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Abstract

In this paper multi-state modelling is used to determine the proba-
bility distribution of the different states of vertical transmission of HIV.
We start with a healthy-infected-dead three state model which we then
modify and extend to a four state healthy-infected-treated-Aids four
state model. Using the matrix approach we calculate their respection
transition probabilities and compare the two models using the basic re-
production number. In both models Ry < 1 suggesting that this mode
of transmission will eventually be contained.

Keywords: Multistate modelling, Markov process, transition intensities, tran-
sition probabilities, HIV, reproduction number, vertical transmission

1 Introduction

HIV model classifies the population into susceptibles (S) containing individu-
als who have not been infected with the virus, Exposed (E) individuals who
are infected but in the latent stage, Infectives (I) containing individuals who
are infected with the virus but have not yet developed AIDS symtoms and the
AIDS cases (A) who are those individuals that have developed the disease.

The progression is shown in Figure 1. All diseases are however subject to
stochasticity in terms of the chance nature of transmission, and so in princi-
ple, a stochastic model is always more realistic than a deterministic one but
since the relative magnitude of stochastic fluctuations reduces as the number
of cases increases, therefore in large populations with a high level of disease
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Figure 1: Progression of HIV infection

incidence a deterministic model may be a good approximation.

Stochastic models are to be preferred when their analysis is possible, otherwise
deterministic models should be used. Deterministic models can also serve as
introductory models when studying new phenomena. They can also be used
as introductory models when studying new phenomena. Both these two types
of models play an important role in better understanding the mechanisms of
disease spread.

The role played by chance in general is most important whenever the num-

ber of infectious individuals is relatively small which can be as a result of the
population size being small, when an infectious disease has just invaded or
when control measures are successfully applied.
In Mother-to-Child-Transmission (MTCT), also referred to as vertical trans-
mission, the various controls and intervention methods available have greatly
reduced HIV transmission in children and as such stochasticity is incorporated
in modelling this mode of transmission.

The ultimate outcome of interest in the study of diseases is recovery or
death. In addition a number of intermediate (transient) states exists. For
these reasons, multi-state models (MSM) are extremely useful in understand-
ing this process by considering the health condition and causes of death as
criteria for defining states.

A multi-state model is defined as a model for a (continuous time) stochas-
tic process (X(t), t€ T) which at any time occupies a finite state space S =
{1,2--- N} and describe random movements of a subject among various states.
In multistate process T=[0, 7], 7 < oo is a time interval and the value of the
process at time t, the state occupied at that time.

In epidemics the states can describe conditions like healthy, infected and dead.
The infected state can further be presented as a series of successively more
severe stages of the disease. A change of state is called a transition, or an
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event.

A mathematical model of two transient states was first proposed by Du
Pasquier (1913). However it was Fix and Neyman (1951) who introduced the
stochastic version and resolved many problems associated with the model.

Statistical model specifiction via transition intensities and likelihood infer-

ences is introduced in the two state model for survival analysis, the competing
risks and illness-death models and the models for bone marrow transplatation,
[1].
In [2] the Markov assumption was used to show that probabilities and actuar-
ial values can be calculated using a time-homogeneous Markov model and in
the event that the Markov assumption is found to be inappropriate, the state
space can be modified as an alternative to assuming a more general stochastic
process.

Several other studies have also been carried out, both theoretical and ex-

perimental applying multistate models to estimate transition intensities in dis-
eases (see, for example [6], [7], [10], [11], [12])
Most studies of diseases using multistate models have been restricted to non
parametric approach such as Kaplan Meier estimator and Cox proportional
hazard models. In this paper the emphasis is on birth death process and solv-
ing the Chapman-Kolmogorov differential equations using the generator matrix
approach to obtain the transition matrix. Maximum likelihood estimator is
used to estimate the transition intensities which are then used in calculating
R().

2 Formulation of Model

We modify the Susceptibe Exposed Infectious Recovery (SEIR) model into a
Suscptible Infected Treatment Aids (SITA) model. The modification involves
taking the exposed and infectious stages as one state and calling it the Infected
state and introducing a new state called the treatment stage. The Aids stage
is assumed to be the removal stage. We consider a population size N with con-
stant inflow of susceptible at rate b/N and various categories of the population
designated as S(t), I(t), T(t) and A(t).

