease free survival, HT = hyperthermia; LRFS = local relapse free survival; OS = overall
survival; RF = radio frequency electric currents; RT = radiotherapy. (Published with permission from Ref 20).

ultrasound applicators met these demands and are capable
of treating tumors at depths up to 8 cm. The multisector
applicator allows for heating to the edge of the aperture
and the acoustic beams are nondiverging in the near field,

thus allowing large tumor heating with lateral measure-
ments of 15 x 15 cm. Each of these 16 sectors can be varied
from 0 to 100% power to uniformly heat across the tumor. If
an area of the tumor is too difficult to treat, more energy
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Table 5. Hyperthermia and Chemotherapy Clinical Trials

Type of No. of Type of Type of
Reference Tumor Entity Trial Patients Hyperthermia® Chemotherapy® Results®
(36) Oesophagus Phase 1T 32 localHT/ CDDP + Bleo + 8 CR/13 PR
cancer Endoluminal MW Cyc (65% RR)
(preoperative)
37 Oesophagus Phase IIT 20 localHT/ CDDP + Bleo 1 CR/5 PR/4 MR
cancer Endoradiotherm (50% RR);
(preoperative) FHR (41.2%)
20 Control CDDP + Bleo 0CR/5 PR/0 MR
(25% RR);
FHR (18.8%)
(38) Stomach cancer Phase I1 33 RHT/thermotron Mitomycin + 5FU 3CR + 10 PR
(39% RR)
pancreatic cancer 22 8 MHz Mitomycin + 5FU 3CR +5PR
(36% RR)
(39) Pancreatic cancer Phase II 77 RHT 13.5 MHz Mitomycin + 5FU +/ 27..3% survival
- immunostimulation at 1 year
(40,41) Sarcomas Phase II 38 RHT/BSD 1000 VP16 + IFO 6 pCR + 4PR + 4FHR
(pretreated with (RHT 86) 60-110 MHz (37% RR)
chemotherapy)
Follow-up 65 VP16 + IFO 9pCR + 4PR + 8FHR
(32% RR)
(42,43) High risk soft Phase II 59 RHT/BSD 2000 VP16 + IFO + ADR  ICR/6pCR + 8PR + 13 MR
tissue sarcomas (RHT 91) 80-110 MHz (47%)
0OS: 46% at 5 years
(44) High risk soft Phase III 112 RHT/BSD 2000 VP16 + IFO + ADR (08/00)
tissue sarcoma (EORTC 80-110 MHz
62961) (randomized)
(45) Soft tissue Phase II 55 ILP with HT TNF + IFN + L-PAM 10CR/35PR (82% RR)
sarcoma
(46) Sarcoma/ Phase I/I1 19 WBH IFO + CBDCA 6PR (32% RR)
teratomas
(metastatic)
47 Sarcoma Phase II 12 WBH IFO + CBDCA + VP16 7PR (58% RR)
(metastatic)
(48) Refractory Phase I 16 WBH L-PAM ICR/2PR (19% PR)
cancers (Aquatherm) (dose-escalation)
(advanced or
metastatic)
(49) Pediatric Phase II 34 RHT/BSD 2000 V16 + IFO + CBDCA 12 NED
sarcomas 80-110 MHz (‘best response’)/
7 CR Duration:
7-64 months
(50) Pediatric Phase II 10 RHT/BSD 2000 CDDP + VP16 + IFO 5CR + 2PR
nontesticular 80-110 MHz (=PEI) (70% RR) Six
germ cell patients alive
tumours without evidence
of tumour
(10-33 months)
(51) Cervical cancer Phase II 23 RHT/array-system CDDP (weekly) 2pCR/ICR + 9PR
(recurrences) 70 MHz (52% RR)
(52) Rectal cancer Phase I1 27 Intraoperative ITHP Mitomycin C 3 LR
(Dukes C 35 Control Mitomycin C 13LR
preoperative)
(53) Metastatic Sarcoma  Phase II 108 whole body IFO/CBDCA/VP16 68% success at 1 year
Hyperthermia

“P = intraoperitoneal hyperthermic perfusion; WBH = whole body hyperthermia; 5FU = 5-flurouracil; VP16 = etoposide; IFO = ifosfamide;

ADR = Adriamycin = Doxorubin; CDDP = Cisplatin; CBDCA = Carboplatin; Bleo = Bleomycin; L-PAM = Melphan; TNF = tumor necrosis factor alpha;
IFN = interferon gamma; p = pathohistological; RR = response rate; CR = complete remission; PR = partial remission; MR = minor response;

FHR = favorable histological response >75%; LR = local recurrence; NED = no evidence of disease.(Published with permission from Ref. 20).



