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[bookmark: _Toc211614700]Data preparation
In almost all cases, infection dates were based on the reported date of the first positive COVID-19 test after a period of at least 90 days without a positive COVID-19 test. In a few cases however, these reported dates were obviously incorrect: occurring before 2020 or after death. In these cases, the date of the registration of the test result in the GGD’s HPZone system was used instead. Dates of infection or vaccination occurring on the day of or after death were set to one day before death to enable the multi-state model to process both events. Events seemingly taking place after death were likely caused by reporting delays. Infection dates occurring on the day of first vaccination were set to one day before.

[bookmark: _Toc211614701]Background mortality hazards
To calculate the background mortality hazard per sex, age and month, the data of the reference population was structured in long format: each person had one row for each month and year that the person was included in the dataset (i.e., being at least 63 years old at the beginning of the month and living in the Netherlands at the start of the year). Because in the microdata of Statistics Netherlands all birthdays are set to the first of the month, no additional rows were needed for changing age. 
In order to have large enough groups for the ages >90 years, some persons were cloned in the dataset: e.g., for age 91, all persons aged 89, 90, 92 and 93 were added again with an artificial age of 91, creating a 5-year age group centered around the age of interest. As there are less 93-year olds than 89-year olds, all persons with the new age 91 were reweighted based on their sex and original age. This procedure was also performed for the ages 92-105, where persons older than 105 years were included in the group with new age 105. 
Then, the cumulative hazard from the start of the month until the end of the month was calculated, stratifying for sex, age and month. Thus, the monthly hazards were averaged over the years 2015-2019. The mean daily mortality hazard per stratum was calculated by dividing the cumulative hazard at the end of the month (or at day 28 for February) by the number of days in the respective month (or 28 for February). These hazards were structured as a rate table that could be used by the relative survival models (using the same daily hazards for 2020 and 2021). In these models, persons with a higher age than which are present in the rate table are assumed to have the background hazard of the oldest age that is present: e.g., a person aged 106 has the same daily background mortality hazard as a 105-year old. 

[bookmark: _Toc211614702]Statistical considerations
Some subtle technical points are relevant in understanding differences in results between our and others’ work. In our model background and excess mortality are treated as competing events, such that the sum of the background and excess mortality is the total observed mortality. Their absolute probabilities are based on the cumulative hazards of both competing events, in contrast to methods where the excess mortality is calculated by comparing the observed and reference mortality probabilities directly. See Pohar Perme et al. [1] for a more detailed explanation of relative survival. 
The background mortality hazard depends on the current demographic composition of the population (regarding sex and age). This makes the role of a time-dependent reference population essential: if during a COVID-19 wave mostly older persons die, the background mortality hazard would decrease, as the remaining population would on average become younger. In the beginning of 2020, the contrary occurred: because fewer older persons died than expected due to the mild influenza season, the population was on average older than the pre-pandemic population and the background mortality hazard increased. As a result, only after a substantial number of deaths during the first COVID-19 wave the excess mortality hazard became positive. In other words, our model takes the ‘gain’ of a few months longer survival with respect to the pre-pandemic period correctly into account. This is not possible if the reference population is not continuously updated to match the current demographic composition of the study population. 
One of the main assumptions of relative survival models is that the study and reference groups are similar aside from their ‘disease’. In our case we assume that the general health (apart from the part related to COVID-19) and hazards of dying due to other causes than pandemic-related are similar for the study and reference populations, i.e., that the life expectancy in the absence of COVID-19 did not change between 2015 and 2021. This likely explains largely why our excess mortality estimates are lower than those reported by Statistics Netherlands and RIVM, which considered increasing life expectancy (i.e., a lower background hazard) in their model [2]. 
In general, the study population is subjected to a stronger selection mechanism than the reference population, due to their disease or, in this setting, the crisis in which they live. This implies that later in follow-up the study group may become less similar to the reference population, because on average, fitter persons are more likely to survive [3,4]. This may lead to negative excess hazards of death, leading to decreasing probabilities of excess death, possibly even below zero. This phenomenon is more often observed when relative survival is combined with a multi-state model, since the persons’ fitness may influence which states they reach [3,4]. This likely also occurs in our model, where excess mortality from the vaccination state was negative, probably mainly caused by the healthy vaccinee effect. 
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[bookmark: _Toc211614704]1. Estimation of the percentage of misclassified persons among the ‘unvaccinated’ persons 
To get some insight in how many persons were misclassified in our analyses as ‘unvaccinated’, an explorative analysis was performed to compare our data with the vaccination coverage as reported by RIVM [5]. Their numbers (only given as rounded percentages) are based on an anonymized dataset of GGD GHOR Nederland (national umbrella organization of the GGDs and Regional Medical Assistance Organizations) containing all SARS-CoV-2 vaccinations administered by the GGDs regardless of informed consent for data sharing, and all SARS-CoV-2 vaccinations administered by other parties (e.g., general practitioners, hospitals) for which informed consent was given. Hence, they only miss the vaccinations without consent for sharing that were administered by the other parties, and vaccinations that have not correctly been registered. 85% of all vaccinations of the basic series were administered at a GGD facility [5]. 
For different birthyear cohorts, RIVM calculated the percentage of persons who received at least one vaccination during 2021 by dividing the number of these persons by the total number of persons of that birthyear cohort who were living in the Netherlands on 1 March 2021 [5]. We repeated their analyses on our dataset. Persons born in 1956 were excluded from this analysis, since the RIVM report only gives the percentage for the birthyear cohort ‘1956-1960’, of which the majority was not included in our study. The difference between our percentages and those reported by RIVM gives a reliable estimate of how many persons vaccinated by the GGD who did not give consent for data sharing are misclassified as being unvaccinated in our study. As shown in the table below, 89% of those born before 1931 were vaccinated according to RIVM compared to 88% according to our data. The absolute difference of 1% represents those who were vaccinated but missed in our dataset. This is 8% of those who were classified as ‘unvaccinated’ in our dataset (1/12). For the different birthyear cohorts, the percentage of misclassified among the ‘unvaccinated’ varies between 8% and 25%. The actual percentage is likely slightly higher as those who were vaccinated by another party and did not give consent or whose vaccination was not correctly registered are still missing. 
	Birthyear cohort
	% vaccinated as reported by RIVM [5] 
(A)
	% vaccinated based on our data 
(B)
	% of vaccinated according to RIVM that is recorded in our data 
(C=B/A (%))
	% missed
(D=A-C)
	% not vaccinated according to RIVM 
(100-A)
	% not vaccinated according to our data
(E=100-B)
	% misclassified among the ‘not vaccinated’ in our data
(D/E (%))

