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Evaluation of screening for nasopharyngeal carcinoma:
trial design using Markov chain models

HH Chen1, TC Prevost 2 and SW Duffy 2

1Graduate Institute of Epidemiology, College of Public Health, Taiwan University, 19 Su-Chou Rd., Taipei, Taiwan; 2MRC Biostatistics Unit, Institute of Public
Health, University Forvie Site, Robinson Way, Cambridge CB2 2SR, UK

Summar y In this paper, we develop a Markov chain model to estimate parameters pertaining to the natural history of nasopharyngeal
carcinoma (NPC). The model is of progression from no disease to Epstein–Barr virus (EBV) infection, preclinical screen-detectable tumour
and clinical tumour. We derive tentative estimates of the parameters of the model, based on limited published data, to assess the efficacy of
serum screening in conjunction with clinical assessment (indirect mirror examination for NPC), for example the average duration of the
preclinical screen-detectable phase is estimated as 3.1 years. We further apply these parameters to a hypothetical screening trial in the Hong
Kong population to assess the efficacy of serum screening with clinical assessment by different combinations of screening regime. Results
suggest: (1) there is no substantial difference between 3-yearly and 6-yearly serum screening; and (2) within the same serum screening
regime annual and 3-yearly clinical assessment can prevent 33% and 28% of deaths from NPC respectively. Prediction of deaths and
surrogate end points can be used to estimate the required sample size and duration for designing a randomized trial of screening for NPC.
Based on these findings and power projections, we suggest a design for a randomized trial in a high incidence area such as Hong Kong.
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High age-standardized incidence rates of nasopharyngeal 
noma (NPC), of the order of 15–30 per 100 000, have bee
reported for several populations including southern China, H
Kong, Taiwan, Singapore, and Eskimos in Alaska, Canada
Greenland (Lanier et al, 1980; Zeng et al, 1985; Muir et al, 1
Chen et al, 1988; Lee et al, 1988; Sasco, 1991). In these 
NPC is a major cause of cancer death. Since research has 
that 5-year survival for stage I is 80% compared to only 15%
stage IV (Sham and Choy, 1990), it could be of considerab
benefit if tumours were detected at an early stage via a scre
regime. However, the ability of screening to identify cases in 
sub-clinical period is dependent on the evolution of the tum
from biological onset to the manifestation of clinical symptom

Epidemiological studies have demonstrated that Epstein–
virus (EBV) is an important aetiological factor for NPC (He
and Henle, 1985). Serological surveys have found that NP
highly associated with raised titres for a series of EBV antibo
high titres of immunoglobulin A (IgA) antibodies to the vi
capsid antigen (VCA) and early antigen (EA) of the vir
Previous research has shown that these serological marke
antecedent to the biological onset of tumour cells (Ho, 1
Henle and Henle, 1985). Using the serological markers, s
screening regimes have been launched to identify these hig
groups so as to detect more cases at an early stage of the d
Table 1 shows the comparison of the stage distribution bet
screened (for IgA antibodies) and non-screened populations,
 is
ween
phase

1894

Received
Revised 7 August 1998
Accepted 24 August 1998

Correspondence to: SW Duffy, MRC Biostatistics Unit, Institute of Public
Health, University Forvie Site, Robinson Way, Cambridge, CB2 2SR, UK
ci-

g
d
;

as,
wn
r

ing

r

rr

is
s,

are
;
e

isk
ase.
en
m

the published literature (Zeng et al, 1979, 1980; Zeng, 1985; Z
et al, 1992). The proportion of stage I and II tumours in 
screened group is higher (68.7%) than in the non-screened (
group. In view of the above, a reasonable screening regime m
be to test a population relatively infrequently for the IgA markr.
Those testing positively might then be subject to clinical exam
tion, for example indirect mirror examination, at more frequ
intervals and advised to consult a doctor after nose-blee
episodes. It should be noted that although indirect mirror exam
tion is a specialist technique, it may be a reasonable us
resources in this context, in that it is only used on the minorit
subjects who test positive on the serological marker.

