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A B S T R A C T

A high proportion of cancer registrations solely based on a death certificate (DCOs) indi-

cates poor data quality and biases cancer survival estimates. Intensive trace-back of regis-

trations initiated after death (DCIs) can reduce the proportion of DCOs to an acceptable

level and also improve data quality in other areas (such as increasing the information on

disease extent, morphology and treatment) but is expensive in staff time. Our approach

– based on a proportional hazards model for DCOs relative to all other cases – can be used

to predict what the likely effect of the trace-back will be on survival and to justify the extra

work involved. It can also be used to correct results from other sources (including historical

data) especially when these sources contain high percentages of DCOs. Of course, the abil-

ity to make this correction is no excuse for omitting trace-back of DCI cases when resources

permit. With our model the true survival tends ultimately to (1 – p) * S where p is the pro-

portion of DCOs and S is the observed survival, which is a simple correction noted by oth-

ers. The worse the assumed survival of DCOs is relative to all other cases, the earlier is the

time for the maximum difference between observed and true survival. Correction to the

later part of survival curves is easy and an example is shown using EUROCARE data. This

paper shows why the simple method works and suggests that researchers should always

think about adjusting their survival estimates with regard to the percentage of DCOs. This

paper also shows when the simple correction can (on 5-year survival estimates) and cannot

(on 1-year survival estimates, generally) be used to adjust survival figures when compari-

sons are made across regions or countries with differing percentages of DCOs. We also

present examples of some hazard ratios found in practice.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Cancer Registries across the United Kingdom (UK) are meant

to record the details of all patients diagnosed with cancer in

their respective areas. Most cancer registrations are made
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er Registry, 5 Old Fulwoo
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by the cancer Registry while the patient is still alive (Regis-

tered In Life, or RIL, cases) but some registrations are only ini-

tiated after the patient has died – these are termed Death

Certificate Initiated registrations (DCIs). Theoretically, most

of these can later be followed-back through GP or hospital
.
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records to obtain the correct original date of diagnosis (fol-

lowed-back DCIs), and other information about the cancer pa-

tients, their tumour and their treatment. True death

certificate only registrations (DCOs) occur either when hospi-

tal or GP records contain no supporting evidence for cancer,

or when no GP or hospital records can be linked to the case

at all. However, in many Cancer Registries, the ‘reported’ per-

centage of DCOs includes both ‘true’ DCOs and DCIs for which

attempts to follow-back have not (yet) been made, or have not

yet been completed.

Since the only evidence that the patient had cancer for a

reported DCO case is on the death certificate, the date of diag-

nosis has to be taken to be the same as the date of death and

survival time is therefore zero. These cases are excluded from

survival analyses, hence overestimating the true survival,

assuming that the unknown survival would be worse on aver-

age than cases with a known diagnosis date.

Previously, a DCO percentage of 15% has been called

‘large’1 and worldwide DCO rates of 25% or over are common

for a range of sites.2 Even within the territory covered by a

single Registry some centres may perform less well. For in-

stance as on 1st February 2005, in Trent the reported percent-

age of DCOs for 2003 ranged from 2.6% to 27.7% across the old

Health Authority areas, although subsequent follow-back ef-

forts did reduce the range for 2003 to 1.0–7.5% as on 3rd March

2007.

The target for DCO percentage for UK Registries is now 2%,

a level actually achieved or bettered by some European and

UK Registries, although not all. The impact of DCO registra-

tions has recently been explored by Robinson and colleagues,3

including the effect of ‘lost’ cases that never come to the

attention of the Registry (a topic we do not address). Their pa-

per adjusted for DCOs by assuming a single survival time for

such cases whereas our method makes the possibly more

realistic assumption of a single hazard ratio, thus allowing

DCOs to have a distribution of survival times.

It is, however, helpful to be able to make a rapid assess-

ment of the bias in survival estimates caused by DCOs, and

whether there needs to be a correction applied when making

comparisons across Registries with very different % DCO val-

ues. In the EUROCARE I report, Berrino and colleagues4 exam-

ined the bias induced by DCOs by comparing survival

estimates before and after an intensive trace-back exercise.

