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Abstract

COVID-19 disrupted cancer control worldwide, impacting preventative screening, diagno-
ses, and treatment services. This modelling study estimates the impact of disruptions on
colorectal cancer cases and deaths in Canada and Australia, informed by data on screen-
ing, diagnosis, and treatment procedures. Modelling was used to estimate short- and long-
term effects on colorectal cancer incidence and mortality, including ongoing impact of
patient backlogs. A hypothetical mitigation strategy was simulated, with diagnostic and treat-
ment capacities increased by 5% from 2022 to address backlogs. Colorectal cancer screen-
ing dropped by 40% in Canada and 6.3% in Australia in 2020. Significant decreases to
diagnostic and treatment procedures were also observed in Australia and Canada, which
were estimated to lead to additional patient wait times. These changes would lead to an esti-
mated increase of 255 colorectal cancer cases and 1,820 colorectal cancer deaths in Can-
ada and 234 cases and 1,186 deaths in Australia over 2020-2030; a 1.9% and 2.4%
increase in mortality, respectively, vs a scenario with no screening disruption or diagnostic/
treatment delays. Diagnostic and treatment capacity mitigation would avert 789 and 350
deaths in Canada and Australia, respectively. COVID-related disruptions had a significant
impact on colorectal cancer screening, diagnostic, and treatment procedures in Canada and
Australia. Modelling demonstrates that downstream effects on disease burden could be sub-
stantial. However, backlogs can be managed and deaths averted with even small increases
to diagnostic and treatment capacity. Careful management of resources can improve patient
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outcomes after any temporary disruption, and these results can inform targeted approaches
early detection of cancers.

Introduction

Colorectal cancer (CRC) is a significant health burden in high-income settings, and one of the
most commonly diagnosed cancer in Australia and Canada [1, 2]. Mortality rates have
decreased over the past two decades, believed to be led by improvements in treatment and
early detection due to screening [3], However, increasing incidence rates among people at
younger ages are a significant cause for concern [4, 5], as it is currently unclear how these
increases will propagate as these cohorts age. Early detections through routine screening of
asymptomatic individuals along with timely cancer diagnoses and treatment are necessary to
manage CRC burden.

The COVID-19 pandemic disrupted health systems worldwide, including provision of can-
cer screening, diagnosis, and treatment [6-13]. The downstream effects of such disruptions
are difficult to determine—in the case of screening disruptions [13], the health impact may not
be clear for years or decades to come, and predictive modelling is often used to provide
insights into the possible changes [14]. It is also challenging to accurately estimate additional
time taken to diagnosis and/or treatment, due to difficulties in defining the comparator of
when and which diagnoses and treatments would have occurred in the absence of the pan-
demic. Reported cancer cases and deaths do not provide a complete or timely picture of the
impact of disruptions to screening; in most jurisdictions there are significant delays between
data releases [15] and these data are rarely sufficiently granular to identify all delays to treat-
ment. To address these difficulties, predictive epidemiological modelling has been used to esti-
mate the impact of disruptions to screening [16, 17] and hypothetical impacts of disruptions to
treatment [3, 18]. Modelling studies to date have simulated hypothetical impacts on screening,
diagnosis, and disruption in Australia and Canada [10, 16, 19, 20] and the impact of COVID-
19 on delays to diagnosis and treatment in Canada [20]; these studies used hypothetical or
incomplete data in the absence of more complete data.

This study aims to provide estimates of the impact of COVID-19 on CRC incidence and
mortality incorporating impacts on CRC screening, delays to CRC diagnosis, and delays to
CRC treatment in Australia and Canada. The estimates are informed up-to-date real-world
data sources and novel scenario modelling is included to provide health systems and policy-
makers with guidance on resource planning to facilitate long-term CRC burden mitigation.

Methods

We used a comparative modelling approach, using independent models developed for the
Australian and Canadian settings. Both settings used a hybrid modelling approach, combining
results from separate microsimulation screening and survival models to assess the combined
impacts of screening, diagnostic, and treatment delays on cancer incidence and mortality.
Real-world data on screening, diagnoses, and treatment were used as inputs to three models-
OncoSim and the McGill cancer model for Canada, and Policyl-Bowel for Australia. These
models were used to simulate the relevant populations and estimate CRC incidence and mor-
tality in “pandemic” and “no pandemic” scenarios to estimate the impact of disruptions.

An overview of the modelling methods is shown in Fig 1. Briefly, estimates for the “no-pan-
demic” comparator scenario were generated based on observed pre-2020 data. For the
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pandemic scenarios, there were three stages of modelling—estimating the impact of screening
decreases on CRC incidence, estimating delays to CRC diagnosis and the subsequent impact
on CRC stage at diagnosis and time of diagnosis, and estimating delays to CRC treatment and
the subsequent impact on CRC survival and mortality.

