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MICROBIAL CONTROL 

I ..... ~ 

For a number of years we have witnessed an increasing requirement for more 

precise control over the microbial elements in various occupied environments, 

particularily in the medical areas of' concern at this conference. The 

objective of this article is to summarize the broad areas of application ' of 

microbial control and to discuss some advances that have been helpful in solv-

ing control problems. 

General Considerations 

Microbiological contamination is the presence of unwanted microorganisms in 

a specified environment. Control of t he microorganisms requires the ability to 

define the microbial load in the system before and a.:f'ter the control measures 

are appl ied. Control is achieved if the load does not exceed the level estab-

lished as the lowest acceptable limit. Maintenance of control, however, is 

complicated by .the f act that microorganisms in a population may be going through 

simultaneous processes of multiplication and death. AJ.so the environmental 

stability of' microorganisms varies widely, with spores of bact eria-. being the 

most resistant to most inactivating agents . 

Table 1 shows five stages have been identified as helpful in controlling micro-

biological environmental contaminants (Phillips, 1966, p. 105-135). Any accept-

able microbial control program should include these· five stages and at least 

some of the suggested approaches and techniques. 

The control of microbial contamination is emportant in many areas. It is not 

the purpose of this review to draw a dichotomy among these areas. But it is 

evident tha6 the control of contaminants is absolutely necessary to t he success 

of some endeavors, while in others the contr ol is related to efficiency of proc-

essing, the utility of the product, etc. 
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A l ist that illustrates the diverse areas wherein microbial control t echniques 

are used i ncludes: (1) maintenance of other planets as ecologic preserves, 

(2) prevention of possible back contamination from other planets , (3) protection 

of hospital patients during and af't er operative procedures , (4) i solation of 

burned patients and patients under treatment who are Ui"'liquely susceptible to 

environmental microbes, (5) protection of research workers handling known 

infectious disease agents, (6) protection of researchers handling oncogenic 

viruses in studies on t he etiology of leukemia and other cancers , (7) the saf'e 

production, packaging, and distribution of drugs and pharmaceuticals, (8) 

·controlled handling of animals used in research to prevent the spread of zoonoti c 

disease, and (9) safe shipment and transportation of infectious microbial cultures 

and medical specimens. I ri addition to these, microbiological control is of signif

icant i mportance in the fuel, paper, optics, photographic and other industr ies. 

Areas of Advancement 

1. Assessment of Microbial Contamination 

~ -The value of any microbial control effore is limited unless standards are 

G , . , established precribing the criter ia of control. The types of tests 

used to assess microbial contamination includes (l) microbial ai r sampling, 

(2) particle size sampling, (3) surface sampling, (4) surface contamination 

accumulation tests, and (5) tests of the contamination within components 

and between mated surfaces. 

For air sampling, the· Public Health Service Monograph by Wolf et al. 

(1959) entiiiled "Sampling Microbiological Aerosols" is a standard guide 

and should be consulted by anyone doing m:Lcrobiological air sampling. 

This document discusses selection of samplers, methods of particle 

siziRg, and operational methods related to air sampling. A useful 

bibliography- on-air sampler s has b.een prepared by the American 

Association for Contamination Control (Phillips et al., 1965a). Another 
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very useful reference document is the NASA Standard Procedures for 

the Microbiological. Examinatj.on of Space Hardware. 

Favero et al. (1967), described four basic methods for the microbio-

logical sampling of sur:faces. While no single procedure can completely 

characterize the microbial elements on a surface, the rinse technique 

is the most accurate for enumerating viable microorganisms·, while the 

direct surface agar plating technique is the best for enumerating particU-·· 

l ates containing viable microorganisms. In spite of this, however, the 

convenience of other methods, such as the agar contact method, will 

often be the dominant factor in the selection of a sampling method. 

Puleo et al. (1967) recently evaluated ultrasonics for removing viable 

microorganisms from surfaces. Ultrasonics was most useful when removing 

microorganisms from rough sur:faces such as frosted glass. Other re-

cent studies on surface sampling have been those of Hall and Hartnett 

(1964) , Angelotti and Foter (1958) and Vesley (1963). 

Another area of where improvements are evident is in sterilization 

verification procedures. The use of the microorganism kinetics and 

concepts such as the 11D11 value (Bruch, 1966) bas made a real impact on 

the methods used for the assessment of sterility. Statistical calu

lations by a number of researchers ( Knudsen, 1949; Gerwe, 1956; 

Brewer, 1957) have provided data relative to the probability of 

detecting contamination in many "sterilized" nu;i.terials. The 

probalities involved in the detection of low levels of contamination 
, 

in treated lots of medical material have resulted in the wide use of 

positive microbial controls as oiological indicators (Brewer, 1967). 
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The use of biological indicators i s appropriate with any method of 

sterilization, but the methods of preparation of the i ndicators, their 

placement in the sterilizer load, and the assay methods following 

treatment must be caref'ully controlled and standardized. It is begin-

ning to be r ealized that adequate control of sterilization processes 

must be based on a knowledge of the death rate reacM.ons produced by 

t he process employedo Biological i ndicators provide an excellent 

technique for integrating all of the f actors that must be controlled 

during sterilization and sterility testing. :. 

2 . Air Filtration of Microbial Particles 

Means of r emoving microbial particles from air include: (1) air washing, 

(2) air scrubbing, (3) electrostatic precipitation, (4) incineration, 

(5) ultraviolet i rradiation and (6) filtration. Filtration is by far 

t he most efficient and practical for most microbial control 

applications (Decker et al., 1963). 

Recent advances have been ma.de in the types and reliabilities of 

particulate filters and much valuable research has been carried out 

on the filtration of microbial particles. Decker's classification 

of devices for the removal of biological particles from air i s shown 

in Table 2 (Decker et al., 1963). A monograph by Decker et al., 

(1962) entitled "Air Fli.l.tration of Microbial P~icles'! , discussing 

methods of 8.ir cleaning, presents methods for filter evaluation, 
~ 

criteria for filter selection, ·information on filter installation 

and methods for filter decontamination. Recent work by Harstad et al., 

(1967) ha.S confirmed the usef'ulness of microbial filters for submicron 

{,..._ -
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particulates. Decker and Buchanan (1966) have recently discussed 

f ilter applications for the spacecraft sterilization program. The 

development of t hese filters has contributed significantly t o our 

ability to provide i.mproved microbial control in environments. 

3. Decontaminating and Sterilizing Agents. 

There are f our principal means of inactivating microorganisms: (a )heat , 

(b) vapors and gases, (c) l iquid deconta.minants , and (d) r adiation. 

{a ) Heat . 

Heat , either dry or moist , is the most effective method of i nactivating 

microorgani sms . T'ne exposure temperature and t i mes r equired t o 

achieve st erili ty are known and current t exts adequat ely speci fy con-

ditions for t he application of heat f or sterilization . Recent r esearch 

on t he kineti cs of dry heat inact ivation of micr obial spores has empha 

sized l ov1er temperatures for longer exposure t imes for st erilization 

of spacecraft and spacecraft components (Bruch, 1966). The work of 

Pflug (l960), Bruch (1964), and Koesterer (1964) has been 

particulary signi ficant in reachi ng a fuller understanding of the 

parameters of dry-heat sterilization, including the role of the 

activation energies of test micoor ga.nisms and cellular moisture. 

(b) Vapor s and Gases . 

A variety of vapors and gases posses germicidal properties. 

Among these are ethylene orlde. (Phillips, 1957), formaldehyde, 

propylene oxide (Bruch and Koesterer, 1961), beta-propiolactone 

(Hoffman and Warshowsky, 1958), and methyl bromide (Munnecke 

-et alo, 1959). When these chemicals are employed in closed systems 
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and under controlled conditions, excellent decontamination or sterili-

zation can result. 

Ethylene oxide is a pentrating and e:f:fective sterilizing gas, con-

venient to use, versatile, and noncorrosive. This gas quaJ.i:fies for 

classification as a sterilizing agent by virtue of studies demonstrating 

its ability to inactivate mesophilic and thermophilic bacterial spores, 

mold spores, t ubercle bacillus, pathogenic fungi, and an empressive 

list of viruses. As a result of the itrJ:.l?rovements that have been made 

in ethylene oxide chambers, this method is now used for the steriliza-

tion annuaJ.ly by industry of millions of disposable syringes, needles, 

trans:fusion and. infusion sets, suction sets, and other items (Brewer, 

(1967) . 

Formaldehyde and beta~propiolactone are used primarily as decon-

taminants for rooms and building interiors. Formaldehyde, the slower 

acting of' the two, has the undesirable property of condensing, when 

sprayed, .and polymerizing. The polymer, once formed, requires 

long aeration for removal. Beta-propiolactone, in the vapor state, 

is active against bacteria, rickettsiae, and viruses, acts faster than 

:formaldehyde, and does not leave an undesirable residue a.f'ter spraying. 

A deterrent to the use of this chemical, however, is its toxicity. 

Methyl bromide is about one-tenth as active against bacteria as is 

ethylene oxide, and has found its greatest use in soil sterilization, 

especially to eliminate fUngi. 
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P eracetic acid (Barrett, 1959) i s also bactericidal i n the vapor 

sta t e; however, its primary use i s as a liquid decontaminant. It 

h as value fo~ treating enclosures where a vapor as well as a liquid 

is required to sterilize the item. Because peracetic acid is ,corrosive 

to metals, care must be exercised in the selection of materials treated 

with this chemical. 

(c) Liquid Dccontaminants 

There are many mis conceptions about the use of liquid d econtami-

nants due to their character istic capacity to perform d ramatically 

in the test tube and to fail in the p ractical situation. Such failures 

can often be t raced to such factors as temperature, contact, pH, 

concentration, and the presence of organic !Ilaterial. Sma ll varia -

tions in these factors may make large differences in germicidal 

effectiveness . Even when used under highly favorable conditions, 

complete reliance should not b e placed on liquid decontam inants to 

achieve sterility. 

Hundreds· of decontaminants or germicides are available under a 

variety of trade namesr Most, however, may be classified as 

halogen.s, acids or a_lkalies, heavy metal salts, quaternary ammon-

ium compounds_, phenolic compounds", aldehydic compounds, and 

other organic preparations.· None is equally usefu~ or effective 

-under all conditions. 

-- -.. 
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Current texts on decontamination and disinfection contain much 

u seful information on practica l chern.ical dis infection. Phillips et al. 

(19 65b ) h ave presented s everal summary table s suggesting exposure 

times, temperatures, and concentra tion of some comm·only 1.J.Sed 

chemica l s for inactivation of various types 0£ microorganisms. 

( d) Radiation 

Ultraviolet radiation, X-rays, gamma- r ays , high-energy electrons, 

protons, a lpha particles, and neutrons are examples of radiation 

c apable of destroying m ic roorganisms. The most c ommon n1.ethods 

p resently u sed for the steriliza tion of me dical materials are: (1) 

high-energy e l ectrons from a particle accel erator and (2) gamma-

r _adiation from a r a dioactive source. A dosage of around 2. 5 megarads 

u sually i s sufficient to sterilize surgical m a t e rials (S ymposium, 1961 ). 

Irradiation sterilization with gamma-rays or high-energy e l ectrons is 

us ed mostly with packaged goods . 

In certain spe ci£ic applications, g ermicida l ultraviolet (UV) radiation - . 

at 253 7A is an effe ctive means of d econtaminating air and surfaces. 

UV radiation, however, h a s l imited penetrating power and thus is 

most e-¥ective on clean expos ed surfaces or in air. Proper concentra-

tion, contact ti!l"le, and maintenance ~re also critical. Phillips and 

Hane l (1960) have adequate ly described the use of UV for praCtical 

decontaminatiOn applications. 
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4. Developn~ent and Classification of Microbial Barriers 

A microbial barr ier i s a device or system that will prevent the n~igration 

of microorganisr;xis. The objective may be to prevent the outward 

migration of microorganisms from within a barrier or t o prevent the 

inward penetration of microorganims. 

Microbiologica l barriers h ave be e n classified according to their purpose, 

size , and d egree of c ontainment, as s hown i n T abl e 3 {Phillips , · 1966). 

"Purpose" classification, the first method, relates to the " direction'' in 

which p revention of migration of microorganisms is needed. Ge rm-free 

animal b arriers for example prevent microbial contamination from enter-

ing; micr:obiologica l safety b arriers prevent t h e escape of infectious micro-

orgamisms. For such tasks as s pacecraft ster ilization, sterilit y testing , 

and aseptic filling of ampules , the product protection systems are nee ded. 

Occasionally a barrier system is needed that will operate i n b oth directions 

at the s ame timt;! . 

