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Abstract (250 words) 31 

The COVID-19 pandemic and pandemic response may have long-term consequences. The 32 

cumulative impact may be better appraised when post-pandemic years are also considered. For 33 

38 populations with reliable death registration data, we estimated excess deaths for 2020-2025 34 

with 4 models and granular age stratification. The Fa model compared deaths against the mean of 35 

2017-2019. Three other trend models considered changes in mortality rates after 2003 (or after a 36 

country reached $20,000 per capita income) factoring trend-of-trends (TTa), including shrinkage 37 

(STTa), and factoring also the 2024-2025 data for trend-of-trends calculation (STTa⁺). Slopes 38 

(weighted mean -0.58%/year in 2019) and slopes-of-slopes (weighted mean +0.106%/year²) for 39 

age-stratified mortality rates were highly heterogeneous across populations. On model average, 6 40 

populations (Luxembourg, Ireland, Sweden, New Zealand, Denmark, Korea) had cumulative 41 

death deficits during 2020-2025, while another 6 (Chile, Bulgaria, Japan, Greece, USA, Italy) 42 

had >4% excess deaths. Differences across populations were more prominent during 2020-2023, 43 

while 33/38 countries had estimated death deficits in 2024-2025. Total 2020–2025 excess deaths 44 

were 1.16-2.63 million (2020-2023: 2.19-3.03 million; 2024-2025: -1.03 to -0.40 million deficit). 45 

Lack of age stratification and use of unchanged linear trends for the baseline grossly biased 46 

excess death estimates upwards. Socioeconomically more vulnerable populations had higher 47 

pandemic deaths, but a more pronounced post-pandemic death deficit. Excess death estimates 48 

require careful consideration of changing population age structure and long-term mortality 49 

trajectories. Post-pandemic death deficits, especially in more vulnerable populations, may reflect 50 
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deaths of people with modest life expectancy during the pandemic with respective pay off in 51 

2024-2025.    52 

 53 

  54 
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Significance Statement (120 words) 55 

Consideration of the post-pandemic period in excess death calculations may offer a more 56 

comprehensive picture of the legacy of the COVID-19 pandemic and pandemic response. Across 57 

38 populations with reliable data on numbers of deaths, we evaluated models that tried to model 58 

carefully the changing long-term mortality trends and age structure. The 38 populations 59 

exhibited heterogeneous patterns. While different models diverged on the absolute estimates, 60 

they agreed that pandemic years (2020-2023) exhibited excess deaths, while post-pandemic years 61 

(2024-2025) exhibited death deficits. 6/38 countries had death deficits during 2020-2025 and 62 

33/38 had death deficits in 2024-2025. The pandemic excess deaths in 2020-2023 were seen 63 

predominantly in socioeconomically vulnerable countries and some of the excess was paid off in 64 

the post-pandemic period.   65 

 66 

  67 
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The COVID-19 pandemic was a major crisis with considerable excess mortality, 68 

especially in vulnerable populations (1,2,3,4). However, besides any impact during 2020-2023, 69 

the pandemic and the pandemic response may carry a legacy of long-term consequences and 70 

repercussions. The cumulative impact of the crisis may thus be better appraised when the post-71 

pandemic period is also considered.  Currently, data are available to examine also deaths in 72 

2024-2025 and probe whether mortality rates in these years have been normal, too high or too 73 

low. Late deaths from sequelae of severe COVID-19 infections and late consequences from 74 

disruptions in public health, preventive care, economy, and social welfare may translate to excess 75 

post-pandemic death rates. For example, Japan has witnessed surprisingly high post-pandemic 76 

death rates which may be attributed not only to its aging population, but also to changes in 77 

healthcare access, delayed diagnosis and treatment, regional disparities, and psychosocial stress 78 

(5). Conversely, post-harvesting effects (mortality displacement) (6), especially if COVID-19 79 

killed mostly individuals with life expectancy of 2-5 years, may have lowered post-pandemic 80 

death rates. Post-pandemic changes in alcohol abuse, addiction, overdose deaths and mental 81 

health burden and suicides, and changes in overall health systems and public health may also 82 

affect post-pandemic death rates in diverse ways in different countries. It is particularly 83 

important to examine whether vulnerable populations have continued to have higher death toll 84 

during 2024-2025 or some of the pandemic excess mortality was paid off during these post-85 

pandemic years. In principle, if a crisis leads to the early demise of people with a given life 86 

expectancy, the excess death toll is expected to be neutralized when additional follow-up 87 

covering that life expectancy is considered (6).           88 

Estimation of excess deaths may mislead if modeling choices are overtly biased or 89 

untenable (7,8,9,10,11). One source of bias is the change in the age structure of populations. In 90 

most high-income countries, there is increasing aging of populations and annual deaths are 91 

expected to rise naturally, even without any crisis. Age stratification may remove this bias. 92 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 17, 2026. ; https://doi.org/10.64898/2026.08.14.26360482doi: medRxiv preprint 

https://doi.org/10.64898/2026.08.14.26360482
http://creativecommons.org/licenses/by-nc-nd/4.0/


6 

However, several influential excess death studies considered crude death counts without age-93 

adjustment (1,12,13).   94 

Another contentious issue is the change in mortality rates over time within each country 95 

beyond age structure changes. Some prior studies have assumed a linear change with decreasing 96 

mortality rates over time (14). Others have used more complex models, e.g. splines or Bayesian 97 

models and ensembles (1,15,16,17), that nevertheless may also anticipate decreasing mortality 98 

trends. Indeed, life expectancy has increased in the last several decades in most countries 99 

worldwide (18). However, improvements have a strong relationship with per capita income. 100 

According to the classic literature of the Preston curve (19), major life expectancy gains occur to 101 

an inflection point; further increases in per capita income translate to modest or no 102 

improvements. Moreover, new challenges, including economic crises, worsening inequalities, 103 

increased multi-morbidities, and declining welfare for vulnerable people may even lead to 104 

worsening mortality rates in otherwise affluent countries (20,21). Thus, it is important to assess 105 

whether mortality rates were indeed improving in the baseline pre-pandemic period and if 106 

improvement was decelerating or eventually even reversed. If substantial annual improvement is 107 

wrongly anticipated, a population with no excess deaths will be penalized and claimed to have 108 

large excess. 109 

 A further related consideration is to what extent the trajectories of improvement and of 110 

potential deceleration in improvement rates over time are different across countries. This may be 111 

examined empirically using data from the period where the inflection point of the Preston curve 112 

has already been passed, comparing slopes of improvement and rates of deceleration of 113 

improvement across different countries. Differences may be due to chance, genuine or a mixture.  114 

 Here, we aimed to evaluate the combined pandemic and post-pandemic excess mortality 115 

in 2020-2025 across 38 countries that have highly reliable death registration data; are beyond the 116 

inflection point of the Preston curve; and have detailed age structure and related mortality data 117 
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for their populations. We considered various models informed from different baselines 118 

anticipating diverse evolutions of mortality rates over time. We also re-assessed the previously 119 

described (3) relationship of pandemic excess deaths and vulnerability defined by income, 120 

poverty rates, and income inequalities, extending the assessment to the post-pandemic period.    121 

Methods 122 

Data and populations 123 

We analyzed annual death counts and mid-year populations for each year in twenty five-124 

year age bands (0, 1–4, …, 85–89, 90+), both sexes combined, in 38 national and sub-national 125 

populations with highly reliable death registration data over 2003–2025. The 2021 total 126 

population for these 38 countries combined was 1.13 billion (224.8 million >65 years old and 127 

908.4 million <=65 years old), i.e. they comprised 14.3% of the total global population (29.8% 128 

of the >65 years old and 12.7% of the <=65 years old). Core series were the Human Mortality 129 

Database (22), with recent years completed from national statistical offices and Eurostat weekly 130 

returns (23). For every year y and age band a, we have deaths D(a,y) and population P(a,y). We 131 

did not consider earlier data before 2003, since some countries did not have earlier data and 132 

earlier data would be more than two decades old at the mid-point of five-year moving windows, 133 

so their relevance would be dubious. Moreover, given the well-established Preston-curve 134 

relationship between income and life expectancy (19), countries may have continued to improve 135 

their gains substantially until they reached a substantial per-capita, purchasing-power-adjusted 136 

GDP, which we set at US$20,000 in 2019 constant international dollars (GDP data from World 137 

Bank Open Data) (24). Thus, for countries that had not reached this threshold by 2003 we 138 

considered data only from the first year they passed it — Bulgaria (2015), Chile (2011), Croatia 139 

(2007), Estonia (2005), Hungary (2006), Latvia (2007), Lithuania (2006), Poland (2008), and 140 

Slovakia (2006). 141 
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The cohort of 38 populations contain the entire earlier 34-country cohort assessed in a 142 

previous analysis of pandemic deaths to mid-2023 (3) plus Hong Kong, Japan, Taiwan and 143 

Ireland. Data were last updated on August 2026 and thus they are likely to be highly complete 144 

even for 2025. Four of the 38 populations — Ireland, Australia, Canada and Israel — required 145 

some additional approximations to generate complete five-year 2025 data (see details in SI 146 

Methods 1). Delayed corrections/updates in death registration may increase 2025 deaths by 147 

<1.0% for USA and Canada and by much less for other countries. 148 

Excess death outcomes and age structure considerations 149 

 The primary analysis focused on calculating excess deaths during the entire pandemic 150 

and post-pandemic period 2020-2025. We also report separately excess death estimates for the 151 

pandemic years 2020-2023 and for the post-pandemic years 2024-2025 and results for each 152 

single year during 2020-2025.   153 

For a baseline specifying an expected age-specific rate m(a,y), expected deaths were E(y) 154 