It is assumed that susceptible children gets infected by their HIV positive
mothers either in-utero, intrapartum or postpartum at the rate 3. It is also
assumed that some of those infected move to the treatment class at a rate of ¢
and then proceed to the AIDS class at a rate a. Those in the AIDS class also
join the treated class at the rate w. The stages, rates and order of the process
is shown in the diagram below:
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This model enables us establish the key parameters in each stage.
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Figure 2: HIV Transition model where all parameters are defined in table 1

The three parameters v, « and 0 determine the lifespan of HIV positive chil-
dren (from acquisition of HIV to AIDS) and thus plays an important role on
their survival.

The differential equations describing this system as presented are given as:

ds

— =b—puS—pSI

dt ub = B5

1
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where S(t),I(t),T(t) and R(t) are the numbers in these classes, so that S(t) +

I(t) + T() + R(t) = N
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The Table 1 given below shows all the parameters used in the model.

Table 1: Parameters of the MTCT model

3945

Symbol | Description of Variable Estimate
b Natural birth rate 0.03
1 Natural mortality rate 0.09
16 Rate of newborns infected with HIV 0.15
10) Fraction of infected who get treatment 0.31
v Rate of movement from infected to AIDS 0.015
w Rate at which AIDS group get treatment 0.105
Q Rate at which treated group develops full blown AIDS 0.07
o AIDS induced death 0.18
N That total number of children exposed to HIV positive mothers 1000

We use Figure 2 to form a four state model for MTCT given. Since there is still
no cure for HIV, treatment doesn’t lead to recovery and a treated individual
is still infected. An infected individual is however able to move from the more
severe State 3 to the less severe State 2 due to therapeutic interventions which
are able to drastically improve the health status of the individual. The four

State 1: Hi2 State 2: K23
Healthy Infected 152
Hi14 24
H3
State 4:
Death

Figure 3: A Summarized Multistate Model for MTCT

state model in Figure 3 forms the Chapman-Kolmogorov equations;

State 3:
Aids

4
Py(s,t+h) = Pu(s,t)Py(t,t + h)

k=

1
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from which we may derive the following transition probabilities

4
PH(S,t + h) = Z Plk(S,t)Pkl(t, t+ h)
k=1
= PH(S,t)PH(t,t + h) -+ P12(8, t)Pgl(t,t -+ h)

+P13(8,t)P31(t,t+ h) + P14(8,t)P41(t,t+ h)
= Pu(s,t)((1 = (a2 + paa)) b+ o(h)) + Pra(s,t) - 0
+P13(8,t) -0 -+ P14(S,t) -0

Plll(sa t) = —Pii(s,t) (12 + p14) (2)

This is the transition probability of not remaining in state 1.

4
Plg(s, t+ h) = Z Plk(S, t)PkQ(t7t + h)
k=1
= PH(S,t)PIQ(t,t‘i‘ h) + PIQ(S,t)P22<t,t+ h)

+P13(S, t)sz(t, t+ h) + P14(S, t)P42(t, t+ h)
= Pu(s, t)((n12h + o(h)) + Pra(s, ) (1 = (23 + p2a)h + o(h))
+Pi3(s,t)(pazh + o(h)) + Pu(s, 1) - 0

Piy(s,t) = Pii(s,t) 12 — Pra(s, 1) (pos + pioa) + Pia(s,t) s (3)

This gives the transition probability of moving from state 1 to State 2.

4
P13(S,t + h) = Z Plk(87t)Pk3(t, t+ h)
k=1
= Pll(S,t)Plg(t,t+ h) + P12(8, t)ng(t,t -+ h)

+P13(8,t)P33(t,t+ h) + P14(8,t)P43(t,t+ h)
= PH(S,t> -0 + Plg(S,t)(Mggh + O(h))
+Pi3(s,t)(1 — (a2 + paa)h + o(h)) + Pra(s, t) - 0

Piy(s,t) = Pra(s, t)pias — Pis(s,t)(1ts2 + pi34) (4)
Similarly (4) is the transition probability of moving from State 1 to State 3.

4
Pu(s,t+h) = Zplk<57t)Pk3(tat+h)
k=1

= Pi(s,t)Pu(t,t + h) + Pia(s,t)Poy(t,t + h)
+Pi3(s,t)Pag(t,t + h) + Pyy(s,t)Pu(t,t + h)

= Pii(s,t)(pu1ah + o(h)) + Pia(s,t)(p2sh + o(h))
+Pi3(s,t)(za)h 4+ o(h)) + Pia(s, t)(1 + o(h))
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Piy(s,t) = Pii(s,t) g + Pia(s,t)pza + Prs(s, )tz (5)
where (5) is the transition probability of moving from State 1 to State 4 which
is an absorbing state.

