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Summary 25 
Using natural experiments, we have previously reported that live-attenuated herpes zoster (HZ) 26 
vaccination appears to have prevented or delayed dementia diagnoses in both Wales and 27 
Australia. Here, we find that HZ vaccination also reduced mild cognitive impairment diagnoses 28 
and, among patients living with dementia, deaths due to dementia. Our approach takes 29 
advantage of the fact that individuals who had their eightieth birthday just after the start date of 30 
the HZ vaccination program in Wales were eligible for the vaccine for one year, whereas those 31 
who had their eightieth birthday just before were ineligible and remained ineligible for life. The 32 
key strength of our natural experiments is that these comparison groups should be similar in all 33 
characteristics except for a minute difference in age. Our findings suggest that live-attenuated 34 
HZ vaccination prevents or delays mild cognitive impairment and dementia, and slows the 35 
disease course among those already living with dementia. 36 
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Introduction 38 
Given the key role of neuroinflammation in the development and progression of dementia1, it is 39 
conceivable that neurotropic viruses could be a factor that causes or accelerates the dementia 40 
disease process. Neurotropic herpesviruses have thus far received the greatest research 41 
attention in this regard2–4, partly because they remain latent for life in the nervous system after 42 
primary infection, are more likely to reactivate with increasing age, and can cause encephalitis5. 43 
Recently, several findings have further spurred interest in neurotropic herpesviruses, including 44 
the observation that they can seed β-amyloid in mice6 and increase tau phosphorylation in 45 
human brain organoids7, and that the Epstein Barr Virus appears to be a causative factor in the 46 
development of Multiple Sclerosis8.  47 
 48 
Clinical and subclinical reactivations of the neurotropic herpesvirus (the varicella zoster virus) 49 
that causes chickenpox and shingles may constitute a chronic immune stressor that drives 50 
inflammatory pathways in both the peripheral and central nervous system, interfering with 51 
neuroimmune homeostasis in older age9. The varicella zoster virus has also recently been 52 
linked to amyloid deposition and aggregation of tau proteins10, as well as cerebrovascular 53 
disease that resembles the patterns commonly seen in Alzheimer’s disease, such as small to 54 
large vessel disease, ischemia, infarction, and hemorrhage11–16. Reducing clinical and 55 
subclinical reactivations of the virus through herpes zoster (HZ) vaccination might, thus, have a 56 
beneficial impact on the development or progression of dementia, as well as neuroimmune 57 
health and cognitive reserve in older age more broadly. Moreover, as has been detailed recently 58 
elsewhere17, it is possible that HZ vaccination, and potentially vaccinations in older age more 59 
generally, act on the dementia disease process through a pathogen-independent immune 60 
mechanism. Such an effect might counteract immunosenescence17,18, and would add to the 61 
growing body of evidence suggesting that vaccines frequently have broader health benefits 62 
beyond their intended target19–22. Of importance with respect to this present study, these 63 
beneficial off-target effects have often been found to be far stronger among female than male 64 
individuals20, and for live-attenuated rather than other types of vaccines19–21,23. 65 
 66 
In a recent study24, we were able to take advantage of a unique quasi-randomization in Wales to 67 
provide evidence on the effect of HZ vaccination on new dementia diagnoses that is more likely 68 
to be causal than the previously existing associational evidence. This opportunity arose 69 
because the UK National Health Service rolled out the live-attenuated HZ vaccine (Zostavax, 70 
Merck) using strict date of birth-based eligibility rules25. These rules resulted in an increase in 71 
the probability of ever receiving the HZ vaccine of almost 50 percentage points between 72 
individuals who differed in their age by merely a week across the date of birth-based eligibility 73 
threshold for the vaccination program. We, thus, had the opportunity to compare dementia 74 
incidence between eligible and ineligible groups of individuals who were not expected to differ in 75 
their characteristics other than a difference in age of merely a few weeks and a large difference 76 
in ever receiving the HZ vaccine. We found that HZ vaccination averted an estimated one in five 77 
new dementia diagnoses over a seven-year follow-up period. Crucially, unlike the previously 78 
existing associational evidence26–35, this study is not subject to the fundamental concern in 79 
associational studies that those who opt to be vaccinated differ from those who do not in a 80 
variety of characteristics that are difficult to measure36. Most recently, taking advantage of a 81 
similar date of birth-based rollout of HZ vaccination in Australia, we have shown that this 82 
protective effect for new diagnoses of dementia from live-attenuated HZ vaccination also 83 
appears to exist in the Australian population37. 84 
 85 
To guide further research in this area and, ultimately, inform appropriate clinical care, it is critical 86 
to understand at which stage of the disease course of dementia HZ vaccination has its benefit. 87 
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Our previous analyses in Wales and Australia have left this question unanswered. The aims of 88 
this study, therefore, were twofold: to determine the effect of HZ vaccination on i) new 89 
diagnoses of mild cognitive impairment (MCI) among individuals without any record of cognitive 90 
impairment, and ii) deaths due to dementia among individuals living with dementia. In the 91 
absence of more widespread testing for amyloid β and tau pathology during the study period 92 
(2013 to 2022), these two aims represent the two opposite ends of the disease course of 93 
dementia (considering the limitations in ascertaining different disease stages in electronic health 94 
record data). Here, we report a large beneficial effect from live-attenuated HZ vaccination for 95 
both aims suggesting that the vaccine appears to act across the entire clinical disease course of 96 
dementia.  97 
 98 
 99 

Results 100 
Sample characteristics: 101 
We used the Secure Anonymised Information Linkage (SAIL) Databank38. Our dataset 102 
consisted of electronic health record data from approximately 80% of Wales’s primary care 103 
practices39, which was linked by SAIL to hospital-based care data as well as death certificate 104 
data. Our dataset consisted of 304,940 individuals born between September 1 1925 and 105 
September 1 1942 who were alive and residing in Wales as of September 1 2013. Of these 106 
individuals, 282,557 did not have a record of any cognitive impairment prior to September 1 107 
2013 and were, thus, included in our study cohort for analyzing the effect of HZ vaccination on 108 
MCI. Our study cohort for analyzing the effect of HZ vaccination on deaths due to dementia 109 
consisted of the 14,350 individuals in our dataset who had received a diagnosis of dementia 110 
prior to September 1 2013. The sample characteristics of each of these two cohorts are shown 111 
in Table 1.  112 
 113 
A one-week difference in age led to a large difference in HZ vaccination uptake: 114 
We analyzed our data using a regression discontinuity design, which is a well-established 115 
causal effect estimation technique that is guided by the expectation that individuals born just on 116 
either side of the date-of-birth eligibility threshold for HZ vaccination likely are similar to each 117 
other except for their probability of receiving the HZ vaccine40–42. In both of our study cohorts, a 118 
one-week difference in age across the September 2 1933 date-of-birth eligibility threshold 119 
resulted in a large difference in the probability of ever receiving HZ vaccination (Figure 1). 120 
Specifically, among individuals without any record of cognitive impairment prior to the start of 121 
the HZ vaccination program, being born one week after September 2 1933, and thus being 122 
eligible for HZ vaccination, led to an abrupt increase in the probability of ever receiving HZ 123 
vaccination from 0.0% to 45.9% (p<0.001). The corresponding abrupt increase among patients 124 
living with dementia on the start date of the HZ vaccination program was from 0.0% to 28.7% 125 
(p<0.001). Thus, as expected, in both of our study cohorts, the eligibility rules of the HZ 126 
vaccination program created comparison groups born just on either side of the September 2 127 
1933 date-of-birth threshold who (after flexibly controlling for age) were likely similar to each 128 
other except for a large difference in the probability of receiving HZ vaccination.  129 
 130 
Prior to the start date of the HZ vaccination program, there were no significant differences at the 131 
September 2 1933 date-of-birth threshold in the uptake of preventive health services, the 132 
prevalence of any of the ten most common causes of disability-adjusted life years (DALYs) and 133 
mortality among adults aged 70+ years in Wales (except ischemic heart disease among those 134 
living with dementia at program start)43, the occurrence of HZ, diagnoses of MCI, and deaths 135 
due to dementia (Figure S1).  136 
 137 
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A protective effect of HZ vaccination on new diagnoses of mild cognitive impairment:  138 
To determine the effect of being eligible for HZ vaccination on our outcomes, our analytical 139 
strategy focused on comparing individuals who were not eligible for the HZ vaccine because 140 
they turned 80 years of age immediately before the program's start date with those who were 141 
eligible because they turned 80 years of age immediately after the start date. Following 142 
standard regression discontinuity methods40,41, we estimated the effect of actually receiving the 143 
vaccine (rather than merely being eligible) using a two-stage least squares regression. This 144 
approach divides the size of the sudden change in the outcome at the date-of-birth eligibility 145 
cutoff by the size of the sudden change in vaccine uptake at that same cutoff. As a result, the 146 
fact that not everyone who was eligible actually received the vaccine does not introduce bias 147 
into our analysis. 148 
 149 
Among our study cohort of individuals without any record of cognitive impairment prior to the 150 
start date of the HZ vaccination program, 20,712 (7.3%) were newly diagnosed with MCI during 151 
our nine-year follow-up period. Being born immediately after versus immediately before 152 
September 2 1933, and thus being eligible for HZ vaccination, decreased the occurrence of new 153 
diagnoses of MCI over nine years by 1.5 (95% CI: 0.5 – 2.9, p=0.006) percentage points 154 
(Figure 2). Scaled to the proportion of individuals who took up HZ vaccination if they were 155 
eligible using our regression discontinuity approach, the effect of actually receiving HZ 156 
vaccination was a 3.1 (95% CI: 1.0 – 6.2, p=0.007) percentage point reduction in new 157 
diagnoses of MCI over nine years. The effect across different follow-up periods is shown in 158 
Figure S2. Both the effect of being eligible for HZ vaccination and the effect of actually receiving 159 
HZ vaccination were robust across different choices of bandwidth, grace period, and functional 160 
form (using local quadratic instead of local linear regression), when requiring that a new MCI 161 
diagnosis not be followed by a new dementia diagnosis within three and six months, when 162 
adjusting for the staggered rollout of the program, when adjusting for indicators of health service 163 
utilization, and when restricting the analysis cohort to frequent primary care visitors (Figure S3).  164 
 165 
A protective effect of HZ vaccination on deaths due to dementia:  166 
Among our study cohort of individuals with a diagnosis of dementia received prior to the start 167 
date of the HZ vaccination program, 7,049 (49.1%) died due to dementia (i.e., had dementia 168 
recorded as the underlying cause of death in their death certificate) over the nine-year follow-up 169 
period. Being eligible for HZ vaccination (i.e., being born shortly after versus shortly before 170 
September 2 1933) decreased the occurrence of deaths due to dementia over nine years by 8.5 171 
(95% CI: 0.6 – 18.5, p=0.036) percentage points (Figure 2). The effect of actually receiving HZ 172 
vaccination was a 29.5 (95% CI: 0.6 – 62.9, p=0.046) percentage point reduction in deaths due 173 
to dementia over nine years. Our difference-in-differences analysis (detailed in the STAR 174 
Methods section) yielded similar results as our regression discontinuity analysis (Figure 2). The 175 
effect across different follow-up periods is shown in Figure S2. As for MCI as outcome, the 176 
point estimates for the effect of being eligible for HZ vaccination and the effect of actually 177 
receiving HZ vaccination were robust across different choices of bandwidth, grace period, and 178 
functional form (using local quadratic instead of local linear regression), and when adjusting for 179 
the staggered rollout of the program (Figure S3). In addition, the effect remained significant 180 
when adjusting for the baseline imbalance in ischemic heart diseases diagnoses using a fully 181 
non-parametric regression discontinuity method that can flexibly control for such baseline 182 
imbalances (Figure S3)44.  183 
 184 
Evidence against the existence of confounding: 185 
Given the focus of our regression discontinuity approach on changes in the outcome variable at 186 
the date-of-birth eligibility threshold, a confounding variable would only bias our analysis if it 187 
changed abruptly at the September 2 1933 date-of-birth threshold. Such bias could arise if 188 
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another intervention used the identical date-of-birth eligibility threshold (i.e., September 2 1933) 189 
as the HZ vaccination program. As detailed in the Methods section, we tested for this possibility 190 
in four ways.  191 
 192 
First, the September 2 date-of-birth eligibility threshold only had a significant effect on our 193 
outcomes in the birth year (1933) that was used by the HZ vaccination program, but not in any 194 
of the three birth years prior to and after 1933 (Figure S4). This finding reduces the probability 195 
that an annual intervention existed that also used September 2 as a date-of-birth eligibility 196 
criterion.  197 
 198 
Second, at the time of the start date of the HZ vaccination program, we did not observe 199 
systematic differences across the September 2 1933 date-of-birth threshold in past preventive 200 
health services uptake nor the prevalence of the ten leading causes of DALYs and mortality 201 
among adults aged 70+ years in Wales (Figure S1). Third, there were no significant differences 202 
in the incidence of new MCI diagnoses (in our study cohort for analyzing the effect on MCI) and 203 
deaths due to dementia (in our study cohort for analyzing the effect on deaths due to dementia) 204 
across the September 2 1933 date-of-birth threshold in the nine years before the start of the HZ 205 
vaccination program (MCI: 0.0 [95% CI: -0.5 – 0.6, p=0.953] percentage points; deaths due to 206 
dementia: -5.2 [-17.7 – 6.7, p=0.375] percentage points). Together, these tests reduce the 207 
likelihood that a competing intervention (i.e., another intervention that used the identical date-of-208 
birth eligibility threshold as the HZ vaccination program) existed that was implemented prior to 209 
the HZ vaccination program.   210 
 211 
Fourth, other than for dementia, we did not observe any significant effects of the September 2 212 
1933 date-of-birth eligibility threshold on diagnoses of each the ten most common causes of 213 
DALYs and mortality (in our study cohort for analyzing the effect on MCI) and deaths due to the 214 
ten leading causes of mortality (in our study cohort for analyzing the effect on deaths due to 215 
dementia) among adults aged 70+ years in Wales over our nine-year follow-up period (Figure 216 
3). Neither did we observe any effects on indicators of preventive health services uptake during 217 
our follow-up period (Figure 3). These tests provide evidence against the existence of an 218 
intervention that used the identical date-of-birth eligibility threshold as the HZ vaccination 219 
program and was not specifically designed to only affect our primary outcomes. 220 
 221 
The protective effects were larger among women than men: 222 
The effect of HZ vaccination both on reducing new diagnoses of MCI and deaths due to 223 
dementia was larger among women than men (Figure 4). Among women, the effects of being 224 
eligible for, and actually receiving, HZ vaccination on new diagnoses of MCI were a reduction of 225 
2.5 (95% CI: 1.1 – 4.5, p=0.001) and 5.1 (95% CI: 2.6 – 9.8, p<0.001) percentage points, 226 
respectively. The corresponding estimates for the effects on deaths due to dementia among 227 
women living with dementia at baseline were a decrease of 13.9 (95% CI: 3.4 – 26.3, p=0.011) 228 
and 52.3 (95% CI: 9.2 – 97.9, p=0.018) percentage points. For both MCI and deaths due to 229 
dementia, the estimates among men were statistically indistinguishable from zero. Formal 230 
interaction tests by gender showed that the interaction was significant for both new MCI 231 
diagnoses (p=0.029) and deaths due to dementia (p=0.039) (Table S1). The significant effects 232 
among women were robust across different choices of bandwidth, grace period, and functional 233 
form (using local quadratic instead of local linear regression), as well as when requiring that a 234 
new MCI diagnosis not be followed by a new dementia diagnosis within three and six months, 235 
adjusting for the staggered rollout of the program, adjusting for indicators of health service 236 
utilization, and restricting the analysis cohort to frequent primary care visitors (Figure S5).  237 

