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Ij ∼ Exp(nγ)

I =

a
∑

j=1

Ij ∼ Γ(n, nγ)

w
[Ij] =

1

nγ

��9t[
(Ij) =

1

n2γ2

w
[I] =

1

γ

��9�[
(I) =

1

nγ2

ξ ∼ RD

R0 =
w
[ξ] =

λ

γ
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dS

dt
= −

λ

N
S

n
∑

j=1

Ij

dE

dt
=

λ

N
S

n
∑

j=1

Ij − βE

dI1

dt
= βE − nγI1

dI2

dt
= nγI1 − nγI2
///

dIn

dt
= nγIn−1 − nγIn

dR

dt
= nγIn
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ξ = gξ(t)
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gξ(t) = ψI(λ(t− 1))

ψI(t) =
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I

Sx =

x
∑

j=1

ξj

gSx
(t) = ψx

I (λ(t− 1))

X = Sx
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P (X = x) =
1

x
P (Sx = x− 1)

P (Sx = x− 1) =
1

(x− 1)!

dx−1

dtx−1
gSx

(t)

∣

∣

∣

∣

∣

t=0

P (X = x) =
1

x!

dx−1

dtx−1
gSx

(t)

∣

∣

∣

∣

∣

t=0

=
1

x!

dx−1

dtx−1
ψx

I (λ(t− 1))

∣

∣

∣

∣

∣

t=0

gX(t) =
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X
/

gX(t) =
w
[tX ] =

∞
∑

j=0

tj
1

j!

dx−1

dtx−1
ψj

I(λ(t− 1))

∣

∣

∣

∣

∣

t=0

ψX(t) =
w
[etX ] =

∞
∑

j=0

etj 1

j!

dj−1

dtj−1
ψj

I(λ(t− 1))

∣

∣

∣

∣

∣

t=0

w
[X] = ψ′

X(0) =

∞
∑

j=0

1

(j − 1)!

dj−1

dtj−1
ψj

I(λ(t− 1))

∣

∣

∣

∣

∣

t=0

E[Xv] = ψv
X(0) =

∞
∑

j=0

jv−1

(j − 1)!

dj−1

dtj−1
ψj

I(λ(t− 1))

∣

∣

∣

∣

∣

t=0
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X
d
= Y + 1

Y |ξ = ξ +

ξ
∑

j=1

Y j

E[Y |ξ] =
w
[ξ] + E[ξ]E[Y j]
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Y j

d
= Y

9�;Q<
E[E[Y |ξ]] =

w
[Y ]

E[Y ] =
w
[ξ] + E[ξ]E[Y ]

E[Y ] =
E[ξ]

1 − E[ξ]
w
[X] = 1 +

w
[Y ] =

1

1 − E[ξ]

�+X?C87&[O;)9tCE31ik7:58FkX?N=CE3?Fk;UB�9�;mj�7:Fkj=CE9�36;Q7V<>jb{Y;QF�C836;Q� CEuQ9tC
X

u)9t54CEu=7H589�PS7:<Q3?5OCE[O3 �
jQN=CE3?Fk; 9t54CEu=7�36;=<Q7DxYB&9�587�R=X6NQ5 CEuQ7:CEF�CE9�X�;(NQP�j�7&[+3?;=@A7&BDCE7V<mjb{>C8uQ7�Ftc 5ORQ[83?;Q�k5dF�@
CEuQ7I36;=<Q7DxUB&9�587t/

X
d
= 1 +

ξ
∑

j=1

Xj

E[X] = 1 + E[ξ]E[X j] = 1 + E[ξ]E[X ]

w
[X] =

1

1 − E[ξ]
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X
d
= 1 +

ξ
∑

j=1

Xj

Var(X) = E[ξ]Var(X j) + (E[X j])
2Var(ξ)

Var(X) =
Var(ξ)

(1 − E[ξ])3
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λ
/

I ∼ δ(
1

γ
)

ψI(t) = e
t
γ

ψI(λ(t− 1)) = e
λ
γ
(t−1) = eR0(t−1)

ψx
I (λ(t− 1)) = exR0(t−1)

dx

dtx
= (xR0)

xexR0(t−1)

P (X = x|R0) =
1

x!
(xR0)

x−1exR0(t−1)

∣

∣

∣

∣

∣

t=0

P (X = x|R0) =
(xR0)

x−1e−xR0

x!
X ∼

LMFk[O7&X �"ay9t;Q;Q7&[
(R0) ; R0 < 1

w
[X] =

1

1 − R0
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(X) =

R0

(1 − R0)3
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⇐⇒
lim

R0→1−

w
[X] = ∞

lim
R0→1−

��9�[
(X) = ∞
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ξ ∼ Po(λ/γ) = Po(R0)w
[ξ] = R0

w
[X] =

1

(1 − R0)

��9t[
(X) =

R0

(1 − R0)3
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36;=@A7VBVCE3?FkNQ5HB&Fk;bCe9tBVCE5!F�B&BVNQ[!9�BVB&Fk[O<Q36;=�mCEF�9 ��Fk365O58Fk; R=[8F�B&7&5O5�� 3?C8u [E9tC87

λ
/�aTuQ7

CEF�CE9�X�;(NQP�j�7&[IF�@}3?;=@A7&BDCE7V<
X

36;=B&X6N=<Q36;Q�$3?;Q<Q7�x�B�9�5O7&5Hu)9�5Ij�7V7&; 36;bik7V5OCE3?�b9tC87&< j({
� ' 9�[8[O36;Q�tCEFk;*7DC>9�X,/ �,.�^�^k_
���"�4jb{ N=5836;=�qCEuQ7 ��9��k[89�;Q�k369�;*�k7V;Q7&[89�X63��&7&< ;=7&�b9tC83?i�7
jQ36;QF�PS369�X�<=365OC8[83?jQN=CE3?Fk; ��F�[���9t�k[E9�;=�k3z9�;$;=7&�b9tC83?i�7WjQ36;QF�PS369�X�<=365OC8[83?jQN=CE3?Fk;���/

I ∼ Exp(γ)

ψx
I (t) = (1 −

t

γ
)−x

dl

dtl
ψx

I (t) =
(x+ x− 1)!

(x− 1)!

1

γl
(1 −

t

γ
)−(x+l)

dl

dtl
ψx

I (λ(t− 1)) =
(x+ l − 1)!

(x− 1)!
(
λ

γ
)l(1 −

λ(t− 1)

γ
)−(x+l)

P (X = x|R0) =
1

x!

