
This article was downloaded by: [CDC]
On: 12 January 2012, At: 15:20
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office:
Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Applied Occupational and Environmental
Hygiene
Publication details, including instructions for authors and subscription
information:
http://www.tandfonline.com/loi/uaoh20

Lognormal Model for Determining Dose-
Response Curves from Epidemiological Data and
for Health Risk Assessment
Bernard E. Saltzman

Available online: 30 Nov 2010

To cite this article: Bernard E. Saltzman (2001): Lognormal Model for Determining Dose-Response Curves from
Epidemiological Data and for Health Risk Assessment, Applied Occupational and Environmental Hygiene, 16:7,
745-754

To link to this article:  http://dx.doi.org/10.1080/10473220121485

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any substantial
or systematic reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the
contents will be complete or accurate or up to date. The accuracy of any instructions, formulae, and
drug doses should be independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages whatsoever or howsoever
caused arising directly or indirectly in connection with or arising out of the use of this material.

http://www.tandfonline.com/loi/uaoh20
http://dx.doi.org/10.1080/10473220121485
http://www.tandfonline.com/page/terms-and-conditions


Applied Occupational and Environmental Hygiene
Volume 16(7): 745–754, 2001
Copyright c 2001 Applied Industrial Hygiene
1047-322X/01 $12.00 + .00

Lognormal Model for Determining Dose-Response
Curves from Epidemiological Data and for Health
Risk Assessment

Bernard E. Saltzman
Department of Environmental Health, University of Cincinnati, Cincinnati, Ohio

A practical method is proposed for determining human
dose-response curves based on reasonable assumptions and
simpli� cations. The epidemiological data needed are the
fractions of the population suffering an adverse response
from exposures to two or more patterns of � uctuating con-
centrations of a pollutant, and the statistical parameters
of each pattern. The method calculates the two parame-
ters of the threshold type dose-response curve of the pol-
lutant, represented by a cumulative lognormal distribution.
This distribution was derived from a reasonable statistical
model. The calculation does not require any arbitrary safety
factors and yields central values. The dose-response parame-
ters then may be used to calculate the health risk rate of expo-
sure to any other � uctuating concentration pattern. Another
method is proposed to select appropriate threshold limit val-
ues (TLVs ° R ) using calculations involving these parameters.

Examples are given to illustrate the calculations. Results
with hypothetical data gave apparently reasonable results.
They showed the importance not only of the geometric mean
concentration but also of the geometric standard deviations
of both the concentrations and of the dose-response curve,
that greatly in� uence the results. It is believed that results of
useful accuracy should be obtained.

Health risk rates are readily understood. They are useful
for cost-bene� t calculations. Relative rates can be used to
compare the hazards of different operations and different
plants. The method may make possible the development of
standards specifying maximum allowable risk rates.

Keywords Risk Assessment, Risk Analysis, Dose-Response Curve,
Threshold Limit Values (TLVs)

Threshold limits imply that the human dose-response curves
for many contaminants are of the non-linear threshold type ob-
served in many animal studies. Human dose-response curves
obviously would be very useful for establishing such limits, but

unfortunately they are scarce. Laboratory clinical studies us-
ing toxic exposures are limited by ethical considerations, by
small numbers of human subjects, and by their high costs in
time and money, and it seems unlikely that the situation will
improve soon. Field epidemiological studies can be conducted
with substantial numbers of subjects for substantial time peri-
ods, but the exposures are usually to � uctuatingconcentrations of
pollutants. Averages of these concentrations have been applied
to assumed linear dose-response relationships to determine ad-
verse responses. But they would be inaccurate with non-linear
threshold type curves because doses below the threshold would
produce very little effect, and those above the threshold would
produce disproportionate effects on the curve. No simple way is
apparent for converting such data to dose response parameters.

Human dose-response curves also would be very useful for
determining health risks. They could eliminate questions about
the validity of the common use for this purpose of animal data
and the need for the large safety factors that are applied to al-
low for various uncertainties. Assessment of health risks has
become of great current interest. Control policies must be for-
mulated with consideration of costs, health risk rates, and bene-
� ts from avoiding these risks. Industrial hygienists must satisfy
their managements that the bene� ts justify the costs. New regula-
tions have been challenged in the courts(1) and in Congress(2) on
these issues and on their scienti� c bases. Problems of assessing
environmental health risks have been reviewed by the National
Research Council,(3) by the Of� ce of Technology Assessment of
the U.S. Congress,(4) in a collection of case studies,(5) and in a
comprehensive textbook.(6) Health risk values are readily under-
stood and accurate relative values could be useful for comparing
relative hazards of different operations or in different plants.

