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Varicella-zoster virus (VZV) is aneurotropic virus that establishes lifelong
latency in humans. VZVreactivation is associated with a wide range of
symptoms, including herpes zoster (HZ; also known as shingles), and has
beenimplicated inthe development of dementia, although to an unknown
extent. Here we present a large-scale longitudinal analysis of health

records from more than 100 million individuals in the United States that
demonstrates a consistent relationship of VZV reactivation with dementia
after controlling for nearly 400 measured characteristics (covering
demographics, socioeconomic factors, comorbidities, medications,
proxies for healthcare-seeking behavior, shifts in clinical guidelines and
completeness of records). We found that recurrent HZ was associated with
anincreased risk of dementia compared to a single HZ episode. Additionally,
exposure to HZ vaccines was associated with a reduced risk of dementia
compared to the control 23-valent pneumococcal polysaccharide vaccine.
Furthermore, the reduced risk of dementia after administration of the
live-attenuated zoster vaccine waned over time and was highly correlated
with a waning of the vaccine-mediated protection against HZ. The dementia
risk reduction at 3 and 5 years postexposure was also stronger inindividuals
who received multiple as opposed to only one dose of the recombinant HZ
vaccine and those at greater risk of HZ. Our findings strongly implicate VZV
reactivation as amodifiable risk factor for dementia.

Dementiaisassociated withadecline in cognitive functionthat consider-
ably interferes with daily activities and mostly affects older adults'. Due
to the globally rising average age and the lack of effective preventive
and therapeutic measures, the number of people living with dementia
isexpectedtoreach153 millionin2050 (ref. 2). The underlying causes of
dementiaare complex andincompletely understood. Genetics, vascular
and metabolic diseases, and several lifestyle factors have been linked
toanincreased risk of being diagnosed with dementia™**.

Evidence forapotential role of neurotropic human herpes viruses
indementiaand Alzheimer’s disease has been mounting, particularly

for herpes simplex virus 1 (HSV-1) and varicella-zoster virus (VZV)*%,
which are carried by most adults®'®. Molecular studies suggest that
VZV may contribute to dementia or Alzheimer’s disease-like pathology
(deposition of neurotoxic amyloid peptides) directly™ "> or indirectly
throughreactivation of quiescent HSV-1(ref. 13). Cerebrospinal fluid
from individuals infected with VZV was shown to contain increased
levels of amyloid and amylin compared to controls™. Increased levels of
intracellular amylin, 3-amyloid peptides and amyloid in VZV-infected
(but not mock-infected or HSV-1-infected) quiescent primary human
perineurial cells and spinal astrocytes were also observed'%. Other
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Fig. 1| Study design. We evaluated the effects of multiple exposures that indicate or influence VZV reactivation on progression to dementia in a large, representative

US cohort after controlling for nearly 400 covariates.

studies in cell and animal models have shown that infection with
HSV-1is followed by increased levels and accumulation of 3-amyloid
1-40 and 1-42, as well as hyperphosphorylated tau™* . Finally, ref.13
showed that VZV infection of naive human neural stem cells led to
gliosisand increased the levels of pro-inflammatory cytokines, but did
not directly induce a neurotoxic phenotype. However, VZV infection
caused HSV-1reactivation in quiescently infected cells, resulting in
dementia-like cellular changes®.

In line with the proposed roles of herpes viruses in the develop-
ment of dementia, antiherpetic antiviral treatments” " and vacci-
nations protecting against clinical VZV reactivation (that is, herpes
zoster (HZ))?*** have been associated with a lower risk of dementia
and/or Alzheimer’s disease. While these findings are of great interest
to public health, amechanistic understanding of these observations is
lacking. Our work addresses this gap by investigating and establishing
continuous VZV reactivation as the likely mechanistic path by which
HZ contributes to the development of dementia.

To confirm the hypothesis that VZV reactivation contributes to
therisk of dementia, we study several assumptions, all of which would
have tobe true if the hypothesis were true.

The first assumption—that a greater burden of VZV reactivation
leadsto anincreased dementiarisk—is tested by comparingindividuals
with multiple episodes versus a single episode of HZ.