RF
input Cooling
‘ <«— water
L | outlet
KN < Cooling
channel
~ : N
S on Piezoeletric -~
element
. Cooling
25cm <« Cooling water
baffle / inlet
Latex
? membrane ? < Retaining
- ‘O’ ring

|<— 10 cm —>|

Figure 6. A cross-sectional diagram of a single planar element
hyperthermia applicator. The chamber between the latex mem-
brane and the piezoelectric element contains cooled degassed water.
During local hyperthermia treatment an ultrasonic conducing gel is
applied to the target site that is then coupled to the latex membrane.
(Published with permission from Ref. 3).

can be directed to just that target segment. The tempera-
tures can be adjusted in relation to variations in tempe-
rature distribution due to blood flow, variations in target
tissue morphology, and based on the patient’s comfort
level. These devices have the ability to contour the energy
field to match the tumor outline. These systems generally
have two frequencies: 1 MHz (used to heat 3-6 cm) and
3.4 MHz (used for more superficial 2-3 cm) (7,62). Exam-
ples of heating temperatures for different ultrasound
hyperthermia devices are shown (Table 6). These planar
array systems have been adapted to allow for thermoradia-
tion in conjunction with an external beam radiation (7). An
extended bolus configuration with an internal reflecting
system was created to direct the ultrasound energy into
desired tissue. This configuration allows the ultrasound
transducer to be outside the radiation beam thus prevent-
ing potential interference of the two (7,70).

Another approach to achieving greater spatial control is
to use a larger variety of small transducers in a nonplanar
geometric configuration. This approach has been used in

Plane
wave —>

energy

Figure 7. The pattern of ultrasound delivery via plane wave
radiation targeting a tumor that is located deep within the
tissue. (Published with permission from Ref. 3).
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Figure 8. (a) Ultrasound intensity is greatest at the surface.
Intensity will deteriorate exponentially due to attenuation as the
depth from the surface increases. Published with the permission of
(3). (b) Since temperature and intensity are directly proportional,
temperature will decrease exponentially as depth increases. Cooling
the skin will cause the “hot spot” to shift to the poorly perfused fatty
tissue. (Published with permission from Ref. 3).

treating intact breast with cancer (7,71). The patient lies
prone while the breast is immersed within the water filled
cylindrical applicator (Fig. 12). The cylindrical applicator is
composed of eight rings (each ring is 25 cm in diameter by
1.6 cm in height), with up to 48 transducers (1.5 x1.5 cm
plane transducers), which are interspersed around the

Necrotic/
ischemic core

Tumor

Well-perfused
margin

Figure 9. Temperature distribution in a subcutaneous tumor
by plane wave transducer. The temperature at the necrotic zone is
higher than in the surrounding tissues. (Published with permission
from Ref. 3).
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Focused field

Figure 10. Pattern of radiation with a focused ultrasound beam.
The contoured beam localizes the tumor within the focal area while
sparing the surrounding tissue (Published with permission from
Ref. 3).

ring. The frequency ranges from 1.8 to 2.3 and 4.3-
4.8 MHz. The driving frequency and the power can be
individually selected within each ring, which allows for
better spatial and temperature control. This technique has
not yet reached widespread clinical use (7).

The Scanning Ultrasound Reflector Linear Array Sys-
tem (SURLAS), which may soon be implemented in clinical
practice allows for 3D power distribution while applying
simultaneous external hyperthermia in conjunction with
radiation to superficial areas (7,13,72-77). (Fig. 13). The
SURLAS applicator consists of two parallel opposed ultra-
sound linear arrays that aim their sound waves to a
V-shaped ultrasound reflector that further organizes and
spreads the energy over the scanned target site (7,13). The
two arrays operate at different frequencies (1.9 and 4.9).
This allows for control of penetration depth through the
exploitation of intensity modulation of the two beams (13).
The applicator housing this transducer and the tempera-
ture regulated water bolus are placed on the patient. This
system allows both the radiation and the ultrasonic waves
to enter the patient’s body concurrently. During the scan-
ning interval, power levels and frequencies in each trans-
ducer can be individually regulated, thus allowing for good
control over depth penetration and lateral heating (7).
This system can treat superficial tumors that are
15 x 15 cm in area and with distal margins up to 3 cm
deep (13). However, scan times must be limited to <20 s to
avoid transient temperature variations >1 °C (7,73).

