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Setting Risk-Informed Environmental Standards for Bacillus
Anthracis Spores

Tao Hong,1 Patrick L. Gurian,1,∗ and Nicholas F. Dudley Ward2

In many cases, human health risk from biological agents is associated with aerosol exposures.
Because air concentrations decline rapidly after a release, it may be necessary to use concen-
trations found in other environmental media to infer future or past aerosol exposures. This
article presents an approach for linking environmental concentrations of Bacillus. anthracis
(B. anthracis) spores on walls, floors, ventilation system filters, and in human nasal passages
with human health risk from exposure to B. anthracis spores. This approach is then used to
calculate example values of risk-informed concentration standards for both retrospective risk
mitigation (e.g., prophylactic antibiotics) and prospective risk mitigation (e.g., environmental
clean up and reoccupancy). A large number of assumptions are required to calculate these
values, and the resulting values have large uncertainties associated with them. The values
calculated here suggest that documenting compliance with risks in the range of 10−4 to 10−6

would be challenging for small diameter (respirable) spore particles. For less stringent risk
targets and for releases of larger diameter particles (which are less respirable and hence less
hazardous), environmental sampling would be more promising.
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1. INTRODUCTION

The 2001 anthrax attacks precipitated an aggres-
sive response in which large numbers of potentially
exposed people were treated with prophylactic an-
tibiotics, and contaminated buildings were remedi-
ated until no detectable B. anthracis spores were
present.(1,2) These actions appear to have been ef-
fective in saving lives, but the response was expen-
sive, raising the question as to how standards may
be set that prioritize response actions based on risk.
The use of risk-informed standards has become part
of the statutory drinking water standard setting pro-
cess in the United States,(3) and risk estimates are re-
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quired for all major regulations in the United States
as part of the benefit-cost analysis requirements of
Executive Order 12291.(4) The risk-based approach
can be justified on the grounds that it allows for risk-
risk tradeoffs in decision making (e.g., one can bal-
ance the risk of anthrax against the risks of side ef-
fects from prophylactic medical treatment) and can
allow for risk reduction efforts to be directed toward
the greatest risks.

While valuable contributions have been made
toward understanding a wide range of response is-
sues related to B. anthracis, including environmen-
tal transport,(5−8) dose response,(9−13) impacts of
a release,(14−19) and effectiveness of environmen-
tal sampling,(20−28) at the present there are still no
quantitative environmental standards for B. an-
thracis. Negative sampling results are generally taken
as evidence that a building is not contaminated with
B. anthracis, but a negative sample does not establish
zero risk, as sampling variability can lead to a nega-
tive result.(28)
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This article proposes an approach to develop-
ing environmental standards for B. anthracis, and
identifies sampling requirements, which, if negative
results are obtained, would provide a degree of con-
fidence that these standards had been met. Available
literature information is then used to calculate ex-
ample values for environmental standards and sam-
pling requirements. While the values presented here
are not intended to be suitable for adoption by regu-
latory agencies, the effort is intended to inform fu-
ture work in this area. In particular, the develop-
ment of the standards relies on a large number of as-
sumptions. This effort seeks to clearly identify these
assumptions and where feasible to employ health-
protective assumptions in calculating standards. Fu-
ture work could be aimed at replacing these health-
protective assumptions with more realistic models,
which could lead to less stringent standards.

This article begins with a qualitative discussion
of the approach proposed here, and then develops
an integrated mathematical model of the environ-
mental transport, exposure, and health risk following
a release of B. anthracis spores. This model is used
to link environmental concentrations of B. anthracis
to health risk, so that once a particular target level
of health risk is specified, then environmental con-
centration standards corresponding to this risk level
can be computed. The model is applied to a simpli-
fied case, a hypothetical building consisting of a sin-
gle small room, and example concentration standards
are calculated.

2. ASSUMPTIONS FOR STANDARDS

Standards are meant to inform decisions and in
the case of a release of a pathogenic microorgan-
ism, decision making differs based on whether one
is concerned with the risk to which occupants of a
space were exposed in the past (termed retrospective
risk here) or the risk to which occupants will be ex-
posed in the future (termed prospective risk here).
Retrospective risk estimates would inform measures
for mitigating prior exposures, such as administering
prophylactic antibiotics, while prospective risk esti-
mates would inform decisions for mitigating future
exposures, such as environmental remediation and
reoccupancy standards for contaminated buildings.
Thus, this analysis develops two sets of standard set-
ting processes, one for retrospective risk and one for
prospective risk.

This analysis addresses inhalation risk only. This
pathway was selected for initial consideration be-
cause of the high risk of fatality via the inhalation

pathway; 89–96% for untreated cases, 45% among
the 2001 anthrax attack cases who received treat-
ment. In contrast, dermal anthrax has a lower fatality
risk of 5–20%.(29,30) However, much of the risk in the
prospective case may be due to dermal exposure, as
spores may tend to bind irreversibly to surfaces over
long periods of time, making reaerosolization diffi-
cult.(31) Thus extending this effort to address dermal
risk is a priority for future efforts.

This analysis assumes uniform mixing of the re-
leased B. anthracis spores throughout the air of a
room. This assumption can miss localized areas of
high risk, such as a highly concentrated puff of spores
generated by opening a contaminated letter. This as-
sumption is more appropriate for conditions some-
what removed in time and space from the initial
release, such as rooms or even buildings located
downgradient from the initial release. It is precisely
in these downgradient areas that difficult decisions
about prophylactic treatment of occupants and re-
mediation will need to be made since both treatment
and remediation will almost certainly be required in
the immediate vicinity of the release. If this approach
is to be applied in the room in which a release took
place, then it would be applicable only to exposures
that occur after some internal mixing has occurred.

Both deposition rates and dose response vary
greatly with particulate size. Therefore, in this analy-
sis separate standards are developed for four differ-
ent aerodynamic diameters: 1, 3, 5, and 10 μM. These
values span the range from the diameter of a single
spore (roughly 1 μM) to the point at which depo-
sition rates would dominate over mixing processes
(diameters > 10 μM) and an analysis such as this,
based on uniform mixing, would no longer be appro-
priate. This is another reason why this approach is
most appropriately applied to areas removed from
the initial release, as larger particles (≥10 μM) may
be present in substantial numbers in the immediate
vicinity of a release. Condensation reactions (particle
aggregation) are not considered here as these pro-
cesses are not important for more dilute mixtures.
Because smaller size fractions present the greatest
inhalation risk, both the assumption that the B. an-
thracis spores are present as fine particulates and that
these particulates do not aggregate, are health pro-
tective.