The second assumption—thatalower burden of reactivation leads
toadecreased dementiarisk—is tested by investigating future dementia
riskinindividuals whoreceived an HZ vaccine (the live-attenuated zos-
ter vaccine (ZVL; Zostavax, Merck) or the recombinant zoster vaccine
(RZV; Shingrix, GSK)).

The third assumption—that the strength of modulation of VZV
reactivation is proportional to dementia risk reduction—is tested by
evaluating thevarying levels of HZ protectioninindividuals receiving
different types and dosages of HZ vaccines (at least one dose of ZVL,
one dose of RZV or at least two doses of RZV).

The fourth assumption—that the impact of VZV reactivation on
dementia risk is proportional to protection against VZV reactivation
over time—is tested by leveraging the waning protection against HZ
over -10 yearsinindividuals vaccinated with ZVL.

Finally, the fifthassumption—thatindividuals at higher risk of VZV
reactivation benefit more from vaccination against HZ—is tested by
evaluating dementia risk after ZVL or RZV vaccination in individuals
atincreased risk for VZVreactivation (thatis, females and the elderly).

As we test the above assumptions, we consistently demonstrate
thatreduced VZV reactivation is the mechanism by which HZ vaccina-
tion protects against dementia, thereby lending mechanistic support
to existing observational findings.

Theaboveisachieved by leveraging large-scale longitudinal elec-
tronic healthrecords (EHRs) of diverse cohorts of individuals aged 50
yearsorolder who were exposed to various factors linked to VZV reacti-
vation. Toadvance the confidencein findings beyond prior work, we (1)

increase the degree to which unmeasured confounders are controlled
for by includingand adjusting for almost 400 EHR-derived covariates
and using active controls, (2) quantify the risk of residual confound-
ing (and demonstrate that residual confounding was addressed) and
(3) replicate existing observations from distinct studies using this
high standard of confounder control in a single, large dataset across
different settings. The entirety of our findings under comprehensive
confounder control strongly implicates VZV reactivation as a modifi-
ablerisk factor in progression to dementia.

Results

We used the multi-center Optum EHR database, which comprises
de-identified longitudinal health records from over 100 million unique
individuals seen at more than 7,000 hospitals and clinics in the United
States between 2007 and 2023. As part of routine clinical care, some
oftheseindividuals were subjected to various exposures thatindicate
orimpact the level of VZV reactivation, including recurrent HZ and
different VZV vaccines (ZVLand RZV; Fig.1). We used the comprehen-
sive EHR data to construct a covariate set of nearly 400 pre-exposure
characteristics, including demographics, comorbidities/lifestyle
factors (for example, smoking status, cardiovascular conditions and
diabetes), healthcare utilization and healthcare-seeking behaviors
(Supplementary Tables 1-18). Using these covariates, we created 1:1
propensity-score-matched cohorts of individuals aged 50 years or older
using a machine-learning-based methodology (Methods). After con-
structing the matched cohorts, we used recorded diagnoses of demen-
tiaand exposures of interest to evaluate the relationship between VZV
reactivation and progression to dementia. Dementia diagnosis and
exposures of interest were identified based on the presence of at least
onerelated code (Supplementary Tables19 and 20) inthe Optum EHR
(International Classification of Diseases codes for dementia and HZ,
Current Procedural Terminology and National Drug codes for vac-
cinations). HZ, a form of clinically manifested VZV reactivation that
presents as a painful vesicular rash*, was the only VZV reactivation
forminvestigated in this study. Other exposures of interest were HZ
vaccines (RZVand ZVL) and the 23-valent pneumococcal polysaccha-
ridevaccine (PPSV23). PPSV23 was chosen as an active control because
itisanelective vaccineindicated for alargely similar populationas HZ
vaccines®, but not conferring protection against HZ.

HZ recurrence is associated with increased risk of dementia
Wefound that, compared to asingle HZ episode, experiencing multiple
HZ episodes was associated with a 7-9% higher risk of dementiaat 3-9
years after index date (that is, the second HZ episode; Fig. 2a).