(x + (x− 1) − 1)!

(x− 1)!
(
λ

γ
)x−1(1 −

λ(t− 1)

γ
)−(x+(x−1))

∣

∣

∣

∣

∣

t=0

P (X = x|R0) =
(2x− 2)!

x!(x− 1)!

R0

x−1

(1 + R0)2x−1

.t^
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Z = X − 1 ∼

��9���[E9�;Q��3z9�;�j=36;QFkP\3z9tX�<=365OC8[83?jQN=CE3?Fk;
� � FtC � 9�;Q<���FkuQ;=58Fk; �|0���Jk_
���"�+9tX658F�	(;QF�� ; 9�5 ��9t�k[E9�;=�k3z9�;�;Q7&�b9fCE3?i�7�jQ36;QF�PS369�X
<Q365|CE[83?jQN=C836Fk; ���k9�36;U9�;=< sMFk;=58NQX	�|0��b�	0 � �D/

Z = X − 1 ∼
��9��k[E9t;Q�k3z9t;$�k7&;Q7V[E9�X?3%�V7&<U;Q7&�k9tCE31ik7IjQ36;=FkPS369�X�<Q365|CE[83?jQN=C836Fk;

�
(Z = z) =

n

n + αt

(

n+ αz

z

)

pzqn+αz−z , n > 0 , p < αp < 1 , z = 0, 1, 2, . . .

w
[Z] =

np

1 − αp
��9t[

(Z) =
npq

(1 − αp)3
///

w
[Z] =

R0

1+R0

1 − 2R0

1+R0

=
R0

1 + R0 − 2R0

=
R0

1 − R0

��9t[
(Z) =

R0

(1+R0)2

(1 − 2R0

1+R0

)3
=

R0(1 + R0)

(1 − R0)3

w
[X] =

w
[Z] + 1 =

R0

1 − R0

+ 1 =
1

1 − R0

��9�[
(X) =

��9�[
(Z) =

R0(1 + R0)

(1 − R0)3

#	36;QBV7!CEuQ7 F�c�58RQ[O36;Q�U3?5W�k7&FkP\7VC8[83?B�9�X?X?{U<Q3?5OCE[O36jQN	CE7&< ��C8uQ7!it9�[8369�;QB&7!Ft@
X

B&9�; 9�X65OF
j�7IB�9tX6B&N=Xz9tC87&<Ujb{$7��(N)9tC836Fk; ��.:�}9�;Q< �|0 �"�Q583?<Q7 0�� 9�;Q< 0�J�!

I ∼
wyx	R

(γ)
ξ ∼ RD ∼

��F
(λI)

ξ ∼
�W7

(p)

Var(ξ) =
q

p2
= R0(1 + R0)

w
[X] =

1

(1 − R0)

��9�[
(X) =

R0(1 + R0)

(1 − R0)3

#	7&7 ' 3?�kNQ[O7!_S@AFk[+C8uQ7!RQ[OFk�k[87V585I9�;=< CEuQ7!3?;QB&[O7�9�5O7�36; C8uQ7�;(NQP�j�7&[WF�@�3?;=@A7&BDCE7&<�9t5
R0 → 1−

/
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2+3?i�36<=36;Q��CEuQ7>7Dx	R�7&BVC87&<*C836P\7
1/γ

3?;bCEF
n
587VR)9�[89tCE7>R)9�[OC85&/ w 9�Beu*F�@+CEuQ7V587 9t[87

7Dx	R�F�;Q7&;bCE369�X6X1{�<Q3?5OC8[836j=N=CE7V<U� 31CEuU[E9fCE7
nγ
/

I ∼ Γ(n,
1

nγ
)

ψx
I (t) = (1 −

t

nγ
)−nx

dl

dtl
ψx

I (t) =
(nx+ l − 1)!

(nx− 1)!
(

1

nγ
)l(1 −

t

nγ
)−(nx+l)

dl

dsl
ψx

I (λ(t− 1)) =
(nx+ l − 1)!

(nx− 1)!
(
λ

nγ
)l(1 −

λ(t− 1)

nγ
)−(nx+l)

P (X = x|R0) =
1

x!

(nx + (x− 1) − 1)!

(nx− 1)!
(
λ

nγ
)x−1(1 −

λ(t− 1)

nγ
)−(nx+(x−1))

∣

∣

∣

∣

∣

t=0

P (X = x|R0) =
1

x!

(x(n + 1) − 2)!

(nx− 1)!
(
R0

n
)x−1 1

(1 + R0

n
)x(n+1)−1

6 uQ7&;�u)9�i�36;Q�U9SB&FkP\R�F�NQ;Q< ��F�36585OFk;�<Q3?5OCE[O36jQN	CE36F�;>� 3?C8u�9��b9tPSPS9S<Q3?5OC8[836j=N=CE3?Fk;��
CEuQ7I[87V58NQX1CE3?;Q� <Q365|CE[83?jQN=C836Fk;�� 3?X6X�j�7I9 ;Q7&�b9fCE3?i�7WjQ36;=FkPS369�X,/

I ∼ Γ(n,
1

nγ
)

Y ∼ K|I = i ∼
��F

(λi)

�
(ξ = ρ) =

∫

∞

0

�
(ξ = ρ|I = i)

�
(I = i)di

=

∫

∞

0

e−λi (λi)
ρ

ρ!

1

Γ(n)
in−1(nγ)ne−inγdi = . . . =

=
(nγ)nγρ

ρ!Γ(n)
(ρ + n− 1)!(

1

λ+ nγ
)n(

1

λ+ nγ
)ρ =

=
(ρ+ n− 1)!

