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Quantitative Risk Assessment: Low
Frequency Electromagnetic Fields

As an Example

M. Granger Morgan

Abstract. Tt is difficult to think of a worse example with which to illustrate
the state of the art of quantitative risk assessment than the possible risks
posed by power frequency electric and magnetic fields. Nothing seems to
work. We don’t know how to measure dose. We don’t know whether “more
is worse,” let alone the shape of any effects functions. The limits that one
can set with bounding analysis are too broad to be of much use. Yet despite
all these problems, the science is far better than that available for such
widely regulated risks as sulfur air pollution. This paper briefly reviews the
subject and summarizes some of the problems and lessons.
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THE CONVENTIONAL RISK ANALYSIS
PARADIGM

In doing risk analysis of some known or suspected
hazard such as an environmental pollutant or a toxic
chemical there are now a fairly well established set of
tasks that must be performed (Morgan, 1981). First
one builds models that will provide an estimate of the
concentrations of the pollutant to which people or
other animate or inanimate objects in the human or
natural environment are exposed. Then one builds
models that provide an estimate of the health and
other effects which will result from this exposure. In
building such models there is often uncertainty about
both the functional form of the models and the value
of specific coefficients within those models. Practi-
tioners have devised a variety of techniques for dealing
with both these situations. Uncertainty about model
form is often treated by solving the problem para-
metrically in model form (Morris, Fischer, Moskowitz,
Rybicha and Thode; 1984; Morgan, Nair, Florig and
Hester, 1984) in order to determine the extent to
which alternative models affect the conclusions which
are reached. Uncertainty in the value of coefficients
is often handled by asking experts to provide subjec-
tive judgments of parameter values in the form of

M. Granger Morgan is Professor and Head, Depart-
ment of Engineering and Public Policy, Carnegie
Mellon University, Pittsburgh, Pennsylvania 15213.

Institute of Mathematical Statistics is collaborating with JSTOR to digitize, preserve, and extend access to [[&

314

probability density functions (Boyd and Regulinksi,
1979; Stael von Holstein and Matheson, 1979; Mor-
gan, Morris, Henrion and Amaral, 1984; Morgan,
1981; Mullin, 1986).

Although one may not know the functional form of
the effects function or its associated coefficients with
precision, one thing that can almost always be safely
assumed is that if exposure to the substance in ques-
tion is bad at concentration C, then exposure to a
concentration of 2C is as bad or worse . .. that is one
can assume that “more is worse.” Similarly, one can
fairly safely assume that any measure that is propor-
tional to the concentration of material to which people
and objects are exposed will be at least a crude ap-
proximation of dose and will be directly related to
effect because “more is worse.”

The simplifying utility of the “more is worse” as-
sumption is not apparent until one tries to perform
risk analysis in a situation in which more may not be
worse. For the past several years my colleagues Indira
Nair, Keith Florig and I have been working on such a
problem that has involved assessment of the possible
risks of human exposure to power frequency electric
and magnetic fields. As I will show, this is a problem
in which the simple “more is worse” assumption is
not justified and in which the science remains quite
incomplete. The challenge to risk assessment and
policy analysis is to try to say something useful
about this problem while we wait for good scientific
understanding.
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POWER FREQUENCY ELECTRIC
AND MAGNETIC FIELDS

A Case When More May Not Be Worse

Contemporary interest in the possible biologic ef-
fects of exposure to low frequency electromagnetic
fields has grown out of several strands of activity.
First there are the long standing research activities of
a group of neurophysiologists interested in the elec-
trochemical processes of the nervous system. Second,
interest in the specific issue of power frequency fields
was stimulated by a series of reports from the Soviet
Union in the 1960s of nonspecific complaints by work-
ers in new 400-500 kV switchyards. Finally, environ-
mentalists’ concerns about proposals by the United
States Navy to install a large low frequency under-
ground antenna in the midwest to transmit messages
to strategic submarines at sea stimulated a series of
health and environmental studies.

By the early 1970s concern about possible adverse
health effects from transmission line fields had grown
to the point that it was impossible to site a new
transmission facility in the United States without a
protracted debate about possible field effects. Pro-
grams of research specifically on power frequency
fields were mounted by both the Electric Power Re-
search Institute and by the United States Department
of Energy. Smaller programs have been supported by
others including the State of New York and several
utilities including Southern California Edison and
Bonneville Power.