Although the screening programmes referred to above 
indicated that screening can reduce the proportion of adva
stage NPC, the natural history of NPC has not yet been fully in
tigated. Suppose the disease develops by the following proce

1. All individuals begin free of disease.
2. Some individuals enter a specific EBV reactivation state,

manifested by the IgA antibody response to the VCA, puttin
these individuals at very high risk of developing NPC.

3. Some of the IgA-positive individuals then enter the preclinic
but screen-detectable phase (PCDP) of NPC, i.e. to NPC
which is asymptomatic but detectable by indirect mirror
examination or endoscopy.

4. The individuals with preclinical NPC then advance at an
unknown rate to the symptomatic clinical phase.

5. A proportion of the clinical cases finally succumb to death
from NPC.

The duration from EBV infection to onset of preclinical NPC
hereafter defined as the incubation period, and the period bet
entry to the screen-detectable phase and entry to the clinical 
is referred to as the sojourn time. For brevity, we shall refer to the
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Table 1 The comparison of the stage distribution between screen-detected
and clinically detected based on published data on NPC screening during
1979–1992

Stage I Stage II Stage III Stage IV

Screen-detected 43.2% 25.5% 24.1% 7.2%
Clinically detected 8.4% 16.6% 46.8% 28.1%
EBV reactivation state simply as EBV infection (although stri
speaking considerably more subjects are EBV infected than 
with the relevant antibody response). It is important for evalua
of the efficacy of screening to estimate the rates of trans
between the above five states. As the tumour is occult befo
clinical phase, empirical data give at best incomplete inform
on the natural history from EBV infection, biological onset
tumour cells and surfacing to the clinical phase.

In addition, as few studies have reported mortality as
primary end point and no randomized trials of screening have
performed, the efficacy of NPC screening still requires def
confirmation. In 1987, the World Health Organization (WH
called for a population-based randomized trial to evaluate the
cacy of NPC screening based on mortality from the disease
has not yet been undertaken. The greatest difficulties in evalu
the efficacy of NPC screening from mortality data are that a 
follow-up period or large sample size are required to achieve 
cient statistical power. Current knowledge does not immedi
suggest an appropriate length of follow-up or sample size. It w
be inadvisable to initiate another NPC screening regime wi
prior information on the likely mortality as well as a pre-de
mined sample size based on empirical data and a realistic m
Quantifying the optimum interval between serum screenin
between clinical examinations are other difficult design issu
be resolved; determination of the intervals is dependent o
length of the incubation period of EBV infection and on 
preclinical screen-detectable period of NPC.

An important strategy in reducing the duration of follow
required is the use of surrogate end points. It is conceivabl
staging of NPC based on the TNM system is a good surroga
point for deaths from NPC. It is relatively straightforward to e
mate predicted deaths based on stage, using previously ob
empirical survival data. Even if the surrogate measures are 
be used for the main analyses, they can be used as an aid to 

In practice we often do not know the exact time of enteri
given phase. If a subject tests seropositive for EBV at a given
we only know that the subject entered the EBV infection pha
some time before then. A multi-state Markov chain model ma
used to model the natural history of NPC in terms of the five s
listed above (and described more fully under Materials 
Methods). A Markov chain is a process in time which can ta
number of states (in the current example, no disease, EBV 
tion but no NPC, preclinical NPC, clinical NPC) and individu
move from state to state at random points in time but with rat
transition that are estimable from empirical data (Chen e
1997). The major assumption is that if an individual is known t
in a given state, for example preclinical NPC, at time t, knowle
of that individual’s history before time t does not add to our pre
tion of what will happen to that individual thereafter. The adv
tage of using a Markov chain model is the ability to estimate
rate of EBV infection and onset of preclinical cancer even if
exact times to such events are not known.
© Cancer Research Campaign 1999
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The aims of this study are to:

1. derive rough estimates of the rate of EBV infection – transi
rates from EBV infection to preclinical cancer (the incubatio
period) – and from the screen-detectable phase to the clini
phase, based on a multi-state Markov chain model;

2. compare the estimated stage distribution of NPC by differe
screening frequencies (including an unscreened group) ba
on (1);

3. predict mortality based on (2) and on published survival ra
by stage;

4. calculate the required sample size or duration of follow-up
using either NPC mortality or a surrogate for mortality in a
hypothetical randomized trial of NPC screening.