By using a comparative modelling approach, the group was able to compare results gener-
ated independently and check the impact of differing methodologies. Data sources and model-
ling assumptions for each country are detailed below. Full model descriptions and parameters
can be found in previous publications [14, 16, 20, 21].

Screening data

The most up-to-date available data at time of model analysis were identified to inform changes
to organised CRC screening over 2020-2021. Pre-2020 screening data was identified as “status
quo” rates for the no pandemic comparator and used to calculate changes in screening
participation.

In Canada, CRC screening is provided by provincial and territorial programs. Organized
CRC screening programs started in 2007 in Canada and are now in place in most provinces,
though some opportunistic screening was performed prior to organized screening. While
there are differences across provinces, in general screening programs target average-risk indi-
viduals between the ages of 50-74 mostly using faecal immunochemical tests (FIT) every 12—
24 months as of 2019 [22]. Provincial CRC screening programs vary by the number of samples
used for FIT, FIT thresholds, and screening frequency. We used the data on changes in screen-
ing volumes during January 2020 to December 2020 reported by Walker et al. for Ontario and
used to model the relative change in CRC screening rates for all of Canada in 2020 [23, 24].
Based on the data in this report, and in consultation with other provincial cancer care organi-
sations, we modeled a reduction of 40% in cancer screening in 2020 for Canada. As Walker
et al. reported that screening volumes had returned to nearly normal levels by December 2020,
we assumed screening volumes returned to pre-pandemic levels in 2021 onwards. This was

MODEL ESTIMATES METHODS DATA SOURCES

Comparator

Model-estimated CRC incidence
and mortality rates

Australia: generated by Policy-Bowel model of CRC and
screening based on obsenved pre-2020 CRC incidence rates

and screening rates Australia: Baseline rates repocted InLew etal, 2017

by age, sex, and stage at diagnosis from
2020-2050
in the cbsence of any impoct of COVID-19

Canada: generated by Oncosim model of CRCand
screening based on obsenved pre-2020 CRC incidence rates
and pre-2020 screeningrates

Canada: Baseline ratesreported InYong etal, 2021

Impact of
screening
decreases

!

Impact of
delaysto
diagnosis

!

Impact of
delaysto
treatment

Model-estimated CRC incidence
rates

by age, sex, and stage at diagnosis from
2020-2050

incorporating decreases to screening

Australia: generated by Policyl-Bowe based on odserved
pee-2020 CRC Incidence rates and 2020-2021 wreening
participation rates.

Canada: generated by Oncosim based on observed pre-
2020 CRC Incidence rates and pre-2020 Kreening rates.

Australla: Screening participation rates reported by the
Australian institute of Health and Welface,

Canada: Walker et al, 2021 and consultations with
provinclal cancer care organisations

Updated CRC incidence rates

by age, sex, and stage at dlagnosis from
2020-2050

including the impoct diognostic delays on
stoge at diognosis and timing of dicgnosis

Australia: Delays todiagnosis estimated basedon
procedure data. Model-estimated CRC incidence rates
(adove) modified 10 Incorporate potentul upstaging (see
AppendixA)

Canada: Delays to diagnosis estimated based on diagnoss
Cata. MG cancer model used 10 estimatethe impact of
CUENOSTC elays 0n pathent survivel,

Australia: Change MBS-recorded Colonokopy procedure
rates over 2020-2021 vs pre-2020 rates

Canada: Observed changes in CRC diagnoses in Ontario
Cancer Registry, 2020-2021. MGl cancer model
repocted inMalagdn et al, 2022,

Updated CRC mortality rates

by age, sex, and stage at diagnosis from
2020-2050

including changes to survival rotes based
on treatment deloys

Australia: Delays totreatment estimated based on
procedure data. Survival rates adjusted for treatment
Celays (Hanna et al, 2020) and used to cakkulate mortality
based on CRC incidence rates (above)

Canada: Delays totreatment estimated based on
peocedure data. MGl cancer model used to estimate the
Impact of treatment delays 0n mortality using adove CRC
Incidence rates.

Australia: Change MBS-recorded CRC treatment
procedure rates over 2020-2021 v pre-2020 rates
Canada: Observed changes in CRC.related treatments in
OHIP & DAD (Ontario data), 2020-2021

Fig 1. Summary of modelling methods—incorporating real-world data into colorectal cancer burden calculations. MBS-Medicare
Benefits Schedule. CRC-colorectal cancer. OHIP-Ontario Health Insurance Plan. DAD-Discharge Abstract Database. Additional

methods are included in Appendix A in S1 Appendix.

https://doi.org/10.1371/journal.pone.0296945.9001
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supplemented with consultation with provincial cancer care organisations, who did not report
screening volume drops for 2021.

