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Abstract 1 

Background: Ensuring fair comparisons of cancer survival statistics across population groups 2 

requires careful consideration of differential competing mortality due to other causes, and adjusting 3 

for imbalances over groups in other prognostic covariates (e.g. age). This has typically been achieved 4 

using comparisons of age-standardised net survival, with age standardisation addressing covariate 5 

imbalance, and the net estimates removing differences in competing mortality from other causes. 6 

However, these estimates lack ease of interpretability. In this paper, we motivate an alternative non-7 

parametric approach that uses a common rate of other cause mortality across groups to give 8 

reference-adjusted all-cause and cancer-specific estimates rather than reporting net estimates. 9 

Methods: We develop the methodology for a non-parametric equivalent of standardised and 10 

reference adjusted crude probabilities of death, building on the estimation of non-parametric crude 11 

probabilities of death. We illustrate the approach using regional comparisons of survival following a 12 

diagnosis of rectal cancer for men in England. We standardise to the covariate distribution and other 13 

cause mortality of England as a whole to offer comparability, but with close approximation to the 14 

observed all-cause region-specific mortality. 15 

Results: The approach gives comparable estimates to observed crude probabilities of death, but 16 

allows direct comparison across population groups with different covariate profiles and competing 17 

mortality patterns. In our illustrative example, we show that regional variations in survival following 18 

a diagnosis of rectal cancer persist even after accounting for the variation in deprivation, age at 19 

diagnosis and other cause mortality.  20 

Conclusions: The methodological approach of using standardised and reference adjusted metrics 21 

offers an appealing approach for future cancer survival comparison studies and routinely published 22 

cancer statistics. Our non-parametric estimation approach through the use of weighting offers the 23 

ability to estimate comparable survival estimates without the need for statistical modelling. 24 

Keywords: age-standardization, net survival, crude probability of death, competing risks. 25 
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Background 1 

Net survival measures are typically used for population-based cancer data as they enable fair 2 

comparisons across population groups which have differential competing risks due to deaths from 3 

causes other than cancer[1,2]. Past comparisons of individuals diagnosed with a specific cancer have 4 

been made between groups defined by geographical areas[3-6], calendar time[7] or by population 5 

subgroupings; such as age[8], socioeconomic status[9] or race[10]. In the context of cancer survival, 6 

net survival measures the survival in the hypothetical world where it is not possible to die from 7 

causes other than the cancer of interest. However, net survival measures have been criticized as 8 

lacking a directly relevant interpretation, with some cautioning against relying on metrics that do not 9 

“stick to this world”[11]. A further consideration when comparing population subgroups is that care 10 

should be taken to ensure that the observed covariate distribution (age is the one primarily 11 

considered) in each group is similar, or are enforced through some form of weighting or 12 

standardization. See, for example, Corazziari et al.[12] for accounting for age distribution 13 

differences. The same approach can be applied for other key covariates, dependent on the cancer 14 

site and question of interest.  15 

 16 

Crude probability measures (also referred to as cause-specific cumulative incidence functions in the 17 

competing risks literature) offer a more interpretable metric, and have the advantage of being a 18 

real-world measure. The cancer-specific crude probability of death measures the risk of dying of a 19 

cancer at a particular timepoint in the presence of the competing risks due to other causes of death. 20 

However, crude probabilities are a function of both the cancer-specific (or excess) mortality rate and 21 

the other cause mortality rate, and so comparison between population groups are not “fair” when 22 

trying to isolate differences solely due to the impact of cancer. This lack of “fairness” motivates the 23 

use of net survival in the first place, rather than relying on the all-cause survival across groups, which 24 

is also impacted by both competing mortality rates. Crude probability metrics have received some 25 
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recent attention in the relative survival framework, with various estimation approaches 1 

proposed[13-16] and their use in a number of applied contexts[17-22]. 2 

 3 

Lambert et al.[23] propose estimation of all-cause survival and crude probability measures where 4 

differences between population groups only depend on differences in excess (cancer) mortality 5 

rates; they use the terminology of reference adjusted measures. In order to estimate the reference-6 

adjusted crude probability and all-cause measures in a relative survival (excess mortality) 7 

framework, Lambert et al.[23] propose using common other-cause mortality rates from a reference 8 

population when converting back from the excess mortality scale (which may well be the other-9 

cause mortality rates from one of the groups of interest). This leads to metrics that may not reflect 10 

the actual experience of a population group, but are comparable and offer improved interpretability. 11 