The above strategy illustrates the use of the models
published data, not to obtain definitive answers to questions o
efficacy of screening, but to derive approximate prior estimate
assist in the design of future studies to obtain such answers.

MATERIALS AND METHODS

Definition of the Markov chain model

In order to depict the natural history of NPC a four-state Mar
model is proposed including No disease (0), EBV infection 
preclinical screen-detectable phase (2) and clinical phase (3
assume that this model is progressive, i.e. no regression from
infection to no EBV infection is possible, with a similar assum
tion for more serious states. There are three parameters in
model, λ1, λ2, λ3, representing the rate of EBV infection, the tra
sition rate from EBV infection to the PCDP and the transition 
from the PCDP to the clinical phase respectively. This is expre
as the following transition matrix:

No EBV PCDP Clinical
disease infection NPC NPC

No disease

[
–λ1 λ1 0 0

]EBV infection 0 –λ2 λ2 0
PCDP NPC 0 0 –λ3 λ3

Clinical NPC 0 0 0 0
(1)

Based on (1), the transition probabilities for building up 
likelihood function can be derived, as shown in Appendix 1.

Data for the development of likelihood function

Table 2 shows different transition histories and numbers
transitions of each type for the studies outlined in Table 1. 
application of the transition probabilities in Appendix 1 to 
corresponding transitions in Table 2 enables us to develop the
lihood function for each study to estimate the three parame
For example, Zeng et al (1985) found 1118 EBV infections am
20 276 attendants and 18 asymptomatic NPC cases by further
rect mirror examination. The corresponding transition proba
ties for no disease, EBV infection and asymptomatic NPC du
time t, say period to age at first screen, are denoted p00(t), p01(t),
and p02(t). The likelihood function based on this can be written 

L(.) = [p00(t)]
19590× [p01(t)]

1118 × [p02(t)]
18 (2)
British Journal of Cancer (1999) 79(11/12), 1894–1900
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Table 2 Numbers of possible types of transition for NPC based on Markov model (1) by studies from 1980 to 1992

Types of transition

No disease No disease No disease No disease
Studies → No disease → EBV infection → Preclinical NPC → Clinical NPC

(0 → 0) (0 → 1) (0 → 2) (0 → 3)

Zeng et al (1985) 19 590 1118 18 –
Zeng (1985) 15 173 144 7 –
Zong et al (1992) (a) Screened:

39 225 2792 31 –
(b) Control:

397 000 – – 140
Zeng et al (1979, 1980) 144 496 405 55 –

Table 3 Estimated parameters for NPC based on Markov model (1)

λ1: λ2: λ3:
No disease EBV infection Preclinical NPC

→ EBV infection → Preclinical NPC → Clinical NPC
Studies (0 → 1) (1 → 2) (2 → 3)

Zeng et al (1985) 0.0009394 0.0005288 –
Zeng (1985) 0.00018 0.00173 –
Zong et al (1992) 0.00117 0.0051 0.3258
Zeng et al
(1979, 1980) 0.00043 0.0005697 –
Weighted average 0.00075 0.002819 0.3258
The likelihood function for other studies may be developed
similar way. It should be noted that, although the transition 
the PCDP to clinical NPC is not directly observed, the informa
on transitions from no disease to clinical NPC from Zong e
(1992) allows us to estimate this parameter, λ3.

The method used for estimation of the parameters was a 
likelihood approach equating the observed numbers of trans
with the expected, using a non-linear regression model. Deta
this method are given by Duffy et al (1995) and Chen et al (1
Since the data used in this study were from published accou
various studies, we estimated the transition parameters for
study separately, then calculated weighted averages ov
studies, weighting for each study by the numbers of particip
The pooled estimates were then used to predict cases and 
from NPC.

The transition probabilities from equation (2) were used
calculate predicted EBV-positive and NPC cases detecte
screen (screen-detected) or diagnosed between screens (i
cancers) for various screening regimes.