The dose-response models used in this approach
are based on studies in which animals were exposed
to a single, large (i.e., bolus) dose of organisms.
Such large doses may overwhelm natural immune
responses and overestimate risks due to lower ex-
posures. Thus, the use of risks associated with a
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single high dose is a health-protective assumption.
However, humans may be more or less sensitive to
pathogens than other animals. To address this, a
range of values for dose response are based on a
meta-analysis(33) of experiments involving a number
of different species and the upper end of this range is
intended to be reflective of more sensitive species.

This analysis does not consider decay over time.
This assumption is health protective and in accor-
dance with studies that have shown that B. anthracis
spores can persist for decades in protected environ-
ments.(34,35) This analysis also assumes that an indi-
vidual is continuously present in the room where risk
is to be quantified. This is health protective as it max-
imizes the human exposure associated with a given
release. An additional health-protective assumption
is that all organisms quantified by sampling are con-
sidered to be viable.

3. METHODS

3.1. Integrated Modeling Approach

The environmental transport model considers a
simple office with a heating ventilation and air condi-
tioning (HVAC) system as in Fig. 1. The office is di-
vided into eight internal compartments: air, tracked
floor (horizontal surfaces from which spores may
be resuspended by walking or other activities), un-
tracked floor (horizontal surfaces from which there
is no resuspension), walls, HVAC, all areas external

to the room, ceiling, and the nasal passages of an oc-
cupant of the office.

The air and tracked floor can exchange spores
with each other but the remaining six compart-
ments (walls, untracked floor, ceiling, HVAC filter,
nasal passages, and external compartment) accumu-
late spores irreversibly from the air compartment.
As a result, concentrations in the tracked floor and
air compartments will asymptotically approach zero,
and concentration in the remaining compartments
will asymptotically approach constants.

The numbers of spores in the compartments are
denoted by Mair (air), Mtf (tracked floor), Mutf (un-
tracked floor), Mw (walls), Mf (filter), Mec (external
compartment) Mce (ceiling), and Mn (nasal pas-
sages). Deposition from the air compartment is mod-
eled as a first-order process with rate constants (units
of s−1) of λtf (deposition to tracked floor), λutf (un-
tracked floor), λw (walls), and λce (ceiling). A second
source of removal is by the HVAC system. The total
air flow rate through the HVAC system is denoted
by Q (units of m3/s), p (dimensionless) is the fraction
of total air flow that is recirculated into the building
by the HVAC system, e (dimensionless) is the effi-
ciency of the filter at removing particles, and V is the
volume of the room (m3). Removal to the occupants’
nasal passages is also modeled with I (m3/s), denot-
ing the breathing flow rate, and en (dimensionless),
the efficiency of the nasal passages at removing par-
ticles. Resuspension from the tracked floor due to oc-
cupants walking and other activities is also modeled
as a first-order process with rate constant μ2 (units of
s−1). This model is described mathematically by the
following system of ordinary linear first-order differ-
ential equations:

dM
dt

=
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(1)

Once initial conditions are specified, this sys-
tem can be solved using standard approaches, which
are described in the Appendix. Different initial
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Fig. 1. Schematic of model.

conditions are used for the retrospective and
prospective scenario. In the retrospective scenario,
all spores are initially present in the air compartment
and surface concentrations at the end of the scenario
are linked to risk (i.e., one wishes to assess the risks
posed by a release in the air compartment based
on what surface samples indicate the past exposures
were). In the prospective case, all spores are initially
present on the tracked floor and surface concentra-
tions at the start of the scenario are linked to risk
(i.e., the initial aerosol release has dissipated and one
wishes to assess the risks associated with deposited
spores that may be reaerosolized in the future).

Once the mass and concentrations in each com-
partment are computed, the inhaled dose of B. an-
thracis is calculated by integrating the inhalation rate
and concentration of B. anthracis in the air, over the
duration of the exposure:

dose = I
∫ t2

t1
Cair(t) dt, (2)

where I is the human breathing rate with the unit
m3/s; Cair(t) is the concentration of B. anthacis in the
air compartment with the unit spores/m3; and t2 − t1

is the exposure interval for occupants in that room.
Previous studies indicate that the exponential

dose-response model(36) (Equation (3)) provides a
favorable fit for B. anthracis spores with particle
size smaller than 5 μM, and the beta-Poisson func-
tion(36−40) (Equation (4)) fits well for spores with di-
ameters larger than 5 μM:(11,12)

risk = 1 − exp(−r dose), (3)

risk ≈ 1 −
(

1 + dose
β

)−α

, (4)

where risk is the probability of mortality, dose is the
average number of inhaled spores, r is the proba-
bility that a single organism will survive to initiate
infection, and α, β are parameters of a beta distri-
bution describing variability in survival probability.
When the product of r and dose is relatively small, a
first-order Taylor series can be used to approximate
Equations (3) and (4) as:

risk ≈ r dose, (5)

risk ≈ α

β
dose = α(

N50

21/α − 1

)dose, (6)

where N50 is median lethal dose. Since the initial
conditions for retrospective and prospective risk are
different, we consider these two different scenarios
separately in the following.

3.2. Retrospective Risk

Concentrations in several of the environmental
compartments are linear functions of the integral of
past air concentrations. As the dose is also a func-
tion of the integrated air concentration, it is possible
to obtain relationships between environmental con-
centrations and retrospective human health risk in
which time is not an explicit variable. The follow-
ing discussion develops these relationships between
dose and environmental concentrations on untracked
and tracked floors, walls and ceilings, for HVAC fil-
ters, and for human nasal passages. The air compart-
ment is not considered here as concentrations decline
rapidly in this compartment and do not represent ac-
cumulated dose.(18)
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The concentration of B. anthacis on the un-
tracked floor is the integrated number of spores de-
posited over time (ta − tb), divided by the area of the
untracked floor, Auf:

Cuf = Muf

Auf
= λufV

Auf

∫ tb

ta

Cair(t)dt. (7)

Assuming that the occupants of the room have
experienced the exposure from the beginning (a
health-protective assumption as discussed above),
which can be expressed mathematically as t1 = ta =
0 and t2 = tb, one can combine Equations (2) and (7)
to link the dose with the concentration on untracked
horizontal surfaces:

AufCuf

λufV
=

∫ tb

0
Cair(t)dt = dose

I
. (8)

The deposition rate onto the untracked floor for
B. anthacis (λuf) is a function of the deposition area,
volume of the room, and the deposition velocity (νuf,
units of m/s):(41)

λuf = νufAuf

V
. (9)

Thus Equation (8) can be rewritten as:

dose = I
Cuf

νuf
. (10)

At low doses, Equation (10) can be combined
with Equation (5), the Taylor series approximation
of an exponential dose-response function, to link the
probability of mortality with the concentration of B.
anthacis on the untracked floor:

risk ≈ rI
Cuf

νuf
. (11)

If a beta-Poisson dose-response function is used,
then Equation (6) is used in place of Equation (5):

risk ≈ α

β
I

Cuf

νuf
. (12)

At high doses, the exact form of the dose-
response model must be used rather than the Taylor
series approximations:

risk = 1 − e
(
−rI Cuf

νuf

)
, (13)

risk = 1 −
(

1 + I
Cuf

νufβ

)−α

. (14)

For the walls and ceilings, which are assumed not
to be subject to substantial resuspension, one need
only replace Cuf, vuf by Cw, Cce and vw, vce in these

equations in order to relate surface concentration to
risk. Strictly speaking, Equations (10)–(14) do not re-
quire the assumption of uniform mixing in the air
compartment. The surface concentration might be
related to the air concentration immediately adjacent
to the surface. It is when this air concentration is
assumed to apply generally to the occupants of the
room that the assumption of complete mixing is re-
quired.

For the HVAC filter, a relationship can be de-
veloped by first noting that the concentration of B.
anthacis on the filter (Cf) is defined as the accumu-
lated mass of B. anthacis on the filter divided by the
area of the filter:

Cf = Mf

Af
= epQ

Af

∫
Cair(t)dt. (15)

Combining Equations (2) and (15) produces a re-
lationship between dose and filter concentration:

AfCf

epQ
=

∫
Cair(t)dt = dose

I
,

dose = I
AfCf

epQ
. (16)

For low risks, Equation (16) can be substituted
into Equations (5) and (6) to obtain an estimate of
risk as a function of the concentration of B. anthacis
on the HVAC filter:

risk = rI
AfCf

epQ
, (17)

risk = α

β
I

AfCf

epQ
. (18)

For higher doses, one would need to substitute
Equation (16) into the full dose-response function,
Equation (3) or Equation (4), respectively.

Relating the concentration of B. anthracis on
the tracked floor to risk is more complicated as the
tracked floor concentration is not simply the inte-
gral of the air concentration but reflects losses due
to resuspension and, strictly speaking, there is not
a functional relationship between surface concen-
tration and risk. However, one can neglect the re-
suspension if its effects on concentration are mi-
nor compared to deposition. This is the case initially
(air concentrations are high resulting in high depo-
sition while surface concentrations are low resulting
in low resuspension). Thus, if samples are collected
soon after release, resuspension may be neglected
and Equations (11) and (12), which were derived for
untracked surfaces, could be applied as approximate
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relationships for tracked surfaces. From a practical
viewpoint, one would seek to set a boundary on the
time period within which samples from tracked sur-
faces would be considered valid indicators of risk.
For example, one might set a threshold that when the
change of surface concentration due to resuspension
is less than 5%, one can assume that deposition is the
dominant process within that period. A conservative
method of estimating loss to resuspension is to as-
sume that all the spores are deposited at t = 0 and
that there is no redeposition after resuspension oc-
curs. In this situation:

C
Co

= e−μt = 0.95, (19)

where Co is the total B. anthracis spores’ initial con-
centration on tracked floor and C is the B. anthracis’
concentration on the tracked floor at time = t. This
method is conservative in that it will overestimate
the loss due to resuspension and hence underesti-
mate the time at which losses remain below the 5%
threshold. Based on resuspension rates from the lit-
erature (Table I(5,12,33,41,44−46,54,55,57,62−69)), to change
surface concentrations by 5% will take almost 427,
27, 64, and 13 hours for spores with diameter 1, 3,
5, and 10 μM, respectively. Thus, for the larger di-
ameter particles, samples would need to be collected
within several hours of the release, while for smaller
diameter particles concentrations would be relatively
stable for several days.

For human nasal passages, the concentration of
B. anthacis is defined as the accumulated mass of B.
anthacis divided by the area of the nasal passage:

Cn = Mn

An
= Ien

An

∫
Cair(t) dt, (20)

where en is the nasal passages particle remove ef-
ficiency and An is nasal passage area. Combining
Equations (2) and (20) provides the link between
dose and Cn:

AnCn

Ien
=

∫
Cair(t) dt = dose

I
.

For low doses and an exponential dose-response
function, the risk can be related to nasal concentra-
tion by:

risk = r
AnCn

en
. (21)

For the beta-Poisson dose-response function,
α/β would replace r, while for higher risk levels the
dose would need to be substituted into the full dose-
response expression.

3.3. Prospective Risk

In the prospective scenario, the risk is related
to the concentration of B. anthacis on the tracked
floor under the assumptions that spores from other
surfaces are not reaerosolized, the anthracis initially
present in the air has had time to dissipate, the expo-
sure time is infinite, and that there is no loss of viabil-
ity over time (see discussion of assumptions above).
The inhaled dose is determined by integrating Equa-
tion (2) with Cair expressed as mass of B. anthracis
spores in the air compartment (see Equation (A-3)
in the Appendix) divided by volume of the room:

dose = I
∫ ∞

0
Cair(t) dt = I

V

[
c1υ1,1

D1
eD1t + c2υ1,2

D2
eD2t

]∞

0
,

(22)

where D1, D2, υ1,1, υ1,2, υ2,1, and υ2,2 c1 and c2 are all
constants (see Appendix for definitions). When time
goes to infinity, the inhaled dose will be:

dose = − I
V

[
c1υ1,1

D1
+ c2υ1,2

D2

]
. (23)

Substituting c1 and c2 for the prospective sce-
nario (see Appendix for detail), expressing the ini-
tial mass as the product of Ctf,0 and Atf where Atf

is the area of the tracked floor, and substituting into
the low dose approximation of the exponential dose-
response function yields:

risk = rCtf,0Atf
I
V

(D2 − D1)υ1,2υ1,1

D1D2(υ1,1υ2,2 − υ1,2υ2,1)
.

