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The concept of dose-load is used widely in risk assessment literature. This concept is based on animal
experiments in which the animals were exposed to constant concentration during a set period of time.
However, in most accident scenarios, people are exposed to time varying concentration of the toxic materi-
als. The extension of the dose-load concept to such conditions is not straightforward. The assumption that
the dose-load is additive leads to a paradox. We suggest a different approach for extending the exper-
imental results for time-varying concentration. We introduce the concept of the effective dose, which
considers physiological recovery processes. It is found that in many cases, especially those which include
intermittent time series of the concentration, the number of casualties is reduced when considering the
recovery process. It is also shown that by using the effective dose concept we can resolve the apparent
paradox in the dose-load concept for intermittent concentration time series.

We demonstrate the importance of buildings as shelter against toxic gases especially for an instanta-
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neous release, a fact that should be considered in hazard evaluation.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

On the basis of animal experiments, it was found that the effect
due to exposure to a toxic gas depends nonlinearly upon concentra-
tion and duration for exposure periods greater than a few minutes.
Busvine [2] suggested an exponential dependence on the concen-
tration. According to his analysis the casualty fraction depends on
L = C"t, where Cis the concentration and t is the exposure time. L is
defined as the toxic dose-load. The exponent n was determined by
analyzing the experimental data using the probit method (see [4]).
Ten-Berge [9] determined the parameter n for many toxic gases.
He found that the value for industrial gases is 2-3. The concept
of the dose-load is used widely in hazard evaluation. In most of
the realistic accident scenarios, concentration time series includes
numerious fluctuations and even intermittent periods. Such fluctu-
ations were measured in wind tunnel modeling (see, for example
[10-12]). Although all of the animal experiments were performed
for constant concentration, the concept of dose-load was used for
cases of time-varying concentration (see, for example [9,5]). Several
works deal with time-varying concentration using idealized func-
tions (see, for example [7]). Ride [6] suggested that the response to
the time-varying concentration should take into account filtering
rapid concentration fluctuations and uptake time. A detailed model
which considers these effects was suggested by Hilderman et al. [8].
In this work the authors suggest a set of differential equations which
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relate the dose-load to the effective toxicity. Their model requires
parameters in addition to the exponent n in order to determine the
fraction of casualties, for example: take-up time and recovery time,
but in general, these parameters are not available.

A different analysis for the experimental data was performed by
Johnson et al. [3]. They found that the fraction of casualties depends
onDt™ (m < 0)for exposure time greater than a few minutes, where
D = Ct is the accumulated dose, t is the exposure time and m an
experimental exponent.

In this work we will show that the toxic dose-load approach and
the time-dependent dose approach are equivalent for exposures
to constant concentrations. We derive the relation between m and
n (the time exponent and concentration exponent respectively).
Johnson’s result that the casualty fraction decreases with exposure
time although the accumulated dose is constant is attributed to the
fact that for long exposure time physiological recovery processes
take place. Due to these processes the dose that determines the
casualties fraction differs from the accumulated dose. We define
this dose as the effective dose. We define a recovery function and
evaluate it using probit analysis for the experimental data. We use
the recovery function to calculate the effective dose for exposures
to time-varying concentrations. The formula we derive depends
only on the exponent n and does not involve unknown parame-
ters. Examples are shown for different time-varying series of the
concentration. We also use this model to calculate the shielding
factor of a building to exposures to instantaneous and continuous
sources.

In Section 2 we introduce the concept of the dose-load. In Sec-
tion 3 we define the concept of effective dose, derive the relation
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Nomenclature

L toxic dose-load ((mg/m?3)" min)
D accumulated dosage (mg min/m?3)
Dete effective dosage (mg min/m?3)
Drox toxic dosage (mg min/m?3)

Fgr(t) recovery function

Pr probit

Fr casualties fraction

S shielding factor

between the effective dose and the dose-load and evaluate the
recovery function from the experimental results. In Section 4 we
present the difference between the traditional extension of the
dose-load to time-varying concentration and the extension of the
effective dose concept for these conditions. An application for cal-
culating the building shielding factor is presented in Section 5.