Barriers are also class ifie d according to size. While most systems with 

which ·. I am familiar are of a cabinet size, many large and complex barrier 

rooms or buildings have been proposed for spacecraft sterilizatio n and 

other spe cial purposes . Most employ larpina:r air flow. 

The third method of clas sification relates to the degree of containment. 

Absolute barriers allow no interchange of the p rotected and non~protected 

-environment and seek total containmen t. They usualiy provide for place-

ment of the material or the work to be controlled within a gastight enclosure, 

i:"-----··-- ----···-
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where the work is done through attached arm-length rubber gloves. A 

partial barrier indicates that something less than absolute containment 

i s to be achieved. Open-panel ventilated cabinets and hoods , clean benches, 

specific pathogen-free animal-rearing facilities, bio-clean rooms, laminar 

flow benches, and laminar flow rooms are examples of barriers that pro-

vide less than absolute microbiological containment. 

A number of publications illustrate the various types of microbiological 

barriers. (Gremillion, 1959; Blickman and Lanahan, 196o; Wedum, 1964a; 

Phillips, et a.l., 1965b). A recent article by Phillips (1966) discusses 

sterilization and decontamination agents fo~ use in microbiological barriers 

and presents recommended conditions of use for these agents. 

5. Laminar Air Flow 

The use of l aminar air flow for the purpose of providing increased environ-

mental control and safety is a most significant recent development. In 

laminar air flow equipment the entire body of air within a confined area 

moves with a uniform velocity of 90 + 20 feet per minute along parallel 

lines in a manner so as to produce a minimum of turbulent air patterns. 

Laminar air flow units were first designed in 1961 (Whitfield, 1962 ) and were 

immediately recognized as valuable for controlled environmental work areas 

in the aerospace industry, particularly for high precision electronic com-

ponents where the l sightest trace of dust or particulate contamination could 

cause malfunction. Since this time l aminar flow.devices have found appli-

cation in the' hospital, both in surgical theaters and in patient rooms, in . 
the microbiological assay of space hardware and during the preparation of 
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t issue cultures . L aminar air flow bas f ound wide u se rn sterility testing 

p rocedures and in the production, filling , and packaging of drugs and 

pharmaceutica l s .. Still another u se , i s during the r earing or holding of 

·s pecific-pathogen-free or define d-flora animals or fo r protecting normal 

animals u nder test from zoonotic disease. 

There are three factors tha t influence the contamination of an object. 

The surrounding atmosph ere, the surrounding surfaces and the object1 s 

own surfaces. These factors may be considered as sources that con-

tribute to the ultimate degree of contamination by (1) atmospheric fallout 

or surfa ce depos ition, (2 ) direct con t act and t ransfer , and (3) contamination 

that is. self-generated. The interrelationships of these mechanisms are 

shown graphic a lly in Figure 1. 

Figures 2-9 illustrate the major parameters of laminar air flow by showing 

typical air flow patterns that result f rom various treatments and arrange-

ments. 

Figure 2 shows a bas ic laminar down-flow arrangement in which t he air is 

delivered through HEPA filte'r b anks that cover the entire ceiling of the . 

room. Strea.mlined or mass flow results when the velocity of the air is 

maintained at approximate ly 100 linear feet per minute. 

Figu.r:..e 3 illustrates what can be expected to occur as the velocity of the 

flowing air is re~iuced. Typically, as the energy or push ·of the air is 

reduced, it is no longe.r able to overcome the influence of factors such as 

th_ermal gradients and surface drag· forces that can create turbulence. 

Even though the air may enter the system with a mass flow configuration, 

- ---------- . - -·-·-· - -------- - ---. -- -- --,;· -- --- ... --- .,.... - --. .... 
' .... 
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turbulence as illustrated may be expected at flow r ates below 30 linear 

f eet per minute. 

Figure 4 shows a tYJ?ical exit flow pattern for a down flow unit in which 

there are side openings for air exit. The air exit pattern will depend 

on the relati ve ratio of area a to area b. 

Figure 5 illustrates a configuration that i s used in the MINI BENCH* unit. 

Even though there i s a 90° turn in t he air direction, parallel f low is effect

ively maintained except for an area of low flow near the rear of the unit. 

Figure 6 presents a situation that can result when only a part of the ceiling 

is used to deliver filtered a~r . In this case, although the air may have 

the correct velocity of 100 l i near f eet per minute , the i nterface of this 

air with the other air masses i n the room results in undefined f low patterns. 

Figure 7 illustrates two situations in which there can occur downstream 

turbulence. In t he case of an object such as a light fixture in an air flow 

rate of approximately 100 linear feet per minut e, downstream turbulence 

sill be present for a distance that is roughly three times the diameter of 

the object. It is important to note that at the end of the turbulence area 

the velocity of the air will be zero and that then it will regain its velocity 

in a mass flow pattern . The se·cond situation shows the effect of incom-

plete ceilin~ coverage in creating turbulence close to a vertical surface. 

In this case, as a rough measure, turbulence will be present for about six 

times the distance not covered by air filter s. 

* Becton,Dickinson and Company, Rutherford, N. J. 
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Figure 8 is intended to represent the situation in which there is furniture 

and other "closed" equipment in the laminar air flow room. Here it is 

.important to understand that the upper · surfaces do not represent turbulent 

zones because, with the "pressure" of the mass flow, there is no way in 

which air can move upstream. What actually happens is that the flO'w 

patterns will represent a smooth shortest-path configuration around the 

objects. As the downward flowing air is "crowded" in between objects , 

such as those illustrated, the velocity can be expected to increase. 

Again, this is because upward movement of air is not possible . 

Figure 9 shows a typical flow pattern around a t able where there exists 

an open area beneath. Obviously, there will be severe turbulence below 

the t able, but there will be no opportunity for this turbulence to contribute 

to the contamination of objects on the top of t he table . 

Figures 10 and l l illustrate some typical l aminar air flow units that can 

be used for microbial control. 
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6. Microbiological Laborartory Safety Studies 

'. 
Safety measures to reduce accidental infect i ons among laboratory and 

hospital workers have received considerable attention i n recent years 

(Chatigny, 1961; Sulkin et al., 1963; Albrecht, 1965; Brooksby, 1961; 

Phillips, 1965, Phillips, 1969). A major problem has been that of finding 

what is really important and necessary for pr ovideing adequate microbial 

control. How much emphasis to place on laborator y design (Wedum and 

Phillips, 1964), how much to spend on safet~ equipment (Gremillion , 1959), 

and how much dependence to place on precautionary l aboratory techniques 

(Wedum, 1964b) , are examples. The problem is f urther complicated 

because: (1) with known pathogens the causative l aboratory accident, source, 

or means of infection of personnel is unkown in more than three-quarters 

of the docmnented l aboratory-acquired infections and (2) the potential bio-

hazards of working with oncogenic viruses and t umor materials are largely 

unkown. 

A number of excellent studies on microbiological· safety have been published 

in the past 20 years. Wedum and Kruse (196b, personal communication) 

conducted an exhaustive litera~ure search and study of various indicators 

of risk of acquiring laboratory infections with approximately 130 causative 

agents or diseases. The major indicators of risk in the Wedum-Kruse 

assessment of risk scheme are: (1) t he number of.recorded laboratory

acquired infections and their outcome, (2) estimates of infectious human dose 
, 

levels, (3) the medical pr ophylactic or immunological procedures available, 
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(4) presence of the causative agents in the feces arrl urine of inoculated 

l aboratory animals, (5) regulatory agericy regulations regarding trans

po rtation and use of certain pathogens, and (6 ) instances of the transfer 

of infection to normal cagernate control animal s. 

The means, however, seem to be now at hand for evaluating most labora

t ory biohazards and for prescribing measures to adequately prevent most 

instances of accidental laboratory infection. 

7. Facility Design Concepts 

Adequate and consistent facility design can b e valuable in containing and 

controlling ei::vironmenta l microorganis1ns; indifferent or inconsistent 

arra~gements can complicate or limit efforts to m inimize contamination. 

Microbial control, one objective of good design, c a lls into play any technique, 

equipment, or building feature or combination of these that confines micro

organisms within a specific environ..>nent. A recent book provides_ helpful in

formation on biological containment as it r e lates to facility design {Runkle 

and Phillips, 1969). 

In the early stages of planning a building, a challenging problem is tha t of 

selecting the engineering features that, in relation to the building function 

and the people.doing the work, can best provide the desired control. Features 

commonly u sed for microbial control include: (1) differ ential, increasingly 

negq.tive air pressures as one moves from clean areas to those of greate r 

i_nfectious riskw, (2) .appropriately effective filtration of air from rooms, 

cabinet s , and ventilated cages, (3) room arrangement or layout to achieve 

traffic control a long a clean-contaminated axis, (4) ultraviolet air locks 

and door barriers to separate areas of u nequal risk, (5} tr eatment of con-
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t aminated liquid effluents, (6) change roonl.s and showers for p ersonnel, 

(7) an effective i nter-communica tion systern, (8) ventil ate d cabinets and 

cages t o contain .microbes at their point of us e, and (9) the use of lamina r 

air flow cabinets or rooms for the .isola tion of p a tients or laboratory work. 

The problem is u sually one of deter m ining which of the above items are to 

b e used an d to what extent. To assist in making d e cisions regarding these 

design f eatures, in rela tion to a facility for research with infectious micro-

o rganisms, W edum and Phillips (19 64) sugges t ed 20 policy ques tions whose 

answer s by management would help in determining which control features 

and how much should be neede d . 

. 
In a r ecent publication Phillips and Runkle {19'67) d efine d the functional zones 

in an infe ctious dis ease laboratory. The following five zones and d es ign 

cr iteria applicable to each are dis cussed: clean and transition, research 

area, animal holding and research area, laboratory support, engineering 

support. The magnitude of _the equipment and the design criteria necessary 

to integrate these five zones into an efficient and safe facility are delineated 

in terms of design requirements. The concept of functional zones is recom-

mended in providing microbial control for any type of facility. 

Utilization of Microbial Control Concepts 

As evidence of the applicability and usefulness of the advances and concepts men-

tioned herein, I would like to describe two facilities that . have utilized these concepts: 
, 

(l} the .Emergency Virus Isolation Facility (EVIF} was constructe..d.~ at the 

National Cancer Institute, NIH, Bethesda, Md.,. for research on on.cogenic virus 

and leukemia and, (2) the Lunar Receiving Laboratory at the NASA Manned Space-

c raft Center in Houston, Texas. 
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The Energency Virus I solation Facility (EVIF) 

The EVIF was constructed in conjunction with the Special Virus-Leukemia 

Program of the National Cancer Institute (NCI). A unique aspect of the 

facility is the special attention paid to the possible biohazards of ' working 

with oncogenic viruses and tumor matherials . In support of the design, 

construction, check-out and utilization of the EVIF, the NCI sponsored 

much useful r esearch and development in the technological areas that we 

have been discussing . These developments ·in microbiological environmental 

contr ol are being utilized in the new EVIF facility. 

- The containment features of this facility have been described by Maupin and 

Runkle (1967). · The containment features of the EVIF include differ enti a l air 

pressures, filtration of air from contaminated rooms, cabinets and animal 

cages, air locks and autocl aves , change rooms and showers for personnel, 

and sterilization of liquid effluents. 

Approximately one-third of the facility is an open-bay area for later develop

ment. The idea here is that the development of this space should await a more 

precise valuation of the biohazards of laboratory research with oncogenic 

viruses and concurrent improvements in the state-of-the-art in microbial 

control. 

The Lunar Receiving Laboratory 

Relying on guidance ~rom the Interagency Committee on Back Contamination 

(ICBC) to provide policy directio~ on appropriate measures to be taken in the 

planning of a Lunar Receiving Laboratory, the National Aeronautics and Space 
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Administration has , as you know, completed and used a quarantine station 

to prevent contamination of the earth by lunar material. The ICBC 

includes members from the United States Public Health Service, the United 

States Department of Agriculture, the United States Department of t he Interior, 

the ' National Academy of Sciences and the NASA. The charther of the committee 

defines its purpose as follows: 

1. To protect the public's health, agriculture, and other living r esour ces . 

2. To protect the integrity of the lunar s~ples and the s cientific experiments. 

3. To insure that the operational aspects of the program are least compromised. 

NASA, with the guidance of the ICBC, evolved a comprehensive program to 

preclude lunar contamination of the terrestrial biosphere by the Apollo Missions . 

This r ather extensive program includes a large number of contamination control 

modalities, including the Lunar Receiving Laboratory, ~hich is being used for the 

isolation and quarantine of the astronauts , the samples, and the spacecraft. 

Additionally, it provides for carrying out the biological assessment of the 

sample leading to its release from quarantine. 