Large superficial tumors ranging from 3 to 4 cm deep
20 x 20 cm in surface area have been successfully treated
with mechanically scanned planar transducers with 2D
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Figure 11. (a) With the use of a focused field, higher intensities
can be achieved in target tissue at a greater depth. (Published with
permission from Ref. (3)). (b) Since temperature and intensity are
directly proportional greater temperatures can also be attained in
target tissue at greater depths. (Published with permission from
Ref. 3).

motion (7,63) (Fig. 14). This approach can be used in
treating tumors in the chest region, which often have a
heterogenous thickness and are situated close to bone.
Once an ultrasound is launched into tissue, it cannot leave
the body; consequently, it will just “bounce” around until it
is completely absorbed. If the ultrasound is absorbed by
bone or nerves, neuropathies and bone necrosis can occur.
Mechanically scanned planar transducer frequencies can
range from 1 to 6 MHz. Accurate spatial control has been
achieved by controlling the operating frequency and

Table 6. Examples of Clinical Temperature and Response Rates of Certain Hyperthermia Systems®

Complete Partial
Number Maximum Minimum Average Response  Response

Device Reference  of Patients Temperature, °C ~ Temperature, °C =~ Temperature, °C Rate, % Rate, %
Scanned ultrasound (63) 5 45.9 41.1

(64) 149 34 36

(65) 72 44.4 40.0 22 40

(66) 17 43.1 39.9 24 70

(67) 15 44 40.4 42.3
Multielement ultrasound (68) 147 42.7 38.5 40.4
Transrectal ultrasound (69) 14 43.2 40.5 42.2

“Published with permission from Ref. 7.
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reflector configuration. (Published with permission from Ref. 7).

applied power levels, as a function of location, to account
for variations of tumor thickness. Separate transducers,
which are driven at different frequencies or by time multi-
plexing the driving frequency of a given transducer
between its fundamental and odd harmonic frequencies,
are able to create a situation that allows control over
penetration depth (7). The penetration depth, as well as
the temperature distribution resulting as a function of
depth, can be controlled online during the scanning by
regulating the frequency amplitude. In the clinical setting,
all these biophysical properties must be coupled with the
patient’s ability to tolerate the treatment to create a func-
tional algorithm (7,63).

Scanned focus ultrasound systems (SFUs) provide the
most flexibility for clinical applications (7,64-67,78,79).
These systems provide the greatest possibility of overcom-
ing the challenges of tissue heating. The SFUs systems
generally use four to six 1 MHz spherically focused trans-
ducers each overlapped so that a common focal zone of
3 mm o.d. to treat deep tissue. This focal zone is mechani-
cally scanned in circular or octagonal patterns within the
tumor at rates of 20-100 mm-s~'. In order to guarantee
that there is a consistency in temperature, scan cycles must
be shorter than 10 s. During scanned focused ultrasound
hyperthermia treatments, temperature distributions can
be controlled by utilizing the measured temperatures to
vary the power output as a function of the location. The
resolution is determined by a variety of thermometry
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Figure 13. A schematic diagram of a multielement low profile
scanning reflector system. (Published with permission from Ref. 7).
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Figure 14. A schematic diagram of mechanically scanned
ultrasound system for superficial hyperthermia. (Published with
permission from Ref. 7).

points, scanning, and computer control speed (7). The
regulation of temperature can be controlled by the clinician
or the computer (7,80).

External applicator systems for hyperthermia have now
been developed that use electrically phased focused trans-
ducer arrays. The advantages of using an electrically
phased focused transducer array is that it allows for better
synthesis of complex beam patterns and the ability to
electronically focus and steer. The 3D complex beam-form-
ing techniques result in higher scanning speeds, smaller
applicators, and better reliability due to more static parts
(7). Examples of electrically phased focused transducer
arrays include concentric ring arrays (7,81), sector-vortex
phased arrays (7,82), spherical and cylindrical arrays
(7,83,84), and tapered phased arrays (7,85).