In Australia, screening is provided as biennial FIT by the National Bowel Cancer Screening
Program (NBCSP). Screening was first provided in 2006, with a gradual rollout to full screen-
ing every two years from age 50-74 from 2019 onwards. We used quarterly screening data
from the Australian Institute of Health and Welfare [25] to model screening volume changes
from January 2019 to December 2021. Total screening volume was compared to “status quo”
2019 levels to calculate a relative drop in participation. Data on screening invitations were not
used in this calculation due to changes and inconsistencies in the way these data were recorded
by the National Cancer Screening Register over 2019-2022 [26].

The data sources we used above captured changes in screening test volumes, but not other
changes in screening practices. Our analysis therefore only captures impacts of the pandemic
on screening participation rates, but not other potential impacts such as follow-up and treat-
ment of screen positives. Any changes to screening outside of organised screening programs in
each country was not captured in this study.

Modelling the impact of changes to screening volume

The impact of the short-term screening participation changes described above on long-term
CRC outcomes was estimated by using these decreases in screening participation as inputs for
setting-specific microsimulation models: OncoSim in Canada, and Policyl-Bowel in Australia.
These natural history models estimate how screening impacts the natural history of CRC in
order to estimate changes in CRC incidence, stage at diagnosis, and mortality.

OncoSim is a microsimulation model using Canadian demography data to simulate cancer
in the Canadian population. OncoSim-Colorectal, the submodel which simulates CRC
(referred to hereafter as OncoSim), assumes that CRCs develop via the conventional ade-
noma-carcinoma pathway, and adenomas can grow into preclinical cancer or regress (5S4 Fig
in the provided supplementary materials). OncoSim has been calibrated to adenoma preva-
lence and Canadian CRC incidence and mortality. Full details of the OncoSim model and how
it estimates the impact of CRC screening interruptions during the Covid-19 pandemic have
been published previously [16, 21].

OncoSim models the most common screening practice across Canada, which is biennial
FIT screening for people aged 50-74 years old. Individuals are simulated from birth to death,
either from CRC or other causes. Screening in the model starts in 2008, with a gradual rollout
to full screening every two years from age 50-74 for average-risk individuals. In addition, colo-
noscopy screening in the model starts in 1990 every 5 years from age 40-74 for high-risk indi-
viduals with family histories.

Policyl-Bowel is a calibrated and validated microsimulation model of CRC and NBCSP
screening in Australia [14]. The model simulates the development of pre-cancerous lesions
and CRC via two biological pathways (the conventional adenoma-carcinoma pathway and the
serrated pathway) in individuals. Individuals are simulated from age 20 to death, either from
CRC or other causes. Screening is simulated from 2006, including the gradual rollout to 2019.
Only organised screening through the NBCSP was simulated; out-of-program screening was
assumed to be unaffected. Full details of PolicyI-Bowel including model parameters have been
published previously [14].

In both settings, the full population was simulated, to assess the population level impacts on
CRC outcomes. In Australia, people aged 20-99 in 2020-2021 were simulated to estimate
impacts on the affected cohorts; in Canada, OncoSim simulated the full Canadian population
born in 1872-2051, accounting for immigration and emigration.
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Data on CRC-related diagnoses and treatment procedures

There are many challenges associated with directly calculating a delay to diagnosis or treat-
ment, particularly when timely data are required-there is a significant lag before the reporting
of cancer diagnosis and treatment outcomes, typically of multiple years. Where high-quality
data to inform a disruption were not available, proxy measures were used instead. This was
completed by estimating the relationship between changes to the observed number of diagnos-
tic or treatment related procedures and additional wait times beyond status quo.

Data on CRC diagnoses and treatments in Canada were obtained for the province of
Ontario, which has a single-payer healthcare system, the Ontario Health Insurance Plan
(OHIP) [27]. CRC diagnosis records were obtained from the Ontario Cancer Registry (OCR),
a population-based registry capturing 96% of index cancers across the province [28, 29].
Receipt of CRC surgery was determined from Canadian Institute for Health information
(CIHI)’s Hospital Discharge Abstract Database and Same-Day Surgery database, and con-
firmed with the diagnosis records from the OCR to ensure the surgical procedure matched
with the cancer site and that the procedure was a resection rather than a biopsy [8, 12, 30]. Sys-
temic therapy and radiotherapy visits were determined using physician billing from the OHIP
claims database. We restricted systemic therapy to be physician-supervised intravenous infu-
sions (billable using the OHIP G-codes) since oral agents were not robustly captured in the
physician billing database. These datasets were linked using unique encoded identifiers and
analysed at ICES, an independent, non-profit research institute whose legal status under
Ontario’s health information privacy law allows it to collect and analyse health care and demo-
graphic data without consent for health system evaluation and improvement. Due to the open
nature of these datasets, only data up to October 2021 were used as the data became less reli-
able after this date due to lags in reporting. Volumes of diagnoses and cancer treatments from
March 2020-October 2021 were compared with same month average volumes in 2018-2019 to
calculate monthly relative changes in expected cancer-related procedures during the
pandemic.