 238 
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To examine whether the benefits from HZ vaccination for reducing deaths due to dementia also 239 
apply to those who already have more advanced dementia, we additionally conducted a set of 240 
subgroup analyses that divided those living with dementia at the time of the start date of the HZ 241 
vaccination program into those with more versus less severe dementia. To do so, we used 242 
several indicators, as measured prior to September 1 2013, that we hypothesized likely reflect 243 
dementia severity: i) risk of all-cause mortality as predicted from each condition that is part of 244 
the Charlson Comorbidity Index45; ii) the total number of days spent as an inpatient in hospital 245 
(as part of admissions for which dementia was recorded as primary or secondary reason); iii) 246 
the number of hospital admissions (for which dementia was recorded as primary or secondary 247 
reason); iv) the number of times that a diagnosis of dementia was recorded in the electronic 248 
health record from primary, secondary, or tertiary care; and v) risk of death due to dementia as 249 
predicted from the variables defined in ii) and iv) as well as each condition that is part of the 250 
Charlson Comorbidity Index45. Although not reaching statistical significance, directionally we 251 
found tentative evidence that the protective effect, both on an absolute and relative scale, of HZ 252 
vaccination on deaths due to dementia was greater for those with more advanced dementia 253 
(Figure S6 and S7). 254 
 255 
The protective effect for dementia deaths resulted in a reduction in all-cause mortality: 256 
Among patients living with dementia at baseline, being eligible for HZ vaccination (based on 257 
being born immediately after versus immediately before September 2 1933) decreased all-258 
cause mortality over our nine-year follow-up period by 6.5 (95% CI: 2.1 – 12.5, p=0.006) 259 
percentage points (Figure 5). Adjusted for the proportion who took up HZ vaccination if they 260 
were eligible using our regression discontinuity approach, the effect of actually receiving HZ 261 
vaccination was a 22.7 (95% CI: 6.5 – 42.8, p=0.008) percentage point reduction in all-cause 262 
mortality over nine years. There was no significant effect of HZ vaccination eligibility or receipt 263 
on non-dementia deaths. As for deaths due to dementia, the effects of HZ vaccination eligibility 264 
and receipt on all-cause mortality were larger among women and statistically indistinguishable 265 
from zero among men (Figure S8). All results were similar for our difference-in-differences as 266 
for our regression discontinuity analysis. Both among the whole sample and among women 267 
only, the effect on all-cause mortality was robust across different choices of bandwidth and 268 
grace period, as well as when using local quadratic instead of local linear regression, adjusting 269 
for the staggered rollout of the program, and when adding a dichotomous covariate that 270 
indicated whether an individual had been diagnosed with ischemic heart disease prior to the 271 
start date of the HZ vaccination program (Figure S9). 272 
 273 

