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Úvod
DFS

LFS
Pravděpodobnost být na živu a v remisi v nějakém intervalu po
transplantaci

DLI
CLFS (C. Craddock 1997)

Pravděpodobnost být na živu a v původní nebo následné remisi
(po DLI)

CLFS (J. P. Klein 2000)



Kleinův model
Možné stavy s DLI

Figure 1. Possible course of a patient's disease progression.

remission may die (state 7) or eventually relapse (state 8). In either case they are considered
treatment failures.

In this study all patients were transplanted in remission and hence are initially in state 0 at
time 0 when the transplant is given. Should some patients be transplanted in relapse then two
additional states need to be added to the model before state 0. These are state !1, which is the
state re#ecting transplant failure (death before remission, failure to engraft etc.), and state !2,
which is the initial post-transplant relapse state.

Using this model the standard leukaemia-free survival probability is P
00

(t), the probability
that a patient transplanted alive remission is still alive and in "rst remission at time t. The
probability P

06
(t), namely the probability a patient will be alive and in remission after a DLI at

time t, is precisely what needs to be added to the leukaemia-free survival to obtain the &current'
leukaemia-free survival probability.

In the next section we show how these probabilities can be estimated by applying standard
results for the product-limit estimator of the transition matrix of a non-homogeneous Markov
process [9].

2. MODELLING CURRENT LEUKAEMIA-FREE SURVIVAL

The multi-state model for patients potentially treated with a donor lymphocyte infusion has nine
states (see Figure 1). The states are:

0 Alive and in "rst remission.
1 Dead prior to relapse.
2 Relapsed after transplant waiting for DLI.
3 Dead after relapse prior to DLI.
4 Relapsed with DLI.
5 Dead after DLI prior to second remission.
6 In second remission after DLI.
7 Dead while in remission after DLI.
8 Relapsed after second remission.

At time t after transplant we de"ne the following counting processes:

N
0k

(t)"number of transitions from state 0 to state k over the interval [0, t], k"1,2
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Kleinův model
Přechodové pravděpodobnosti

P(s, t) = Phk(s, t)

Pravděpodobnosti mohou být vyjádřeny explicitně

P̂hh(s, t) =
∏

s<u≤t

[1−
dNh(h+1)(u) + dNh(h+2)(u)

Yh(u)
],

P̂h(h+1)(s, t) =
∑

s<u≤t

[P̂hh(s, u)
dNh(h+1)(u)

Yh(u)
],

P̂h(h+2)(s, t) =
∑

s<u≤t

[P̂hh(s, u)P̂(h+2)(h+2)(s, u)
dNh(h+2)(u)

Yh(u)
],

pro h = 0, 2, 4, 6



Kleinův model
CLFS příklad

189 pacientů (18-84 měsíců)

Figure 2. Comparison of the current leukaemia-free survival function (**), Leukaemia-free survival
function (* - *) and incorrect current leukaemia-free survival curve (- - -). The bold lines are the point

estimates and the other lines are 95 per cent pointwise con"dence intervals.

5. DISCUSSION

Using standard results on multi-state modelling we have constructed a semi-Markov model for
donor leukocyte infusions following a bone marrow transplant. This model can be applied in
a natural way to other post-transplant therapies, such as post transplant radio therapy. The
estimates we "nd are in the same spirit as cumulative incidence curves [10] which are suggested as
the appropriate technique to model competing risks after transplant. In fact P

01
(t ) is the

&treatment related mortality' cumulative incidence curve employed in analysing bone marrow
transplant studies. For this estimate we treat all deaths which occur in remission as being related
to the transplant. In our application we are not in the competing risks framework but rather are
modelling some states which are transient.

The current disease-free survival estimator is an extension of Temkin's [11] Markov model to
more than one transient state. It can be easily extended to allow for more than two remission
episodes.

The estimator was derived assuming that the rates of transitions from one state to the next
depend only on the current state and not on the duration of time spent in that state. One way to
check this assumption is to examine a proportional hazards model for the transition rates which
includes a single covariate, the time accumulated in the state. For example, we could model the
2}4 transition rate by a

24
(tD¹

2
)"a

24
(t) exp Mb (t!¹

2
)`N, where ¹

2
is the entry time into state

2 and t is measured from time 0. A test of b"0 is one test of the Markov assumption. In our
example we found that, with the exception of the transitions from state 2}'4 and 4}'6 there is
no evidence of a departure from the Markov assumption. For these two transitions the estimated

3012 J. P. KLEIN ET AL.

Copyright ( 2000 John Wiley & Sons, Ltd. Statist. Med. 2000; 19:3005}3016



Kvadratické programování a CLFS
Model

Uvažme maticový populační model s k třídami

n(t + 1) = An(t)

n(t+1)=

n1(t) · · · 0 n2(t) · · · 0 · · · nk (t) · · · 0

...
...

...
...
...

...
...

...
...

...
0 · · · n1(t) 0 · · · n2(t) · · · 0 · · · nk (t)





a11

...
ak1

...
a1k

...
akk



n(t + 1) = N(t)vecA



Kvadratické programování a CLFS
Model

Vypustíme sloupce z N(t) odpovídající nulovým parametrům ve
vektoru vecA

N(t)→ M(t)

vecA→ p

Dostáváme tak model

n(t + 1) = M(t)p

.