By its nature, experimental research on this topic
requires a mixture of biology, physics and electrical
engineering. Given the difficulties inherent in inter-
disciplinary work, it is not surprising that many early
papers suffer from problems of quality control. How-
ever, since the late 1970s the volume of high quality
research has grown rapidly. Today there is a large,
and very solid experimental literature.

It is not feasible to summarize this literature here.
Several very good reviews are available (Adey, 1981;
Anderson and Phillips, 1982; Sheppard, 1983; Graves,
Bracken, Griffin, de Lorge, Morgan and Tenforde,
1985; West Associates, 1986). Instead I will highlight
a few of what I think are the most salient points:

1. Strong electric fields can produce effects
through spark discharge, tactile stimulation
and similar mechanisms. These mechanisms
have been the focus of considerable study but
in my opinion can be easily controlled and are
of no great public health consequence.

2. Power frequency electric and magnetic fields
that are too weak to produce effects of the sort
discussed above, can interact directly with se-
lected neural and other tissue to produce bio-

logic effects. These interactions are subtle and
are observed only under special experimental
conditions in a few systems. They have been
found only after careful looking, and after
many null results.

3. There is a growing number of epidemiologic
studies that purport to show an association
between field exposure and cancer promotion.
There are also studies that can be read as
suggesting an association with developmental
abnormalities. All of these studies suffer from
serious difficulties. In my view there is not
persuasive evidence that exposure to power
frequency fields can result in serious public
health consequences. At the same time I be-
lieve that current understanding precludes
ones saying that there are not serious public
health consequences arising from chronic ex-
posure to power frequency fields.

The mechanisms by which power frequency fields
interact with biologic systems are not yet clear but
probably involve one or several kinds of nonlinear
effects that occur at or near the cell membrane surface
and may involve the complex structures that are as-
sociated with that surface. Because the details of these
mechanisms are not understood, it is not apparent
how to define “dose” in this context. The experimen-
tally observed dependence of effects on parameters
such as field strength, frequency and time of exposure
to field varies markedly and includes experiments in
which:

e The effect appears at some field strengths and
frequencies but not at other higher and lower
field strengths and frequencies. That is, the
effects display reasonance or amplitude and
frequency “windowing.” In at least some cases,
the location of these windows depends on the
magnitude and orientation of the earth’s natu-
ral d.c. magnetic field (Blackman, Benane,
House and Jones, 1985).

o The effect appears only after exposure for an
extended period of time, such as several weeks
(Wilson, Anderson, Hilton and Phillips, 1981;
Wilson, Anderson, Hilton and Phillips, 1983).

e The effect appears only for a short period, such
as tens of minutes, after exposure begins. After
this, the system apparently adapts in some way
and the observed effect disappears (Byus, Lun-
dak, Fletcher and Adey, 1984).

e The effect appears only when field strength
exceeds some threshold value, and once this
threshold has been exceeded the magnitude of
the effect does not depend upon the field
strength (Liboff, 1984).
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FIG. 1. When a number of hypothetical exposure scenarios (labeled N, NB, NT and NBT) were modeled, and a dozen plausible (though
arbitrary) alternative health effects function were applied, the resulting estimated range of health impacts spanned over seven orders of magnitude
(from Morgan, Lincoln, Nair and Florig, 1983). The details are unimportant. The important insight is that parameterized approaches to risk
assessment are unlikely to be useful until improved science understanding will allow a significant narrowing of the alternative possibilities.

Although each of these results are for a different
experimental setup and biologic system, together they
suggest that an assumption that “more is worse”
should not be made.

There are several other ways in which 50-60-Hz
fields are different from other more familiar envi-
ronmental agents. Unlike ionizing radiation such as
x-rays or the radiations associated with the atom or
the nucleus, power frequency fields do not carry
enough energy to initiate biologic effects by breaking
up atomic or molecular bonds. Also, unlike effects
from very intense microwaves, power frequency fields
do not produce effects by heating body tissue. Finally,
unlike chemical agents, power frequency fields do not
introduce substances from outside the body, although
they may affect rates of action and metabolism of
various biochemicals in the body. These facts mean
that one must be very careful not to extrapolate “in-
sights” gained in doing risk analysis and risk manage-
ment on these other kinds of agents such as ionizing
radiation to the area of power frequency fields.