ρ!(n− 1)!
(

λ

λ+ nγ
)n(

nγ

λ+ nγ
)ρ

#	7VC
p = nγ

λ+nγ

/ � 5O36;Q� 7���NQ9tCE3?Fk; �,.:�}9�;=< � 0 ���Q5O36<Q7 0�� 9�;=< 0�J !
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ξ ∼ NegBin(n, p)

w
[ξ] = n

q

p
= n

λ

nγ

Var(ξ) = n
q

p2
= n

λ
(λ+nγ)2

nγ
λ+nγ

=
λ(λ+ nγ)

nγ2
= R0(

R0

n
+ 1)

w
[X ] =

1

(1 − R0)

��9�[
(X) =

R0(
R0

n
+ 1)

(1 − R0)3

�"@
n = 1

��7m� 36X?XT�k7VCSCEuQ7Yi�9t[83z9t;QB&7U@AFk[ CEuQ7 7�x	R�Fk;=7&;bCE369�X4<=365OC8[83?jQN=CE3?Fk; Fk;�C8uQ7
36;=@A7VBVCE3?FkNQ5WCE3?PS7!R�7&[O36F�<�/ �"@

n = ∞
�M7 � 36X?X �k7DC:C8uQ7 i�9t[83z9t;QB&7!@AFk[WCEu=7\BVFk;Q5|Ce9�;bC

36;=@A7VBVCE3?FkNQ5}C836P\7ZR�7V[83?F	<�/

#	7&7 ' 3?�kNQ[O7!_S@AFk[+C8uQ7!RQ[OFk�k[87V585I9�;=< CEuQ7!3?;QB&[O7�9�5O7�36; C8uQ7�;(NQP�j�7&[WF�@�3?;=@A7&BDCE7&<�9t5
R0 → 1−

/
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B&[87&9�587V5Z� uQ7&; 9�R=RQ[8Fb9tBeuQ36;Q�\CEuQ7�uQ7&[O<�36P\P�NQ;Q31C�{�CEuQ[O7&5OuQFkX6<mX636P\3?C

(R0 =
w
[ξ] =

1)
/ ��; 9�X6X�B�9t587&5!C8uQ7�P\7�9�; ;(NQP�j�7&[�� 3?X6X�;QF�C!<=3?c�7&[&/ aTuQ7�it9�[O3z9�;QBV7�365�58uQ31@�CE36;=�

j�7DC��M7V7&;$CEuQ74PSF�<Q7VX65��(5O7&7 ' 3?�kNQ[O74_	/ �+5O58NQP\36;Q�H7Dx	R�Fk;Q7&;bC83z9�X�<Q365|CE[O36jQN=C836Fk; ��5OuQF�� 5
CEuQ7IXz9t[8�k7V5OCT<Q3?5OC8[836j=N=CE3?Fk;�36;UFkN=[TB�9�5O7�/ aTuQ365TB&9�;Yj�7W7�x=R=Xz9�3?;Q7&<U<QNQ7WC8F�CEu)9tC 5OFkP\7
36;Q<Q31i�36<QN)9tX65}u)9�i�7:i�7&[O{UX?Fk;Q�!3?;=@A7&BDCE36F�NQ5TR�7V[83?F	<Q5V/
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R0

��CEuQ7\PS7&9�;�it9�X6NQ7!Ft@MCEu=7
36;=@A7VBVCE3?FkNQ5WCE3?PS7!R�7&[O36F�< 3?5

1/γ
/ ' 36�kNQ[O7!58uQF�� 3?;Q�>C8uQ7S7�x	R�7VBVCE7V<qit9�X6NQ7\9�;=<
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l	/?0 � � ��� � � �
� ���

� B&F�PSP\Fk;YRQ[8Fkj=X67&P�� 31CEu><Q3?c�7&[O7&;bCZ3?;=@A7&BDCE36F�NQ54<=36587&9�587V5+3?5dC8u)9tCdCEuQ7HR�FkR=NQXz9tC836Fk;
PS3?�kubCW;QF�CIj�7!RQ[8FtCE7&BDCE7V< jb{�uQ7V[8< 36P\P�NQ;Q31C�{k/:aTuQ365WB&9�; j�7!B&9�NQ587V< jb{�<=7&B&[O7�9�5 �
36;Q��it9�BVB&36;Q9tCE3?Fk;�B&F�ik7V[E9���7�/ �Z[W36; C8uQ7 B�9�5O7\Ft@�� u=F	FkR=36;Q�UB&F�NQ�ku���C8uQ7!i�9tB&B&3?;Q7!365
;QF�CW7�!SBV367V;(CZ7&;QFkN=�ku�/Iw ik7V; 31@ 7Vi�7&[O{�Fk;Q7!��FkNQX6<mj�7�it9�BVB&3?;)9tCE7V<�3?Cd�MF�NQX6<�;QFtCZj�7
R�Fk5O583?jQX67ZC8F\F�j=Ce9�3?;UuQ7&[O<>3?PSP�N=;Q3?C�{�/

6 uQ7&; CEuQ7Tu=7&[8< 3?PSP�N=;Q3?C�{ICEu=[87&5OuQFkX?<\uQ9�5�j�7V7&; [87&9�BeuQ7V<���C8uQ7&[O7}� 36X?X=j�7T9WR�Fk5O3?C83?ik7
RQ[8FkjQ9�jQ36X?3?C�{$@AFk[+9�PS9!�OFk[dFkN=CEj=[87�9�	�/WaTu=365+B&9�;�u)9�R=R�7V;�7Vik7V[O{>CE36P\7H9�;Q7V� 36;=<Q7Dx
B�9�5O7m7&;bC87&[85SCEuQ7YR�F�RQNQXz9fCE36F�;�/�aTuQ7YRQ[OFkj)9�jQ3?X631C�{r@AFk[S9 PS9!�OFk[ FkN	CEjQ[O7�9�	 B�9t;�j�7
B�9�X?B&NQX69tCE7V<U@A[OFkPvj=[E9�;QBeu=36;Q�\RQ[8F�B&7V585TCEu=7&Fk[|{ �-#	7D�}9t5OC �89t;QF�� �|0��b��l:����/

ξ =
aTuQ7I;(NQP�j�7&[ F�@�;Q7V� 36;=@A7VBVCE3?FkNQ5TBVFk;bCe9�BDCE5

ξ ∼
��F

(λ)
gξ(t) =

RQ[OFkj)9�jQ3?X631C�{S��7&;Q7V[E9tC836;Q�!@ANQ;QBDCE3?Fk;$@AFk[
ξ

t = gξ(t)

aTuQ7�58PS9�X?X67&5|CI58FkX?N=CE3?Fk;
t
365ICEuQ7SRQ[8FkjQ9�jQ36X?3?C�{>@AFk[H;=F�C�uQ9�i�3?;Q� 9YP�9!�OF�[HFkN	CEjQ[O7�9�	

��7&R=36<Q7VPS3?B)�D/
� ;=F�� 3?;Q� CEuQ7 <Q365|CE[O36jQN=C836Fk; F�@HCEuQ7 36;	@A7&BVC836FkN=5UC836P\7�R�7V[83?F	<

I
�k3?i�7&5Y9 �M9�{ C8F

B�9�X?B&NQX69tCE7ZC8uQ7IRQ[8FkjQ9�jQ36X?3?C�{ @AFk[T;QFtC4uQ9�i�3?;Q�\9 PS9!�OFk[TF�N=CEjQ[O7�9�	#/