(24)

As with the retrospective case, for a beta-Poisson
dose-response function, α/β would replace r, and at
high doses, the full dose-response expressions would
have to be used. In order to simplify the risk expres-
sion, we introduce a new constant �, the future risk
coefficient (unit of s):

� = (D2 − D1)υ1,2υ1,1

D1D2(υ1,1υ2,2 − υ1,2υ2,1)
, (25)

which is a function of characteristics known before
an incident (deposition rates, filter efficiency, recycle
proportion, room dimensions, and ventilation rate).
Values for � (steady state) for our model office suite
are presented in Fig. 2. The future risk coefficient
for other common building configurations could be
computed and tabulated before an incident, and one
could then use � as a constant of proportionality to
relate surface concentration to risk.
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Table I. Model Inputs

Symbol Meaning Units Value Source

V Room dimensions m3 5.6 × 5.6 × 2.5 Assumed a typical office based on
(5–54)

Atf Area-tracked floor m2 5.6 × 5.6 × 0.75
Autf Area-untracked floor m2 5.6 × 5.6 × 0.25
Ace Area ceiling m2 5.6 × 5.6
Aw Area wall m2 5.6 × 2.5 × 4
Af Filter area m2 3.82 × 10−2 (2.81 × 10−2–5.62 × 10−2) Q/A = 137m/min (91–183 m/min)
An Area of nasal passages m2 0.8 (62)
ACH Air changes per hour 4 (63)
Q Discharge m3/s 0.087 Q = V × ACH/3600 (in seconds)
f Proportion tracked 0.75 (63)
μ2 Resuspension rate s−1 D = 1 μM 3.3 × 10−8 (5, 41)

D = 3 μM 5.3 × 10−7

D = 5 μM 2.2 × 10−7

D = 10 μM 1.1 × 10−6

e Filter efficiency D = 1 μM 0.098 (5)
D = 3 μM 0.49
D = 5 μM 0.74
D = 10 μM 0.88

Value Scale

Lower Upper Input
Symbol Meaning Units Diameter Bound Source Bound Source Value

Vuf, Vtf Deposition velocity
on untracked and
tracked floor

m/s 1 μM 3.5 × 10−5 (64) 8.0 × 10−4 6.9 × 10−5

3 μM 2.0 × 10−4 (57) 6.0 × 10−3 (57) 4.2 × 10−4

5 μM 3.0 × 10−4 1.4 × 10−2 (65) 1.4 × 10−3

10 μM 7.0 × 10−4 2.7 × 10−2 5.6 × 10−3

Vw Deposition velocity
on walls

m/s 1 μM 3.5 × 10−8 (64) 9.0 × 10−5 (66) 3.9 × 10−5

3 μM 1.5 × 10−8 2.1 × 10−4 1.6 × 10−4

5 μM 1.0 × 10−8 4.0 × 10−4 3.1 × 10−4

10 μM 7.0 × 10−9 6.0 × 10−4 3.5 × 10−4

Vce Deposition velocity
on ceiling

m/s 1 μM (57) 6.2 × 10−7

Value Scale

Lower Upper Input
Symbol Meaning Diameter Bound Source Bound Source Value Source

1 μM 0.02 0.25 0.14
en Nasal passages

particle remove
efficiency

(64) (67) Midpoint of
range

3 μM 0.22 0.68 0.45
5 μM 0.42 0.81 0.62
10 μM 0.62 0.91 0.77

r Probability of a
single Bacillus
anthracis spore
initiating
infection

1–5 μM 9.1 × 10−7

(95%
confidence
interval)

(33) 7.0 × 10−5

(95%
confidence
interval)

(33) 7.2 × 10−6 (12)

α
β

10 μM 1.0 × 10−7

(95%
confidence
interval)

Extrapolated
from (33)

8.1 × 10−6

(95%
confidence
interval)

Extrapolated
from (33)

8.2 × 10−7 (12)

Risk Acceptable risk
level

1.0 × 10−5 (68) 1.0 × 10−3 (69) 1.0 × 10−4 Midpoint of
range

I Breathing rate m3/hr 0.8 (55) 2.0 (55) 1.02 (55)
p Recirculation

fraction
0 (63) 1 (63) 0.8 (5)

dc Fractal dimension 1.1 (44–46) 3 (44–46) 2 (44–46)
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Fig. 2. Future risk coefficient for
different diameters of B. anthracis spores.

3.4. Concentration Standard for a Mixture
of Particle Sizes

Thus far, different diameters have been treated
separately. In reality, a release will consist of a mix-
ture of particle sizes, and it may be useful to set a sin-
gle concentration standard that reflects an aggregate
risk from the different particular sizes present. In this
analysis, it is assumed that the relative fraction of dif-
ferent particle sizes present is known, although in re-
ality further work may be needed to develop either
analytical methods or inverse modeling approaches
to effectively identify size fraction.

The approach presented here is applicable for
standards based on low risk levels, where total risk
can be expressed as the sum of the risks presented by
the different size fractions and the risk of each size
fraction is proportional to the concentration (i.e., the
Taylor series approximations to the dose-response
functions are valid):

risktotal = Conctotal,S( f1�1 + f3�3 + f5�5 + f10�10),
(26)

where fi represents the fraction of total B. anthracis
spores with diameter i and � is the constant of pro-
portionality for size fraction i (for the prospective
case � could be retrieved from Equation (24) while
for the retrospective case can be obtained by inspect-
ing any equation from Equations (11), (17), or (21)

for exponential dose-response function, and with r
replaced by α/β in cases where the beta-Poisson
dose-response function is applicable).

From a regulatory standpoint, it is customary to
establish concentration standards, not constants of
proportionality. If concentration standards for differ-
ent size fractions are established that correspond to a
given risk level, then these standards may be adapted
to different particle size mixtures by noting that � is
simply the ratio of the concentration standard to the
specified risk level. Thus:

risktotal = Conctotal,S

(
f1

risk1

stn1,S
+ f3

risk3

stn3,S

+ f5
risk5

stn5,S
+ f10

risk10

stn10,S

)
, (27)

where riski is the specified risk level stni,S the concen-
tration standard applicable to size fraction i on sur-
face S. When the risk levels associated with all the
standards are the same, then a joint concentration
standard can be calculated from the individual size
fraction standards as follows:

Conctotal,S = 1
f1

stn1,S
+ f3

stn3,S
+ f5

stn5,L,S
+ f10

stn10,L,S

.