In Australia, CRC diagnostic and treatment procedures were ascertained using Medicare
Benefits Schedule (MBS) items using codes identified by Cancer Australia [6, 31] (see Appen-
dix A in S1 Appendix). The identified diagnostic procedures were primarily colonoscopy pro-
cedures. A decrease in diagnostic procedures may not directly lead to a proportional decrease
in actual diagnoses; for instance, patients at a higher risk may have been more likely to attend
diagnostic procedures through the pandemic than patients at lower risk. To address this,
changes in diagnostic procedures were compared to changes in cancer notifications in areas
where these numbers were available, and this relationship was used to inform adjustments to
the inferred decrease in diagnoses.

In Australia, data on actual CRC diagnoses in 2020 were only available for one region, Vic-
toria. Based on these data, the magnitude of the relative decrease in CRC diagnoses in Victoria
was 50.4% of magnitude of the relative decrease in colonoscopy procedures in Victoria [32]. In
the absence of other data on CRC diagnoses in Australia, any observed change in diagnostic
procedures in Australia was assumed to lead to a corresponding decrease in CRC diagnoses
with 50.4% magnitude.

Estimating delays to CRC diagnosis and treatment

Using the data above, we estimated the extent of short-term delays for patients to CRC diagno-
sis and treatment. The impact of delays to CRC diagnosis and treatment were modelled based
on methodology developed previously by Malagén et al. [20] Briefly, it is assumed that
observed declines in diagnostic and treatment volumes during the pandemic reflect delays in
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diagnosis and treatment of cancers that would normally have been diagnosed and normally
been treated. These periods where diagnoses and treatments are lower than expected create
backlogs of undiagnosed cancers and of untreated patients who experience delays in their diag-
nosis and treatment.

For Canada, this process is simulated by directly modelling the backlogs using the McGill
cancer model, a microsimulation-type agent-based model. Each individual with cancer enters
the model in a state of requiring a procedure (diagnosis or treatment), and on a 2-week timestep
has a probability of receiving that procedure based on the current procedure capacity and the
number of patients currently waiting for that procedure. Expected diagnostic capacity during
each time step is based on cancer incidence rates from years prior to 2020 [33]. Expected treat-
ment capacity during each time step is based on usual time to cancer treatment intervals mea-
sured prior to the pandemic [34]. From March 2020, procedure capacities are adjusted by
multiplying the expected capacity by the observed relative monthly changes in volumes of each
procedure during 2020-2021 described above. Diagnostic and treatment backlogs increase dur-
ing months with relative reductions in volume and decrease during months with relative
increases in volume. The time individuals spend on the diagnostic and treatment backlogs rep-
resents the additional diagnostic and treatment delays they experience during their cancer care.

For Australia, this process was modelled by computing the current backlog size and treat-
ment capacity on a weekly basis, and from this calculating the average expected wait time for
diagnostic or treatment procedures.

Modelling the impact of CRC diagnosis and treatment delays

Finally, based on the estimated delays to diagnosis and treatment, the subsequent impact on
long-term CRC outcomes was estimated. In the Canadian modelling, the McGill cancer model
[20] was used to capture the impact of diagnostic delays for non-screen-detected cancers and
of treatment delays for both screen-detected and non-screen-detected cancers. The model
used the predicted changes in the incidence of screen-detected and non-screen-detected can-
cers over time predicted by the OncoSim model as inputs, as well as the proportion of cancer
cases that are screen-detected by age and stage. These data were used to attribute different
diagnostic delays to screen-detected cancers and non-screen-detected cancers, by age and
stage. Diagnostic delays for non-screen-detected cancers and the treatment delays for all can-
cers were transformed into excess cancer mortality rates using a mortality hazard ratio of 1.06
per 4-week delay, based on the meta-analysis by Hanna et al. [35]. The mortality hazard ratio
was not applied to diagnostic delays for screen-detected cancers to prevent double counting, as
the excess mortality from diagnostic delays for screen-detected cancers were already captured
by OncoSim. The impacts of the pandemic on cancer incidence and mortality were summed
over both models to estimate the combined impacts of screening, diagnostic, and treatment
delays. For further methods, see model documentation version 2.0 [36].

In the Australian modelling, delays to diagnosis were assumed to potentially have an
upstaging effect. Based on annual upstage rates of undiagnosed CRC from Policyl-Bowel with
status-quo wait times [14], the proportion of cancers which diagnosed at a later stage due to a
delay was calculated. For delays to treatment, the impact on CRC mortality was calculate by
combining CRC survival rates [37] with survival hazard ratios for delays to treatment from
Hanna et al. [35]. These updated rates were then used to calculate the expected CRC mortality
based on CRC incidence. For further details see Appendix A in S1 Appendix, S1-S3 Figs.

Modelling scenarios and outputs

To quantify the effect of the pandemic, the following scenarios were modelled:
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Table 1. Scenarios analysed.