Intracavitary Techniques

Conventional ultrasonic hyperthermia can be used for
intracavitary applications. This modality can be used to
treat tumors that are situated deep within the body or
with those that situated close to a body cavity. Clinically,
prostrate cancer and benign prostate hyperplasia are the
best suited for this treatment (7). The transrectal appli-
cator consists of one-half cylindrical transducer segments
10-20 mm o.d. x 10 mm long. It is sectored for better
angular control with frequency range of 1.0-1.6 MHz.
The transducers are housed in a plastic head; also, a
temperature regulated degassed water within an extend-
able bolus is attached (7,86—88) (Fig. 15). The heating
energy is emitted radially from the length of each trans-
ducer segment, and the power is applied along the length of
the applicator. This technique is able to heat tissues that
are 3—4 cm deep from the cavity wall. The temperature
controlled water bolus maintains a safe temperature for

1/2 Cylindrical transducer segments
10-20 mm OD x 10 mm long
sectored for angular control
Expandable bolus  frequency=1.0-1.6 MHz

Temperature regulated \ \

Degassed water A
[ | e ) @
T

15. A nonfocused multielement applicator with

Figure
longitudinal and angular power deposition abilities. This device
is used in the treatment of the prostate cancer or BPH. (Published
with permission from Ref. 7).
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Figure 16. Interstitial hyperthermia catheters. (Published with
permission from Ref. 7).

the rectal mucosa. Improved versions of this applicator
have added four sectors on each tubular section for
16 channels total. These devices are being fabricated to
be compatible with MRI guide protocols (7,89).

Interstitial Techniques

Interstitial techniques are used for treating deep-seated
and/or large tumors that are not amenable for surgical
resection. Heating sources are implanted into the tumor,
thus focusing the energy directly to the site. Interstitial
radiation is a standard practice in the treatment of tumors,
therefore incorporating adjuvant heat is a logical progres-
sion to maximizing treatment. There are three basic designs
of interstitial ultrasonic applicators: catheter cooled and
direct coupled that consists of tubular piezoceramic trans-
ducers, and acoustic waveguide antennas (7) (Figs.16a—c).

Multielement ultrasound applicators with catheter
cooling use piezoceramic tubular transducers (1.0-1.5 mm
0.d. x 1020 mm long, with frequency ranging from 7 to
10 MHz) have circulating coolant channels incorporated
within the support structures to allow the applicator to
be sealed in place within closed end implant catheters
(13-14 gauge) (7) (Fig. 16a). These catheters are able to
improve control of radial penetration of heat. In addition, it
has the ability to control longitudinal power deposition
along the length of the applicator (7,90-94). The power to
each tubular transducer can be adjusted to control tissue
temperature along the length of the catheter. The length
and the number of transducers can be selected depending on
the desired temperature and longitudinal resolution. This
feature is very valuable in that it allows adjustability to

tumor geometry variations, blood perfusion variations, and
the variation within the tumor tissue. Another advantage
of this device is that, unlike microwaves and RF hyperther-
mia, the power deposition pattern is not limited by the
length of insertion or whether other catheters are within
the implant. These catheters are more challenging than
others for the operator to use skillfully because it is com-
plicated to control both the electronics and the water cooling.
Also, small transducers are less reliable. However, it is this
complexity that allows for great plasticity in therapeutic
temperature distributions (7).

Direct coupled applicators are used to deliver thermo-
brachy therapy via remote after- loading radiation sources
(Fig. 16b). Larger applicator size limits these catheters to
few clinical treatments. The implant catheter consists of
the transducer and an acoustically compatible housing,
which is biologically and electrically insulated. The
implant catheter usually ranges from 2.2 to 2.5 mm in
diameter. The inner lumen is formed from a catheter that
is compatible with standard brachytherapy and commer-
cial after loaders. The transducers have sensors that are
able to monitor tissue temperature. In order to conserve
size, a water cooling mechanism was not included as part of
the catheter. This device is less efficient because transdu-
cer self-heating increases the wall temperature and thus
reduces radial heating. Therefore, the thermal penetration
is sensitive to acoustic frequency (7,95,96). Some studies
have shown that integrating an air cooling system to this
catheter will allow for better heating penetration (7,95).