 274 

Discussion 275 
We found that live-attenuated HZ vaccination reduced both new diagnoses of MCI among those 276 
without any record of cognitive impairment and deaths due to dementia among patients living 277 
with dementia. The HZ vaccine, thus, appears to have a beneficial effect at both ends of the 278 
clinical disease course of dementia. Whilst our point estimates indicate large effect sizes, the 279 
exact magnitude of the effect was difficult to ascertain in this analysis given the wide confidence 280 
intervals around our estimates. Lower statistical power compared to standard associational 281 
analyses was a result of our focus on individuals born in close proximity to the September 2 282 
1933 date-of-birth threshold.  283 
 284 
Our findings suggest that HZ vaccination could be an effective intervention to prevent or delay 285 
MCI and dementia, as well as to reduce disease progression among those living with dementia. 286 
Such a beneficial effect also appears to exist among those who already have more advanced 287 
dementia, based on our finding that the reductions in deaths due to dementia from HZ 288 
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vaccination tended to be larger among those with more versus less severe dementia. Using the 289 
same quasi-randomization approach as in this study, our group has previously shown that HZ 290 
vaccination reduced new diagnoses of dementia in both Wales as well as Australia24,37. This 291 
effect could have been observed as a result of HZ vaccination decreasing the transition from 292 
cognitively unimpaired to MCI, from MCI to dementia, or (because of the delay in diagnosing 293 
dementia in the health system46–50) from undiagnosed to diagnosed dementia. This present 294 
study suggests that the HZ vaccine acts along the entire clinical disease course of dementia 295 
and, thus, that our previously reported effects were due to a decrease in the transition along 296 
each of these dementia disease stages.  297 
 298 
Given that it is a readily available, relatively inexpensive51–53, one-off, and safe intervention, the 299 
finding that HZ vaccination has a beneficial effect on the dementia disease process would be of 300 
great significance to population health, clinical medicine, and dementia research. Thus, 301 
confirming our previously reported findings from Wales and Australia is critical. In our view, it is 302 
key that such confirmatory studies utilize natural experiments because more standard 303 
associational analyses may lead to false confirmations as a result of confounding, such as the 304 
healthy vaccinee bias (i.e., the common observation that healthier, more health-motivated, 305 
individuals opt to be vaccinated36). Our quasi-randomized approach is far less vulnerable to 306 
these biases because health status, health-related motivation, and other dementia-related 307 
characteristics are unlikely to differ between individuals born just before versus just after a 308 
specific date-of-birth eligibility threshold. Therefore, in addition to its principal finding that the HZ 309 
vaccine appears to act along the entire clinical disease course of dementia, an important 310 
contribution of this present study is that it confirms our previously reported findings in two 311 
different study populations (those without any record of cognitive impairment and those living 312 
with dementia) and using two different dementia-related outcomes (MCI and deaths due to 313 
dementia). Deaths with dementia as their primary cause among individuals living with dementia 314 
is a particularly opportune outcome in this regard because it is directly related to dementia, but 315 
less reliant on a timely diagnosis of dementia in the health system given that dementia is likely 316 
to be readily apparent by the time that it is the primary cause of death. Similarly, our secondary 317 
outcome of all-cause mortality among individuals living with dementia at baseline is entirely 318 
independent of the health system’s process for diagnosing dementia. These mortality outcomes 319 
are, thus, largely measured differently than new diagnoses of dementia. In our view, being able 320 
to confirm the benefits of HZ vaccination for dementia using a set of outcomes that are all 321 
related to dementia, but measured differently, strengthens the evidence that HZ vaccination has 322 
an effect on the dementia disease process itself rather than only its measurement (e.g., a 323 
diagnostic pathway). 324 
 325 
We found that, among individuals living with dementia at baseline, HZ vaccination did not only 326 
lead to a decrease in deaths due to dementia but also a reduction in overall mortality. 327 
Specifically, we observed a decrease, which was larger among women than men, in both 328 
deaths due to dementia and all-cause mortality, but no effect on deaths for which dementia was 329 
not mentioned as the underlying or a contributing cause on the death certificate. Our findings, 330 
thus, imply that HZ vaccination among individuals living with dementia increased remaining life 331 
expectancy. This reduction in deaths due to dementia is unlikely to be a result of averted 332 
shingles episodes given that shingles has a low mortality rate54. Instead, this study suggests 333 
that the HZ vaccine may slow dementia disease progression. Nonetheless, identifying the exact 334 
mechanism for this effect is in our view an important area of future research.  335 
 336 
For each of our outcomes, we found that the protective effect of HZ vaccination was larger 337 
among women than men. We observed the same gender effect heterogeneity in our previous 338 
study in Wales for new diagnoses of dementia55. However, although none of our results were 339 
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statistically significant among men, we cannot exclude the possibility of substantial beneficial 340 
effects among men as well given the width of our confidence intervals. A strong gender effect 341 
heterogeneity, with beneficial effects usually being more pronounced among females, has 342 
frequently been observed for off-target effects of vaccines20. Our observed effect heterogeneity 343 
between women and men may, thus, reflect immunological sex differences. These 344 
immunological sex differences may be pathogen-independent, but could also be specific to the 345 
interaction of the immune system with the varicella zoster virus56. The occurrence of shingles 346 
has, for instance, been reported to be more common among women in several studies57,58. 347 
Additionally, it is equally possible that our observed gender effect heterogeneity reflects 348 
differences in the pathophysiology of some types of dementia between women and men; an 349 
area that has received increasing research interest in recent years59–61. We did not observe a 350 
significant gender effect heterogeneity in our analysis of primary care data from Australia37. We 351 
believe that this is likely due to limited statistical power stemming from the fact that, compared 352 
to our data from Wales, our Australian data contained substantially fewer patients, the abrupt 353 
increase in the probability of receiving HZ vaccination at the date-of-birth eligibility threshold 354 
was smaller, and the incidence of new dementia diagnoses in the data was lower. 355 
 356 
The key strength of this study is its quasi-randomized design. Prior to our analysis in Wales, all 357 
epidemiological studies on the relationship between vaccines and dementia had simply 358 
compared vaccine recipients with non-recipients whilst attempting to control for the myriad of 359 
characteristics that differ between those who opt to be vaccinated versus those who do not26–35. 360 
Electronic health record data do not have detailed information on health behaviors, such as 361 
physical activity and diet62,63, that are known to be linked to other health behaviors (including 362 
vaccination) as well as dementia. These studies are, thus, vulnerable to confounding64. Our 363 
approach is fundamentally different in that we compare individuals who were ineligible or eligible 364 
for HZ vaccination because they were born just before or just after the date-of-birth eligibility 365 
threshold (September 2 1933) for HZ vaccination. On average, individuals in Wales born in one 366 
week versus merely a week later would not be expected to differ in their health characteristics 367 
and behaviors. In the case of the September 2 1933 threshold, however, there was a large 368 
difference in the probability of ever receiving the HZ vaccine between these groups who differed 369 
in age by merely a week. The eligibility rules of the HZ vaccination program in Wales, thus, 370 
created two comparison groups just on either side of the September 2 1933 threshold who were 371 
(after flexibly controlling for age) likely similar to each other except for their probability of 372 
receiving the intervention of interest (HZ vaccination). As a result, the findings from our analysis 373 
are more likely to reflect a causal relationship than those from the associational epidemiological 374 
evidence26–35,65,66. 375 
 376 
The critical advantage of our quasi-randomization approach is that a confounding variable can 377 
only bias our analysis if it changes abruptly at the September 2 1933 date-of-birth threshold40,41. 378 
Such an abrupt change in a confounding variable at the September 2 1933 date-of-birth 379 
threshold might exist if there was another intervention that used the identical date-of-birth 380 
threshold as its eligibility criterion as the HZ vaccination program. We conducted a series of 381 
tests to investigate whether the existence of such an intervention is likely. Specifically, 382 
individuals born just on either side of the September 2 1933 date-of-birth threshold were well-383 
balanced at baseline in their past preventive health services uptake, prevalence of common 384 
causes of morbidity and mortality, and past incidence of MCI and deaths due to dementia. 385 
Similarly, there was no effect of the September 2 1933 date-of-birth threshold on common 386 
health outcomes (other than dementia) during our nine-year follow-up period, nor on preventive 387 
health services uptake indicators (other than HZ vaccination). Lastly, the September 2 date-of-388 
birth threshold only had an effect on MCI and deaths due to dementia in the birth year (1933) 389 
that was used by the HZ vaccination program as its eligibility criterion. Thus, none of our tests 390 
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suggested the existence of another intervention that also used the date of birth of September 2 391 
1933 as its eligibility criterion. It is in our view also unlikely that HZ vaccination led to increased 392 
uptake of other preventive health services (e.g., the uptake of other vaccines at the same visit) 393 
because we did not observe any effect of HZ vaccination eligibility on available indicators of 394 
preventive health services among older adults in our data.  395 
 396 
We believe that our repeated findings from natural experiment studies of a beneficial effect of 397 
HZ vaccination for the dementia disease process call for further investments into this area of 398 
research, not only to confirm the effects but also to elucidate the mechanisms. Several potential 399 
mechanisms have been outlined recently9, suggesting that HZ vaccination may protect 400 
neuroimmune health in older age more broadly and counteract immunosenescence. There is 401 
also evidence that reactivations of the varicella zoster virus can lead to long-lasting cognitive 402 
impairment through vasculopathy67,68, amyloid deposition and aggregation of tau proteins10, 403 
neuroinflammation13–16, as well as a pattern of cerebrovascular disease that is similar to that 404 
seen in Alzheimer’s disease, such as small to large vessel disease, ischemia, infarction, and 405 
hemorrhage11–16. In addition, reactivations of the varicella zoster virus may lead to reactivations 406 
of the herpes simplex virus in the brain69. This finding in turn would link HZ vaccination to the 407 
more extensive literature on the herpes simplex virus as a causative factor in the development 408 
of dementia3,70. Our repeated finding of a strong effect heterogeneity by gender, however, may 409 
also instead point to a pathogen-independent immunomodulatory mechanism20. Some of these 410 
potential immune mechanisms have recently been described elsewhere17,18.  411 
 412 
Limitations of the study: 413 
This study has several important limitations. First, our findings pertain to those age groups born 414 
near to the September 2 1933 date-of-birth threshold (primarily those aged 79 to 80 years). It is 415 
possible that the protective effects observed in this study do not exist, or are of a different 416 
magnitude, in younger age groups given that the neuropathology and pathophysiology of 417 
dementia varies strongly by age71–75. In addition, the immune system appears to change in a 418 
multitude of characteristics during the last decades of life76, which could influence any role that 419 
the varicella zoster virus or a virus-independent immunomodulatory effect induced by the live-420 
attenuated HZ vaccine may have in the dementia disease process. Another reason for which 421 
effects of the HZ vaccine on dementia-related outcomes may differ by age is that the efficacy of 422 
the live-attenuated HZ vaccine for preventing HZ is lower in older than younger age groups56,77. 423 
Second, given its implementation using local linear regression, regression discontinuity is only 424 
able to reliably estimate absolute as opposed to relative effects40,78. Third, we were limited to 425 
information contained in electronic health record and death certificate data to define our study 426 
cohorts and outcomes. It is likely that there is considerable underascertainment in our data for 427 
cognitive impairment (to define the cognitively unimpaired study cohort for our first aim), 428 
dementia (to define the study cohort of individuals living with dementia for our second aim), 429 
MCI, and deaths due to dementia. Crucially, however, the degree of underascertainment (as 430 
well as any delay in making these diagnoses or in changes in data quality over time) is unlikely 431 
to differ between individuals born just before versus just after September 2 1933. As such, other 432 
than potential underestimation of the true benefits of HZ vaccination on an absolute scale, 433 
underascertainment of these variables was unlikely to bias our analysis. Fourth, we were also 434 
limited to the information available in electronic health record data to define the two stages of 435 
the disease course of dementia analyzed in this study. We, for instance, had no information on 436 
amyloid β or tau pathology or results from detailed neuropsychological assessments. Fifth, the 437 
COVID-19 pandemic started within our follow-up period and may have delayed new diagnoses 438 
of MCI as well as changed mortality rates among individuals living with dementia. However, as 439 
for our third limitation, the pandemic affected individuals born just on either side of the 440 
September 2 1933 date-of-birth threshold equally. Sixth, some diagnoses of MCI in our data 441 
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may have mistakenly been made for individuals who already had mild-to-moderate dementia. 442 
We believe that this is unlikely to be a major limitation of our analysis given that our effect 443 
estimates remained significant when requiring that a new diagnosis of MCI not be followed by a 444 
new diagnosis of dementia within three and within six months. Seventh, we observed an 445 
imbalance in past ischemic heart disease diagnoses across the September 2 1933 threshold 446 
among the study cohort for our second aim. We, however, show in Document S1 that our 447 
results were robust to any adjustment for this imbalance. In our view, this imbalance was likely a 448 
chance finding given that it was the only difference with a p-value less than 0.05 in 36 (18 449 
among each of our two study cohorts) baseline balance tests that we conducted. Lastly, our 450 
results pertain to the live-attenuated HZ vaccine (Zostavax, Merck) only, because the newer 451 
recombinant HZ vaccine (Shingrix, GSK) was introduced into the UK’s National Health Service 452 
after our follow-up period ended79.  453 
 454 
Conclusion: 455 
In conclusion, this study suggests that HZ vaccination slows or prevents disease progression 456 
across the entire disease course (as far as it can be feasibly ascertained from electronic health 457 
record data) of dementia. By taking advantage of the fact that the UK’s National Health Service 458 
assigned individuals who differed in their age by just a few weeks to being eligible or ineligible 459 
for HZ vaccination based on their date of birth, we were able to generate evidence that is more 460 
likely to be causal than those from more standard epidemiological analyses. Our finding that HZ 461 
vaccination had a beneficial effect on two different dementia-related outcomes in two different 462 
patient samples, and at two opposing ends of the disease course of dementia, thus, provides 463 
promising evidence that HZ vaccination may prevent or slow the dementia disease process in a 464 
substantial proportion of individuals.  465 
 466 

Resource availability 467 
Lead contact: 468 
Requests for further information and resources should be directed to and will be fulfilled by the 469 
lead contact, Pascal Geldsetzer (pgeldsetzer@stanford.edu). 470 
 471 
Materials availability: 472 
This study did not generate new unique reagents. 473 
 474 
Data and code availability: 475 
• The data that support the findings of this study are available from the SAIL Databank38. 476 

Researchers must request access to the data directly from SAIL. The authors have no 477 
permission to share the data.  478 

• All statistical analysis code (in R) has been deposited in a publicly accessible OSF 479 
repository at https://osf.io/nwz8h/?view_only=231179cb8d7045f3be22b0979634d9c3. All 480 
Read and ICD codes to define variables are available in Document S2.  481 

• Any additional information required to reanalyze the data reported in this paper is available 482 
from the lead contact upon request.  483 
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95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001

Coef.: 50.5

95% CI: [48.8,52.9]

p<0.001
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Among patients living with dementia at baseline



Effect on MCI

Effect of vaccination eligibility

Effect of vaccine receipt

−1.5 (−2.9, −0.5) 

−3.1 (−6.2, −1.0) 

0.006

0.007

Effect size, 95% CI
 (percentage points)

p

 

 

 

 

 

Effect size, 95% CI
 (percentage points)

−5 0 5

Regression discontinuity



Effect on deaths due to dementia

Effect of vaccination eligibilityEffect of vaccination eligibility

Effect of vaccine receiptEffect of vaccine receipt

 −8.5 (−18.5, −0.6) 

 −8.9 (−16.0, −1.8) 

−29.5 (−62.9, −0.6) 

−34.6 (−62.4, −6.7) 

0.036

0.014

0.046

0.015

Effect size, 95% CI
 (percentage points)

p

  

  

 

 

 

Effect size, 95% CI
 (percentage points)

−50 0 50

Regression discontinuity

Difference−in−differences



Indicators of preventive health services uptake

Leading causes of morbidity and mortality

Antihypertensive medication use

Breast cancer screening

Influenza vaccination

Statin use

Breast cancer

COPD

Colorectal cancer

Diabetes mellitus

Ischemic heart disease

Lower respiratory tract infection

Lung cancer

Pancreatic cancer

Stroke

 0.8 (−0.9, 2.6) 

 1.1 (−0.2, 2.6) 

 0.5 (−1.3, 2.1) 

 0.2 (−1.3, 2.0) 

 0.4 (−0.4, 1.2) 

−0.1 (−1.2, 0.9) 

 0.0 (−0.6, 0.6) 

 0.6 (−0.2, 1.4) 

 0.5 (−0.2, 1.5) 

−0.8 (−2.8, 1.0) 

 0.3 (−0.2, 1.0) 

−0.1 (−0.5, 0.3) 

−0.5 (−1.6, 0.5) 

0.354

0.104

0.638

0.680

0.294

0.773

0.904

0.166

0.146

0.338

0.226

0.635

0.326

Effect size, 95% CI
 (percentage points)
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 Effect size, 95% CI

 (percentage points)
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Among patients without cognitive impairment at baseline



Indicators of preventive health services uptake

Leading causes of mortality

Antihypertensive medication use

Breast cancer screening

Influenza vaccination

Statin use

Breast cancer

COPD

Colorectal cancer

Diabetes mellitus

Ischemic heart disease

Lower respiratory tract infection

Lung cancer

Pancreatic cancer

Stroke

 1.4 (−7.2, 10.0) 

 1.6 (−2.4,  6.5) 

 0.6 (−7.9,  8.0) 

−4.2 (−12.3,  2.3) 

−0.3 (−2.1,  1.4) 

−0.2 (−2.7,  1.8) 

−0.6 (−2.1,  0.5) 

−0.7 (−2.0,  0.8) 

 0.3 (−1.5,  2.4) 

−0.3 (−3.7,  3.0) 

 0.2 (−1.2,  2.0) 

 0.0 (−0.8,  0.7) 

 1.9 (−1.7,  5.0) 

0.746

0.361

0.990

0.177

0.693

0.696

0.230

0.367

0.651

0.829

0.624

0.852

0.325

Effect size, 95% CI
 (percentage points)

p

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 Effect size, 95% CI

 (percentage points)
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Among patients living with dementia at baseline



Men

Women

Effect of vaccination eligibility

Effect of vaccine receipt

Effect of vaccination eligibility

Effect of vaccine receipt

−0.2 (−1.7,  1.4) 

−0.7 (−4.1,  2.5) 

−2.5 (−4.5, −1.1) 

−5.1 (−9.8, −2.6) 

0.846

0.650

0.001

< 0.001

Effect size, 95% CI
 (percentage points)

p

 

 

 

 

 

 

 
 

Effect size, 95% CI
 (percentage points)

