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a b s t r a c t

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
eywords:
oxic load
ffective dose
ime-varying concentration
hielding factor

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-
shou
neous release, a fact that

. Introduction

On the basis of animal experiments, it was found that the effect
ue to exposure to a toxic gas depends nonlinearly upon concentra-
ion and duration for exposure periods greater than a few minutes.
usvine [2] suggested an exponential dependence on the concen-
ration. According to his analysis the casualty fraction depends on
= Cnt, where C is the concentration and t is the exposure time. L is
efined as the toxic dose-load. The exponent n was determined by
nalyzing the experimental data using the probit method (see [4]).
en-Berge [9] determined the parameter n for many toxic gases.
e found that the value for industrial gases is 2–3. The concept
f the dose-load is used widely in hazard evaluation. In most of
he realistic accident scenarios, concentration time series includes
umerious fluctuations and even intermittent periods. Such fluctu-
tions were measured in wind tunnel modeling (see, for example
10–12]). Although all of the animal experiments were performed
or constant concentration, the concept of dose-load was used for
ases of time-varying concentration (see, for example [9,5]). Several
orks deal with time-varying concentration using idealized func-

ions (see, for example [7]). Ride [6] suggested that the response to

he time-varying concentration should take into account filtering
apid concentration fluctuations and uptake time. A detailed model
hich considers these effects was suggested by Hilderman et al. [8].

n this work the authors suggest a set of differential equations which

∗ Tel.: +972 8 9381440; fax: +972 8 9381432.
E-mail address: khadas1@gmail.com.

304-3894/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2008.12.132
ld be considered in hazard evaluation.
© 2008 Elsevier B.V. All rights reserved.

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
on Dtm (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

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:khadas1@gmail.com
dx.doi.org/10.1016/j.jhazmat.2008.12.132
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Nomenclature

L toxic dose-load ((mg/m3)
n

min)
D accumulated dosage (mg min/m3)
Deff effective dosage (mg min/m3)
Dtox toxic dosage (mg min/m3)
FR(t) recovery function
Pr probit
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P

Fr casualties fraction
S shielding factor

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

. The dose-load concept

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

= 0.5
[

erf
(

Pr − 5√
2

)
+ 1

]
(1)

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

In the various animal experiments it was found that for exposure
ime greater than critical time, t0, of the order of few minutes, the
robit, Pr, is a linear function of the logarithm of the concentration,
, and the logarithm of the exposure duration time, t:

r = a0 + a1 ln C + a2 ln t (2)

his linear dependence can be written in the form:

r = a0 + a2

(
a1

a2
ln C + ln t

)
= a0 + a2 ln(Cnt), n = a1

a2
(3)

he dose-load is defined as

= Cnt (4)

n terms of the dose-load the probit can be written in the form:

r = a0 + a2 ln L (5)

ll animal experiments on which Eq. (5) is based were performed
ith constant concentration during different time periods. Ten-
erge [9] extended this equation to time-varying concentrations,

.e., Eq. (5) holds also for

=
∫ t

0

Cn(t′) dt′ (6)

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

. The effective dose concept
We rewrite Eq. (2) in the form

r = a0 + a1

(
ln C + a2

a1
ln t

)
= a0 + a1 ln(Ct1/n) (7)
aterials 167 (2009) 351–356

The accumulated dose under exposure to constant concentration
during a period t is D = Ct. Define ã0 by

ã0 = a0 + a1 ln(t1/n−1
0 ) (8)

with t0 the critical time.
The probit can then be expressed as

Pr = ã0 + a1 ln

[
D
(

t

t0

)1/n−1
]

(9)

We define the effective dose as

Deff = D
(

t

t0

)1/n−1
(10)

Using the effective-dose concept the probit can be written as

Pr = ã0 + a1 ln(Deff) (11)

As the exposure time tends to the critical time t0, 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 (Eqs. (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, Deff,
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
t0 and that is the reason why for exposure time smaller than t0, the
probit depends on the dose.