Kvadratické programování a CLFS
Odhad parametrů

Předpokládejme, že známe stav populace v časech 0, 1, 2, . . . ,T
n(1)
n(2)
...
n(T )

 =


M(0)
M(1)
...

M(T − 1)

 p

z =Mp



Kvadratické programování a CLFS
Odhad parametrů

Pro populaci bez náhodných vlivů by platilo

z−Mp = o

Řešíme tedy úlohu kvadratického programování

1
2
pTCp − dTp → min,

kde
C =MTM

d =MTz



Kvadratické programování a CLFS
Model s cenzorováním

Studie 20 pacientů (49-2366 dní)

Model n(t + 1) = An(t)

A =



P1 0 0 · · · 0 0 0
Q1 P2 0 · · · 0 0 0
0 Q2 P3 · · · 0 0 0
...

...
...
. . .

...
...

...
0 0 0 · · · Pk−2 0 0
R1 R2 R3 · · · Rk−2 Pk−1 0
S1 S2 S3 · · · Sk−2 0 Pk


Funkcionální omezení z matice



Kvadratické programování a CLFS
Možné stavy imatinib

ESTIMATION OF THE CURRENT DISEASE-FREE SURVIVAL FUNCTION 3

censor

exitus

treatment 1st remission 1st relapse 2nd remission 2nd relapse
last remission
or relapseQ1 Q2 Q3 Q4 Q5 Qk−1

S1 S2 S3 S4 S5 Sk

R1 R2 R3 R4 R5 Rk

P2P1 P3 P4 P5 Pk

Figure 1. Scheme of the considered course of a disease

2.2. Multi-state model. Let k be the number of states, i.e., k = 2m + 2 if none
patient relapsed after the m-th remission, and k = 2m + 3 otherwise. Suppose that
the states appearing in the considered cohort are ordered to the sequence: alive after
initial therapy and not achieving a remission, alive in the first remission, alive in
the first relapse, alive in the second remission, . . . , dead, censored, cf. Fig.1. Let us
choose a time unit short enough such that a patient can change the status at most
once during the unit time and denote Pi (i = 1, 2, . . . , k) the probability, that a patient
in the i-th state remains in it during the time unit (obviously, Pk−1 = Pk = 1), Qi,
(i = 1, 2, . . . , k− 3) the probability that a patient changes its status from the i-th one
to the i+1-th one during the unit time, Ri or Ci (i = 1, 2, . . . , k− 2) the probability,
that a patient in the i-th state dies or is censored, respectively, during the unit time.
Let ni(t) denotes the number of patients in the i-th state at the time t. Now, we can
describe the evolution of the cohort structure by the matrix model

(1)




n1(t+ 1)
n2(t+ 1)
n3(t+ 1)
n4(t+ 1)

...
nk−2(t+ 1)
nk−1(t+ 1)
nk(t+ 1)




=




P1 0 0 . . . 0 0 0 0
Q1 P2 0 . . . 0 0 0 0
0 Q2 P3 . . . 0 0 0 0
0 0 Q3 . . . 0 0 0 0
...

...
...

. . .
...

...
...

...
0 0 0 . . . Qk−3 Pk−2 0 0
R1 R2 R3 . . . Rk−3 Rk−2 Pk−1 0
C1 C2 C3 . . . Ck−3 Ck−2 0 Pk







n1(t)
n2(t)
n3(t)
...

nk−3(t)
nk−2(t)
nk−1(t)
nk(t)




;

more precisely speaking, ni(t+1) denotes an expected number of patients in the i-th
state at the time t + 1 on the condition that the numbers of patients in all of the
states at the time t were n1(t), n2(t), . . . , nk(t).



Kvadratické programování a CLFS
Vývoj bez cenzorování

Předpokládejme, že cenzorování je nezávislé na dalších
procesech (smrt, relaps, remise)

Nové pravděpodobnosti budou úměrné pravděpodobnostem v
původním modelu

pi =
Pi

Pi + Qi + Ri
, ri =

Ri

Pi + Qi + Ri
i = 1, 2, · · · , k − 2

qi =
Qi

Pi + Qi + Ri
i = 1, 2, · · · , k − 3



Kvadratické programování a CLFS
Vývoj bez cenzorování

Máme nový model n(t + 1) = Bn(t)

B =



p1 0 0 · · · 0 0
q1 p2 0 · · · 0 0
0 q2 p3 · · · 0 0
...
...
...
. . .

...
...

0 0 0 · · · pk−2 0
r1 r2 r3 · · · rk−2 1


CLFS pak určíme takto

CLFS(t) =
1
N
(n2(t) + n4(t) + · · ·+ n2[(k−2)/2](t))



Kvadratické programování a CLFS
CLFS
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Kvadratické programování a CLFS
CLFS
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Kvadratické programování a CLFS
Složky
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Kvadratické programování a CLFS
Odhad konfindenčního intervalu
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