With careful selection of the appropriate reference adjustment and standardisation, these metrics 12 

can also closely reflect the real-world experience of the study population. It is important to note that 13 

the relevant other cause mortality rate for each group are first used in the estimation of the excess 14 

mortality rates, prior to using the common other cause mortality rates for all groups when 15 

converting to the all-cause scale. 16 

 17 

In this paper, we build on the ideas of Lambert et al.[23], through development of non-parametric 18 

methods to estimate the same underlying estimands. The approach of Lambert et al. relies on a fully 19 

parametric setting; requiring the correct specification of the functional form for non-linear and time-20 

dependent covariate effects in a modelling framework. Our proposed non-parametric alternative 21 

removes the requirement of the correct model specification. We apply the developed non-22 

parametric estimators and explore regional differences in survival following a diagnosis of rectal 23 

cancer in England. This approach also builds upon previous research from Cronin and Feuer[24] for 24 

estimating crude probability metrics, but we instead apply reference population other-cause 25 

mortality rates to ensure that the crude probability metrics are fair in terms of differential other-26 
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cause mortality when comparing across population groups. In terms of implementation, we discuss 1 

the calculation of the metrics in both continuous time (that is, at unique event times), and with 2 

follow-up time grouped into intervals.  3 

Methods 4 

Statistical methods 5 

We develop our estimation approaches within a relative survival (excess mortality) framework. This 6 

is the most common approach to survival estimation in population-based cancer data, largely 7 

because of the unavailability or unreliability of dichotomising cause of death information into a 8 

death either due to cancer or due to other causes, which would be required in a cause-specific 9 

survival estimation framework. We start by considering the all-cause mortality rate, ℎ𝑖(𝑡), for an 10 

individual 𝑖 at time from diagnosis, 𝑡, which is assumed can be partitioned into component parts; 11 

that due to the background mortality rate, ℎ𝑖∗(𝑡), typically defined by information from population 12 

mortality files and the excess mortality rate, 𝜆𝑖(𝑡), for mortality associated with the diagnosis of 13 

cancer: 14 ℎ𝑖(t) =  ℎ𝑖∗(𝑡) +  𝜆𝑖(𝑡). 15 

The subscript 𝑖 denotes that this partitioning will vary by individual patient characteristics that could 16 

impact the background mortality, the cancer-specific mortality or both; such as age-at-diagnosis or 17 

sex. On the survival scale, this is formulated as: 18 𝑆𝑖(t) =  𝑆𝑖∗(𝑡)𝑅𝑖(𝑡). 19 

It is common to report marginal measures in population subgroups or the population as a whole. 20 

Much of the recent literature in this research area relates to calculating the appropriate weighting 21 

required to arrive at the correct marginal non-parametric estimates for the various quantities of 22 

interest. 23 

 24 

 25 

 26 
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Marginal measures 1 

Pohar Perme et al.[2] detail the appropriate weighting that gives an unbiased estimate of the 2 

marginal relative survival, and the so-called Pohar Perme estimator is now widely used in practice. 3 

Rather than reporting the marginal relative survival, others have recommended the use of crude 4 

probabilities; i.e. the partitioning of the all-cause probability of death (𝐹(𝑡) = 1 − 𝑆(𝑡))  into the 5 

probability of death due to cancer (𝐹𝐶(𝑡)) and due to other causes (𝐹𝑂(𝑡)):  6 𝐹(𝑡) = 1 − 𝑆(𝑡) = 𝐹𝐶(𝑡) + 𝐹𝑂(𝑡) 7 