2. The dose-load concept

The probit, Pr, was introduced by Bliss [ 1] in order to linearize the
commulative normal distribution. The fraction of the population, F,
affected by the toxic gas is

F=05 {erf(Pi/és)+l} (1)

In this formula the probit is defined arbitrarily as 5 for the median,
i.e., 50% of the population responding to the exposure.

In the various animal experiments it was found that for exposure
time greater than critical time, ty, of the order of few minutes, the
probit, Pr, is a linear function of the logarithm of the concentration,
C, and the logarithm of the exposure duration time, t:

Pr=ag+a;InC+aylInt (2)

This linear dependence can be written in the form:

Pr=ag+ay <Z—;lnc+lnt) =ap + ay In(C"t), n:% 3)
The dose-load is defined as

L=C"t (4)
In terms of the dose-load the probit can be written in the form:
Pr=ag+ayInL (5)

All animal experiments on which Eq. (5) is based were performed
with constant concentration during different time periods. Ten-
Berge [9] extended this equation to time-varying concentrations,
i.e., Eq. (5) holds also for

t
L:/ c(¢H)dt (6)
0

This extension was done arbitrarily and without any justification.
However the concept of the dose-load is widely used in hazard
evaluation. In this work we would like to suggest an alternative
approach for extending the probit dependence on the concentration
and time to time-varying concentrations. We define the effective
dose concept and show that it can explain several paradoxes in the
dose-load concept.

3. The effective dose concept

We rewrite Eq. (2) in the form

Pr=agp+a, <1nC+Z—21nt) = ag + ajp In(Ct'/™) (7)
1

The accumulated dose under exposure to constant concentration
during a period t is D = Ct. Define 3 by

do = ap +a; In(t)/™™) (8)

with ¢q the critical time.
The probit can then be expressed as

o(6)"

We define the effective dose as

t 1/n-1
Deff=D(g) (10)

PT:ﬁO-i-a]lI‘l

Using the effective-dose concept the probit can be written as
Pr = &g + ay In(Defr) (11)

As the exposure time tends to the critical time tg, the effective dose
presentation of the probit (Eq. (11)) tends to the familiar linear
dependance of the probit on the dosage. The two ways of present-
ing the probit (Egs. (5) and (11)) are equivalent as long as there is
exposure to constant concentration.

In order to extend the concept of the effective dose to exposures
under time-varying concentrations we should first understand this
concept. From Eq. (10) we deduce that the effective dose, Deg,
is smaller than the actual dose, D (n > 1). We can explain this
behaviour by the existence of a recovery process; the toxicity of
absorbed material diminishes with time due to recovery processes
of the body. The time scale of this recovery process is greater than
to and that is the reason why for exposure time smaller than tg, the
probit depends on the dose.

The fraction of the population affected is a function of the dose
remaining after recovery: Def. Denote by Fg(t) the recovery func-
tion. The extension of the effective dose concept to time varying
concentrations is straightforward:

t
Deff = / C(t)Fg(t — t)dt’ (12)
0

Using this equation we can eliminate Fg(t) from the known time
dependency of the effective dose in the case of exposure to constant
concentration (Eq. (10)). From Egs. (10) and (12) it follows that in
this case:

t £\ 1/n-1
Dot = C FR(t—t’)dt’=Ct( ) (13)
0 to
Therefore
d t 1/n-1 1/¢ 1/n-1
O =gt [f(ro) ] =3 (%) e
From Eqs. (12) and (14) it follows:
t g\ 1/n-1
Deff=/C(t’)1(t t) dr’ (15)
0 n to