6r7:� 36X6X�B&9�X6BVNQXz9fCE7ICEuQ3?543?;><Q31c 7V[87V;(C+7&RQ3?<Q7&P\36BIP\F	<=7&X65V/TaTuQ7!9�5O58NQP\R=C836Fk;Y365 CEu)9fC
CEuQ74RQ[8FkjQ9�jQ36X?3?C�{�365�@AFk[�Fk;Q7d36;Q<Q7�xSB�9�5O7�/�aTuQ74RQ[8FkjQ9�jQ36X?3?C�{��k7&;Q7V[E9tC836;Q�I@ANQ;QBDCE3?Fk;S@AFk[
ξ
B&9�;Uj�7W� [O3?C8C87&;Y9�5 !

gξ(t) =
w
[tξ] =

w
[
w
[tξ|I]] =

w
[e−λI(1−t)] =

w
[eλI(t−1)] = ΨI(λ(t− 1))

��_
�

6 uQ7&[O7
ΨI(t)

3?54C8uQ7�P\FkPS7V;bC+�k7V;Q7&[89tCE3?;Q��@ANQ;=BVCE3?Fk;m@AFk[
I
/1��;�7���NQ9tCE3?Fk; ��_:�

ξ ∼
RD

�Q� uQ36Beu>365}C8uQ7HjQ9�583?B:[O7&RQ[OF	<=NQBVC83?ik7I<Q3?5OC8[836j=N=CE3?Fk;�/ #	7V7 ' 3?�kNQ[O7Wg\@AF�[T<Q3?c�7&[O7&;bC
[E9�;Q<=FkP�<Q3?5OCE[O36jQN	CE36F�;Q5}Fk;

I
/
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gK(t)=t
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w
[I] =

1

γ

ΨI(t) = e
λ(t−1)

γ

t = e
λ(t−1)

γ

s = 1 − t

1 − s = e
−λs

γ = e−R0s
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I ∼
w x	R

(γ)
w
[I] =

1

γ

ΨI(t) =
1

1 − t
γ

=
γ

γ − t

t = ΨI(λ(t− 1))

t =
γ

γ − λt+ t

t =
γ

λ
s = 1 − t

s =
λ− γ

λ
=

R0 − 1

R0

= 1 −
1

R0
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I ∼ Γ(n, nγ)
w
[I] =

1

γ
��9�[

[I] =
1

nγ2

ΨI(t) =
1

(1 − t
nγ

)n

t = ΨI(λ(t− 1))///

1 = t1/n
(

1 −
λ(t− 1)

nγ

)

1 = t1/n
(

1 −
R0(t− 1)

n

)

s = 1 − t

1 = (1 − s)1/n
(

1 +
R0s

n

)
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⇒ f(

w
[U ]) ≤

w
[f(U)]

��7VC
f(t) = e−λt

e−λ � [I ] ≤
w
[e−λI ]

�
(
��;=@A7&BDCE7V<><QN=[836;=� C836P\7ZR�7&[83?F	<

I) = 1 − e−λI

1 −
w
[e−λI ] ≤ 1 − e−λ � [I]

��;�CEuQ7�B&Fk;Q5|Ce9�;bC�B&9�587�CEuQ7V[87M3?5 9�;�7��(N)9�X?3?C�{W� uQ3?X67 @AFk[�C8uQ7M7�x=R�Fk;Q7V;bCE3z9tX=9�;=<��b9�P\P�9
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φI(t)
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I
�
φI(t) =

w
[e−tI ]

/ ��7DC
pmo =RQ[8FkjQ9�jQ36X?3?C�{\@AFk[ 9!P�9
�OFk[TFkN=C8jQ[87&9�	#/

I1 ∼
wyx	R

(γ) I2 ∼ Γ(n, nγ)

φI1(t) =
1

1 + t
γ

φI2(t) =
1

(1 + t
nγ

)n

φI1(t) ≥ φI2(t)
�)5O36;QBV7 φ(I1)

φ(I2)
=

(1 + t
nγ

)n

1 + t
γ

=⇒

I1 ≤L I2

=⇒

pmo(I1) ≤ pmo(I2)
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��7DC8C836;Q�
n→ ∞

�k31ik7V5 φ(I1)
φ(I2)

= e
t
γ

1+ t
γ
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R0(t) < 1 ⇔ k(R0(t)) = 0.

P(t ≤ T ≤ t + h) = λihP(T > t)k(R0(t))

P(T ≤ t + h) − P(T ≤ t)

h
= λiP(T > t)k(R0(t))

lim
h→0

P(T ≤ t + h) − P(T ≤ t)

h
→ P′(t)

P(T > t) = 1 − P(t)

P′(t)

1 − P(t)
= λik(R0(t))

ln(1 − P(t))′ = −λik(R0(t))

ln(1 − P(t)) = −λi

∫ t

0

k(R0(s))
<
s

P(t) = 1 − e−λi

R t

0
k(R0(s))ds

P(t) =
'

T (t)

fT (t) = λik(R0(t))e
−λi

R t

0
k(R0(s))ds ��g0�
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T ∼
w x	R

(λik(R0(t)))
w
[T ] =

1

λik(R0(t))
��9�[

[T ] =
1

(λik(R0(t)))2
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Abstract
Detailed individual data are used to estimate the number of infec-

tious contacts in the population due to an outbreak of smallpox. The
data is known due to a contact tracing conducted during the epidemic.
This gives individual data on date of probable infection and di�erent
stages in the disease.
We have �tted di�erent distributions to the observed times spent in
di�erent states of the infection process. The states considered are in-
cubation and period with fever until rash.
We have also considered if there is any di�erence in infectiousness dur-
ing the prodromal compared with the rash period.
Estimations are made in respect to community, household and hospital
based spread of infection.
The major �nding is that many estimates are very dependent of popu-
lation structure, making comparisons with other studies cumbersome.
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Abstract

Detailed individual data are used to estimate the number of infec-
tious contacts in the population due to an outbreak of smallpox. The
data is known due to a contact tracing conducted during the epidemic.
This gives individual data on date of probable infection and di�erent
stages in the disease.
We have �tted di�erent distributions to the observed times spent in
di�erent states of the infection process. The states considered are in-
cubation and period with fever until rash.
We have also considered if there is any di�erence in infectiousness dur-
ing the prodromal compared with the rash period.
Estimations are made in respect to community, household and hospital
based spread of infection.
The major �nding is that many estimates are very dependent of popu-
lation structure, making comparisons with other studies cumbersome.

