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Abstract

Background: To estimate trends in the crude probability of death for cancer pa-
tients by sex, age and spread of disease over the past 30 years in New South Wales,
Australia.

Methods: Population-based cohort of 716,501 people aged 15-89 years diagnosed
with a first primary cancer during 1985-2014 were followed up to 31 December
2015. Flexible parametric relative survival models were used to estimate the age-
specific crude probability of dying from cancer and other causes by calendar year, sex
and spread of disease for all solid tumours combined and cancers of the colorectum,
lung, female breast, prostate and melanoma.

Results: Estimated 10-year sex, age and spread-specific crude probabilities of cancer
death generally decreased over time for most cancer types, although the magnitude of
the decrease varied. For example, out of 100 fifty-year old men with localized pros-
tate cancer, 12 would have died from their cancer if diagnosed in 1985 and 3 in 2014.
Greater degree of spread was consistently associated with higher probability of dying
from cancer, although outcomes for lung cancer were consistently poor. For both
males and females, the probability of non-cancer deaths was higher among older pa-
tients, those diagnosed with localized cancers and where cancer survival was higher.
Conclusion: Crude probabilities presented here may be useful in helping clinicians and
their patients better understand prognoses and make informed decisions about treat-
ment. They also provide novel insights into the relative contributions that early detec-

tion and improved treatments have on the observed temporal patterns in cancer survival.
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1 | INTRODUCTION improvements.” As cancer patients survive longer, their risk
of dying from causes other than the diagnosed cancer (com-
peting causes) will however continue to increase. Relative

survival, although the preferred measure of cancer survival in

The population of cancer survivors has steadily increased over
past decades in Australia,* due to diagnostic and therapeutic
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a population-based setting,6 does not provide a complete pic-
ture of patients’ outcomes, as the effects of competing causes
of death are ignored. Crude probabilities, however, partition
the probability of death from any cause into deaths due to
a cancer diagnosis and deaths due to other causes,’ thereby
quantifying a more real-world probability of death where
cancer patients are also at risk of dying from other (com-
peting) causes. Crude probabilities are thus suggested to be
more relevant for risk communication and clinical decision-
making, as they provide key contextual information on the
impact of other causes of death among cancer patients.7’8

We have previously reported temporal trends in crude
probabilities of cancer and other causes of death for a
population-based cohort of Australian cancer patients.9
However, that analysis did not consider the effect of spread
of disease at diagnosis, a critical factor in cancer patients’
prognoses. Information about spread of disease is not avail-
able nationally, but it is recorded in the cancer registry for the
state of New South Wales (NSW), the most populous state
in Australia. By examining trends in crude probabilities of
death for NSW by spread of disease for five major cancer
types, this study can provide greater insights into the poten-
tial impact of earlier diagnosis and improved treatment on the
observed patterns in cancer survival.

2 | METHODS

Ethics approval was obtained from the NSW Population
& Health Services Research Ethics Committee (2016/
HRE1203). The NSW Cancer Registry provided approval
to access de-identified data from the Australian Cancer
Database, to which all cancer diagnoses in Australia must be
legally notified.

Data were extracted for NSW residents aged 15—
89 years diagnosed with a first primary tumour between
January 1985 and December 2014. Patients’ vital status
was obtained through routine annual linkage of cancer
records with the Australian National Death Index, with
follow-up to 31 December 2015. Given the unique stag-
ing classifications of cancers of the lymphohematopoietic
system (ICD-10: C81-C96, D45-D47), we have focussed
the analyses on solid cancers only, thus excluding people
whose first primary cancer was cancers of the lympho-
hematopoietic system.

Spread of disease at diagnosis was mainly based on pa-
thology reports and statutory notifications from hospitals,
then coded using a modified summary classification as local-
ized (stage I), regional (a combination of stages II and III),
distant (stage IV) and unknown (including missing). 10

Analyses were carried out for all invasive solid cancers
combined and the five leading cancer types (Table 1): col-
orectal, lung, female breast, prostate cancers and melanoma
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of the skin which together comprised around 66% of all solid
cancers diagnosed in NSW during the study period.