= Σ_a m(a,y)·P(a,y) and observed O(y) = Σ_a D(a,y); the cumulative excess is the Σ over the 155 

period of interest of (O−E) and the P-score (%) is 100·(ΣO−ΣE)/ΣE, with O and E each summed 156 

over the years of the period of interest (and likewise summed across age bands and, for 157 

combined estimates, across populations). Both quantities were generated for all ages and 158 

separately for two major age strata: non-elderly (up to 65 years old) and elderly (over 65 years 159 

old).  160 

Even when age-specific mortality rates are unchanged over time, number of deaths is 161 

expected to increase in aging populations, as mortality depends near-exponentially on age. We 162 

quantified the bias in excess death estimates when the baseline used coarser or no age resolution 163 

than the 20 five-year age bands: only 5 bands (0–14, 15–64, 65–74, 75–84, 85+ years), only 2 164 

bands (a 65-year cut-off), or none at all (the crude death rate). 165 

Considered baseline models 166 
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The expected age-standardized rate m(a,y) was specified by models that differed in their 167 

assumptions about the pre-pandemic mortality trend and how that trend was carried into 2020–168 

2025. For every five-year age band a, each model projected that band's own 2019 level forward 169 

by a multiplicative trend factor, m(a,y) = m̂(a,2019) · exp[β·(y−2019) + γ·(y−2019)²]. The 170 

starting level m̂(a,2019) was estimated separately for each age band — the 2019 value of a least-171 

squares quadratic fit to that band's own log rate over the pre-pandemic years — so each age 172 

began its projection from its own 2019 mortality rate. The trend parameters (β, γ) were estimated 173 

per country, from that country's age-standardized (all-ages) rate, and applied unchanged to every 174 

age band; β is the estimated improvement rate in 2019 and γ its curvature (γ > 0 = a decelerating 175 

decline). In other words, all age bands were taken to have the same (β, γ), differing only in the 176 

level m̂(a,2019) from which they start. We did not fit separate trends to each age band because 177 

per-band slopes and per-band slopes-of-slopes would be dominated by sampling noise. However, 178 

as a sensitivity analysis, we fit separate trends to the 10 countries with highest total deaths where 179 

such noise may be a lesser problem (USA, Japan, Germany, Italy, England/Wales, France, Spain, 180 

Poland, Korea, Canada).      181 

The baseline of the pre-pandemic years was modeled with a flat Fa model, a trend-of-182 

trends TTa model, and a shrinkage trend-of-trends STTa model, as described below. As a 183 

robustness check on STTa, we also report a STTa⁺ model that incorporated also the observed 184 

2024 and 2025 death data in modeling the baseline.   185 

The flat model (Fa) held each band's 2017–2019 mean rate constant across 2020–2025 (β = 186 

γ = 0). Fa adjusts for the shifting age structure but assumes no underlying trend. It simply 187 

measures any differences in age-adjusted mortality against a population's immediate pre-188 

pandemic levels. This is a directly interpretable, unambiguous quantity, but may deviate from the 189 

true excess deaths if age-adjusted mortality rates exhibit considerable changing trends over time. 190 
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If these trends are deemed substantial, they can be factored in the calculations, and this is what 191 

the trend-of-trends models (TTa, STTa and STTa⁺) do.  192 

To generate the trend-of-trends models, first, on the age-standardized (ESP-2013) log 193 

death rate we computed the five-year moving slope — the local annual rate of improvement — 194 

for each window and placed each slope at its window-center year. Second, we regressed these 195 

moving slopes on their center year across the reliable pre-pandemic windows. The fitted line's 196 

value at 2019 is the improvement rate slope g₁₉ (%/yr). The slope-of-slopes q (%/yr²) is positive 197 

when there is decelerating decline in mortality rates. Integrating this fitted slope-line forward 198 

from 2019 gives exactly the log-quadratic factor above, with β = g₁₉/100 and γ = q/200. We 199 

therefore calculated the slope and slope-of-slopes for each of the 38 populations and obtained 200 

also aggregate values g₁₉(aggregate) and q(aggregate) across all 38 populations using population-201 

weighted means.   202 

Between-country heterogeneity for g₁₉ and for q was evaluated by Cochran's Q test of 203 

heterogeneity (which asks whether the populations differ by more than sampling error alone), 204 

and I² (the percentage of the between-population variation that reflects genuine differences rather 205 

than chance; 0% = all chance, ≈75% = high) from inverse-variance weights.     I² expresses 206 

heterogeneity relative to sampling error, so it should be read alongside the absolute spread: 207 

quantities estimated very precisely — such as the age bands that contribute the most deaths — 208 

can yield a high I² even when the absolute differences between them are small. Where we 209 

compare age bands within a country we therefore report absolute differences rather than I². 210 

The trend-of-trends TTa model used each country's own estimated slope and slope-of-211 

slopes. In the shrinkage trend-of-trends STTa model each country's slope and slope-of-slopes are 212 

estimated by w*g₁₉(own) + (1-w)*g₁₉(aggregate) and w*q(own) + (1-w)*q(aggregate) where the 213 

weight w is the square root of its baseline death counts (each population's total deaths summed 214 

over its reliable pre-pandemic years — 2003–2019, or from the first year it passed $20,000 per 215 
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capita) relative to the death counts of the largest population (the United States, w = 1). Larger 216 

populations with more deaths keep more of their own g₁₉(own) and q(own) values; smaller ones 217 

borrow more from the aggregate. For small populations, STTa sits closer to the aggregate trend 218 

than to that country's own. 219 

Extrapolating the pre-pandemic trajectory up to six years beyond its last data point may be 220 

precarious. STTa⁺ considers instead the 2024 and 2025 data in the baseline modeling, offering 221 

some anchoring in the post-pandemic data. We re-fit STTa's slope regression with one extra 222 

datum — the slope of the log mortality rates through the three years 2019, 2024 and 2025 (i.e. 223 

skipping the pandemic years) and applied shrinkage exactly as for STTa. STTa⁺ is therefore 224 

STTa disciplined by the observed post-pandemic rate of change. We explored whether STTa⁺ 225 

corroborated the STTa's extrapolation. 226 

Every model was fitted on the respective baseline years’ data and projected across 227 

pandemic and post-pandemic years of interest. The multiplicative trend factor exp(β·t + γ·t²) was 228 

clipped to [0.4, 2.5] as a guardrail against runaway extrapolation; in practice this bound was 229 

never reached.  230 

Association with vulnerability indices 231 

To test the association between vulnerability indices and excess deaths across the 38 232 

populations during 2020-2025, 2020-2023, and 2024-2025, we correlated each population's Fa, 233 

TTa, and STTa estimates against three economic indicators (per-capita nominal GDP, the Gini 234 

coefficient, and the percentage of the population in poverty) using Pearson and Spearman 235 

coefficients, and compared with the binary more-/less-vulnerable grouping (n=18/n=20 236 

populations) defined by GDP < $30,000 or Gini > 0.35 or ≥2.5% poverty, as in a previous 237 

analysis (3). 238 
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Information on these three indicators for 34 populations had been already collected in 239 

reference (3) from  the World Bank, OECD and Wikipedia (24–27). We used the same sources 240 

for the additional 4 populations.  241 

Software 242 

Analyses used Python developed iteratively with LLM assistance (Claude, Anthropic) 243 

under investigator specification and review, validated by reproducing the baseline totals against 244 

an independent implementation, hand-checking a slope-of-slopes confidence interval, verifying 245 

that 65+/<65 excess counts sum to the all-ages total, and confirming that no baseline fit uses 246 

mortality from 2020 onward. Scripts and key data are in the project repository. 247 

RESULTS 248 

Changes in pre-pandemic age-adjusted mortality rates over time  249 

 As shown in Table 1, for most of the populations there was evidence both for declining 250 

mortality rates over time and for a decelerating rate of such decline over time, when all eligible 251 

pre-pandemic data were considered starting at 2003 or at the earliest year a country reached 252 

$20,000 per capita. Between-countries heterogeneity in the slopes and slopes-of-slopes was 253 

highly statistically significant (Q-test p<10-12) and large in magnitude (I² = 73%).  254 

Among 37 populations where trend-of-trends could be calculated, the slope in 2019 was 255 

estimated to be negative for 31 (with p<0.05 for 19/31) and positive for the other 6 (none with 256 

p<0.05), with an overall weighted mean of -0.58% per year. The populations with the most 257 

impressive continuing estimated declines in age-adjusted mortality rates in 2019 were Hong 258 

Kong (-2.96% per year), Chile (-2.38% per year) and Republic of Korea (-2.10%), while the 259 

countries with the largest estimated increases in age-adjusted mortality in 2019 were 260 

England/Wales (+0.30% per year), USA (+0.23% per year) and Netherlands (+0.23% per year). 261 

The slope-of-slopes was positive for 32/37 populations (with p<0.05 in 22/32) with a weighted 262 

mean of +0.106% per year². The highest positive values were seen for Eastern European 263 
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countries (Latvia +0.338%, Poland +0.325%, Croatia +0.285%, Estonia +0.265%), while only 264 

Chile (-0.116%) and Hong Kong (-0.091%) had non-negligible negative values (p<0.05 only for 265 

Hong Kong).   266 

According to the TTa model, England/Wales, USA, Netherlands, Poland, Croatia, and 267 

Latvia already had estimated increasing age-adjusted mortality by 2019 and were anticipated to 268 

do even worse subsequently. Another 2 countries (Canada and Hungary) were anticipated to 269 

have increasing age-adjusted mortality rates at some point in 2020-2023 even in the absence of a 270 

pandemic crisis, and another 3 countries (France, Portugal, Spain) were anticipated to have 271 

increasing age-related mortality rates by 2024 or 2025.   272 

The median shrinkage weight, w, was 0.18 (interquartile range 0.12-0.32). Under the 273 