(28)
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3.5. Minimum Sampling Area

The surface concentrations corresponding to ac-
ceptable risk levels are likely to be very low. This
raises the question as to whether a negative test re-
sult provides sufficient basis for concluding that the
risk is below the desired standard. The following dis-
cussion considers how to interpret negative sampling
results to assess compliance with a standard. Such
data might be generated by culture methods (either
plate counts or most probably number methods) or
by qPCR. The discussion first assumes that a single
spore is present in each particle, and then considers
the impacts of clumping on the results. For the cul-
ture methods, it is assumed that clumps of spores are
broken apart during the extraction procedure. For
qPCR, it is assumed that recovery fractions are the
same for clumped and unclumped spores. For a more
complete discussion of the sampling methods and is-
sues involved in environmental detection of B. an-
thracis spores, see Herzog et al.(42)

3.5.1. No Clumping

From a classical statistical point of view, one
wishes to reject the hypothesis that the concentration
exceeds the standard with a sufficient level of con-
fidence 1 − α. If one assumes that a single spore is
detectable and that the spores are distributed on the
surface according to a Poisson distribution(43) with a
mean equal to the product of A and Cstan where A is
the area sampled, and Cstan is the surface concentra-
tion standard, then one can reject the hypothesis:

Ho: Concentration > Cstan.

Given a negative sampling result when:

Prob(x = 0) = e−ACstan < α, (29)

where x is the number of organisms found in the area
sampled.

In many cases, there is a minimum number
of organisms required for detection, in which case
Equation (29) becomes:

Prob(x < DLeff) <α,

DLeff−1∑
x=0

e−(AC)(AC)x

x!
< α, (30)

where DLeff is the effective detection limit, assumed
here to be 11 spores for PCR. (Herzog et al.(42) indi-
cate that instrument detection limits for qPCR may

be as low as 10 cells per ml, although actual environ-
mental detection limits may be orders of magnitude
higher). The approach allows some realism in that
small numbers of spores will be difficult to detect,
and accounts for one important source of variabil-
ity in detection of microorganisms, sample variability
in their occurrence. However, this approach does as-
sume a deterministic threshold of detection. In real-
ity, this threshold of detection DLeff may be variable.
Future efforts to refine this approach could include
developing appropriate distributions for DLeff and
making DLeff a function of sample size or other char-
acteristics (e.g., degree of interferences present).

3.5.2 Clumping Occurs

The previous section assumes that spores do not
clump together. If clumping occurs, then one may
assume that the clumps, not the individual spores,
are Poisson distributed. Both the surface concen-
trations and DLeff must be revised to reflect the
detectable number of clumps by dividing by the
number of spores in a clump (Nδ where δ references
the diameter of the clump). Table VI presents ranges
for the number of spores in a clump, which are calcu-
lated by first estimating the volume of an aggregated
particle:(44)

Vδ = πF/2

�(1 + F/2)
× rF , (31)

where Vδ is the volume of a clumped particle with
diameter δ μM, r is the radius for the aggregated par-
ticle, F is fractal dimension whose values are between
1.1 and 3 under different aggregation scenarios,(45,46)

and �(F) is the � function. The number of spores per
clump is determined by dividing by the volume of a
single spore (1 μM in this study):

Nδ = Vδ

V1
. (32)

Thus minimum sampling area for clumped parti-
cles is calculated from Equation (33):

DLeff
Nδ

−1∑
X=0

(
A

C
Nδ

)X

X!
e−(A C

Nδ
)
< α. (33)

The detection limit DLeff/Nδ should be rounded
up to the nearest integer to reflect the number of
clumps required to produce a detectable signal.

To verify adherence with the standard for a mix-
ture of sample sizes, one would have to demonstrate
Prob(x < DLeff) < α. However, x would not follow a
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simple distribution but would be a mixture of Poisson
distributions for the different clump sizes. For high
detection limits, a normal approximation would be
appropriate while for low detection limits one would
have to exhaustively enumerate all combinations of
clump sizes capable of producing nondetectable re-
sults: ∑

prob[x1 = a]prob[x3 = b]

× prob[x5 = c]prob[x10 = d] < α, (34)

where the sum is taken over all combinations of
clumped particles for which:

N1x1 + N3x3 + N5x5 + N10x10 < DLeff.

3.5.3. Imperfect Sampling Recovery

This approach can be broadened to handle re-
coveries that are below 100%. In this case, the mean
of the Poisson process becomes A C Re where Re

is the recoverable fraction of the spores. Thus in the
case of a constant recovery Equation (33) is modified
to:

DLeff
Nδ

−1∑
X=0

(
A

C
Nδ

Re

)X

e−A C
Nδ

Re

X!
< α. (35)

Thus for a constant recovery, one identifies the
value of the product A C

Nδ
Re, which produces the de-

sired α. In reality, there is likely substantial uncer-
tainty in the recovery fraction. As Re is bounded by
0 and 1, a beta distribution is a natural choice to
represent variability and uncertainty. Based on a re-
view of the literature,(24,25,42,47−52) parameters of al-
pha = 1.87 and beta = 2.85 were selected by fitting
the recovery efficiencies reported in the above men-
tioned studies using BestFit software (Palisade, New
York, NY) (median recovery = 0.38, 5th percentile
= 0.089, 95th percentile = 0.76). The use of a com-
mon distribution here ignores differences based on
sample collection method, particle size, surface type,
particle surface charge, etc. Clearly, further work ad-
dressing these factors is warranted. Given the spec-
ified distribution of Re, Monte Carlo methods were
used to determine the value of AC/Nδ required to
obtain a detectable number of clumps of spores
with 95% confidence, and these values are listed in
Table VI (values were simulated using Matlab soft-
ware, Mathwork, Natick, MA). Thus one can divide
the values for “Expected number of particles (area ×

concentration/Nδ)” given in Table VI by C/Nδ , to es-
timate the required sampling area.