Scenario

No pandemic
(comparator)

Pandemic (no mitigation)

5% mitigation

a «

b«

Variable

Screening

Diagnosis & treatment procedure
capacity

Screening

Diagnosis & treatment procedure
capacity

Screening

Diagnosis & treatment procedure
capacity

Observed rates” refers to rates observed in the relevant time period.

© Relative increase compared to status quo.

https://doi.org/10.1371/journal.pone.0296945.t001

Before 2020

Observed rates (pre-
pandemic)®
Observed rates (pre-
pandemic)®
Observed rates (pre-
pandemic)®
Observed rates (pre-
pandemic)®
Observed rates (pre-
pandemic)®

Observed rates (pre-
pandemic)®

Status quo” refers to observed rates/capacity before 2020 (i.e. pre-pandemic).

2020-2021

Status quo (pre-pandemic)®
Status quo (pre-pandemic)®

Observed rates
(pandemic))®
Observed rates
(pandemic))®
Observed rates
(pandemic))®

Observed rates (pandemic)®

2022 onwards

Status quo (pre-
pandemic)®

Status quo (pre-
pandemic)®

Status quo (pre-
pandemic)®

Status quo (pre-
pandemic)®

Status quo (pre-
pandemic)®

5% increase®

1. No pandemic: a counterfactual comparator which assumed screening rates, diagnostic
capacity, and treatment capacity over 2020-2021 were the same as observed pre-pandemic

rates

2. Pandemic scenarios: for these scenarios we modelled observed changes to screening, diag-
nostic capacity and treatment over 2020-2021 with the following assumptions regarding

health system capacity in 2022 onwards:

a. No mitigation: return to status quo (pre 2020) diagnostic and treatment capacity from
2022 onwards

b. 5% mitigation: a 5% increase to diagnostic and treatment capacity from 2022 to manage
patient backlogs in order to return to pre-pandemic diagnostic and treatment intervals

No mitigation was assumed for screening as a new round of biennial screening would have
occurred in 2022 for those who missed screening in 2020, making screening catch-up strate-
gies futile post-2022. These scenarios are shown in Table 1.

For each scenario, the number of CRC diagnoses and deaths were estimated, as well as the

age-standardised rates (ASRs) using the Segi standard world population [38]. An additional
“15% mitigation” was simulated as a supplementary analysis.

Results
The key findings are illustrated in Fig 2.

Observational results and estimates for pandemic impact

Observed and estimated pandemic impacts by country are presented in Table 2. These are
derived from the observed data sources as detailed in the methods. In Canada, a 40% drop in
screening was estimated in 2020, based on observed data from Ontario; [23] it was estimated
that there was no decrease to screening for 2021 as no decreases were recorded. In Australia, a
6.3% drop in screening tests returned was observed in 2020, and a 5.1% drop in 2021.

There was an estimated overall 10.2% decrease in CRC diagnoses for Canada in 2020, and a
0.5% decrease in 2021 based on the observed data from Ontario. Based on modelling, this
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Observed COVID-19 era cancer control data

Canada

—>  Model-estimated long-term health outcomes

Without mitigation
1,820 additional CRC
deaths over 2020-2030
(1.9% increase)

With mitigation
1,031 additional CRC
deaths over 2020-2030
(1.1% increase)

40% decrease
in screening

. (] i
5.1% decrease in
surgeries

10.2% decrease in
diagnoses

Australia = =
Without mitigation

1,063 additional CRC
deaths over 2020-2030
(2.4% increase)

With mitigation
842 additional CRC
deaths over 2020-2030
(1.7% increase)

Up to 7%
decrease in
treatment

11.7% decrease in
diagnoses

7% decrease

in screening

Mitigation: Temporary 5% increase in diagnostic and treatment capacity to manage waiting times. |

Decreases shown for 2020; additional decreases modelled for 2021.

Fig 2. A visual summary of the key study findings.
https://doi.org/10.1371/journal.pone.0296945.9002

decline was estimated to lead to 32.2% of patients in 2020 experiencing additional diagnostic
waits of at least two weeks, and 19.5% of patients in 2021. In Australia, there was an estimated
decrease in CRC diagnoses of 11.7% and 3.4% in 2020 and 2021, respectively, based on
observed colonoscopy data. This was expected to lead to 16.1% of patients in 2020 and 28.5%
of patients in 2021 experiencing additional waiting times for diagnosis.

In Canada, there were estimated year-on-year increases of 1.5%, and 3.9% to CRC-related
radiotherapy and chemotherapy procedures, respectively, in 2020, and a decrease of 5.1% in
CRC-related surgeries below expected levels based on data from Ontario. Of note, chemother-
apy volumes were observed to increase, not decrease, after March 2020 in Ontario; this
increased capacity was reflected in our model estimates. There were short-term declines in
CRC-associated radiotherapy volume during the second quarter of 2020; however, these
declines were compensated later in 2020 by volume increases, leading to a net positive year-
on-year change. The large declines in radiotherapies and surgeries during the Spring of 2020
were accounted for in the calculation of month-on-month delays (see Appendix A in S1
Appendix for monthly volume changes). In 2021 we modelled an increase of 2.4%, 14.7%, and
24.5% in surgery, chemotherapy, and radiotherapy volume, respectively. This was estimated to

Table 2. Observed changes in resource utilisation and inferred estimated additional waiting time over 2020-2021.