The practical methods of handling important aspects of these
problems that are proposed here are based on experimental and
theoretical studies.(7 13) The basic mathematical equations for
risk assessment were derived and presented elsewhere.(11) They
required reasonable assumptions and simpli� cations. A lognor-
mal equation with two parameters represented the concentra-
tion pattern. A cumulative lognormal equation represented the
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746 B. E. SALTZMAN

dose-response curve of the pollutant. Two generalized parame-
ters were simply derived from these four parameters. The risk
calculations were made using the two generalized parameters
applied to a graph or a table. The earlier report(11) presented
a dif� cult and complex method for calculating the essential
dose-response curves from epidemiological data, that limited its
usefulness. A much superior method has been developed here.
It and new useful applications are illustrated and explained in
Examples 1–4 below. Additional new material is presented in
the following section.

SELECTION OF THE PROPER AVERAGING-TIME
FOR CONCENTRATION DATA

Fluctuating concentrations are commonly represented as a
series of time-averaged numbers. If a concentration peak period
(or peak width) is much less than the averaging-time, then the
peak height will be greatly attenuated by the averaging process.
Those peaks having biologically signi� cant effects must be pre-
served, whereas those too brief to be biologically signi� cant
should be attenuated. This can be accomplished by making a
proper choice of an averaging-time that is not too long or too
short.

The body also time-averages external concentrations. During
a very brief external peak very little pollutant diffuses into the
blood, where it is diluted to a relatively large volume to produce
a relatively small internal concentration peak; external peaks
with the same maximum concentration but with longer periods
produce relatively higher concentrations in the blood because
more pollutant enters during the longer time. This relationship
was studied experimentally and theoretically(12;13) by exposing
rabbits to continuously monitored � uctuating concentrations of
carbon monoxide and determining the carboxyhemoglobin in
numerous small samples of the rabbits’ blood taken consecu-
tively in time.

Carbon monoxide diffuses into the blood in the lungs and
combines reversibly with hemoglobin with 210–250 times the
af� nity of oxygen, thus interfering with oxygen transport. Each
external carbon monoxide peak produced a delayed and attenu-
ated peak in the internal carboxyhemoglobin concentration.

Simpli� ed pharmacokinetic equations were developed for
these processes based on the assumption of rates of diffusion,
metabolism, and excretion being proportional to the concen-
tration of the compound (� rst order relationship). A theoretical
S-shaped curve showed that when the ratio of the carbon monox-
ide peak period to the biological half-life of carboxyhemoglobin
was one or less the transmittance of the peak heights by the
“biological window” was almost zero; when the ratio was more
than 100 the carboxyhemoglobin peak heights were almost
100 percent of the equilibrium value for the peak concentration.

A similar S-shaped curve was developed for the transmit-
tance of the “time-averaged sampling window” versus the ratio
of the carbon monoxide peak period to the averaging time. Study
of the two curves showed that when the averaging-time of the

carbon monoxide � uctuating concentration was no greater than
one fourth of the biological half-life of the carboxyhemoglobin,
no signi� cant attenuation would occur of peaks that would be
transmitted by the biological window. The experimental proof
of this was that when the resulting concentration numbers were
used in conjunction with the simpli� ed pharmacokinetic equa-
tions the calculated concentration pattern of carboxyhemoglobin
very closely � tted the experimental values. This demonstrated
that no information on biologically signi� cant carbon monoxide
peaks was lost, and also that the equations were valid.

For application to health risk calculations it is recommended
that the averaging-time be equal to one-half of the biological
half-life of the pollutant. This will cause some attenuation of
peak heights that will approximate the attenuation produced in
the body. Some published data(13) giving approximate values of
biological half-lives of pollutants in humans is given in Table I.

DERIVATIONS OF EQUATIONS REPRESENTING THE
DOSE-RESPONSE CURVE AND THE POLLUTANT
CONCENTRATION DISTRIBUTION

The basic equations used in the proposed method are pre-
sented in the next two sections. They were previously presented
in full detail elsewhere(11) and are explained and summarized
here to provide the material needed to understand and use them.

The model used to represent the dose-response curve may be
derived rationally from some basic assumptions. In this deriva-
tion “response” means the fraction of a large exposed population
showing the adverse effect. Its value ranges from zero to one. It
does not mean the magnitude of the effect on one individual. As
the levels of the toxic doses are raised, at � rst a few very sensitive
individuals will succumb, next the bulk of them will succumb,
and � nally the last few highly resistant individuals will succumb.
The dose causing each individual to succumb may be equated to
the median level, L50 , multiplied by a series of N independent
random factors, Mki , each relative to its median value:

L i L50 M1i M2i M3i : : : MNi [1]

M1i may be a function of the individual’s weight di-
vided by the same function of the median weight of the
individuals in the exposed population
M2i a relative function of his or her age
M3i of his or her state of health
M4i : : : MNi , of his or her nutrition, activity level, oc-
cupational history, and genetic factors; of measurement
errors, etc.