They observed that the percentage reduction in estimated

survival resulting from the inclusion of DCO cases was gener-

ally of the same order as the proportion of such cases in the

series under study; and as such that this could be used as a

quick estimate of the likely true survival. The present paper

demonstrates why this should be so, indicates when this sim-

ple approximation is likely to be reasonable to apply, and al-

lows appropriate correction to be made when comparisons

are being made.
Hazard ratio

Fig. 1 – This shows that as the true prognosis for DCOs

worsens (measured by increasing hazard ratio), the maxi-

mum bias occurs at higher values of observed survival S(t)

and hence earlier survival times. For values of R above 2, the

maximum bias always occurs earlier than the median

survival time.
2. Methods

The basic idea is to regard the true survival of all cases as

being a mixture of the survival of observed cases (i.e. the pool

of RIL and followed-back DCI cases generally used by Regis-

tries to report survival estimates) and the necessarily unob-
servable survival of the DCOs. Secondly, we assume that

this unobservable survival of DCOs can be described relative

to observed cases by a proportional hazards model with haz-

ard ratio R. With these assumptions the true survival at time t

after diagnosis is then given by:

STRUEðtÞ ¼ ð1� pÞSOBSERVEDðtÞ þ pSR
OBSERVED ð1Þ

where p is the ‘reported’ proportion of DCOs (i.e. ‘true’ DCOs

plus DCIs for which no follow-back has been attempted/

completed).

If the hazard ratio R can be estimated then the observed

survival can be corrected using this formula to give an esti-

mate of the true survival. The problem of course is how to

estimate R. We describe how this can be done in Appendix A.

We refer to Eq. (1) as the ‘exact’ correction, for reasons that

will become apparent.

It can be shown that there is an upper bound for the differ-

ence between the true survival and the observed survival,

provided we have an estimate for the hazard ratio. Also, in

the long term (i.e. as follow-up increases), and especially for

small p, or R much greater than 1, Eq. (1) simplifies to:

STRUEðtÞ � ð1� pÞSOBSERVEDðtÞ ð2Þ

We refer to Eq. (2) as the ‘approximate’ correction, and is most

useful when only a point estimate of the observed survival is

available.

If we make an additional reasonable assumption that the

true survival of DCOs is worse on average than that of cases

in general (so that R is greater than 1) then the greater the va-

lue of R is, the earlier in the survival curve the maximum bias

will be, and in fact for all hazard ratios above 2 the maximum

bias occurs progressively earlier than the median observed

survival time. Fig. 1 illustrates how the value of the observed

survival at the point of maximum difference (or bias) in-

creases with the hazard ratio5 for DCOs (corresponding to

smaller values of t). Furthermore it turns out that even if

DCOs have only a marginally worse prognosis than observed

cases (i.e. with R being only slightly greater than 1) once ob-

served survival has fallen below 36.7% the true and observed

survival curves must converge, Fig. 2. Finally, these



Fig. 2 – For a DCO: Observed hazard ratio (R) of 4, and 25%

DCOs the maximum absolute difference (observed minus

true) in the figure above is 11 percentage points at about 7 1
2

months, but assuming proportional hazards, for any hazard

ratio the maximum possible difference cannot be more than

25 percentage points.
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approaches assume that the percentage of DCOs, the inci-

dence of and survival from cancer are in a steady state, and

that the survival of DCOs is not better than that of RIL cases.

3. Application

We need to know roughly how big the hazard ratio R is likely

to be in practice. This ultimately depends on the existence of

intensive trace-back exercises to give estimates of true sur-

vival. This was possible at Trent Cancer Registry following

implementation of new procedures and intensive effort to im-

prove trace-back. Hazard ratios were estimated from full sur-

vival data for individual colorectal, breast and lung cancer

patients diagnosed in 2000 in the old Trent Region. Further de-

tails are given in Appendix B. If a trace-back exercise only re-

ports point estimates of true and observed survival, as in

Berrino and colleagues,4 it is still possible to rearrange Eq.