From the transition probabilities given in equations (2),(3),(4) and (5) we are
able to get the transition matrix which is given by

— (12 + paa) H12 0 L4

0 — (123 + p2a) 23 24

Q= 0 32 — (32 + p34) i34
0 0 0 0

2.1 Calculation of transition intensities

Define
e E; as the waiting time of the i** individual in the Healthy state

e [} as the waiting time of the i individual in the Infected state

e (G, as the waiting time of the ¥ individual in the Aids stOate

For the three state model, for each individual we can record the entire obser-
vation via two random variables

1, if the i** individual transit from State 1

0, if the 5" individual remains in State 1

1, if the " individual transit from State 2

0, if i** individual remains in State 2

Let fz(u” Vi, €5, fz) be the jOiIlt distribution of (UZ, V;', Ei) E) If (Uz, ‘/; = 0) no
transition has been observed. If (U;,V; = 1) then transition was observed at
time s + t + ® where ® = ¢,, f;

The joint density function is given by

hPs-i—t

hPs-i—t

€iPsri(pa(s + 1+ e) + pa(s +t +€))
JiPosi(pas(s + 4 fi) + poa(s + 1+ fi))

fi(ui7viaei7fi) =

SNES S
I
[ S O e B
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where 0 < e; < h. 0 < f; < h.

(exp —fo (s + ) + pusg(s + 1)) U,
e |- " (a3(s + 1)) ] Vi
exp [ o (paz(s + 1) 4+ ps(s +1))dt] (ma(s +t+e;) + ms(s +t+¢;) Ui
| exp | = (sl + 0)at] (s + £+ 1) v

exp (— [y (1a(s + 1) + pus(s + £))dt) (piz(s +t) + ps(s +1))"

exp (= Jf (aa(s + £))dt) (s +1))"

Assuming piyo(s+1), p13(s +1t), pos(s+1t) are constants pi1s, 13, floz respec-
tively, we get

—(p12+p13)% ( u;
e f12 + fH13)
fug, v, e, fi) = ~(paz) i i

€ (1123)""

Getting the maximum likelihood estimators we have

Ln(,u127 H13, M23) = H f(Ui, Vi, €44 fi)

=1

_ H e (mztmma)ei (1 oy Yuiem (B28) 0 () Y

=1
n

_ Yl e n o i fi
+ =1 n i=1 fi s
— e (m2tus) <N12 + M13>Z’_1u e~ (123) (M%) ie1 Vi

Lete:z;lzleiau:znluzaf Zz 1flav_zz 11)17

Therefore taking the natural logs we get
Log Ly (2, 13, pos) = —(pa2+ps)e+uliog(pna+pus) — (pos) f+vLog(pas) (6)

To estimate the transition intensities we defferentiate equation (6) with respect
the respective intensities i1, t13, fto3 which gives

N U — Hr13€
Hiz = —————
e
_ Do Ui — M3 ) i € 7
i=1%i

i I
o o

—_

—_
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. U — H12€
fus = ————
e
n n
n
Ei:l €;

floz =
S ©
i=1Ji

In the extended four state model for each individual we can record the entire
observation via the six random variables as follows:

M=l

1, if the %" individual transit from State 1 to State 2

0, if the i** individual remains in State 1

1, if the " individual transit from State 1 to State 4

0, if i** individual remains in State 1

1, if the i"* individual transit from State 2 to State 3

0, if the 5 individual remains in State 2

if the ' individual transit from State 2 to State 4

0, if the i** individual remains in State 2

1, if the i"* individual transit from State 3 to State 2

0, if the i** individual remains in State 3

1, if the %" individual transit from State 3 to State 4
0, if 4" individual remains in State 3

Let f(es, fi, 9i, Wi, Vi, Wy, T4, Yi, z;) be the joint distribution of (E;, F;, G, U;, Vi, W; X;, Y, Z;).
If (U;, V;, Wy, X;,,Y;, Z; = 0), no transition has been observed and therefore

there is no change in the status of the different disease states. If however

(U, Vi, Wi, X;,Y;, Z; = 1) then transition was observed at = + a; + ® where

S = e, fi, 9i

The joint density function is given by



Pyy(x + a;, x + a; + gi) pse(x + a; + g,
kP34(:z:—i—ai,ac—kai—i—gi)ug4 T+a;+g)

where 0 <e¢; < h. 0< f; <hand 0 < g; < h.
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(Pl-j(:c—l—ai,x—irbi) i=j
Pio(x + aj,x + a; + €;) 2z + a; + ¢;)
Piy(z+ a;,x+ a; + et) pa(x + a; + €;)
f(®) = < Pos(z + ai,x + a; + fi)pos(z + a; + ;)
Poy(x + ajyx + a; + fi)poa(x + a; + f;)
( Js2( )
(