Patients’ survival was measured in days from the date
of diagnosis to either the date of death, at 10 years after di-
agnosis, or the study end date (31 December 2015), which-
ever came first. Cases alive at the end of follow-up were
censored. Relative survival, a measure of net survival, esti-
mating the chance of surviving assuming that cancer is the
only possible cause of death, was used in this study because
causes of death recorded in population-based cancer regis-
tries are often inaccurate.'’ Indeed, the cause of death is not
always known, and when known, is not always reliable.'>!3
Relative survival is calculated as the ratio of the observed
survival for the cancer cohort to their expected survival if
they were cancer-free.® Estimates of expected survival were
based on all-cause mortality rates by sex, single year of
age and calendar year for NSW.'* The cohort method was
used as this study was designed to assess temporal trends

in survival."”

Flexible parametric relative survival models'®!”

used for statistical analyses. These models use restricted
cubic splines for the baseline cumulative excess hazard to ob-
tain smoothed estimates of the excess mortality rates, allow
inclusion of time-varying effects and continuous covariates,

and enable prediction of crude probabilities of death from

were

cancer and other causes from the fitted models.

Two sets of models were fitted for each cancer type: one
that included age, year of diagnosis and sex and another that
also included spread of disease. The models relating to all
solid tumours combined also included a variable represent-
ing broad cancer categories by 5-year survival estimates for
Australia to adjust for the case mix.

2.1 | Model one: Overall crude
probabilities of dying

When calculating the overall cancer type-specific crude
probabilities of dying (irrespective of stage), age and year
of diagnosis were included as continuous variables using re-
stricted cubic splines (two and four degrees of freedom (df)
respectively). Interactions between the spline terms for age
and year were also included as previously described.” Where
applicable, models were stratified by sex. Likelihood ratio-
tests supported the inclusion of both age and year as time-
dependent effects. Depending on the cancer type, we used
3 to 6 df (2-5 internal ‘knots’) for the baseline, and 2 to 5
df (1-4 internal ‘knots’) for the time-dependent effects, with
the selection of the number of knots in each instance based
on minimizing the Bayesian Information Criterion (BIC).
All knots were placed at the default positions, for flexible
parametric models (See Table 1 in Lambert et al. 2009).'°
Various studies™'® have previously shown that the measures
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TABLE 1 Characteristics of the study cohort by spread of disease, NSW, Australia, 1985 to 2014
Spread of disease (row %)*
Overall
Localized Regional Distant Unknown® (col%)
Sex
Male 170,754 (43) 71,657 (18) 63,341 (16) 87,444 (22) 393,196 (55)
Female 147,511 (46) 84,193 (26) 51,800 (16) 39,801 (12) 323,305 (45)
Age group at diagnosis (years)
15-49 60,520 (55) 25,474 (23) 11,334 (10) 12,861 (12) 110,189 (15)
50-69 149,345 (46) 74,170 (23) 49,674 (15) 49,807 (15) 322,996 (45)
70-89 108,400 (38) 56,206 (20) 54,133 (19) 64,577 (23) 283,316 (40)
Diagnostic period
1985-1994 80,511 (44) 37,561 (20) 30,391 (17) 35,797 (19) 184,260 (26)
1995-2004 99,821 (42) 49,155 (21) 36,258 (15) 50,021 (22) 235,255 (33)
2005-2014 137,933 (47) 69,134 (23) 48,492 (16) 41,427 (14) 296,986 (41)
Vital status (within 10 years after diagnosis )b
Alive 218,833 (60) 76,254 (21) 11,442 (3) 57,033 (16) 363,562 (51)
Dead 99,432 (28) 79,596 (23) 103,699 (29) 70,212 (20) 352,939 (49)
Cancer (ICD—10 codes)*
Colorectal (C18-C20) 31,029 (30) 43,544 (43) 17,282 (17) 9,823 (10) 101,678 (14)
Lung (C33-C34) 15,487 (21) 13,996 (19) 27,278 (38) 15,621 (22) 72,382 (10)
Melanoma (C43) 67,841 (85) 4,688 (6) 3,717 (5) 3,530 (4) 79,776 (11)
Female breast (C50) 52,689 (51) 35,813 (35) 5,503 (5) 9,646 (9) 103,651 (15)
Prostate (C61) 58,112 (49) 9,683 (8) 6,456 (5) 44,481 (38) 118,732 (17)

All solid tumours? 318,265 (44)

155,850 (22)

115,141 (16) 127,245 (18) 716,501 (100)

“Affected during 1993-1999 by a data artefact that caused high proportions of localized cancer cases to be categorised as having unknown degree of spread.