(1) to obtain an estimate of the hazard ratio, see Appendix A

Eq. (A7).
Table 1 – Comparison of active follow-back and correction form

Proportion of DCOs (=p)

% 5-year Survival excluding DCO (=S)

Adjusted % survival figure in EUROCARE I after follow-back

Result of approximate correction = (1 ) p) * S applied to EUROCARE I (%)

Hazard ratio R derived from point estimate of 5-year survival in EUROCA

% Survival when bias is maximal (using R)

Hazard ratio (R) estimate from TCRa full survival data (year 2000 cases)

Items in bold obtained from Table 1.2 of EUROCARE I.4

a TCR = Trent Cancer Registry.
4. Results

Table 1 shows the results of the approximate correction for-

mula of Eq. (2) applied to the point estimate data presented

in the EUROCARE I study (which gives 5-year survival esti-

mates before and after an intensive active follow-back). In

addition, Table 1 displays the hazard ratios for the followed-

back DCIs relative to all observed cases, estimated using Eq.

(A7) given given in Appendix A, as applied to the point esti-

mates in the EUROCARE I data; the corresponding values for

the proportion of survivors at which the difference between

observed and true survival is at a maximum; and also the

hazard ratios obtained by Cox regression using Trent Cancer

Registry data on year 2000 cases (i.e. after the intensive

trace-back).

The estimates of the hazard ratios for three most common

tumour sites were very similar despite being obtained for dif-

ferent countries and by different methods. These hazard ra-

tios were about 4 for lung cancer (with poor prognosis),

about 6.5 for colorectal cancer (with intermediate prognosis)

and about 13.5 for breast (with good prognosis).

5. Discussion

We have shown that a simple proportional hazards model for

the survival of DCO cases relative to all RIL cases allows the

time at which the biasing effect of DCO registrations on sur-

vival is maximised to be estimated. Also, the observation of

Berrino and colleagues4 is simply a consequence of the model

as follow-up increases with time, as in Eq. (2). This happens to

coincide with the naı̈ve estimate which would result from

assuming (incorrectly) that DCOs are a random sample of

all cases, but the present analysis shows how this naı̈ve cor-

rection only applies in the long term, after the cases destined

to become DCOs have died out.

We suggest as a rule of thumb that Eq. (2) should be ap-

plied after the time of median survival, on the assumption

that a value of R less than 2 is a priori unlikely. The approxi-

mate correction results in point estimates of 5-year survival

very close to those obtained by the intensive follow-back of

EUROCARE I, and this is attributable to the fact that the cor-

rection is applied after a ‘reasonable’ lapse of time from diag-

nosis, which need not be very long. For R = 6, as seen for

colorectal cancer in Table 1, using Eq. (A6) of Appendix A
ula.

Lung Breast Colorectal

0.255 0.118 0.22

6.4 60.1 33.3

4.8 54.1 26.6

4.77 53.01 25.97

RE I, using Eq. (A7) – Appendix A 3.42 13.07 5.99

60.2 80.8 69.9

4.36 14.25 6.50



E U R O P E A N J O U R N A L O F C A N C E R 4 5 ( 2 0 0 9 ) 3 2 9 8 – 3 3 0 2 3301
shows that the approximate correction will be within 2.5% of

the ‘exact’ value once the observed survival has fallen to 59%,

even if the proportion of DCOs is as high as 25%. For a value of

R as low as 2, for which the maximum bias occurs at 50% sur-

vival, the approximate correction will be within 10% of the

true value provided that there are no more than 15% of DCOs.