RESULTS

Parameter estimation

Table 3 shows estimated results for three parameters, λ1 (no
disease to EBV infection), λ2 (EBV infection to PCDP) and λ3

(PCDP to clinical phase), for each study. The estimated weig
average instantaneous transition rates were 0.00075, 0.0028
0.32583 for λ1, λ2 and λ3 respectively. Since only one study 
Table 2 provided data on symptomatic NPC, the estimate ofλ3 is
based on this study only (Zong et al, 1992).

The parameter estimates in Table 3 indicate an annual r
EBV infection of just under 1 per 1000, and an annual rat
progression to preclinical NPC in EBV-positive subjects of aro
3 per 1000. The inverse of λ3 in Table 3 estimated the me
sojourn time (the average time period spent in the precli
phase) as approximately 3.1 years.

Application: prediction of NPC cases and deaths based
on the incidence rate in Hong Kong

We have estimated the parameters for transition from no dise
EBV infection, from EBV infection to the PCDP and from 
PCDP to the clinical phase. We apply these estimates to cal
British Journal of Cancer (1999) 79(11/12), 1984–1900
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the predicted number of EBV infections, preclinical NPC c
detected by screening PCDP and clinical NPC cases for a 
thetically screened population from Hong Kong.

Since the EBV infection rate obtained from the present s
was not based on the Hong Kong population, the underlying
infection rate is adjusted to yield NPC rates that are represen
of the Hong Kong population. Since no studies have so
reported the exact underlying EBV infection rate for Hong K
we used an indirect method to adapt the underlying rate. We
calculate an age-specific cumulative incidence rate based o
present parameters, and adjusted λ1 to give the correspondin
cumulative incidence rate for Hong Kong calculated using 
from Cancer Incidence in Five Continents (Muir et al, 1987)
use the male population, which has a particularly high inciden
NPC. The prevalence of EBV infection was estimated as 17.2
in Hong Kong males. The estimated incidence rate of NPC i
age group 40–69 was 74.4 per 100 000, which is consisten
the figure of 76.6 per 100 000 from Cancer Incidence in 
Continents.

We present predicted results for four screening regimes
hypothetical population of 100 000 Hong Kong Chinese m
The four regimes are:

1. Three-yearly IgA/VCA plus annual indirect mirror
examination.

2. Three-yearly IgA/VCA plus 3-yearly indirect mirror
examination.

3. Six-yearly IgA/VCA plus annual indirect mirror examinatio
4. Six-yearly IgA/VCA plus 3-yearly indirect mirror

examination.
© Cancer Research Campaign 1999
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Table 4 Predicted numbers of IgA positive cases and nasopharyngeal
carcinoma in males by annual and 3-yearly NPC screening regimes in
conjunction with 3-yearly and 6-yearly IgA screening programmes based on
the Hong Kong incidence rate with n = 100 000, and assuming 100%
sensitivity for IgA screening

Three-year IgA Six-year IgA
screening screening

Clinical assessment Clinical assessment

Diagnostic group One-year Three-year One-year Three-year

Total serum IgA (+) 19020.9 19020.9 19013.1 19013.1
Total screen-detected 400.5 336.6 397.1 334.9
NPC
Interval cancers after 2.0 2.0 6.5 6.5
negative Serum IgA
Interval cancers after 43.5 107.4 42.3 104.6
negative clinical assessment
Total interval cancers 45.5 109.4 48.9 111.2
Total NPC cases 446 446 446 446
Table 4 shows the predicted EBV-positive and NPC case
the four screening regimes. The proportion of interval NPC c
expected for screening regimes (1) three-yearly IgA/VCA 
annual indirect mirror examination, and (2) three-yearly IgA/V
plus three-yearly indirect mirror examination, were 0.1 and 
respectively. This yielded 59% [0.25–0.1]/0.25) for the preve
fraction of interval NPC cases due to changing from 3-yearly
yearly indirect mirror examination under 3-yearly IgA/VCA. 
the difference between 3-yearly and 6-yearly IgA/VCA was
substantial, a similar prevented fraction was observed
screening regime (3) and (4), which was based on 6-y
screening for IgA/VCA.