®Not all cases had 10 years of potential follow-up.

“ICD-10 International Statistical Classification of Diseases and related health problems, tenth revision.

dCancers of lymphohematopoietic system (C81-C96, D45-D47) were ineligible due to spread of disease information being non-applicable.

from flexible parametric models are not sensitive to location
or number of knots.

2.2 | Model two: Crude probabilities of
dying by spread of disease

In addition to the variables described above, these models
also included spread of disease as a four-level categorical
variable and the second-order interaction terms between
year of diagnosis (restricted cubic spline with two df) and
spread of disease. Likelihood ratio tests supported the inclu-
sion of age, year and spread of disease (for all solid cancers
combined, prostate and female breast cancer only) as time-
dependent effects. Depending on cancer type, we used 4—6 df
(3-5 internal ‘knots’) for the baseline and 2-5 df (1-4 inter-
nal ‘knots’) for the time-dependent effects, with the selection
of the number of knots in each instance based on minimiz-
ing the BIC. Sensitivity analyses (results not shown) showed
strong consistency in the estimated effect sizes regardless of
the number of knots.

2.3 | Estimation of model-based crude
probabilities

Crude probabilities of dying from cancer and other causes
were estimated by transforming the fitted model parameters
as described by Lambert and colleagues.” Probabilities were
predicted until 10 years after diagnosis, consistent with our
previous study,9 and required extrapolation of the survival
functions for patients diagnosed from 2006 onwards. To do
this, we used the fitted models to extrapolate the observed
survival for the cancer cohort, and utilized life tables based
on published actual mortality rates until 2017'* and projected
mortality rates assuming high life expectancy from 2018
onwards.'®

Crude probabilities of death were expressed per 100
individuals: that is, how many out of 100 patients diag-
nosed with cancer in a given year would die from their
diagnosed cancer, die from other causes or be alive at 10-
years after diagnosis. Results were tabulated for ages 50,
65 and 80 years for the following years: 1985, 1995, 2005
and 2014.
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All analyses were performed with Stata/SE version 16
(StataCorp, TX, USA). The stpm2 cm command’ was used
to predict the crude probability of death and its 95% con-
fidence interval (CI) from the fitted flexible parametric
relative survival models. The effect of each term included
in the flexible parametric relative survival models was
considered to be significant only if p < 0.05 (Wald's test,
two-sided).

2.4 | Sensitivity analyses

Sensitivity analyses for unknown spread of disease were car-
ried out by repeating the crude probability calculations with
different assumptions about the true distribution of cases
with unknown spread. These assumptions were: A) all such
cases were considered to be localized, B) all were considered
to be distant, C) all were randomly and equally distributed
over the three known categories and D) all were assigned to
these three categories based on their survival (e.g. a case who
died within 1 year of diagnosis was considered to have distant
disease). A case with unknown spread was considered to be
localized if they were alive at 10 years follow-up, and distant
if had died within 1 year of diagnosis and regional if had died
by end of 10-year follow-up but lived for more than 1 year.
Of note was the higher proportion of cases with unknown
spread of disease during 1993—1999 due to the transition pe-
riod from the traditional paper notifications to the electronic
notification system in the NSW Cancer Registry.19

3 | RESULTS

Of the 730,149 cases who were initially extracted, a total
of 13,648 cases were ineligible from the analysis because
they were diagnosed on the basis of death certificate only
(n = 9,209, 1%) or survived for less than 1 day following
diagnosis (n = 4,439, 0.55%), resulting in a final study cohort
of 716,501 cases.