STTa model, the weighted mean slope in 2019 was -0.44% per year and only USA had a positive 274 

estimated slope in that year, but no country had a negative slope less than -1.50% per year. The 275 

weighted mean slope-of-slopes remained almost unchanged (+0.109%) and no country had 276 

negative slope-of-slopes.  277 

Figure 1 shows the 5-year moving trend and the fit trend-of-trends with different models 278 

and Figure S1 presents the respective mortality rates and excess mortality. 279 

Excess death estimates for different time periods 280 

 As shown in Figure 2 and Table S1, 6 of the 38 populations (Luxembourg, Ireland, 281 

Sweden, New Zealand, Denmark, Korea) had a cumulative death deficit during 2020-2025 based 282 

on the mean of the 4 baseline models, while 6 populations (Chile, Bulgaria, Japan, Greece, USA, 283 

Italy) had more than 4% excess deaths. Differences across populations were more prominent 284 

during the pandemic years 2020-2023. The same 6 countries with best performance in 2020-285 

2025, also had the best performance in the pandemic years (death deficit or less than 1.6% excess 286 

deaths), while 9 countries had more than 8% excess deaths (Bulgaria, Chile, USA, Greece, Italy, 287 

Slovakia, Lithuania, Poland, Czechia). Conversely, in the post-pandemic years 2024-2025 almost 288 
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all countries had estimated death deficits, with the exceptions of Chile, Japan, Norway, Iceland 289 

and Australia; in fact, 27/38 populations had an estimated death deficit with all 4 models. 290 

Separate data for elderly and non-elderly people are presented in Tables S2 and S3.  291 

As shown in Table 2, the 2020–2025 excess deaths across all 38 populations combined 292 

ranged from 1.16 million (Fa model) to 2.17-2.63 million (trend models). The difference was 293 

largely explained by different estimates of excess deaths among the elderly (0.79-2.08 million) 294 

while excess death estimates were more consistent in the non-elderly (0.37-0.55 million). For the 295 

pandemic years, total excess deaths ranged from 2.19 to 3.03 million and for the post-pandemic 296 

years there was a death deficit of -0.40 to -1.03 million; differences were almost entirely due to 297 

the estimates among the elderly. Table S4 provides estimates for each year, showing total death 298 

deficits appearing by 2023 with Fa and by 2024 with trend models. The divergence in estimates 299 

between the flat and trend models increases over time.    300 

Bias due to lack of appropriate age adjustment and unchanged linear trend    301 

 Under the Fa model, lack of age adjustment spuriously made excess death estimates for 302 

2020-2025 to be 5.2-fold higher (5.97 million instead of 1.16 million) while substantive 303 

inflations were also seen when 2 age bands or even 5 age bands were considered (2.19 million 304 

and 1.52 million, respectively). Lack of age adjustment made excess death estimates 2.2-2.5-fold 305 

higher for the trend-of-trends models, with modest inflations when 2 age bands were considered 306 

and little inflation when 5 age bands were considered (Table S5). When excess deaths for 2020-307 

2025 were estimated using as baseline the last 5-year period before the pandemic (2015-2019) 308 

and considering the unchanged projection of the linear trend observed during these 5 years, the 309 

total (4.85 million; pooled P-score 7.6%) was 4.2-fold the Fa estimate and 1.8-2.2-fold the 310 

estimates of the 3 trend models that accommodated changing trends.   311 

Sensitivity analysis with age-band-specific slopes and slopes-of-slopes 312 
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 For the 10 countries with largest number of total deaths, excess death estimates with the 313 

TTa model were broadly similar when age-band-specific slopes and slopes-of-slopes were used 314 

(Figure S2), instead of a common all-age slope and slope-of-slopes. For 2020-2025, the excess 315 

deaths P% score differed by 0.5% for USA (452 vs. 560 thousand excess deaths) and Korea (85 316 

vs. 75 thousand), by 0.4% for Canada (19 vs. 27 thousand) and by 0.3% for Japan (763 vs. 787 317 

thousand) and was even more negligible for the other countries. Total excess deaths for all 10 318 

countries were 1.81 vs. 1.94 million. In   the USA  age-band-specific modeling decreased the 319 

2020-2025 excess death estimates for the non-elderly from 316 to 25 thousand but increased 320 

them for the elderly from 245 to 427 thousand, reflecting the rising pre-pandemic mortality of 321 

US young adults and a similar pattern was seen in Canada. An opposite pattern (increase in non-322 

elderly, decrease in elderly deaths estimates) was seen in Japan, while Korea mostly showed an 323 

increase in the non-elderly excess death estimate (Table S6).   Departures from the common all-324 

age trend were concentrated in the young. Age bands 65 years and over tracked their country's 325 

all-ages slope closely (mean absolute difference 0.68%/year, and 0.08%/year² for the slope-of-326 

slopes), whereas bands under 65 departed more (1.55%/year and 0.19%/year²) and ages 20-44 327 

most of all (2.18%/year). Because the elderly bands are estimated roughly twice as precisely as 328 

the young ones (mean 95% confidence half-width ±1.0 versus ±2.1%/year), formal heterogeneity 329 

statistics such as I² are high even for these small absolute elderly departures; the absolute 330 

differences are the more informative comparison. 331 

Association between excess deaths and population vulnerability 332 

Figure 3 shows the correlation between vulnerability indices (Table S7) and excess deaths 333 

estimates (the mean of the 4 models) across the 38 populations. During the total 2020-2025 334 

period, there were significant correlations with per-capita GDP, Gini coefficient for income 335 

inequality, and proportion of population in poverty. This pattern was driven by similar or 336 

stronger correlations during the pandemic years 2020-2023. However, there was no correlation 337 
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with any of these indicators for excess deaths during the post-pandemic years 2024-2025. Using 338 

the composite indicator for separating countries into more vulnerable (n=18) and less vulnerable 339 

(n=20) (Table 3), the less vulnerable countries had a clear advantage in pooled excess deaths P % 340 

during the pandemic years; the advantage was seen more prominently with Fa but was 341 

substantial also with the trend models. Conversely, during the post-pandemic years, the more 342 

vulnerable countries had a clear advantage, leading to a cancelled difference when the total 343 

2020-2025 is considered.   344 

DISCUSSION    345 

 This evaluation of excess deaths across 38 populations with reliably complete death 346 

registration showed that the pandemic years 2020-2023 saw a mortality burden of 2.2-3.0 347 

million, while the post-pandemic years 2024-2025 saw a death deficit of 0.4-1.0 million. 348 

Differences in estimates of deaths across models pertained mostly to the elderly. Countries 349 

demonstrated the most prominent differences in performance during the pandemic years, when 350 

several countries had death deficit or negligible excess, while others saw major excesses. 351 

Countries with unfavorable indicators of socioeconomic vulnerability fared worse during the 352 

years of the crisis. Conversely, during the post-pandemic years 2024-2025, some of the excess 353 

deaths were paid off and this was seen most prominently in countries with unfavorable indicators 354 

of socioeconomic vulnerability.  355 

Consideration of granular age structure and of the long-term evolution of age-stratified 356 

mortality rate was crucial in making excess death inferences, since most of these countries have 357 

rapidly aging populations and have shown decreasing improvements of mortality rates over time. 358 

For several countries improvements in mortality rates had stopped and mortality rates were 359 

worsening even before the pandemic (21,28). With extrapolation of trends-of-trends, in several 360 

other populations mortality rates were also expected to increase during 2020-2023 or 2024-2025 361 

even in the absence of a pandemic crisis. Several previous studies of pandemic excess deaths 362 
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have reported very high estimates of deaths (1,2,13) but these estimates may be highly biased 363 

and upward inflated because of lack of consideration of changing age structure and/or 364 

assumption of steady linear improvement in mortality rates. Each of these methodological errors 365 

can inflate excess death estimates by several fold. The most influential of these — the global 366 

reconstructions of the World Health Organization (1), the Institute for Health Metrics and 367 

Evaluation (2) and The Economist (13) — placed worldwide excess mortality for 2020–2021 at 368 

roughly 15–18 million, several-fold above tallies of documented COVID-19 deaths. Part of that 369 

gap reflects large, speculative imputations for low-income countries with little primary data (10). 370 

However, lack of granular age-stratification and assumptions of continued secular declines in 371 

death rates may have also grossly biased these and other similar excess death assessments.   372 

The presence and magnitude of mortality displacement have been a contested issue in 373 

diverse crises and acute exposures, ranging from air pollution and heatwaves to epidemics 374 

(33,34,35). A critical issue is the definition of the time window where mortality displacement 375 

may occur. This may vary from days to many years depending on the acuteness of the event and 376 

on who are the victims of the acute crisis. When people die prematurely during a crisis, their 377 

premature deaths will not appear in excess deaths estimates, if the time window for excess death 378 

calculation encompasses their pre-crisis anticipated life expectancy. Therefore, the death deficits 379 

or negligible excess deaths for the less vulnerable countries during 2020-2023 may not 380 

necessarily mean that no people died prematurely. Perhaps most of those who died were 381 

debilitated and highly vulnerable individuals who would have died within less than 1-2 years 382 

even in the absence of a crisis. This is consistent with the high proportions of deaths in nursing 383 

homes where life expectancy after admission to such organizations is in this range (29,30) and 384 

in-depth analyses of deaths of vulnerable populations in Sweden (31) and elsewhere (32). The 385 

same rationale may explain the death deficit during 2024-2025 and why it was more prominent 386 

in the more vulnerable countries. Less vulnerable countries may have been able to protect better 387 
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during the pandemic people with modest life expectancy of 2-5 years or may have had a lower 388 

share of such individuals.  Conversely, many more such people may have died during 2020-2023 389 

in the more vulnerable countries. This mortality displacement would then be reflected as a pay-390 

off death deficit in 2024-2025. An analysis of mortality displacement due to COVID-19 in 391 