−15 −10 −5 0 5

Regression discontinuity

Effect on MCI



Men

Women

Effect of vaccination eligibilityEffect of vaccination eligibility

Effect of vaccine receiptEffect of vaccine receipt

Effect of vaccination eligibilityEffect of vaccination eligibility

Effect of vaccine receiptEffect of vaccine receipt

  1.3 (−12.4,  13.0) 
  0.4 (−11.0,  11.8) 

  4.3 (−40.1,  41.6) 
  1.4 (−38.9,  41.7) 

−13.9 (−26.3,  −3.4) 
−14.9 (−23.9,  −5.8) 

−52.3 (−97.9,  −9.2) 
−62.1 (−101.5, −22.7) 

0.966
0.944

0.970
0.944

0.011
0.001

0.018
0.002

Effect size, 95% CI
 (percentage points)

p

  

  

 

  

  

 

 
 

Effect size, 95% CI
 (percentage points)

−100 −50 0 50

Regression discontinuity

Difference−in−differences

Effect on deaths due to dementia



All−cause mortality

Non−dementia deaths

Deaths due to dementia

EEEffffffeeecccttt   ooofff   vvvaaacccccciiinnnaaatttiiiooonnn   eeellliiigggiiibbbiiillliiitttyyy

EEEffffffeeecccttt   ooofff   vvvaaacccccciiinnneee   rrreeeccceeeiiipppttt

EEEffffffeeecccttt   ooofff   vvvaaacccccciiinnnaaatttiiiooonnn   eeellliiigggiiibbbiiillliiitttyyy

EEEffffffeeecccttt   ooofff   vvvaaacccccciiinnneee   rrreeeccceeeiiipppttt

EEEffffffeeecccttt   ooofff   vvvaaacccccciiinnnaaatttiiiooonnn   eeellliiigggiiibbbiiillliiitttyyy

EEEffffffeeecccttt   ooofff   vvvaaacccccciiinnneee   rrreeeccceeeiiipppttt

 −6.5 (−12.5, −2.1) 
 −4.8 (−9.2, −0.5) 

−22.7 (−42.8, −6.5) 
−18.8 (−35.7, −1.9) 

  0.5 (−6.3,  7.2) 
  1.2 (−4.8,  7.2) 

  1.9 (−22.5, 25.3) 
  4.6 (−18.8, 27.9) 

 −8.5 (−18.5, −0.6) 
 −8.9 (−16.0, −1.8) 

−29.5 (−62.9, −0.6) 
−34.6 (−62.4, −6.7) 

0.006
0.030

0.008
0.030

0.904
0.701

0.909
0.702

0.036
0.014

0.046
0.015

Effect size, 95% CI
 (percentage points)

p
Effect size, 95% CI

 (percentage points)

−100 −50 0 50

Regression discontinuity

Difference−in−differences



 12 

Tables 514 

Among patients without cognitive impairment at baseline                         

Variable   Full sample Sample in the MSE-optimal bandwidth 

    All Women Men All Women Men 

    n % n % n % n % n % n % 

    282,557 100.0 154,238 54.6 128,318 45.4 58,569 100.0 32,311 55.2 26,258 44.8 

Quintile of Welsh Index of Multiple Deprivation 1 (most deprived) 47,321 16.7 26,071 16.9 21,249 16.6 9,654 16.5 5,391 16.7 4,263 16.2 

  2 53,628 19.0 29,517 19.1 24,111 18.8 11,060 18.9 6,248 19.3 4,812 18.3 

  3 61,528 21.8 33,596 21.8 27,932 21.8 12,854 21.9 7,081 21.9 5,773 22.0 

  4 58,352 20.7 31,461 20.4 26,891 21.0 12,117 20.7 6,569 20.3 5,548 21.1 

  5 (least deprived) 61,728 21.8 33,593 21.8 28,135 21.9 12,884 22.0 7,022 21.7 5,862 22.3 

Clinical diagnoses                           

  Past shingles 34,280 12.1 20,461 13.3 13,819 10.8 7,611 13.0 4,592 14.2 3,019 11.5 

  Ischemic heart disease 45,456 16.1 17,928 11.6 27,528 21.5 10,488 17.9 4,168 12.9 6,320 24.1 

  COPD 33,191 11.7 15,586 10.1 17,605 13.7 7,164 12.2 3,314 10.3 3,850 14.7 

  Past stroke 20,938 7.4 10,028 6.5 10,910 8.5 4,879 8.3 2,362 7.3 2,517 9.6 

  Past lower respiratory tract infection 145,299 51.4 80,215 52.0 65,084 50.7 30,880 52.7 16,980 52.6 13,900 52.9 

  History of lung cancer 1,179 0.4 554 0.4 625 0.5 268 0.5 130 0.4 138 0.5 

  Past fall(s) 52,620 18.6 35,998 23.3 16,622 13.0 11,897 20.3 8,161 25.3 3,736 14.2 

  History of colorectal cancer 5,662 2.0 2,445 1.6 3,217 2.5 1,295 2.2 557 1.7 738 2.8 

  History of lower back pain 126,210 44.7 72,251 46.8 53,959 42.1 26,471 45.2 15,379 47.6 11,092 42.2 

  History of breast cancer - - 6,450 4.2 - - - - 1,319 4.1 - - 

  History of pancreatic cancer 162 <0.1 81 < 0.1 81 < 0.1 28 < 0.1 14 < 0.1 14 < 0.1 

  Diabetes mellitus 55,354 19.6 26,289 17.0 29,065 22.7 12,185 20.8 5,903 18.3 6,282 23.9 

Uptake of preventive health measures                           

  Breast cancer screening - - 34,680 22.5 - - - - 5,952 18.4 - - 

  PPV-23 198,677 70.3 106,803 69.2 91,874 71.6 42,872 73.2 23,109 71.5 19,763 75.3 

  Influenza vaccine 193,856 68.6 103,677 67.2 90,178 70.3 41,411 70.7 22,247 68.9 19,164 73.0 

  Recent statin use 130,175 46.1 65,910 42.7 64,265 50.1 27,747 47.4 14,449 44.7 13,298 50.6 

  Recent antihypertensive use 172,148 60.9 93,026 60.3 79,122 61.7 37,711 64.4 20,651 63.9 17,060 65.0 

                            

Among patients living with dementia at baseline                         

Variable   Full sample Sample in the MSE-optimal bandwidth 

    All Women Men All Women Men 

    n % n % n % n % n % n % 

    14,350 100.0 8,957 62.4 5,393 37.6 3,418 100.0 2,064 60.4 1,354 39.6 

Quintile of Welsh Index of Multiple Deprivation 1 (most deprived) 2,734 19.1 1,699 19.0 1,035 19.2 648 19.0 408 19.8 240 17.7 
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  2 3,012 21.0 1,897 21.2 1,115 20.7 729 21.3 458 22.2 271 20.0 

  3 3,021 21.1 1,932 21.6 1,089 20.2 730 21.4 440 21.3 290 21.4 

  4 2,788 19.4 1,718 19.2 1,070 19.8 655 19.2 379 18.4 276 20.4 

  5 (least deprived) 2,795 19.5 1,711 19.1 1,084 20.1 656 19.2 379 18.4 277 20.5 

Clinical diagnoses                           

  Past shingles 1,761 12.3 1,176 13.1 585 10.8 400 11.7 254 12.3 146 10.8 

  Ischemic heart disease 2,975 20.7 1,513 16.9 1,462 27.1 725 21.2 360 17.4 365 27.0 

  COPD 2,073 14.4 1,133 12.6 940 17.4 475 13.9 253 12.3 222 16.4 

  Past stroke 2,654 18.5 1,461 16.3 1,193 22.1 640 18.7 325 15.7 315 23.3 

  Past lower respiratory tract infection 8,661 60.4 5,365 59.9 3,296 61.1 2,013 58.9 1,196 57.9 817 60.3 

  History of lung cancer 58 0.4 28 0.3 30 0.6 20 0.6 10 0.5 10 0.7 

  Past fall(s) 6,652 46.4 4,608 51.4 2,044 37.9 1,476 43.2 983 47.6 493 36.4 

  History of colorectal cancer 285 2.0 138 1.5 147 2.7 60 1.8 25 1.2 35 2.6 

  History of lower back pain 6,530 45.5 4,161 46.5 2,369 43.9 1,573 46.0 996 48.3 577 42.6 

  History of breast cancer - - 298 3.3 - - - - 68 3.3 - - 

  History of pancreatic cancer < 10 < 0.1 < 10 < 0.1 < 10 < 0.1 < 10 < 0.1 < 10 < 0.1 < 10 < 0.1 

  Diabetes mellitus 3,332 23.2 1,926 21.5 1,406 26.1 853 25.0 486 23.5 367 27.1 

Uptake of preventive health measures                           

  Breast cancer screening - - 1,327 14.8 - - - - 323 15.6 - - 

  PPV-23 10,478 73.0 6,330 70.7 4,148 76.9 2,512 73.5 1,473 71.4 1,039 76.7 

  Influenza vaccine 9,586 66.8 5,840 65.2 3,746 69.5 2,263 66.2 1,331 64.5 932 68.8 

  Recent statin use 6,596 46.0 3,863 43.1 2,733 50.7 1,650 48.3 938 45.4 712 52.6 

  Recent antihypertensive use 7,535 52.5 4,608 51.4 2,927 54.3 1,801 52.7 1,058 51.3 743 54.9 

 515 
Table 1. Sample characteristics at baseline of the two study cohorts in our analysis1,2,3,4,5 516 
1 The baseline date was September 1 2013 (the start date of the HZ vaccination program). 517 
2 The length of the MSE-optimal bandwidth (used in our complier average causal effect analysis) was 95.1 weeks for patients without cognitive impairment at 518 
baseline and 97.5 weeks for patients living with dementia at baseline.  519 
3 Deciles of the Welsh Index of Multiple Deprivation (WIMD) were calculated based on the 2011 WIMD survey80.  520 
4 Breast cancer screening was defined as the proportion of women with a record of referral to, attendance at, or a report from “breast cancer screening” or 521 
mammography at any time prior to September 1 2013. “PPV-23” was defined as receipt of the pneumococcal vaccine as an adult at any time prior to September 1 522 
2013. “Influenza vaccine” was defined as influenza vaccine receipt in the 12 months preceding September 1 2013. Recent statin and antihypertensive use was 523 
defined as a new or repeat prescription of a statin or antihypertensive drug, respectively, in the 12 months preceding September 1 2013.  524 
5 Diabetes mellitus referred to both diabetes mellitus type 1 or type 2. 525 
Abbreviations: Sept = September; MSE = mean squared error-optimal; COPD = Chronic Obstructive Pulmonary Disease; PPV-23 = Pneumococcal Polysaccharide 526 
Vaccine 527 
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 528 
Dataset Description 

Welsh Demographic Service 
Dataset (WDSD)81 

This is a registry of all individuals registered with a primary care provider in Wales 
(over 98% of adults residing in Wales are registered with a primary care 
provider82). The following variables from this dataset were used in this study: date 
of birth in weeks, sex, individuals’ anonymized address history (to define 
residence status in Wales), and the 2011 Welsh Index of Multiple Deprivation (the 
government’s measure of relative deprivation for small areas in Wales80) for each 
address history. Data were available until March 2023. 

Welsh Longitudinal General 
Practice dataset (WLGP)39 

This dataset contains comprehensive electronic health record data from primary 
care for approximately 80% of primary care practices in Wales and 83% of the 
Welsh population. Our study population was extracted from this dataset. All health 
events are encoded with Read codes83 and include diagnoses, clinical signs and 
observations, symptoms, medication prescriptions, laboratory tests and results, 
procedures performed (including vaccinations), and administrative items. This 
dataset formed the core of our analysis. All variables listed in Document S2 that 
include Read codes in their definition were at least partially ascertained using this 
dataset. These variables include those needed to ascertain our study cohorts, 
primary and secondary outcomes, HZ vaccination, diagnoses for our baseline 
balance checks and negative control outcome analyses, uptake of preventive 
health services other than HZ vaccination, and healthcare service utilization 
indicators. Data were available until January 2023. 

Patient Episode Database for 
Wales (PEDW)84 

This dataset contains electronic health record data for all inpatient and day case 
activity undertaken in hospitals of NHS Wales as well as data on Welsh residents 
treated in hospitals that are part of NHS England. Procedures are encoded using 
OPCS-4 codes85 and diagnoses using ICD-10 codes86. From this dataset, we 
used dates of admission (to identify the timing of a specific diagnosis and 
ascertain our healthcare service utilization indicators) and diagnosis codes (to 
identify a condition first diagnosed in the hospital setting) in this study. The data 
covered the period from April 1995 to March 2023. 