The Lunar Receiving Laboratory, occupying some 85,000 square feet , provides 

for the quarantine of the astronauts, storage of the spacecraft, containment 

laboratories for biological assessment of the returned lunar samples. Figure 12 

is an artist's concept of t he building and Figure 13 is a sketch showing the 

:functional areas within the laboratory f acility. At the upper left is the bio-

logi cally isolated sample laboratory where,the 11.lllar material is received and 

processed. To the right is the low l evel r adiation counting l aboratory area. 
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l ocaled some 50 feet undcrgro"l.mcl. To the extrem.e right are the administra -· 

tive and support areas. This area includes some 70 00 square· feet of support 

laboratories for the biological and biochemical programs. It also includes 

administrative a nd office spa ce for the Laboratory. In the lower left is the 

Crew Reception Area , the biologica lly isolate d area where the astr onauts 

are quarantined. The Crew Reception Area represents a separate biological 

barrier system and is independent of the sa1nple la boratory. 

The main operational area of the Lunar Receiving Laboratory is the Sample 

L aboratory containing the microbial barrier systems behind which lunar 
I 

sample h andling . t akes place. Figure l4 is a sketch of this l aboratory. The 

laborato ~:-y provides double bar r ier isolation; the primary barrier being the 

c abinet system and the secondary barrier being the building its elf. The 

physical limits of the secondary barrier are defined by sealed building c on-

struction and the maintenance of a negative pressure inside the quarantine 

area~ Supplies enter through an.ultraviolet air lock and ethylene oxide and/ or 

steam sterilizers. Additionally, the facility provides for sterilization b y 

incineration of effluent gases from the primary barrier system as well as 

microbial filtration of gaseous effluents from . the secondary barrier area. 

All liquid efflu.ent s are h eat sterilized. 

The Biological Laboratory is fundan:iental to the sample q uarantine require-

m.ents .of the Apollo program. It is equipped to determine if the r eturned lunar 

samples contain q, viable material capable of replication that might be harmful 

in the e-arth envirorunent. All analyses are performed within gas tight, primary 

' 

r 
I 
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biological barrier cabinetry for two distinct purposes : (1) the prevent ion of 

contamination of the terrestrial biosphere with lu.riar material; and (2 ) the 

prevention of terrestrial contamination of the returned samples . 

The time needed for assessment of the sampl es from each return lunar 

mission is approximately 6o-90 days. At that time the samples are released 

if no l iving material has been found. I f living forms are observed that are 

not readily indentifiable as earth contaminants, the quarantine per iod for the 

sample could be prolonged for futher microbiological study. 

The L'll!lar Receiving Laboratory i s unique in that it encompasses within a 

single facility all of the microbial control modalities discussed in this 

aritcle (Kemmerer et al., 1967). 

It has been principally during the last two decades that attention has been 

given to the problem of achieving microbial control in occupied environments . 

Much research helpful in developing techniques and methods to reduce or 

control t he spread of microorganisms has been done in the last few years. 

The five approaches for acheiving microbial control are: 

1. Recognize and define the problem. 

2. Establish the criteria for microbial control. 

3. employ the approaches and techniques of control. 

4. Perform ~he necessary microbial testing and surveillance . 

5, Analize the results and, when appropri~te, issue the control certification. 
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TABLE 1 

STAGES, APPROACHES AND TECHNIQUES OF 
MICROBIOLOGICAL CONTAMINATION CONTROL 

Stage 1 - RECOGNIZE AND DEFINE THE PROBLEM 

Stage 2 - ESTABLISH CONTAMINATION CONTROL CRITERIA 

Maximum number of' organisms allowed, types of organisms , where 
located, how detected, and other criteria. 

Stage 3 - EMPLOY APPROACHES AND TECHNIQUES OF CONTROL 

Facility 
Design 
Features 

Use of' 
Containment 
Equipment 

Management 
Functions 

Use of 
Correct 
Techniques 

Use of Sterilizing 
Agents , Germicides 
and Other Control 
Measures 

Stage 4 - MICROBIOLOGICAL TESTING AND SURVEILLANCE 

Air 
Sampling 

Surf' ace 
and 
Component 
Sampling 

Physical and 
Chemical Tests 
and 
Measurements 

Testing of 
Filters, 
Incinerators , 
Sewage, Water 

Freon 
Leakage 
Testing 

Stage 5 - ANALY8IS OF RESULTS AND CERTIFICATION PROCEDURES 

Recording results, statistical tests , use tests of items , 
formal or inf'ormal certification. 



TABLE 2 

' .. 
EFFICIENCY RANGE OF DEVICES FOR 
RE:MOVING BIOLOGICAL PARTICLES 

(1 to 5.-A'i.) FROM AIR 

Cleaning Device 

Ultrahigh-efficiency fil ters 

"High-efficiency filters 

Medium-efficiency filters 

Roughing filters: fibr ous , 
metallic, oiled, and screen 
types 

Electrostatic precipitators 

Air washers and scrubbers 
(low-pressure-drop type) 

Bacterial Removal 
To Be Expected 

(Per Cent) 

99. 99+ 

90 to 99 

60 to 90 

10 to 60 

60 to 90 

20 to 90 

----·------· -~--· --------- -·- ·--- . - -----• 
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TABLE 3 

CLASSIFICATION OF }fICROBIOLOGICAL BARRIERS 

Classification 
According to 

Purpose 

Size 

Degree of containment 
or exclusion 

Product Protection 

Room Size 

Absolute Barriers 

Types 

or Personnel Protection 

or Cabinet Size 

or · Partial Barriers 
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The ~Jrent Status of Vestibular System Models' 
Etat actuel des modeles de systemes d'orientation spaciale 

Der derzeitige Stand von Vestibular system-Modellen 
CoBpeMeHHoe cocTo.srnHe Mo.n;eneli CHCTeM rrpocTpaHCTBeHHOH opHeHTa~HH 

L. R. YOUNGt 

Man's internal inertial orientation system is examined from a control systems point of 
view. 

Summary-The human vestibular system for dynamic space 
orientation is described mathematically, using the identi
fication methods of control theory. The analysis by several 
investigators at the M.I.T. Man-Vehicle Laboratory, build
ing on the available data, has led to a biocybernetic model 
which is useful in predicting man's perceived orientation in 
space, postural reactions, nystagmus eye movements, and 
piloting actions based on motion cues. The semicircular 
canals, which act as angular velocity sensors, have been 
subjected to a fluid dynamics analysis. The limitations of 
the torsion pendulum model of Van Egmond, Groen and 
Jongkees are examined, and a quantitative description of 
adaptation is proposed. An otolith model, responding to 
linear acceleration forces, is presented and shown to agree 
with perception of tilt and translation, eye counter-rolling, 
and electrophysiological data. Cross-coupling effects are 
discussed, including the influence of linear acceleration on 
the semicircular canals. 

INTRODUCTION 

THE CONTROL systems engineer views the vestibular 
apparatus both as a potential problem and as a 
challenge [1-3]. The problem stems from the use 
of vehicles to expose men to other than the normal 
environment for which the vestibular system was 

• Received 11 October 1968 and in revised form 6 January 
1969. An original version of this paper was presented at 
the IFAC symposium on Technical and Biological Problems 
of Control which was held in Yerevan, the capital of the 
Armenian Republic of the USSR, during September, 1968. 
It was recommended for publication by associate editor 
A. Sage. 
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Symposium on Biocybernetics of the Central Nervous 
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designed, resulting in such man-machine interface 
difficulties as vertigo, disorientation, and motion 
sickness. The challenge comes in attempting to 
recreate mechanically the elements of an attitude 
control system or short term inertial guidance 
system of the size of the non-auditory labyrinth. 

This paper presents our attempts to develop 
mathematical models for the functioning of the 
vestibular system, much in the manner of a control 
engineer examining the dynamic characteristics of 
the sensors of a feedback system. Such models, of 
course, indicate only average responses and are a 
guide to interpreting experiments. The overall 
framework for our investigation is shown in Fig. I, 
in which the vestibular responses form parts of the 
postural feedback loops, the vehicle orientation 
feedback loop for the pilot situation, and the visual 
feedback loop via the mechanism of vestibular 
.nystagmus. The emphasis of this paper is two-fold. 
Primarily it exposes the analysis and experiments 
which have been applied in the course of developing 
mathematical models of the semicircular canals and 
otoliths. These methods are typical of the tech
niques being used throughout the field of biological 
control systems. Secondly, the paper points out 
those special areas where the control systems 
analysis has raised important questions directed to 
the physiologist. We are involved in a constant 
attempt to develop a model which explains be
havioral "input-output" data and is consistent 
with the known physiological structure. The model 
serves its purpose by pointing out the new areas 
for investigation and by posing testable hypotheses. 

SEMICIRCULAR CANALS 

Current theories for the operation of the semi
circular canals stem from the classic work of 
Steinhausen in 1931 based in part on his direct 
observations of the deflection of the cupula in the 
pike when it was undergoing angular accelerations 
[4]. As seen in Fig. 2, each canal originates from a 
common sac, the utricle, forms a rough semicircle, 
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F1G. 1. Framework for systems analysis of vestibular funct ion. 

Direction 
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FIG. 2. The vestibular apparatus (from HARDY [30]). 

and then returns to the other end of the utricle [5]. 
The operation of each semicircular canal may be 
viewed as the mechanical action of a torsion pendu
lum. The moment of inertia of such a pendulum 
corresponds to the moment of inertia of the fluid 
ring in the canal. The damping term results from 
the viscous forces related to endolymph flowing 
through the canal, and the elastic restraining fo rce 
is attributed to the springiness of the cupula which 
is displaced from its neutral position by any move
ment of the endolymph. Early attempts to ascer
tain the parameters of the second order equation 
describing the torsion pendulum were carried out 
extensively at Utrecht and summarized by VAN 

EGMOND, GROEN, and JONGKEES in 1949 [6]. Using 
their originial notation, we find that the differential 
equation for a ngular deviation of the endolymph in 
relation to the skull, and therefore angular deviation 
of the cupula, is given by 

where 

0 moment of inertia of the endolymph 
n moment of friction at unit angular velocity 

of the endolymph with respect to the skull 
!J. stiffness, or torque moment per unit angular 

deflection of the cupula 
~ angular deviation of the endolymph with 

respect to the skull 
a component of angular acceleration of the 

skull, with respect to inertial space, normal 
to the plane of the semicircular canal 

Using this model with appropriate values of the 
parameters n/8 and /J./8, the cupula position can be 
predicted for a variety of forcing functions of 
angular position applied to the head: for example, 
constant acceleration, sinusoidal oscillation, and an 
impulse of acceleration resulting in a step change 
in angular velocity. 

Steer recently completed a detailed fluid dynamic 
analysis of the motion of endolymph in a rigid 
torus of the dimensions of the semicircular canal, 
assuming no flow at the surface of the canal and 
initially no cupula present as shown in Fig. 3 [2]. 
Solution of the Navier-Stokes equations for fluid 
fl.ow following a sudden angular acceleration results 
in the expression 

v(r, z, t) = ;~i [ C;Z;(A;r)cos B;ze<..i,)2~'] 
where 

Z(A/) represents first order Bessel functions and 

(..l-;)2=Af+Bi. 

The coefficients Ci and A.i may be determined by 
considering the boundary conditions and the 
equation expressed as a transfer function in Laplace 
notation: 

0 

• 
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x 

PIG. 3. Torus placement relative to a cylindrical coordinate system for calculation of its dynamics (from Steer). 

where 

v(s)_D ~ [ Di J 
-- L., --
cx(s) i=l -r1s+l 

•·= (A.)2µ 
• p 

v(s)=mean fluid velocity 

cx(s) =angular acceleration. 

The detailed analysis then reveals that the effects of 
viscous drag and moment of inertia in the semi
circular canals can be represented by the parallel 
actions of a sum of first order lag networks. 
Ninety-six per cent of the effect in the flow drag : 
inertia ratio is accounted for by the first term, 
which is the only term present in the simple torsion 
pendulum model. Furthermore, the effects of the 
other Bessel functions are even more rapidly 
damped out than the major one. An additional 
important contribution to the damping term is the 
viscous drag of the cupula as it is displaced in the 
ampulla. As shown pictorially in Fig. 4 motion of 
the fluid in the canal is opposed by elastic restrain
ing forces proportional to displacement of the 
cupula and a viscous force proportional to the rate 
of change of cupula angle. Steer demonstrates that 
the major portion of the system damping could be 
attributable to the drag of the cupula in the mem
branous ampulla, provided that the separation 
between the two be less than 10- 4 cm. This 
assumes the following dimensions for canal and 
cupula, based on micrographs of lGARASHI [7]. 

dA 

SIDE 

NEURONS 

8= 0·06 Cm 

FRONT 

VESTIBULAR NEURONS 

FIG. 4. A physical model for thecupula (from Steer). 

a=0·15 mm (canal tube diameter) 

B=0·6 mm (radius of cupula) 

t/J 1 =0·6 rad. (angular cross-section of cupula). 
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The wall separation is entirely consistent with 
injection micrographs of GROEN et al. [8]. Thus it 
would appear that the torsion pendulum model is 
sufficiently accurate to predict the mechanical 
dynamic response of the semicircular canals, but 
that the rationale behind it, i.e. attributing the drag 
solely to viscosity, is in error in neglecting the force 
necessary to slide the cupula in the ampulla. 