SN ISSS

HHH»—H’_‘S
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=W, =X,=Y,=%2,=0

exp [— [ 2@ + a; + t)dt] (paz(z +a; +€))"  uw; =0,1
exp [— Iy ma(z + a; + t)dt] (pa(z +a; + €))% v;=0,1
exXp [ fofi pos(x + a; + t)dt} (pos(z +a; + fi))" w; =0,1
F(@) = 4 ] .
exp [ fo proa(x + a; + t)dt} (poa(x +a; + fi))* x;=0,1
exp [~ [y psa(2 +a; +t)dt] (psa(2 +a; + ¢:))¥ 4 = 0,1
\exp[ I psa(x + a; + t)dt] (psa(z + a; + )% 2 =0,1
Assuming homogeneity, we get
e M2 (o)™, u; = 0,1
e raci ()%, v, =0,1
e H2sli(pgg )i w; = 0,1
f(ez', fiagiuz‘avhwi,xiaymzz’,) = —— M24)3“, 5= 0,1
eTH29 (g )¥e,  y; = 0,1
e H329i (ugy)®, 2z, =0,1
(

In order to determine the maximum likelihood estimators we have

Ln(M12> M4, H23, K24, 432, 34

n
) = Hf(qu,'vi,wl',Zi,ei, fz;gz)
i=1
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_ H e~ (pztpia)e; (MIZ)Ui (u14>vi6—(uz3+#24)fi (M23)wi (’u24)rz‘€—(u32+u34)gi

=1
X (pa32)"" (pi34)™

n
_ n i1 9 no no
X e (u32+134) M3221_1 %H34ZZ_1 i

Letting € = Z?zl €i, f = Z?:l fiag = Z?:l gi, U =

w = Z?:l Wi, T = Z?:l Tiy Y = Z?:l Yis 2 = Z?:l Zi

and taking the logs gives

n . n .
_ e—(u12+u14)2i:1 EZMHZLl uz'MMZ?:l vie—(,u23+,u24)21:1 fi

Z?:l Ui, v

D1 Wi i1 T

H23 Ha4

= Z?:l Vi,

log L (f112, f14, pho3, foa, faz, f3a) = —(paz2 + p1a)e — (pag + froa) f — (p32 + f134) g +
ulogiip + vloguiy + wlogpas + rloguay + ylogusy + zlogsy

To estimate 12,

IOgLn(ﬂdZ; M4, K23, 24, 32, M34)

u

H12

Oz

~

H12

To estimate 14,

10gLn(H12, M4, K23, H24, (432, M34)

Opa
v
H14
n .
i=1 Vi

fig =
H Z?:lei

To estimate o3,

Z?:l ul (10)

(11)

(12)
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To estimate o4,

9 10gLn(M12,M14>M237M247M327M34) = —e+—=0
H24 H12
T
= = f
H24
A D iy Ti
flos = S (13)
Zi:l fl
To estimate 3o,
. Yy
B logL,, (12, f14, fto3, foa, a2, faa) = —g+ — =10
132 32
y
— =g
132
N D iy Vi
fze = S (14)
> i1 Gi
To estimate i34,
0 log
o)
Opizq
z
n(f12, f1a, fo3, foa, 32, figa) = —g+— =0
134
Z —
34

DY 15

a D i1 Ui (15)
To make sure that the solutions represents a maximum and not a minimum, the
second derivative of the log-likelihood is calculated and evaluated at ji;; = fi;;.
Getting the second derivatives of (10),(11),(12),(13),(14) and (15) confirms

that these estimates are indeed maximums.

2.1.1 Reproduction Number

We first consider the three state model with states in Figure 3 given as Healthy
Infected and Dead. Individuals move from healthy to infected to dead. Indi-
viduals can also move from healthy to dead. The transition matrix () is given

below
—(2 + p13) a2 fus

Q= 0 —Ha3 23 (16)
0 0 0
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In calcutating Ry we only used the infected states and therefore from matrix

(16) we form the matrix
Hi2  H13
J =
—H23  H23

In calculating Ry we use the Next Generation Matrix method which involves
partitioning matrix J into submatrices F and V where F' is non negative new
infection matrix abd V is composed of death, improved status and other tran-
sition.