D, the accumulated dosage, is a nondecreasing function of time,
while the time dependency of the effective dosage is not neces-
sarily monotonic and depends on the exposure. The reason is the
competition between the rate of intake of the toxic material to the
body and the rate of its removal. If the recovery process is faster
than the rate of accumulation the effective dose will decrease with
time. As an example we calculate the effective dose for exposure to
constant concentration Cy during time Ty. With Eq. (15) the effective
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Fig. 1. The effective dose, toxic dose and dose-load for exposure to constant con-
centration during 1h. The accumulated dose is 100 mg min/m> (n = 1.2). Top: the
concentration; middle: the effective dose, line; and the toxic dose, dash-dot line;
bottom: the dose-load. Dashed line indicates the critical value.

dose in this case is

c t 1/n-1 T

D)= o) P (16)
CoT (t/tg)""" = ((t — To)/to) Fo T
oTo To/fo 0

This behaviouris presented in Fig. 1 forn = 1.2,tp = 2 minand Ty =
60 min. The fraction of the population affected during the period
[0, t], t > Ty depends on the maximum of the effective dose in this
period. Define the toxic dose Dy as the maximum of the effective
dose:

Drox = max(Degr(t)) (17)
The probit is a linear function of the logarithm of Dyox:

Pr = dp + ay In Dyox (18)

4. The effective dose concept versus the toxic dose-load
concept

The two ways of presenting the probit (Egs. (5) and (11)) are
equivalent as long as the exposure is to constant concentration. It
follows from these equations that if Dy is the value of the effective
dose causing a given fraction of responses, then the value of the
dose-load required to achieve the same fraction, Ry is

Ry =Dty /" (19)

However, in case of exposure to time-varying concentration there
is a difference between the two cases. The following example
demonstrates this difference. Assume that the exposure is to two
successive pulses of concentration, Cy each of them of length 7
seperated by an interval T (see Fig. 2). The dose-load in this case
is

L=2Ct (20)

and does not depend on T. This behaviour leads to a paradox. If the
time dependency of the affected fraction is attributed to recovery
processes, then we expect dependency on the interval between the
two pulses.
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Fig. 2. The effective dose, toxic dose and dose-load of exposure to two pulses of con-
stant concentration 40 min apart. The duration of each pulse is 1 h. The accumulated
dose is 100 mg min/m3 (n = 1.5). Top: the concentration; middle: the effective dose,
line; and the toxic dose, dash-dot line; bottom: the dose-load. Dashed line indicates
the critical value.

The toxic dose is the maximum of the effective dose which is
obtained at t = 27 + T (see Fig. 2). This value is

T
Diox = Max¢[Degf(2T +T)] = C()/ Fr2T + T —t')dt’
0

T+2t
+C0/ FRQ2T +T - t')dt’
T

+7

2T+ T 1/n T+T 1/n 1/n
(%) -(%) (&) @
to to to
For two adjoining pulses, i.e., T = 0, the toxic dose is the same as
one pulse of length 27:

= Coto

1/n-1
217) (22)

Dtox = C02T (7
to

When the two pulses are far apart (T = oo) the contribution to the

probit is only from the second pulse:

T 1/n-1
Duox = Cot 1) (23)
to

An example is shown in Figs. 2 and 3, the exposure is in two periods
of 1 h each. The total dose is 100 mg min/ m3. The assumed expo-
nent factor of the material is n = 1.5. In the first example (Fig. 2)
the two pulses are 40 min apart. After the exposure the toxic dose
is less than the total dose by a factor of 4. When the two pulses are
240 min apart (Fig. 3), the ratio between the toxic dose and the total
dose is a factor of 10. The dose load is the same in the two cases.

5. Examples: shielding factor of buildings

In this section, we use the concept of the toxic dose to calculate
the efficiency of protective measures. We define the shielding factor,
S, as the ratio between the toxic dose with the protective measure
to the toxic dose without it. The shielding factor can be used to esti-
mate the fraction of population not affected due to the protective
measure. Using Eq. (18) we can see that in the presence of protective
measures with shielding factor S, the probit, Pr, decreases by InS.
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Fig. 3. The effective dose, toxic dose and dose-load of exposure to two pulses of con-
stant concentration 240 min apart. The duration of each pulse is 1 h. The accumulated
dose is 100 mg min/m3(n = 1.5). Top: the concentration; middle: the effective dose,
line; and the toxic dose, dash-dot line; bottom: the dose-load. Dashed line indicates
the critical value.