Attempting to Do Risk Analysis on Power
Frequency Fields

Although my colleagues and I have made serious
efforts, we have been largely unsuccessful in our at-
tempts to perform a conventional risk assessment of
‘the possible health risks presented by human exposure
to power frequency electric and magnetic fields. One
of the first things we did when we began to work on
this problem was to perform a thought experiment in
which we took several simple hypothetical expo-
sure situations and several measures of dose and
effects functions which we believed were at least
consistent with the evidence available in the literature.
As Figure 1 indicates, the results ranged over more
than 6 orders of magnitude.

For several specific health end points we attempted
to build families of alternative models (Morgan,
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FIG. 2. Alternative pathways by which exposure to 50-60-Hz electric
and magnetic fields might lead to developmental abnormalities (from
Morgan, Florig, Nair and Lincoln, 1987).

Florig, Nair and Lincoln, 1987). For example, Figure
2 indicates a number of the alternative mechanisms
which could give rise to the end point of developmental
abnormalities. Figure 3 summarizes what we believed
(as of 1984) the literature had to say about the likeli-
hood that each of these mechanisms might actually be
operating. Figure 4 provides a highly simplified outline
of some of the functional forms that a health effects
function for this end point might assume. If we are
prepared to make a number of fairly heroic assump-
tions, then for each path through the tree in Figure 4
we could parameterize the variables involved and at-
tempt to perform an assessment. We did this for a few
simple cases (Morgan, Florig, Nair and Lincoln, 1987).
The problem is that we rapidly suffer an increase in
the number of parameters needed. Thus, while we can



QUANTITATIVE RISK ASSESSMENT 317

STUDY PATH

Direct Animal Studies
with Electric Fields:

Chickens _ _ _ o
Graves et al. (1983) [24] I I N N N I N N N ] =
Rodents - - -
Sikov et al. (1979, 1984) [52, 54] <= - m = - -m ===
Fam (1980) [20] ] + - - = - - - - = - - - -
Cerretelli (1979) 8] 1 I T - N I N N N N I N N
Marino (1976, 1980) [69, 34] - + € € C + € € € ¢C + € C
Pigs
Battelle Pig Studies [45] - 4+ ¢cC C N + c ¢ ¢ + c
Mahmoud & Zimmerman (1984) [68] + - - - N - - - - - - -
Cows _ _ _
Hennichs (1982) [26] I I - N - I - - - - I - -
Direct Animal Studies
with Magnetic Fields:
Drosophila
Ramirez et al. (1983) [46] - + C C ¢ + C N N N + C ¢
Chickens
 *Delgado et al. (1982) Ubeda - 4+ N N N + 4+ N N N + + +
et al. (1983) [10] _ B L L
*Maffeo et al. (1984) [32] I I N N N I I N N N I 1 -
*Tell et al. (1984) [70] I I N N N I T N N N I 1 -
*Mild et al. (1984) [36] - + N N N + + N N N + o+ o+
Direct Animal Studies with
Electric & Magnetic Fields:
Durfee et al. (1976) [16] T I N I N N N N I - -
Krueger et al. (1975) [71] I I - - - I N N N N I N N
Direct Human Studies with
Electric & Magnetic Fields:
Kouwenhoven et al. (1973) [31] T I T N T I N N N N T N N
Knave et al. (1979) [30] C I T N - I N N N N I N N
Nordstrom et al. (1983) [43] - + + N + + N N N N + N N
Wertheimer et al. (1984) [63] - + € € ¢ + €C €C €C ¢ + € C

*Note: These studies involve pulsed magnetic fields (~'30/Lsec rise time) and do not see an effect
for 60Hz sinusoidal fields. They are thus not relevant to exposure from transmission and
distribution line fields but may be relevant to occupational and residential exposures.