Following a similar notation to Sasieni and Brentnall[25], let 𝑁𝑖(𝑡) be a counting process that starts 8 

at 0 and jumps to 1 at the time when individual 𝑖 dies, and 𝑌𝑖(𝑡) be an at risk process – an indicator 9 

of whether an individual is still at risk at time t (1 if so, 0 otherwise), effectively 𝑌𝑖(𝑡) = 𝐼(𝑇𝑖 ≥ 𝑡) 10 

with 𝐼() an indicator function. We can define 𝑑𝑁𝑖(𝑡) = 𝑌𝑖(𝑡)𝐼(𝑇𝑖 = 𝑡),  which counts the events 11 

specifically at time, t. We can then sum over all individuals at time t; let 𝑑𝑁(𝑡) = ∑ 𝑑𝑁𝑖(𝑡)𝑛𝑖=1  be the 12 

sum over all individual events at time t, and 𝑌(𝑡) = ∑ 𝑌𝑖(𝑡)𝑛𝑖=1  be the total number of individuals at 13 

risk at time t. Taking a continuous time approach in the non-parametric context; for all individuals i 14 

(i=1…N) at risk at time t, we can define the marginal all-cause cumulative hazard, Ĥ(t),  as: 15 

 Ĥ(t) = ∫ 𝑑𝑁(𝑠)𝑌(𝑠)𝑡0 = ∫ ∑ 𝑑𝑁𝑖(𝑠)𝑛𝑖=1∑ 𝑌𝑖(𝑠)𝑛𝑖=1𝑡0   

 

(1) 

 

This can be used in the estimation of the observed all-cause probability of death, 𝐹(𝑡), above;  16 𝐹(𝑡) = 1 − 𝑆(𝑡) = 1 − exp (−Ĥ(𝑡)). We can also derive the cumulative expected hazard for each 17 

individual using the mortality rate information for the general population, using the mortality rates 18 

based on an individual’s, 𝑖, characteristics at time, t (i.e matched on attained age, attained calendar 19 

year, and demographic characteristics; such as sex, deprivation group etc.).  The cumulative excess 20 

hazard for each individual,  H𝑖∗(𝑡), is estimated up to time, t, from the population mortality rate 21 

information, h𝑖∗(𝑡):  22 H𝑖∗(𝑡) =  ∫ h𝑖∗(𝑠) 𝑑𝑠𝑡0 ,  23 
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with the expected (population) survival for each individual given by 𝑆𝑖∗(𝑡) = exp(−H𝑖∗(𝑡)). There are 1 

a number of options for averaging these estimates to arrive at a marginal expected survival for the 2 

population and the appropriate approach depends on the context[2,15] . 3 

 4 

Reference adjusted all-cause measures 5 

Our aim is to obtain reference adjusted all-cause survival so that differences are solely due to 6 

differences in cancer (excess) mortality. To do this a second group of expected mortality rates needs 7 

to be defined, so we can estimate what the all-cause survival would be in a population with the 8 

reference expected mortality rates. Lambert et al.[23] recommend the use of a second common set 9 

of population mortality rates for the purpose of adjusting to a reference population. With mortality 10 

rate information for an individual based on the rates in the second set of population mortality rates 11 

denoted with , h𝑖∗∗(𝑡), one can arrive at the population survival under the reference standard 12 

population for an individual, 𝑖, 𝑆𝑖∗∗(𝑡) = exp (− ∫ h𝑖∗∗(𝑡)𝑡0  ) = exp (−Hi∗∗(𝑡)).  13 

 14 

Adopting a second set of population mortality rates will influence the calculation of the all-cause 15 

cumulative hazard. Through the introduction of  h𝑖∗∗(𝑡), the overall covariate distribution and 16 

hypothetical population at risk at time t may differ dependent on the relative difference between 17 H𝑖∗∗(𝑡) and H𝑖∗(𝑡). To counteract this, weights can be introduced with the relative contribution 18 

depending on the ratio of the two expected survival estimates at time 𝑡 for any given covariate 19 

pattern that influences expected mortality – here denoted for each individual 𝑖. Therefore, defining 20 

the weights at each timepoint, 𝑡, as 𝑤𝑖(𝑡) = 𝑆𝑖∗∗(𝑡)𝑆𝑖∗(𝑡) , we can arrive at a reference-adjusted estimate of 21 

the marginal all-cause hazard, 𝐻𝑅(t) , at time t: 22 

𝐻�̂�(𝑡) = ∫ ∑ 𝑤𝑖(𝑠)𝑌𝑖(𝑠){𝑑𝑁𝑖(𝑠)−𝑑𝐻𝑖∗(𝑠)+𝑑𝐻𝑖∗∗(𝑠)}𝑛𝑖=1 ∑ 𝑤𝑖(𝑠)𝑌𝑖(𝑠)𝑛𝑖=1𝑡0     (2) 23 