J=F-V (17)
and
K=FV! (18)
Hi2/423 0
H13
K= 0 0 (19)

Since the basic reproduction number is the dominant eigen value of matrix
(19) then
R, = Hi2/23 (20)
H13
Similarly for the extented four state model represented in Figure 3, matrix (2)
is used to calculating Ry. The matrix of the infected states is given as

H12 0 H14
g — (23 + poa) o3 jn
32 — (32 + H34)  H34

Calculating using equation (18) gives

paz(pospisa + poa(pise + f13a))  —pazptra(pise + psa)  fazftiafies
0 0 0

0 0 0

R, = po(pospisa + toa(pis2 + pi34)) (21)
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3 Application of Model

We use table 1 to get the estimates for the three state model and four state
model as follows Sustituting the values from parameter table 2 into the three

Table 2: Parameters estimates for three state model
Symbol

H12 H13 H23
Estimate 0.15 0.09 0.18

Table 3: Parameters estimates for four state model
Symbol

H12 a3 o4 32 134
Estimate 0.15 0.015 0.09 0.00467 0.18

state model gives Ry = 0.3
Using (21) and table (3) and substituting into the four state model gives
Ry =0.003

4 Conclusion

In this paper we have considered a three state and four state multistate model
and obtained the estimates of the transition intensities by the use of maximum
likelihood method. We established that we can use the Next Generation Matrix
Method to determine the Ry in models of different stateswhich and use this in
comparing transitions.

Since both the Ry for the models are less than one it indicates that vertical
transmission will eventually not contribute to transmission of HIV. This could
be due to the fact that a lot of emphasis is being but to eradicate this mode
of transmission.

References

[1] P. K. Anderson and N. Keiding, Multi-state models for event hisory anal-
ysis, Statistical Methods in Medical Research, 11(2002),91 — 115.
http://dx.doi.org/10.1191/0962280202sm276ra

[2] L. J. Bruce, Modelling Multi-state Process using a Markov Assumption,
Actuarial Research Clearing House, 1(1993),239 — 248.



Multistate modelling vertical transmission 3955

3]

[13]

[14]

S. Busenberg, K. L. Cooke and M. A. Pozio, Analysis of a Model
of a Vertically Transmitted Disease, Journal of Mathematical Biology,
17(1983), 305 — 329. http://dx.doi.org/10.1007/bf00276519

J. A. Cavender, Quasi- Stationary Distribution for Birth-and-Death Pro-
cesses, Advances in Applied Probability, 10(1978), 570 — 589.
http://dx.doi.org/10.2307/1426635

D. R. Cox and H. D. Miller, The Theory of Stochastic Processes, Chapman
and Hall, London, 1965.

D. Commenges, Multi-State Models in Epidemiology, Kluwer Academic
Publishers, Boston, 1999.

S. Datta, G. A Satten, Validity of the Aalen-Johansen estimators of stage
occupation probabilities and Nelson-Aalen estimators of integrated tran-
sition hazards for non-Markov models, Statistics and Probability letters,

55(2001), 403 — 411. http://dx.doi.org/10.1016/s0167-7152(01)00155-9

R. Durret, Essentials of Stochastic Processes (2nd ed.), Springer, New
York, 2012. http://dx.doi.org/10.1007/978-1-4614-3615-7

M. J Keeling and P. Rohani, Modeling Infectious Diseases in Human and
Animals, Princeton University Press, New Jersey, 2008.

N. Keiding, J. P Klein, M. M Horowitz, Multi-state models and outcome
in bone marrow transplantation, Statistics in Medicine, 20(2001), 1871 —
85.

http://dx.doi.org/10.1002/sim.810

I. M. Longini and W. S. Clark, Statistical Analysis of The Stages of HIV
Infection using a Markov Model. Statistics in Medicine, 8(1989), 831 —843.
http://dx.doi.org/10.1002/sim.4780080708

Meier-Hirmer and Schumacher, Multistate model for studying an interme-
diate event using time-dependent covariates:application to breast cancer,
BMC Medical Research Methodology, 13(2013)80.
http://dx.doi.org/10.1186/1471-2288-13-80

[. J. Myung, Tutorial on Maximum Likelihood Estimation, Journal of
Mathematical Psychology, 47(2003), 90 — 100.
http://dx.doi.org/10.1016 /s0022-2496(02)00028-7

M. L. Newell, F. Dabis, K. Tolley, D. Whynes, Cost-effectiveness and
cost-benefit in the prevention of mother to child transmission of HIV in
developing countries, AIDS, 12(1998), 1571 — 81.
http://dx.doi.org/10.1097/00002030-199813000-00003



3956 Idah Orowe, Patrick Weke, Joseph Ottieno and Nelson Onyango

[15] S. M. Ross, Stochastic Processes, John Wiley and Sons, New York, 1983.

Received: March 1, 2015; Published: May 20, 2015