For example, fora; = 1,ifat Pr = 5 we expect 50% effect without the
protective measure, than in presence of a protective measure with
shielding factor S = 0.4, the fraction is reduced to 17% (Pr = 4.08).
Fig. 4 presents the fraction of affected population in presence of
various shielding factors for two cases: unprotected dose of LDsg
and unprotected dose of LD (dashed line).

Masks or filters reduce the affected fraction by reducing the con-
centration and not the exposure time. Therefore the shielding factor
of masks equals the ratio of the concentration inside and outside the
masks. Buildings, on the other hand, change the exposure time. If
the population stays inside buildings they are exposed to concen-
tration Gi,(t) which depends on the ventilation rate. With T the
typical ventilation time, the equation describing the concentration
inside the building is
dGi, 1

1
dr = _Ecin(t)'F TT;COM(t) (24)

Cout is the concentration outside the building. The solution to this
equation is

e t/Te [* ,
Cin(t) = —— / Cour(t')e"/Tedt (25)
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Fig. 4. The affected fraction as a function of the shielding factor for LDso and LDyo.
Line: LDsg; dashed line: LDo.
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Fig. 5. Shielding factor of building for an instantaneous release. Different curves are
for different ventilation rates of the building. Top: n = 1.2; bottom: n = 1.7.

The effective dose outside the building is

t
DgFft = / Cout(t")Fr(t —t")dt’ (26)
0

where Fg(t) is the recovery function given by Eq. (14). The effective
dose inside the building is

t
Din. = / Cin(t)Er(t — t')dt’ (27)
0

where G, is given by Eq. (25). The shielding factor, S, is the ratio
between the toxic dose inside the building to that outside the build-
ing:
max,Di1
5= DX ert (28)
maxtDeff
5.1. Shielding factor of buildings in case of an instantaneous
release

In case of an instantanous release, the exposure time is usu-
ally of the order of few minutes (tp), therefore the toxic dose is
equal to the dose acumulated during the cloud passage, Doyt. We
can approximate the integral in Eq. (25) by Dout, so that G, decays
exponentially:

D
Cin(t) = =p /Tt (29)

Using Eq. (11) with the expression (29) for the concentration inside
the building, we can calculate the shielding factor, S, of the building
for exposure to an instantaneous release:

t
S = max; / le‘f’/TEFR(tft’)dt’ (30)
o Te

In Fig. 5 (top) we present the shielding factor as a function of time
for a material with n = 1.2 and buildings with several ventilation
rates. As expected the smaller the ventilation time, the larger the
building shielding (i.e., the smaller the shielding factor). A similar
result is presented in Fig. 5(bottom) for n = 1.7. In this case the
shielding factor is almost 0.1 for all ventilation times. It follows that
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Fig. 6. The effective dose and toxic dose of an exponentially decaying continu-
ous source (100/60)e~/%0 (n =1.2). The ventilation time of the building is 2 h.
Lower curve: inside toxic dose; middle curve: outdoor effective dose and toxic dose
(dashed); upper curve: the commulative dose.

buildings are very efficient in providing protection against instanta-
neous sources, especially if people know to leave the building after
the cloud passes.