1 Introduction

This paper describes the analysis of data from the last outbreak of smallpox
in Sweden, which occurred during the summer and autumn of 1963. Models
for epidemic spread are developed which take households and hospitals into
account since most of the spread during the outbreak was concentrated here.
We have aimed speci�cally at two questions:

• How big are the number of infectious contacts per time unit at di�erent
locations, i.e. within community, households and hospitals?

• How do the di�erent assumptions of the length of the infectious period
�t the data?

Even for a �well known� disease as smallpox there exist many open questions.
How infectious are individuals before the onset of rash, is there variability
in infectiousness during the rash period? For the Stockholm outbreak we
possess individual data from the outbreak concerning probable dates of in-
fection, onset of fever, onset of rash etc. Apart from this it is also known
how many were not infected in the cases families and hospital wards if they
were hospitalized.

These data are applied into an epidemic model taking hospital and household
setting into account. The hypothesis of interest is whether there are di�er-
ences in infectiousness between the prodromal and the rash period. Also to

5



calculate the number of infectious contacts at di�erent settings of infection.

We have taken the approach of calculating the infection pressure on individ-
uals in the population. The model takes individual dates for infection into
account and calculates the total force of infection experienced by the non
infected in the population.

Our population structure shows a great di�erence in R0 if we assume a homo-
geneous population or a heterogeneous mixing assumption. This also means
that R0 is a very unclear measure without a de�nite meaning. This makes
comparisons with other studies very di�cult.

The second part concerns time spent in di�erent disease states, which is
analyzed separate to the �rst epidemic model. We use available data from
cases and compare these under di�erent distributions, showing that assuming
an exponential distribution does not �t the data very well, neither does a
period of constant length.

2 Materials and methods

2.1 General description of the epidemic

The outbreak was initiated by a Swedish seaman who �ew home from Aus-
tralia via New Zealand, Singapore, India, Pakistan, Iran, Switzerland, Ger-
many and Denmark. At that time there were smallpox outbreaks in India
and Pakistan, and it is probable that this individual was infected in one of
these two countries. This is the �rst documented case of transmission of
smallpox during an airport transfer.

The seaman had previously been vaccinated against smallpox. Two weeks
after arrival in Stockholm, he developed fever followed by reddish rashes.
Since he thought it was acne, he did not seek a physician and stayed at
home instead. There he was taken care of by his 80 year old grandmother
who two weeks later became ill with similar symptoms and was suspected
to have chickenpox. A third family member later also became ill. Later on
the grandmother was transfered to a hospital where she infected other people.

A community nurse visited the grandmother on a daily basis became infected
and later also infected her family.
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It took one month before the �rst diagnosis of smallpox was made at Dan-
deryds sjukhus.

The major part of the outbreak was concentrated in three families and three
di�erent hospitals. The spread within hospitals was due to incorrect di-
agnosis. The probably infected persons were not isolated but were under
observation in large dormitories where nurses went around and observed the
patients. After smallpox was diagnosed the patients were isolated.

A total of 27 persons were infected, and four of these died. Three of the
27 had not been vaccinated prior to the epidemic, two of these died. With
vaccination we mean that the individual has been vaccinated as a child, in
military service and / or before travel to a country with smallpox. Only per-
sons vaccinated before the epidemic are considered as vaccinated, not those
receiving vaccine after a probable infection of smallpox.

During the epidemic a massive vaccination campaign was launched. Involving
both contact tracing of possible infectious contacts as well as a mass vaccina-
tion of more than 112 000 persons. It took approximately four months until
the last infected person recovered and no new cases were found.

Some unexpected infectious routes were identi�ed. An embalmer (a person
involved in the cleaning of corpses) was infected by contact with a corpse.
Another individual was infected through transporting laundry from one of
the hospitals, when he came in contact with clothes from one of the isolation
rooms. He also delivered food to a nearby hospital causing secondary cases
at that location.

For a general overview of how cases infected one another please see Figure 4
on page 23 and Figure 5 on page 24.

2.2 Data

The data from this outbreak was obtained from (Ström [1966]), a TV doc-
umentary (Wallén [1964]) and medical journals at the Swedish Institute for
Infectious Disease Control. Since contact tracing of possible contacts was
undertaken, information is available regarding both cases as well as persons
who were exposed but not infected (i.e non cases). The following data are
available:
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For the cases:

• Whom they were probably infected by
• Which phase of disease the infectious person was in at probable contact
• Possible dates of infection
• Date of onset of fever
• Date of onset of rash
• Date of isolation
• Date discharged from the hospital / death
• Vaccination status for smallpox, in some cases also the time of vacci-

nation
• Which family they belonged to and number of family members
• Where they were hospitalized and in which ward

For the non cases:

• Probable infectious contacts
• Possible dates of infection
• If they belonged to a family
• Where they were hospitalized and in which ward

The date for probable infectious contact is not used in the calculations be-
cause not all possible contacts are known. Information regarding vaccination
status of non cases was unfortunately not available. We only know that they
were given boosters after contact tracing. We assume no asymptomatic cases
(i.e infected without symptoms) existed, since this is very unlikely for small-
pox.

Short summary of data concerning cases is shown in Table 1.
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Variable Number of
observations

Vaccination status 27 24 vaccinated
Family size 27 (1− 4)

Hospital ward size 27 (27− 51)
Time period Mean Standard deviation

Infection to onset of fever 26 11.73 4.47
Onset of fever to rash 23 3.17 1.61

Table 1: Short summary of data for cases

2.3 Smallpox in general

Smallpox also known as Variola Major or Variola Minor, is a disease which
is eradicated worldwide since 1979. It was a much feared infectious disease
and the �rst vaccines were developed in the 19th century.

The virus transmits through air and body �uids and often through close
contacts with infectious individuals.

The typical presentation of disease is that �rst symptoms appear two weeks
after infection in the form of high fever. This lasts for about three days after
which a rash appears on the body, which is similar to chickenpox or acne
in the beginning. These rashes last 2-3 weeks and the person is bedridden
during this stage.

Variola Major can be of four di�erent types: ordinary (more than 90% of
cases), modi�ed (mild, common for previously vaccinated persons), �at and
hemorrhagic.