Outpatient Database for Wales 
(OPDW)87 

This dataset contains attendance information for all hospital-based outpatient 
appointments. We used dates of attendances from this dataset to ascertain our 
healthcare service utilization indicators. Patients in the NHS generally have to 
obtain a referral from a primary care provider to access outpatient specialist 
care88. Thus, referrals to, and diagnoses made in, specialist care are contained in 
the Welsh Longitudinal General Practice dataset. The data covered the period 
from January 2004 to March 2023. 

Welsh Cancer Intelligence and 
Surveillance Unit (WCISU)89 

This is the national cancer registry for Wales, which records all cancer diagnoses 
given to Welsh residents regardless of the setting in which they were diagnosed 
or treated. We used dates of diagnoses (to identify the timing of a specific cancer 
diagnosis) and diagnosis codes (to identify a specific cancer) from this dataset. 
The data covered the period from January 1994 to July 2022. 

Annual District Death Extract 
(ADDE)90 

This is the national registry of all deaths of Welsh residents, including deaths of 
Welsh residents that occurred outside of Wales. Cause-of-death data from death 
certificates used ICD-9 coding until 2001 and ICD-10 coding thereafter. Dates for 
deaths were those on which the death was registered, as opposed to when it 
occurred. The median delay between death occurrence and registration in 
England and Wales in the years from 2001 to 2021 was five days91. We used date 
of death (to identify the timing of death) as well as cause of death (both underlying 
and contributing causes) in this study. More detailed information on mortality 
statistics in the United Kingdom is available elsewhere92. The data covered the 
period from October 1973 to March 2023. 

Table 2. Characteristics of each dataset used in this study 529 

 530 

 531 

  532 
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Main figure legends 533 
Figure 1. The abrupt change in the probability of receiving HZ vaccination at the September 534 
2 1933 date-of-birth eligibility threshold.1,2,3,4 535 
1 “Baseline” refers to the start date of the HZ vaccination program (i.e., September 1 2013). 536 
2 Linear regression lines were drawn in the mean squared error-optimal bandwidth only. 537 
3 Grey dots show the mean value for each 10-week increment in week of birth. 538 
4 The grey shading of the dots is in proportion to the weight that observations from this 10-week increment received in 539 
the analysis. 540 
Abbreviations: HZ = herpes zoster; Coef. = coefficient; CI = confidence interval; Sept = September 541 
 542 
Figure 2. The effect of HZ vaccination on new diagnoses of MCI and deaths due to 543 
dementia.1,2,3 544 
1 Dots show the point estimate and horizontal bars the 95% confidence interval. 545 
2 New diagnoses of MCI were analyzed among a study cohort of patients who did not have any record of cognitive 546 
impairment prior to the start date of the HZ vaccination program. 547 
3 Deaths due to dementia were analyzed among a study cohort of patients who had received a diagnosis of dementia 548 
prior to the start date of the HZ vaccination program.  549 
Abbreviations: MCI = mild cognitive impairment; CI = confidence interval 550 
 551 
Figure 3. No significant effect of being eligible for HZ vaccination on the leading causes 552 
of morbidity and mortality (other than dementia) nor on indicators of preventive health 553 
services uptake.1,2,3,4,5,6,7,8,9 554 
1 Baseline refers to the start date (September 1 2013) of the HZ vaccination program. 555 
2 Dots show the point estimate and horizontal bars the 95% confidence interval. 556 
3 Among patients without a record of cognitive impairment prior to the start date of the HZ vaccination program, the 557 
leading causes of morbidity and mortality were the ten (other than dementia) leading causes of DALYs and mortality 558 
among adults aged 70+ years in Wales as estimated by the Global Burden of Disease Project43. 559 
4 Among patients with a diagnosis of dementia made prior to the start date of the HZ vaccination program, the leading 560 
causes of mortality were the ten (other than dementia) leading causes of mortality among adults aged 70+ years in 561 
Wales as estimated by the Global Burden of Disease Project43. 562 
5 Among patients without a record of cognitive impairment prior to the start date of the HZ vaccination program, a new 563 
diagnosis of a given condition was defined as the diagnosis being recorded for the first time in our electronic health 564 
record data or as an underlying or contributing cause on the death certificate. Among patients with a diagnosis of 565 
dementia made prior to the start date of the HZ vaccination program, a death was considered to be caused by a 566 
given condition if it was recorded as the underlying cause of death on the death certificate. 567 
6 Influenza vaccination was defined as receipt of influenza vaccination at any time in the 12 months after the start 568 
date of the HZ vaccination program. 569 
7 Statin and antihypertensive medication use was defined as any prescription of these medications during the 12 570 
months after the start date of the HZ vaccination program. 571 
8 Breast cancer screening and diagnoses were analyzed among women only. Breast cancer screening was defined 572 
as a record of referral to, attendance at, or a report from “breast cancer screening” or mammography at any time after 573 
the start date of the HZ vaccination program. 574 
9 The Read and ICD codes used to define each variable shown in this figure are provided in Document S2. 575 
Abbreviations: COPD = Chronic Obstructive Pulmonary Disease; CI = Confidence Interval. 576 
 577 
Figure 4. The effect of HZ vaccination on new diagnoses of MCI and deaths due to 578 
dementia, separately by gender.1,2,3 579 
1 Dots show the point estimate and horizontal bars the 95% confidence interval. 580 
2 New diagnoses of MCI were analyzed among a study cohort of patients who did not have any record of cognitive 581 
impairment prior to the start date of the HZ vaccination program. 582 
3 Deaths due to dementia were analyzed among a study cohort of patients who had received a diagnosis of dementia 583 
prior to the start date of the HZ vaccination program.  584 
Abbreviations: MCI = mild cognitive impairment; CI = confidence interval 585 
 586 
Figure 5. The effect of HZ vaccination on deaths due to dementia, non-dementia deaths, 587 
and all-cause mortality.1,2,3 588 
1 Dots show the point estimate and horizontal bars the 95% confidence interval. 589 
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2 Deaths due to dementia were analyzed among a study cohort of patients who had received a diagnosis of dementia 590 
prior to the start date of the HZ vaccination program.  591 
3 Non-dementia deaths were defined as deaths for which dementia was recorded as neither the underlying nor a 592 
contributing cause of death in the death certificate. 593 
Abbreviations: CI = confidence interval 594 
 595 
 596 

Supplemental figure legends 597 
Figure S1. Baseline balance checks using diagnoses of the ten most common causes of disability-598 
adjusted life years and mortality among adults aged 70+ years in Wales as well as indicators of 599 
preventive health services uptake, related to Figure 1.1,2,3,4,5,6 600 
1 “Baseline” refers to the start date of the HZ vaccination program (i.e., September 1 2013). 601 
2 We used diagnoses of the ten most common causes of disability-adjusted life years (DALYs) and 602 
mortality among the age group 70+ years in Wales as estimated by the 2019 Global Burden of Disease 603 
study43. 604 
3 Statin use was defined as a new or repeat prescription of a statin in the 12 months preceding 605 
September 1 2013. PPV vaccination was defined as receipt of the PPV vaccine as an adult at any time 606 
prior to September 1 2013. Influenza vaccination was defined as receipt of the influenza vaccine in the 12 607 
months preceding September 1 2013. Breast cancer screening was defined as the proportion of women 608 
with a record of referral to, attendance at, or a report from “breast cancer screening” or mammography at 609 
any time prior to September 1 2013. Antihypertensive medication use was defined as a new or repeat 610 
prescription of an antihypertensive drug in the 12 months preceding September 1 2013. 611 
4 The study cohorts for the baseline balance checks for mild cognitive impairment and dementia did not 612 
exclude individuals with any record of cognitive impairment prior to September 1 2013. Similarly, the 613 
study cohort for the baseline balance check for deaths due to dementia was not restricted to individuals 614 
who were alive on September 1 2013. For all other baseline balance checks, the study cohort was 615 
defined as detailed in the STAR Methods section. 616 
5 Dots show the point estimate and horizontal bars the 95% confidence interval. 617 
6 The codes used to define each condition are listed in Document S2. 618 
Abbreviations: CI = confidence interval; COPD = Chronic Obstructive Pulmonary Disease; PPV = 619 
Pneumococcal Polysaccharide Vaccine 620 
 621 
 622 
Figure S2. The effect of HZ vaccination eligibility and receipt on our outcomes across different 623 
lengths of follow-up, related to Figure 2.1 624 
1 Dots or triangles show the point estimate and horizontal bars the 95% confidence interval. 625 
Abbreviations: MCI = mild cognitive impairment; CI = confidence interval 626 
 627 
 628 
Figure S3. Robustness checks for the effect of HZ vaccination eligibility and receipt on our 629 
outcomes, related to Figure 2.1,2,3,4,5 630 
1 Dots or triangles show the point estimate and horizontal bars the 95% confidence interval. 631 
2 With “grace periods” we refer to time periods since the index date after which follow-up time is 632 
considered to begin to allow for the time needed for a full immune response to develop after vaccine 633 
administration.    634 
3 Frequent GP visitors were defined as patients who had made at least one visit to their primary care 635 
provider during each of the five years preceding the start of the HZ vaccination program. 636 
4 The health service utilization indicators that were used when controlling for health service utilization 637 
were the number of primary care visits, outpatient visits, hospital admissions, and influenza vaccinations 638 
received during our nine-year follow-up period.  639 
5 As described in detail in the STAR Methods section, when accounting for the staggered roll-out of the 640 
program, we adjusted the follow-up period to begin for each individual on the date on which they first 641 
became eligible for HZ vaccination (instead of starting the follow-up period for all individuals on 642 
September 1 2013). We added cohort fixed effects to these analyses to control for between-cohort 643 
differences in the date at which the follow-up window started. That is, we defined one cohort fixed effect 644 
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for ineligible individuals and the first catch-up cohort, and included additional cohort fixed effects for each 645 
group of patients who became eligible at the same time. 646 
Abbreviations: MCI = mild cognitive impairment; CI = confidence interval; MSE = mean squared error; GP 647 
= General Practitioner; IHD = ischemic heart disease 648 
 649 
 650 
Figure S4. The September 2 date-of-birth threshold only had a significant effect on our outcomes 651 
in the birth year (1933) that was used by the herpes zoster vaccination program as eligibility 652 
criterion, related to Figure 2.1,2,3,4 653 
1 Diamonds or crosses show the point estimate and horizontal bars the 95% confidence interval. 654 
2 New diagnoses of MCI were analyzed among a study cohort of patients who did not have any record of 655 
cognitive impairment prior to the start of the follow-up period. 656 
3 Deaths due to dementia were analyzed among a study cohort of patients who had received a diagnosis 657 
of dementia prior to the start of the follow-up period. 658 
4 We used a six-year instead of a nine-year follow-up period in this analysis to allow for the same length 659 
of follow-up for all comparisons. 660 
Abbreviations: CI = confidence interval; MCI = mild cognitive impairment 661 
 662 
 663 
Figure S5. Robustness checks for the effect of HZ vaccination eligibility and receipt on our 664 
outcomes, among women only, related to Figure 4.1,2,3,4,5 665 
1 Dots or triangles show the point estimate and horizontal bars the 95% confidence interval. 666 
2 With “grace periods” we refer to time periods since the index date after which follow-up time is 667 
considered to begin to allow for the time needed for a full immune response to develop after vaccine 668 
administration.    669 
3 Frequent GP visitors were defined as patients who had made at least one visit to their primary care 670 
provider during each of the five years preceding the start of the HZ vaccination program. 671 
4 The health service utilization indicators that were used when controlling for health service utilization 672 
were the number of primary care visits, outpatient visits, hospital admissions, and influenza vaccinations 673 
received during our nine-year follow-up period.  674 
5 As described in detail in the Methods section, when accounting for the staggered roll-out of the program, 675 
we adjusted the follow-up period to begin for each individual on the date on which they first became 676 
eligible for HZ vaccination (instead of starting the follow-up period for all individuals on September 1 677 
2013). We added cohort fixed effects to these analyses to control for between-cohort differences in the 678 
date at which the follow-up window started. That is, we defined one cohort fixed effect for ineligible 679 
individuals and the first catch-up cohort, and included additional cohort fixed effects for each group of 680 
patients who became eligible at the same time. 681 
Abbreviations: MCI = mild cognitive impairment; CI = confidence interval; MSE = mean squared error; GP 682 
= General Practitioner; IHD = ischemic heart disease 683 
 684 
 685 
Figure S6. The absolute and relative effect of HZ vaccination eligibility and receipt on deaths due 686 
to dementia among those above versus below the median for different surrogate measures of 687 
dementia severity, using regression discontinuity, related to Figure 4.1,2,3,4 688 
1 Dots show the point estimate and horizontal bars the 95% confidence interval. 689 
2 The definition and calculation of each dementia severity measure is provided in the STAR Methods. 690 
3 Each dementia severity measure was assessed during the time period prior to September 1 2013. 691 
4 P-values and confidence intervals for the relative effect estimates were calculated using the delta 692 
method. There is, however, no well-established method for estimating p-values and confidence intervals 693 
for relative effect estimates in a regression discontinuity approach41. These values should, therefore, be 694 
interpreted with caution. 695 
Abbreviations: CI = confidence interval 696 
 697 
 698 
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Figure S7. The absolute effect of HZ vaccination eligibility and receipt on deaths due to dementia 699 
among those above versus below the median for different surrogate measures of dementia 700 
severity, using a difference-in-differences approach, related to Figure 4.1,2,3 701 
1 Dots show the point estimate and horizontal bars the 95% confidence interval. 702 
2 The definition and calculation of each dementia severity measure is provided in the STAR Methods. 703 
3 Each dementia severity measure was assessed during the time period prior to September 1 2013. 704 
Abbreviations: CI = confidence interval 705 
 706 
 707 
Figure S8. The effect of HZ vaccination eligibility and receipt on deaths due to dementia, non-708 
dementia deaths and all-cause mortality, separately among women and men, related to Figure 709 
5.1,2,3 710 
1 Dots show the point estimate and horizontal bars the 95% confidence interval. 711 
2 All outcomes were analyzed among a study cohort of patients who had received a diagnosis of 712 
dementia prior to the start date of the HZ vaccination program.  713 
3 Non-dementia deaths were defined as deaths for which dementia was neither the underlying nor a 714 
contributing cause of death in the death certificate. 715 
Abbreviations: CI = confidence interval 716 
 717 
 718 
Figure S9. Robustness checks for the effect of HZ vaccination eligibility and receipt on all-cause 719 
mortality among patients living with dementia at baseline, related to Figure 5.1,2,3,4 720 
1 “Baseline” refers to the start date of the HZ vaccination program (i.e., September 1 2013). 721 
2 Dots or triangles show the point estimate and horizontal bars the 95% confidence interval. 722 
3 With “grace periods” we refer to time periods since the index date after which follow-up time is 723 
considered to begin to allow for the time needed for a full immune response to develop after vaccine 724 
administration.    725 
4 As described in detail in the STAR Methods section, when accounting for the staggered roll-out of the 726 
program, we adjusted the follow-up period to begin for each individual on the date on which they first 727 
became eligible for HZ vaccination (instead of starting the follow-up period for all individuals on 728 
September 1 2013). We added cohort fixed effects to these analyses to control for between-cohort 729 
differences in the date at which the follow-up window started. That is, we defined one cohort fixed effect 730 
for ineligible individuals and the first catch-up cohort, and included additional cohort fixed effects for each 731 
group of patients who became eligible at the same time. 732 
Abbreviations: CI = confidence interval; MSE = mean squared error; IHD = ischemic heart disease 733 
 734 
 735 
Figure S10. Uptake of herpes zoster vaccination by birth cohort and year of eligibility, related to 736 
Figure 1.1,2,3 737 
1 “Baseline” refers to the start date of the HZ vaccination program (i.e., September 1 2013). 738 
2 The green bar corresponds to the respective first year of eligibility for a particular cohort. 739 
3 Eligibility years 2 to 8 had to be aggregated to comply with SAIL data publication standards.  740 
Abbreviations: HZ = herpes zoster 741 
 742 
 743 
Figure S11. Difference in the incidence of our primary outcomes between the pre- and post-744 
September birth “seasons” for each yearly birth cohort, related to STAR Methods section entitled 745 
“Evidence triangulation”.1,2,3,4,5,6 746 
1 “Baseline” refers to the start date of the HZ vaccination program (i.e., September 1 2013). 747 
2 “Difference” refers to the difference between the pre- and post-September birth “seasons”. The pre-748 
September birth season was defined as the six-months period of March 1 to August 31 of a given year and 749 
the post-September birth season as the six-months period from September 1 to February 28 of the 750 
succeeding year. 751 
3 The outcome was new diagnoses of mild cognitive impairment for the study cohort among patients without 752 
cognitive impairment at baseline, and deaths due to dementia for the study cohort among patients living 753 
with dementia at baseline. 754 
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4 The 1932/1933-cohort served as the reference cohort. 755 
5 Statistically significant differences (indicated in red) for birth-year cohorts other than the 1933/1934-cohort 756 
indicate that the assumption needed for an unbiased difference-in-differences analysis may not be met. 757 
6 The regression equations for this analysis are detailed in the STAR Methods section.  758 
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STAR Methods 759 
 760 