A significant body of experimental evidence 
supporting the semicircular canal model was sum
marized by GROEN in his comprehensive review in 
1956 [9]. These articles and the clear exposition by 
CAWTHORNE et al. in the same year emphasized the 
system response to transient inputs. More recently 
JONES et al. at McGill, HIXSON, NIVEN, GUEDRY 
et al. at Pensacola, CAPPELL at the Franklin 
Institute, MAYNE, and our group at M.I.T. have 
emphasized the systems aspects of the semicircular 
canal response and pursued its analysis in the 
frequency domain. 

The torsion pendulum equation written in 
Laplace transform notation, relating cupula deflec
tion to head angular acceleration, is 

e(s) 1 
a(s)- s2 +(n/O)s+(A/O) · 

If the roots of the denominator are real and widely 
separated, i.e. the system overdamped and 
Afrc ~ rc/O, the equation may be approximated as 

where 

e(s) 1 
a(s) (s + a)(s + b) 

A 
a==<.0·04-0·2 rad./sec) 

1t 

[a nominal= 0· 1 rad.jsec for lateral canals, 

and 

0·14 rad./sec for posterior and superior 
canals] 

corresponding to the long time con
stant of the cupula return phase 

1t 
b=0(4-300 rad./sec) 

[bnomina1=l0 rad./sec] 

corresponding to the short time con
stant of the system 

Impulse response 

The torsion pendulum model predicts that the 
response to a sudden impulse of acceleration or 
step of velocity y rad./sec, or sudden stopping of 

the skull after prolonged rotation at constant 
angular velocity, would be 

e(t) = '}'~(e-(6/n)I -e-(n/8)1). 
7t 

The cupula response is a rapid deflection, with 
time constant O/n, to a maximum of O/n times the 
impulse, followed by an exponential decay back to 
zero with time constant n/A. The time required for 
the cupula deflection to return to any given constant 
level, such as a threshold angle eth is given by 

T=~ln( 8'!). 
A m;,,, 

From the first exposition of the torsion pendulum 
model, reference was made to duration of subje~tive 
sensation of rotation following an impulsive stop. 
Notice that the logarithmic relationship between 
the duration of post-rotation nystagmus and the 
strength of the impulse or original angular velocity, 
y, has a slope which depends only on n/A or the 
ratio of drag to elastic restraining force. How
ever, the overall duration depends upon the 
threshold for cupula deflection, which can be 
expressed in terms of minimum detectable angular 
velocity impulse. This assumption of sensation of 
rotation indicating cupula deflection is examined 
further in the adaptation model considered below. 
This relationship leads to the use of the cupulogram 
or impulsive stop experiments which are useful 
clinically, and which yield generally constant slope 
of time duration vs. log angular velocity, for 
angular velocity steps from threshold, approx. 
2°/sec, up to 60°/sec. When subjective angular 
velocity is tracked during the experiment, or indeed 
the angular velocity of slow-phase vestibular 
nystagmus, both of which were assumed pro
portional to cupula displacement, yet another check 
on the model is achieved for the. same type of 
experiment. Additionally, CAWTHORNE et al. 
tracked the oculogyral illusion psychophysically 
during post-rotation sensation [IO]. Figure 5 
indicates typical experimental results of these three 
tests showing good agreement with the model 
prediction of straight lines on semi-log plots. Of 
considerable curiosity, however, is the consistent 
difference in the ratio n/A, or the slope of the 
cupulogram line, depending upon whether nystag
mus, the objective, or subjective angular velocity 
measurements are used. This will be discussed 
further below in treating adaptation. The difference 
in slope between the oculogyral illusion and sensa
tion of rotation as seen in Fig. 5 is probably an 
artifact of the OGI tracking method and is not seen 
in HOWARD and TEMPLETON [I I]. 

• 

• 
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FIG. 5. Time course following a sudden cessation of 
rotation. 

(a) Nystagmus-Groen, Lowenstein, Vendrik 
(b) Subjective velocity- Van Egmond, Groen, 

Jongkees 
(c) Oculogyral illusion- Cawthorne, HalJpike 

Hood, Dix. 

Step response of torsion pendulum model 

The simple model can also be tested by using 
steps of constant acceleration and observing the 
latency of sensation. If the subject is started from 
rest and rotated at a constant angular acceleration 
a rad.f sec2

, the model prediction of cupula deviation 
is 

e(t)=rt.~(1-e-(Af1t)I) 
A 

neglecting the influence of the short time constant. 
Solution of this equation for the time required for 
the cupula to exceed threshold yields testable 
predictions. 

Meiry showed that the time to detect angular 
acceleration varied generally with the magnitude of 
the acceleration according to the torsion pendulum 
formula over the range 0·1°/sec2 to 10°/sec2

• 

Agreement is good over most of the range, with 
times slightly shorter than predicted near threshold 
accelerations. Meiry established vertical canal 
thresholds of 0·5°/sec2 which are considerably 
higher than the horizontal thresholds of approx. 
0·14°/sec2

• A comprehensive review of the data on 
response to angular acceleration was recently 
published by CLARK [12) . 

Sinusoidal stimulation 

A favorite test technique used in the field of 
feedback control systems is the utilization of a 
sinusoidal forcing function. Since the torsion 
pendulum model is linear except for the threshold 
phenomenon, it is amenable to analysis by such 
frequency response methods. 

The torsion pendulum model predicts that e 
should be in phase with acceleration, leading 
velocity by 90°, at very low frequencies, in phase 
with velocity at the natural frequency (w0 =J A/O) 
and finally lagging velocity by nearly 90° at very 
high frequencies. The wide separation of the 
natural frequencies of the semicircular canal results 
in an extensive frequency range in which the cupula 
displacement is approximately in phase with the 
angular velocity of the head. Since this covers 
much of the frequency range encountered in normal 
daily activities, not including such artificial 
activities as prolonged spins, JONES and MILSUM 
[13], MAYNE [14) and others have stressed the 
behavior of the semicircular canals as velocity 
transducers.· It must be remembered, however, 
that they are indeed velocity transducers only over 
the mid-frequency range. In attempting to deter
mine the exact 90° phase lag point by the torsion 
swing experiment, VAN EGMOND et al. have found 
an average value of 1 rad./sec, thus 

~~1·0 sec- 2 ±20%. 
0 

Meiry explored the phase relationships in 
vestibular nystagmus to sinusoidal oscillations 
over the frequency range 0·2-10 rad./sec, using 
peak input amplitudes of 10° over most of this 
range. The phase relationships agree generally 
with the model based on the torsion pendulum 
approximation, assuming that instantaneous angu
lar velocity of the slow phase nystagmus is propor
tional to cupula displacement [15). 

A typical vestibular nystagmus record is obtained 
by photoelectric measurement of horizontal eye 
position for rotation about the vertical axis as 
shown in Fig. 6. By eliminating the fast phase of 
nystagmus, the smooth portions can be fitted 
together to form the "cumulative eye position", 
whose phase with respect to the instantaneous 
simulator position is easily measured. The fre
quency response of vestibular slow phase nystag
mus, in terms of eye velocity with respect to input 
velocity, is approximated by the relationship 

eye velocity -3·2s 

input velocity (8s+ 1)(0·04s + 1) 

Adaptation and habituation 

A persistent difficulty with the simple torsion 
pendulum model, which has concerned investigators 
for many years, is the lack of a suitable explanation 
of adaptation or habituation. Adaptation is the 
decreased sensitivity to a continuing stimulus, 
whereas habituation refers to the decreased sensi
tivity to a repeated stimulus pattern. A consistent 
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FIG. 6. Vestibular Nystagmus and "cumulative" eye position. f =0 ·5 cps. Note the correspondence of slow phase 
vestibular nystagmus and "cumulative" eye position (from Meiry). 

difference appears in the torsion pendulum para
meters depending upon whether they are estimated 
from eye movement recording or from subjective 
sensation of rotation. In particular, GROEN [9] 
and others point out that the long period time 
constant, the cupula return phase, is estimated at 
approx. 10 sec for the lateral canal in subjective 
cupulometry, but it appears closer to 16 sec based 
on the nystagmus cupulogram. Since both the sub
jective sensation of rotation and the angular 
velocity of slow phase nystagmus are theoretically 
proportional to cupula displacement, they should 
both follow the same time course of decay until 
passing through their respective threshold levels, 
and they should indicate the same cupula dynamics. 
Adaptation and habituation could occur centrally 
or peripherally. 

The neuroanatomical pathways from the vesti
bular system to oculomotor control and to the 
cerebellum show branching of pathways at the 
vestibular and oculomotor nuclei. We assume that 
some of the adaptation and habituation apparent 
in the subjective response should be lacking in the 
more direct path of the vestibular-ocular loop. It 
is particularly instructive to examine the data of 
HULK and JoNGKEES [16] and the experimental 
results obtained by GUEDRY and LAUVER [17] 
measuring the sensation of angular velocity in 
response to steps of angular acceleration. Whereas 
the nystagmus response to a step in acceleration 
generally follows the torsion pendulum model, 
rising exponentially to a constant level, the sub
jective response begins to decrease after 20--30 sec 
of constant stimulation. These observations, com
bined with the consistent differences between the 

frequency response phase lags of subjective and 
· objective measurements led us to a first model for 
adaptation in the semicircular canal-subjective 
sensation of rotation-nystagmus pathways, shown 
in Fig. 7. This preliminary model recognizes that 
the cupula response signal undergoes more central 
processing in the subjective loop than in the 
nystagmus loop. In particular, YOUNG and OMAN 

[18] include a pure delay time of 0·3 sec and linear 
adaptation dynamics of the form s/(s+0·033) as 
well as the threshold nonlinearity. The adaptation 
dynamics represent a simple exponential decay with 
time constant of 30 sec in response to a steady 
stimulation or cupula deflection angle. Figure 8 
illustrates the model response of subjective velocity 
and nystagmus to a sudden increase in angular 
velocity such as used in the cupulogram impulse 
test. The nystagmus curve follows the cupula 
model, decaying with a long time constant of 
16 sec. The subjective angular velocity, based on 
the same cupula deflection, exhibits a different 
transient behavior, returning to zero and over
shooting slightly before finally decaying. When 
the nystagmus data taken for several different 
impulse heights is examined in terms of the duration 
of post-rotation nystagmus or time until the curve 
passes below threshold, it would of course indicate 
a long time constant of 16 sec. If the subjective 
angular velocity data is similarly treated, however, 
and the time duration estimated as though the 
entire system were second order, the apparent time 
constant is approx. 10 sec. These two numbers 
agree very closely with the observed objective and 
subjective time constants derived from cupulo
metry. The effect of the adaptation in the subjective 
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FIG. 8. Velocity step response of extended semicircular canal model. 

loop is to shorten the apparent, second order, sub
jective time constant. Notice also that the linear 

- 10 
subjective response overshoots, and ifthe magnitude 

- 20 
of the overshoot is sufficient to exceed threshold, a 

- 30 
"second effect" or subjective reversal would be - 40 
predicted. This reversal has been noted many times, 
and it is possibly explained by the effect of the 
adaptation. The actual time constant of adaptation, + 180 
incidentally, has relatively little effect on the .. 90 
apparent time constant of the subjective response. 0 
The frequency response of the linearized semi- _ 90 
circular canal model including the adaptation and -iso 
dead time is given in Fig. 9. This frequency r~sponse -270 

is very similar to the frequency response of the 
O·OJ 

simple torsion pendulum model as used to match 
nystagmus data for frequencies in the range O· l-2 
rad./sec where nearly all of the test results lie. For 
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very low frequencies, however, the model predicts 
even greater phase lead and lower amplitude ratio 
than the torsion pendulum model. Sinusoidal 
response data is not now available at these fre
quencies; however, these predictions are consistent 
with the observed transient responses for long 
durations. Although the differences between sub
jective and objective phase lag to sinusoidal stimula
tion in the region of 0 · 1-2 rad./sec is small, the 
presence of the pure delay in the subjective path 
does introduce more phase lag for subjective than 
for objective responses, in agreement with our 
experimental findings. 