 24 
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The formula here adapts the marginal all-cause hazard on the population defined in Equation (1) 1 

above in two ways. Firstly, the {−𝑑Hi∗(𝑠) + 𝑑Hi∗∗(𝑠)} term replaces the population hazard assumed 2 

to be acting in the population with that of the reference standard. Secondly, the weights, 𝑤𝑖(𝑠), are 3 

used to up or downweight individual events and risktime from those that are over or under-4 

represented in the reference population compared to the observed population at time, t, in exactly 5 

the same way as described by Sasieni and Brentnall[25] for their relative survival index. It is worth 6 

noting a number of features of the relation given in equation (2) under specific conditions. When 7 Hi∗∗(𝑡) = Hi∗(𝑡) for all 𝑡 and 𝑖 this formula collapses to the Nelson Aalen estimator expressed in 8 

equation (1); that is with the reference population mortality rates being equivalent to the population 9 

expected mortality does not alter the all-cause hazard (nor the consequent calculations of crude 10 

probability estimates). Removing the 𝑑Hi∗∗(𝑠) for all 𝑡, we arrive at the net cumulative hazard 11 

estimator proposed by Sasieni and Brentnall, and this is therefore the all-cause hazard extension of 12 

their estimator. Further adaptations of the formula above can also arrive at the Pohar Perme net 13 

cumulative hazard (setting 𝑆𝑖∗∗(𝑡) = 1), or the Ederer II estimator (setting 𝑤𝑖(𝑡) = 1), as noted by 14 

Sasieni and Brentnall[25]. 15 

 16 

Reference adjusted crude probability measures  17 

The reference-adjusted all-cause hazard can then be de-composed to give the reference-adjusted 18 

crude probabilities of death due to cancer and other causes using the same weighting, 𝑤𝑖(𝑡). 19 

Defining the marginal net cumulative hazard using the reference standard as Λ�̂�(t):  20 

Λ�̂�(t) = ∫ ∑ 𝑤𝑖(𝑠)𝑌𝑖(𝑠){𝑑𝑁𝑖(𝑠) − 𝑑Hi∗(𝑠)}𝑛𝑖=1 ∑ 𝑤𝑖(𝑠)𝑌𝑖(𝑠)𝑛𝑖=1
𝑡

0  21 

which is the estimator proposed by Sasieni and Brentnall. And the marginal expected cumulative 22 

hazard for the population hazard with the reference standard, 𝐻𝑅∗∗̂(t): 23 
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𝐻𝑅∗∗̂(t) = ∫ ∑ 𝑤𝑖(𝑠)𝑌𝑖(𝑠){𝑑Hi∗∗(𝑠)}𝑛𝑖=1∑ 𝑤𝑖(𝑠)𝑌𝑖(𝑠)𝑛𝑖=1
𝑡

0  1 

The relevant crude probability of death due to cancer, F𝑅C(t), and other causes, F𝑅O(t), under the 2 

reference adjustment can then be given: 3 F𝑅C(t) = ∫ 𝑆𝑅(𝑢 −)𝑑ΛR(𝑢)𝑡0    4 F𝑅O(t) = ∫ 𝑆𝑅(𝑢 −)𝑑HR∗ (𝑢)𝑡0 , 5 

With 𝑆𝑅(𝑡) being the all-cause survival function at time, 𝑡, under the reference standard (i.e. 6 𝑆𝑅(𝑡) = exp (−𝐻�̂�(t)). 7 

 8 

Standardisation of covariates 9 

Furthermore, it may also be necessary to standardise to a specific covariate pattern (such as an age 10 

profile) to allow direct comparability between groups or across different studies. This can be 11 

achieved with a modification to the weights, 𝑤𝑖(𝑡), with a multiplication through by time-fixed 12 

weights equivalent to those that have been used in age-standardisation traditionally[26,25,27]. 13 