Experimental model and study participant details 761 
Human participants 762 
Allocation to exposure groups based on the herpes zoster vaccine rollout in Wales: 763 
Starting on September 1 2013, the National Health Service ([NHS], the United Kingdom’s 764 
single-payer single-provider healthcare system88) in Wales made the live-attenuated HZ vaccine 765 
(Zostavax, Merck) available to a catch-up cohort of individuals using a staggered rollout system 766 
based on specific date-of-birth eligibility thresholds25. Individuals who did not yet have their 80th 767 
birthday on the start date of the program (i.e., born on or after September 2 1933) were eligible 768 
for one year. By contrast, those who had their 80th birthday prior to the program start date (i.e., 769 
born before September 2 1933) never became eligible.  770 
 771 
Specifically, individuals were categorized into three cohorts based on their date of birth: i) a 772 
routine cohort consisting of individuals born on or after September 2 1942 who became eligible 773 
when they were 70 years old as of September 1 of a given year of the HZ vaccination program; 774 
ii) a catch-up cohort consisting of individuals born between September 2 1933 and September 1 775 
1942 who became eligible when they were 79 years (or 78 years, depending on the year of the 776 
program) as of September 1 of a given year of the HZ vaccination program and remained 777 
eligible until they were 80 years old (again, as of September 1 of a given year of the HZ 778 
vaccination program); and iii) individuals born on or before September 1 1933 (i.e., aged 80 779 
years and older as of September 1 2013) who never became eligible. 780 
 781 
Our analysis was restricted to adults born between September 1 1925 (88 years old on the start 782 
date of the HZ vaccination program) and September 1 1942 (71 years old on the start date of 783 
the HZ vaccination program). Those born between September 1 1925 and September 1 1933 784 
were never eligible for HZ vaccination, whereas those born between September 2 1933 and 785 
September 1 1942 became eligible as part of the catch-up cohort mentioned above. Specifically, 786 
the vaccine was offered to those born between: September 2 1933 and September 1 1934 in 787 
the first year of the program (September 1 2013 to August 31 2014); September 2 1934 and 788 
September 1 1936 in the second year (September 1 2014 to August 31 2015); September 2 789 
1936 and September 1 1937 in the third year (September 1 2015 to August 31 2016); and 790 
September 2 1937 and September 1 1938 in the fourth year (September 1 2016 to August 31 791 
2017). As of April 1 2017, individuals became eligible for the vaccine on their 78th birthday and 792 
remained eligible until their 80th birthday. 793 
 794 
Data source and sample size: 795 
This study used the Secure Anonymised Information Linkage (SAIL) Databank38,93. This 796 
databank provides detailed electronic health record data from primary care in the NHS through 797 
the Welsh Longitudinal General Practice dataset39, which contains data on diagnoses, clinical 798 
signs and observations, symptoms, laboratory tests and results (via the Welsh Results Report 799 
Service94), procedures performed (including vaccinations), prescribed medications, and 800 
administrative items83. Using individuals’ unique NHS number, SAIL links this primary care 801 
dataset to a series of databases. For our study, these databases consisted of the Welsh 802 
Demographic Service Dataset81, the Patient Episode Database for Wales (containing hospital-803 
based inpatient care data)84, the Outpatient Database for Wales (containing specialist-based 804 
ambulatory care data)87, the Welsh Cancer Intelligence and Surveillance Unit (containing data 805 
on care for cancer)89, and the Annual District Death Extract (containing cause-of-death data)90. 806 
Our data included individuals’ date of birth in weeks (with weeks starting on a Monday). A 807 
description of each dataset, including the years covered by the data, is provided in Table 2.  808 



 21 

 809 
We restricted our dataset to all individuals born between September 1 1925 and September 1 810 
1942 who were ever registered with a primary care provider in the Welsh Longitudinal General 811 
Practice Dataset and who were alive and residing in Wales as of the start date of the HZ 812 
vaccination program (September 1 2013). The resulting sample size was 304,940 individuals, of 813 
whom 167,461 were recorded as female, 137,478 as male, and 1 as “unspecified” gender. 814 
 815 

Method details 816 
Study cohorts and follow-up period: 817 
Given that each patient in our dataset had a unique anonymized NHS number, we were able to 818 
follow patients over time even if they changed primary care provider. We defined one study 819 
cohort for each of our two aims. For determining the effect of HZ vaccination on the incidence of 820 
MCI, we excluded patients whose electronic health record data suggested any cognitive 821 
impairment at any time prior to the start date of the HZ vaccination program. To do so, we used 822 
the code list for cognitive impairment published by Moran et al. (also shown in Document S2)95, 823 
which consists of detailed Read codes for any symptoms, signs, and diagnoses relating to 824 
cognitive impairment, such as disturbances of memory, orientation, concentration, or reasoning, 825 
as well as formal diagnoses of MCI and dementia. For determining the effect of HZ vaccination 826 
on the occurrence of deaths due to dementia, we restricted our analysis cohort to those patients 827 
with a diagnosis of dementia made at any time prior to the start date of the HZ vaccination 828 
program. This cohort is henceforth referred to as patients living with dementia at baseline. The 829 
Read and ICD codes used to define dementia (as well as all other diagnoses used in this study) 830 
are provided in Document S2. 831 
 832 
The follow-up period for all primary analyses was nine years, starting on September 1 2013 (the 833 
start date of the HZ vaccination program) and ending on August 31 2022. In secondary 834 
analyses, we show all results when using follow-up periods from one to nine years in one-year 835 
increments.  836 
 837 
Exposure and outcome definition: 838 
The exposure was eligibility for HZ vaccination based on one’s date of birth. As shown in Figure 839 
S10, most eligible patients (especially in the first two eligibility cohorts of the phased rollout, 840 
which are the focus of our analysis) in each of our two study populations took up HZ vaccination 841 
during their first year of eligibility.  842 
 843 
For determining the effect of HZ vaccination on MCI, our primary outcome was MCI as defined 844 
by a record of a Read code (see Document S2) for MCI in our electronic health record data. As 845 
robustness check, we required that the first diagnosis of MCI not be followed by a new dementia 846 
diagnosis within three and within six months to examine the sensitivity of our findings to the 847 
possibility of a patient with mild-to-moderate dementia being falsely classified as having MCI. 848 
For determining the effect of HZ vaccination on deaths due to dementia, our primary outcome 849 
was defined as dementia being named as the underlying (i.e., primary) cause of death in the 850 
patient’s death certificate (see Document S2 for ICD-10 codes used). We defined dementia as 851 
dementia of any type because of our reduced statistical power when studying less common 852 
outcomes, as well as the neuropathological overlap between dementia types and difficulty in 853 
distinguishing dementia types clinically96–98. Dates of deaths were for the date of death 854 
registration as opposed to occurrence, whereby the median delay between death occurrence 855 
and registration in Wales in the years from 2001 to 2021 was five days91.  856 
 857 
We used all-cause mortality among patients living with dementia at baseline as a secondary 858 
outcome. The rationale for analyzing this secondary outcome was that if HZ vaccination 859 
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reduced deaths due to dementia, it will be important to ascertain whether this effect led to an 860 
increase in remaining life expectancy (in which case we would also observe a reduction in all-861 
cause mortality) or merely to the replacement of dementia as the underlying cause of death on 862 
the death certificate with the mentioning of another cause (in which case we would observe no 863 
effect on all-cause mortality). The Read and ICD codes used to define all our outcomes, 864 
including those used as baseline balance checks and in negative control outcome analyses, as 865 
well as HZ vaccination are provided in Document S2. 866 
 867 
Ethics: 868 
Approval was granted by the Information Governance Review Panel (IGRP, application number: 869 
1306), which oversees and approves applications to use the SAIL databank. This research was 870 
also approved by the Stanford University Institutional Review Board on June 9 2023 and 871 
considered minimal risk (protocol number: 70277).  872 
 873 