England (a population classified as more vulnerable in our analysis) estimated that only 28% of 392 

people over 65 years old who died from COVID-19 would have lived more than 5 years if not 393 

infected (36). Another analysis of excess deaths in 2020-2024 (6) considered 2023-2024 as post-394 

pandemic years and found more modest mortality displacement than we did. However, it used a 395 

baseline of 2015-2019 with unchanged linear trend, a model which, as we show, leads to 396 

inflation of excess deaths and would therefore mask mortality displacement.    397 

Our indicators of vulnerability are crude, ecological variables at the country level. They 398 

may reflect indirectly a very complex conglomerate of diverse socioeconomic, demographic, 399 

health system, welfare and medical factors (37,38) that operate at the level of individuals and 400 

smaller communities. We cannot dissect specific factors that may have been more important 401 

within this complex conglomerate. However, such adverse factors often cluster together.  402 

Our work also has some limitations. First, some of the 2025 mortality data may be 403 

updated in the future. However, as of August 2026 they are likely to be already >99% complete. 404 

Second, all excess death models make assumptions about extrapolating from a baseline period to 405 

other years of interest. Prior trajectories of age-adjusted mortality rates may not necessarily hold 406 

true for the future, even in the absence of a major crisis. Moreover, it is difficult to decipher for 407 

each country how much of the observed trajectory reflects noise due to chance versus specific 408 

genuine differences versus other countries. However, the different trend models that we used 409 

gave largely similar results and using substantial shrinkage as well as anchoring of the shrinkage 410 

also in 2024-2025 data made relatively little difference. Third, the flat model may offer an 411 

underestimate of excess deaths, although this seems to be substantial only for elderly 412 
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populations. Regardless, the flat model has the advantage of allowing a more direct interpretation 413 

of change versus the immediate pre-crisis years. With many local and global crises of modest or 414 

even large magnitude (39,40) and many wicked problems (e.g. wars, famine, economic 415 

uncertainty, marginalization of large segments of populations, climate change) and natural 416 

disasters (41,42) and with many populations having reached reversals of life expectancy gains, a 417 

direct comparison with the immediate past is very useful. Such a comparison may sometimes be 418 

less biased than models that assume continued (even if diminishing) improvements.  419 

Fourth, our trend models used common slopes and slopes-of-slopes for all age strata 420 

within a country. Sensitivity analyses using age-band-specific trends in the 10 largest 421 

populations yielded overall similar results for total excess deaths. However, attention needs to be 422 

given to evolving trends in specific age groups that may have had different pre-pandemic 423 

trajectories and were hit in different ways by the pandemic and the pandemic response. For 424 

example, in the USA many young age strata had alarmingly worsening mortality rates before the 425 

pandemic (20,28)  apparently due to escalating addiction/overdose and metabolic disease 426 

epidemics and other adverse health and socioeconomic conditions affecting young adults. 427 

Canada also faced similar challenges, also with accentuation during the pandemic (45,46). Once 428 

accounting for these ongoing trends, pandemic excess death estimates in the non-elderly in the 429 

USA and Canada decrease sharply. The observed high deaths in US non-elderly strata in 2020-430 

2025 may represent a continuation and escalation of death causes other COVID-19 431 

masquerading as COVID-19 (47). As another example, in many countries during the pandemic 432 

children and young people also faced special challenges of education, socialization, mental 433 

health, and employment (43,44).   434 

Fifth, inferences for these 38 populations may not be generalizable to the other countries 435 

around the world. Even within our analyzed set, we observed substantial differences across 436 

countries, e.g. trajectories were different in Asian than American or European countries. Beyond 437 
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these 38 analyzed populations, other countries lack equally reliable death registration. Moreover, 438 

most of them are still before the inflection point of the Preston curve. While many authors have 439 

struggled to obtain pandemic excess death calculations in them (1,2,12,13), these are based on 440 

very thin and biased data and highly speculative assumptions, so they should be seen with great 441 

caution (10). Nevertheless, our analysis covers almost a third  of the global population of elderly 442 

people who were those who carried the brunt of the death toll.       443 

Allowing for these caveats, the current evaluation offers a bird’s eye picture of the total 444 

mortality burden during a major crisis and its aftermath. Continued monitoring and evaluation in 445 

depth of more sharply defined vulnerable sub-populations may offer added insights in the future.  446 

 447 

  448 
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Table 1. Per-population pre-pandemic trend patterns from the two-step moving-slope 582 

construction (slope in 2019 and slope-of-slopes in the trend-of-trends TTa model, each with its 583 

two-sided p-value against zero), the shrinkage weight, and the resulting slope in 2019 and slope-584 

of-slopes in the shrinkage trend-of-trends STTa model  585 

Population Slope in 
2019 for 

TTa model 
(%/yr) 

p-value Slope-of-
slopes for 

TTa model  
(%/yr²) 

p-value Shrinkage 
weight 

Slope in 
2019 for 

STTa 
model 
(%/yr) 

Slope-of-
slopes for 

STTa 
model 

(%/yr²) 
Australia -1.43 <0.001 -0.004 0.914 0.24 -0.78 +0.080 
Austria -0.66 0.085 +0.089 0.047 0.17 -0.59 +0.103 
Belgium -1.26 0.005 +0.048 0.260 0.20 -0.72 +0.094 
Bulgaria* — — — — 0.00 -0.58 +0.106 
Canada -0.27 0.254 +0.138 <0.001 0.31 -0.48 +0.116 
Chile -2.38 0.007 -0.115 0.262 0.15 -0.84 +0.074 
Croatia +0.14 0.859 +0.285 0.039 0.12 -0.49 +0.128 
Czechia -0.90 0.021 +0.126 0.007 0.20 -0.64 +0.110 
Denmark -1.30 0.026 +0.066 0.275 0.14 -0.68 +0.100 
England and Wales +0.30 0.535 +0.218 0.002 0.45 -0.19 +0.156 
Estonia -0.96 0.030 +0.265 <0.001 0.07 -0.61 +0.118 
Finland -1.13 <0.001 +0.047 0.082 0.14 -0.66 +0.098 
France -0.55 0.253 +0.116 0.045 0.46 -0.56 +0.111 
Germany -0.56 0.223 +0.068 0.195 0.58 -0.57 +0.084 
Greece -0.69 0.087 +0.094 0.045 0.21 -0.60 +0.104 
Hong Kong -2.96 <0.001 -0.091 0.037 0.13 -0.88 +0.081 
Hungary -0.55 0.224 +0.142 0.041 0.20 -0.57 +0.114 
Iceland -0.73 0.288 +0.028 0.713 0.03 -0.58 +0.104 
Ireland -0.92 0.027 +0.125 0.011 0.11 -0.61 +0.108 
Israel -1.40 0.002 +0.043 0.300 0.13 -0.68 +0.098 
Italy -0.94 0.078 +0.047 0.411 0.48 -0.75 +0.078 
Japan -1.71 0.001 -0.049 0.308 0.69 -1.36 -0.000 
Latvia +0.06 0.875 +0.338 <0.001 0.09 -0.52 +0.128 
Lithuania -1.24 0.087 +0.140 0.156 0.12 -0.65 +0.110 
Luxemburg -0.81 0.178 +0.148 0.040 0.04 -0.59 +0.108 
Netherlands +0.23 0.405 +0.225 <0.001 0.23 -0.39 +0.134 
New Zealand -0.60 0.073 +0.095 0.018 0.11 -0.58 +0.105 
Norway -1.84 <0.001 -0.028 0.311 0.13 -0.74 +0.089 
Poland +0.22 0.608 +0.325 0.003 0.33 -0.32 +0.178 
Portugal -0.78 0.017 +0.156 <0.001 0.20 -0.62 +0.116 
Republic of Korea -2.10 <0.001 +0.136 0.010 0.32 -1.07 +0.116 
Slovakia -1.06 0.062 +0.135 0.087 0.13 -0.64 +0.110 
Slovenia -0.99 0.003 +0.148 <0.001 0.09 -0.61 +0.110 
Spain -0.76 0.044 +0.128 0.006 0.39 -0.65 +0.115 
Sweden -1.18 <0.001 +0.020 0.482 0.19 -0.69 +0.090 
Switzerland -1.43 <0.001 +0.021 0.550 0.16 -0.71 +0.093 
Taiwan -0.71 0.044 +0.117 0.007 0.24 -0.61 +0.109 
United States +0.23 0.282 +0.149 <0.001 1.00 +0.23 +0.149 
Weighted mean (n=37) -0.58  +0.106   -0.44 +0.109 

TTa: age-adjusted trend-of-trends model, STTa: age-adjusted shrinkage trend-of-trends model. 586 
*Bulgaria has only one reliable pre-pandemic window, so it has no own trend and takes the all-countries aggregate 587 
weighted mean values for the slope and slope-of-slopes in the STTa model; it is also excluded from the weighted 588 
mean calculation for TTa.  589 
  590 
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Table 2. Combined excess deaths (millions) and pooled P-score by period (2020–2025, 2020–591 

2023, 2024–2025) and age group (all ages, 65+, <65) for the four baseline models (Fa, TTa, 592 

STTa, STTa+). Pooled P% = 100·(ΣO−ΣE)/ΣE summed across the 38 populations. 593 

Period Age group Fa TTa STTa STTa+ 

2020-2025 All ages +1.16M (+1.7%) +2.41M (+3.6%) +2.17M (+3.2%) +2.63M (+4.0%) 

2020-2025 65+ years +0.79M (+1.4%) +1.95M (+3.5%) +1.74M (+3.1%) +2.08M (+3.8%) 

2020-2025 <65 years +0.37M (+3.2%) +0.46M (+4.0%) +0.43M (+3.7%) +0.55M (+4.8%) 

2020-2023 All ages +2.19M (+5.0%) +2.95M (+6.8%) +2.84M (+6.5%) +3.03M (+7.0%) 