Empirically, from this limited exercise, it also seems that R

is inversely related to observed survival, hence the time taken

to reach an appropriate time to apply the approximation is

much the same for many scenarios, so that 5-year survival

would be a reasonable starting point for many tumours ex-

cept for ones with particularly good survival. Hence, the naive

approximate correction should not be used for correcting

short-term survival estimates, e.g. 1-year survival, which is

currently suggested as a proxy for measuring the effect of late

presentation across the countries included in the EUROCARE

I, or similar later studies. Given a value for R, however, the ‘ex-

act’ correction, based on Eq. (1) can be applied at any time

point.

While DCOs are clearly not a random sample of all cases,

we explored whether it is reasonable to assume that they

are a random sample of DCIs. While it is unlikely to be true,

the difficulty is that by their very nature we know little about

DCOs. Appendix B describes work we performed with traced-

back DCI cases to see if there was a relation between the time

from death to registration and survival time (so regarding

DCOs as traced-back DCIs with an ‘infinite’ duration from

diagnosis to registration). No relation was found and so in

the absence of any other evidence to the contrary, we believe

that the assumption is justifiable on the parsimony principle

of Occam’s razor.6

The existence of DCOs may also be taken as evidence that

possible sources of information have not been covered; con-

ceivably long-term survivors may therefore have been missed

out. However, if they exist such cases would only affect the la-

ter part of the survival curve and would have a small effect

unless both the proportion of DCOs and the proportion of

long-term survivors were high. In practice it is unlikely that

there would be a high proportion of long-term survivors

amongst DCOs. This is partly because of selection bias (in that

these patients have died) and partly because DCOs are as-

sumed effectively to be a random sample of traced-back DCIs

– a group that has poorer survival than cases registered in life

and for whom the proportion of survival time missed out

seems relatively modest.7

If no ‘plug-in’ value for the relevant hazard ratio R based

on published data is available, or an informed guess is not

sufficiently accurate, R must be estimated by means of an

intensive bespoke trace-back exercise. We have shown that

estimates of the hazard ratios for three most common tu-

mour sites with poor (lung), intermediate (colorectal) and

good (breast) prognosis obtained in different countries and

by different methods agree remarkably well. The value of a

trace-back exercise lies not only in producing valid survival

estimates by reducing the reported percentage of DCOs, but

also by helping to estimate the hazard ratio for DCOs relative

to observed cases. Once estimates of the hazard ratios are ob-

tained they may be applied cautiously in a ‘plug-in’ fashion to

the corresponding tumour sites in other years or at geo-

graphic locations where trace-back is poor. We suggest that
the estimates obtained here for the three common sites could

be used elsewhere as needed, either for other studies for

these three cancer sites, or for other cancer sites with similar

prognoses to these three cancer sites.

Even with intensive trace-back there may still be some

residual DCOs and the approach outlined here can still be ap-

plied to correct the bias due to these cases, although the ef-

fect will then be marginal.

In practice, of course the best way to avoid DCOs is

through improved routine trace-back. However, our approach

can be used to predict what the likely effect on survival of the

trace-back will have, and justify the extra work involved. Of

course, reducing the proportion of DCO cases will improve

data quality in other areas besides overall survival (e.g.

increasing the information on disease extent, morphology

and treatment) so the existence of this simple correction

should not be perceived as an excuse for not performing

trace-back of DCI cases. Alternatively, our method can be

used to correct survival results from other sources, including

historical data, especially when these sources contain high

percentages of DCOs. As this correction is applied to the ob-

served survival, it can be used for adjusting both observed

and relative survival results. It may also be of interest to com-

pare the results of our approach to correcting for DCOs with

those of Robinson and colleagues.3

In short, when comparing survival across regions or coun-

tries, researchers should always consider adjusting for the %

DCOs. We have shown why the simple ‘approximate’ correc-

tion of Berrino and colleagues4 works, and suggest as a rule

of thumb that it is probably acceptable in most cases for use

on 5-year estimates of survival although not earlier than the

time of median survival, nor for correcting short-term sur-

vival estimates, e.g. 1-year survival. On the other hand, we

also suggest that a more generally applicable ‘exact’ alterna-

tive applicable at any time point provided a plausible value

of R is available. We have reported estimates of these hazard

ratios for the three most common cancer sites, with differing

prognoses which can be applied by others elsewhere.
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Appendix A. Theory

We assumed that the true survival is a mixture of the survival

of cases who will become DCOs and cases whose survival

time will be known. We also assumed that the hazard for

the DCO group is proportional to that of the observed group,

with hazard ratio R and that the proportion of DCO cases is p.