	<1931
	89
	88
	99
	1
	11
	12
	8

	1931-1935
	93
	91
	98
	2
	7
	9
	22

	1936-1940
	94
	92
	98
	2
	6
	8
	25

	1941-1945
	94
	93
	99
	1
	6
	7
	14

	1946-1950
	94
	92
	98
	2
	6
	8
	25

	1951-1955
	93
	91
	98
	2
	7
	9
	22




[bookmark: _Toc211614705]2. Impact of different mortality background hazards
To investigate the impact of the used background mortality hazards, the excess mortality analyses were repeated using three different rate tables in sensitivity analyses. The first was calculated in a similar way as described in the Supplemental Methods except that ‘month’ was ignored and persons at their birthday started a new row with their updated age: the background mortality hazards per sex and age are thus averaged over the whole year and do not take seasonality into account. The other two rate tables were built using the life tables from the Human Mortality Database (HMD, see www.mortality.org) to derive the daily mortality hazard for each sex and age: one rate table only used the hazards of 2019, the other used the mean hazards of 2015-2019. 
As shown in the figure below, using background hazards averaged over the year (dark blue curve) instead of per month (pink) led to almost similar probabilities at the ends of 2020 and 2021 but a different shape of the curve during the years: positive excess mortality during the respiratory infection season, more negative excess mortality during the summer and different estimates of the cumulative excess mortality during the first and second COVID-19 wave. The rate table based on the HMD life tables of 2015-2019 (light blue) yielded slightly lower excess mortality: the data are based on the same population, but HMD uses a different method of calculating the daily mortality hazard for the highest ages. Considering only the life table for 2019 for the background mortality (yellow) yielded substantially higher excess mortality, likely mainly because of the relatively mild respiratory infection season during this year [6]. 
The considerable differences have several reasons: because the time scale is calendar time, seasonality of the background mortality becomes more important than in settings with a disease-specific timescale (such as time from diagnosis or start treatment), especially when the study population is old and the excess mortality occurs in waves. Moreover, the background mortality comprises the largest part of the total mortality: small changes in the estimates of the background mortality hazard have a relatively strong effect on the estimates of the (small) excess mortality. 
[image: ]

[bookmark: _Toc211614706]3. Outcomes of the multi-state model stratified by birthyear cohorts
In the main analysis we observed a short period of (slight) excess mortality from the vaccination state. As an explanation, it has to be considered that during the campaign vulnerable groups were prioritized (e.g., residents of long-term care facilities). As these persons likely have a higher mortality risk in general, excess mortality after vaccination should be assessed considering the different starting dates of the vaccinations for the prioritized and non-prioritized groups. Since the age groups used in our study do not follow the age cut-offs used for the timing of the vaccination invitations, we repeated the multi-state analysis with birthyear cohorts based on those used during the vaccination campaign [7].
The figure below shows the cumulative probability of excess mortality with 95%-CI from the vaccination state for these different groups, where the red line marks the start of the vaccination of non-prioritized persons: from this moment non-prioritized people can enter the vaccination state, and eventually become the majority of those in this state. Only the period in which any group had positive excess mortality is shown. In all groups, the positive excess mortality started during the period when only prioritized persons were being vaccinated. Soon after the start of vaccinating non-prioritized persons, the excess mortality probabilities started to decline, meaning that from that moment people died less than expected. These dynamics indicate that the temporary positive excess mortality is most likely caused by the selection of vulnerable people and not by a direct effect of the vaccination. 
[image: ]
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	Datasets
	Variables
	Original variables used for identification
	Comment

	All datasets
	personal identifier
	RINPERSOON
	Used to link different datasets

	GBASTANDBEVOLKINGTAB 
	postcode 
	GBAPOSTCODE4GAAF1JANUARI
	Used to identify whether person was living in the Netherlands at 1 January of each year

	GBAPERSOONTAB
	age group (based on age in years at 1 January 2020)
	GBAGEBOORTEDAG, GBAGEBOORTEMAAND and GBAGEBOORTEJAAR
	Birthdays are always set to the first of the month in microdata of Statistics Netherlands

	
	sex
	GBAGESLACHT
	

	GBAOVERLIJDENTAB
	date of death
	GBADatumOverlijden
	

	CIMS
	date of vaccination
	Vaccinatiedatum
	Only the first vaccination is considered; if at or after date of death, set to one day before death

	GGDCOVID19BM
	date of positive COVID-19 test
	DatumCOVID19testafname
	Use Tijdstiprapportage-COVID19besmetting when missing or obviously incorrect (occurring before 2020 or after death); if at or after date of death, set to one day before death; if at day of vaccination, set to one day before vaccination

	
	COVID-19 test result
	TypeuitslagCOVID19test
	Used to identify positive tests 


Supplemental Table 1. Overview of the used microdata tables and the variables.