Overall, 44% (n = 318,265) of the study cohort were di-
agnosed with localized disease, 22% (n = 155,850) with re-
gional, 16% (n=115,141) with distant and 18% (n = 127,245)
with unknown spread (Table 1). The proportion of cases with
unknown spread for all solid cancers was 22% for males and
12% for females reflecting differences in the mix of cancer
types by sex. For individual cancer types, proportions with
unknown spread ranged from 4% for melanoma to 38% for
prostate cancer and were generally relatively stable over the
study period. Key exceptions were prostate cancer, where
cases with unknown spread peaked during the 1990 s and
early 2000 s, and lung cancer, which showed a similar but
less marked pattern in the proportion with unknown spread
(Figure S1).
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While the model including cubic splines for calendar year
provided the best fit, interpretation of the year effect is diffi-
cult. However, when we included a linear trend for calendar
year the coefficient was positive, providing evidence for an
increase, and statistically significant for all cancer types (p-
values were all <0.001).

3.1 | Crude probability of cancer death by
spread of disease

For both males and females aged 50 years who were diag-
nosed with localized or regional disease in 2014, cancer was
estimated to be the most common cause of death within the
next 10 years. The only exception was for men diagnosed
with localized prostate cancer, where non-cancer causes were
the most common cause of death. Most patients were alive
10 years after diagnosis, except for those with lung cancer
(Table S1). Patterns were similar for 65-year-olds, although
for those diagnosed in 2014, the crude probability of dying
from other causes was higher than for dying from cancer
among both males and females with localized melanoma, fe-
males with localized breast or colorectal cancer, and males
with non-distant prostate cancer (Table S2). Increased risk of
competing mortality among older patients meant that for both
males and females aged 80 years and diagnosed in 2014 with
localized melanoma, localized or regional colorectal cancer,
the crude probability of dying from cancer was less than
the corresponding probability for dying from other causes
(Table S3). This was also true for those with both localized
and regional prostate and female breast cancers.

3.2 | Trends in the crude probability of
cancer death

When looking at trends in the probability of cancer death
by cancer type, the overall trends were not always reflected
in the trends by cancer spread. For melanoma in particu-
lar, while an overall decrease in the risk of cancer death
was seen for all ages in both males and females, within the
spread of disease categories there was very little change,
and even some slight increases (Figures 1-2, Tables S1-
S3). These probabilities generally decreased over calen-
dar time for most cancer types, although the magnitude of
the decrease varied (Figures 1-2, Tables S1-S3). For ex-
ample, out of 100 fifty-year-old men diagnosed with lo-
calized prostate cancer in 1985, 12 would have died from
their cancer within 10 years, while in 2014 this number was
estimated to be only 3. Corresponding numbers for those
with regional disease were 36 and 10 respectively, and for
those with distant disease were estimated to be 94 and 49.
By contrast, the crude probability of dying from cancer
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FIGURE 1 Temporal trends in the predicted 10-year crude probability of death (per 100 males) due to cancer (solid lines) and other causes
(dashed lines) at selected ages by spread of disease for males NSW, Australia, 1985-2014. The x axis in each graph is the ‘Year of Diagnosis’ and
the y axis the ‘Crude probability of death’. Dark green represents estimates at age 50, red at age 65 and light blue at age 80 years

remained consistently high for all lung cancer patients, re-
gardless of age or degree of spread.

For some cancer types, while the absolute values varied,
overall trends in the probability of dying from cancer were
also different across each of the spread of disease categories
(Figures 1-2; Tables S1-S3). For example, while the overall
probability of dying from cancer for patients with melanoma
decreased over time for both males and females, within each of
the spread of disease categories there was very little change. By
contrast, for prostate, female breast and colorectal cancers, the
overall decrease was also reflected in the spread specific pattern,
apart from males aged 80 years with colorectal cancer. However,
even for these cancer types, particularly prostate cancer, the mag-
nitude of the decreasing trend varied within spread categories.

3.3 | Sensitivity analyses

Sensitivity analyses indicated that the observed trends were
robust across the different approaches to classifying cases

with unknown spread of disease under various assump-
tions about their true distribution. As an illustrative exam-
ple, patterns are shown for prostate and female lung cancers,
the two cancer types with the highest percentages of cases
with unknown spread of disease in the original study cohort
(Figure S2).