Each of these many independent relative factors may differ in a
random way for each observed individual.

Taking the logarithms of both sides yields:

log(L i ) log(L50) log(M1i ) log(M2i )

log(M3i ) : : : log(MNi ) [2]
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LOGNORMAL MODEL FOR DETERMINING DOSE-RESPONSE CURVES 747

TABLE I
Biological half-lives in humans for some common contaminants(13)

Substance Half-life Substance Half-life

Acetone 3 hr Iron oxide fume (Fe2O3) 12 hr
Ammonia <20 min LeadA 25– 40 days
Aniline 2.9 hr Mercury 5 wks
Benzene 3–5 hr Methanol 7.0 hr
Benzidine 5.3 hr Methylene chloride 2.4 hr
Carbon disul� de 0.9 hr Mineral dust >6 mo
Carbon monoxide 1–4 hr Nitrobenzene 86 hr
Carbon tetrachloride 3 hr Nitrogen dioxide 1 hr
Chlorine <20 min Phenol 3.4 hr
Chloroform 15–30 min p-Nitrophenol 1.0 hr
DDT 1–3 yr Styrene 0.5–8 hr
Dichlorodi� uoromethane 9.4 min Sulfur dioxide <20 min
Dimethyl formamide 3.0 hr Tetrachloroethylene 24–70 hr
Ethyl acetate 2.0 hr Toluene 12 hr
Ethyl alcohol 1.5–10 hr 1,1,1-Trichloroethane 8.7 hr
Ethyl benzene 5.0 hr Trichloroethylene 24 hr
Fluorides as F 8 hr Trichloro� uoroethane 16 min
Hexane isomers 3.0 hr Vinyl chloride 3 hr
Hydrogen sul� de <20 min Xylene 3.8 hr

AIn soft tissues; 20 yr in bone.

This equates the logarithm of the dose causing each individual
to succumb to a term (the logarithm of the median dose) plus
a large number of additive independent random variables (each
being the logarithm of one of the above multiplicative factors).
Some of these random terms will be negative if the multiplicative
factor is less than one.

This latter equation has the same form as that of a model that
can represent the values of an observed variable, on which the
usual statistical calculations are made. According to the central
limit theorem, the observed variable will have a normal distri-
bution. Therefore the logarithms of the doses will have a normal
distribution, and by de� nition the doses will have a lognormal
distribution. Since the dose-response curve represents the sum
of individuals succumbing to the stated dose and all lower doses,
its distribution must be a cumulative lognormal distribution.

In general, whenever observations are affected by a large
number of additive independent random variables a large set
will follow a normal distribution. However, when they are af-
fected by a large number of multiplicative independent random
factors, the set will follow a lognormal distribution. The lognor-
mal distribution has no negative values. This is a more natural
pattern than that of the normal distribution, which theoretically
does have negative values. Similar equations can be written for
many other types of observations, and lognormal distributions
are commonly observed for loudness of sounds, tolerance to
drugs, particle sizes, incomes, and so on.(14;15) Observed con-
centrations of pollutants have been long known to follow log-
normal distributions. The multiplicative independent random

relative factors in this case could be the number of contami-
nant sources, the air velocity, the dimensions of the room, the
number of openwindows, the temperature, the location, the time,
and other factors. It appears likely that we live in a lognormal
world.

METHOD FOR CALCULATING HEALTH RISK RATE
FOR A TIME PERIOD

If the averaging-time is kept constant for the measurements
of concentrations, each concentration value can also represent a
dose, with the understanding that the exposure time is equal to
the averaging-time. Applying each of a series of concentration
values to the dose-response curve and summing the fractions of
the population responding could give the risk rate of an adverse
effect for that period of time under certain common conditions.
First, we must assume that the risk rate is low, as it would be for
a tolerable or controlled environment. Thus, the total unaffected
exposed population remains substantially constant, and only a
few isolated high values cause most of the effect.

If the high values are close enough to each other to exert
a substantial synergistic effect, then a different method(13) is
recommended. It is also assumed that the pool of unaffected
very sensitive individuals is not substantially depleted, or that
the affected individuals are replaced by others who become ill or
injured from other causes so that this pool remains substantially
constant and the dose-response curve for the population is not
modi� ed during the time period.
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748 B. E. SALTZMAN

FIGURE 1
Solid curve: Illustrative probability density (lognormal

distribution, ¹g 1; ¾g 1:5) of time-averaged
concentrations that may be experienced by an individual.