Redefining the weights as: 14 

𝑤𝑖(𝑡) = 𝑤𝑖𝐵 (𝑆𝑖∗∗(𝑡)𝑆𝑖∗(𝑡) ) 15 

where 𝑤𝑖𝐵 is a time-fixed weight calculated at diagnosis and reflects the ratio of covariate pattern for 16 

individual 𝑖 in the external population relative to the observed population. For instance, these pre-17 

weights have been used for external age-standardisation using the International Cancer Standard 18 

Survival weights. In that case, the weights, 𝑤𝑖𝐵, correspond to an individual’s age (and the age-group 19 

to which they belong), and are a relative comparison of the proportions in each age-group between 20 

the current sample and the external standard.  Again, the combination of these two sets of weights 21 

are also proposed by Sasieni and Brentnall[25], but we convert their standardised relative survival 22 

estimates to an all-cause and crude probability setting. The weights can be applied to all of the 23 
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reference-adjusted measure described above, so that any differences between groups are only due 1 

to differences in excess mortality rates. 2 

Software implementation 3 

In this paper, we use a continuous time implementation of the above approach, with the time-4 

dependent weights, 𝑤𝑖(𝑡), re-calculated at each unique event time. The software implementation is 5 

via a user-written package in Stata; stpp. Further details on the implementation are given in the 6 

Appendix. Cronin and Feuer[24] offer a lifetable approximation (calculation in interval periods, such 7 

as months) to continuous time calculation for the observed crude probability estimates. It would be 8 

also possible to make similar adjustments to the Cronin and Feuer lifetable approximation approach 9 

by applying the reference population mortality information, with the appropriate adjustments for 10 

the interval nature of the calculation as introduced by Cronin and Feuer. 11 

 12 

Illustrative example 13 

We select two regions in England to make regional comparisons of survival following rectal cancer 14 

for men diagnosed in the calendar period 2007-2012, with follow-up information available until the 15 

end of 2013. For the calculation of relative survival, we use a population lifetable stratified by age, 16 

deprivation, region, and sex.  Given known discrepancies in deprivation-specific relative survival for 17 

rectal cancer[28], it is important to quantify if region-specific survival differences remain that are not 18 

due to differences in the proportion of men diagnosed in each deprivation group in a given region or 19 

due to differences in the age distribution of men diagnosed with rectal cancer across regions. There 20 

are also regional variations in other-cause mortality in England[29-31]. We therefore adopt an 21 

approach of reference-adjusted and standardised survival comparison. The reference expected 22 

mortality rates are for men in England as a whole in 2012. For our standardisation approach we 23 

standardise to the age (in 5 broad age-groups; 15-44, 45-54, 55-64, 65-74, 75+) and deprivation 24 

distribution of men diagnosed with rectal cancer for England as a whole for the study period of 25 

interest. In using a common reference for population mortality rates, and a common covariate 26 
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distribution for age and deprivation, we provide all-cause and crude probability estimates that offer 1 

a fair comparison of the survival impact following a diagnosis of rectal cancer across the government 2 

office regions in England. We select two regions with different covariate profiles for illustration; the 3 

North East and South East regions. In adopting this approach, we remove the impact of regional 4 

variation in other-cause mortality on our estimates, and also any regional variation in the age and 5 

deprivation distribution of diagnoses – both of which would otherwise impact on the all-cause and 6 

cancer-specific cumulative probabilities of death. 7 

Results 8 

Table 1 describes the cohort of men diagnosed with rectal cancer between the years 2007 and 2012, 9 

and further summarises the age and deprivation distribution separately by the two government 10 

office regions. There are substantial differences in the distribution of deprivation across the two 11 

regions of England (31% in the most deprived group in North East, compared to 5% in the South 12 

West). This likely largely reflects regional variations in the deprivation distributions in the population 13 

in each region, rather than differential rectal cancer incidence by deprivation group across the 14 

regions. The age profile of the incidence of rectal cancer is relatively similar across the regions. In 15 

England as a whole, over 34% of cases of rectal cancer are in those over the age of 75, the oldest 16 

age-group we consider.  17 

Table 1: description of cohort for diagnoses of rectal cancer for men diagnosed between 2007and 2012 in England, and the 18 
two comparison regions 19 

Region Age-group 
N 

(row percentage) 

Deprivation Group 
N 

(row percentage) 