2020-2023 65+ years +1.62M (+4.4%) +2.31M (+6.4%) +2.21M (+6.1%) +2.35M (+6.6%) 

2020-2023 <65 years +0.58M (+7.5%) +0.64M (+8.4%) +0.63M (+8.2%) +0.68M (+9.0%) 

2024-2025 All ages -1.03M (-4.4%) -0.54M (-2.3%) -0.66M (-2.9%) -0.40M (-1.7%) 

2024-2025 65+ years -0.83M (-4.2%) -0.35M (-1.8%) -0.47M (-2.4%) -0.27M (-1.4%) 

2024-2025 <65 years -0.21M (-5.3%) -0.18M (-4.7%) -0.20M (-5.1%) -0.13M (-3.4%) 

  594 
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Table 3. Excess mortality in more vulnerable versus less vulnerable populations, by period and 595 

baseline. Pooled P-score for the more vulnerable (n = 18) and less vulnerable (n = 20) groups 596 

and their absolute difference (percentage points), for each of the four models (Fa, TTa, STTa, 597 

STTa+) in 2020–2025, 2020–2023 and 2024–2025. Vulnerability follows a previously described 598 

rule (per-capita GDP < $30,000, Gini > 0.35, or ≥2.5% in poverty). 599 

Period Model More vulnerable 

P% 

Less vulnerable 

P% 

Difference 

2020-2025 Fa +3.26 -0.20 +3.46 

2020-2025 TTa +2.93 +4.52 -1.60 

2020-2025 STTa +3.04 +3.52 -0.48 

2020-2025 STTa+ +4.64 +3.11 +1.53 

2020-2023 Fa +8.11 +1.08 +7.03 

2020-2023 TTa +8.24 +4.93 +3.31 

2020-2023 STTa +8.30 +4.25 +4.05 

2020-2023 STTa+ +9.41 +3.96 +5.45 

2024-2025 Fa -5.81 -2.61 -3.21 

2024-2025 TTa -6.90 +3.73 -10.63 

2024-2025 STTa -6.70 +2.14 -8.83 

2024-2025 STTa+ -4.31 +1.49 -5.80 

 600 

  601 
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Figure legends 602 

Figure 1 Per-population pre-pandemic slope-of-change and its fitted trend-of-trends in 38 603 

populations. Points give each year's five-year centered moving slope of the ESP-2013 age-604 

standardized log death rate (%/yr; a rising series means the pre-pandemic decline was 605 

decelerating; dashed points = early years not included in the calculations, because they predate 606 

the country’s reaching of $20,000 per capita income). Three fitted lines are shown per 607 

population: TTa (the population's own two-step slope-of-slopes, red), STTa (its shrinkage form, 608 

teal) and STTa+ (the STTa variant considering also 2024-2025 data for slope calculation); each 609 

solid over the fit years and dashed as it projects after 2019. The purple star marks the observed 610 

slope using the 2019, 2024 and 2025 data (plotted at its ~2022.7 centroid), the datum that 611 

anchors STTa+. The 2020–2023 pandemic band is shaded. 612 

Figure 2. Per-population excess mortality (P-score) under four baseline models, in three periods. 613 

Each row is one of 38 populations, shown in three panels — the full window 2020–2025, the 614 

pandemic years 2020–2023, and the post-pandemic years 2024–2025. Within each panel the four 615 

points give the excess P-score = 100 × (observed − expected) / expected, pooled across all 20 616 

five-year age bands, under the flat baseline Fa (grey), the two-step trend-of-trends TTa (teal), its 617 

shrinkage form STTa (magenta), and its variant STTa+ (purple). Populations are ordered top to 618 

bottom by the mean of the four models’ 2020–2025 all-ages P-score. Points to the right of the 619 

zero line indicate more deaths than the baseline predicts (excess deaths) while points to the left 620 

of the zero line indicate less deaths than the baseline predicts (death deficit). 621 

Figure 3. Correlation of excess mortality with vulnerability indicators, by indicator and period. 622 

Rows are three economic indicators (per-capita GDP 2021; Gini income inequality; percentage 623 

of the population in poverty) and columns are the three periods of interest (2020–2025, 2020–624 

2023, 2024–2025). Each of the nine panels plots, for every population, the all-ages excess P-625 

score averaged over the four baselines (Fa, TTa, STTa, STTa+) against the indicator, coloured by 626 
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vulnerability group (more vulnerable = red, less vulnerable = green); the dashed line is the 627 

ordinary-least-squares fit and r is the Pearson correlation (n = 38 populations; n = 37 for 628 

poverty).  629 

 630 

 631 

  632 
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Figure 1 633 
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Figure 2 636 
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Figure 3 663 
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SUPPLEMENTARY INFORMATION 695 

SUPPLEMENTARY TEXT 696 

SI Methods 1. Data sourcing for the four populations that required approximations for 697 

recent deaths 698 

Thirty-four of the 38 populations had complete five-year 2025 data from the Human 699 

Mortality Database or their national statistical offices as of August 2026; the remaining four 700 

were sourced as detailed below. 701 

Israel. Israel's five-year-band deaths are published only through 2023. Its 2024 and 2025 fine-702 

band deaths were approximated by splitting the five broad Short-Term Mortality Fluctuations 703 

bands (0–14, 15–64, 65–74, 75–84, 85+) into the twenty fine bands using Israel's 2023 within-704 

band shares; the broad totals agree with the national all-cause series to ~1% in the 2023 overlap 705 

year. Israel's 2024–2025 mortality carries a non-pandemic component from the October-2023 706 

war, concentrated in young adults, which enters its combined 2020–2025 estimate directly. 707 

Ireland. Five-year-band deaths (by year of occurrence) were taken from the Central Statistics 708 

Office table VSA07, which now extends to 2025 (full-year total 35,587, matching the CSO's 709 

published figure); the 85+ band was split into 85–89 and 90+ using Ireland's 2024 death 710 

structure, and 2025 populations were extrapolated from the 2023–2024 series. This is genuine 711 

national five-year data. 712 

Australia. The Short-Term Mortality Fluctuations (STMF) database (48) provided 52 complete 713 

ISO weeks of 2025 deaths in five broad bands, disaggregated into the twenty five-year bands 714 

using Australia's 2024 within-band death shares; because STMF runs about 1.1% below the 715 

national (HMD) series, each broad-band total was calibrated to the HMD level using its 2024 716 

ratio. Populations were extrapolated as 2·P(2024) − P(2023). 717 
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Canada. Statistics Canada's provisional weekly death counts by age group and sex (table 13-10-718 

0768) as of August 2026 cover all 52 weeks of 2025, so no week-based temporal extrapolation is 719 

involved (“provisional” means the counts are still subject to minor upward revision as a few late 720 

registrations arrive). Statistics Canada reports these deaths in four broad age groups (0–44, 45–721 

64, 65–84, 85+); to obtain the twenty five-year bands the model requires, each five-year 2025 722 

count was set to Canada's HMD 2024 count for that band multiplied by the observed 723 

2024→2025 change in its Statistics Canada broad group. This age-distribution step is the only 724 

approximation; populations were extrapolated as 2·P(2024) − P(2023).  725 

SI Methods 2. Wealth covariates. 726 

Per-capita nominal GDP, the income-inequality Gini coefficient, and the percentage of the 727 

population in poverty were taken from Table 1 of the previous analysis (3) for the populations 728 

shared with that study; the populations outside it (Hong Kong, Japan, Taiwan and Ireland) use 729 

public estimates from the same sources (World Bank, OECD or IMF) for the same year. 730 
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Table S1. Excess P-score (%) by population and baseline (Fa, TTa, STTa, STTa+, and average of 4 models) for 2020–2025, 2020–731 
2023 and 2024–2025 — all ages; populations ordered by the 2020–2025 mean of Fa, TTa, STTa and STTa+ (Figure 1). The final row 732 
gives the pooled P% = 100·(ΣO−ΣE)/ΣE. 733 

Population 2020–2025 2020–2023 2024–2025 
 Fa TTa STTa STTa+ Avg Fa TTa STTa STTa+ Avg Fa TTa STTa STTa+ Avg 

Chile 5.1 18.1 10.2 9.7 10.8 9.3 19.3 13.9 13.6 14.0 -2.6 15.7 3.3 2.5 4.7 
Bulgaria 4.0 6.5 6.5 7.1 6.0 12.1 14.7 14.7 15.1 14.1 -11.8 -9.3 -9.3 -8.5 -9.7 
Japan 0.9 9.4 7.6 5.4 5.8 0.2 6.6 5.5 4.0 4.1 2.1 15.0 11.9 8.1 9.3 
Greece 3.0 5.7 5.3 5.9 5.0 6.9 9.3 9.0 9.4 8.7 -4.5 -1.3 -2.0 -1.1 -2.2 
The United States 
of America 