F1G6. 3. Subjective evaluation performed by the author and his colleagues in 1984 of the evidence available to support or argue against the
existence of the various links in the diagram in Figure 2. The kinds of evidence are classified into the following simple categories: N = no
information relevant to the branch in question; C = evidence is consistent with the existence of the branch; T = evidence is not inconsistent with
the branch; + = evidence argues for the existence of the branch; — = evidence argues against the existence of the branch. We use a very bold +
and — to indicate definitive evidence (in our view at the moment there is none), a bold + or — for evidence which argues for or against the
existence of a branch and a weak + or — for evidence which argues for or against the existence of a branch but which in our view is at best
marginally persuasive because of problems in experimental power, design and/or execution (from Morgan, Florig, Nair and Lincoln, 1987).
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Fi1G. 4. Simplified diagram of factors that could be important in
selecting an appropriate exposure metric or determining the form of
the effects function (from Morgan, Florig, Nair and Lincoln, 1987).

perform the analysis, we would end up producing an
enormous number of parameterized plots for all of the
possible functional forms which might obtain. We
concluded that such results would be of no use to
anyone.

Next we tried to perform a bounding analysis . . . to
answer, for the case of cancer and developmental
abnormalities, the question “if exposure to power fre-
quency fields can give rise to such-and-such, what is
the upper bound on how large the effect could be?”
Again the results turn out not to be very useful. The
precision with which we can presently attribute the
sources of cancer and developmental abnormalities is

-such that, especially in the case of the latter, the
bounds that one can set are too large to be of much
practical use in risk management decision making.

Should Risk Analysts Perform Every Calculation
They Know How to Do?

There is one calculation which we know how to do
but have not performed. If we take the increases in
cancer incidence rates reported in the various epide-
miologic and occupational proportional mortality can-
cer studies; if we assume that any effect observed
results only from magnetic field exposure, and if we

make a set of crude estimates of the average magnetic
field strengths which correspond to each study, then
we can produce a swarm of points in an effect level
versus fields strength space to which we could fit some
individual or family of effects functions. These in turn
could be used along with total population estimates of
exposure to power frequency magnetic fields to pro-
duce an overall estimate of cancer incidence.

We have not performed such an analysis, even in
the privacy of our own office. To do so would require
a “more is worse” assumption which we do not believe
can be justified. It is not clear to us that the effect
estimate number that would be obtained from such a
calculation would have any meaning or be of any use.
At the same time, our intuition and our knowledge of
the problem suggest to us that such a calculation
would yield a large number . . . a number which despite
all caveats would almost surely take on a life of its
own in the subsequent policy debate. Given the obser-
vation of Kahneman and Tversky (1973) that “people
respond differently when given no specific evidence
and when given worthless evidence,” we’ve resisted
performing this calculation.

Providing Policy Guidance When the Science Is
Unable to Support a Policy Choice

While we have been unable to perform an effective

. risk analysis of the possible risks posed by human

exposure to power frequency electric and magnetic
fields, our work has not left us completely without
useful things to say to regulators and other decision
makers faced with growing public pressures to take
action in this area. Specifically we have:

e Argued, that at least given present knowledge,
this potential problem should be framed and
thought about broadly as a problem of exposure
to all sources of power frequency fields in the
human environment (appliance, wiring, distri-
bution line, transmission lines, etc.) and not
just as a problem of extra high voltage trans-
mission lines and cautioned vigorously against
extrapolating “more is worse” based ideas from
other areas of risk management to this field too
rapidly (Graves, Bracken, Griffin, deLorge,
Morgan and Tenforde, 1985; Morgan, Lincoln,
Nair and Florig, 1983).

e Provided decision makers with a careful struc-
turing of the problem so that they can develop
a better understanding of what the science can
and cannot tell them, what judgments they
must make and what the implications of some
of those judgments are (Morgan, Nair, Florig
and Hester, 1987).

e Argued that much of the public concern about
exposure from transmission lines may arise
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from equity considerations, that is from an
argument that says “sure we’re all exposed to
fields and we don’t know whether exposure to
fields possesses any dangers . . . but by siting a
transmission line near me you’re asking me to
undergo an exposure that’s quite different from
that which the rést of the population receives.”
This has led us to investigate the feasibility of
a “similarity” based approach to field control
which would at least address the equity issue,
although in the absence of better scientific un-
derstanding, it would do nothing to address the
issue of actual risk (Florig, 1986).

e Developed a siting fee-based approach to trans-
mission line regulation which should allow one
to “exercise prudence” without making unjus-
tifiably large investments in “exposure control”
which may subsequently be found not to have
made things better (Morgan, Florig, Nair and
Hester, 1988).

Thus, while limits in our knowledge have thus far
precluded a successful risk analysis of this problem,
they have not prevented the development of a variety
of policy insights and guidance.
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