	Sex
	Age 
	Total included
	At risk at 1 January 2020
	At risk at 1 June 2020
	Censored at end of follow-up

	Women
	63-64
	207383
	207068
	206443
	203821

	
	65-69
	504335
	503646
	501502
	492940

	
	70-79
	821111
	820308
	812734
	783806

	
	80-89
	411194
	410961
	397102
	348421

	
	90+
	  95009
	  94985
	  85057
	  56408

	Men
	63-64
	204688
	204186
	203243
	199675

	
	65-69
	494871
	493967
	490872
	478221

	
	70-79
	762559
	761597
	751019
	711285

	
	80-89
	287866
	287642
	274568
	230419

	
	90+
	  37754
	  37735
	  33050
	  20390


Supplemental Table 2. Numbers of persons included and at risk in each of the subsets at 1 January 2020, 1 June 2020 and end of follow-up. Age categories are based on age in years on 1 January 2020.


	
	State
	Alive
	Observed mortality
	Background mortality
	Excess mortality

	Total
	Event-free
	6.24 (6.21-6.26)
	3.31 (3.29-3.32)
	3.16 (3.16-3.16)
	0.14 (0.13-0.16)

	
	Recent infection
	0.13 (0.13-0.13)
	0.41 (0.41-0.42)
	0.02 (0.02-0.02)
	0.40 (0.39-0.40)

	
	Non-recent infection
	0.69 (0.68-0.70)
	0.11 (0.10-0.11)
	0.05 (0.05-0.05)
	0.06 (0.06-0.06)

	
	Vaccination
	79.03 (78.99-79.07)
	2.00 (1.99-2.02)
	2.50 (2.50-2.50)
	-0.50 (-0.52--0.49)

	
	Vaccination after infection
	3.83 (3.81-3.85)
	0.11 (0.11-0.11)
	0.11 (0.11-0.11)
	0.00 (0.00-0.01)

	
	Recent infection after vaccination
	0.97 (0.96-0.98)
	0.17 (0.17-0.17)
	0.01 (0.01-0.01)
	0.16 (0.15-0.16)

	
	Non-recent infection after vaccination
	2.97 (2.95-2.99)
	0.04 (0.03-0.04)
	0.02 (0.02-0.02)
	0.01 (0.01-0.01)

	Women 63-64
	Event-free
	8.06 (7.95-8.18)
	0.78 (0.74-0.81)
	0.70 (0.70-0.70)
	0.07 (0.04-0.11)

	
	Recent infection
	0.23 (0.21-0.25)
	0.05 (0.04-0.06)
	0.00 (0.00-0.00)
	0.05 (0.04-0.06)

	
	Non-recent infection
	1.07 (1.02-1.11)
	0.03 (0.02-0.04)
	0.01 (0.01-0.01)
	0.01 (0.01-0.02)

	
	Vaccination
	79.80 (79.63-79.97)
	0.39 (0.36-0.42)
	0.45 (0.45-0.46)
	-0.06 (-0.09--0.04)

	
	Vaccination after infection
	4.89 (4.80-4.99)
	0.02 (0.01-0.02)
	0.03 (0.03-0.03)
	-0.01 (-0.02--0.01)

	
	Recent infection after vaccination
	1.22 (1.17-1.27)
	0.01 (0.01-0.02)
	0.00 (0.00-0.00)
	0.01 (0.01-0.02)

	
	Non-recent infection after vaccination
	3.45 (3.37-3.53)
	0.00 (0.00-0.01)
	0.00 (0.00-0.01)
	0.00 (0.00-0.00)

	Men 63-64
	Event-free
	7.25 (7.13-7.36)
	1.04 (1.00-1.09)
	0.99 (0.99-0.99)
	0.05 (0.01-0.10)

	
	Recent infection
	0.17 (0.16-0.19)
	0.08 (0.07-0.10)
	0.01 (0.01-0.01)
	0.08 (0.07-0.09)

	
	Non-recent infection
	0.97 (0.92-1.01)
	0.05 (0.04-0.06)
	0.02 (0.02-0.02)
	0.03 (0.02-0.04)

	
	Vaccination
	79.39 (79.21-79.56)
	0.54 (0.51-0.57)
	0.66 (0.66-0.66)
	-0.12 (-0.15--0.09)

	
	Vaccination after infection
	5.45 (5.35-5.55)
	0.02 (0.01-0.03)
	0.04 (0.04-0.04)
	-0.02 (-0.03--0.02)

	
	Recent infection after vaccination
	1.37 (1.32-1.42)
	0.03 (0.02-0.03)
	0.00 (0.00-0.00)
	0.02 (0.01-0.03)

	
	Non-recent infection after vaccination
	3.64 (3.56-3.72)
	0.01 (0.01-0.02)
	0.01 (0.01-0.01)
	0.00 (0.00-0.01)

	Women 65-69
	Event-free
	7.52 (7.45-7.59)
	1.03 (1.00-1.05)
	0.96 (0.96-0.96)
	0.06 (0.03-0.09)

	
	Recent infection
	0.16 (0.15-0.17)
	0.08 (0.08-0.09)
	0.00 (0.00-0.00)
	0.08 (0.07-0.09)

	
	Non-recent infection
	0.85 (0.83-0.88)
	0.03 (0.03-0.04)
	0.02 (0.02-0.02)
	0.01 (0.01-0.02)

	
	Vaccination
	81.65 (81.54-81.76)
	0.51 (0.49-0.53)
	0.60 (0.59-0.60)
	-0.08 (-0.10--0.06)

	
	Vaccination after infection
	4.33 (4.27-4.38)
	0.03 (0.02-0.03)
	0.03 (0.03-0.03)
	0.00 (-0.01-0.00)