Screening Diagnoses Treatment®
Procedures / Patients experiencing Surgeries | Radiotherapies | Chemotherapies Overall | Patients experiencing
diagnoses” additional wait* additional wait®
Australia | 2020 | -6.3% -11.7% 16% - - +0.1% | 1.1%
2021 | -5.1% -3.4% 29% - - - -7.2% | 24%
Canada | 2020 | -40% -10.2% 32% -5.1% 1.5% 3.9% - 4%
2021 | 0% -0.5% 20% 2.4% 21.5% 14.7% - 15%

* Treatment was split by type in Canada only—boxes marked “-” were not stratified in the relevant setting. Overall treatment utilization was used in Australia. Yearly

total including both increases and decreases to claims over the relevant period on a month-by-month basis.

® Change in diagnostic procedures in Australia (including those with a negative result); change in diagnoses in Canada. Yearly total including both increases and

decreases to claims over the relevant period on a month-by-month basis

© Estimated proportion of patients at diagnosis/treatment who waited at least two weeks longer than expected (pre-pandemic) waiting times.

4 No decrease in screening was recorded or modelled for Canada in 2021

https://doi.org/10.1371/journal.pone.0296945.t002
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lead to 3.7% of patients experiencing additional treatment-related delays in 2020, and 14.6% in
2021.

No change in treatment procedures was estimated for 2020 in Australia, as no decreases
were reported across all treatment types recorded; in 2021 a 7.2% decrease in any CRC treat-
ment procedures was estimated compared to expected numbers. It was estimated that 1.1% of
patients would experience a wait for treatment in 2020 of two or more weeks longer than typi-
cal waiting times; in 2021 this would increase to 23.9%.

Predicted model outcomes

The above estimated changes to screening and additional diagnostic waiting times were used
to estimate predicted short-term decreases in CRC incidence, with 1,740 and 1,242 fewer CRC
diagnoses estimated in Canada and Australia respectively in 2020 vs the no pandemic compar-
ator (Table 3, Figs 3 and 4). However, our modelling predicts that the decreases in screening
are expected to lead to long-term increases in CRC incidence due to missed precancerous
lesions developing into CRC. Over 2020-2030, 255 and 234 estimated additional CRC cases
would be diagnosed in Canada and Australia respectively due to missed screening opportuni-
ties, representing a 0.1% increase in CRC incidence in both settings.

Over the period 2020-2030, the combined impact of disruptions to screening, diagnosis,
and treatment were predicted to lead to a 1.9% and 2.4% increase in CRC mortality in Canada
and Australia, respectively (Table 3, Figs 3 and 4). This would translate to 1,820 and 1,186
additional deaths respectively. Of these, an estimated 28.8% would be attributable to screening
disruptions in Canada, and 10.3% in Australia. If a 5% increase to was made to both diagnostic
and treatment capacity from 2022 onwards, this would significantly reduce the CRC mortality
increase over 2020-2030 to 1.1% in Canada and 1.7% in Australia.

The results of the 15% increase in capacity are shown in Appendix B in S1 Appendix. A
15% mitigation scenario would reduce the CRC mortality increase over 2020-2030 by 43% in
Australia and 58% in Canada, compared to a 29% and 43% reduction in the 5% mitigation
scenario.

Over the period 2031-2050, the ongoing impact would primarily be due to the long-term
impact of screening decreases (Table 3). This is due to precancerous lesions that would other-
wise be caught at screening developing into CRCs.

Additional unprocessed model outputs are included as supplementary material in S1 Data.

Table 3. Estimated short- and long-term cumulative changes in CRC incidence and CRC mortality attributable to screening, diagnosis, and treatment decreases in
2020 and 2021. All results are vs “no pandemic” scenario (see Table 1). Numbers in brackets are relative changes. Includes short-term decreases to incidence due to reduc-

tions in diagnoses, and long-term increases due to CRC which were not removed at screening at a precancerous stage.