The case fatality rate (CFR) for Variola Major of ordinary type is approxi-
mately 30%. For �at and hemarrhagic it is almost 100%, modi�ed is rarely
lethal. For Variola Minor CFR is approximately 1%.

Protection against smallpox can be acquired in two ways, immunity follow-
ing infection or through vaccination. The vaccine is called Variola and gives
protection for a certain period, the protective e�ect decreasing with time.
One advantage is that it decreases the severity of infection, i.e individuals
will develop Variola Major modi�ed as opposed to Variola Major ordinary.
This gives a much higher probability of survival given infection.
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In Sweden vaccination was a part of the childhood vaccination program until
1976, with an indicator of successful vaccination being a circular scar. After
the virus was eradicated from the world, vaccination ceased. The last known
case was diagnosed in Somalia october 1977. Global eradication was certi-
�ed by World Health Organisation in 1979. A laboratory associated smallpox
death occurred at University of Birminghan, England 1978.

The long term protection of the vaccine is questionable, with some studies
having shown protection after 20 years (Eichner [2003]).

2.4 Progress of infection

We will give a crude sketch of both of how the infectious disease and the
infection spread develops in theory (Giesecke [2002]).

As an infectious disease it can be viewed in the following stages, see also
Figure 1:

1. Healthy: The person has not yet been infected and is not protected
against it.

2. Incubation period: A susceptible person gets infected by an infectious
individual. Incubation period is the period of time between initial
infection and the onset of clinical disease (these manifestations may
not always be clinically visible).

3. Clinical disease: Appearance of visible symptoms
4. Resistant: The person has recovered from the disease, or has been

successfully immunized through vaccination.

How infection is spread di�ers from the above because an individual can be
infectious before the stage of clinical disease, see also Figure 2:

Healthy

Infected

²²
V accination
YYYYYYYYYYYYYY

,,YYYYYYYYYYYYY

Incubation //// Clinical disease // Resistant

Figure 1: Progress of infectious disease
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Susceptible

Infected

²²
V accination

XXXXXXXXX

++XXXXXXXXXX

Latent //// Infectious // Resistant

Figure 2: Progress of infection

1. Susceptible: The person has not yet been infected and is not protected
against it.

2. Latent period: When a person becomes infected by an infectious indi-
vidual.

3. Infectious period: The person is now infectious and can transmit the
disease to others

4. Resistant: The person has recovered from the disease, or has been
successfully immunized through vaccination.

This is modeled by assuming that there is a certain amount of transition
between the di�erent states. The transition in our case is in one direction:

For infectious agents like in�uenza the recovered person can be susceptible
again, depending on which type of in�uenza is circulating the next in�uenza
season. But in our case everyone who is resistant will remain resistant.

Infected persons are assumed to meet other individuals in the population
according to a Poisson process. This implies that the number of contacts in
any time period is a Poisson distributed random variable. If a proportion of
the population is immune the number of contacts that will result in a new
infection will reduce in correspondence to this.

2.4.1 Fitting distributions to observed time observations

The data used will be the available data for the periods. These transition
periods investigated are the following: infected to onset of fever and fever
to onset of rash. The time from onset of rash until discharged has not been
analyzed since it does not measure how long time a person is infectious. We
want to emphasize that we are not estimating these parameters through our
epidemic model. Each phase in infection will be analyzed separately.
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2.4.2 Time spent in di�erent states

When trying to model the transitions between di�erent states the time spent
in di�erent states, many times it is assumed to be exponentially distributed.
This allows the possibility to use Markovian properties to calculate, for ex-
ample, the size of the epidemic. Many studies have used or are using this
distribution. The limitation is that no diseases have shown to follow an ex-
ponential distribution in the di�erent states, making this approach mostly of
academic interest.

Another approach is to assume that the time spent in the di�erent states
is constant or to �nd a suitable balance between the exponentially and con-
stantly distributed transition times.

We will be using an approach by assuming the occupation times to follow a
gamma distribution.

2.4.3 Basic reproductive number R0

A parameter of interest in this case is the so called "basic reproductive num-
ber", denoted R0. This is a crude measure of how many infected persons
are generated by one infectious individual entering a totally susceptible pop-
ulation. If R0 < 1 no large outbreaks will occur, only a small outbreak is
possible. If R0 > 1 there will be a positive probability for a large outbreak,
meaning that a considerable proportion of the population could get infected.

2.5 The epidemic model used

As in (Eichner and Dietz [2003]) we are using a SEIR model to describe the
progress of the disease.

• S =Susceptible
• E =Exposed (latent period)
• I =Infectious period, which is divided into two parts:

� IFever = Fever to onset of rash
� IRash = Rash until recovered / death

• R = Resistant / death
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Given infection the person will �rst be in the exposed (latent) period for
about two weeks. This is followed by the fever phase which last about three
days. Then a rash starts to appear and recovering from this stage takes an
additional 1-3 weeks. There are two possible outcomes, namely death or re-
covery. Schematically this model is showed in Figure 3.

When establishing the model we are also interested in any di�erences in "in-
fectiousness" in the states IFever and IRash, this ratio being denoted by b.

2.6 Notations

The following notation is used:

• tiInfected = Time point for infection, when several days exist we have
taken their mean value.

• tiF = Time point for onset of fever

• tiRash = Time point for onset of rash

• tiIsolated = Time point for isolation / recovery (recovery for cases not
isolated)

• N =population size
• n = number of cases

2.7 Calculation of infectiousness

We have adopted the approach to calculate the infection pressure on individ-
uals in the population. This is done by calculating the number of individuals
who are in the fever or rash period at a certain point in time. The e�ect of
di�erent infectiousness in the fever and rash period is also taken into account

S

²²
E // IFever

// IRash
// R

Figure 3: Epidemic model used
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through the variable b.

Let hj(t) measure the infectious status of person j at time j. These are
IFever, IRash and not infectious. Let J be an indicator function.

hj(t) = bJ{tjF≤t<tjRash} + J{tjRash≤t≤tjIsolated}

To calculate the total "infection pressure" individual i is exposed to, λi(t) at
a certain time point t. The hj(t) for all cases j are summarized and multi-
plied by the number of infectious contacts per day.

λi(t) =
27∑

j=1

hj(t) ∗ number of infectious contacts per day

2.7.1 Population structure

A number of di�erent structures for the population is possible. We have
assumed two di�erent models for dynamics in our population. One assumes
homogeneous mixing, that is no family or hospital e�ects are taken into
account. The second approach takes into account the e�ect of family and
hospital on infectious contacts.