Dashed curve: Illustration of a dose-response curve
(cumulative lognormal distribution, C50 5; ¾R 1:5)

showing the fraction of population adversely affected. The
overlapping area is the region producing health effects.(11)

Instead of the laborious calculations for each of many indi-
vidual concentrations, a simpler calculation can be made using
the distribution curve representing the concentrations, as illus-
trated by Figure 1. The solid curve on the left represents the
probability of each concentration value occurring during one
time-averaging period. The dashed curve on the right represents
the fraction of the exposed population showing an adverse re-
sponse to each concentration. The area where the two curves
overlap produces the adverse effects. The products of the paired
ordinates of the two curves can be integrated to produce the risk,
PCR, of an adverse effect over one averaging-time interval. For
longer time periods the risk is increased proportionally. If the
desired time for expressing the risk rate is n time periods, the
rate is:

Pn nPCR [3]

where:

n number of averaging-time intervals
PCR probability of an adverse effect for 1 interval
Pn probability of an adverse effect for n intervals

This equation is accurate for values of Pn up to 0.05. It yields
a safe upper limit of Pn if the dose-response curve actually is
changing during successive intervals because of depletion of
sensitive individuals.

The integral of data such as those plotted in Figure 1 is a func-
tion of the four parameters of the two curves. It was calculated
using the Mathcad computer program in terms of two general-
ized parameters, V and E , as reported in detail previously.(11)

V and E are de� ned from the four parameters as shown in

Eqs. (4) and (5). Eq. (5) also was rearranged for other uses
as shown in Eqs. (5a) and (5b):

V log(¾g)= log(¾R) [4]

E
log(C50) log(¹g)

log(¾R)
[5]

or alternatively: ¹g C50=(¾R)E [5a]

or alternatively log(C50) E log(¾R) log(¹g) [5b]

where:

V variability ratio
E exponent in the control factor

C50 concentration producing a response in 50% of the
exposed population, a measure of the location of
the dose-response curve

¾R geometric standard deviation of the dose-response
curve, an inverse measure of its slope

log(¹g) the mean of the logarithms of the exposure concen-
trations. The antilog, ¹g, is the geometric mean.

log(¾g) the standard deviation of the logarithms of the
exposure concentrations. The antilog, ¾g, is the
geometric standard deviation.

The � nal results for PCR are given in Table II and are plotted
in Figure 2. The variability ratio may range from zero to very
rarely as high as 5. Referring to Eq. (5a), the denominator of
the right side is the control factor, de� ned as the ratio of C50 to
the allowable ¹g for a given allowable probability of an adverse
effect. E is the exponent in the control factor. The antilog of a
number n is simply 10n .

The uses of Figure 2 and Table II will be illustrated below
in Examples 1–4. Concentrations also represent doses, because
of the understanding that their averaging times are also the ex-
posure times of the corresponding doses. Also, the geometric
standard deviation parameters are functions of the averaging
times. Therefore, the averaging times must be kept constant and
must always be speci� ed together with the concentrations.

CALCULATION OF THE PARAMETERS OF
THE DOSE-RESPONSE CURVE FROM
EPIDEMIOLOGICAL DATA

The two parameters of a dose-response curve for a pollutant
can be calculated from epidemiological data of adverse effects
from exposures to two or more different � uctuating concentra-
tion patterns. The basic calculation method can be understood
using Figure 2. The PCR value is calculated from the observed
adversely affected fraction, Pn, of the population exposed to the
� rst concentration pattern, using Eq. (3). A horizontal line in
Figure 2 at this value will intersect all possible pairs of values
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LOGNORMAL MODEL FOR DETERMINING DOSE-RESPONSE CURVES 749

TABLE II
Values of E (Exponent in Control Factor)(11)

