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Abstract
Background: Estimates of excess deaths provide critical intelligence on the impact of population health threats including seasonal respiratory 
infections, pandemics and environmental hazards. Timely estimates of excess deaths can inform the response to COVID-19. However, access 
to timely mortality data is challenging due to the time interval between the death occurring and the date the death is registered and available for 
analysis (‘registration interval’).
Development: Using data from the New South Wales, Australia, Births Deaths and Marriages Registry, we developed a Poisson regression 
model that estimated near-complete weekly counts, for a given week of death, from partially-complete death registration counts. A 10-weeks 
lag was considered, and a 2-year baseline of historical registration intervals was used to correct lag weeks.
Application: Validation of estimated counts found that the root-mean-square error (as a percentage of mean observed near-complete registra-
tions) was less than 7% for lag week 3, and <5% for lag weeks 4–9. We incorporated this method utilizing an existing rapid weekly mortality 
surveillance system. Counts corrected for registration interval replaced observed values for the most recent weeks. Excess death estimates, 
based on corrected counts, were within 1.2% of near-complete counts available 9 weeks from the end of the analysis period.
Conclusions: This study demonstrates a method for estimating recent death counts to correct for registration intervals. Estimates obtained at a 
3-week lag were acceptable, while those at greater than 3 weeks were optimal.
Keywords: Mortality, surveillance, delay adjustment, delay correction, time lag, excess deaths, pandemic, COVID-19, SARS-COV-2. 

Background
Estimating excess mortality is an internationally recognized 
approach for understanding the impact of the coronavirus 
disease 2019 (COVID-19) pandemic.1–3 Excess mortality 
describes the increase in all-cause mortality associated with 
the occurrence of an epidemic. It is calculated by the differ-
ence between the observed and expected number of deaths 
during the epidemic period. Because epidemic-attributable 
deaths are often under-ascertained, approaches to estimating 
excess mortality have long been used to estimate the popula-
tion burden of seasonal and pandemic influenza, and heat-
waves.4–6

Since the COVID-19 pandemic began, many jurisdictions 
have used laboratory confirmed or suspected COVID-19 

deaths to monitor and track recent disease activity and sever-
ity.7,8 While knowing the number of COVID-19 deaths is im-
portant, this may only partially reflect the impact on 
population mortality.9 Estimating excess mortality is a more 
comprehensive measure, because it captures deaths indirectly 
related, or not recognised as related, to COVID-19. A feature 
of excess mortality methods is that, in temperate countries, 
deaths are seasonal in the absence of influenza epidemics. 
Statistical models can be used to estimate the underlying sea-
sonal pattern of expected deaths. They can be compared to 
observed death counts or population rates to estimate excess 
mortality.10

The Ministry of Health in New South Wales (NSW), 
Australia, has conducted rapid mortality surveillance since 

Key Messages 
� Registration interval correction of all-cause deaths can provide accurate, more timely assessment of pandemic-related mortality. 
� Estimates obtained with a 3-week death registration interval were acceptable, while those at greater than 3 weeks were optimal. 
� This method provides timely intelligence on excess mortality, making it an important tool for meeting the policy demands of a 

pandemic response. 
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2008, using methods similar to those of the Centers for 
Disease Control and Prevention.11 The current surveillance 
approach developed in NSW uses a seasonal harmonic, ro-
bust regression to estimate the expected population rate of 
deaths.5,10 Data are drawn from death registration informa-
tion recorded by the state registry of births, deaths and mar-
riages. The date of death is used to form the time series for 
excess mortality analysis. The NSW rapid mortality surveil-
lance system is automated, with reports refreshed weekly 
with the latest death registration information.

A challenge of rapid mortality surveillance in monitoring 
death trends is the under-reported of recent death counts, pri-
marily due to the time interval between the death and its reg-
istration. We call this the ‘registration interval’. For most 
deaths in NSW, funeral directors are required under the 
NSW Births, Deaths and Marriages Registration Act, 1995 to 
register the fact of death within 7 days of body disposal.12 As 
the date of burial or cremation is often determined by the de-
ceased person’s family, variation in counts can be influenced 
by family requirements for timing of the funeral for religious 
or other reasons and by the registration delivery method; 
electronic or postal.

To account for under-reporting, NSW all-cause rapid mor-
tality surveillance discarded deaths occurring in the most re-
cent 6-week period. However, the demand for more timely 
situational intelligence during the COVID-19 pandemic led 
to registration interval correction being explored. This meth-
ods article describes the development and application of a 
method for registration interval correction to improve the 
timeliness and short-term accuracy of an existing rapid mor-
tality system in NSW. The existing system aligned, where 
possible, with the approach taken by the Australian Bureau 
of Statistics to enable national comparisons.