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

Deff =
∫ t

0

C(t′)FR(t − t′) dt′ (12)

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

Deff = C

∫ t

0

FR(t − t′) dt′ = Ct
(

t

t0

)1/n−1
(13)

Therefore

FR(t) = d
dt

[
t
(

t

t0

)1/n−1
]

= 1
n

(
t

t0

)1/n−1
(14)

From Eqs. (12) and (14) it follows:

Deff =
∫ t

0

C(t′)
1
n

(
t − t′

t0

)1/n−1

dt′ (15)

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 C0 during time T0. With Eq. (15) the effective
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Fig. 2. The effective dose, toxic dose and dose-load of exposure to two pulses of con-
ig. 1. The effective dose, toxic dose and dose-load for exposure to constant con-
entration during 1 h. The accumulated dose is 100 mg min/m3 (n = 1.2). Top: the
oncentration; middle: the effective dose, line; and the toxic dose, dash-dot line;
ottom: the dose-load. Dashed line indicates the critical value.

ose in this case is

eff(t) =

⎧⎪⎨
⎪⎩

C0t
(

t

to

)1/n−1
t ≤ T0

C0T0
(t/t0)1/n − ((t − T0)/t0)1/n

T0/t0
t > T0

(16)

his behaviour is presented in Fig. 1 for n = 1.2, t0 = 2 min and T0 =
0 min. The fraction of the population affected during the period
0, t], t > T0 depends on the maximum of the effective dose in this
eriod. Define the toxic dose Dtox as the maximum of the effective
ose:

tox = maxt(Deff(t)) (17)

he probit is a linear function of the logarithm of Dtox:

r = ã0 + a1 ln Dtox (18)

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

The two ways of presenting the probit (Eqs. (5) and (11)) are
quivalent as long as the exposure is to constant concentration. It
ollows from these equations that if D0 is the value of the effective
ose causing a given fraction of responses, then the value of the
ose-load required to achieve the same fraction, R0 is

0 = Dn
0t1−1/n

0 (19)

owever, in case of exposure to time-varying concentration there
s a difference between the two cases. The following example
emonstrates this difference. Assume that the exposure is to two
uccessive pulses of concentration, C0 each of them of length �
eperated by an interval T (see Fig. 2). The dose-load in this case
s

n
= 2C0 � (20)

nd does not depend on T. This behaviour leads to a paradox. If the
ime dependency of the affected fraction is attributed to recovery
rocesses, then we expect dependency on the interval between the
wo pulses.
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 = 2� + T (see Fig. 2). This value is

Dtox = maxt[Deff(2� + T)] = C0

∫ �

0

FR(2� + T − t′) dt′

+ C0

∫ T+2�

T+�

FR(2� + T − t′) dt′

= C0t0

[(
2� + T

t0

)1/n

−
(

� + T

t0

)1/n

+
(

�

t0

)1/n
]

(21)

For two adjoining pulses, i.e., T = 0, the toxic dose is the same as
one pulse of length 2�:

Dtox = C02�
(

2�

t0

)1/n−1
(22)

When the two pulses are far apart (T = ∞) the contribution to the
probit is only from the second pulse:

Dtox = C0�
(

�

t0

)1/n−1
(23)

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 ln S.
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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
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ose is 100 mg min/m3(n = 1.5). Top: the concentration; middle: the effective dose,
ine; and the toxic dose, dash-dot line; bottom: the dose-load. Dashed line indicates
he critical value.

or example, for a1 = 1, if at Pr = 5 we expect 50% effect without the
rotective measure, than in presence of a protective measure with
hielding factor S = 0.4, the fraction is reduced to 17% (Pr = 4.08).
ig. 4 presents the fraction of affected population in presence of
arious shielding factors for two cases: unprotected dose of LD50
nd unprotected dose of LD10 (dashed line).