Having verified that the adaptation . model 
produces generally correct responses to sinusoidal 
and acceleration impulse stimuli, it remained to 
check it against higher order inputs. For con-
sideration of long duration steps of angular 
acceleration, Guedry and Lauver's data were 
available to check the model. As seen in Fig. 10, 

a Experimental data from 
Meiry, with one standard 
deviation 

x Doto from Clor'l< and Stewart 
- Model prediction 

.2 ' .4 .6 IP 2 4 6 8 10 20 40 70 
Angular Acceleration in /sec :a. 

Flo. 11. Adaptation model of semicircular 
canals. 
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F10. 10. Comparison of adaptation model of vestibular response with Guedry and Lauver experiments for an angular 
acceleration step. 

the shape of the transient data generally agrees 
with the model for both nystagmus response and 
subjective sensation, although the magnitude of the 
experimental subjective velocity was higher than 
usually obtained by approximately 50 per cent. 
Some long term adaptation effects may also be 
evident in the nystagmus data. The same type of 
input is used to determine the latency time to sen
sation of rotation for constant angular acceleration. 
The model match with experimental data of MEIRY 
[I] and of CLARK and STEWART [19] is very good 
except at very low accelerations, as seen in Fig. 11. 

One set of data which is not matched by the 
subjective response adaptation model is the dura
tion of sensation following a step from very high 
angular velocities. Since the linear model response 
to a velocity step crosses zero, it predicts a maximum 
duration of post-rotation sensation of approx. 
20 sec, whereas VAN EGMOND et al. show data 
indicating durations of over 35 sec for 50-60°/sec 
velocity steps. 

lt is important to remember that this semi
circular canal adaptation model applies only to 
decreased subjective response to steady stimulation. 
It does not attempt to deal with the fascinating and 
practical problem of habituation to repeated 
stimulus patterns. "Vestibular training" of pilots, 
acrobats, ice skaters, and others undoubtedly 
involves such learning, in which familiar vestibular 
respofise patterns are recognized and suppressed. 
The difference in subjective sensation between 
jumping off a stair and descending suddenly in an 
elevator is an obvious example of CNS habituation, 
perhaps through the "efferent copy" mechanism. 

OTOLITHS 

Physical characteristics 

Each non-auditory labyrinth in man contains 
two otoliths of uncertain function, the utricle lying 
near the junction of the semicircular canals and 
the saccule slightly below. The utricular otolith is 

,. 

• 
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shown schematically in Fig. 12. The gelatinous 
mass labeled "otolith" contains many otoconia, 
or calcium carbonate crystals, giving it a density 
larger than the surrounding fluid. The otolith can 

s.c. N. L. Sp.C. 

Fm. 12. Schematic drawing of a cross-section of 
an otolith and its macula. 0 is the otolith, sus
pended by strands which run from the margins 
to the macula, consisting of supporting cells (Sp. 
C) and sensory cells (S.C.). Between the otolith 
and the macula there is a thin layer (L) to allow 
the otolith to slide over the macula. N is the nerve. 

(From Groen et al.) 

slide over the macula, restrained by supporting 
hairs and sensory cells. The displacement is limited 
to approx. O· l mm, and the bending of the cells is 
transmitted as neural signals . from the macula. 
Electrophysiological data on neural firing patterns 
by ADRIAN [20], LOWENSTEIN and ROBERTS [21] and 
others reveals a partially adapting response to 

LATERAL SPECIFIC FORCE 1• 5 ( s + 0•076) 

(TILT ANGLE W. R.T. EARTH) (S+O•l9)(S+ 1·5) 

primarily to the shear components of acceleration 
defined with respect to the principal plane of the 
otolith,. although compressive forces may also 
influence the otolith output. It is not clearly under
stood what the role of the saccule is in human 
orientation and postural control. Relatively large 
thresholds to sensation of tilt angle at orientations 
far from the upright indicate that the system is not 
symmetric along all three axes, but rather is 
optimized for the erect posture. 

We have been working for several years on 
developing functional dynamic models of the non
visual gravireceptors and checking the models with 
behavioral ,experiments. Young proposed a single 
second· order structure with acceleration and jerk 
terms in 1963 [3]. Meiry performed a number of 
pioneering control experiments using pure linear 
acceleration stimuli, especially acceleration steps 
and sinusoids [I]. 

At the suggestions of Dr. H. VON GIERKE [24] a 
static component was included in the otolith 
model.* The revised linear model, which allows 
steady state response to acceleration, is shown in 
Fig. 13. This model represents only one axis of the 
three axis system, responding to the lateral com
ponent of specific force. 

PERCEIVED TILT" ANGLE I PERCEIVED - -- -
OR LATERAL ACCELERATION s LINEAR VELOCITY 

Flo. 13. Revised otolith linear model. 

sustained tilt of the otolith with respect to the 
vertical. 

Models of otolithfunction 

There has been almost no intensive research into 
the precise physical-mechanism operation of the 
otoliths. Their structure does suggest an over
damped mass-spring- dash pot model linear accelero
meter. The octoconia make the otolith denser than 
the surrounding fluid so that it is displaced by 
inertial reaction forces. The displacement is 
opposed by viscous forces associated with shear 
forces in the endolymph and with centering elastic 
restraint forces generated by the hair cells. Some 
measurements taken by DE VRIES [22] on fish otoliths 
support the model. MAYNE [23] has postulated a 
third order term attributable to fluid pumping into 
a secondary chamber, but no physical evidence is 
available to support this notion. It is generally 
agreed that the sensing mechanism is bending of 
the hair cells, making the transducer responsive 

This revised linear model will act approximately 
as a velocity transducer over the mid-frequency 
range (0· 19 <w< I ·5 rad./sec). The transfer function 
from specific force to perceived tilt or lateral 
acceleration has a static sensitivity of 0·4. 

The amplitude ratio and phase vs. frequency for 
the revised model is shown in Fig. 14, along with 
Meiry's experimental phase data on the relation 
between perceived linear velocity and actual 
horizontal sinusoidal velocity. The fit to the 
experimental data is excellent, although it clearly 
indicates the need for additional experiments at 
frequencies below 0·2 rad./sec to verify the predicted 
drop in phase lead. 

Recent supporting evidence for this model was 
provided by KELLOGG [25] based on dynamic 
counterrolling experiments. The magnitude and 

* The remainder of this section is based on the paper, 
"A Revised Dynamic Otolith Model'', by L. R. Young and 
J. L. Meiry, presented at the Third Symposium on the Role 
of the Vestibular Organs in Space Exploration, Pensacola, 
Florida, January 1967, and Aerospace Medicine Vol. 39, 
No. 6, June 1968. 
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FrG. 14. Perceived velocity frequency response. 

phase lag of the torsional rotation of the eye was 
measured versus lateral head tilt for constant 
velocity rota ti on about a horizontal axis at various 
rates. The counterrolling points shown in Fig. 14 
were taken from Kellogg's curve fit data for two 
subjects, each rotated clockwise and counter
clockwise at rates from 5 to 30 rpm. Notice the 
overall agreement of the counterrolling phase lag 
data with the otolith model over the region tested. 
The amplitude ratio of the counterrolling data, 
related to the otolith model by an arbitrary counter
rolling index, shows a decrease in the vicinity of the 
model break frequency at I ·5 rad./sec. Extension 
of the dynamic counterrolling data to the region 
0· 1- 2·0 rpm would be exceedingly useful. The 
known zero phase lag for static counterrolling was 
one reason for model revision. 

The acceleration threshold in the revised model 
raised the problem of its physiological interpreta
tion. On the one hand, the lead term in the transfer 
function could be attributed to a more complex 
mechanical model of the otolith, perhaps including 
the effect of a second mass- spring- dashpot com
bination representing movement of the macula with 
respect to the bony structure. Mayne has inde
pendently explored this avenue and suggested a 
possible mechanical otolith model which combines 
aspects of a conventional accelerometer and an 
integrating accelerometer. On the other hand, the 

lead term could be attributed to the neurological 
end, either in central processing of otolith displace
ment signals or through the presence of two types 
of hair cells in each macula; one responding to 
otolith displacement or hair bending, the other 
responding to rate of change of otolith displace
ment or rate of change of hair bending. Similarly, 
the hair cells could produce the lead term if they 
were of the slowly adapting type postulated by 
several researchers. 

Because of its compatability with the time-to
threshold data, we favor the explanation of the 
lead term on the basis of neurological adaptation 
or processing of otolith displacement, rather than 
attributing it to the mechanical structure. The 
nonlinear otolith model is shown in Fig. 15. The 
threshold is here shown as based on a minimum 
deviation of the otolith with respect to the macula 
rather than a minimum output of the total model. 
The threshold level may be related to specific force, 
but not to otolith displacement at this time. 

The ability of the nonlinear model to match 
data on latency time for perception of constant 
horizontal linear acceleration is shown in Fig. 16. 
The model assumed an absolute threshold of 
approx. 0·005 g, which placed the 0·01 g latency 
time of 5 sec as per the data point. The remainder 
of the model prediction fits the data exceedingly 
well. 
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CROSS-COUPLING EFFECTS BETWEEN LINEAR 
AND ANGULAR SENSORS* 

The notion that human vestibular perception of 
rotation is uniquely attributable to the semicircular 
canal models, and perception of linear acceleration 
attributable only to the otoliths, is clearly an over
simplification . A tentative model used to tie 

* This portion of the paper is based on "Effects of Linear 
Acceleration on Vestibular Nystagmus'', by L. R. Young 
presented at the Third Symposium on the Role of the Vesti
bular Organs in Space Exploration, Pensacola, F lorida, 
January 1967. 

together some of the data on vestibular cross
coupling between angular and linear accelerations 
is shown in Fig. 17. It was based on the following 
assumptions: 

1. Lateral displacement of the otolith, corres
ponding to a shear component of specific 
force, produces an additive component of 
nystagmus with the slow phase in the direction 
of the otolith displacement (compensatory) 
and with sensitivity of the order of 10°/sec/g. 
We will call this linear acceleration sensitive 
component "L-nystagmus." 

2. The resulting eye movement nystagmus is 
determined by the vector addition of the 
semicircular canal and otolith contributions. 

3. The semicircular canal contribution may be 
influenced by linear forces either through 
distension of the canal or by utricular inhibi
tion. 

The information upon which this model was 
developed came from a variety of sources and 
represented a number of different types of in
vestigation. Since the data were primarily of the 
input- output variety (acceleration in, nystagmus 
out), the basis for assigning functions to the 
otoliths is relatively weak. 
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FIG. 17. Preliminary structure-model of influence of linear acceleration on nystagmus. 



380 L. R. YOUNG 

Vestibular nystagmus has characteristically been 
attributed to the stimulation of the semicircular 
canals and explained teleologically in terms of the 
requirement for maintaining a "stable platform" 
of the eyes in space despite motion of the head. 
Most attempts to elicit vestibular nystagmus by 
stimulation of only the linear acceleration sensors 
have met with equivocal results in the past. 

In a set of controlled experiments using periodic 
linear acceleration stimuli in the horizontal plane, 
NIVEN et al. [26] found consistent horizontal 
nystagmus corresponding to L-nystagmus of 
sensitivity 16 deg/sec/g. 

Two separable effects can be observed when the 
vestibular system is subjected to prolonged stimulus 
by a rotating specific force. First of all one sees a 
cyclic modulation of nystagmus, more or less in 
phase with the component of specific force . This 
AC component can lead to reversal of nystagmus 
direction during part of the cycle, as noted by 
BENSON and BODIN [27]. We attribute this portion 

30 • STEER 

O> 20 
....... 
u 
QI 
<f) 

o GUEDRY 

o BENSON 

-- - MODEL PREDICTION 

0 

to L-nystagmus and consider it a likely representa
tion of the contribution of the otoliths to total eye 
movement stabilization. In addition one notes that 
the average nystagmus does not die out during 
prolonged stimulation but rather remains at some 
finite level consistent with the direction of apparent 
rotation. This work was stimulated by recent 
human experiments by BENSON and BODIN and by 
CORREIA and GUEDRY [28] followed by electro
physiological measurements by BENSON, GUEDRY, 
and JONES [29]. 