In all cases, it is assumed that the concentration
is uniform over the sampled area A. This is conve-
nient mathematically, but if this is not true then the
sampling areas calculated here would not be health
protective. In the event of spatial heterogeneity in
concentration, the number of microorganisms de-
tected would no longer follow a Poisson distribution.
A negative binomial distribution is frequently used to
model microbial count data that show greater than
Poisson variability, and in this case Equations (29),
(30), and (33) can be reworked with the cumulative
probability of a negative binomial distribution (or
other appropriate distribution) substituted for the
cumulative Poisson. The major complication that this
entails is that for the binomial distribution the vari-
ance can be adjusted independent of the mean. In the
absence of detectable counts, there is no way to esti-
mate the variance from the data, and values would
have to be assumed. An example analysis of this ap-
proach is provided by Hong.(53) Future work should
be directed toward developing appropriate variance
values from modeling or field testing.

4. EXAMPLE APPLICATION

This section presents example calculations based
on a hypothetical office equipped with a simple
HVAC system. Numerical values of model input pa-
rameters are provide in Table I and Figs. 3 and 4 de-
scribe the range of deposition velocities on floors and
walls for various diameters and the range of nasal
passages particle remove efficiency, respectively. Re-
circulation rate (Q) is based on an assumed value of
4 air changes per hour and a recirculation fraction of
80%. The surface area of the filter is computed by
assuming a flow rate of 450 ft/min (300–600 ft/min
range is typical)(54) or 137 m/min to the HVAC fil-
ter. Breathing rate is highly variable and depends
on many factors including the health of an individ-
ual and activity level. We assume a breathing rate of
1.02 m3/hour corresponding to medium activity.(55)

This is conservative for an office building where
physical activity levels for many occupants are low.
Separate dose-response parameters are used for B.
anthracis spores with diameters of 1–5 μM (which are
considered respirable) and for spores in the 10 μM
category (which are less respirable). Uncertainties in
these numbers should include not just sample vari-
ability from a single dosing experiment but should
include uncertainty associated with variability in host
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Fig. 3. Scale of deposition velocity on
floors and walls versus particle diameter.

species sensitivity and pathogen strain infectivity. For
the respirable spores, the results of the meta-analysis
of Mitchell-Blackwood et al.,(33) which considered
variability among a set of three dose-response experi-
ments that employed different host species and B. an-

thracis strains, are used to set uncertainty bounds for
dose-response. Mitchell-Blackwood et al.(33) did not
include an assessment of larger diameter spore dose
response. In this study, the uncertainty factor that
Mitchell-Blackwood et al. developed for the smaller
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Fig. 4. Nasal passages removal efficiency
versus particle diameter.

Fig. 5. Retrospective risk versus time for
an ultimate risk of 10−3. (Quantities are
shown in Table III.)
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size fractions is assumed to be applicable to the
10 μM fraction.

4.1. Retrospective Risk

In this scenario, we assume that B. anthracis
spores were released into the air compartment. Fig. 5
shows the relationship between risk of mortality and
time for different particle sizes. This plot is intended
to provide guidance on the time-scale over which the
approach presented here may be usefully applied.
The plot shows that risk increases rapidly at first and
then approaches an asymptote as the air concentra-
tion declines. Risks caused by particles with diame-
ters of 3, 5, and 10 μM approach an asymptote af-
ter 1.5 hours while it requires roughly 4 hours for the
risk from 1 μM spores to approach its upper bound.
This indicates that retrospective risk has a time-scale
of roughly a day or less. If the individual is present
the majority of a working day (8 hours) then risk esti-
mates are not very sensitive to the time of subsequent
sample collection because most of the risk accrues in
less than 8 hours.

Table II shows environmental B. anthacis con-
centrations corresponding to a risk level of 1 in
1,000. The use of a time-integrated approach (e.g.,
Equation (2)) means that the risk values developed
here are not for specific time periods but for aggre-
gate exposure, but as discussed above 8 hours is a
reasonable time-scale for retrospective exposure and
this time period was used in the numerical calcula-
tions shown here. If suitable parameters can be iden-
tified in advance of a release, then surface concentra-
tions can be related to risk using simple plots such as
Fig. 6. The ranges shown in Table II are based on the
maximum range found from a series of one variable
sensitivity analyses.(56) Specifically, the upper and
lower bounds for deposition velocity, dose response,
inhalation rate, HVAC system flow rate (Q/Af), re-
circulation fraction, and nasal passage removal effi-
ciency (given in Table I) were used to calculate envi-
ronmental concentrations with all other parameters
retained at their nominal values. The widest of the
ranges from the single variable analyses are reported
in Table II.

Table III shows the required sampling area with
perfect and imperfect sampling recovery efficiency
(spore clumping has been taken into account with the
AC/Nδ values from Table VI) required for a nega-
tive result to indicate conformance with the 10−3 risk
level. Ranges in this table reflect the ranges for the
concentration values given in Table II.
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Fig. 6. Retrospective risk versus surface
concentration after an 8-hour exposure
following an instantaneous release
(quantity is between 1,000–100,000
spores).

4.2. Prospective Risk

In this scenario, B. anthracis spores are initially
present on the tracked surface and the resuspension
process causes the spores to reenter the air. Fig. 7
shows the accumulated risk over time. Clearly, the
time-scale is much slower for prospective risk than
for retrospective risk. Whether the full risk shown
here will actually be achieved is uncertain as this
would require fairly vigorous, continual resuspen-
sion, and continuous inhabitation at the same res-
idence for many years. In addition, it is not clear
that spores would survive for such extended peri-
ods of time in the indoor environment or that they
would continue to be so readily reaerosolized as they
may tend to bind irreversably with surfaces over
time.(31,32) These estimates are presented as health-
protective estimates that can be refined by further
study of spore viability and reaerosolization over
time. Table IV shows the concentration of B. anthacis
corresponding to a risk level of 10−3 (spore clump-

ing has not been taken into account with the nomi-
nal values from Table VI). As with the retrospective
approach, risks are time-integrated; using an expo-
sure period of five years for the numerical calcula-
tions allows exposure associated with a single release
to reach its asymptote.

It is noteworthy that the prospective risk stan-
dards developed here are considerably less stringent
that the retrospective standards. While 35 spores per
m2 (diameter = 1μM) on the floor would indicate
a retrospective risk of 1/1,000 (Table II), 600 spores
per m2 (diameter = 1 μM) are required to produce a
prospective risk of 1/1,000. The same release will pro-
duce 17 times greater retrospective risk than prospec-
tive risk for 1 μM spores, 6.7 times greater retrospec-
tive risk for 3 μM spores, 2.8 times greater risk for
5 μM spores, and 1.1 times greater risk for 10 μM
spores.