Vaccine-mediated prevention of HZ episodes is associated
withreduced risk of dementia

Vaccination against HZ was associated with reductions in dementia
risk of 33% (95% confidence interval (CI) =30-35%) for ZVL and 27%
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Fig.2|Exposuresindicating orimpacting VZV reactivation are associated
with amodified risk of dementia. a, Experiencing two or more episodes of HZ
isassociated with a substantially increased dementia risk (cumulative hazard,
yaxis) up to 9 years after the second HZ event (x axis), compared to experiencing
asingle episode of HZ.b,c, Suppression of VZV reactivation through exposure
tothe (b) ZVL and (c) RZVis associated with a substantially reduced risk of
dementia compared with exposure to the elective PPSV23 used as control at
3and 5 years postindex date (PPSV23 is used by a similar population as HZ
vaccines” but does not confer protection against HZ). Results presented here
are consistent with results obtained using IPTW and OW (Supplementary

Figs.7 and 8 and Supplementary Tables 21 and 22); see Methods for more details.
The postmatching cohort characteristics for comparisons shownin this figure

are presented in Supplementary Table 23. The curves show the Nelson-Aalen
estimates of the cumulative hazard function (y axis) over the follow-up period
(xaxis) with a95% Cl band (shaded areas around each curve) for each cohort
being compared. Cumulative hazards at specific time points are compared
between the cohorts based on RR using a two-sided chi-squared statistic with
1degree of freedom without adjusting for multiple comparisons. Superscript
letter ‘a’indicates censored, cumulative number of individuals who were lost
to follow-up or had died until each time point; superscript letter ‘b’ indicates
cumulative numbers of individuals with the event of interest (dementia
diagnosis) until each time point; those numbers are to be interpreted relative
to the cohort size under observation as indicated by ‘At risk’. NMD, normalized
mean difference; RR, relative risk.

(95% Cl=20-34%) for atleast 2doses of RZV (RZV (2+ doses)) at 3 years
after index date compared to those exposed to PPSV23 (Fig. 2b,c).
The lower risk of dementia in the ZVL and RZV cohorts compared to
the PPSV23 cohort persisted until 5 years postindex date (Fig. 2b,c).

Higher vaccine-mediated protection against HZ is associated
with greater reductions in dementia risk

Separate clinical trials reported on a two-dose RZV efficacy of
97.2% (95% Cl=94-99%) in adults aged 50 years and older and 91.3%
(95% Cl=87-95%) in those aged 70 years and older*>*, aswellasa ZVL
efficacy of 70% (54-81%) in adults aged 50-59 years and 38% (25-48%)
in those aged 70 years and older***. In real-world studies, two RZV
doses were more effective against HZ than one dose**°. When compar-
ing RZV (2+ doses) with ZVL in the present study, dementia risk was
18% (95% Cl = 2-31%) lower for RZV at 5 years after index date (Fig. 3a).
Additionally, at3 and 5years after index date, the risk of dementiawas
24% (95% Cl=18-29%) and 19% (12-26%) lower in those who received
multiple compared to one RZV dose (Fig. 3b).

Waning of vaccine-mediated suppression of HZ correlates with
areturnto baseline dementia risk
The protection against clinical VZV reactivation (thatis, HZ) conferred
by ZVL was previously found to wane over time, with a near-complete
loss of effectiveness around 10 years after vaccination”. We therefore
studied the relationship between the waning of protection against
HZ and the reduced risk of dementia for up to 15 years of follow-up
(Fig.4). The effect of ZVL was evaluated relative to the PPSV23 control
cohort, in which the cumulative numbers of HZ and dementia cases
were expected toincrease during the 15-year follow-up. Among those
who received ZVL, the protective association of this vaccination with
dementia diagnoses was correlated with the protective association
with HZ episodes (Pearson’s R = 0.59; Fig. 4). This finding implies a
consistent relationship between the waning ZVL effects observed for
HZ and dementia.

InFig. 4, we observe that the relative risk (RR) of HZ remains rela-
tively stable while the RR of dementia continually regresses toward the
value of 1. We attribute this observation to HZ cases being prevented
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Fig. 3| Consistent relationship between VZV reactivation and the risk of
dementia diagnosis across exposures, vaccine dosage and time. a, When
directly comparing the recombinant (RZV) to the ZVL, RZV was associated with
alower dementia risk (cumulative hazard, y axis) at 5 years after index date
(xaxis). b, Receiving two or more doses of RZV was associated with a substantially
lower risk of dementia at 3 and 5 years after index date compared to having
received only a single dose of RZV. The postmatching cohort characteristics

for comparisons shownin this figure are presented in Supplementary Table 24.
The curves show the Nelson-Aalen estimates of the cumulative hazard function