From the results in Table 4, we use the proportions in Tabl
screen-detected and clinically detected tumours by stage to p
the incidence by stage. Stage-specific 5-year survival is giv
published literature (Sham and Choy, 1990; Sasco, 1991) as
69%, 42% and 15% for stages I to stage IV respectively. T
were then applied to the stage distributions to give expected 5
deaths from NPC by screening regime. Results are shown in
5 for 3-yearly and 6-yearly serological testing.
© Cancer Research Campaign 1999

Table 5 Stage distribution and predicted 5-year deaths from NPC for indirect mirr
6-yearly serum IgA testing, and for no screening at all

Serum IgA testing Indirect mirror
frequency examination Outcome I

3-yearly 3-yearly Cancers 1
Deaths

1-yearly Cancers 1
Deaths

No screening Cancers
Deaths

6-yearly 3-yearly Cancers 1
Deaths

1-yearly Cancers 1
Deaths

No screening Cancers
Deaths
r
s
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With 3-yearly serum screening, one would expect an
indirect mirror examination to reduce 5-year mortality by 33
and 3-yearly indirect mirror examination to lead to a 28% red
tion. With 6-year serum screening, the results are almost ex
the same. Thus, the frequency of indirect mirror examinat
between serum screens has a greater bearing on the ex
mortality than the frequency of serum testing.

DISCUSSION

In this study, we have estimated 33% and 28% reduction
mortality from NPC attributed to intensive indirect mirror exam
nation of IgA/VCA-positive subjects for annual vs no screen
and 3-yearly vs no screening, by applying a Markov chain m
to the published results for NPC mass screening to estimat
relevant parameters. The difference in the proportion of scr
detected and clinically detected cancers between 3-yearly a
yearly IgA/VCA screening was not substantial. This suggests
6-yearly serological marker screening plus annual indirect m
examination can reduce the mortality from NPC by approxima
30%. From the cost-effectiveness viewpoint, it might be arg
that 6-yearly IgA/VCA for NPC, in combination with 3-year
indirect mirror examination, might be sufficient.

While these results cannot be regarded as strong evidenc
mortality benefit, they give a useful estimate of the size of lik
benefit and indicate the regime of choice if a genuine trial w
proposed. While the published literature does not give da
sufficient detail to assess the fit of our models, the results su
reasonable design strategies for a population-based trial of 
screening. Such a trial, however, in addition to the prim
purpose of evaluating the effect of the screening, would 
provide diagnostics for the models.

To simplify the calculations, we estimated the distribution of s
from previously published stage distributions, rather than dire
estimating transition rates between stages. It could be argued th
can use a six-state Markov chain model to estimate these param
as used by Chen et al (1997) for modelling breast cancer progre
The major resource available for such estimation is the stage
from prevalence screening in the published literature, as show
Table 6. The detailed algebra and calculations to estimate progr
rates from these data are given in Appendix 2.
British Journal of Cancer (1999) 79(11/12), 1894–1900

or examination frequencies of 1 year and 3 years, under 3-yearly and

Stage

II III IV Total

55 104 132 55 446
31 32 77 47 187
77 110 118 41 446
35 34 68 35 172
38 74 209 125 446
8 23 121 106 258

54 104 133 55 446
31 32 77 47 187
76 109 119 42 446
35 34 69 36 174
38 74 209 125 446
8 23 121 106 258
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Table 6 Numbers of possible types of stage transition for NPC based on Markov model (2) by studies from 1980 to 1992

Types of transition

No disease No disease No disease No disease
→ → → →

Studies no disease Stage I Stage II Stage III+
(0 → 0) (0 → 1) (0 → 2) (0 → 3)

Zeng et al (1979, 1980) 147 974 12 19 23
Zeng et al (1985) 20 708 10 6 2
Zong et al (1992) 42 007 28 5 8

Table 7 Stage distribution and calculation of variance components for mortality and surrogate endpoint by different screening regime

1-year 3-yearly No clinical 5-year
Stage clinical assessment clinical assessment assessment death rate