In the homogeneous mixing model a number of contacts per day κ is as-
sumed and this is spread uniformly within the rest of the population. If the
population size is N , one infectious individual is in mean transmitting κ

N−1

infectious contacts to any other individual.

In the heterogeneous mixing we have attempted to set up a population struc-
ture with households and hospitals taken into account. If a persons belongs
to multi households he will be exposed to two rates, κ and κF . Here κF

is an addition per family members. If he belongs to a single household his
exposure is the rate κ. If a person belong to a hospital he is exposed to a
rate κH . We assume only infectious contacts within hospitals.

• κ̂ = Number of infectious contacts per day with any person in a popu-
lation with hospitals and households
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• κ = Number of infectious contacts per day with any person in a popu-
lation with hospitals and households

• κF = Number of infectious contacts per day with a certain family
member

• κH = Number of infectious contacts per day with any person in a
hospital

• N = Population size
• ni

H = Number of people in the hospital ward where person i is situated

Letting hj(t) denote in which infectious state person j is at a certain time
point we can describe the population structure. Assuming an homogeneously
mixing population the force of infection λi(t) follows as:

λi(t) =
n∑

j=1

hj(t)
(

κ

N − 1

)

If a heterogeneously mixing population is used:

λi(t) =
27∑

j=1

hj(t)J(hospi(t) = 0)


J(fj = fi)

(
κ

N − 1
+ κF

)
+ J(fj 6= fi)

κ

N − 1


 +

+
27∑

j=1

hj(t)J(hospi(t) = 1)


 κH

ni
H − 1




Here fi is the family identity for person i, hospi(t) is an indicator if person
i is in hospital at time t. The procedure is to �rst check if person i is in
hospital. If yes (hospi(t) = 1), he is exposed to certain number of infectious
contacts. If no (hospi(t) = 0), he is exposed to some other infectious contacts
on which family he belongs to. J is an indicator function.

2.7.2 Calculation of R0

Assuming that we know the parameters of interest, this allows us to calcu-
late R0, the expected number of infectious contacts during the infectious time
period. We de�ne it as a product of number of infectious contacts per day
multiplied with the total length of the two infectious periods. Using the same
notations as before, the parameters of interest are the scale factor b, number
of infectious contacts per day κ, κF , κH and the length of the infectious time
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periods (prodromal + rash).

Concerning the length of the infectious periods, the prodromal period ( fever
to rash) has the mean length based on our data. The rash period is probably
overestimated in this data, and this is the reason for including other time
periods as well. We are assuming that the two time periods are distributed
as a gamma distribution.

IFever ∼ Γ(αf , βf )

E[IFever] =
αf

βf

= µFever

IRash ∼ Γ(αr, βr)

E[IRash] =
αr

βr

= µRash

Now R0 can be estimated in the situation with homogeneous or heterogeneous
mixing assumptions:

Homogeneously mixing population:

R0 = (N − 1)
κ̂

N − 1

(
bµFever + µRash

)
= κ̂

(
bµFever + µRash

)

Heterogeneous mixing population with a single household:

R0 = (N − 1)
κ

N − 1

(
bµFever + µRash

)
= κ

(
bµFever + µRash

)

Heterogeneous mixing population with a multi person household:
Let fi and fj be family indicators for person i and j. Calculate the number
of infectious contacts caused by person i. J is an indicator function. Let nF

denote the number of additional family members in a household.

RF
0 =

∑

j 6=i

(
J(fi = fj)

κ

N − 1
+ J(fi = fj)κF

)(
bµFever + µRash

)
=

=
(

nF

N − 1
κ + nF κF

)(
bµFever + µRash

)
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Heterogeneous mixing population with within hospital infection:
Let hosp(i) and hosp(j) be hospital ward indicators for person i and j. Cal-
culate the number of infectious contacts caused by person i. J is an indicator
function.

RH
0 =

(
κH

ni
H

∑

j 6=i

J(hosp(i) = hosp(j))
)(

bµFever + µRash

)
=

=
(

κH

ni
H

ni
H

)(
bµFever + µRash

)
= κH

(
bµFever + µRash

)

We note that in the case of heterogeneous mixing the calculation is made
as an expected value, not as most often the largest eigenvalue of a mixing
matrix.

2.7.3 Likelihood calculations

The infectious contacts are assumed to follow a Poisson process with inten-
sity λi(t) where λi(t) is calculated in Section 2.7. The probability to become
infected at time s, given no infection before is λi(s)e

−
∫ s

0
λi(τ)dτ . If we know

the time of infection tiInfected and the vaccine e�cacy v we can calculate
the likelihood for the cases and non cases as follows:

• v = vaccine e�cacy.
• δi = Vaccination status for case number i, 1 if vaccinated, 0 otherwise
• tiInfected = Day of infection for case number i.
• λi(t) = Force of infection on individual i, day number t.
• Nc = set consisting of all cases
• N v

p = set consisting of vaccinated non cases cases not belonging to a
household or hospital during the epidemic

• Np = set consisting of non vaccinated non cases cases not belonging to
a household or hospital during the epidemic

• NF = set consisting of non cases belonging to a household but not
belonging to a hospital during the epidemic
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• N v
H = set consisting of vaccinated non cases not belonging to a house-

hold but belonging to a hospital during the epidemic
• NH = set consisting of non vaccinated non cases not belonging to a

household but belonging to a hospital during the epidemic

The likelihood functions can be calculated as follows (Eichner and Dietz
[2003]):

Pi(case) = (1− v)δiλi(t
i
Infected)e−

∫ ti
Infected

0 λi(τ)dτ

Pi(non case) = (1− v)δie−
∫∞
0

λi(τ)dτ

L =
∏

i∈{cases}
Pi(case)

∏

i∈{non case}
Pi(non case) =

=
∏

i∈Nc

Pi(case)
∏

i∈N v
p

Pi(non case)
∏

i∈Np

Pi(non case)
∏

i∈NF

Pi(non case)
∏

i∈N v
H

Pi(non case)
∏

i∈NH

Pi(non case)

log L =
n∑

i=1

δi log (1− v) +
n∑

i=1

log λi(t)−
n∑

i=1

∫ tiInfected

0
λi(τ)dτ +

+
∑

i∈N v
p

log

(
v + (1− v)e−

∫∞
0

λi(τ)dτ

)
+

+
∑

i∈NF

log

(
v + (1− v)e−

∫∞
0

λi(τ)dτ

)
+

+
∑

i∈N v
H

log

(
v + (1− v)e−

∫∞
0

λi(τ)dτ

)
−

− ∑

i∈Np

∫ ∞

0
λi(τ)dτ − ∑

i∈NH

∫ ∞

0
λi(τ)dτ

The likelihood for the cases is calculated by taking the family- and hospital
place at di�erent times into account. This is included in the calculation of
λ(t). For non cases there is a division made depending if they are in a multi
person household or hospital. In a household due to the high vaccination
proportion in the population all are considered to be vaccinated. In a hospi-
tal the number of vaccinated and unvaccinated are rounded o� to the closest

18



Time period α β Expected value Std n
infected to fever 7.58 0.64 11.73 4.26 26

fever to rash 4.05 1.28 3.17 1.58 23

Table 2: Parameters for duration in di�erent states

integer.