The true survival at time t after diagnosis can then be writ-

ten as:

STRUEðtÞ ¼ ð1� pÞSOBSðtÞ þ pSDCOðtÞ ðA1Þ
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Which, by the proportional hazards assumption:

¼ ð1� pÞSOBSðtÞ þ pSR
OBSðtÞ ðA2Þ

If R can be estimated then the observed survival can be cor-

rected using this formula to give an estimate of the true

survival.

A.1. Consequences of this model

1) The difference between the observed and true survival is:

SOBSðtÞ � STRUEðtÞ ¼ SOBSðtÞ � ½ð1� pÞSOBSðtÞ þ pSR
OBSðtÞ� ðA3Þ

In the context of comparing survival distributions for equiva-

lence, Wellek5 showed that under a proportional hazards

model the maximum difference between two survival curves

is related to the hazard ratio.

If we write the difference between observed and true sur-

vival as D, and differentiate with respect to SOBS(t)

@D
@SOBS

¼ p� pRSR�1
OBS ðA4Þ

Which on equating to zero and rearranging gives

SOBSðtmaxÞ ¼ 1
R

� � 1
R�1 where tmax is the time at which this maxi-

mum difference occurs, and the maximum difference itself

is given by:

Dmax ¼ p ð1=RÞ1=ðR�1Þ � ð1=RÞR=ðR�1Þ
h i

ðA5Þ

Use of the maximum difference is preferable to an arbitrary

choice of the difference at 5 or 10 years follow-up, which

may be less than the actual maximum.

2) As t!1, that is, for long term survival it is also clear

that STRUEðtÞ ! ð1� pÞSOBSðtÞ more rapidly if p is small or if R

is large. This is because as R is greater than 1, SR
OBSðtÞ tends

to zero faster than SOBSðtÞ. Of course if R is close to 1 then

there is little bias anyway.

3) Also it can be shown (by L’Hospital’s rule and application

of limit theorems) that for cases in which DCOs are in fact

very much sicker than observed cases, ie, as R!1,

Dmax! p = D�max, the maximum possible value of Dmax over all

values of R, for a proportional hazard model. It provides a

worst-case bound, if we are unwilling to make assumptions

about R and have no data. This is because the greater the va-

lue of R, the closer this maximum difference occurs to t = 0, so

that in the limit all the DCO deaths occur immediately, and

the true survival curve is (1 ) p)SOBS(t) for all t.

4) If the approximate corrected survival of Eq. (2) in the

main paper is expressed as a fraction of the ‘‘exact’’ corrected
survival of Eq. (1) then its relative accuracy at the maximum

discrepancy is:

% accuracy ¼ 1

1þ p
ð1�pÞ

1
R

� 100 ðA6Þ

These approaches assume that the percentage of DCOs, inci-

dence and survival from the cancer are in a steady state, and

that survival of DCOs is not better than that of RIL cases.

5) If a traceback exercise only reports point estimates of

true and observed survival, as in Berrino et al.,4 it is possible

to rearrange Eq. (1) from the main paper to obtain the follow-

ing estimate of the hazard ratio:

R ¼
loge

bSTRUEðtÞ�ð1�pÞSOBSERVEDðtÞ
pSOBSERVEDðtÞ

� �
loge SOBSERVEDðtÞ½ � þ 1 ðA7Þ

This may be used to compare trace-back exercises reported in

different ways.

Appendix B. Supplementary data

Supplementary data associated with this article can be found,

in the online version, at doi:10.1016/j.ejca.2009.06.013.
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