(qi1) (qi3) (qi0) (Pi)

I 0.3964 0.3466 0.0843 0.20
II 0.2462 0.3333 0.1664 0.31
II 0.3964 0.2964 0.4683 0.58
IV 0.0933 0.1231 0.2810 0.85

1/ΣPq 2.57 2.38 1.73

ΣP2q/(ΣPq)2 1.30 1.28 1.14
Using the methods in Appendix 2, the transition rates from s
I to stage II and from stage II to stage III+ within the PCDP w
estimated as 0.06055 and 0.05054. Transition rates from pr
ical stage I to clinical stage I, and preclinical stage II+ to clin
stage II+, were estimated as 0.011445 and 1.72 respectively. 
on these parameters, we calculated the expected proport
stage I cancers by different detection modes. Detailed calcula
are given in Appendix 3. For the prevalent screen, we estim
that approximately 45% of cases would be stage I tumours. T
very close to the figure for screen-detected cases in Table 1 
on the published literature. For cases after negative IgA scree
a 6-year regime of IgA screening gave 16% stage I clinical c
during 6 years. This is consistent with the figure for clinic
detected cases in Table 1. For incident screens, annual a
yearly screening regimes of clinical assessment yielded 98%
94% of screen-detected cases being in stage I. For interval ca
the estimated proportions of stage I tumours for annual an
yearly clinical assessment were 37% and 23% respectively.

The predicted mortality estimated in this study can be appli
calculate power for a randomized trial that might be launche
the future. The use of surrogate end points for deaths from 
such as stage distribution, could also be considered. We calc
the required sample size for surrogate end points based on D
Duffy’s method (1996) which was used in their paper to calcu
sample size for different frequencies of breast cancer scree
The formulae for the power calculations for both a mortality 
point and a surrogate end point are shown in Appendix 4.

To calculate power for a possible trial in Hong Kong, we use
estimates of 33% and 28% reduction in mortality from NPC a
uted to screening for annual and 3-yearly regimes as compared
screening. These come from the pragmatic estimates using the
distributions from the literature and the simple four-state mod
equation (1), in view of the fact that these are largely in agree
with estimates from the more sophisticated and complex mod
British Journal of Cancer (1999) 79(11/12), 1984–1900
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Appendices 2 and 3. We assume two serum IgA tests 6 years
with annual or 3-yearly clinical assessment of those screened
positive, i.e. a 6-year screening phase of the trial, with seven or
rounds of clinical assessment. Suppose each arm has 50 000 s
with 76.6 per 100 000 incidence rate, that of Hong Kong males
40–69. Assume an average of 5 years follow-up for survival o
NPC cases. The variances for mortality and surrogate end po
annual screening versus no screening were calculated as 0.01
0.0083, respectively, according to Table 7 and expression (A-5
(A-6) in Appendix 4. With 50 000 subjects on each arm 
two-sided significance testing at 5% level, a trial based on a
mortality would have 82% power for a comparison of ann
clinical examination with no screening, and 69% power fo
comparison of 3-yearly clinical examination with no screening.
corresponding power estimates using the surrogate end po
predicted deaths from stage would be 99% and 89%.

Since there is, as yet, no randomized trial evidence on the 
of screening for NPC, it is arguably necessary for a future tri
be based on actual mortality. For such a trial to have high s
tivity, very large sample sizes are needed. With annual cli
examination, a 5% significance level and two-sided testing, 61
persons per arm will be required for 90% power. With 3-ye
clinical examination, 87 000 per arm would be needed.