Total 
N 

 15-44 45-54 55-64 65-74 75+ 1- least 

deprived 

2 3 4 5 – most 

deprived 

 

North 

East 

56 
(2.2%) 

200 
(8.0%) 

579 
(23.1%) 

815  
(32.5%) 

857 
(34.2%) 

356 
(14.2%) 

346 
(13.8%) 

440 
(17.6%) 

594 
(23.7%) 

771 
(30.8%) 

2,507 

South 

East 

165 
(2.6%) 

499 
(7.7%) 

1,420 
(22.0%) 

2,059 
(31.9%) 

2,321 
(35.9%) 

2,124  
(32.9%) 

1,612 
(24.9%) 

1,432 
(22.2%) 

965 
(14.9%) 

331  
(5.1%) 

6464 

England 

(TOTAL) 

1,033 
(2.5%) 

3,181 
(7.7%) 

9,293 
(22.6%) 

13,563 
(33.0%) 

14,051 
(34.2%) 

8,479 
(20.6%) 

9,091 
(22.1%) 

8,825 
(21.5%) 

7,910 
(19.2%) 

6,816 
(16.6%) 

41,121 
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Table 2 shows the 5-year probability of all-cause death following a diagnosis of rectal cancer for men 1 

in two regions of England. The 5-year crude probability of death due to cancer is also shown. Two 2 

estimates are given for each of the above metrics; i) the observed value in each region; and ii) the 3 

standardised and reference adjusted value. The observed values are quite similar across the two 4 

compared regions; the all-cause 5-year probabilty of death is 51.1% in the North East region and 5 

50.8% in the South East. However, these values are based on the covariate distributions and other-6 

cause mortality rates of each region separately. Applying the reference-adjustment (all-England 7 

rates in 2012), and the covariate standardisation to England as a whole makes a marked difference 8 

for these two regions. In the North East region the estimates decrease when standardising; this is 9 

largely driven by the shift in the deprivation distribution (see Table 1). In contrast, the estimates for 10 

the South East increase when using the reference adjustment and standardisation. This is again 11 

largely driven by the shift in deprivation distribution, but also by altering to the all-England reference 12 

rates for other cause mortality. Comparing the regions when the covariate distribution and other 13 

cause mortality have been standardised shows that the North East region has a lower all-cause 14 

probability of death than the South East (48.4% vs 52.6% respectively). 15 

 16 

Table 2: Regional values for the 5-year reference and standardised marginal probabilities of death (due to cancer and all-17 
causes) following a rectal cancer diagnosis for men (all ages). The reference standard is the population mortality rates for 18 
men in England in 2012, and the standardisation group is the joint deprivation and age distribution of men with rectal 19 
cancer in England as a whole. Also given for comparison, are values for the observed (unstandardized and non-reference 20 
adjusted) probabilities. 21 

 Crude probability 

Due to cancer 

All-cause death Probability 

 Observed  Reference-

adjusted  

and standardised 

Observed  Reference-

adjusted  

and standardised 

North East 39.3% 37.3% 51.1% 48.4% 

South East 40.1% 41.6% 50.8% 52.6% 

 22 

 23 

 24 
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Figure 1 shows the corresponding values across the entire range of time since diagnosis, as opposed 1 

to the point estimates given at 5-years in Table 2. The differential impact of reference adjustment 2 

for both the all-cause probability and death and the crude probability of death due to cancer can be 3 

clearly visualised. For the North East region, the reference adjustment results in a reduction in the 4 

probabilities of death; this is because a more favourable deprivation distribution is being applied 5 

through the standardisation. In contrast, for the South East, the reference and standardised 6 

estimates are higher across the entire range of follow-up than the corresponding observed values. 7 

 8 

Figure 1: Reference and standardised crude probability estimates (due to cancer and all-causes) for males diagnosed with 9 
rectal cancer in two English regions across time since diagnosis (all ages). The reference standard is the population 10 
mortality rates for men in England in 2012, and the standardisation group is the joint deprivation and age distribution of 11 
men with rectal cancer in England as a whole. Also given, are values for the observed (unstandardized and non-reference 12 
adjusted) probabilities. 13 