Development and validation of the registration 
interval correction
Our method for estimating near-complete weekly all-cause 
death counts to correct for registration intervals was adapted 
from an approach implemented by EuroMOMO.13,14 This 
involved modifying the EuroMOMO registration interval 
correction model to improve its performance in NSW. We 
assessed the model’s performance by applying it to historical 
registration data, and calculating differences (‘errors’) be-
tween final registration and predicted counts at varying 
reporting lags in weeks.

Data source
Data from the Death Registrations Unit Record File held by 
NSW Health, was sourced daily from NSW Registry of Birth 
Deaths and Marriages Lifelink system. This register includes 
all doctor and coroner certified deaths from any cause regis-
tered in NSW including deaths of non-residents and over-
seas visitors.

Correcting for registration interval
A preliminary analysis confirmed that approximately 99% of 
deaths would be registered within a 10-week interval 
(Supplementary Figure S1). Guided by the EuroMOMO 
Poisson registration interval correction model,13 we 
developed a Poisson generalised linear model that predicted 
near-complete weekly counts from partially-complete counts 
available in the most recent weeks prior to the surveillance 

reporting week. The registration interval was considered for 
“lag week” (k), with k¼0, … , 9. In this context, k¼0 
includes deaths registered in the same week of death, and 
k¼ 9 being a death registered 9 weeks after death.

Like the EuroMOMO algorithm,14 the model uses a data-
set of observations with 10 rows per week ending date of 
death (for k¼ 0, … , 9) with each row relating to counts 
available at each lag week. Near-complete registrations were 
defined as the count available at k¼10. The dataset con-
tained the following variables: week ending date of death, lag 
week (k), month of year of death, cumulative number of 
death registrations from week 0, … , k, and near-complete 
registrations, that is, the count at k¼ 10.

To estimate the corrections for each weekly surveillance 
reporting period, the dataset included a 2-year modelling ref-
erence period of historical data (104 weeks), that ended 
10 weeks prior to the latest week for which near-complete 
counts were to be estimated. This period was chosen because 
surveillance is conducted weekly and it ensures enough cover-
age of usual but recent registration behaviour. For example, 
if N represents the week ending the most recent Sunday (sur-
veillance date), then the model would be fit to a reference pe-
riod from weeks N-114 to N-10 and predictions would be 
made for weeks N-9, N-8, … . N. The variables week ending 
date of death was included to account for linear (secular) 
trend and month of year of death for seasonality in registra-
tion interval. See Supplementary Tables S1 and S2 for sam-
ple datasets.

While the EuroMOMO model14 included a variable for 
registry closure days, such as public holidays and weekends, 
we excluded this because a public holiday variable was not 
found to improve the model and our state registry adjusts 
weekend staff resourcing to meet registration demand. Our 
model also considers an interaction term between lag week 
and cumulative number of death registrations, where 
‘cumulative’ refers to the number of registrations accumu-
lated up to a given lag week k. Additionally, we accounted 
for month of year of death and an interaction between lag 
week and month of year of death, to minimise estimation er-
ror. The Poisson equation for this analysis is shown below: 

ln near � complete registrations
� �

¼ β0þ β1 kð Þ

þ β2 cumulative reg:
� �

þ β3 week ending date of death
� �

þ β4 month of year of death
� �

þ β5 cumulative reg: � k
� �

þ β5 month of year of death � k
� �

To validate the count estimation, datasets and models were 
generated to retrospectively mimic weekly death reporting 
from week ending 1 January 2017 to 10 July 2022. Daily 
death counts were aggregated into surveillance reporting 
weeks ending Sunday. For each mimicked reporting week, 
the model was automatically refreshed for each new week N. 
Each model was fit to registrations recorded in a 2-year refer-
ence dataset for week numbers N-114 to N-10, with weeks 
N-9 to N being used in model fitting and registration count 
correction. Model fit and registration interval correction ac-
curacy was assessed using root-mean-square error (RMSE). 
The initial model showed unacceptably large errors when in-
cluding week numbers N-2, N-1 and N in the model estima-
tion (Supplementary Table S3). In a sensitivity analysis, we 
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found that a model that excluded weeks N-2, … , N provided 
a lower RMSE in estimated near-complete counts than the 
initial model in all lag weeks except lag week 3. 
Consequently, weeks N-2, … , N were excluded from the 
modelling, and predictions were only made for weeks N-3 to 
N-9. Our validation demonstrates that the largest overall er-
ror was seen in lag week 3 (6.7%) and there was less than 
5% error for lag weeks 4 or more, improving at each subse-
quent lag week (Supplementary Table S4).