4 | DISCUSSION

In a previous study using national data, we reported that
an 80-year-old Australian diagnosed with prostate, female
breast or colorectal cancers was more likely to die from
competing causes within 10 years of diagnosis than die
from their cancer.” This study complements that previ-
ous work by presenting cancer spread-specific estimates
of crude probabilities of dying for NSW, highlighting the
marked variation in the crude probability of dying from
cancer by spread of disease and age at diagnosis. In addi-
tion, the spread-specific estimates also varied markedly by
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FIGURE 2 Temporal trends in the predicted 10-year crude probability of death (per 100 females) due to cancer (solid lines) and other causes

(dashed lines) at selected ages by spread of disease for females NSW, Australia, 1985-2014. The x axis in each graph is the ‘Year of Diagnosis’

and the y axis the ‘Crude probability of death’. Dark green represents estimates at age 50, red at age 65 and light blue at age 80 years

cancer type, so that an 80-year-old male diagnosed with
localized prostate disease in 2014 had a much higher prob-
ability of dying from other causes than a similarly aged
male with localized lung cancer.

Crude probability estimates as presented here can be
easily converted and comprehended in terms of natural fre-
quencies rather than a potentially ambiguous relative risk es-
timate or survival probability.8 Relative risks can exaggerate
the perception of a meaningful difference, especially when
the absolute risks are low.” They have also been shown to
be harder to understand and to be more often interpreted in-
correctly by the general public than absolute measures.**'
Also, by incorporating competing mortality, crude probabil-
ities portray the real-world impact of a cancer diagnosis on
prognosis,g’22 something the widely used relative survival
measure does not do. In summary, these measures comple-
ment the typical reporting of cancer survival measures such
as relative survival, thus providing clinicians and cancer pa-
tients with a more complete picture of the prognosis after a
diagnosis of cancer.

By considering competing causes of death, population-
based estimates of crude probabilities of cancer death provide
contextualized information which may be of use to clinicians
and patients making treatment choices based on cancer type,
age at diagnosis and spread of disease.”> For younger pa-
tients, and those with distant spread disease or lung cancer,
the risk of dying from cancer would reasonably be the pri-
mary consideration. In contrast, for older patients diagnosed
with early stage disease (except for lung cancer) who were
probably more likely to die from competing causes, less ag-
gressive cancer treatments with potentially lower long-term
side effects may be more appropriate.

Results on temporal trends in survival must be interpreted
with care,23 because while increases in cancer survival could
be attributed to improved treatment, or to greater availability
of diagnostic facilities among other prognostic factors, they
can also be due to statistical artefacts. One such statistical
artefact is stage migration,24 a shift with time in the stage dis-
tribution of a cancer towards apparently higher stage disease
because of more complete identification of disease spread
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in more recent periods. In addition, that our data on spread
of cancer are incomplete and varied with time prevented us
from being able to precisely separating the contributions
of early detection and treatment to the observed temporal
spread-specific trends. However, while we cannot rule out
entirely the impact of stage migration and incomplete data
on spread of cancer on our observed temporal trends, look-
ing at spread-specific trends and overall trends (all levels of
spread combined) it is possible to provide some insights into
contributions of early detection and treatment to the observed
trends. For example, for melanoma in males, the overall de-
crease in cancer deaths over time, while the spread-specific
trends were constant may suggest that there is little treatment/
management effect, but there was a diagnostic effect. In con-
trast, for colorectal cancer, there was a decrease overall, but
also decreases in each spread category — so even though there
may be a diagnostic effect, there is also evidence of a man-
agement effect.