	
	Recent infection after vaccination
	1.03 (1.00-1.06)
	0.02 (0.02-0.03)
	0.00 (0.00-0.00)
	0.02 (0.02-0.03)

	
	Non-recent infection after vaccination
	2.75 (2.70-2.79)
	0.00 (0.00-0.01)
	0.00 (0.00-0.00)
	0.00 (0.00-0.00)

	Men 65-69
	Event-free
	6.73 (6.66-6.80)
	1.46 (1.43-1.50)
	1.42 (1.42-1.42)
	0.05 (0.01-0.08)

	
	Recent infection
	0.15 (0.14-0.16)
	0.14 (0.13-0.15)
	0.01 (0.01-0.01)
	0.14 (0.13-0.15)

	
	Non-recent infection
	0.74 (0.71-0.76)
	0.07 (0.06-0.08)
	0.02 (0.02-0.02)
	0.04 (0.04-0.05)

	
	Vaccination
	81.11 (81.00-81.22)
	0.76 (0.73-0.78)
	0.89 (0.89-0.89)
	-0.13 (-0.16--0.11)

	
	Vaccination after infection
	4.63 (4.57-4.69)
	0.03 (0.02-0.03)
	0.05 (0.05-0.05)
	-0.02 (-0.02--0.01)

	
	Recent infection after vaccination
	1.13 (1.10-1.16)
	0.04 (0.04-0.05)
	0.00 (0.00-0.00)
	0.04 (0.03-0.04)

	
	Non-recent infection after vaccination
	2.99 (2.94-3.04)
	0.01 (0.01-0.01)
	0.01 (0.01-0.01)
	0.00 (0.00-0.01)

	Women 70-79
	Event-free
	6.15 (6.09-6.20)
	1.98 (1.95-2.01)
	1.88 (1.88-1.89)
	0.09 (0.06-0.12)

	
	Recent infection
	0.12 (0.11-0.12)
	0.22 (0.21-0.23)
	0.01 (0.01-0.01)
	0.21 (0.20-0.22)

	
	Non-recent infection
	0.61 (0.60-0.63)
	0.06 (0.05-0.07)
	0.03 (0.03-0.03)
	0.03 (0.03-0.04)

	
	Vaccination
	82.42 (82.33-82.50)
	1.18 (1.16-1.21)
	1.40 (1.40-1.40)
	-0.22 (-0.24--0.19)

	
	Vaccination after infection
	3.51 (3.47-3.55)
	0.06 (0.05-0.06)
	0.06 (0.06-0.06)
	0.00 (0.00-0.01)

	
	Recent infection after vaccination
	0.85 (0.83-0.87)
	0.08 (0.07-0.08)
	0.01 (0.01-0.01)
	0.07 (0.06-0.08)

	
	Non-recent infection after vaccination
	2.75 (2.72-2.79)
	0.01 (0.01-0.02)
	0.01 (0.01-0.01)
	0.00 (0.00-0.01)

	Men 70-79
	Event-free
	5.30 (5.25-5.35)
	2.88 (2.84-2.92)
	2.81 (2.81-2.81)
	0.07 (0.03-0.10)

	
	Recent infection
	0.10 (0.10-0.11)
	0.40 (0.38-0.41)
	0.01 (0.01-0.01)
	0.39 (0.37-0.40)

	
	Non-recent infection
	0.54 (0.53-0.56)
	0.11 (0.10-0.11)
	0.04 (0.04-0.04)
	0.07 (0.06-0.08)

	
	Vaccination
	81.16 (81.07-81.25)
	1.69 (1.66-1.71)
	2.08 (2.08-2.09)
	-0.40 (-0.43--0.37)

	
	Vaccination after infection
	3.55 (3.51-3.59)
	0.07 (0.07-0.08)
	0.08 (0.08-0.08)
	-0.01 (-0.02-0.00)

	
	Recent infection after vaccination
	0.98 (0.96-1.00)
	0.15 (0.14-0.16)
	0.01 (0.01-0.01)
	0.14 (0.13-0.15)

	
	Non-recent infection after vaccination
	3.04 (3.01-3.08)
	0.03 (0.03-0.03)
	0.02 (0.02-0.02)
	0.01 (0.01-0.01)

	Women 80-89
	Event-free
	5.80 (5.73-5.88)
	6.36 (6.28-6.43)
	5.99 (5.99-6.00)
	0.36 (0.28-0.44)

	
	Recent infection
	0.11 (0.10-0.12)
	0.77 (0.75-0.80)
	0.03 (0.03-0.03)
	0.74 (0.71-0.77)

	
	Non-recent infection
	0.66 (0.63-0.68)
	0.21 (0.20-0.23)
	0.09 (0.09-0.09)
	0.12 (0.11-0.13)

	
	Vaccination
	74.28 (74.15-74.42)
	4.21 (4.15-4.28)
	5.49 (5.48-5.50)
	-1.28 (-1.34--1.21)

	
	Vaccination after infection
	3.11 (3.06-3.16)
	0.28 (0.27-0.30)
	0.23 (0.22-0.23)
	0.06 (0.04-0.07)

	
	Recent infection after vaccination
	0.77 (0.75-0.80)
	0.34 (0.32-0.36)
	0.03 (0.03-0.03)
	0.32 (0.30-0.33)

	
	Non-recent infection after vaccination
	2.99 (2.93-3.04)
	0.09 (0.08-0.10)
	0.05 (0.05-0.05)
	0.04 (0.03-0.05)


Table continues on next page.
	Men 80-89
	Event-free
	4.82 (4.74-4.90)
	8.22 (8.12-8.32)
	7.80 (7.79-7.81)
	0.42 (0.32-0.53)