Australia Changes in CRC incidence vs no pandemic
Changes in CRC mortality vs no pandemic Screening-related
Diagnoses/treatment related
Total (no mitigation)

Total (5% mitigation)
Canada Changes in CRC incidence vs no pandemic
Changes in CRC mortality vs no pandemic Screening-related
Diagnoses/treatment related
Total (no mitigation)

Total (5% mitigation)

https://doi.org/10.1371/journal.pone.0296945.t003

2020-2021
-1,672 (-4.7%)
9

100

91 (1.1%)

91 (1.1%)
-1,398 (-3.1%)
-16

334

318 (2.0%)
306 (1.9%)

2020-2025
-630 (-.6%)
40

764

805 (3.1%)
631 (2.4%)
-195 (-.2%)
194

1,079

1,272 (2.6%)
629 (1.3%)

2020-2030
234 (.1%)
123

1,063

1,186 (2.4%)
842 (1.7%)
255 (.1%)
525

1,296

1,820 (1.9%)
1,031 (1.1%)

2020-2050
1,065 (.1%)
396

1,068

1,464 (0.9%)
1,114 (0.7%)
443 (%)
805

1,070

1,875 (.6%)
1,053 (.3%)
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https://doi.org/10.1371/journal.pone.0296945.g003

Discussion

This is the first study to estimate the cumulative impact of COVID-19 disruptions to combined
CRC screening, diagnosis, and treatment on health outcomes. By incorporating real-world
data and including a comparative analysis of two settings from independent modelling teams,
this work provides a robust overview of both the burden of disease and the effectiveness of
potential mitigation strategies. This modelling can help inform decision making now and dur-
ing future disruptions, including those unrelated to the pandemic. The results here can guide
and focus investment in diagnostic and treatment services to improve resilience in cancer
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onwards to resolve accumulated backlogs.

https://doi.org/10.1371/journal.pone.0296945.g004

control systems, amid ongoing uncertainty about the true extendt of the impact of COVID-19
on cancer diagnoses [39].

The impact of disruptions to CRC screening were estimated to lead to a short-term reduc-
tion in CRC incidence through a downturn in diagnoses, and long-term increases in both
CRC incidence and mortality. Delays to diagnosis and treatment are expected to lead to
increases in CRC mortality, with the peak increase occurring over 2022-2024 in Canada and
2024-2026 in Australia. Including 5% increases in diagnostic and treatment capacity to deal
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with patient backlogs would mitigate this increase in mortality significantly. Further increases
to capacity had diminishing impacts on long-term CRC benefits, indicating that relatively
small increases to capacity may be sufficient to deal with backlogs. By simulating two different
high-income settings with independent modelling teams, the results can be compared, includ-
ing the impacts of modelling assumptions.

The impact of COVID-19 on health systems have been complex and varied [11, 40], and in
some settings health systems took a long time to recover. The majority of the recorded impact
correlated with waves of COVID cases [41]. Although initial waves of the COVID-19 pan-
demic had lower case numbers in Australia than other countries [42], strict lockdowns and
procedures still impacted access to care [43-45]. It should also be noted that in both Australia
and Canada, lockdowns and other restrictions were primarily managed on a state-by-state/
province-by-province basis; for instance, Victoria experienced significantly longer formal
lockdown periods than other areas of Australia.

Also of note, while Canada had a significantly larger impact of the COVID-19 pandemic
and associated mortality than Australia [46], this did not translate into significantly larger pre-
dicted pandemic-related CRC care delays and additional cancer mortality. Our results suggest
that the crisis responses of health care systems and changes in individuals’ healthcare seeking
behaviours during the public health crises are more significant determinants of the negative
externalities on other health outcomes than COVID-19 transmission patterns. There are many
possible explanations for this, including real or perceived risks of COVID-19 transmission,
changes to hospital procedures, and restrictions around freedom of movement; it is unknown
which of these impacted health seeking behaviours and by how much.

While direct impacts on health system resources can often be measured directly, the effect
of these changes to resources on cancer cases and deaths is indirect and often unclear. There
have already been significant impacts on CRC incidence and mortality that may be attributable
to COVID-19 in some areas, though the factors underlying these impacts are complex and
uncertain. For example, in Victoria, Australia CRC incidence in 2020 and 2011 were more
than 10% lower than expected, and CRC mortality rates decreased over 5% [47]. However,
these will also be influence by screening and trends in risk factors [3, 48]. Modelling studies
like this one can estimate potential consequences from a specific source that may otherwise be
unclear.

As with any long-term modelling analysis, there are natural limitations and uncertainty. A
key focus of this project was estimating the additional waiting time to diagnosis and treatment
attributable to the COVID-19 pandemic. By the nature of this measure, it is impossible to have
a complete understanding of the counterfactual—how long a person would have waited for
diagnosis and treatment had there not been a pandemic. Instead, these were estimated indirectly
based on changes in volumes of relevant procedures or diagnoses. In the absence of detailed
data on which cohorts were affected, all delays were assumed to affect all patients equally,
regardless of age, sex, or cancer stage. The analysis also could not capture details of changes to
treatment, such as patients who changed treatment patterns due to the pandemic. Instead, this
was reflected indirectly as a delay to treatment. We also did not directly address the possibility
of catch-up screening, i.e. individuals who were assumed to miss screening in 2020/2021 due to
the observed decreases would not return to screening until their next invitation round in 2022/
2023. In some jurisdictions, individuals who missed screening were encouraged to participate
again as soon as possible, regardless of their invitation round. As there were no data to directly
estimate this, it was excluded from this study. Previous studies have estimated the hypothetical
impact of catch-up screening after COVID-related disruptions [17].