Masks or filters reduce the affected fraction by reducing the con-
entration and not the exposure time. Therefore the shielding factor
f masks equals the ratio of the concentration inside and outside the
asks. Buildings, on the other hand, change the exposure time. If

he population stays inside buildings they are exposed to concen-
ration Cin(t) which depends on the ventilation rate. With TE the
ypical ventilation time, the equation describing the concentration
nside the building is

dCin

dt
= − 1

TE
Cin(t) + 1

TE
Cout(t) (24)

out is the concentration outside the building. The solution to this
quation is
in(t) = e−t/TE

TE

∫ t

0

Cout(t′)et′/TE dt′ (25)

ig. 4. The affected fraction as a function of the shielding factor for LD50 and LD10.
ine: LD50; dashed line: LD10.
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

Dout
eff =

∫ t

0

Cout(t′)FR(t − t′) dt′ (26)

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

Din
eff =

∫ t

0

Cin(t′)FR(t − t′) dt′ (27)

where Cin 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:

S = maxtDin
eff

maxtDout
eff

(28)

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 (t0), therefore the toxic dose is
equal to the dose acumulated during the cloud passage, Dout. We
can approximate the integral in Eq. (25) by Dout, so that Cin decays
exponentially:

Cin(t) = Dout

TE
e−t/TE (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:

S = maxt

∫ t

0

1
TE

e−t′/TE FR(t − t′) dt′ (30)

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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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.
ig. 6. The effective dose and toxic dose of an exponentially decaying continu-
us source (100/60)e−t/60 (n = 1.2). The ventilation time of the building is 2 h.
ower curve: inside toxic dose; middle curve: outdoor effective dose and toxic dose
dashed); upper curve: the commulative dose.

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

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

The toxic dose outside the building, Dout
tox of a continuous source,

out, is given by (see (15))

axt(Deff(t)) = maxt

(∫ t

0

Cout(t′)
1
n

(
t − t′

t0

)1/n−1
)

dt′ (31)

ue to the recovery process, Dout
tox is less than the actual dose Dout:

out =
∫ t

0

Cout(t′) dt′ (32)

hen a person is inside the building, another reduction in the toxic
ose is obtained. The effective dose inside the building, Din, is given
y

in(t) =
∫ t

0

Cin(t′)FR(t − t′) dt′ (33)

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

in(t) =
∫ t

0

FR(t − t′)
e−t′/TE

TE

∫ t′

0

Cout(t′′)et′′/TE dt′′ dt′ (34)

or an exponential decaying source of the form (C0/TC )e−t/TC this
quation can be rewritten in the form:

in(t)=
∫ t

0

FR(t − t′)

⎧⎨
⎩

C0

TCTE
dt′ TC = TE

C0

TC − TE
(e−t′/TC − e−t′/TE ) dt′ TC /= TE

(35)

n Fig. 6 we present the effective doses outside and inside the
uilding for an exponentially decaying source with a decay time
f 1 h. The ventilation time of the building is 2 h. The toxic load
xponent, n, is 1.5. The outside effective dose in this case is an
ncreasing function of time and therefore equals the toxic dose. The

nside effective dose decreases after 2 h. The toxic dose is constant
fter that time (dashed line). The upper curve is the accumulated
ose. Fig. 7 presents the shielding factor of building for exponential
ecaying continuous source ((100./60)e−t/60) and different venti-

ation times. The shielding factor for materials with n = 1.2 (Fig. 7
op) is of the order 0.6–0.9 for the different ventilation times. For

aterials with n = 1.7 (Fig. 7 bottom) is of the order 0.4–0.6.
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 1 h. 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
Cl2 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
Fig. 8. Example: Cl2 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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. Summary

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

In this work we suggest a simple model to calculate the toxic
ose for exposure to time-varying concentration. The model is
ased on the experimental observation that for a given accumulated
ose, the fraction of affected population decreases with increasing
xposure time. Assuming that this behaviour is attributed to physi-
logical recovery process, we derive the recovery function from the
xperimental results. Using this recovery function we calculate the
oxic dose for a general time series of the concentration. In most
ases the model predicts fewer affected individuals than that pre-
icted by the traditional dose-load concept. The model is important
or continuous sources, or for exposure to an instantaneous release
hen people are within the urban canopy or sheltered by buildings.

hielding factors of buildings are calculated, both for instantaneous
nd continuous releases.

It should be emphasised that the experimental results on which
he models’ parameters are based, are from animal experiments,
nd the reliability of the extrapolation to humans is question-

ble unless supported by human exposure data. However, these
arameters are in use in hazard estimation tables (see for exam-
le [13]). In addition, the effective dose is influenced by human
harmacokinetic variability, a factor which is not included in this
odel. It is recommended for future research that the conection

[

[

aterials 167 (2009) 351–356

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