 14 

 15 

 16 

 17 
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Discussion 1 

Cancer survival metrics are typically calculated in the relative survival setting, and often externally 2 

age-standardised marginal relative survival will be reported when comparing across regions or 3 

countries (or stratifications for population subgroups) in order to remove the effect of differential 4 

other-cause mortality. This measure is less relevant for patients and policy makers as it does not 5 

reflect the real-world experience of cancer patients, however, it does allow for direct comparability 6 

across groups with differential other cause mortality[32]. In this paper, we show that it is possible to 7 

maintain this comparability whilst also retaining the overall burden of mortality (from deaths due to 8 

cancer and other causes) when reporting metrics, but to do so requires the definition of a reference 9 

standard for other cause mortality. The choice of the reference standard is important, but careful 10 

choice means that the estimates reported can closely reflect the observed survival experience of the 11 

cohort, whilst maintaining direct comparability. 12 

 13 

Net survival metrics are popular in that, under assumptions of conditional exchangeability, these 14 

completely remove the impact of other causes by effectively setting this to zero, and calculating the 15 

survival function in the scenario where cancer is the only possible cause of death. This is often 16 

achieved through estimation in the relative survival framework, where a further assumption of 17 

relying on the population mortality rates to be the correct rates due to competing causes for the 18 

cancer cohort. Our approach using this same estimation framework, but rather than assuming that 19 

the rate due to competing causes is zero, we adopt a secondary reference population mortality file, 20 

which is common across all comparison groups to allow fair real-world comparisons. This maintains 21 

comparability, whilst improving the interpretability. Although, the exact interpretation of the 22 

measure, is still a complex formulation, it often remains very close to the observed all-cause and 23 

cancer-specific probabilities of death for each group of interest. In our example, we were able to 24 

standardise to England as a whole for regional comparisons across England, which offers a logical of 25 

choice common covariate distribution and other-cause mortality rate. 26 
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 1 

 2 

A further important consideration when comparing across population groups is to ensure that a like-3 

with-like comparison is undertaken for other key covariates that may differ in their distribution, but 4 

also impact on cancer survival. An obvious variable to consider is the age profile of the comparison 5 

groups, and it is common practice to age-standardise cancer survival estimates to account for this. 6 

The equivalent approach to standardisation is required for the reference adjusted metrics 7 

introduced in this paper. As with the reference standard for the other-cause mortality rates, a 8 

careful choice of covariate standard is needed to both allow direct comparability, whilst also 9 

providing survival estimates that are close to those observed in the population groups.  Many 10 

previous research papers have adopted a common international age standard for cancer survival 11 

comparisons. The International Cancer Survival Standard weights are typically a younger profile than 12 

the cancer age distribution seen in England. On the relative survival scale, these difference in age 13 

profile often have a less dramatic difference, but on the all-cause scale, with age variation in both 14 

cancer and other-cause mortality, standardising to a an age profile that is younger can have a more 15 

marked difference. We further perform standardisation for the deprivation distribution in the 16 

regional comparisons in Table 2; it is often necessary to consider other key covariates to standardise 17 

over depending on the context of the comparison being made. 18 

 19 

Although we standardise across the deprivation distribution to allow fair regional comparisons, this 20 

should not be seen as accepting the inequities in cancer survival seen across these population 21 

groups. This is done on the basis that to allow fair regional comparisons requires case-mix 22 

adjustment, which is only necessary due to the inequities in cancer (and other cause) survival across 23 

the deprivation groups. Another comparison of interest, that has been used in other studies, is to 24 

calculate the hypothetical gains in survival should the cancer-specific inequities in deprivation group 25 

survival could be removed. Furthermore, we have used regions in England that were formerly 26 
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referred to as Government Office Regions. These are fairly large population coverage areas (ranging 1 

from ~2.5million to ~9 million individuals in 2019). For smaller geographical areas, there will be 2 

much greater variation and a modelling approach that smooths through the survival estimates, and 3 

also borrows strength across regions, would offer a better analysis strategy. 4 

 5 

The non-parametric estimates can be calculated treating time continuously, or using a lifetable 6 

approximation by splitting the timescale into pre-defined intervals (e.g. months). Applying the 7 

grouped time approach reduces computational time in large datasets with little loss of accuracy if 8 

the time intervals are sufficiently short. The fully continuous time approach requires the calculation 9 