Quantification and statistical analysis 874 
The two authors who analyzed the data (M.E. and M.X.) conducted all parts of the analysis 875 
independently, compared their results, and, in the case of any discrepancies, agreed on the 876 
preferred coding approach through discussion. 877 
 878 
Regression discontinuity analysis: 879 
Patients born immediately before versus immediately after September 2 1933 would be 880 
expected to be exchangeable (i.e., similar in observable and unobservable characteristics) with 881 
each other except for their probability of receiving HZ vaccination (as a result of their eligibility 882 
status for HZ vaccination). Our analysis approach was guided by this expectation.  883 
 884 
Regression discontinuity (RD) is a well-established method for causal effect estimation for such 885 
threshold-based exposure assignments42. This technique estimates the outcome probability for 886 
individuals just on either side of the September 2 1993 date-of-birth eligibility threshold. As per 887 
recommended practice for RD40,41,78, we used a mean squared error (MSE)-optimal bandwidth 888 
with robust bias-corrected standard errors99, and assigned a higher weight to observations 889 
closer to either side of the September 2 1933 date-of-birth eligibility threshold using triangular 890 
kernel weights. The MSE-optimal bandwidth was calculated separately for each combination of 891 
study cohort and outcome definition. We used local linear regression because it is the 892 
recommended and most reliable approach for RD analyses even when the relationship between 893 
date of birth and the outcome in the entire dataset is exponential100. However, in robustness 894 
checks, we also analyzed our data using local quadratic instead of linear regression. Higher 895 
polynomial regressions are not recommended for RD100. In addition, we verified that our results 896 
were not dependent on the choice of i) bandwidth (by using bandwidth choices of 0.50, 0.75, 897 
1.25, 1.50, 1.75, and 2.00 times the MSE-optimal bandwidth), and ii) grace period (i.e., the time 898 
since the index date after which follow-up time is considered to begin to allow for the time 899 
needed for a full immune response to develop after vaccine administration). In an additional 900 
robustness check, we adjusted the follow-up period to account for the staggered rollout of the 901 
HZ vaccination program. Thus, instead of starting the follow-up period for all individuals on 902 
September 1 2013, we started the follow-up period for each individual on the date on which they 903 
first became eligible for HZ vaccination. We added cohort fixed effects in these analyses to 904 
control for the one- to two-year (depending on the program year) differences between eligibility 905 
cohorts in the start of their follow-up period.  906 
 907 
For all outcomes, we estimated both the effect of being eligible for HZ vaccination based on 908 
one’s date of birth (the intent-to-treat [ITT] effect), as well as the effect of actually receiving HZ 909 
vaccination (the complier average causal effect [CACE]). To estimate the CACE, we followed 910 
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standard practice for RD by implementing a so-called fuzzy RD78. While still comparing 911 
individuals just on either side of the date-of-birth eligibility threshold, fuzzy RD corrects the effect 912 
estimates for the fact that a proportion of eligible individuals did not receive the vaccine and a 913 
small proportion of ineligible individuals did receive the vaccine. Fuzzy RD is implemented by 914 
using an instrumental variable approach78. In our analysis, the instrumental variable was a 915 
binary indicator for whether or not an individual was eligible for HZ vaccination (i.e., born on or 916 
after versus born before September 2 1933). This analysis, therefore, adjusted the effect size of 917 
being eligible for HZ vaccination for the magnitude of the abrupt change in the probability of 918 
receiving HZ vaccination at the September 2 1933 threshold. Importantly, fuzzy RD does not 919 
compare eligible vaccine recipients with eligible vaccine non-recipients because these groups 920 
likely have different health characteristics and behaviors (and, thus, confounding is likely).  921 
 922 
Given its implementation using local linear regression, RD yields absolute as opposed to 923 
relative effect estimates. All regression equations used in our analyses are shown in the last 924 
section of the STAR Methods. 925 
 926 
Testing for confounding: 927 
The key advantage of our quasi-randomization approach is that a confounding variable can only 928 
bias our analysis if the variable changes abruptly at the September 2 1933 date-of-birth 929 
threshold40,41. Thus, confounding bias is unlikely unless another intervention existed that used 930 
the identical date-of-birth eligibility threshold (i.e., September 2 1933) as the HZ vaccination 931 
program. We investigated whether such a competing intervention was likely to exist in four 932 
ways.  933 
 934 
First, if another intervention that used the identical date-of-birth eligibility threshold had been 935 
implemented prior to the HZ vaccination program, then we may expect to observe differences in 936 
patients’ health characteristics or past uptake of preventive health services at the time of the 937 
start date of the HZ vaccination program. We, therefore, tested for differences (using the same 938 
RD approach as we used for our primary outcomes) across the September 2 1933 date-of-birth 939 
threshold in the prevalence of i) diagnoses made at any time prior to September 1 2013 for each 940 
of the ten most common causes of disability-adjusted life years (DALYs) and mortality among 941 
the age group 70+ years in Wales43, and ii) indicators of past preventive health services uptake. 942 
The indicators of past preventive health services uptake available in our data were influenza 943 
vaccine receipt in the 12 months preceding program start, receipt of the pneumococcal vaccine 944 
as an adult, current statin use (defined as a new or repeat prescription of a statin in the 12 945 
months preceding program start), current use of an antihypertensive medication (defined as a 946 
new or repeat prescription of an antihypertensive drug in the 12 months preceding program 947 
start), and breast cancer screening participation (defined as the proportion of women with a 948 
record of referral to, attendance at, or a report from “breast cancer screening” or mammography 949 
at any time prior to the start date of the HZ vaccination program). The codes used to define 950 
each of these variables is provided in Document S2.  951 
 952 
Second, if a dementia-specific intervention that used the identical date-of-birth eligibility 953 
threshold had been implemented before the HZ vaccination program, then we may expect to 954 
observe differences in the incidence of our outcomes across the September 2 1933 threshold 955 
prior to the start date of the HZ vaccination program. We, thus, conducted the identical analysis 956 
as for our primary outcomes except for starting the follow-up period nine years prior to the start 957 
date (September 1 2013) of the HZ vaccination program.  958 
 959 
Third, if an annual intervention used September 2 as a date-of-birth eligibility criterion, then we 960 
may expect to observe significant differences in our outcomes at the September 2 date-of-birth 961 
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threshold for birth years other than 1933. We, thus, implemented the same analyses as we did 962 
for the September 2 1933 threshold for the September 2 threshold of each of the three years of 963 
birth preceding and succeeding 1933 (i.e., date-of-birth thresholds of September 2 1930, 964 
September 2 1931, September 2 1932, September 2 1934, September 2 1935, and September 965 
2 1936). To ensure that our analyses at these additional date-of-birth thresholds compared 966 
individuals of the same age range as in our primary analyses, we shifted the start and end date 967 
of the follow-up period to the same extent as the date-of-birth threshold. To maintain the same 968 
follow-up period in all comparisons, we, therefore, had to use a follow-up period of six as 969 
opposed to nine years. As an example, when comparing individuals across the September 2 970 
1930 threshold, we started the follow-up period on September 1 2010 and ended the follow-up 971 
period on August 31 2016. 972 
 973 
Fourth, unless another intervention that used the identical date-of-birth eligibility threshold was 974 
specifically designed to affect MCI and dementia only, we may expect to see an effect of such 975 
an intervention on health outcomes other than MCI, dementia, and deaths due to dementia. We, 976 
thus, conducted the same analysis as for our primary outcomes but for diagnoses of, and 977 
deaths due to, each of the ten leading causes of DALYs and mortality in Wales for the age 978 
group 70+ years43, as well as indicators of preventive health services uptake available in our 979 
data. The indicators of preventive health services uptake were breast cancer screening among 980 
women (defined as a record of referral to, attendance at, or a report from “breast cancer 981 
screening” or mammography at any time after the start date of the HZ vaccination program), 982 
and, for the 12 months after the start of the HZ vaccination program, uptake of influenza 983 
vaccination as well as any prescription of a statin or antihypertensive medication. Among 984 
patients without a record of cognitive impairment prior to the start date of the HZ vaccination 985 
program, a new diagnosis of a given condition was defined as the diagnosis being recorded for 986 
the first time in our electronic health record data or as an underlying or contributing cause on the 987 
death certificate. Among patients with a diagnosis of dementia made prior to the start date of the 988 
HZ vaccination program, a death was considered to be caused by a given condition if it was 989 
recorded as the underlying cause of death on the death certificate. 990 
 991 
Testing for ascertainment bias: 992 
If healthcare seeking for episodes of shingles constituted an important opportunity for the health 993 
system to identify previously undiagnosed MCI, then our analysis for the effect of HZ 994 
vaccination on MCI could suffer from ascertainment bias. We conducted three robustness 995 
checks to investigate whether this potential ascertainment bias was likely to represent an 996 
important source of bias in this study. First, if shingles episodes were an important opportunity 997 
for the health system to detect previously undiagnosed chronic conditions, then we may expect 998 
to observe an effect of HZ vaccination not only on MCI but also on other common chronic 999 
conditions. As described in the preceding section, we, therefore, implemented the same RD 1000 
analysis as for MCI but for each of the ten leading causes of DALYs and mortality in Wales in 1001 
2019 for the age group 70+ years as outcomes43. Second, if healthcare utilization for shingles 1002 
had an important bearing on the health system’s ability to diagnose MCI, then we may expect 1003 
that controlling for indicators of healthcare utilization during the follow-up period would attenuate 1004 
our effect estimates. We, therefore, adjusted our regressions for the number of primary care 1005 
visits, outpatient visits, hospital admissions, and influenza vaccinations received during our 1006 
nine-year follow-up period. Third, patients who frequently visit their primary care provider may 1007 
be more likely to be (whether formally or informally) screened for MCI. An analysis in this cohort 1008 
of patients should, therefore, be less susceptible to ascertainment bias. We, thus, also 1009 
implemented our analysis when restricting our study population to the sample of those 135,712 1010 
(48.0% of the analysis cohort for our primary analyses for MCI) patients who had made at least 1011 
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one visit to their primary care provider during each of the five years preceding the start of the HZ 1012 
vaccination program.  1013 
 1014 
Evidence triangulation: 1015 
We used a second quasi-experimental approach, namely a difference-in-differences (DID) 1016 
analysis, to further investigate the robustness of our RD findings. After restricting our sample to 1017 
patients born between March 1 1926 and February 28 1934, we implemented our DID approach 1018 
by dividing our sample into yearly birth cohorts centered around September 1. We then divided 1019 
each yearly birth cohort into a pre-September birth “season” and a post-September birth 1020 
season. The pre-September birth season was, thus, defined as the six-months period of March 1021 
1 to August 31 and the post-September birth season as the six-months period from September 1022 
1 to February 28 of the succeeding year. Our DID model tested whether the difference in 1023 
outcomes across birth seasons was different for the 1933/1934 birth cohort compared to other 1024 
yearly birth cohorts. The rationale for our DID was that HZ vaccination eligibility only differed 1025 
between the two birth seasons in the 1933/1934-cohort but not in other yearly birth cohorts. The 1026 
DID approach naturally adjusts for any potential systematic differences between pre-September 1027 
and post-September birth seasons. The regression equations for this DID approach are detailed 1028 
in the last section of the STAR Methods. 1029 
 1030 
Importantly, our DID did not rely on the continuity assumption (i.e., the assumption that potential 1031 
confounding variables do not abruptly change at exactly the September 2 1933 date-of-birth 1032 
eligibility threshold) made by RD. Instead, our DID relied on the assumption that had the HZ 1033 
vaccination program not existed, then the difference in our outcomes between the pre- and 1034 
post-September birth seasons would have been the same in the 1933/1934-cohort as in other 1035 
yearly cohorts. A strength of our approach is that we were able to investigate whether this 1036 
assumption was likely to be met by testing whether there were significant between-birth-season 1037 
differences in our outcomes in cohorts other than the 1933/1934-cohort. We did identify such 1038 
significant differences for MCI among patients without a record of cognitive impairment at 1039 
baseline, but not for deaths due to dementia among patients living with dementia at baseline. 1040 
Details are provided in Figure S11. We, therefore, used the DID approach only when analyzing 1041 
the effect of HZ vaccination on deaths due to dementia. 1042 
 1043 
Effect heterogeneity analyses: 1044 
In our previous analysis for the effect of HZ vaccination on new diagnoses of dementia55, we 1045 
found a stronger effect among women than men. We, therefore, tested for an effect 1046 
heterogeneity by gender in both of our aims. To do so, in addition to analyzing the effect among 1047 
women and men separately, we implemented an interaction model that estimated the difference 1048 
in effects by gender (the regression equations for this analysis are provided in the last section of 1049 
the STAR Methods). 1050 
 1051 
We additionally conducted a set of subgroup analyses that aimed to provide suggestive 1052 
evidence on whether the protective effect for deaths due to dementia also exists among those 1053 
already living with more advanced dementia at the time of the start date of the HZ vaccination 1054 
program. We used five measures, all of which were measured during the time period prior to 1055 
September 1 2013, that we hypothesized are likely correlated with the degree of dementia 1056 
severity: i) the total number of inpatient days spent in hospital as part of admissions for which 1057 
dementia was recorded as the principal or secondary reason; ii) the number of hospital 1058 
admissions for which dementia was recorded as the principal or secondary diagnosis; iii) the 1059 
number of times that a diagnosis of dementia was recorded in our electronic health record data 1060 
(regardless of whether the diagnosis was recorded in primary, secondary, or tertiary care); iv) 1061 
the predicted probability of dying due to dementia (i.e., a death with dementia recorded as the 1062 
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underlying cause on the death certificate) during the follow-up period; and v) the predicted 1063 
probability of dying from any cause during the follow-up period. We calculated the predicted 1064 
probability of death from any cause using a logistic regression model with death from any cause 1065 
during the nine-year follow-up period as outcome and age on September 1 2013 as well as 1066 
each condition (as measured in the time period prior to September 1 2013) that is part of the 1067 
Charlson Comorbidity Index (except for AIDS, which is a condition that is suppressed in the 1068 
SAIL database for privacy reasons) as predictor variables45. The coefficients were first 1069 
estimated using only patients who were ineligible for HZ vaccination based on their date of birth. 1070 
The estimated model was then used to predict the risk of death for all patients whilst imputing a 1071 
fixed age of 80 years. The predicted probability of deaths due to dementia was calculated using 1072 
the same approach except that we also included the total number of inpatient days spent in 1073 
hospital (as part of admissions for which dementia was recorded as the principal or secondary 1074 
reason) and the number of recordings of a diagnosis of dementia as additional predictors. To 1075 
maximize statistical power for detecting subgroup differences, we defined subgroups for each 1076 
dementia severity measure based on whether individuals were above or below the median. 1077 
When using our regression discontinuity approach, we compared both the absolute and relative 1078 
effects of HZ vaccination on deaths due to dementia between these subgroups. The relative 1079 
effects were estimated by dividing the absolute effect by the predicted value of the outcome just 1080 
left (i.e., among those who were ineligible for HZ vaccination when analyzing the effect of 1081 
vaccination eligibility and among those who were ineligible for HZ vaccination and complied with 1082 
their eligibility assignment when analyzing the effect of vaccine receipt) of the September 2 1083 
1933 date-of-birth eligibility threshold. The confidence intervals and p-values for these relative 1084 
effect estimates were calculated using the delta method. 1085 
 1086 
Regression equations 1087 
Regression discontinuity: 1088 
We used the following model to estimate the effect of being eligible for HZ vaccination on our 1089 
outcomes: 1090 
 1091 