5.4 3.0 3.0 5.3 4.2 10.8 9.2 9.2 10.8 10.0 -4.6 -8.2 -8.2 -4.8 -6.4 
Italy 1.2 5.6 4.7 5.1 4.1 5.7 9.4 8.7 9.0 8.2 -7.1 -1.6 -3.1 -2.5 -3.6 
Slovakia 0.8 5.7 4.3 5.1 4.0 7.5 12.1 11.0 11.5 10.5 -11.7 -6.4 -8.2 -7.1 -8.3 
Lithuania 0.6 5.4 3.5 4.1 3.4 6.1 10.3 8.8 9.2 8.6 -9.8 -4.3 -6.9 -6.0 -6.8 
Poland 3.0 0.3 3.4 5.5 3.0 8.6 7.4 9.4 10.9 9.1 -7.7 -12.7 -8.1 -4.8 -8.3 
Czechia 0.5 4.1 3.3 4.0 3.0 6.1 9.4 8.7 9.3 8.4 -9.9 -6.0 -7.1 -6.0 -7.2 
Austria 0.8 3.5 3.1 3.6 2.8 3.9 6.4 6.2 6.5 5.8 -5.2 -2.1 -2.7 -1.9 -3.0 
Germany 0.8 3.1 3.0 3.1 2.5 2.8 4.9 4.8 4.8 4.3 -3.0 -0.2 -0.4 -0.3 -1.0 
Finland -0.1 4.4 2.3 2.6 2.3 1.9 5.5 4.0 4.3 3.9 -3.9 2.3 -1.1 -0.6 -0.8 
Hungary 0.3 2.5 2.8 3.6 2.3 4.5 6.8 7.0 7.5 6.5 -7.9 -5.9 -5.4 -4.1 -5.8 
Netherlands 2.6 -0.2 2.7 3.3 2.1 4.0 2.3 4.2 4.7 3.8 0.0 -4.8 -0.1 0.9 -1.0 
France 0.6 2.4 2.5 3.0 2.1 2.9 4.6 4.6 5.0 4.3 -3.7 -1.8 -1.6 -0.8 -2.0 
Croatia 1.4 -0.5 3.0 3.9 1.9 5.9 5.2 7.5 8.1 6.7 -7.3 -11.2 -5.9 -4.4 -7.2 
Estonia -0.6 2.6 2.5 3.1 1.9 2.7 6.2 5.8 6.2 5.2 -7.0 -4.1 -3.8 -2.9 -4.5 
Belgium -1.1 4.2 1.9 2.2 1.8 1.4 5.7 4.1 4.3 3.9 -5.8 1.4 -2.3 -1.8 -2.1 
Canada 0.7 1.4 2.4 3.0 1.9 3.1 4.1 4.8 5.2 4.3 -3.7 -3.5 -2.0 -1.0 -2.5 
Slovenia -0.8 3.1 2.0 2.7 1.8 3.5 7.0 6.2 6.6 5.8 -8.8 -4.4 -5.8 -4.9 -6.0 
Norway -2.6 6.3 1.3 1.5 1.6 -1.5 5.4 2.0 2.2 2.0 -4.7 8.0 -0.1 0.2 0.8 
Switzerland -1.5 4.6 1.4 1.8 1.6 1.3 6.0 3.9 4.1 3.8 -6.7 1.7 -3.3 -2.7 -2.8 
Iceland -0.3 2.7 1.5 2.0 1.5 0.2 2.5 1.8 2.1 1.7 -1.2 3.1 1.0 1.9 1.2 
Portugal -0.3 2.1 1.8 2.3 1.5 2.1 4.3 4.0 4.4 3.7 -4.8 -2.2 -2.5 -1.7 -2.8 
Spain -0.9 1.8 1.5 2.0 1.1 2.3 4.8 4.5 4.9 4.1 -6.9 -3.9 -4.3 -3.5 -4.7 
Latvia 0.4 -1.8 1.8 2.8 0.8 5.8 4.9 7.3 8.0 6.5 -10.2 -14.6 -8.9 -7.4 -10.3 
Australia -2.7 3.8 0.7 0.8 0.6 -2.0 3.0 1.0 1.0 0.8 -4.0 5.3 0.3 0.4 0.5 
England and Wales 1.2 -1.8 0.4 1.7 0.4 4.3 2.4 3.9 4.8 3.8 -4.6 -9.4 -6.1 -4.2 -6.1 
Taiwan -1.1 0.9 0.6 1.1 0.4 0.4 2.1 1.9 2.2 1.7 -3.8 -1.3 -1.8 -1.0 -2.0 
Israel -2.6 3.1 0.0 0.6 0.3 0.3 4.8 2.7 3.0 2.7 -7.8 -0.1 -4.8 -4.0 -4.2 
Hong Kong -5.7 7.9 -1.1 -0.6 0.1 0.5 11.0 4.7 5.0 5.3 -16.6 1.7 -11.6 -11.0 -9.4 
Republic of Korea -5.2 3.7 0.1 0.2 -0.3 -3.0 4.4 1.8 1.8 1.2 -9.1 2.5 -2.9 -2.8 -3.1 
Denmark -4.1 2.4 -0.1 0.4 -0.3 -1.8 3.8 2.0 2.3 1.6 -8.3 -0.1 -4.0 -3.2 -3.9 
New Zealand -3.4 -0.9 -1.0 -0.5 -1.4 -2.6 -0.3 -0.4 -0.0 -0.8 -4.8 -1.9 -2.1 -1.2 -2.5 
Sweden -5.6 -0.1 -2.3 -1.7 -2.4 -1.9 2.6 1.1 1.5 0.8 -12.4 -5.3 -8.8 -7.9 -8.6 
Ireland -5.5 -2.8 -3.7 -3.1 -3.8 -2.4 -0.1 -0.8 -0.3 -0.9 -11.0 -7.8 -9.1 -8.1 -9.0 
Luxemburg -6.7 -3.1 -3.6 -3.0 -4.1 -4.1 -0.7 -1.1 -0.7 -1.6 -11.5 -7.7 -8.2 -7.3 -8.7 
POOLED 
(ΣO/ΣE) 

1.7 3.6 3.2 4.0 3.1 5.0 6.8 6.5 7.0 6.3 -4.4 -2.3 -2.9 -1.7 -2.8 
P-score = 100·(ΣO−ΣE)/ΣE, with O and E summed over the years 2020–2025 (2020–2024 for Ireland and Australia) and over the twenty age bands before the ratio is taken. 734 
Bulgaria carries three models (its reliable series is too short for a trend-of-trends). 735 
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Table S2. Excess P-score (%) by population and baseline (Fa, TTa, STTa, STTa+, and average of 4 models) for 2020–2025, 2020–737 
2023 and 2024–2025 — 65 and over; populations ordered as in Figure 1. The final row gives the pooled P%. 738 

Population 2020–2025 2020–2023 2024–2025 
 Fa TTa STTa STTa+ Avg Fa TTa STTa STTa+ Avg Fa TTa STTa STTa+ Avg 

Chile 4.3 17.7 9.8 9.3 10.3 8.5 18.8 13.5 13.2 13.5 -3.1 15.5 3.0 2.2 4.4 
Bulgaria 3.6 6.2 6.2 6.8 5.7 12.0 14.6 14.6 15.0 14.1 -12.6 -10.1 -10.1 -9.3 -10.5 
Japan 1.1 9.5 7.7 5.5 6.0 0.3 6.6 5.4 4.0 4.1 2.5 15.3 12.2 8.4 9.6 
Greece 3.6 6.3 5.9 6.5 5.6 7.4 9.9 9.6 10.0 9.2 -3.9 -0.7 -1.3 -0.4 -1.6 
The United States 
of America 

3.8 1.7 1.7 4.1 2.8 8.8 7.5 7.5 9.2 8.2 -5.2 -8.5 -8.5 -5.1 -6.8 
Italy 1.6 6.0 5.0 5.5 4.5 6.1 9.8 9.1 9.4 8.6 -6.7 -1.3 -2.8 -2.1 -3.2 
Slovakia 1.2 6.2 4.8 5.6 4.5 8.3 12.9 11.9 12.4 11.4 -11.7 -6.3 -8.1 -7.0 -8.3 
Lithuania 1.1 5.5 3.6 4.2 3.6 6.7 10.6 9.1 9.5 9.0 -9.6 -4.3 -6.9 -6.1 -6.7 
Poland 4.2 1.4 4.6 6.8 4.2 9.9 8.6 10.6 12.2 10.3 -6.4 -11.5 -6.7 -3.5 -7.0 
Czechia 1.0 4.3 3.4 4.2 3.2 6.7 9.6 9.0 9.5 8.7 -9.5 -5.9 -7.0 -5.8 -7.0 
Austria 1.5 3.9 3.5 4.1 3.2 4.7 6.9 6.7 7.0 6.3 -4.7 -1.8 -2.4 -1.6 -2.6 
Germany 1.3 3.7 3.6 3.6 3.1 3.2 5.3 5.3 5.3 4.8 -2.4 0.5 0.2 0.3 -0.3 
Finland 0.5 4.4 2.2 2.6 2.4 2.5 5.4 3.9 4.2 4.0 -3.2 2.4 -1.0 -0.5 -0.6 
Hungary 1.3 3.3 3.6 4.5 3.2 5.1 7.2 7.3 7.9 6.9 -6.0 -4.1 -3.6 -2.2 -4.0 
Netherlands 3.4 0.4 3.4 4.0 2.8 4.6 2.7 4.7 5.1 4.3 1.1 -3.9 0.9 1.8 0.0 
France 1.5 3.2 3.3 3.8 3.0 3.8 5.4 5.4 5.8 5.1 -2.8 -1.0 -0.8 0.1 -1.1 
Croatia 2.0 0.0 3.5 4.5 2.5 6.5 5.7 8.0 8.7 7.2 -6.6 -10.6 -5.2 -3.8 -6.5 
Estonia -0.7 2.5 2.4 3.0 1.8 2.7 6.2 5.8 6.2 5.2 -7.2 -4.3 -4.0 -3.1 -4.7 
Belgium -0.2 4.9 2.5 2.8 2.5 2.2 6.2 4.6 4.8 4.5 -4.7 2.3 -1.4 -1.0 -1.2 
Canada -0.5 0.4 1.3 2.0 0.8 1.6 2.8 3.4 3.8 2.9 -4.3 -4.0 -2.5 -1.5 -3.1 
Slovenia 0.5 4.2 3.2 3.8 2.9 4.8 8.2 7.4 7.8 7.0 -7.6 -3.3 -4.7 -3.8 -4.8 
Norway -2.1 6.6 1.6 1.8 2.0 -1.1 5.6 2.2 2.4 2.3 -4.0 8.7 0.5 0.8 1.5 
Switzerland -0.7 5.1 1.9 2.3 2.1 2.0 6.5 4.3 4.6 4.3 -5.9 2.3 -2.7 -2.1 -2.1 
Iceland -0.6 2.3 1.1 1.7 1.1 -0.8 1.4 0.7 1.0 0.6 -0.2 4.0 2.0 2.8 2.1 
Portugal 0.1 2.3 2.0 2.6 1.8 2.5 4.6 4.3 4.6 4.0 -4.3 -1.9 -2.2 -1.4 -2.5 
Spain -0.5 2.1 1.8 2.4 1.4 2.6 5.1 4.8 5.2 4.4 -6.5 -3.5 -3.9 -3.1 -4.2 
Latvia 0.6 -1.6 2.1 3.1 1.1 5.9 5.1 7.5 8.2 6.7 -9.8 -14.1 -8.4 -6.9 -9.8 
Australia -2.8 4.0 1.0 1.0 0.8 -2.0 3.3 1.3 1.3 1.0 -4.2 5.4 0.4 0.5 0.5 
England and Wales 0.4 -2.6 -0.4 0.8 -0.5 3.6 1.6 3.1 4.0 3.1 -5.5 -10.4 -7.1 -5.2 -7.0 
Taiwan -1.2 0.7 0.4 0.8 0.2 0.8 2.4 2.1 2.5 1.9 -4.8 -2.4 -2.9 -2.1 -3.0 
Israel -2.8 2.9 -0.2 0.4 0.1 0.3 4.9 2.8 3.1 2.8 -8.5 -0.8 -5.5 -4.7 -4.9 
Hong Kong -6.1 8.0 -1.1 -0.6 0.1 0.8 11.9 5.5 5.8 6.0 -18.0 0.4 -12.7 -12.1 -10.6 
Republic of Korea -5.2 3.7 0.0 0.1 -0.3 -2.6 4.8 2.2 2.2 1.6 -9.7 1.8 -3.6 -3.5 -3.8 
Denmark -2.9 3.5 0.9 1.4 0.7 -0.7 4.7 3.0 3.3 2.6 -7.1 1.1 -2.8 -2.0 -2.7 
New Zealand -3.6 -1.1 -1.2 -0.6 -1.6 -2.8 -0.5 -0.6 -0.2 -1.0 -5.1 -2.1 -2.4 -1.5 -2.8 
Sweden -5.0 0.5 -1.7 -1.1 -1.8 -1.5 3.0 1.5 1.9 1.2 -11.3 -4.1 -7.7 -6.8 -7.5 
Ireland -5.6 -3.3 -4.2 -3.5 -4.2 -2.2 -0.2 -0.9 -0.4 -0.9 -11.7 -8.7 -10.1 -9.0 -9.9 
Luxemburg -5.7 -2.6 -3.0 -2.4 -3.4 -3.3 -0.4 -0.8 -0.4 -1.2 -10.1 -6.6 -7.2 -6.3 -7.5 
POOLED 
(ΣO/ΣE) 