These " barbecue spit" experiments involved a 
sinusoidal linear acceleration stimulus and a con
stant angular velocity stimulus which would 
normally give no prolonged vestibular nystagmus. 
Steer inquced this type of response by counter
rotating his subjects in a chair at the end of a 32 ft, 
arm on the M.l.T. Instrumentation Laboratory 
Precision Centrifuge. Using a rotating 0·3 g 
acceleration vector, he produced the sinusoidal and 
bias components of slow phase nystagmus. His 
summary curve, including the "roller pump model" 
prediction for bias, is given in Fig. 18. 
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Steer calculated the magnitude of a "roller 
pump" action which would account for the steady 
bias in nystagmus during a rotating linear accelera
tion stimulus and found it a feasible explanation. 
This solution rests on three observations. First, 
the membranous labyrinth is firmly attached to the 
bony canals at the outer circumference but is un
supported at the inner circumference. Second, the 
density of the membranous labyrinth is greater 

than that of the perilymph. Third, the membranous 
labyrinth is relatively flexible. Thus, as shown 
schematically in Fig. 19, the canal will be con
stricted at the point that is instantaneously "down," 
and this constriction will rotate around the canal 
with a rotating linear acceleration stimulus, pushing 
fluid ahead and deflecting the cupula. The quanti
tative results of experiments carried out thus far 
support such a theory, but far more research on the 
subject remains to be done . 
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FJG. 19. Distension of a flexible toroidal duct due to the influence of gravity on the density of the duct (a) or the 
density difference between the fluids (from Steer). 
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CONCLUSIONS 

A summary of our current theories on bio
cybernetic models of the human vestibular system 
is given in Fig. 20. Even on the "black box" 
modeling level, there are still many areas to be 
filled in at this point. For semicircular canal 
dynamics, the fluid dynamics analysis has shown 
the simple torsion pendulum approach to account 
for over 95 per cent of the cupula response, and 
consequently it is used as the model. However, the 
detailed canal dynamics, inferred from nystagmus 
recordings, are only known with confidence for 
the horizontal canals. Careful electrophysiological 
recordings of neural signals from each of the canals 
in a primate would give more direct evidence as to 
the exact break frequencies at the mechanical end 
organ, although the precise numbers are probably 
of limited interest. For the posterior and superior 
canals, we assume that the actual mechanical break 
frequency is somewhat less than the value of 0· 14, 
deduced on the basis of a 7-sec time constant 
observed in subjective responses. Although a 
specific model is proposed for subjective angular 
velocity adaptation in the case of lateral canal 
stimulation, it must also be assumed that some 
adaptation occurs for the other canals. In addition, 
slow adaptation undoubtedly also applies to the 
nystagmus response in man, although this is some
what difficult to demonstrate consistently. The 
models for the otolith system are based primarily 
on perception of direction of motion and measure
ment of counterrolling angle. It is assumed that 
similar dynamics apply to the saggital axis, or at 
least to the axis in the saggital plane intersecting 
the plane of the flat part of the utricular otolith. 
Models for dynamics along the third orthogonal 
axis of the linear acceleration system normal to the 
plane of the utricle, and perhaps involving the 
saccules, remain nearly completely without support
ing data in man at this time. It is clear that in 
addition to the large number of challenging neuro
physiological problems brought forth by this 
biocybernetic approach, there remains a significant 
amount of work to be done by the application of 
conventional control theory to this multi-input, 
multi-output biological system. 
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Resume-L'article decrit mathematiquement, en utilisant Jes 
methodes d'identification de la theorie de l'Automatique, 
le systeme humain pour l'orientation spatiale dynamique. 
L'analyse par plusieurs chercheurs du laboratoire Homme
Vaisseau du Massachusetts Institute of Technology, basee 
sur !'information disponible, !es a conduits a un modele 
bio-cybernetique qui est utile pour predire l'orientation 
per~ue de l'homme dans l'espace, les reactions de posture, 
!es mouvements des yeux et Jes actions de conduite basees 
sur Jes donnees de mouvement. Les canaux semi-circulaires 
qui agissent comme des capteurs de vitesse angulaire, ont 
ete soumis a une analyse de dynamique des ftuides. L'article 
examine Jes limitations du modele a pendule de torsion de 
van Egmond, Groen et Jongkees et propose une description 
quantitative de !'adaptation. II presente un modele, repon
dant a des forces d'acceleration Jineaire, et montre qu'il 
s'accorde avec la perception de changement de direction 
et de translation, le roulement de comptage l'oeil et Jes 
informations electrophysiologiques. L'article discute des 
effets de couplage mutuel comprenant !'influence de I' 
acceleration lineaire sur Jes canaux semi-circulaires. 

Zusammenfassung-Das menschliche Vestibularsystem fi.ir 
die dynamische riiumliche Orientierung wird mathematisch 
unter Benutzung von ldentifizierungsmethoden der Regel
ungstheorie beschrieben. Die Analyse <lurch verschiedene 
Forscher am MIT-Mensch-Fahrzeug- Laboratorium, d ie 

auf verfi.igbaren Oaten aufbaute, fi.ihrte auf ein biokyber
netisches Modell. Es ist ni.itzlich bei der Vorhersage der vom 
Menschen wahrgenommenen Orientierung im Raum, von 
Lagereaktionen, von Augenzittern und von Pilotaktionen 
auf Grung von Bewegungshinweisen. Die semizirkularen 
Kaniile, die Winkelgeschwindigkeitsfi.ihlern d ienen, wurden 
einer Stromungsuntersuchung unterworfen. Die Grenzen 
des Torsionspendelmodells von van Egmond, Groen und 
Jong Kees werden gepri.ift und eine quantitative Beschreib
ung der Adaption vorgeschlagen. Ein Modell des Hor
steinchens, das auf lineare Beschleunigungskriifte anspricht, 
wird angegeben und gezeigt, da13 es die Wahrnehmung von 
Kippun::;, Parallelverschiebung, Augenbewegung und elek
trophysiologischen Daten wiedergibt. Kreuzkopplungs
effekte werden diskutiert, einschliel3lich des E inftusses 
linearer Beschleunigung auf die semizirkularen Kaniile. 

Pe3JOMe--CTaTbll onHCb1eaeT MaTeMaTH'iecKH, Hcnonb3Yll 
MeT0.11.bl Oil03HaBaHHl! TeOpHH ABTOMaTHKH, 'fenoBe'iecKylO 
CHCTeMY .11.HHaMH'feCKOii npocTpaHCTBeHHOii opHeHTal(HH. 
AHanH3 HeCKOnbKHMH Hccne.noaaTenllMH J1a6poaTOPHH 
lfenoaeK-Kopa6nb Macca'fy3eTTCKoro l1Hcnnyrn Tex
HonorRH, OCHOBaHHblH Ha HMe!Ol.llHXCll .naHHbIX, npHBen 
HX K 6HO-KH6epHeTH'iecKOii MO.nenH none3HOii .nnll npe.nc
Ka3aHHll Ha6n10.naeMoii opeeHTal(llH 'ienoaeKa a npocTpaH
CTae, peaKl.(HH Il03, .11.Bl!lKeHHH rna3 H ynpaBnl!IOl.UHX 
B03.D.eiiCTBHii OCHOBaHHb!X Ha .naHHb!X .11.BllJKeHl!ll. Ilony
Kpyrnbie KaHanbl, Hrpa10mee ponb .naT'iHKOB yrnoaoH: 
CKOpOCTH, 6binH no.naeplKeHbl rH.nponHeBMaTH'ieCKOMY 
.n11HaMH'fecKOMY aHanH3Y. CTaTbB paccMaTpHaaeT orpaH
H'ieHHll Mo.nenH BaH 3rMOH.D.a. rpoeHa H ,UlKOHfKHcca c 
KPYTHTenLHblM Mal!THHKOM H npe.nnaraeT KOnll'ieCTBeHHOe 
om1caHue a.nanTal(llH. 0Ha npe.nnaraeT Mo.nen&, OTBC'fa-
10my10 cunaM nHHeHHOrO ycKopeHHll H IlOKa3bIBaeT '!TO 
OHa CXO.D.llTCll c Ha6n10.neKReM H3MeHeHHll HanpaaneHHl! H 
nepeMemeHHll, c C'iHTa!Ol.llHM aBHJKeHReM rna3a H c 
:meKTpo-ci>e3uonorH'fecKoii HHci>opMal(eeii. CTaTbll o6cyJK
naeT pe3yn&TaTLI B3aHMO.D.eitCTBH'1 BKnIO'ial! Bnlll!HRe 
mmeiiHoro ycKopeHHl! Ha nonyKpyrn&1e KaHan&r. 
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This paper deals primarily with the ECG as an in-flight monitor and its 

use as a diagnostic aid. In order to make these topics more comprehensible 

it is first necessary to review the electrophysiology of the heart and the 

standard techniques used in recording the ECG . 

Heart muscle belongs to a highly specialized family of tissues which possess 

the unique capability of electrical excitation . In nerve tissue this ability serves 

as an end in itself, and permits the transmission of nervous inputs along the course 

of the nerve . In muscle tissue and especially in the heart, the spread of the 

electrical impulse serves to initiate the contraction of the muscle substance 

itself. The electrical activity is commonly referred to as the depolarization 

process . It is self-propagating and spreads from its site of origin to encompass the 

whole of the resting cell. In the intact heart it spreads from fiber to fiber until 

the whole of the myocardium is depolarized . 

Upon completion of the depolarization process and actually during the 

ensuing mechanical contraction of the fiber, repolarization or recharging 

of the cell membrane is accomplished . Basically, this process is comparable to 

the charging of a condensor - it requires cellular work and the speed with which 

it is accomplished reflects the health of the eel I. In contrast, depolarization is 

essentially a go, no-go type of process similar to the discharge of a condensor. 

At any instant during the depolarization process, small electrical currents flow 

from a point source on the eel I membrane out into the conducting medium of the 

various tissues of the body reaching the surface or boundary layer and finally back 

again to an adjacent point on the eel I surface which functions as a sink . 
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To gain a clearer understanding of these processes it is instructive to 

examine an idealized experimental model (Fig. 1) wherein a single isolated 

myocardial cell is contracting rhythmically in a large volume of physiological 

sol ine. Just prior to each contraction, the depolarization process spreads from 

one end of the eel I to the other producing a positive wave of accession. Stated 

in another way, the leading edge of the wave of depolarization is positive while 

the trailing edge is negative. As already noted these potentials travel through 

the volume conductor and back to the cell. Thus by inserting electrodes into 

the wal Is of the volume conductor, these potentials can be recorded with a 

standard ECG machine. The positive spike-like deflection obtained is characteristic 

of the type of potentials recorded during the depolarization. This is referred to as 

the "QRS 11 deflection. 

The repolarization process (Fig. 2) proceeds somewhat more slowly along the 

same path as the depolarization, but produces just the reverse type of discharge. 

The restoration process has a negative leading edge and a positive trailing edge. 

When recorded from the same electrodes at the boundary of the volume conductor, 

it produces a characteristic low frequency negative deflection which by convention 

has borne to be known as the "T 11 wave . 

This rather idealized model also serves to illustrate the applicability of the 

dipole concept . It is reasonable to assume that the myocardial fiber could be 

replaced by a suitable dipole which in turn could produce identical potentials 

at the surface electrodes . In such a model, during both depolarization and 
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repolarization, the nature of the dipole field and hence the potentials reaching 

the surface may be shown to be a function of the position and orientation of the 

dipole , the conductivity of the volume conductor and the shape and dimensions 

of the container . It is also evident that the nature of the recorded potentials will 

depend upon the relationship of the electrodes to the myocardial fiber or its dipole 

analogue . The application of the two electrodes constitutes an ECG lead. As long 

as the container volume is large with respect to the fiber and the electrodes are 

relatively remote from the source, an imaginary line from one electrode to the 

other through the I iquid of the volume conductor may be considered to constitute 

the axis of th is ECG lead. The concept of the lead axis is very helpful since it 

defines the re lationship of the lead to the source. At any given instant, the 

potential projected on the lead is essentially a function of the geometric 

relationship of the lead axis to the dipole. 

The situation can be further simplified by replacing the dipole with a vector. 

The instantaneous voltage present in a given lead can then be anticipated by 

simple vectorial projection. Maximal voltage will appear when the dipole vector 

is parallel to the lead axis and zero voltage will be present when it is perpendicular 

to the lead axis. 

The equivalent dipole concept is no new comer to electrocardiography. Its 

simplicity and comprehensibility have attracted workers in the field almost from 

its inception . One of the earliest writers to employ this concept was Waller who 

publi~hed his work in 1899 (2). 
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To apply this concept to the heart in the body requires several 

assumptions: 

1 . That the animal body behaves as a homogeneous 

volume conductor. 

2 • That the heart I ies near the center of the body. 

3 . That the points from which potenti9ls are to be 

recorded are relatively remote from the heart. 

4 . That at any given instant during the electrical 

activity of the heart, the simultaneous activity 

of the multitude of fibers may be expressed in 

terms of a single dipole or instantaneous vector. 