(yaxis) over the follow-up period (x axis) with a 95% Cl band (shaded areas around
each curve) for each cohort being compared. Cumulative hazards at specific
time points are compared between the cohorts based on RR using a two-sided
chi-squared statistic with 1 degree of freedom without adjusting for multiple
comparisons. Superscript letter ‘a’indicates censored, cumulative number

of individuals who were lost to follow-up or had died until each time point;
superscript letter ‘b’ indicates cumulative numbers of individuals with the event
of interest (dementia diagnosis) until each time point. NMD, normalized mean
difference; RR, relative risk.

and dementia cases being merely delayed (that is, in those devel-
oping dementia, progression is slower but eventually resumes as
ZVL-associated protection wanes). During the strong vaccine-mediated
control of VZV reactivation, VZV reactivation may contribute less to
progressionto dementia (for example, using aninflammatory cascade
eventually leading to cell death). However, as protection against VZV
reactivation wanes, the dementia-triggering processes may resume,
eventually leading to dementiabeing diagnosed later thanit may have
beenwithout aprotective intervention. We note that this observation
also matches our understanding of neurodegeneration asacontinuous,
progressive process, rather than a single discrete event.

A similar long-term analysis for RZV was not possible at the time
of this publication, due to the relatively recent US market entry of RZV
in 2017 (ref. 38) and the resulting limited number of individuals with
4-5years of follow-up after receipt of RZV.

Dementia-related benefits of reducing clinical VZV
reactivation are greater in those at higher risk of HZ

Some individual characteristics, such as older age and female sex, are
known to be associated with a higher risk of HZ*****°, If reduction of
VZV reactivation is amechanism by which progression to dementia is
delayed after HZ vaccination, and assuming greater rate/magnitude
of reactivationsin those at higher risk?**°, one would expect a greater
impact of ZVL or RZV immunization on progression to dementia in
those at higher risk of HZ compared to those at lower risk. We thus
investigated whether the prevention of HZ in populations at higher
risk also conveyed a greater reduction in progression to dementia.
When stratifying by sex and age, we found greater relative reductions
in the risk of dementia for older and/or female individuals than the
overall cohorts exposed to HZ vaccines compared to PPSV23 at 3 and
5years after index date (Fig. 5). Female individuals aged =50 years
and who were exposed to ZVL had a 35% (95% Cl =31-38%) and 31%
(28-34%) lower risk of being diagnosed with dementiaat 3 and 5 years
afterindex date (compared to 33% and 27% for all individuals; Fig. 5a).
Additionally, female individuals aged 80-89 years who were exposed
to multiple doses of RZV had a 39% (29-48%) and 27% (10-40%) lower
risk of dementiadiagnoses at 3 and 5years afterindex date (compared
to 27% and 17% for all individuals; Fig. 5b).

Machine-learning control of nearly 400 covariates and use of
active exposure comparison groups effectively reduce the risk
of residual confounding

To quantify the risk of residual confounding, we conducted negative
control by temporal shift analyses where we synthetically shifted
exposure dates by one year before the actual exposures. The index
dates were shifted to a point before any biological effect on demen-
tia from anintervention could have occurred, leaving only inherent
differences in cohorts as a possible explanation. Using these tempo-
ral shift analyses, we found little evidence for residual confounding
for active comparisons to other elective vaccines for most pairs of
compared exposures (Extended Data Fig. 1). We also consistently
observed greater delays in progression to dementia when repeat-
ing the main comparisons using a control group of individuals not
exposed to HZ vaccines instead of a control group exposed to PPSV23
(Extended DataFig. 2). However, the temporal shift analyses revealed
ahigherrisk of confounding when comparing vaccine-exposed to the
not-exposed cohorts (Extended Data Fig.1). This finding highlights the
importance of extensive confounder control, which was achieved in
this study by accounting for nearly 400 covariates and by using com-
parable control groups. The compared cohorts were generally large,
ranging from 56,320 (RZV (2+ doses) versus ZVL) to 703,263 (ZVL ver-
sus PPSV23) individuals included, and were well-balanced across the
considered covariates after matching (Supplementary Tables 2-18 and
21-28 and Supplementary Figs.1-6). The robustness of the presented
findings was also further validated with respect to different definitions
(Extended Data Fig. 3 and Supplementary Table 27) and subtypes of
dementia (Extended Data Fig. 4 and Supplementary Table 28).