	
	Recent infection
	0.09 (0.08-0.10)
	1.32 (1.28-1.36)
	0.04 (0.04-0.04)
	1.28 (1.24-1.33)

	
	Non-recent infection
	0.51 (0.49-0.54)
	0.21 (0.19-0.22)
	0.10 (0.09-0.10)
	0.11 (0.09-0.13)

	
	Vaccination
	72.14 (71.97-72.31)
	5.42 (5.34-5.51)
	7.06 (7.04-7.07)
	-1.63 (-1.72--1.54)

	
	Vaccination after infection
	2.63 (2.57-2.69)
	0.24 (0.23-0.26)
	0.24 (0.23-0.24)
	0.00 (-0.01-0.02)

	
	Recent infection after vaccination
	0.77 (0.74-0.81)
	0.60 (0.57-0.63)
	0.03 (0.03-0.03)
	0.57 (0.54-0.60)

	
	Non-recent infection after vaccination
	2.94 (2.87-3.00)
	0.09 (0.08-0.10)
	0.06 (0.06-0.07)
	0.03 (0.01-0.04)

	Women 90+
	Event-free
	5.40 (5.24-5.55)
	18.42 (18.16-18.68)
	17.95 (17.90-18.01)
	0.47 (0.18-0.75)

	
	Recent infection
	0.14 (0.12-0.17)
	1.98 (1.88-2.07)
	0.13 (0.13-0.14)
	1.84 (1.75-1.93)

	
	Non-recent infection
	0.72 (0.66-0.78)
	0.59 (0.54-0.65)
	0.37 (0.35-0.38)
	0.23 (0.18-0.28)

	
	Vaccination
	53.01 (52.67-53.34)
	10.79 (10.58-11.00)
	13.19 (13.12-13.26)
	-2.39 (-2.62--2.17)

	
	Vaccination after infection
	3.18 (3.06-3.30)
	0.79 (0.73-0.85)
	0.75 (0.73-0.78)
	0.04 (-0.02-0.10)

	
	Recent infection after vaccination
	0.82 (0.76-0.88)
	0.88 (0.82-0.95)
	0.09 (0.09-0.09)
	0.80 (0.73-0.86)

	
	Non-recent infection after vaccination
	3.06 (2.94-3.18)
	0.22 (0.19-0.26)
	0.16 (0.15-0.17)
	0.06 (0.03-0.09)

	Men 90+
	Event-free
	4.40 (4.18-4.63)
	20.93 (20.49-21.37)
	19.85 (19.76-19.95)
	1.08 (0.60-1.56)

	
	Recent infection
	0.10 (0.06-0.13)
	2.97 (2.79-3.15)
	0.12 (0.11-0.13)
	2.85 (2.67-3.03)

	
	Non-recent infection
	0.48 (0.40-0.55)
	0.49 (0.42-0.57)
	0.28 (0.26-0.30)
	0.21 (0.14-0.28)

	
	Vaccination
	51.47 (50.93-52.01)
	11.72 (11.38-12.07)
	14.79 (14.66-14.91)
	-3.06 (-3.44--2.69)

	
	Vaccination after infection
	2.28 (2.12-2.44)
	0.63 (0.55-0.72)
	0.60 (0.56-0.64)
	0.04 (-0.05-0.12)

	
	Recent infection after vaccination
	0.61 (0.52-0.69)
	1.33 (1.21-1.45)
	0.08 (0.08-0.09)
	1.25 (1.13-1.37)

	
	Non-recent infection after vaccination
	2.34 (2.18-2.50)
	0.24 (0.19-0.29)
	0.14 (0.13-0.16)
	0.10 (0.05-0.15)


Supplemental Table 3. Transition probabilities (in %) with 95% confidence intervals corresponding to the values of the curves of Figure 4 and Supplemental Figures 5-14 until 31 December 2021. For instance for the states without infection or vaccination (‘event-free’), the ‘Alive’ column shows the probability of being in the state alive event-free and the three mortality columns show the probabilities for death event-free (death directly from the event-free state): total observed mortality and the excess and background components. Within each row, observed mortality is the sum of background and excess mortality. For each (sub)group, the percentages in the columns ‘Alive’ and ‘Observed mortality’ add up to 100%. Note that (non-)recent infection only includes documented infections.


	

	Start state/ date
	Alive event-free
	Recent infection
	Non-recent infection
	Vaccination
	Vaccination after infection
	Recent infection after vaccination
	Non-recent infection after vaccination

	Total cohort
	1 Jan
	0.10 (0.08-0.12)
	4.61 (4.32-4.91)
	0.82 (0.65-1.00)
	NA
	NA
	NA
	NA

	
	1 Jun
	2.72 (2.65-2.79)
	2.75 (1.94-3.57)
	2.39 (2.12-2.66)
	-0.14 (-0.15--0.12)
	0.16 (0.08-0.24)
	1.04 (0.64-1.44)
	0.82 (0.46-1.18)

	
	1 Sep
	1.88 (1.82-1.95)
	5.14 (3.57-6.71)
	1.50 (1.24-1.75)
	0.03 (0.02-0.05)
	0.16 (0.10-0.22)
	2.46 (1.78-3.13)
	0.48 (0.29-0.67)

	
	1 Dec
	0.50 (0.47-0.54)
	5.20 (4.68-5.71)
	0.27 (0.15-0.38)
	0.01 (0.00-0.01)
	0.05 (0.02-0.08)
	1.82 (1.70-1.93)
	0.12 (0.06-0.19)

	Women 63-64
	1 Jan
	0.08 (0.04-0.12)
	0.00 (-0.36-0.37)
	-0.19 (-0.43-0.04)
	NA
	NA
	NA
	NA