(1) 𝑌𝑖 = 𝛼 + 𝛽1 𝐷𝑖 + 𝛽2  ⋅  (𝑊𝑂𝐵𝑖  −  𝑐𝑜) + 𝛽3𝐷𝑖  ⋅  (𝑊𝑂𝐵𝑖   −  𝑐0) + 𝜖𝑖, 1092 
 1093 
where 𝑌𝑖 was a dichotomous variable indicating if an individual had the outcome, and 𝐷𝑖 was a 1094 
dichotomous variable indicating eligibility for HZ vaccination (i.e., 𝐷𝑖 was equal to one if an 1095 
individual was born on or after September 2 1933). The term (𝑊𝑂𝐵𝑖 − 𝑐0) and the interaction 1096 
term 𝐷𝑖 ⋅ (𝑊𝑂𝐵𝑖 − 𝑐0) adjusted for how many weeks away from the September 2 1933 date-of-1097 
birth eligibility threshold an individual was born. These terms fitted two regression lines on either 1098 
side of the September 2 1933 date-of-birth eligibility threshold whereby the slope of these 1099 
regression lines could differ on either side of the threshold. The coefficient 𝛽1 identified the 1100 
effect of being eligible for HZ vaccination on the outcome.  1101 
 1102 
We used the following model to estimate the effect of receiving HZ vaccination on our 1103 
outcomes:  1104 

 1105 
(2)  𝑌𝑖 = 𝜃 + 𝛾1𝑉̂𝑖 + 𝛾2  ⋅  (𝑊𝑂𝐵𝑖  −  𝑐𝑜) + 𝛾3𝐷𝑖  ⋅  (𝑊𝑂𝐵𝑖   −  𝑐0) + 𝜀𝑖 , 1106 

 1107 
where 𝑉𝑖 was a dichotomous variable indicating if an individual received HZ vaccination and was 1108 

instrumented by 𝐷𝑖. 𝑉̂𝑖 was the predicted probability of receiving HZ vaccination based on the 1109 
estimation of equation (1) with 𝑉𝑖 as the left-hand-side variable. 𝛾1 was the effect of receiving HZ 1110 
vaccination. 𝜃 was the constant and 𝜀𝑖 an error term. All other variables were the same as in 1111 
regression equation (1). Equation (2), thus, implemented a so-called fuzzy regression 1112 
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discontinuity (RD) design78, which adjusted the effect size for being eligible for HZ vaccination 1113 
by the size of the abrupt change in the probability of receiving HZ vaccination at the September 1114 
2 1933 date-of-birth eligibility threshold. As is common practice for fuzzy RD78, our fuzzy RD 1115 
achieved this adjustment by using a dichotomous variable that indicated whether or not an 1116 
individual was eligible to receive HZ vaccination as an instrumental variable for actual receipt of 1117 
HZ vaccination. For (1) and (2), we restricted the analysis to individuals who were born within 1118 
the MSE-optimal bandwidths around the threshold, applied triangular kernel weights, and 1119 
reported p-values and 95% confidence intervals based on robust bias-corrected standard 1120 
errors99. 1121 
 1122 
Difference-in-differences: 1123 
As described in the STAR Methods section in the main manuscript, we implemented our DID 1124 
approach by dividing our sample into yearly birth cohorts centered around September 1, and 1125 
then dividing each yearly birth cohort into a pre-September birth “season” (i.e., the six-months 1126 
period of March 1 to August 31) and a post-September birth season (i.e., the six-months period 1127 
from September 1 to February 28 of the succeeding year). Our DID approach relied on the 1128 
assumption that in the absence of the date of birth-based eligibility rule for HZ vaccination, the 1129 
between-birth-season difference in the outcome would have been the same in the 1933/1934-1130 
cohort as in the other yearly birth cohorts. To investigate the validity of this assumption, we 1131 
estimated the between-birth-season difference in the outcome for each yearly birth cohort, 1132 
whereby the difference in the 1932/33-cohort served as the reference group. Specifically, we 1133 
used the following model: 1134 
 1135 

(3) 𝑌𝑖 = 𝜃 + ∑ (𝛾ℎ𝑆𝑖 ⋅ 𝐶𝑖
ℎ)ℎ≠1932 + 𝜂𝑚 + 𝜂𝑐 + 𝜖𝑖, 1136 

 1137 
where 𝑌𝑖 was the outcome of patient i, and 𝑆𝑖 a dichotomous variable indicating that patient i 1138 

was born in the post-September birth season. 𝐶𝑖
ℎ  indicated whether patient i belonged to birth 1139 

cohort h, with h = 1926/27, 1927/28, …, 1931/32, and 1933/34. 𝛾ℎ identified the between-birth-1140 
season difference of the yearly birth cohort h relative to the 1932/33-cohort. 𝜃 was the constant 1141 
term, 𝜂𝑚 and 𝜂𝑐 indicated the birth month and birth cohort fixed-effect, respectively. 𝜖𝑖 was the 1142 
error term. Figure S11 plots the estimates of 𝛾ℎ with 95% confidence intervals by yearly birth 1143 
cohort. 1144 
 1145 
We used a two-stage least squares procedure to implement our DID approach. The first stage 1146 
estimated the change in the probability of receiving HZ vaccination due to the date of birth-1147 
based eligibility rule. We used the following model: 1148 
 1149 

(4) 𝑉𝑖 = 𝜃 + 𝛾𝑆𝑖 ⋅ 𝐶𝑖 + 𝜂𝑚 + 𝜂𝑐 + 𝜖𝑖, 1150 

 1151 

where 𝑉𝑖 was a dichotomous variable indicating whether patient i had received HZ vaccination,1152 
𝑆𝑖 a dichotomous variable indicating that patient i was born in the post-September birth season, 1153 

and 𝐶𝑖 a dichotomous variable indicating that patient i was in the 1933/1934 birth cohort. 𝛾 1154 
identified the change in the probability of receiving HZ vaccination as a result of the date of 1155 
birth-based eligibility rule. 𝜃 was a constant term and 𝜖𝑖 was the error term. 𝜂𝑚 and 𝜂𝑐 were the 1156 
birth month and cohort fixed effect, respectively.  1157 
 1158 
In the second stage, we estimated the effect of receipt of HZ vaccination on our outcomes. We 1159 
used the following model:  1160 
 1161 

(5) 𝑌𝑖 = 𝛼 + 𝛽𝑉𝑖 + 𝜂𝑚 + 𝜂𝑐 + 𝜀𝑖, 1162 
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 1163 

where 𝑌𝑖 was the outcome of patient i, and 𝑉𝑖 was the probability of receiving HZ vaccination as 1164 
a result of the date of birth-based eligibility rule as estimated from the first-stage regression (4). 1165 

The coefficient 𝛽 identified the effect of HZ vaccination receipt on our outcome. 𝜃, 𝜂𝑚, and 𝜂𝑐 1166 
were the constant term, birth month, and yearly birth cohort (1926/1927, 1927/1928, …, 1167 

1933/1934) fixed effect, respectively. 𝜀𝑖 was the error term. 1168 
 1169 
Heterogeneous treatment effect by gender: 1170 
The difference in CACE by gender was estimated by running the following instrumental variable 1171 
model:  1172 

(6) 𝑌𝑖 = 𝛼 + 𝛽1𝑉𝑖 + 𝛽2(𝑊𝑂𝐵𝑖 − 𝑐0) + 𝛽3𝐷𝑖(𝑊𝑂𝐵𝑖 − 𝑐0) + 𝛽4𝑉𝑖 ⋅ 𝑀𝐴𝐿𝐸𝑖 + 𝛽5 ⋅ (𝑊𝑂𝐵𝑖 − 𝑐0) ⋅1173 
𝑀𝐴𝐿𝐸𝑖 + 𝛽6𝐷𝑖 ⋅ (𝑊𝑂𝐵𝑖 − 𝑐0) ⋅ 𝑀𝐴𝐿𝐸𝑖 + 𝛽7𝑀𝐴𝐿𝐸𝑖 + 𝜖𝑖 1174 

 1175 
where 𝑌𝑖, 𝐷𝑖, (𝑊𝑂𝐵𝑖 − 𝑐0) and 𝑉𝑖 adopted the same definitions as in equation (1) and (2). 𝑀𝐴𝐿𝐸𝑖 1176 
was a dichotomous variable indicating if an individual’s gender was male. 𝜖𝑖 was the error term.  1177 
The coefficient 𝛽4 identifies the gender difference in the effect of receipt of the vaccine on the 1178 
outcome. In estimating the coefficients, 𝑉𝑖 and 𝑉𝑖 ⋅ 𝑀𝐴𝐿𝐸𝑖 were instrumented by 𝐷𝑖 and 𝐷𝑖 ⋅1179 
𝑀𝐴𝐿𝐸𝑖. In line with our primary discontinuity models, we applied triangular weights to the 1180 
regression along with the MSE-optimal bandwidth sizes from the corresponding specification 1181 
excluding interaction terms by gender in our primary analyses. 1182 
 1183 

Additional resources: 1184 
None. 1185 
 1186 
Document S2. Text file containing the Read and ICD-10 codes for all variables used in the 1187 
analyses, related to STAR Methods section entitled “Exposure and outcome definition”. 1188 
 1189 
 1190 
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