Discussion

Our study demonstrated a consistent epidemiological link between
VZV reactivation and dementia. This opens the question of a potential
causal link between neurotropic human herpes viruses and dementia
risk, and the possibility that interventions that reduce VZV reactivation
may also delay progression to dementia. Here we leveraged the large
multi-center Optum EHR database to demonstrate that alower VZV
reactivation burden (in RZV/ZVL-vaccinated individuals or those with
only asingle HZ episode) corresponds to a substantially reduced risk
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Fig. 4| Correlation between the waning effects of the ZVL immunization
onHZ and the risk of dementia. As the effectiveness of ZVL in protecting
against HZ waned over up to 15 years after index date (x axis), the magnitude of
protection against dementia similarly diminished over the same time frame.
Please note that (1) the y axis indicates RR of an outcome (HZ or dementia)
inthe ZVL cohort, calculated relative to the effect observed in recipients of
the PPSV23, which does not confer protection against HZ; (2) y-axis values
<lindicate alower risk due to exposure; (3) the near horizontal line for

HZ protection after ~10 years postindex date indicates that HZ cases were
prevented, whereas the return of the dementia risk to an RR of -1 suggests
delayed progression to rather than prevention of dementia diagnoses.

The curves represent RR (y axis) for HZ (orange line) and dementia (blue line)
inthe ZVL cohort calculated relative to the effect observed in PPSV23 cohort,
for each month during the follow-up period along with their respective 95% CI
bands (shaded areas around each curve) based on the ratio of the Nelson-Aalen
estimates of the corresponding cumulative hazard functions. The Person’s

R coefficient with a 95% Cl shows the level of linear correlation between the
curves; RRvalues <lindicate alower risk due to exposure.

of dementia over up to 9 years of follow-up. Conversely, and consist-
ent with the implication of VZV in the development of dementia-like
pathology" ", we found anincreased risk of dementia in cohorts with
anincreased clinical VZVreactivation burden (thatis, individuals with
multiple HZ episodes). The observations were consistent across dif-
ferentdegrees of VZV reactivation control, asillustrated, for example,
by greater observed benefits in those receiving multiple RZV doses
compared to only a single dose. Furthermore, individuals at a higher
risk of VZV reactivation (that is, female individuals aged =50 and >80
years) were found to benefit more from a reduced dementia risk at 3
and Syears of follow-up through vaccine-suppressed VZV reactivation.
Thisis consistent with the previously reported greater risk reduction
in female individuals than in males upon receipt of ZVL?*° and RZV*.
Furthermore, we used the naturally waning effectiveness of ZVL* to
demonstrate that decreasing protection against VZV reactivation coin-
cides withaloss of dementia-delaying benefits. Together, the associa-
tions observed in this study indicate VZV reactivation as a contributing
factor in progression to dementiain adults aged >50 years.
Althoughthe present dataindicate thatarelationshipbetweenVZV
reactivationand dementiais theleading explanation for the findings, it
isnotyetclear precisely how VZVinfectionand the subsequent (clinical
and subclinical) reactivation of this virus may influence progression
to dementia. Molecular studies have reported on the possibility of
VZV contributing to dementia or Alzheimer’s disease-like pathology
either directly by inducing amyloid deposition™" or indirectly through
reactivation of quiescent HSV-1(ref. 13). Also, VZV infection was identi-
fied asa cause of vasculopathy and has beenlinked to cerebrovascular

events (for example, infarction, ischemia and hemorrhage) resembling
those observedin Alzheimer’s disease*. Our data do not allow us to pin-
point whether the observed effect of VZV reactivation on dementiais
HSV-1-mediated or adirect consequence of VZV-mediated pathologies.