Log(PCR)
Variability

ratio 12 11 10 9 8 7 6 5 4 3 2 1.301 1

0 7.035 6.707 6.362 5.999 5.613 5.201 4.755 4.265 3.719 3.090 2.326 1.645 1.282
0.5 7.863 7.493 7.114 6.707 6.276 5.814 5.315 4.768 4.158 3.455 2.601 1.839 1.433
0.75 8.790 8.381 7.951 7.498 7.017 6.502 5.942 5.331 4.649 3.863 2.908 2.056 1.602
1 9.948 9.480 8.990 8.476 7.934 7.355 6.722 6.031 5.259 4.370 3.290 2.326 1.813
1.5 12.676 12.092 11.482 10.823 10.103 9.345 8.569 7.689 6.705 5.571 4.194 2.965 2.310
2 15.743 14.966 14.204 13.441 12.593 11.590 10.629 9.537 8.316 6.910 5.202 3.678 2.866
2.5 19.021 18.054 17.048 16.131 15.199 14.036 12.799 11.484 10.014 8.321 6.254 4.429 3.451
3 22.374 21.276 20.007 18.866 17.835 16.580 15.032 13.487 11.761 9.772 7.357 5.202 4.053
3.5 25.748 24.579 23.029 21.654 20.477 19.173 17.302 15.524 13.537 11.249 8.468 5.987 4.665
4 29.127 27.929 26.064 24.512 23.118 21.788 19.597 17.585 15.334 12.741 9.592 6.782 5.284
4.5 32.505 31.297 29.097 27.442 25.755 24.411 21.909 19.660 17.144 14.245 10.724 7.582 5.908
5 35.882 34.671 32.119 30.419 28.388 27.035 24.238 21.747 18.963 15.757 11.862 8.387 6.535

FIGURE 2
Relationships between the probability, PCR, of an effect for a
single concentration-averaging time period, the variability

ratio, V [de� ned in Eq. (4)], and the control factor exponent,
E [de� ned in Eq. (5)]. The probability of an effect for n

concentration-averaging time periods is nPCR, as shown in
Eq. (3).(11)

of V and E that will produce this probability. A series of V val-
ues are selected and the corresponding E values are determined
along the horizontal line.

The � rst selected value of V is entered into Eq. (4) together
with the observed parameter, ¾g, of the concentration pattern,
and the corresponding value of log(¾R) is calculated. The re-
lated value of E is entered into Eq. (5b), together with the above
value of log(¾R) and the observed parameter ¹g, of the concen-
tration pattern. The corresponding parameter, log(C50), is then
calculated from this equation. The procedure is repeated for each
of the remaining pairs of V and E values. This produces a series
of pairs of values of log(¾R) and log(C50) that can be plotted
as shown in Figure 3. This is the locus of all possible pairs of
parameters for the dose-response curve that will produce the
calculated value of PCR with the observed parameters of this
concentration pattern.

The same procedure is followed by similar calculations for a
second epidemiological study. The intersection of the two plot-
ted curves gives the values of log(C50 ) and log(¾R) that satisfy
both studies. If the two curves do not intersect then the two
populations must have different dose-response curves. Having
greater differences in the values of ¾g will increase the angle
between the two curves and improve the precision of the inter-
section. If more than two studies are available, and their plots
do not intersect at the same point, a central point may be se-
lected that minimizes the sum of the squares of the lengths of
the perpendiculars from the point to each curve.

The actual calculation procedure requires using interpolated
values from Table II for greater accuracy. This method is illus-
trated in Example 1.

Example 1
In Study A of a pollutant, workers were exposed to a � uctu-

ating concentration having a geometric mean, (¹g), of 4.3 ppm
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750 B. E. SALTZMAN

FIGURE 3
Locus of all possible pairs of the two parameters of the

dose-response curve that � t the data of Study A, and locus for
the data of Study B. The coordinates of the intersection of the
two curves give the values of the two parameters � tting both

studies listed in Example 1.

(hourly averaged) and a geometric standard deviation, (¾g), of
1.65. At the end of a year (2000 hr) the total incidence of ad-
verse effects was 5 percent. In Study B, the geometric mean
concentration, (¹g), was 10.0 ppm (hourly averaged), the ge-
ometric standard deviation of the concentration pattern, (¾g),
was 1.20, and the yearly total incidence of adverse effects was
0.2 percent. Calculated the parameters of the dose-response
curve.

Answer
For Study A the needed initial parameters are: log(¹g)

0:6335, log(¾g) 0:2175, and PCR 0:05=2000 2:5 10 5.
The selected values of V are listed in the � rst column of Table III.
The second column lists the paired values of E interpolated from
Table II for PCR 2:5 10 5. The interpolation for the � rst
E value corresponding to V 0:5 was made as follows:

log(PCR) 0:3979 5

E 4:768 0:3979(4:768 4:158) 4:525

The third column lists values of log(¾R) calculated from
Eq. (4) by dividing log(¾g), which is 0.2175, by each selected
value of V . Thus, the � rst value is 0:2175=0:5 0:4350. The
fourth column lists the values of log(C50) calculated from
Eq. (5b) by multiplying the values of column 2 and 3 and
adding log(¹g), which is 0.6335. For example, the � rst

TABLE III
Calculation of the Parameters of a Dose-Response CurveA

Study A Study B

V E log(¾R) log(C50 ) E log(¾R) log(C50 )