Further analysis which included registration interval differ-
ences by year, age and month of year of death found consid-
erable variability in the proportion of registrations received 
in those relative weeks, but only minor variation was found 
by sex (Supplementary Figures S2–S4). We also assessed the 
impact of coronial deaths, which are typically registered later, 
and determined no significant impact on the model. We con-
ducted a sensitivity analysis across different modelling peri-
ods and found that a 2-year period yielded the lowest 
percentage RMSE for the most recent lag weeks. 
Additionally, a 17-week pilot test comparing lag-adjusted 
counts to more complete counts available as of 31 January 
2023, revealed the greatest percentage differences in lag 
weeks 3 (13.7%) and lag week 4 (5.2%) (Supplementary 
Figure S9). For further details on validation of the registra-
tion interval correction model (Supplementary Section S4).

Application to weekly rapid mortality 
surveillance and estimation of excess deaths
The current rapid mortality surveillance approach uses a ro-
bust linear regression model5 to estimate the expected sea-
sonal baseline of weekly all-cause death rates that would 
occur in the absence of seasonal influenza and other causes of 
substantial extra-seasonal mortality. The general methodol-
ogy for background estimation is described in Muscatello 
et al,5 see Supplementary Section S5 for a description of the 
current implementation.

Impact of registration interval correction on 
estimation of excess deaths
We compared excess deaths from corrected and uncorrected 
counts for the current surveillance application. Excess all- 
cause deaths were estimated by calculating the accumulated 

sum of the weekly differences between the observed and 
expected weekly rates per 100 000 population.15 For the reg-
istration interval corrected application, the weekly rates in-
corporating estimated near-complete counts were used. 
Excess weekly rates were converted to a count by multiplying 
the weekly rate by the estimated resident population and di-
viding by 100 000.

Figure 1 demonstrated the result of registration interval 
correction for surveillance week ending 6 November 2022 
for surveillance analysis conducted on 27 November 2022. 
The red line shows modelled estimates of the seasonal base-
line of weekly all-cause death rates. The blue line shows 
weekly observed rates, while the green line shows corrected 
values from 25 September 2022 (lag week 9) to 6 November 
2022 (lag week 3). Excess deaths during winter 2017 were at-
tributed to a severe influenza season.16 In 2020, lower mor-
tality could be attributed to the use of non-pharmaceutical 
public health measures that effectively controlled SARS-CoV- 
2 transmission and substantially reduced circulation of other 
respiratory viruses.17 Periods of excess mortality from July in 
2021 were associated with community transmission of the 
SARS-CoV-2 Delta variant, which was partially controlled 
using a combination of non-pharmaceutical public health 
measures and the rapid rollout of a COVID-19 vaccination 
program that achieved high population uptake. In late 2021, 
despite high vaccination coverage, the emergence of the 
Omicron variant, with its combination of immune escape and 
high transmissibility led to increased SARS-CoV-2 virus 
transmission.18–20 Weekly excess deaths across the three 
years were, on average, lower in Australia than in most com-
parable countries.21 The observed weekly death rates decline 
towards the end of the time series reflecting incomplete death 
registration data. The corrected weekly death rates are higher 
than the observed rates across all lag weeks. For example, at 
lag week 3, the observed weekly death rate was 10.4 per 
100 000 persons, compared with 12.3 per 100 000 persons in 
the lag-corrected model. Without the lag correction, the data 
observed at the time of analysis would only account for 84% 
of the deaths registered in that week.

To assess the effect of the registration interval correction 
on estimates of excess deaths, we re-calculated the observed 
number of deaths for the surveillance period 2 January to 6 
November 2022, allowing additional weeks for registration 

Figure 1. Corrected, observed all-cause weekly death rates, estimated and forecast seasonal baseline mortality, and limits of usual variation for one 
reporting week (data analysed week ending 27 November 2022), NSW, persons of all ages. Weeks included were 1 January 2017 to 6 November 2022. 
Black dots represent observed deaths outside the 95% confidence interval for background deaths in that week
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to 31 Jan 2023. The rationale being that almost all deaths for 
this surveillance period would be registered by 31 January 
2023 (Supplementary Figure S4). Table 1 shows the percent-
age difference between corrected excess counts from deaths 
registered by 27 November and observed excess counts for 
deaths registered, for the same period, by the 31 January 
2023. For all-ages, corrected excess deaths counts were 1.2% 
lower than re-calculated observed excess counts, while differ-
ences ranged from 6.9% lower for those aged under 65 years 
to 2.9% lower for those aged 65–84 years. There was 0.1% 
difference between observed and corrected excess counts for 
persons aged 85 and over.

SAS Enterprise Guide 8.322 was used for all analysis. The 
SAS ROBUSTREG procedure with the ‘M estimation’ 
method was used for the seasonal baseline estimation.23

Discussion
This study demonstrates a method for estimating near- 
complete counts of death registrations from three weeks of 
date of death. This provided timely intelligence on excess 
mortality to meet the policy demands of a pandemic re-
sponse. Our analysis shows that reasonably accurate interval- 
correction is possible with only limited registration data 
available in the most recent weeks. Although variation in the 
registration interval in the current and previous 2 weeks 
appears to prevent successful estimation for those weeks, rea-
sonable estimates can still be made from 3 to 9 weeks before 
the analysis date. In the past, we excluded data six weeks be-
fore the analysis week and the earlier 3 weeks were used with-
out correction.