The acoustic wave-guide antenna has a minimally inva-
sive 16—24 gauge stainless steel needle that is coupled by a
conical tapered velocity transformer to a piezoceramic disk
transducer (1.3cm o.d. operating at 1 MHz) (7,99)
(Fig. 16¢). The length of the radiating tip can be changed
by adjusting the length of the plastic sleeve by 1-1.5 cm.
The needle diameter size minutely fluctuates due to
Raleigh surface waves propagating from the wave-guide
generating flexural vibrations of the needle portion. Acous-
tic patterns that have been measured demonstrate peaks
and nodes in adjacent tissue along the radiating aperture.
The temperature of the tissue that is radiated matches the
temperature of the radiating antennae. The disadvantages
of this system are that the power output is potentially
limited for larger or more perfused tumors, and it is
difficult to control the longitudinal power deposition (7).
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Figure 17. Schematic of HIFU. (a) Illustrates a formation of a
single lesion. (b) Illustrates a confluent array of lesions required
for a therapeutic effect. (Published with permission from Ref. 98).
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Figure 18. Image of coagulation and liquefied necrosis created
with HIFU in an ex vivo porcine kidney. (Published with permission
from Ref. 108).

A Brief History of HIFU

Using HIFU as an extracorporeal technique of creating
coagulative necrosis was first conceptualized in 1942 by
Drs. Lynn and Putnam (12,98,99) (Fig. 17a). In 1954, Dr.
William Fry was the first to use HIFU to destroy central
nervous tissue in the brains of cats and monkeys
(12,98,100,101). Later, Frank Fry treated patients with
Parkinson’s disease and neuromata (12,98,102). Through-
out the 1950s and 1960s, HIFU research continued,
although it was often plagued with limited success due
to lack of technology (103-106). In 1956, Dr. Burov sug-
gested that HIFU can be implemented in the treatment of
cancer (12,98,107). Since then, the popularity of HIFU has
gradually increased with the advent of better devices and
with the success of its use in vitro and in vivo experi-
mental trials. In current literature, HIFU is categorized
as a high temperature hyperthermia because higher tem-
peratures than those used in conventional hyperthermia
are required to achieve therapeutic goals.

BASIC PRINCIPLES OF HIFU

The concept of HIFU is similar to that of using a magnify-
ing glass to focus the sun’s beams to set fire to some dry
leaves. Only the leaves that are in focus will be set on fire,
the surrounding ones will be spared (12,98). Likewise, if an
ultrasonic beam with sufficient energy is tightly focused, it
can be used to elevate temperatures within a target tissue
resulting in cell death and coagulative necrosis while
sparing the skin and surrounding tissues (98,108)
(Fig. 18). Histologically, there is a sharp demarcation
between the necrotic tissue that was radiated with HIFU
and the healthy surrounding tissue. In the liver, 2 h after
exposure, the cells look normal, however, approximately a
10 cell wide rim of glycogen poor cells can be found. After
48 h, the entire area that was radiated will be dead (109).