0.5 4.525 0.4350 2.602 5.315 0.1584 1.842
0.75 5.060 0.2900 2.101 5.942 0.1056 1.627
1.0 5.724 0.2178 1.878 6.722 0.07928 1.532
1.5 7.297 0.1450 1.692 8.569 0.05279 1.452
2.0 9.051 0.1087 1.618 10.629 0.03959 1.421
2.5 10.899 0.08699 1.582 12.799 0.03167 1.405
3.0 12.800 0.07250 1.561 15.032 0.02639 1.397
3.5 14.733 0.06214 1.549 17.302 0.02262 1.391
4.0 16.689 0.05437 1.541 19.597 0.01979 1.388

AFor Example 1.

value is:

log(C50 ) 4:525 0:4350 0:6335 2:602

The values of column (4) are then plotted as ordinates against
those of column 3 as abscissas, giving the longer curve in
Figure 3.

The data for Study B are treated in the same manner, using
the same values of V and tabulating the corresponding results
in columns 5, 6, and 7. Plotting the values in column 7 against
those in column (6) gives the shorter curve plotted in Figure 3.
The intersection of the two curves occurs at log(C50 ) 1:602,
and log(¾R) 0:0986. The corresponding values are C50

40:0 ppm (hourly averaged) and (¾R) 1:255. These values
will satisfy the relationships in both studies.

Note that despite the higher geometric mean concentration
in Study B, 10.0 ppm compared with 4.3 in Study A the in-
cidence of adverse effects after a year was only 0.2 percent,
compared with 5 percent for Study A. This shows the pow-
erful effect of the lower geometric standard deviation of 1.20
for Study B as compared to 1.65 for Study A. Most of the
adverse effects are produced by the uncommon high values
of concentration, which occurred much more often in
Study A.

CALCULATIONS OF THRESHOLD LIMIT VALUES,
HEALTH RISK RATES, AND ALLOWABLE GEOMETRIC
MEAN CONCENTRATIONS

A new procedure is proposed here to select threshold limit
values (TLVs R ) using calculations involving the parameters of
a human dose-response curve. The procedure is illustrated in the
following example.

Example 2
For the pollutant and the population group in Example 1,

calculate the TLV that will guarantee that the probability that
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LOGNORMAL MODEL FOR DETERMINING DOSE-RESPONSE CURVES 751

allowable peak concentrations will produce an adverse effect
will not exceed: a) 10 4, b) 10 5, and c) 10 6.

Answer
The normal statistical variable Z corresponding to the prob-

abilities of 10 4, 10 5, and 10 6 are 3.72, 4.27, and 4.77,
respectively. The equation de� ning the lognormal dose-response
curve is:

Z
log(C ) log(C50 )

log(¾R)
[6]

Solving for C yields:

C C50(¾R)Z [6a]

Entering the values for part a: C 40:0 (1:255) 3:72

17:2 ppm (hourly averaged)

for part b: C 40:0 (1:255) 4:27

15:2 ppm (hourly averaged)

for part c: C 40:0 (1:255) 4:77

13:5 ppm (hourly averaged)

TLVs are convenient to use, especially when extensive mon-
itoring has not been conducted. However, they do not consider
the concentration distribution pattern. It can be shown theoreti-
cally for any lognormal (or normal) distribution that no matter
how high the TLV is, it will be exceeded at some times. This
could cause substantial adverse effects with some concentration
patterns, as will be shown in Example 3.

If suf� cient monitoring data are available to determine the
parameters of the concentration distribution, the health risk rate
can be calculated from the human dose-response parameters.
This rate describes the hazard more precisely, enables compar-
isons of relative hazards, andenables calculation of bene� ts from
reductions in risk.

Example 3
A different exposure to the same pollutant by the same pop-

ulation group as in Example 1, had the following parameters for
the concentration distribution pattern: geometric mean concen-
tration, (¹g) 6:0 ppm (hourly averaged), geometric standard
deviation, (¾g) 1:5.

a) What is the health risk rate per year (2000 hr)?
b) What fraction of the time will a TLV of 13.5 ppm (hourly

averaged) be exceeded?

Answer, part a)
First we calculate the general parameters V and E : Eq. (4)

yields: V log(1:5)= log(1:255) 0:1761=0:0986 1:786
Eq. (5) yields: E [log(40:0) log(6:0)]= log(1:255) 8:356

Using this pair of V and E values, Figure 2 is interpolated to give
PCR 2:7 10 5. Applying Equation 3, Pn 2000 2:7
10 5 0:054:

A more precise value may be obtained by interpolating for
PCR inTable II in two steps, � rst for the V value and then for the E
value. The V value and the estimated PCR value, above, locate
in the table the four surrounding E values that are involved.
The E value lies between the values 9.537 and 8.316 listed for
PCR 10 5 and PCR 10 4, respectively, and V 2; and the
corresponding values 7.689 and 6.705 listed for V 1:5. The
interpolated E values for V 1:786 are:

for PCR 10 5 : E 7:689 (9:537 7:689) 0:286=0:5

8:746

for PCR 10 4 : E 6:705 (8:316 6:705) 0:286=0:5

7:626

These two values of E are interpolated to yield:

log(PCR) [(8:746 8:356)=(8:746 7:626)] 5

0:3482 5:

Taking the antilog, PCR 2:229 10 5. From Equation 3,
Pn 2000 2:229 10 5 0:045.