By observing model performance over time, we showed 
that near-complete registrations could be predicted as few as 
3 weeks from the date of analysis, with improvement in each 
subsequent lag week. The percentage of RMSE of estimated 
compared with observed near-complete death registrations 
showed that overall, the model performed well, particularly 
in lag weeks 4–9 (<5% error). We found that excess deaths 
estimated from near-complete registrations were 2% lower in 
all-ages and less than 3% lower for those aged over 65 years. 
Our finding, based on RMSE, showed that a shorter period 
of historical data provided better estimation of near-complete 
registrations than did a longer period. This finding could re-
flect changes over time in clerical procedures or information 
systems used for registrations. Further, a 17-week pilot to 
test for current surveillance validity showed similar results, 

with the highest percentage difference between corrected and 
observed counts seen at lag week 3, but mostly minor differ-
ences at subsequent lag weeks. Each week, the application of 
our model continues to deliver valuable information to policy 
decision makers by providing them with trends in mortality 
for the state.

The strength of this methodology is that it may be adaptable 
for use in other similar sized or larger jurisdictions that have ac-
cess to regular death registration feeds. The minimum require-
ment is a weekly death feed with a relatively stable registration 
interval distribution. Different jurisdictions will need to assess 
what registration interval is appropriate to model their near- 
complete deaths. For NSW, 99% of registrations were complete 
by 10 weeks, however this will vary for each jurisdiction, and a 
longer registration interval may require more lag weeks to 
achieve near-complete estimates. Further, the registration cor-
rection method presented in this paper was useful over the win-
ter period, particularly at the beginning, when attempting to 
understand the combined impact of COVID-19, influenza and 
other respiratory viruses. It became clear, that NSW was un-
likely to have a short sharp winter mortality season in 2022, 
but rather, a prolonged season as the interval-corrected death 
rates at the time were suggesting.

This approach has some limitations. First, this method 
relies on a stable registration interval distribution for good 
predictions of near-complete registrations in each lag week. 
Variation in the registration interval for deaths registered in 
NSW has improved over time; however, this may not be the 
case for other jurisdictions, where a more severe epidemic 
may have resulted in longer registration delays. Secondly, the 
pilot suggests that in the later part of 2022, which has seen 
sustained high mortality unlike previous years, that lag cor-
rections for week 3 are conservative, producing smaller esti-
mates of excess for those weeks. However, for public health 
decision making, a conservative estimate in lag week 3, which 
is subsequently corrected for in the following week, is un-
likely to delay critical public health action. Thirdly, the sea-
sonal baseline is based on cyclical robust regression estimates 
and in some years, these may not appear to closely follow 
background death rates. In retrospective applications, alter-
native modelling strategies may provide a better fit. Live, con-
tinuous surveillance strategies require models that are simple, 
comparable across jurisdictions and that can provide a plau-
sible one-year-ahead baseline forecast when prospectively ap-
plied. Lastly, excess death calculations only consider 
uncertainty in the estimate of the seasonal baseline and do 
not consider uncertainty around the estimated near-complete 
counts. Nevertheless, the RMSE analysis showed that the 
point estimates of near-complete counts were quite accurate.

Timely excess deaths information is crucial for population 
health risk assessment. The methods we have demonstrated 
here may be useful in international settings where death regis-
tration operates in a similar way and where death registration 
statistics can be made available to population health protec-
tion analysts. Registration interval correction of all-cause 
deaths can provide more accurate assessment of all-hazard re-
lated mortality, offering policy makers valuable insights to re-
spond promptly to public health challenges.

Ethics approval
This work was conducted to enhance an existing surveillance 
system and did not require ethics approval. The NSW Public 

Table 1. Percentage difference between corrected and observed excess 
death counts for deaths that occurred between week ending 2 January to 
6 November 2022 and registered by 31 January 2023, all ages and by 
age group

Age group Difference between corrected  
and observed excess counts(%)a,b,c,d

All ages −1.2
< 65 years −6.9
65–84 years −2.9
85 Years and over −0.1

a Comparing excess counts from deaths that occurred from week ending 
2 January to 6 November 2022.

b Corrected excess counts were corrected between week ending 25 
September to 6 November 2022 and registered by 27 November 2022.

c Recalculated observed excess counts are deaths registered by 31 
January 2023.

d Excess from corrected counts is calculated from the mean.
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Health Act 201024 provided the legislative basis for data use 
and disclosure. This work was conducted in accordance with 
the National Health and Medical Research Council 
(NHMRC) ethical principles.
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