Another limitation of the data is the use of procedures as a proxy of diagnoses for Australia.
In Australia, up-to-date data on CRC diagnoses in 2020-2021 was only available in Victoria; as
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noted above, Victoria had significantly stricter lockdown arrangements than other Australian
states over this period. Additionally, the MBS codes used for Australian modelling do not cap-
ture all diagnostic and treatment procedures. This is a significant limitation of the data; to
address this, our modelling assumed that any drop in non-MBS recorded procedures was pro-
portional to the (known) drop in MBS-recorded procedures, as in previous studies [49].

The differences in modelling approaches for the two settings meant that not all factors
could be captured in the same ways. For example, the impact of screening in Australia is also
impacted by assumptions around screening participation patterns in individuals who have
previously screened. The simulation of diagnostic and treatment is more detailed in the Cana-
dian modelling than the Australian modelling, including breakdowns of treatment types; it is
likely to give a more nuanced estimate of the range of delays to services, vs the Australian
modelling which assumed a consistent delay across the whole cohort. While the numbers of
cases predicted by both models vary by setting, the results across the two modelled settings are
nonetheless qualitatively similar and robust. However, the impact of COVID-19 on factors
such as CRC screening varied immensely between countries [17]. While the number of excess
cancer cases and deaths will therefore vary across countries, the qualitative observation that
short-term increases to health system capacity can help mitigate the impact of a disruption is
likely to be true in general. This should also be taken in the context of other trends in CRC
cases and deaths, including aging populations, changes in risk factors, and improvements in
treatment. These factors are likely to outweigh any lasting changes attributable to COVID-19.

There is also a great deal of uncertainty on the true effect of delays on cancer mortality.
While we used the estimate based on best available evidence, there is a great deal of both uncer-
tainty and potential for bias in these data, as individual patients may experience delays for clin-
ical reasons. In this modelling, one of the core assumptions is that all cancers are eventually
diagnosed due to symptoms and/or death attributed to cancer. However, in reality it is possible
that some cancers are overdiagnosed due to screening or incidental findings, and so some of
the cancers missed during the pandemic may never be diagnosed.

The methodology for estimating delays in Australia meant that Australian patients were all
assumed to experience an average delay to treatment, and outliers who experienced no delay
or an exceptionally long delay were not captured, nor were patients who did not receive any
treatment at all due to the pandemic. The impact of treatment delays on mortality was based
on hazard ratios reported in a review—applying these to a different setting than the original
studies may limit their reliability.

A further limitation is that, although the modelling in this study captured the impact of
additional waiting times to diagnosis and treatment, this approach could not capture any
potential health benefits on shorter waiting times vs “status quo”. Individuals experiencing
shorter waits than usual were assumed to have baseline CRC stage at diagnosis and survival
rates. For example, in Canada there is evidence that the CRC patients who were already diag-
nosed and waiting for treatment during the early months of the pandemic experienced shorter
times to surgery [9, 34]. This is presumably due to shorter surgical waitlists caused by decreases
in cancer diagnoses as well as prioritization of urgent cancer-related surgeries during this
time. However, this apparent short-term improvement in wait times does not account for the
delays experienced by patients who went undiagnosed and therefore were not on the surgical
waitlist, or those who were diagnosed but experienced delays in getting on the surgical waitlist.
By basing our assumptions of delays on treatment volumes rather than wait time data, we
avoid the inherent selection biases that exists in the calculation of wait times in order to also
capture the delays experienced by cancer cases who are yet undiagnosed or experiencing delays
before getting on treatment waitlists. This is likely why we estimated higher mortality impacts
for Canada using this approach than those from a previous model by Parmar et al., [50] who
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focused their analysis on excess mortality caused by treatment delays experienced by patients
already on the surgical waitlist. Our study, along with further evidence, could be used to revise
clinical guidelines to ensure more efficient and appropriate use of colonoscopy to reduce wait
times.

Delays to screening, diagnosis, and treatment may cause significant anxiety in patients and
represent a significant psychological burden. There are also likely unforeseen downstream
effects of these disruptions, particularly in screening. Studies have shown that recent screening
participation is a strong indicator of future screening behaviour, regardless of previous screen-
ing behaviour [51]. This means individuals who miss screening due to the pandemic may be
less likely to return to screening, leading to ongoing decreases in participation. Ongoing moni-
toring is key to ensuring high participation rates, and efforts such as targeted mass media cam-
paigns can be deployed where needed to increase engagement [52, 53].

The COVID-19 pandemic has caused significant difficulties in the continuation of health
services, and delays to CRC care is just one example among many. However, we found that
even small increases to services can help to manage patient backlogs and mitigate long-term
impacts of the pandemic on cancer mortality. Targeted investment and temporary increases to
services is necessary to ensure health system resilience and reducing cancer burden, both now
and for future disruptions.
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