Answer, part b)
Applying Eq. (6) to the parameters of the lognormal concen-

tration distribution yields:

Z
log(C ) log(¹g)

log(¾g)
log(13:5) log(6:0)

log(1:5)
2:01

PZ 0:9772; and 1 PZ 0:0228

Thus, in a year (2000 hourly averaged concentrations) 13.5 ppm
will be exceeded 2000 0.0228 46 times. Even though this
TLV may not be exceeded during one week of monitoring, and
the factor of 10 6 for it (see Example 2) appears to be adequately
safe, as many as 5 percent of the exposed population (see part a)
may suffer an adverse effect within one year. If the concentra-
tions were all at the TLV for the entire year, then Pn would
equal 2000 10 6 0:002, which is 4 percent of 0.045. Thus
the 46 uncommon higher concentrations produced more than 96
percent of the adverse effects in this case. The geometric stan-
dard deviation of the concentration distribution is an important
variable that should not be ignored.

Another type of calculation may be used to determine the
maximum allowable geometric mean concentration of a pollu-
tant to ensure compliance with a speci� ed maximum allowable
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risk rate, in the case where the geometric standard deviation is
known. This is illustrated in Example 4.

Example 4
Assume that the maximum allowable risk rate is 0.1 percent

of the exposed population suffering an adverse effect per year
(2000 hr), and that the population group, pollutant, and geomet-
ric standard deviation of its concentrations are the same as in
Example 3. What is the maximum allowable geometric mean
concentration for this pollutant?

Answer
From Equation 3: PCR 10 3=2000 5 10 7:

V remains unchanged at 1.786. Interpolating Figure 2 using
these two values gives E 10:0. From Eq. (5a): ¹g 40:0=
(1:255)10:0 4:13 ppm (hourly averaged).

A more precise value may be obtained by interpolating E
values in Table II between the values of V 1:5 and V 2:0
as follows: log(5) 0:6990

For V 1:5 E 9:345 0:6990 (9:345 8:569)

8:803

For V 2:0 E 11:590 0:6990 (11:590 10:629)

10:918

For V 1:786 E 8:803 (10:918 8:803) 0:286=0:5

10:013

¹g 40:0=(1:255)10:013 4:11 ppm (hourly averaged)

RISK ASSESSMENT CHARTS FOR SPECIFIC POLLUTANTS
Examples 3 and 4 have shown that once the dose-response

parameters are known the probability of an adverse response
can be calculated for any lognormal concentration pattern. Such
relationships can be plotted as shown in Figure 4, which is
speci� cally computed for the pollutant discussed in Example 1,
having the dose-response parameters of log(C50) 1:602, and
log(¾R) 0:0986.

The ordinate is the probability of an adverse effect after
exposure for 2000 hr, (P2000 ). The abcissa is log(¹g), which
is the mean of the logarithms of the exposure concentrations.
The antilog, ¹g, is the geometric mean exposure concentra-
tion. The numbers on the curves are values of log(¾g), which
is the standard deviation of the logarithms of the exposure con-
centrations. The antilog, ¾g, is the geometric standard devia-
tion of the exposure concentrations. These calculations were
carried out using the Mathcad computer program. Such spe-
ci� c plots can be convenient for comparing risks of a measured
concentration exposure to a risk standard for the corresponding
pollutant.

FIGURE 4
Risk assessment chart speci� cally designed for the

dose-response parameters determined in Example 1. The
numbers on the curves are values of log(¾g), which is the

standard deviation of the logarithms of the exposure
concentrations. The annual risk rate can be determined for any
pair of parameters of the measured exposure concentrations,

for comparison with a risk standard for this pollutant.

DISCUSSION
Determination of very low risk rates requires extrapolation

of models to far below any possibility of experimental or
observational validation. The � t of assumednormal or lognormal
distributions to the data depends upon having a very large num-
ber of independent random variables. Referring to Figure 1, the
accuracy of the extreme right end of the solid curve representing
the concentration distribution, and of the extreme left end of the
dashed curve representing the dose-response curve is critically
important.