Table V shows the sampling area (spore clump-
ing has been taken into account) required for a neg-
ative result to indicate conformance with the 10−3
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risk level for an alpha value of 0.05. Ranges in this
table reflect the ranges for the concentration values
given in Table IV (which are based on the maxi-
mum and minimum values for single variable sensi-
tivity analyses on deposition velocity, dose response,
inhalation rate, HVAC system flow rate (Q/Af),
recirculation fraction, and nasal passage removal
efficiency).

5. DISCUSSION

This article presents an approach for linking
environmental sampling results with human health
risk from exposure to B. anthracis. This approach
is then used to calculate example values for risk-
informed concentration standards for both retrospec-
tive risk mitigation (e.g., prophylactic antibiotics)
and prospective risk mitigation (e.g., environmen-
tal clean up and reoccupancy). The results indicate
that the same release produces more retrospective
risk than prospective risk, and the difference is par-
ticularly pronounced for finely aerosolized spores.
This indicates that, as with the response to the 2001
attacks, larger areas would be subject to antibiotic
treatment of exposed individuals than environmental
decontamination.

These results indicate that surface concentra-
tions corresponding to what are sometimes consid-
ered de minimus levels of risk (10−4 through 10−6)
would be extremely low. For a 10−6 retrospective risk
from 1 μM particles, the concentration standard for
floors would be 0.035 spores/m2 (i.e., the value in
Table II of 35 spores/m2 for a 10−3 risk can be divided
by 1,000). Surface sampling to demonstrate compli-
ance with this standard would require that 485 m2 be
sampled, even if 100% collection efficiency could be
achieved (Table III value multiplied by 1,000). How-
ever, for a risk target of 10−4, then a sample area
of 4.9 m2 is required if 100% recovery is achieved,
and 36 m2 if literature estimates of recoveries are
used. These values might be achievable with large-
area sampling approaches (large wipes, vacuum fil-
ters, etc.) and multiple samples. Values for 10 μM
particles are much more feasible. For a risk target
of 10−4, nearly 0.1 m2 would be required if 100%
recovery is achieved and 0.485 m2 if literature esti-
mates of recovery are used (Table III values multi-
plied by 10). Nasal samples and HVAC filter sam-
ples may have some role to play in characterizing ex-
posure and risk. Nasal samples have the advantage
of directly quantifying personal exposure, but persis-
tence of spores in the nasal environment would need
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Fig. 7. Prospective risk against time over
five years of exposure (quantity is 1,000
spores).

Table IV. Environmental Concentrations of B. anthracis
Corresponding to a Prospective Inhalation Risk of 10−3

(t = 5 Years)

Concentration (Range)
Diameter Amount of Initial (Spores/m2)
(μM) Release (Range) Tracked Floor

1 1.4 × 104 (2.3 × 102–5.0
× 105)

6.0 × 102 (9.8–2.1 × 104)

3 3.2 × 104 (1.2 × 103–7.3
× 105)

1.4 × 103 (5.1 × 101–3.1
× 104)

5 4.9 × 104 (1.7 × 103–1.1
× 106)

2.1 × 103 (7.2 × 101–4.7
× 104)

10 6.3 × 105 (1.9 × 104–1.5
× 107)

2.7 × 104 (8.1 × 102–6.4
× 105)

Note: All inputs are based on Table I. Range based on maximum
and minimum of sensitivity analysis.

to be better characterized before such samples can be
interpreted quantitatively. HVAC filters have con-
siderable potential to concentrate spores and may be
an appropriate area for sampling if there is not ex-
cessive interference with sampling and analysis from
the wide variety of other materials trapped on these
filters.

Table V. Minimum Sampling Area on Tracked Floor
Corresponding to a 10−3 Inhalation Risk for Prospective

Exposure Estimation Time = 5 Years

Diameter Recovery Best Esti-
(μM) Efficiency mation (m2) Range (m2)

1 100% 2.8 × 10−2 8.1 × 10−4–1.7
<100% 2.1 × 10−1 6.0 × 10−3–13

3 100% 2.4 × 10−2 4.6 × 10−4–1.3
<100% 1.3 × 10−1 2.5 × 10−3–7.1

5 100% 2.9 × 10−2 3.8 × 10−4–2.7
<100% 1.4 × 10−1 1.9 × 10−3–1.4 × 101

10 100% 8.8 × 10−3 6.1 × 10−5–1.9
<100% 4.4 × 10−2 3.0 × 10−4–9.7

This analysis explicitly calculated clearance-
sampling requirements for nondetectable samples. A
similar logic may be applied to clearing buildings
with detectable concentrations of B. anthracis spores.
For example, if 11 spores are detected on the floor,
then a sampling area of 5.2 m2 is required for clear-
ance at the 10−4 risk level (i.e., one could still re-
ject the hypothesis that C > 3.5 spores/m2 if one
detects 11 spores in 5.2 m2). Given public concern
with anthrax, it is likely that remediation would be
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Table VI. The Ranges of Number of
Spores in a Clump

Expected Number of
Particles (Area ×

Concentration/Nδ)
Required to Obtain > 10
Spores in 95% of Samples

Fractal Dimension Number of Spores Perfect Imperfect
Diameter (F) per Particle Recovery Recovery

(μM) Range Nominal Range Nominal Efficiencya Efficiencyb

1 NA 2 1 1 �16.96 �128
3 1.1–3 2 3–14 7 �4.8 �26
5 1.1–3 2 6–65 20 �2.99 �15
10 1.1–3 2 13–524 79 �2.99 �15

aCalculated based on Equations (28)–(30).
bSimulated based on distribution listed in Section 3.5.3. Nδ is the number of spores per
clump.

undertaken in the case of detectable spores. At a
minimum, a much lower alpha value for clearance
could be demanded in the case of detected spores.
Reducing the alpha value to 0.01 increases the sur-
face sampling size to 6.1 m2. In reality, clearance
sampling should consist of dispersed samples that
would be jointly interpreted to meet the target risk
level. While some progress has been made in defin-
ing clearance requirements with this work and that of
others(8,57) further work in this area to develop oper-
ational plans is warranted.

The ability to reliably sample is a prerequisite
for the implementation of environmental standards.
For this reason, an initial effort to quantify recov-
eries based on literature reports was undertaken. A
better understanding of what factors influence re-
coveries is an important topic for future efforts.(58)

There are now several studies available to inform
these efforts,(21,24,25) although knowledge gaps may
remain,(58) particularly for the large sampling areas
suggested by this study.