1.4 3.5 3.1 3.8 3.0 4.4 6.4 6.1 6.6 5.9 -4.2 -1.8 -2.4 -1.4 -2.5 
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Table S3. Excess P-score (%) by population and baseline (Fa, TTa, STTa, STTa+, and average of 4 models) for 2020–2025, 2020–740 
2023 and 2024–2025 — under 65 years of age; populations ordered as in Figure 1. The final row gives the pooled P%. 741 

Population 2020–2025 2020–2023 2024–2025 
 Fa TTa STTa STTa+ Avg Fa TTa STTa STTa+ Avg Fa TTa STTa STTa+ Avg 

Chile 7.4 19.3 11.5 11.0 12.3 11.6 20.6 15.2 14.9 15.6 -0.8 16.7 4.1 3.3 5.8 
Bulgaria 5.4 7.9 7.9 8.5 7.4 12.4 14.9 14.9 15.3 14.4 -8.8 -6.3 -6.3 -5.5 -6.7 
Japan -1.4 8.5 6.7 4.5 4.6 -0.9 7.0 5.8 4.3 4.0 -2.3 11.6 8.6 4.9 5.7 
Greece -0.9 1.6 1.2 1.8 0.9 3.0 5.3 5.0 5.4 4.7 -8.7 -5.8 -6.4 -5.5 -6.6 
The United States 
of America 

10.5 6.9 6.9 9.3 8.4 17.1 14.2 14.2 15.9 15.3 -2.7 -7.5 -7.5 -4.0 -5.4 
Italy -2.0 2.4 1.5 1.9 0.9 2.1 5.9 5.3 5.6 4.7 -10.1 -4.6 -6.0 -5.4 -6.5 
Slovakia -0.6 3.9 2.6 3.3 2.3 5.0 9.1 8.1 8.6 7.7 -11.8 -6.8 -8.6 -7.5 -8.7 
Lithuania -0.8 4.8 2.9 3.5 2.6 4.1 9.2 7.8 8.2 7.3 -10.6 -4.2 -6.8 -6.0 -6.9 
Poland -1.5 -3.8 -0.9 1.1 -1.3 4.1 3.1 5.1 6.5 4.7 -13.2 -17.6 -13.3 -10.2 -13.6 
Czechia -2.1 3.1 2.3 3.1 1.6 3.1 8.1 7.5 8.0 6.7 -12.1 -6.7 -7.8 -6.7 -8.3 
Austria -3.2 0.9 0.6 1.1 -0.2 -0.4 3.5 3.2 3.6 2.5 -8.5 -4.0 -4.6 -3.8 -5.2 
Germany -2.1 -0.2 -0.3 -0.2 -0.7 0.2 1.9 1.8 1.8 1.4 -6.6 -4.3 -4.5 -4.4 -5.0 
Finland -4.1 4.8 2.7 3.0 1.6 -1.7 6.4 4.9 5.2 3.7 -8.7 1.6 -1.8 -1.2 -2.5 
Hungary -3.8 -0.8 -0.5 0.3 -1.2 2.2 5.3 5.5 6.0 4.8 -15.7 -13.1 -12.6 -11.4 -13.2 
Netherlands -2.4 -4.1 -1.3 -0.7 -2.1 -0.0 -0.7 1.2 1.6 0.5 -6.9 -10.6 -6.2 -5.3 -7.2 
France -4.5 -2.1 -2.0 -1.5 -2.5 -2.2 0.2 0.3 0.6 -0.3 -9.0 -6.5 -6.4 -5.5 -6.8 
Croatia -1.9 -3.3 -0.0 0.9 -1.1 2.6 2.3 4.6 5.2 3.7 -11.2 -14.7 -9.5 -8.2 -10.9 
Estonia -0.3 3.0 2.9 3.5 2.3 2.6 6.1 5.7 6.1 5.1 -6.1 -3.1 -2.8 -1.9 -3.5 
Belgium -6.3 0.5 -1.8 -1.5 -2.3 -3.3 2.6 1.0 1.2 0.4 -12.2 -3.9 -7.4 -6.9 -7.6 
Canada 6.2 6.2 7.2 7.9 6.9 9.7 10.1 10.7 11.2 10.4 -0.6 -1.1 0.4 1.4 0.0 
Slovenia -7.9 -3.4 -4.4 -3.8 -4.9 -3.8 0.5 -0.3 0.1 -0.9 -16.0 -11.2 -12.5 -11.7 -12.8 
Norway -6.1 3.9 -0.9 -0.7 -0.9 -4.1 4.0 0.8 0.9 0.4 -9.9 3.6 -4.2 -3.9 -3.6 
Switzerland -6.5 0.9 -2.2 -1.8 -2.4 -3.5 2.7 0.6 0.9 0.2 -12.4 -2.9 -7.6 -7.1 -7.5 
Iceland 1.2 4.7 3.6 4.1 3.4 5.2 8.2 7.5 7.9 7.2 -6.6 -2.0 -3.9 -3.2 -3.9 
Portugal -2.7 0.4 0.1 0.6 -0.4 -0.1 2.9 2.6 3.0 2.1 -7.8 -4.6 -4.8 -4.0 -5.3 
Spain -3.5 -0.2 -0.5 0.0 -1.1 -0.1 3.0 2.8 3.1 2.2 -9.9 -6.4 -6.8 -6.0 -7.3 
Latvia -0.4 -2.8 0.8 1.8 -0.1 5.2 4.1 6.5 7.2 5.8 -12.0 -16.4 -10.8 -9.4 -12.2 
Australia -2.7 2.6 -0.3 -0.2 -0.2 -2.5 1.4 -0.5 -0.4 -0.5 -3.3 5.0 0.1 0.2 0.5 
England and Wales 5.8 3.2 5.5 6.9 5.3 8.2 6.9 8.4 9.3 8.2 1.0 -3.6 -0.0 2.0 -0.2 
Taiwan -0.6 1.7 1.4 1.9 1.1 -0.7 1.4 1.2 1.5 0.8 -0.5 2.4 1.9 2.7 1.6 
Israel -1.3 4.1 1.1 1.6 1.4 0.2 4.4 2.3 2.7 2.4 -4.2 3.5 -1.3 -0.5 -0.6 
Hong Kong -3.6 7.5 -1.1 -0.7 0.5 -1.0 7.0 1.0 1.3 2.1 -8.8 8.8 -5.4 -4.8 -2.5 
Republic of Korea -5.1 3.8 0.3 0.4 -0.1 -4.4 2.9 0.4 0.4 -0.2 -6.3 5.8 0.2 0.3 0.0 
Denmark -10.9 -4.1 -6.4 -6.0 -6.8 -8.2 -2.1 -3.7 -3.4 -4.3 -16.4 -8.1 -11.6 -10.9 -11.8 
New Zealand -2.4 -0.0 -0.2 0.4 -0.5 -1.8 0.4 0.3 0.7 -0.1 -3.7 -0.8 -1.1 -0.2 -1.5 
Sweden -10.8 -5.3 -7.4 -6.8 -7.6 -5.4 -0.6 -2.0 -1.6 -2.4 -21.6 -14.8 -18.0 -17.2 -17.9 
Ireland -4.7 -0.5 -1.4 -0.8 -1.9 -3.3 0.5 -0.2 0.3 -0.7 -7.5 -2.6 -4.0 -2.9 -4.2 
Luxemburg -11.3 -5.9 -6.3 -5.8 -7.3 -7.8 -2.3 -2.7 -2.3 -3.8 -18.1 -12.7 -13.2 -12.3 -14.1 
POOLED 
(ΣO/ΣE) 