	
	1 Jun
	0.64 (0.52-0.76)
	0.73 (-0.61-2.07)
	-0.02 (-0.29-0.25)
	-0.05 (-0.08--0.02)
	-0.14 (-0.25--0.02)
	0.51 (-0.43-1.45)
	-0.18 (-0.55-0.19)

	
	1 Sep
	0.41 (0.30-0.52)
	1.77 (-1.03-4.58)
	0.15 (-0.19-0.49)
	-0.03 (-0.05--0.00)
	-0.08 (-0.17-0.00)
	0.25 (-0.76-1.26)
	0.12 (-0.19-0.43)

	
	1 Dec
	0.11 (0.05-0.18)
	2.07 (0.92-3.23)
	0.05 (-0.12-0.21)
	-0.01 (-0.02-0.01)
	-0.00 (-0.05-0.05)
	0.06 (-0.06-0.18)
	-0.04 (-0.10-0.02)

	Men 63-64
	1 Jan
	0.03 (-0.02-0.08)
	0.48 (-0.02-0.99)
	-0.41 (-0.67--0.16)
	NA
	NA
	NA
	NA

	
	1 Jun
	0.73 (0.59-0.87)
	0.47 (-0.82-1.77)
	-0.07 (-0.39-0.25)
	-0.09 (-0.12--0.05)
	-0.36 (-0.47--0.25)
	-0.24 (-0.83-0.34)
	-0.26 (-0.70-0.18)

	
	1 Sep
	0.53 (0.40-0.67)
	0.86 (-1.58-3.30)
	0.08 (-0.30-0.45)
	-0.00 (-0.03-0.03)
	-0.24 (-0.31--0.16)
	1.39 (-0.34-3.11)
	-0.20 (-0.41--0.00)

	
	1 Dec
	0.08 (0.01-0.14)
	2.21 (0.97-3.45)
	-0.04 (-0.17-0.10)
	0.00 (-0.01-0.02)
	-0.07 (-0.11--0.03)
	0.13 (-0.02-0.29)
	0.11 (-0.05-0.27)

	Women 65-69
	1 Jan
	0.07 (0.04-0.10)
	0.68 (0.31-1.05)
	-0.07 (-0.29-0.15)
	NA
	NA
	NA
	NA

	
	1 Jun
	0.99 (0.89-1.10)
	0.60 (-0.35-1.56)
	0.59 (0.23-0.95)
	-0.06 (-0.09--0.04)
	0.00 (-0.11-0.11)
	0.17 (-0.37-0.71)
	-0.02 (-0.70-0.66)

	
	1 Sep
	0.53 (0.44-0.62)
	0.86 (-0.81-2.53)
	0.19 (-0.10-0.47)
	0.01 (-0.01-0.02)
	0.01 (-0.07-0.09)
	0.79 (-0.21-1.79)
	0.08 (-0.21-0.36)

	
	1 Dec
	0.13 (0.08-0.17)
	1.26 (0.60-1.92)
	0.03 (-0.09-0.16)
	0.00 (-0.01-0.01)
	0.02 (-0.03-0.06)
	0.28 (0.14-0.42)
	0.03 (-0.06-0.13)

	Men 65-69
	1 Jan
	0.10 (0.07-0.14)
	1.68 (1.18-2.18)
	-0.10 (-0.36-0.16)
	NA
	NA
	NA
	NA

	
	1 Jun
	1.45 (1.32-1.59)
	2.24 (0.62-3.85)
	0.85 (0.41-1.30)
	-0.11 (-0.13--0.08)
	-0.33 (-0.43--0.22)
	0.48 (-0.21-1.16)
	1.32 (0.09-2.54)

	
	1 Sep
	0.95 (0.83-1.07)
	2.73 (-0.42-5.88)
	0.60 (0.16-1.05)
	-0.01 (-0.03-0.01)
	-0.17 (-0.24--0.09)
	-0.06 (-0.72-0.61)
	0.06 (-0.26-0.37)

	
	1 Dec
	0.24 (0.17-0.30)
	3.12 (2.04-4.20)
	0.01 (-0.14-0.17)
	0.01 (-0.01-0.02)
	-0.05 (-0.09--0.01)
	0.52 (0.35-0.70)
	-0.05 (-0.13-0.02)

	Women 70-79
	1 Jan
	0.12 (0.09-0.15)
	2.99 (2.47-3.51)
	0.76 (0.43-1.08)
	NA
	NA
	NA
	NA

	
	1 Jun
	2.22 (2.09-2.36)
	1.79 (-0.09-3.68)
	2.31 (1.72-2.89)
	-0.09 (-0.12--0.07)
	0.07 (-0.07-0.21)
	0.41 (-0.30-1.13)
	-0.06 (-0.52-0.40)

	
	1 Sep
	1.42 (1.30-1.54)
	4.57 (0.97-8.17)
	1.33 (0.83-1.84)
	0.00 (-0.02-0.02)
	0.04 (-0.06-0.15)
	1.27 (0.12-2.41)
	0.16 (-0.13-0.45)

	
	1 Dec
	0.35 (0.29-0.41)
	3.34 (2.40-4.28)
	0.20 (-0.01-0.41)
	0.00 (-0.01-0.01)
	-0.01 (-0.06-0.04)
	0.83 (0.65-1.01)
	0.06 (-0.05-0.16)

	Men 70-79
	1 Jan
	0.13 (0.09-0.17)
	4.30 (3.66-4.95)
	0.57 (0.19-0.96)
	NA
	NA
	NA
	NA