In conclusion, a Markov chain model was developed, base
limited published data, to estimate relevant parameters to p
the mortality reduction to be expected by screening for NPC.
application of these parameters to a population with a relat
high incidence rate yields support for the efficacy of 6-yearly s
logic screening followed by more frequent clinical assessm
(indirect mirror examination) of those who are seroposit
Annual and 3-yearly indirect examination might be expecte
reduce the number of deaths from NPC by 33% and 2
Prediction of deaths from these models can aid design of a 
randomized trial in a high incidence area such as Hong Kong
© Cancer Research Campaign 1999
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Appendix 1

The formulae for transition probabilities for expression (2) in 
are:
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Appendix 2

The transition matrix for a stage model would be:

Estimation of parameter γ4 and γ5 in text was performed by firs
estimating the transition rates for progression in the more com
model involving preclinical disease at stages I, II and III+. 
therefore estimated the following transition rates:

µ1: Preclinical stage I to preclinical stage II
µ2: Preclinical stage II to preclinical stage III+
v1: Preclinical stage I to clinical stage I
v2: Preclinical stage II to clinical stage II
v3: Preclinical stage III+ to clinical stage III+.

Using the methods of Chen et al (1997) and the data in Tab
µ1 and µ2 were estimated as 0.06055 and 0.05054. In conjunc
with sojourn time and the proportion of clinical stage 1 tumoursv1

was back-calculated by the following:

No EBV
Preclinical Clinical

disease Infection Stage I Stage II+ Stage I Stage II+

No disease –γ1 γ1 0 0 0 0

EBV 0 –γ2 γ2 0 0 0
infection

Preclinical
Stage I 0 0 –(γ3 + γ4) γ3 γ4 0
Stage II+ 0 0 0 –γ5 0 γ5

Clinical
Stage I 0 0 0 0 0 0
Stage II+ 0 0 0 0 0 0

[ ]
(A-1)

(A-2)
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Substitution of µ1 = 0.06055 and λ3 = 0.32583 (Table 3) an
t = 3.1 years give v1 as 0.011445.

Similarly, the estimate of v2 was back-calculated by th
following expression:

Substitution as for (A-2) and µ2 = 0.0504 gives v2 as 0.31291.

As the proportion of stage II+ cancers among clinical cases is
the mean duration from preclinical to clinical stage II+, i.e. 1v3,
must be very short, and can be regarded as approximately z
years. Instead of using stage II and stage III+, we calculat
expected time spent in preclinical stage II+ before moving to
clinical phase as the weighted average of the times to cl
disease from preclinical stage II and III+ to clinical stage II 
III+, according to the proportion of clinical tumours in stage II 
III+ from Table 1. We then invert the expected length of tim
preclinical stage II+ to give the transition rate to clinical diseas

(1/v2 (16.64/91.57)+0(74.93/91.57))–1 = 1.72

Appendix 3

Estimation of the proportion of stage I tumours by detection m
is as follows:

(1) Prevalent screen
Given the parameters in Appendix 2, the proportion of sta
tumours at the prevalent screen for a population 50 years of a
average was calculated according to the following expression

This yields 45.10% stage I among prevalent NPC cancers.

(A-3)

(A-4)

E (p2 = clinical stage 2) =
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(2) Incident screen
A similar calculation was performed to estimate the proportion
stage I cancers for incident screens by substituting scree
interval for age.

(3) Interval cancers
The expression for the proportion of stage 1 cases among int
cancers is:

Appendix 4

Power calculations can be performed as follows.
For annual screening versus no screening, for example, sup

screening was annually applied to a hypothetical population 
an incidence rate of NPC of 76.6 per 100 000 for 6 ye
According to Day and Duffy’s method (1996), the variance for 
mortality end point is:

and for the surrogate endpoint, the variance is

where Pi is the probability of death from NPC for an individual 
category i of the surrogate end point (stage in our case); qi1 and qi0

are the probability of being in category i in each arm j, j = 0 
screening) and 1 (annual screening); and N is the numbe
individuals on each arm of the trial.

Suppose the estimated reduction in mortality from NPC w
estimated as T1/T0, where T1 = ΣPiqi1 and T2=ΣPiqqi0. Power,
denoted by 1-β, for a test at significance level α (two-sided), can
be calculated as:

1-β = ϕ (–Z-log(T1/T0)/S)

where Z is the upper (1–0.5α) point of the standard normal distrib
ution, ϕ is the standard normal distribution function and S is 
square root of Vobs or Vpred, depending on whether observe
mortality or that predicted from the surrogate is to be used in
analysis.

(A-5)

(A-6)
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