Notwithstanding these considerations, the patterns re-
ported here offer novel insights into the survival status of
Australian cancer patients and how these measures have
changed over time. For both males and females across all
age groups and level of disease spread, the crude probabil-
ity of dying from cancer decreased over the 30 years for all
solid tumours combined, although this decrease was more
pronounced for younger patients, and those with regional
spread, reflecting the higher competing mortality for older
patients. These patterns probably reflect improved treat-
ments over time and/or the long-term results of effective
cancer screening programs, especially for breast cancer,”
where the likelihood of dying from cancer declined for
women aged 80 years as well as the screening age groups
(50 and 65 years). For prostate cancer, screening with
prostate-specific antigen testing increases both earlier diag-
nosis and detection of smaller and slower growing tumours,
so the introduction of such testing would be expected to ar-
tificially increase estimated survival and change the crude
probability of dying from cancer.”® However, evidence of
improved survival coincident with declining mortality for
those with localized and regional disease’’ suggests addi-
tional survival benefits driven by improved treatments. In
contrast, the consistently high probability of dying from
lung cancer over the study period, regardless of age and
spread of disease highlights the limited advances in lung
cancer treatment' and the current lack of any screening
program.

There is evidence that cardiovascular disease (CVD) is a
leading cause of competing mortality among cancer patients
both in Australia®® and internationally.zg'31 As well as reflect-
ing the high mortality burden in the general Australian pop-
ulation," it may also at least partially reflect the increased
risks of treatment-related CVD among cancer survivors, par-
ticularly for older patients.32 Although it is beyond the scope

of this study to identify the specific causes of non-cancer
deaths among our cohort, multidisciplinary care, promotion
of healthy lifestyle choices and regular monitoring of high-
risk people, should be a priority in the long-term care of all
cancer survivors.**"

Some limitations to this study include lack of data on
treatment and comorbidities. Also, the extrapolation of 10-
year probabilities of dying for more recently diagnosed pa-
tients assumed that the effect of calendar time will remain
the same in future years. As such, estimates for those diag-
nosed in 2014 may need to be interpreted more cautiously.
However, a previous study33 suggests that the extrapolation
from flexible parametric models is robust, especially when
at least some of the cohort had complete follow-up, as is
the case for this current study. Also, the data for spread of
cancer at diagnosis were not complete, particularly for pros-
tate cancer, which mean the spread-specific estimates of the
probabilities of dying from cancer are underestimated. In
addition, we are unable to carry out multiple imputation on
the incomplete data on spread of cancer at diagnosis due to
a lack of additional relevant clinical information, which are
predictive of missing spread data, such as morphology, grade
or tumour size as well as treatment data.>**> Further, while
it is possible to use multiple imputation within the flexible
parametric survival model framework used in this study, it is
not possible to apply the postestimation command stpm2 cm
within that multiple imputation. As a result of this, we used
sensitivity analyses on unknown spread. Although the as-
sumptions regarding unknown spread are subjective, the
results from these sensitivity analyses suggested that these
observed trends may be reliable. This is also supported by
a recent assessment of this variable, which suggested that
survival analyses stratified by the known-spread categories
may be sufficient for major cancer types such as colorec-
tal or lung cancer.*® Finally, interpretation of the reasons for
the observed temporal patterns in spread-specific estimated
probability of dying from cancer should be made cautiously,
as both lead-time bias (advancing the date of diagnosis with-
out postponing the time of death) and length bias (detection
of slower growing tumours that would not otherwise have
been diagnosed or have caused death)® may have impacted
estimates. We have therefore provided data on the trends for
unknown spread of disease as well as overall estimates of
the crude probability to aid the interpretation of the spread-
specific patterns.

Study strengths include the use of a large population-
based cohort over a 30-year time span, and inclusion of a
wide range of individual cancer types with high (female
breast, prostate and melanoma), moderate (colorectal) and
poor survival (lung). Also, survival was analysed in a frame-
work of relative survival, meaning that definitive cause of
death information, which can be problematic in cancer regis-
try data,11 was not required.
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5 | CONCLUSION

By reporting trends in the crude probabilities of cancer pa-
tients dying from cancer, dying from other causes, or being
alive 10 years after diagnosis stratified by spread of dis-
ease, these results can provide important insights to aid the
discussion of cancer outcomes and treatment decisions.
The reported changes over time in the spread- and cancer
type-specific probabilities suggests probable differential
roles for early detection and improved treatment on cancer
outcomes.
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