5 . That this average resultant dipole remains centrally 

located and varies only in direction and magnitude. 

An excellent discussion of the validity of these assumptions has been 

published by Geselowitz (1) . Suffice it to say, that while these assumptions 

have been shown to be only rough approximations they stil I provide the best 

working concept so far devised to relate the surface ECG to our still incomplete 

knowledge of myocardial electrical activity . In some ways it is surprising how 

well this relatively unsophisticated concept fits the facts. One very significant 

reason is the high conductivity of the intraventricular blood mass. Brody (3) and 

others (4) have shown that a non-dipole source behaves much more like a dipole 

source when placed in a medium whose conductivity is significantly greater than 

the surrounding volume conductor. This is sometimes referred to as the "short 

circuiting" affect of the intracavitary blood volume. 
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Anatomical Determinants of Myocardial Depolarization. 

In the normal heart the process of depolarization is initiated by the 

rhythmic pacemaker, the sinoatrial node in the upper portion of the right 

atrium (Fig . 3) . From this point, the impulse spreads circumferentially 

over the atrial walls until it reaches the atrioventricular node (AV node) in 

the floor of the right atrium. From this point after a delay of from 80 to 120 

milliseconds the impulse spreads down the strands of specialized conduction 

tissue into the right C11d left ventricle. This tissue is much more closely 

related to nervous tissue and transmits the impulse approximately ten times 

as fast as it can spread in the unspecialized muscle fibers of the heart itself. 

Almost immediately after leaving the AV node this specialized conducting 

tissue divides into a right and left bundle, each carrying the impulse to its 

respective ventricle. The right bundle continues to the apex before sending 

branches into the substance of the myocardium . By contrast, the left bundle 

branches almost immediately after reaching the cavitary side of the left 

ventricular septum. As a result left ventricular septum is the first portion of 

either ventri de to be depolarized . The impulse spreads from the left ventricular 

side of the septum through to the rifht side. Since the septum lies almost 

parallel at the chest wall but is tilted upward and to the right, the first forces 

of ventricular depolarization are directed forward (anteriorly) to the right and 

slightly superiorly (Fig . 4) . 
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Shortly thereafter, about 20 mil I iseconds after the onset of ventricular 

depolarization, the impulse has reached the apex of both ventricles via the 

specialized conducting tissue. The resulting forces are dominated by those 

from the stronger and thicker left ventricle and hence are now directed to the 

left and inferiorly, but still anteriorly . During the next 20 milliseconds the 

impulse spreads peripherally into the free wal Is of both ventricles. The forces 

from the right ventricle are completely masked by the relatively huge forces from 

the right ventricle and are directed leftward inferiorly and usually just slightly 

posteriorly. These are usually the maximal forces developed by the ventricle. 

During the final 40 mil I iseconds of ventricular depolarization, the forces 

diminish and are derived briefly from the basilar or upper portion of the left 

ventricle. They become progressively smaller in magnitude and are directed 

posteriorly, superiorly and leftward. 

As in the isolated muscle fiber the depolarization process is followed by 

repolarization . In the normal electrocardiogram, the repolarization forces 

of the auricles are completely obscured by the depolarization potentials of 

the ventricles (the Q RS of the ECG). The ventricular repolarization forces are 

directed anteriorly to the left and somewhat inferiorly (Fig. 5). 
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The Normal Electrocardiogram 

To relate this series of sequential instantaneous vectorial forces to the 

conventional ECG, it is first necessary to review the lead system used in 

obtaining such a tracing. 

The modern twelve lead electrocardiogram consists of six leads in the 

frontal plane and six leads in the horizontal plane. 

In the frontal plane, these consist of the three standard leads introduced 

by Einthoven in 1913 (Fig. 6) . In these leads the potential d ifference between 

the right arm and the left arm (lead I), the right arm and the left leg (lead 11), 

and finally the left arm and the left leg (lead Ill) are recorded successively. 

In 1934 Wilson introduced the unipolar extremity leads wherein a "central 

terminal 11 or zero reference point was formed by tying together the three 

extremities and recording the potentials between this central terminal and each of 

the extremities in turn. It should be pointed out that the central terminal was 

considered to remain at zero potential and that effectively it could be considered 

to I ie in the physical center of the heart. The classical concept of the geometrical 

relationships of these leads is clearly shown in the left hand side of the figure. 

Unfortunately for the symmetry of the arrangement, in 1946 Burger and Van Milaan 

(5) conclusively proved that the lead axes are more nearly as indicated on the 

right side of the figure. Graettinger, Grayb iel, and Packard (6) have shown 

(Fig. 7) that these leads may be presented in a hexaxial reference system which 

greatly clarifies their spatial relationship . 
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The six horizontal plane leads are usually referred to as the precordial leads 

(V 1 through V 6) because of the placement of their electrodes on the front of the 

chest . The Wilson central terminal is again utilized and the tracings obtained 

represent the potential difference between it and the anatomically fixed positions 

on the precordium . Their relationships are shown in Figure 8. 

Returning now to the instantaneous forces of ventricular depolarization, it 

is relatively easy to demonstrate how they produce the various forces of the Q RS 

complex seen in the different leads of the electrocardiogram. In Figure 9 a typical 

series of instantaneous vectors at 10, 20, 30, 40, etc . , milliseconds after the onset 

of ventricular depolarization are shown. The amount of potential projected on each 

lead depends on the relationship of the part icular vector to the various lead a xes . 

Before examining the normal conventional ECG it is desirable to review the 

nomenclature used to designate the various complexes (Fig. 10). Very briefly, 

it consists of an initial P wave which represents atrial depolarization. This is 

followed within 200 milliseconds by the Q RS complex which is produced by the 

simultaneous depolarization of the right and left ventricles. Its normal duration is 

80 to 95 mil I iseconds . The next deflection is the T wave which is produced by 

ventricular repolarization. The final deflection, the U wave is considered to 

be a part of the repolarization process, but is frequently absent or very difficult 

to see . Note that the ST segment connects the Q RS and the T wave. This is 

normally neither elevated or depressed and flows smoothly and imperceptibly into 

the T wave. A.s we will see later this segment and the associated T wave form a 

sensitive index of normalcy of the repolarization process. 
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Let us now examine a normal ECG with the purpose of determining its 

information content (Fig. II). The six leads on the left are the frontal plane 

leads arranged in the sequence of the hexaxial reference system previously shown. 

The six leads on the right a re the precordial leads extending from the right to the 

left side of the chest. It should be noted that they I ie in the horizontal or transverse 

plane of the body and are thus perpendicular to the frontal plane leads. Al~ that is, 

except for lead I which is considered to be horizontal and for this reason should be 

similar to v5 on whose axis the two planes intersect. 

In attempting to see this ECG through the eyes of an engineer who is unfamiliar 

with electrocardiography, I am more than ever impressed with redundancy of the 

information contained in the individua l leads. One is tempted to make an analogy 

to photography. Qould a viewer really know any more about a stranger's appearance 

from twelve views than from two or three . The FBI answered this question years ago . 

Their crimina l identification is limited to two views, a ful I face and a side view. 

The accepted practice of taking all twelve leads is easier to explain than to 

defent. The three unipolar extremity leads aVR, aVL, and aVF were introduced 

and accepted because it was felt that they provided information not available from 

the three standard leads of Einthoven . By the time it had been conclusively shown 

that they were really nothing more than intermediary frontal plane leads, they had 

been universally accepted . Possibly to disclaim them would have been embarrassing. 
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The six precordial leads are on a somewhat different footing. It has been 

felt from their introduction that in addition to the projected vectorial information 

that they provided a fair measure of information about the myocardium immediately 

beneath them. Because of the proximity of their electrodes to the heart, it is 

impossible to refute this contention . The decision, which is yet to be made, is 

whether there is sufficient "localized information'" present to justify the time and 

effort involved in recording all six. One additional factor, not considered up to 

this point, confuses the issue still more. Because of their proximity to the heart, 

the precordial leads are greatly influenced by even minor variations in body build 

and heart position . While this is of I ittle concern in attempting to evaluate serial 

changes in a given individual, it makes it extremely difficult to establish meaningful 

ranges of normal variation to large groups of individuals. And by the same token 

since the recorded deflections are so materially affected by anatomical variation, 

they lose much of their validity as diagnostic indices of the presence or absence 

of heart disease . 

Stated in other terms, there is a certain amount of evidence and a widespread 

almost emotional bel lef that the equivalent dipole theory is at best only partially 

applicable to the precordial leads. Despite this fact both Schmitt (7) and Frank (8) 

were able to find minor images of the precordial potentials which when sufficiently 

amplified largely canceled each other. These are referred to as cancel lat ion tests 

and obviously suggest that at worst the equivalent dipole theory is partially applicable. 
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Okada (9) has shown that while cancellation works fairly well in most normal 

subjects it works quite poorly in others. He was also able to show that cancellation 

in subjects with heart d isease was significantly poorer than in normal subjects . 

This is obviously an unsettled problem. 

Having examined some of the obvious short comings of the conventional ECG, 

it is only just to point out some of its virtues . First of all, is the tremendous body 

of empirical knowledge that has accumulated over the years through its application 

in health and disease. Diagnostic criteria have been validated by longitudinal 

studies and by autopsy findings. 

For instance, it can be stated with great certainty that in normal subjects a 

flat or inverted T wave in lead I is found in no more than one or two per ten 

thousand. Absence of the normal R wave progression in the precordials is almost 

always associated with disease of the interventricular septum. 

Thus, while the system is open to criticism, it cannot be readily replaced. 

At the same time, for reasons which will be pointed out in the next section, some 

of the newer lead systems which have been introduced in the last decade show 

great promise for certain applications in the future . 

The ECG as a Medical Monitor 

Perhaps sparked by the rapid strides in electronics during and since World 

War II, there has been an ever increasing interest in the ECG as a medical monitor . 

To date its most successful application has been in hospitals where it has been 

exploited to monitor critically ill cardiac patients or those who have undergone 
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extensive major surgery. In many instances its use has been I ife-saving and 

its use is increasing in more and more hospitals across the country. It has 

also been employed on a yet somewhat experimental basis for monitoring 

ambulatory heart patients . Some reports are enthusiastic others only moderately so . 

In recent years with the advent of practical telemetry, the ECG has been 

employed along with body temperature, respiratory rate, and blood pressure to 

monitor individuals in flight. The enthusiasm and confidence placed in the ECG 

has varied enormously. Perhaps one of the most accurate appraisals was the candid 

comment of one of the Mercury medical monitors who said, "Yes, it was nice to 

have the ECG, but I surely am glad that nothing happened to the voice channel . 11 

What can the ECG tel I us about the normal individual in a stressful situation? 

First, it can give us a great deal of information about his heart. It can tell us 

how fast it is beating; whethe.- it is irregular or regular, and quite importantly, 

whether there have been any important changes in the electrical activity such 

as might occur if the heart were not receiving sufficient oxygen. It could tell 

us· very accurately whether the man was having a coronary thrombosis. In other 

words, it is an extremely reliable index to the intrinsic health of the heart itself 

and in this role it cannot be excelled. 

The problem really is how much information can the ECG give us about 

stresses which affect the heart indirectly. The answer is fairly straightforward. 

With few exceptions the changes are not specific and the ECG can only indicate 

the presence of some form of bodily stress . For example, the rapid heart rate which 

is usually induced by pain gives no clue either as to the cause of the significance 
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of the pain . Indeed, the rapid pulse which accompanies shock from blood 

loss would be indistinguishable from that produced by pain or anxiety . 

These comments are in no way meant to deprecate the ECG as a medical 

monitor, but to place in proper perspective as to what can, and what cannot, 

be expected of it . 

Technical Problems of the ECG as an In-Flight Monitor 

Until about ten years ago almost al I ECG's were obtained with the subject 

lying quietly in a bed. Interest in obtaining an ECG while the subject was 

exercising dates back to Master's (10) introduction of the exercise test in 

1935 to demonstrate the presence of coronary artery disease. Because of the 

difficulties involved, however, clinicians have had to satisfy themselves with 

a tracing taken immediately after exercise; again with the subject lying quietly 

in bed. 

The problem was largely solved by Roman and Lamb in 1959 and 1960. 

Their treatise (11) on the various aspects of the problem is outstanding and a 

classic in the field . 

To appreciate the technical difficulties involved, one must keep in mind 

the design requirements of an electrocardiograph amp I ifier . A voltage gain of 

at least 1, 000 is necessary in most instances and with some types of recorders 

slightly more may be required. 