In a study(16) that sampled trace metals in the air at 59 sites
for a full year each, histograms of the concentrations frequently
showed a small second peak at high concentrations. Aerosols are
known to exhibit bimodal size distributions. The small second
population may originate from different sources or processes.
If a histogram of the concentration data shows this effect, a
procedure could be developed to subtract out the main peak
and determine the parameters of the small high concentration
peak. A separate risk calculation could be carried out for the two
populations and the two results combined after being weighted
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in proportion to the peak areas. A similar problem may arise
if the exposed population includes a small group of especially
vulnerable people, with few individuals exhibiting intermediate
vulnerabilities. This could distort the low concentration end of
the dose-response curve.

To be accurate, the concentrations of pollutant inside the body
rather than those outside should be used for calculating health
risks. If the averaging-time is kept at one-half the biological
half-life of the pollutant, the peaks of various periods will be
attenuated to approximately the same extent as by the body.
Greater accuracy can be achieved by using shorter averaging-
times, not exceeding one-fourth of the biological half-life, and
applying simple arithmetic step equations(13) to the averaged
concentrations. This will convert them to “biologically effective
concentrations,” values that are at in vivo equilibrium with the
internal concentrations. Also, an alternative method of evalua-
tion was proposed, a calculated “biological damage parameter”
that takes into account the kinetic process of biological repair.

The extreme effect on the calculated health risk of the vari-
ability of susceptibility of the exposed population suggests
that toxicological studies with purebred animals, although they
may give more reproducible results, may not be properly
representative.

The proposed new method for determining human dose-
response parameters appears to be based on sound mathemati-
cal and scienti� c principles. But there may be a problem with
getting accurate epidemiological data. People in the studied
group may have different histories of exposures to many dif-
ferent pollutants and environments as they move around. Also
accurate measurements of effects may be dif� cult. When human
dose-effects relationships become available they should be very
useful.

The proposed method described in Example 2 for selection
of TLVs is based on reasonable mathematical principles. But
because TLVs neglect an important variable, the geometric stan-
dard deviation of the concentrations, they may not be adequately
protective for very variable patterns. Example 3 shows that the
TLV selected for a probability of 10 6 of adverse effects from
allowable peak exposures was inadequate, even though it might
not be exceeded during one week of monitoring.

Presently existing occupational health risk rates should be
considered if maximum allowable occupational risk rates are to
be speci� ed. A companion article(17) presents a perspective on
the importance of various occupational hazards, and lists the sur-
prisingly high annual risks of occupational death and nonfatal
injury and illness presently being tolerated in some industries.
The annual occupational fatality rate for all industries was 4.8
per 100,000 workers, and the 10 worst industries rates ranged
from 23.0 to 178.4 per 100,000. The general public tolerates
an annual fatality rate from motor vehicle accidents of 15.9 per
100,000. The annual rates for occupational nonfatal injuries and
illness were much higher. For the entire private sector this an-
nual rate was 7.4 per hundred workers, and the highest 10 indus-
tries ranged from 21.0 to 30.3 per hundred workers! Thus, the

maximum allowable annual risk rate of 0.1 percent cited in Ex-
ample 4 might be a reasonable beginning rate to specify for
occupational nonfatal injuries and illness.

CONCLUSIONS
A practical new method has been presented to determine hu-

man dose-effects relationships. Only limited epidemiological
data is required for the calculations. The method is based upon
reasonable assumptions and approximations. A lognormal dis-
tribution is used to � t the � uctuating pollutant concentrations,
and a cumulative lognormal distribution to � t the dose-response
curve. The equations also may be applied for risk assessment
and for selection of TLVs.

The method clari� es several important aspects of the risk
assessment. Even though the dose-response curve may appear
to have a threshold, the health risk rate can never be reduced
to zero, although it can be made very low. This may be emo-
tionally disturbing to some, but absolute safety is not realis-
tic. The calculation takes into account the commonly neglected
geometric standard deviations of the � uctuating pollutant con-
centrations and of its dose-response curve. A high variability
of either or both is shown to cause an extreme increase in the
risk rate. Some TLVs may be inadequately protective for such
patterns.

The required calculations are not dif� cult or laborious. They
do not utilize any arbitrary safety factors and yield a central esti-
mate of the health risk rate. Ranges can be obtained by perform-
ing the calculations on appropriate ranges of the four parameters
inputted. The hypothetical illustrative calculations appeared to
give reasonable answers.

The proposed methods are based on a challenging new
and different theoretical framework, worthy of testing to see
if it provides results of useful accuracy. They may make possi-
ble the development of control standards specifying allowable
health risk rates. Such standards should be readily understand-
able by the general public and would clarify the bene� ts of
compliance.
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