The likelihood for non cases is depending on the proportion vaccinated prior
the epidemic. We have assumed this to be the same as the proportion for
cases. This is of course questionable, sensitivity analysis could be made or an
implication of the the EM-algorithm to estimate the �expected proportion�.

To estimate the parameters of interest pro�le likelihood methods have been
used. This is done by �xing one parameter and varying the others. The
maximum of these is taken as the likelihood for the �xed parameter. Then
the �xed parameter is given a new value and it is maximized again over the
other ones. The maximum likelihood estimation for the �xed parameter will
be the point at which the maximum value for the likelihood is obtained.

3 Results

3.1 Times spent at di�erent states

Assuming that the amount of time spent in di�erent states follows a Γ(α, β)-
distribution with expected value α

β
and variance α

β2 . The parameters α

(shape) and β (scale) are estimated through maximum likelihood. The
yielded estimates are shown in Table 2.

The times for rash to recovered are overestimated since the recorded recovery
date is probably over-exaggerated in order to ensure that the patient is no
longer infective.

The infected to fever period and the prodromal period (2 weeks and 3 days
respectively) are similar to those found in other studies.

When comparing this with an exponential distribution we know that the
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variable value 95% con�dence interval
scale 0.51 (0.1 - 1.5)

vaccine e�cacy 0.98 (0.95 - 0.99)
κ 0.47 (0.25 - 0.85)

κH 0.54 (0.31 - 0.92)
κF 0.057 ( 0.015 - 0.12)

Table 3: Estimates for parameters of interest, heterogeneous mixing

shape parameter α should be around 1 in the Γ-distribution. Following our
estimations this value is far from one, indicating that an exponential distri-
bution is not suitable in the case of smallpox. This is enough only if we are
interested in how big the outbreak will become.

3.2 Estimation of parameters of interest

Estimating our parameters of interest are shown in Table 3.

The wide interval on the scale parameter b indicates that there is uncertainty
concerning a di�erence in infectiousness at di�erent infectious states.

The vaccine e�cacy v seems to be high. We are unsure of the number of
vaccinated individuals in the total population and how the protective e�ect
diminishes over time.

The number of infectious contacts are approximately 0.5 per day in commu-
nity and hospitals. We want to emphasize that by varying the population
structure these values can change considerably.

4 Discussion

The major �nding is that although very detailed data, it is very hard to �nd
�good� estimates for even the most basic measures of interest. In our case
these are the number of infectious contacts per day and the length of the
infectious period.
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These two parameters are crucial to estimate R0 and are very sensitive to
the structure given to the population. We have also compared with a ho-
mogeneously mixing population and the results di�er dramatically from the
values obtained in our heterogeneous population. Also when changing the
infectiousness within families, assuming some infectious contacts with all
population and extra infectiousness spread among family members, altered
the results. This means that interpreting and comparing R0 values obtained
in di�erent studies is very di�cult since usually the population structures are
di�erent. When simulating possible smallpox outbreaks the results should
vary. This also for the case with same value on R0 but di�erent population
structures.

Testing infectiousness in the prodromal period with the rash period gives no
signi�cant di�erence. The estimate is about 0.5. If we assume a homoge-
neous mixing population the infectiousness in the prodromal period is about
the same as with heterogeneous mixing. Still this is far from the assumption
used in (Halloran et al. [2002]) where a 10 times higher infectiousness is as-
sumed in the prodromal period.

Our calculations are also perturbated by the fact that a number of infectious
contacts occur in unexpected places. Some scenarios are hard to put into
the model. For example in the beginning of the outbreak a home visiting
nurse is infected. In the model she belongs to the �rst a�ected family in
the beginning but must at one time point be transfered to her own family
where she infects her relatives. Also the person transporting clothes from
the hospital and the embalmer are unusual occupations to include in a re-
alistic way. In our case these infectious contacts are taking place at a hospital.

We have also assumed that no more infectious contacts will take place while
a person is isolated in the infectious disease hospital. The embalmer is an
example that this is not a completely true assumption.

The largest error is probably the fact that in calculating "R0" it is assumed
that the populations remain the same. But in the event of an epidemic sit-
uation people are probably much more attentive to their contacts thus the
structure could change dramatically. In our case the extensive vaccination
campaign of over 112 000 individuals vaccinate should also matter concerning
the proportion resistant in the population at di�erent time points. Also the
fact that large populations surrounding the infected households were mass
vaccinated must a�ect the result. These events would decrease the number of
infectious contacts per day, suggesting that at the beginning the the number
of infectious contacts should be higher than at the end of the epidemic.

Our results show that on using values of R0 in simulations of possible small-
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pox outbreaks, great care should be taken when interpreting the meaning
of outputs. Are the assumptions similar to our model, if not how will they
change the outcome?

As noted in the beginning of discussion, only a small number of parameters
are possible to estimate reasonably. One can only raise the question in many
simulations where maybe more than 15 parameters are used. How reliable are
these? Probably only two are known and the rest are �estimated� through
some medical expertise. The known parameters may be the length of the
infectious period and the number of infectious contacts which are already
very unsure. Leading to the conclusion that we probably know nothing with
certain for these parameters. In such case it is probably wiser to use much
simpler models for more realistic situations, than using many values for the
unknown parameters as in (Kretzschmar et al. [2004] and E.H.Kaplan et al.
[2002]). An extreme example is (Epstein et al. [2004]) where 30 parameters
are used.

The inportant feature with the Stockholm outbreak was that a large part
of it occurred within households. It is a striking contrast with many other
study �ndings where hospitals have been the coins for infection transmission.
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