In order to be intelligible, the recording must be virtually free of artifacts 

such as extraneous electrical signals and fluctuations of the base I ine (Fig. 12). 
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These artifacts can be considered as separate high and low frequency problems 

which, as it turns out, are more or I ess independent of each other . 

Let us first examine the high frequency problem . These extraneous electrical 

disturbances appear as showers of spike-like w.aves somewhat suggestive of white 

noise as viewed on an oscilloscope. They are in reality the electrical action 

potentials of the voluntary or skeletal muscles. A quick perusal of any anatomical 

atlas will reveal that at least one layer of these muscles and sometimes more lies 

beneath almost every square inch of the body surface . The only exception is the 

very top of the head and the breast bone or sternum . Hence, it is very difficult 

to avoid placing an electrode on at least one or more groups of muscles. The 

problem is compounded by the fact that even a very simple movement of the arm, 

for instance, involves not only the obvious muscle groups which produce the 

movement, but as a ru I e numerous others which fix the shou Ider and prevent an 

equal and opposite movement of the upper body . During a comp I icated act such 

as walking, almost every muscle in the body is involved to a greater or lesser extent. 

The appearance of these muscle potentials (electromyogram) in the ECG is 

almost unavoidable but they can be markedly reduced by the use of the low pass 

filters . The frequency band width of the ECG is 0 to 100 cps. The electromyogram 

is from 0 to several killocycles. Thus by filtering out all signals above 100 cps 

most of the myogram artifacts can be removed without any loss of the ECG signal. 
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The low frequency type of artifact, as mentioned above, manifests itself 

as base I ine shifts which alter the appearance of the ST segment and the T wave. 

The origin of these d isturbances can be traced to the electrode. 

Every ECG technician quickly learns that moving or changing the pressure 

on an electrode causes a baseline shift. It is not generally appreciated, however, 

that such a change alters the impedence of the electrode and the polarization 

potentials that are always present. To avoid these changes it is important to make 

the electrode as small and as light as possible to minimize their response to 

vibration and clothing contact pressure . 

The common practice of attaching an electrode with a strap is undesirable 

for in-flight recording. It should be anchored locally by strong adhesive or 

cement to minimize the forces acting on the electrode. 

The electrode should be constructed in such a fashion that metal to skin 

contact is avoided . The present approach is to make the she I I of the electrode of 

plastic and to leave room for styrofoam pad soaked in jelly to separate the metal 

from the skin. Such an electrode is relatively insensitive to pressure changes, 

and easy to anchor to the skin surface. One fact which has been of interest to 

us in using this type of electrode is that it takes approximately forty minutes for 

the electrode to stab ii ize and to produce its optimal signal. 

Low frequency baseline shifts may also be reduced to some extent by filtering 

out frequencies below 0 .2 cps. If the low frequency cutoff is higher than this, 

however, distortion of the ST segment and the T wave occurs. If the low frequency 

cutoff is as high as 0.6 cps, a biphasic T wave deformity appears. 
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The choice of the lead system to be used for in-flight recording is not easy 

and requires a careful consideration of conflicting factors. From a purely technical 

viewpoint, the most satisfactory lead to use is the sternal lead. Since the 

electrodes are placed on the sternum, it immediately provides three distinct 

advantages . First, there is minimal body and electrode movement. Second, there 

are no underlying muscles to produce high frequency muscle interference. Third, 

since the electrodes are relatively close to the heart, the electrical potentials 

are high which improves the signal to noise ratio . 

Another lead which has been used in-flight monitoring is the fransthoracic 

lead with its electrodes in the mid-axillary line at the level of the fifth interspace. 

Vv'hile not qu ite so free from muscle interference as the sternal lead it is technically 

quite satisfactory. 

Both of these leads provide the monitor with technically adequate information 

as to the heart rate and permit an interpretation of any arrhythmia which might 

occur. On the other hand, it is important to realize that changes in the Q RS, ST, 

or T cannot be explained on the basis of our knowledge of such changes in the 

conventional electrocardiogram. 

Despite the .~echnical advantages of the sternal and transthoracic leads, it 

would appear highly desirable to employ a standard lead system. With such a 

system it is possible not only to identify the various arrhythmias, but also to 

detect and localize potentially more important anomalies such as myocardial 

ischemia, intraventricular conduction disturbances, changes induced by zero 
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gravity and, if the situation should arise, the initial and serial changes of 

myocardial infarction. 

On this basis, the conventional twelve lead electrocardiogram would be 

the method of choice because of the vast store of empirical knowledge which 

has been accumulated through the years with the use of this system. It is 

widely appreciated, however, that in practice its extremity electrodes are 

so susceptible to even moderate movement or vibration that the signal to noise 

ratio is reduced to unintelligible levels . A further disadvantage is that it 

requires ten electrodes and some form of a switching device. For these reasons 

the selection must be made from the newer orthogonal lead systems (12-15). 

Of these, it is felt the Frank System (15) is best suited for in-flight monitoring 

because of the simplicity of its design and its relative freedom from muscular 

and vibrational distortion . In his original description Frank placed aJI of the 

electrodes except the foot on the chest . Since the ground electrode may be 

placed in any position, we customarilly place it on the upper sternum . Smith 

(16) has shown that moving the foot electrode to the lower sacrum does not 

alter the tracing and for this reason we have moved this electrode to this new · 

site which avoids the muscle interference always present with an extremity 

electrode. 

During the past 4 years we have been evaluating this system to determine 

its suitability for in-flight monitoring. From our experience to date it works 

quite sat isfactorily (Fig. 13). The figure shows that it is completely unaffected 

17 



by moderate movements. Lifting the arms above the shoulders moves the skin 

of the chest and does produce some artifacts, the majority of which can be filtered 

out . Strenuous exertion such as stepping up and down a 2-foot step is not compatible 

with a good tracing, but activity as severe as this is not commonplace in flight 

maneuver . Moreover, the moment the subject ceases his activity, the tracing 

clears immediately . 

In Figure 14 is shown the Frank X, Y, and Z leads obtained in the low pressure 

chamber with the subject seated in an aircraft seat wearing a Navy full pressure 

suit. The hookup is a bit jerry rigged in that ft was necessary to use the anti-G 

suit port to bring the ECG cable through the suit. The chamber is dropped 

(pressure wise) from 27,000 feet to 55,000 feet in approximately 1.5 seconds. 

The subject is protected from the adverse affects of this explosive decompression 

by the automatic inflation of the pressure suit to 3 .4 lbs. which is equivalent 

to 35, 000 feet . To date we have run only seven subjects but only one has shown 

any change other than for a slight increase in heart rate. The one subject showed 

some flattening of T wove in the 11X11 lead which may well have been due to his 

apprehension . 

Despite the fact that the Frank lead system was introduced only 12 years 

ago, there is fairly comprehensive literature available on the Frank system in 

both health (17-22) and disease (23-31) which is increasing each year. A good 

deal of work has been done on the problem of comparing the Frank and the 
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conventional system (32, 33). One product of this effort. has been development 

of instrumentation to synthesize intermediate leads from the three orthogonal 

leads which are comparable to the presumed axes of the conventional system 

(34,35) . We have been working in this area for some time, and have obtained 

both a conventional and Frank scalar ECG on over 1500 normal subjects and 

some 400 abnormals . The Frank scalar leads are obtained with the aid of a 

comparatively simple sine-cosine network as shown in Figure 15. Leads may be 

obtained at 30° intervals in al I three planes. The relationship of the conventional 

and Frank scalar leads is shown in Figure 16. The two tracings show a remarkable 

similarity. Preliminary data on only about 900 normals show a correlation 

coefficient of 0.966 between the Frank 11Y 11 or vertical lead (F5) and its analogue 

conventional AVF . Resemblence between the 11X 11 or horizontal lead and con

ventional lead I or V5 was not nearly so good. Indeed, as pan be seen in this 

patient, the Frank Fl (-30°) resembles conventional lead I much more than the 

Frank 11X 11 (F2). This is in accordance with the Burger triangle which was 

reviewed earlier. It may be recalled that the conventional lead I is not truly 

horizontal, but slopes upward, from right to left. 

The match in the horizontal plane is really surprisingly good. The amp I itude in 

the Frank leads are lower presumably because they are less distorted by the proximity 

of the electrode to the heart (this is often referred to as the proximity error) . From 

this and numerous other examples that could be shown, it is difficult to believe 

that the local subjacent contribution of the myocardium is of great importance in 

the precordial leads . 
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It is important to determine whether the Frank lead system can reveal 

abnormal findings with equal clarity. The next tracing, Figure 17, was obtained 

on a 49-year old man with elevated blood cholesterol and a long history of high 

blood pressure. Note the increased amp I itude of the QRS complex, the depression 

of the ST segment and the inversion of the T waves. This man exhibits the classical 

electrocardiographic picture of left ventricular hypertrophy. Without concerning 

ourselves with diagnostic criteria, it is quite apparent that the diagnosis could 

be made equally well from either tracing . 

Indeed, we have found no exceptions to this since we began to work with the 

Frank lead system in 1956. Normal people look somewhat more alike and exhibit 

less individual variation as to amp I itude and vectorial headings . It is felt that this 

is because the Frank leads are less affected by individual differences in anatomy 

and heart position. 

While there is no question of the excellence of the Frari< lead system, it is 

doubtful if it will replace the conventional twelve lead ECG for routine clinical 

use for some time to come. There are several reasons for this. One is the eternal 

reluctance to change which physicians share in common with other human beings. 

A second factor is the expense ·and added complexity of three channel recording. 

Finally, and probably most important, is the fact that many more years of experience 

and research wi II be necessary before it can exceed the well established validity of 

the conventional ECG. On the other hand, it seems' equally certain that in certain 

specialized applications such as in-flight monitoring, screening large populations, 

and computer analys (36) the Frank orthogonal lead system is the method of choice. 
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Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

LEGENDS 

Schematic drawing of an isolated heart muscle fiber in a volume 

conductor during depolarization . The positive spike-like deflection 

of the ECG machine is characteristic. 

The repolarization process . Note the low frequency negative 

deflection which is of opposite polarity from that of depolarization. 

Drawing to show the pathway of the depolarization process as it 

spreads from its origin in the sinoatrial node to the atrioventricular 

node and then via the specialized conduction tissue into the substance 

of the ventricles . 

Shown here are the average direction of the left ventricular 

depolarization forces at various time increments after the onset of 

ventricular depolarization as seen in the horizontal plane. The large 

loop represents the QRS forces of idealized normal vectorcardiogram . 

A line from the origin to any point on the loop determines the in

stantaneous vector at that particular time . 

Frontal plane projection of the same forces shown in Figure 4. 

On the left the three standard leads of Einthoven arranged according 

to his 11hypothesis 11 that all three extremities are equidistant from 

the heart . Superimposed are the three unipolar leads of Wi Ison . 

On the right, redrawn to reflect the findings of Burger and 

Van Milaan. 



Figure 7 

Figure 8 

Figure 9 

On left the classical hexaxial reference system. On right 

same corrected . 

The approximate axes of the precordial leads. Note 

asymmetrical position of heart . 

The relationship of the instantaneous vectorial forces at .01, 

.02, .03, .04, etc. sec. to the various frontal plane leads 

and the potentials recorded on each lead. This is simple 

vectorial projection. 

Figure 10 Conventional nomenclature of the ECG. 

Figure 11 A normal ECG . For description see text. 

Figure 12 Conventional lead II distorted by muscle spikes and baseline 

shift. The former is predominantly a high frequency phenomenon 

while the later is low frequency . 

Figure 13 Frank X, Y, and Z leads (from above down) obtained on a young 

naval aviator under different conditions. Notice freedom of 

baseline deviations and muscle spikes even while walking. 

Figure 14 Frank X, Y, and Z leads obtained on a subject during explosive 

decompression who was protected by the standard Navy ful I 

pressure suit . 

Figure 15. Block diagnosis of a sine-cosine mixing device for obtaining Frank 

scalar leads intermediate between the three orthogonal leads. 



Figure 16 A comparison of the conventional and Frank scalar ECG's 

taken on a normal subject. In the first two columns are the 

frontal plane leads taken at 30° increments from -30° at top 

to +120° on the bottom . The Frank leads are on the right and 

were derived from the Frank X, (F2) and Y (F5). The second 

pair of columns are the horizontal plane leads with the 

conventional on the left and the Frank at right . These were 

derived from Frank Z (H2) and X (H5) . The final single 

column are the Frank posterior sagittal plane leads derived from 

Frank Z (S2) and Y (S5) . 

Figure 17 Arranged in the same manner as Figure 16 this illustration shows 

the findings in left ventricular hypertrophy as recorded in the 

conventional and Frank scalar ECG . 
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Block Dia9ram of Sine-Cosine Lead Selector System 
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