There is great uncertainty in the values calcu-
lated here.(59) Some sources of uncertainty, such as
low-dose human response, are likely to be difficult
to reduce, given the need to rely on high-dose ani-
mal models. However, other sources of uncertainty
may be reduced by further efforts. The range of de-
position velocities found in the literature was ex-
tremely large (Figs. 3 and 4). This range likely re-
flects variability in room dimensions, materials, and
circulation characteristics. To the extent that these
characteristics can be mapped to particular deposi-
tion rates, it may be possible to decrease the uncer-
tainty in these parameters. This also implies that dif-

ferent concentration standards might be appropriate
for different locations (i.e., the correspondence be-
tween risk and environmental concentration is site
specific because the deposition velocities are site
specific).

This analysis relied on a simple uniformly mixed
compartment model of environmental transport. A
more detailed approach, such as computational fluid
dynamics, should be a useful complement to this
study. The approach presented in this study serves
as a beginning for future analysis. Future research is
suggested in the following directions: (1) delineating
conditions under which this approach is applicable
and conditions under which it is not, (2) identifying
surfaces in a room that are most reflective of time-
integrated human respired air concentrations, and
(3) quantifying and reducing the degree of variance
present within a compartment so that confidence lim-
its can be developed that include these smaller scale
variations.
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APPENDIX

Solution to Equation (1)

Equation (1) can be uncoupled, allowing one to
solve the subsystem⎛

⎜⎝
•

Mair

•
Mtf

⎞
⎟⎠ =

⎛
⎜⎝ [(1 − e)p − 1]

Q
V

−
(

λtf + λutf + λw + λce + Ien

V

)
μ2

λtf −μ2

⎞
⎟⎠

⎛
⎝ Mair

Mtf

⎞
⎠ , (A-1)

by working out the eigenvalues of⎛
⎜⎝ [(1 − e)p − 1]

Q
V

−
(

λtf + λutf + λw + λce + Ien

V

)
μ2

λtf −μ2

⎞
⎟⎠ , (A-2)

denoted by D1 and D2, which we suppose are dis-
tinct eigenvalues, with corresponding eigenvectors
υ1,1, υ1,2, υ2,1, and υ2,2. The Gerschgorin test shows
that the eigenvalues of Equation (A-2) are nonposi-
tive, which verifies that the solutions are stable.(60)

The general solution to the coupled subsystem
is:(61)

Mair = c1υ1,1eD1t + c2υ1,2eD2t , (A-3)

Mtf = c1υ2,1eD1t + c2υ2,2eD2t . (A-4)

The constants c1 and c2 are solved for using
the appropriate initial conditions. This process is de-
scribed for the retrospective and prospective scenar-
ios below. Once Mair is obtained from A-3, Mutf, Mw,
Mf, Mce, and Mn are computed by integrating Mair.

Retrospective Case

In the retrospective scenario, the initial condi-
tions are that the mass of Bacillus anthracis spores
in the air equals the amount of the initial release and
the mass of that on the tracked floor is zero, since
Bacillus anthracis spores are released in the air com-
partment and are well distributed:

t = 0,−→
{

Mair = c1v1,1eD1t + c2v1,2eD2t = 0 (a)

Mtf = c1v2,1eD1t + c2v2,2eD2t = Init (b)

C1 can be acquired by canceling C2 by multiply-
ing Equation (a) by v2,2 and subtracting the product
of Equation (b) and v1,2:

(c1v1,1v2,2 + c2v1,2v2,2) − (c1v1,2v2,1 + c2v1,2v2,2)

= Init v2,2 − 0,

c1(v1,1v2,2 − v1,2v2,1) = Initv2,2,

c1 = Initv2,2

v1,1v2,2 − v2,1v1,2
.

C2 also can be acquired in the same manner, multi-
plying Equation (a) v2,1 and subtracting the product
of Equation (b) and v1,1:

(c1v1,1v2,1 + c2v1,2v2,1) − (c1v1,1v2,1 + c2v1,1v2,2)

= Initv2,1 − 0,

c2(v1,2v2,1 − v1,1v2,2) = Init v2,1,

c2 = Init v2,1

v2,1v1,2 − v1,1v2,2
.

Prospective Risk

In this scenario, all the Bacillus anthracis spores
are released on the tracked floor at the beginning.
The initial conditions are:

t = 0,−→
{

Mair = c1v1,1eD1t + c2v1,2eD2t = 0 (c)

Mtf = c1v2,1eD1t + c2v2,2eD2t = Init (d)

C1 can be acquired by multiplying Equation (c)
by v2,2 and subtracting the product of Equation (d)
and v1,2:

(c1v1,1v2,2 + c2v1,2v2,2) − (c1v1,2v2,1 + c2v1,2v2,2)

= −Init v2,2,

c1(v1,1v2,2 − v1,2v2,1) = −Init v2,2,

c1 = Init v2,2

v2,1v1,2 − v1,1v2,2
.

C2 also can be acquired in the same path, multi-
plying Equation (c) v2,1 and subtracting the product
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of Equation (d) and v1,1:

(c1v1,1v2,1 + c2v1,2v2,1) − (c1v1,1v2,1 + c2v1,1v2,2)

= −Init v1,1,

c2(v1,2v2,1 − v1,1v2,2) = −Init v1,1,

c2 = Init v1,1

v1,1v2,2 − v2,1v1,2
.

Eigenvalues and Eigenvectors

For simplicity, Equation (A-2) is modified into
the following pattern:(

W − L M

L −M

)
, (e)

where

W = [(1 − e)p − 1]
Q
V

−
(

λutf + λw + λce + Ien

V

)
L = λtf

M = μ2.

The eigenvalues of Equation (e) are listed below:

D1 = −1
2

(L + M − W) + 1
2

(L2 + 2ML

− 2LW + M2 + 2WM + W2)
1
2 ,

D2 = −1
2

(L + M − W) − 1
2

(L2 + 2ML

−2LW + M2 + 2WM + W2)
1
2 .

The eigenvectors of Equation (e) are listed be-
low:

v1,1 =

− 1
2

(L − M − W) + 1
2

(L2 + 2ML − 2LW + M2 + 2WM + W2)
1
2

L
,

v1,2 =

− 1
2

(L − M − W) − 1
2

(L2 + 2ML − 2LW + M2 + 2WM + W2)
1
2

L
,

v2,1 = 1,

v2,2 = 1.
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