	
	1 Jun
	3.21 (3.03-3.39)
	3.38 (0.98-5.78)
	3.04 (2.29-3.79)
	-0.18 (-0.21--0.15)
	-0.18 (-0.34--0.02)
	1.44 (0.48-2.40)
	0.48 (-0.15-1.11)

	
	1 Sep
	2.13 (1.97-2.29)
	6.73 (2.23-11.23)
	1.19 (0.59-1.78)
	0.00 (-0.02-0.03)
	0.03 (-0.10-0.16)
	2.65 (1.13-4.17)
	0.44 (0.07-0.81)

	
	1 Dec
	0.59 (0.50-0.68)
	5.78 (4.45-7.11)
	0.29 (0.01-0.57)
	-0.00 (-0.02-0.01)
	0.02 (-0.05-0.09)
	1.55 (1.31-1.79)
	0.08 (-0.04-0.21)

	Women 80-89
	1 Jan
	-0.06 (-0.15-0.03)
	10.27 (9.08-11.46)
	3.77 (2.90-4.64)
	NA
	NA
	NA
	NA

	
	1 Jun
	4.75 (4.44-5.05)
	8.21 (2.46-13.96)
	6.53 (5.21-7.85)
	-0.38 (-0.45--0.30)
	1.79 (1.35-2.24)
	4.58 (1.07-8.08)
	2.90 (1.72-4.08)

	
	1 Sep
	3.28 (3.01-3.55)
	9.22 (2.13-16.31)
	4.23 (3.10-5.36)
	-0.00 (-0.06-0.06)
	1.35 (0.99-1.70)
	3.99 (1.35-6.63)
	1.74 (0.93-2.54)

	
	1 Dec
	0.97 (0.81-1.12)
	9.02 (6.99-11.05)
	0.89 (0.33-1.44)
	-0.02 (-0.05-0.01)
	0.52 (0.31-0.72)
	3.95 (3.42-4.47)
	0.39 (0.09-0.69)

	Men 80-89
	1 Jan
	0.27 (0.14-0.40)
	13.52 (11.80-15.24)
	1.58 (0.46-2.70)
	NA
	NA
	NA
	NA

	
	1 Jun
	7.87 (7.41-8.34)
	12.81 (5.50-20.12)
	6.11 (4.22-8.00)
	-0.28 (-0.38--0.18)
	0.50 (-0.09-1.08)
	4.24 (-0.20-8.69)
	0.33 (-1.00-1.67)

	
	1 Sep
	5.73 (5.30-6.16)
	21.00 (10.15-31.86)
	2.35 (0.89-3.82)
	0.19 (0.11-0.27)
	0.28 (-0.18-0.73)
	7.81 (3.83-11.79)
	0.67 (-0.29-1.63)

	
	1 Dec
	1.62 (1.37-1.88)
	14.55 (11.25-17.84)
	0.81 (0.01-1.61)
	0.05 (0.01-0.10)
	0.11 (-0.14-0.36)
	5.54 (4.81-6.28)
	0.26 (-0.11-0.64)

	Women 90+
	1 Jan
	0.02 (-0.33-0.37)
	12.78 (9.80-15.76)
	4.88 (2.38-7.37)
	NA
	NA
	NA
	NA

	
	1 Jun
	8.19 (7.31-9.07)
	NA
	8.20 (4.99-11.41)
	0.30 (-0.02-0.61)
	2.64 (1.22-4.05)
	13.51 (0.95-26.07)
	1.80 (-1.63-5.23)

	
	1 Sep
	6.43 (5.61-7.25)
	NA
	6.15 (3.22-9.08)
	0.93 (0.67-1.19)
	2.63 (1.45-3.82)
	3.88 (-3.40-11.17)
	1.49 (-1.00-3.98)

	
	1 Dec
	1.97 (1.45-2.49)
	20.32 (14.67-25.96)
	0.42 (-0.98-1.82)
	0.28 (0.14-0.43)
	0.47 (-0.17-1.12)
	9.59 (7.97-11.22)
	0.51 (-0.51-1.53)

	Men 90+
	1 Jan
	1.12 (0.51-1.73)
	22.13 (16.15-28.11)
	2.06 (-2.67-6.79)
	NA
	NA
	NA
	NA

	
	1 Jun
	12.59 (10.94-14.23)
	NA
	12.43 (5.68-19.17)
	0.45 (-0.09-0.99)
	2.30 (-0.49-5.09)
	NA
	5.69 (-1.24-12.61)

	
	1 Sep
	8.98 (7.39-10.57)
	NA
	7.20 (1.28-13.11)
	1.17 (0.72-1.62)
	1.05 (-1.18-3.28)
	NA
	4.74 (-0.34-9.83)

	
	1 Dec
	2.64 (1.62-3.67)
	29.02 (17.43-40.60)
	2.77 (-0.95-6.50)
	0.25 (-0.00-0.51)
	0.72 (-0.61-2.04)
	16.81 (13.30-20.31)
	2.43 (0.07-4.80)


Supplemental Table 4. Transition probabilities (in %) with 95% confidence intervals of excess death until 31 December 2021 based on the state occupied at different landmark times in 2021 (see also Figure 5 and Supplemental Figure 17). Landmark analyses were only performed if at least 40 persons were at risk in the respective state and landmark time (otherwise NA). Note that (non-)recent infection only includes documented infections.
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Note that (non-)recent infection in the figures only includes documented infections.
3,822,095 started 
in dataset on 
1 January 2020
4,675 immigrated
4,224 emigrated
3,525,386 still alive on 31 December 2021
 3,755,590 present in dataset on 1 June 2020