5.2. Shielding factor of buildings in case of a continuous source

The toxic dose outside the building, D!{ of a continuous source,
Cout, is given by (see (15))

t , 1/t—t 1/n-1 ,
maxe(Deg(t)) = maxe ( /0 Cou®) (“27) )dt (31)

Due to the recovery process, D4 is less than the actual dose Doy;:

t
Dout=/ Cout(t/)dt/ (32)
0

When a person is inside the building, another reduction in the toxic
dose is obtained. The effective dose inside the building, Dy, is given
by

t
Din(t) =/ Gin(t")Fg(t — t')dt’ (33)
0

Using the expression for the concentration inside the building (Eq.
(25)), the effective dose can be expressed in terms of the outdoor
concentration, Coyt:

e—t'/Tg
Te

t t
Din(t) = / Fr(t —t') / Cout(t")e!"/Tedt” dt’ (34)
0 0
For an exponential decaying source of the form (Co/T¢)e~t/Tc this
equation can be rewritten in the form:

&dt’

t
N ) T,
Diy(t)= | Fr(t—t e
m()l/ RE=O0 G et ety
0 (e e )dt TC:;(:TE
Tc —Tg

Te =Tg
(35)

In Fig. 6 we present the effective doses outside and inside the
building for an exponentially decaying source with a decay time
of 1 h. The ventilation time of the building is 2 h. The toxic load
exponent, n, is 1.5. The outside effective dose in this case is an
increasing function of time and therefore equals the toxic dose. The
inside effective dose decreases after 2 h. The toxic dose is constant
after that time (dashed line). The upper curve is the accumulated
dose. Fig. 7 presents the shielding factor of building for exponential
decaying continuous source ((100./60)e~%/%0) and different venti-
lation times. The shielding factor for materials with n = 1.2 (Fig. 7
top) is of the order 0.6-0.9 for the different ventilation times. For
materials with n = 1.7 (Fig. 7 bottom) is of the order 0.4-0.6.
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Fig. 7. Shielding factor of building for exponential decaying continuous release. Dif-
ferent curves are for different ventilation rates of the building. The source decay time
is 1h. Top: n = 1.2; bottom: n = 1.7.

5.3. Example

In order to illustrate the importance of the recovery process, we
use the example of Chan [14]. In this example a simulation of a 4-h
Cl, release near downtown Albuquerque is presented. In Fig. 8 (top)
the calculated in-door concentration profile of a typical dwelling
10 km downwind of the release point is presented. The calculated
accumulated dose (dot-dashed) and effective dose (line) are pre-
sented in the bottom figure. The effective dose was calculated for
n = 1.3 (see[15]).In this example the exposure for 4 h was reduced
by a factor of 2.8 due to the recovery process.
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Fig. 8. Example: Cl, release within a the city. Top: indoor concentration profile
10 km downwind to the source. Bottom: exposure—accumulated dose (dot-dashed),
effective dose (line).
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6. Summary

In most accidental releases of toxic gas, the concentration at a
given location varies with time and its time series includes intermit-
tent periods. This variation is attributed to the release conditions,
and to the specific locations (urban canopy, indoor, etc.). Since
for most toxic materials there is a physiological recovery pro-
cess, it is important to include it in the risk assessment estima-
tions.

In this work we suggest a simple model to calculate the toxic
dose for exposure to time-varying concentration. The model is
based on the experimental observation that for a given accumulated
dose, the fraction of affected population decreases with increasing
exposure time. Assuming that this behaviour is attributed to physi-
ological recovery process, we derive the recovery function from the
experimental results. Using this recovery function we calculate the
toxic dose for a general time series of the concentration. In most
cases the model predicts fewer affected individuals than that pre-
dicted by the traditional dose-load concept. The model is important
for continuous sources, or for exposure to an instantaneous release
when people are within the urban canopy or sheltered by buildings.
Shielding factors of buildings are calculated, both for instantaneous
and continuous releases.

It should be emphasised that the experimental results on which
the models’ parameters are based, are from animal experiments,
and the reliability of the extrapolation to humans is question-
able unless supported by human exposure data. However, these
parameters are in use in hazard estimation tables (see for exam-
ple [13]). In addition, the effective dose is influenced by human
pharmacokinetic variability, a factor which is not included in this
model. It is recommended for future research that the conection

between animal and human parameter, be better established, either
by experimental data or by pharmacokinetic models.
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