During HIFU procedures, tissue temperature >56 °C
are used because at that temperature irreversible cell
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death through coagulative necrosis occurs. The main
mechanism used is coagulative necrosis via thermal
adsorption (110). The other mechanism is cavitation
induced damage that is caused by both thermal and
mechanical properties of the ultrasound wave (110,111).
However, recent studies have been investigating the use of
cavitation to enhance the level of ablation and to reduce
exposure times. It has been proposed that a focused ultra-
sound protocol that induces gas bubbles at the focus will
enhance the ultrasound absorption and ultimately create
larger lesions (110,112). Individual HIFU exposure times
can be as little as 1-3 s, while larger volumes may require
up to 30-60 s. Individual lesions can be linearly complied to
create a clinically relevant lesion (Fig. 17 b). Since indi-
vidual exposure time is quick, issues (e.g., the cooling
effects of blood perfusion) can be considered negligible
(7,98,113,114). Therefore, energy transfer and tempera-
ture elevation in tissue is considered proportional to acous-
tic field energy (100). The lesions are cigar-shaped or
ellipsoid with the long axis parallel to the ultrasonic beam
(12,98). In order to ablate tissue transducer frequency
must be between 0.5 and 10 MHz. The higher the fre-
quency, the narrower and shallower the lesion will be.
The wavelength ranges from 3 to 0.25 mm. The size of
the focal point is determined by the wavelength. Thus, the
transverse diameter of the focus is limited to one wave-
length and the axial diameter is eight times that wave-
length. As a result of this, all generators create a focal size
thatis 10 x 1 mm. The shape of the lesion is determined by
the acoustic properties of the tissue, ultrasound intensity
in conjunction with exposure time, and transducer geome-
try (12). Lesion size is determined by power density at the
focus, pulse duration, and the number of pulses. In order to
create a well-demarcated lesion the intensity must be
>100 W-cm ™2, thus being able to reach temperatures that
are >65 °C in <5 s (11). Focal peak intensities generally
range between 300 and 2000 W-cm ™2 (7). The ultrasonic
waves used in HIFU are generated by piezoelectric ele-
ments. In order to achieve high intensity focus ultrasound
that is able to ablate tissues three techniques have been
found to focus the ultrasound beam: (1). spherical arrange-
ment of piezoelements (Fig. 19), (2) combination of a plane
transducer with an acoustic lens (Fig. 20), (3). cylindrical
piezoelements together with a parabolicreflector (11) (Fig. 21).

CURRENT EXTRACORPOREAL DEVICES, INTRACAVITARY
DEVICES, AND IMAGING

While there are many devices that are used in experimen-
tal trials, few of those are currently used in widespread
clinical practice. The two main categories of HIFU devices
are extracorporeal and transrectal. Extracorporeal devices
have been implemented in experimental trials in many
medical fields. Extracorporeal devices use larger transdu-
cers, lower frequencies, and longer focal lengths than
intracavitary devices (97).

An important factor in clinical application of these
devices is the ability to monitor treatment accurately.
In current practice, this is accomplished either by using
real-time ultrasound (116-118) or MRI (119-122). When
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Figure 19. A single spherically curved focused transducer.
(Published with permission from Ref. 110).

MR is used to guide HIFU treatments, sublesioning ultra-
sound exposures are used to identify the target region, local
rise in temperatures are used to confirm the position of the
ultrasound focus and then higher intensity therapeutic
exposures are used for treatment. Currently, several
groups are using ultrasound surgery systems that utilize
MRI to map temperature elevations online during HIFU
procedures (110,120-122). This technique has been used to
treat breast tumors and uterine fibroids, and these treat-
ments are in the process of being used clinically in several
countries (110,123—-125). The MR can effectively use tem-
perature data to determine the parameter of thermal tissue
damage (110) and is limited in that it is costly, has lower
spin resolution, and because of its technology for producing
MR compatible ultrasound equipment required for HIFU is
lagging.

When ultrasound is used as a guide, the diagnostic
transducer is arranged confocally with the therapeutic
transducer and their relationship is fixed. The position
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Figure 20. A plane transducer with an acoustic lens used for
focusing the ultrasound waves. (Published with permission from
Ref. 115).
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Figure 21. A cylindrical transducer with parabolic reflector.
(Published with permission from Ref. 108).

of the therapeutic focus can be reliably identified on the
diagnostic image. The extent of treatment can be moni-
tored by recording post-treatment gray scale changes on
the diagnostic image (98). Ultrasound as a guide is advan-
tageous in that it is less expensive and is more readily
accessible, it has faster treatment times, compact sized
equipment, and provides a good correlation between
observed ultrasound changes and the region of necrosis
in the tissue. The disadvantage of using ultrasound as a
guide is that image quality is not optimal (98,110,126).
Furthermore, ultrasound waves are obstructed by bone
and air-filled viscera.