Supplemental Figure 1. Flow diagram with number of persons included on 1 January 2020, censored on 31 December 2021 and of those leaving/entering because of migration. See StatLine for the demographic composition during 2015-2021: https://opendata.cbs.nl/statline/#/CBS/nl/dataset/03759ned/table?dl=B212A.
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Supplemental Figure 2. Number of persons at risk in all non-death states over time. The dashed lines show the four landmark times: 1 January 2021 (during the second COVID-19 wave and just before the vaccination campaign started), 1 June 2021 (about one month after the last persons of our population of interest had received a vaccination invitation), 1 September 2021 (just after the start of the third COVID-19 wave) and 1 December 2021 (around the peak of the third COVID-19 wave). Sample sizes smaller than 10 are excluded from the plot. 
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Supplemental Figure 3. Cumulative incidence of having at least one positive COVID-19 test for the total cohort and the different subsets based on sex and age. Death is treated as a competing event.
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Supplemental Figure 4. Cumulative incidence of receiving at least one registered vaccination against COVID-19 for the total cohort and the different subsets based on sex and age. Relevant starting times in the vaccination campaign by birthyear or occupation/risk group are shown below the panel. Note that death is treated as a competing event, leading to lower cumulative incidences of vaccination in the older age groups compared to the younger age groups. 
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Supplemental Figure 5. Transition probabilities with 95%-CI over time for women aged 63-64, based on the multi-state model in Figure 1. The triangles on the panel sides show all possible transitions. All transitions to death are shown as observed and its two components excess and background mortality. See Supplemental Table 3 for the exact values until 31 December 2021.
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Supplemental Figure 6. Transition probabilities with 95%-CI over time for men aged 63-64, based on the multi-state model in Figure 1. The triangles on the panel sides show all possible transitions. All transitions to death are shown as observed and its two components excess and background mortality. See Supplemental Table 3 for the exact values until 31 December 2021.
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Supplemental Figure 7. Transition probabilities with 95%-CI over time for women aged 65-69, based on the multi-state model in Figure 1. The triangles on the panel sides show all possible transitions. All transitions to death are shown as observed and its two components excess and background mortality. See Supplemental Table 3 for the exact values until 31 December 2021.
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Supplemental Figure 8. Transition probabilities with 95%-CI over time for men aged 65-69, based on the multi-state model in Figure 1. The triangles on the panel sides show all possible transitions. All transitions to death are shown as observed and its two components excess and background mortality. See Supplemental Table 3 for the exact values until 31 December 2021.
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Supplemental Figure 9. Transition probabilities with 95%-CI over time for women aged 70-79, based on the multi-state model in Figure 1. The triangles on the panel sides show all possible transitions. All transitions to death are shown as observed and its two components excess and background mortality. See Supplemental Table 3 for the exact values until 31 December 2021.
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Supplemental Figure 10. Transition probabilities with 95%-CI over time for men aged 70-79, based on the multi-state model in Figure 1. The triangles on the panel sides show all possible transitions. All transitions to death are shown as observed and its two components excess and background mortality. See Supplemental Table 3 for the exact values until 31 December 2021.
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Supplemental Figure 11. Transition probabilities with 95%-CI over time for women aged 80-89, based on the multi-state model in Figure 1. The triangles on the panel sides show all possible transitions. All transitions to death are shown as observed and its two components excess and background mortality. See Supplemental Table 3 for the exact values until 31 December 2021.

[image: ]
Supplemental Figure 12. Transition probabilities with 95%-CI over time for men aged 80-89, based on the multi-state model in Figure 1. The triangles on the panel sides show all possible transitions. All transitions to death are shown as observed and its two components excess and background mortality. See Supplemental Table 3 for the exact values until 31 December 2021.
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Supplemental Figure 13. Transition probabilities with 95%-CI over time for women aged 90 and older, based on the multi-state model in Figure 1. The triangles on the panel sides show all possible transitions. All transitions to death are shown as observed and its two components excess and background mortality. See Supplemental Table 3 for the exact values until 31 December 2021.
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Supplemental Figure 14. Transition probabilities with 95%-CI over time for men aged 90 and older, based on the multi-state model in Figure 1. The triangles on the panel sides show all possible transitions. All transitions to death are shown as observed and its two components excess and background mortality. See Supplemental Table 3 for the exact values until 31 December 2021.
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Supplemental Figure 15. Cumulative probability with 95%-CI of excess mortality over time, calculated for the total cohort from different states and landmark times. The excess mortality is the sum of all excess death probabilities. The landmark analyses were only performed if at least 40 persons were at risk in the respective state and landmark time.
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Supplemental Figure 16. Excess mortality until 31 December 2021 with 95%-CI in the total cohort calculated from different states and landmark times, based on a sensitivity analysis with a 2-week delay in updating a person’s vaccination status after their first vaccination. The excess mortality is the sum of all cumulative excess death probabilities. The x-axis shows the starting states, the colors show the landmark times. The landmark analyses were only performed if at least 40 persons were at risk in the respective state and landmark time.
[image: A screenshot of a graph

AI-generated content may be incorrect.]Supplemental Figure 17. Excess mortality until 31 December 2021 with 95%-CI in the different subsets calculated from different states and landmark times. The excess mortality probability is the sum of all cumulative excess death probabilities. The x-axis shows the starting states, the colors show the landmark times. Outcomes for women are shown in the upper row, outcomes for men in the lower row. Columns are per age group with age increasing from left to right.  See Supplemental Table 4 for the exact values. Landmark analyses were only performed if at least 40 persons were at risk in the respective state and landmark time.
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Supplemental Figure 18. Transition probabilities with 95%-CI of being in any of the recent infection states (i.e., recent infection and recent infection after vaccination) or non-recent infection states (i.e., non-recent infection, non-recent infection after vaccination and vaccination after infection) over time, based on the landmark analysis from 1 June 2021 from the states alive event-free and vaccination (total cohort).
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