3.2 4.0 3.7 4.8 3.9 7.5 8.4 8.2 9.0 8.3 -5.3 -4.7 -5.1 -3.4 -4.6 
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Table S4. Excess deaths by single year and baseline model, all ages, pooled across 38 populations. Each cell gives 743 

excess deaths in thousands with the P-score (%) in parentheses.  744 

Model 2020 2021 2022 2023 2024 2025 

Fa +764 (+7.1) +847 (+7.7) +665 (+6.0) -84 (-0.7) -379 (-3.3) -657 (-5.5) 

TTa +895 (+8.4) +1024 (+9.5) +878 (+8.0) +154 (+1.4) -127 (-1.1) -412 (-3.5) 

STTa +884 (+8.3) +1002 (+9.3) +844 (+7.7) +108 (+1.0) -185 (-1.6) -481 (-4.1) 

STTa+ +901 (+8.5) +1038 (+9.6) +902 (+8.3) +192 (+1.7) -72 (-0.6) -329 (-2.8) 

 745 
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Table S5. Effect of age adjustment on total excess death estimate during 2020-2025 (in millions)      747 

Model No adjustment 

(crude death rate) 

Two age bands Five age bands Twenty age bands 

(primary analysis) 

Fa 5.97 2.19 1.52 1.16 

TTa 5.68 3.24 2.48 2.41 

STTa 5.48 3.01 2.24 2.17 

STTa+ 5.92 3.49 2.71 2.63 
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Table S6. Excess death estimates with the TTa model using age-band-specific or all-age common slopes and slopes-750 

of-slopes in 10 countries with highest numbers of deaths, overall and according to age group (65 years cut-off) in 751 

2020-2025 752 

Population All: age-
specific 

All: all-
age 

<65: age-
specific 

<65: all-
age 

65+: age-
specific 

65+: all-
age 

USA 452,473 560,360 25,020 315,813 427,454 244,546 
Japan 763,235 787,407 91,278 59,624 671,957 727,783 
Germany 186,342 186,258 4,415 -1,525 181,927 187,783 
Italy 229,291 220,428 8,412 9,952 220,880 210,476 
England/Wales -58,466 -62,779 22,690 16,957 -81,156 -79,736 
France 78,813 89,376 6,633 -12,112 72,180 101,487 
Spain 46,904 48,134 6,506 -756 40,398 48,890 
Poland 3,911 7,367 -10,257 -21,776 14,167 29,143 
Korea 84,793 74,625 27,007 14,795 57,786 59,831 
Canada 19,336 27,286 2,076 21,721 17,260 5,565 
Total (10 
countries) 

1,806,633 1,938,460 183,781 402,692 1,622,852 1,535,768 
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Table S7. Vulnerability indicators and their sources for the 38 populations. Per-capita nominal GDP (2021, US$), 755 

the income-inequality Gini coefficient, and the percentage of the population living in poverty, with the source of 756 

each population's values. The 34 populations shared with a previously published analysis to mid-2023 (3) use that 757 

paper's Table 1 values; the remaining populations use public estimates from the World Bank, OECD, IMF, Hong 758 

Kong C&SD and Taiwan DGBAS for the same year. A population is classified as being more vulnerable if per-759 

capita GDP < $30,000 OR Gini > 0.35 OR ≥ 2.5% live in poverty (the same rule as used before), giving 18 more- 760 

and 20 less-vulnerable populations. 761 

Population GDP p.c. (2021, 
US$) 

Gini Poverty Vulnerability Source 
Australia 60,443 0.318 0.74% less Ref 13, Table 1 
Austria 53,638 0.274 0.8% less Ref 13, Table 1 
Belgium 51,247 0.262 0.2% less Ref 13, Table 1 
Bulgaria 12,222 0.408 8.2% more Ref 13, Table 1 
Canada 51,988 0.28 0.74% less Ref 13, Table 1 
Chile 16,265 0.46 4.4% more Ref 13, Table 1 
Croatia 17,685 0.292 1.8% more Ref 13, Table 1 
Czechia 26,821 0.248 0.3% more Ref 13, Table 1 
Denmark 68,008 0.268 0.4% less Ref 13, Table 1 
England & Wales 46,510 0.355 0.86% more Ref 13, Table 1 
Estonia 27,944 0.305 1.3% more Ref 13, Table 1 
Finland 53,655 0.265 0.1% less Ref 13, Table 1 
France 43,659 0.292 0.11% less Ref 13, Table 1 
Germany 51,204 0.296 0.5% less Ref 13, Table 1 
Greece 20,193 0.308 3.4% more Ref 13, Table 1 
Hong Kong 49,800 0.397 † 0.5% more GDP: World Bank 2021; Gini: HK C&SD (post-

tax, post-social-transfer) 
Hungary 18,728 0.286 1.8% more Ref 13, Table 1 
Iceland 68,728 0.25 0.04% less Ref 13, Table 1 
Ireland 100,170 0.31 0.4% less GDP: World Bank 2021 nominal (GNI* ≈ 55k); 

Gini: OECD 
Israel 52,171 0.342 2.47% less Ref 13, Table 1 
Italy 35,658 0.33 3.05% more Ref 13, Table 1 
Japan 39,830 0.334 0.7% less GDP: World Bank 2021; Gini: OECD (disposable 

income) 
Latvia 21,148 0.355 2.0% more Ref 13, Table 1 
Lithuania 23,723 0.357 1.4% more Ref 13, Table 1 
Luxembourg 133,590 0.305 0.3% less Ref 13, Table 1 
Netherlands 57,768 0.304 0.3% less Ref 13, Table 1 
New Zealand 48,781 0.32 — less Ref 13, Table 1 
Norway 89,154 0.263 0.52% less Ref 13, Table 1 
Poland 18,000 0.281 1.2% more Ref 13, Table 1 
Portugal 24,568 0.31 0.9% more Ref 13, Table 1 
Slovakia 21,392 0.222 1.3% more Ref 13, Table 1 
Slovenia 29,291 0.246 0.1% more Ref 13, Table 1 
South Korea 34,998 0.331 0.74% less Ref 13, Table 1 
Spain 30,104 0.32 2.5% more Ref 13, Table 1 
Sweden 61,029 0.276 0.6% less Ref 13, Table 1 
Switzerland 91,992 0.316 0.14% less Ref 13, Table 1 
Taiwan 33,060 0.34 0.5% less GDP: IMF 2021; Gini: Taiwan DGBAS 
United States 70,249 0.375 1.5% more Ref 13, Table 1 

† Hong Kong's Gini is the Census and Statistics Department post-tax, post-social-transfer value (its market, pre-762 

transfer Gini is 0.539); the other populations use disposable-income (post-tax, post-cash-transfer) Gini, so Hong 763 

Kong is adjusted slightly more generously. Hong Kong is classified as more vulnerable on either basis (Gini > 0.35 764 

cutoff). 765 
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Figure S1. Per-population age-standardized mortality level and the resulting excess. Each panel 767 
shows the natural logarithm of the ESP-2013 age-standardized death rate, indexed to each 768 
population's fitted 2019 level and drawn on a common vertical axis so the pre-pandemic decline is 769 
comparable across countries: observed (black), and the two-step trend baselines projected 770 
2019→2025 — TTa (red dashed), STTa (teal) and STTa+ (purple). The vertical gap between the 771 
observed line and a baseline over 2020–2025 is that model's excess; the 2020–2023 pandemic 772 
band is shaded. Whereas Figure 1 shows the slope of the decline and its deceleration, this figure 773 
shows the level itself and the resulting excess.  774 

 775 

 776 

  777 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 17, 2026. ; https://doi.org/10.64898/2026.08.14.26360482doi: medRxiv preprint 

https://doi.org/10.64898/2026.08.14.26360482
http://creativecommons.org/licenses/by-nc-nd/4.0/


45 

 Figure S2. Age-band-specific pre-pandemic mortality trends in the 10 countries with the most deaths. For each 778 
five-year age band we fitted the same two-step moving-slope trend used for the all-ages models, giving that band's 779 
own slope in 2019 (left panel of each pair) and slope-of-slopes (right), each with its 95% confidence interval (points 780 
= estimate, bars = 95% CI). The black line is a 4-band centred moving average across age bands, summarising the 781 
pattern through the band-to-band noise. The dashed line is the single all-ages value the models apply to every band; 782 
the dotted line marks the 65-year cut-off (blue = <65 bands, red = 65+). Vertical scales are shared across countries 783 
for visual comparison.   The moving average shows that age bands 65 years and over — which contribute most 784 
deaths — track the dashed all-ages line closely, while younger bands depart from it more widely, most strikingly 785 
among US and Canadian working-age adults. 786 
 787 
 788 
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Figure S3. Total excess deaths in more vulnerable versus less vulnerable populations, by period 790 
and age group. Bars give the pooled excess deaths (millions) summed across the more vulnerable 791 
(n = 18, red) and less vulnerable (n = 20, green) populations, under the four baseline models (Fa, 792 
TTa, STTa, STTa+), in three periods (columns: 2020–2025, 2020–2023, 2024–2025) and three 793 
age groups (rows: all ages, 65+, <65). Within each panel the two groups' bars sum to the 794 
combined 38-population total in Table 2; the corresponding per-group pooled P-scores are given 795 
in Table 3. 796 
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