MEDICAL APPLICATIONS OF HIFU

Liver Cancer

While hepatocellular carcinoma is frequently encountered in
clinical practice, hepatic metastasis from other primary
sources is much more common. Currently, the only definite
treatment choice for hepatic metastases is surgery, however,
5 year survival rates are only 25-30%. Arterial embolization
is another emerging technique. Therefore, the desire to find a
noninvasive technique is preeminent (98). The Chongging
HAIFU device has been used for a couple of years in China to
treat a variety of tumors, however, adequate data has not yet
been collected (98,127,128) (Fig. 22). The JC-HIFU system
(HAIFU Technology Company, Chongquing, PR China) uses
an extracorporeal transducer that operates at 0.8—-1.6 MHz,
the aperture 12—15 cm, focal length 9-15 cm. It operates at
Isp of 5-15kW-em 2 A diagnostic ultrasound probe
(3.5 MHz) is aligned along the same axis as the therapeutic
transducer. Both the treatment and diagnostic transducers
are placed in a reservoir of degassed water in the center of the
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Figure 22. A Hifu System that is used both clinically and experimentally in the treatment of liver
metastates. (Published with permission from Ref. 128).

treatment table. The degassed water provides acoustic cou-
pling between the patient and the transducer. Horizontal
movement of the transducer is possible along three orthogo-
nal axes of the bed because it is facilitated by the cylindrical
gantry at one end of the table. All movement is controlled by
the adjacent computer terminals (128). In a recent clinical
trial carried out in Churchill Hospital in Oxford, England in
conjunction with Chongqing University of Medical Sciences
in Chongqing China, 11 patients with liver metastases were
treated with the JC-HIFU device. While it is not possible to
have a good statistical analysis with such a small subject pool,
some general observations were made about the safety of this
device. Of the 11 patients treated, 7 out of 11 patients
complained of transient pain and 3 out of 11 complained of
superficial burns. Out of the 7 patients that experienced pain,
oral analgesia brought relief to 6. Burn sites were treated
with ice-packs and aloe gel. Two of the three burn sites were
only millimeters across. One of the burns was 2 x 3 cm and
had healed by the 2 week follow-up period. It appears that
from a safety standpoint the JC-HIFU is a feasible treatment
option for hepatic metastases, however, larger trials will be
needed to determine the true efficacy of the treatment (128).

Another study by Wu et al looked at 55 patients with
hepatocellular carcinoma with cirrhosis. Tumor size ran-
ged 4-14 cm in size with an average size of 8.14 cm.
Patients were classified according to progression of disease:
15 patients had stage II, 16 had stage IIIA, and 24 had
stage ITIC. All patients were treated with an extracorpor-
eal HIFU device similar to the one previously mentioned
for the treatment of liver metastases. The average number
of treatment applications was 1.69. There were no serious
side effects. Imaging following HIFU treatment evaluated
for the absence of tumor vascular supply and shrinkage of
treated lesions. Serum alpha-fetoprotein returned to normal
in 34% of patients. At 6 months, 86.1% of the patients were
still alive, at 12 months 61.5% of the patients were still alive,
and at 18 months 35.3% of the patients were still alive. The
survival rates were the highest in patients who were stage

II. Therefore, this study demonstrated that HIFU is a safe
option in the treatment of hepatocellular carcinoma (129).

Prostate Cancer

Prostate cancer is one of the common types of cancer in
males, and it is frequently the cause of cancer-related
death (130). Since physicians are able to detect prostate
cancer early, there has been an increase in the number of
patients needing treatment. Radical prostatectomy is the
treatment of choice in patients who have organ-confined
disease and a life expectancy of >10 years. Radical pros-
tectectomy offers excellent results 5 and 10 years after the
operation, although there is still risk of morbidity asso-
ciated with the operation, thus precipitating the need for
a noninvasive procedure. Currently, brachytherapy, cryo-
surgery, 3D conformal radiotherapy, and laparoscopic
radical prostatectomy have been implemented with good
results (130,131). However, if a cure is not achieved, these
treatments cannot be repeated and there is high risk of
morbidity associated with salvage radical prostatectomy,
thus necessitating the need for another treatment option.
In 1995, Madersbacher reported that they were able to
destroy the entire tumor within the prostate (98,132). Early
reports showed success rates of controlling local tumors at
50% at 8 months and then approaching 90% in later studies
(98,133,134). In the later years, as clinicians gained more
experience and as technology has improved, treatment of
the entire gland was performed (98,135,136).

A recent report was published that looked at 5 year
results with transrectal high intensity focused ultrasound
in the treatment of localized prostate cancer. One hundred
and forty six patients were treated with Ablatherm device
(EDAP, Lyon, France). The tablespoon-shaped intracavi-
tary applicator contains both a 7.5 MHz retractable ultra-
sound scanner for diagnos<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>