of the time-dependent weights at each event time, and so can become computationally intensive in 10 

large datasets over long time periods. A further motivation for the lifetable approximation is when 11 

this becomes necessary because of data availability reasons (e.g. survival information recorded to 12 

the nearest month). 13 

 14 

We have shown that non-parametric equivalents of standardised and reference adjusted survival 15 

estimates can be obtained for cohorts of cancer patients. Using these metrics as a summary measure 16 

of the burden of cancer and also for comparisons across groups is an approach that could be 17 

adopted rather than reporting relative survival measures. The comparability ensured by using 18 

relative survival (and age standardisation) is maintained, whilst also closely reflecting the observed 19 

all cause survival patterns seen for the cohort of cancer patients; which can be broken down into the 20 

relevant contributions of deaths due to cancer and other causes. 21 

 22 

 23 

 24 

 25 
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Appendix 4 

 5 

A1: Stata code for analysis 6 

The estimates presented in this manuscript are implemented in the Stata user-written 7 

package stpp, and are a continuous time representation of the estimates – with the 8 

relevant weights and the contribution to the estimates calculated at each unique event 9 

time.  10 

 11 

Definition of selected variables: 12 
dx- date of diagnosis    13 

dexit – event date 14 
sex – indicator variable for male/female 15 
yydx – year of diagnosis    16 

status – all-cause death indicator   17 
patid – patient ID number     18 
extcomp - variable with relative weights to the    19 
  age/deprivation group distribution in England as a 20 

  whole.  21 
 22 

popmort_region – population mortality file stratified by age, region, sex and calendar 23 

year.  24 

popmort_UK – population mortality file stratified by age and sex only for England in 25 

2012.  26 
 27 

stpp is a user-written command. Type: findit stpp in Stata. 28 
 29 

*st-set the survival data with 5 years follow-up** 30 

stset dexit,  failure(status==1) exit(time 31 
min(dx+`=5*365.24’,mdy(12,31,2013))) origin(dx) id(patid) 32 

scale(365.24) 33 

 34 
**OBSERVED     35 
stpp R_pp_o using popmort_region,    /// 36 
                 agediag(agediag)    /// 37 

                 datediag(dx)     /// 38 
     by(region)     /// 39 
                 pmother(sex dep region)  ///                            40 
                 allcause(AC_o)      /// 41 

                 crudeprob(CP_o OC_o)  /// 42 
                 deathprob  list(5) 43 
 44 
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**CREATES VARIABLES AC_O CP_O & OC_O – THE OBSERVED ALL-CAUSE, 1 
CRUDE PROBABILITY OF DEATH DUE TO CANCER, AND CRUDE 2 

PROBABILITY OF DEATH DUE TO OTHER CAUSES RESPECTIVELY.     3 
          4 
**STANDARDISED & REFERENCE ADJUSTED 5 
stpp R_pp_sr using popmort_region,   /// 6 

                 agediag(agediag)            /// 7 
                 datediag(dx)                /// 8 
     by(region)    /// 9 

                 pmother(sex dep region)     ///       10 
                 using2(popmort_UK.dta,      ///  11 
                        pmother2(sex)        /// 12 
                        pmyear2(.))          /// 13 

                 allcause(AC_sr)             /// 14 
                 crudeprob(CP_sr OC_sr)      /// 15 
                 deathprob                   /// 16 

                 indwei(extcomp) list(5)  17 

 18 
**CREATES VARIABLES AC_sr CP_sr & OC_sr – THE STANDARDISED 19 
(VIA EXTCOMP) & REFERENCE-ADJUSTED (VIA using2() OPTION) ALL-20 
CAUSE, CRUDE PROBABILITY OF DEATH DUE TO CANCER, AND CRUDE 21 

PROBABILITY OF DEATH DUE TO OTHER CAUSES RESPECTIVELY.     22 

 23 



Figures

Figure 1

Reference and standardised crude probability estimates (due to cancer and all-causes) for males
diagnosed with rectal cancer in two English regions across time since diagnosis (all ages). The reference
standard is the population mortality rates for men in England in 2012, and the standardisation group is
the joint deprivation and age distribution of men with rectal cancer in England as a whole. Also given, are
values for the observed (unstandardized and non-reference adjusted) probabilities.
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