Our study examined the link between dementia and clinically
manifested VZV reactivation recorded inthe EHR as HZ episodes while
notinvestigating other, non-HZ, clinical presentations of VZV reactiva-
tionbecausethey are considerably rarer than HZ. However, it is possible
that other clinical forms of VZV reactivation or even subclinical VZV
reactivation exert effects on dementia progression. Data from saliva,
blood and cerebrospinal fluid samples indicate frequent subclinical
reactivation of VZV, also in healthy individuals***®, and substantial
increases in subclinical VZV reactivation were, for example, reported
forastronauts exposed to space flight-associated stress*. It is possible
thatsubclinical VZV reactivation without HZ symptoms could be con-
tributing to dementiarisk, and the correlation with HZ demonstrated
in this study may reflect HZ as a proxy for a higher VZV reactivation
burden in general. Further studies evaluating molecular markers of
low-level VZV reactivation are necessary to elucidate whether VZV
reactivation without clinical presentations or with non-HZ clinical
presentations may also be associated with progression to dementia.

The primary limitation of the present study is that causality of the
evaluated exposures with the measured dementia outcomes cannot
be conclusively established without a prospective, randomized con-
trolled design. However, the consistency of findings across multiple
exposures and over time reasonably limits the explanations for the
observed findings to one of two probable mechanisms. The first is
that the observed differences between exposures were driven by the
presence of an unknown or uncontrolled residual confounding factor.
An alternative explanation is a potentially causal mechanism related
tothe VZV-targeting activity of HZ vaccines.

Confoundingis amajor concerninany retrospective analysis, and
we cannot exclude the possibility of residual confoundingin our study.
However, thisriskis lower thanin most other studies on the association
of dementia with HZ vaccinations and HZ episodes because any bias
or confounding would have to affect the results consistently across
exposures with the expected effect and over similar time frames. The
existence of such systematic confounding factors is not plausibly
explained by chance, given the large number of tested exposures and
the multi-year time spans evaluated in this study.

To address the risk of unmeasured confounding, we leveraged
a combination of extensive data from the Optum EHR and nonlinear
machine-learning estimators to control for almost 400 covariates
covering demographics, comorbidities, healthcare utilization and
healthcare-seeking behaviors. Additionally, by using the PPSV23 active
control, we accounted for potential unmeasured confounders related
to healthcare-seeking behaviors in the matched populations. In the
populations more likely to benefit from diminished VZV reactivation
(elderly and female), the observed effect size indicates that a potential
unaccounted-for confounder would have to increase dementiarisk by
2.66-fold over 3 years after vaccination in the control PPSV23 cohort
to explain the observed difference in dementia outcomes between
groups (E value = 2.66)*. Among the most predictive nonmodifiable
dementia risk factors, age and sex were controlled for. Genetic vari-
ants are known to contribute to the risk of dementia* and were not
controlled forinthis study. Nevertheless, a large systematic selection
bias for those genetically at risk would be expected to be visible in the
negative control by temporal shift analyses for residual confounding,
asgenetics do not change over time. Although several risk factors have
beenidentified as substantial contributors to dementia progression®®,
none of these risk factors would likely provide the required effect
magnitude reported to be associated with dementia in the present
study. Among the modifiable risk factors of dementia, educational
attainment, cognitive reserve and physical activity were not directly
controlled for. However, these factors are known to be correlated
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a Dementia: ZVL vs PPSV23 (women)

b Dementia: RZV (2+ doses) vs PPSV23 (women, 80-89 years)

T 0.020 RR 95% ClI (P value) b RR 95% Cl (P value)
< 3years 0.6520 0.6177-0.6883 (2.04x10™) G 0.08 4 3years 0.6067 0.5152-0.7145 (2.11x107)
& 0015 | Syears 0.6869 0.6583-0.7167 (2.73x10°%) e 0.06 | BYears 07339 0.6000-0.8977 (2.28x107%)
o Balancing: 394 <10%, O > 10% NMD q>> . Balancing: 394 <10%, O > 10% NMD
% 0.010 £ 004
= S
g 0.005 £ 0.02 = RZV (2+ doses)
3 3 — PPSV23
0 1 T T T T 1 o 1 T T T T 1
0 1 2 3 4 5 0 1 2 3 4 5
VL Time (years) since index date RZV (2+ doses) Time (years) since index date
Atrisk 401,303 355,481 298,323 247,919 202,024 158,139 Atrisk 12,352 10,155 7,142 4,428 2,204 632
Censored” 0 45,116 101,570 151,218 196,338 239,497 Censored” 0 2,086 5,019 7,665 9,855 1,402
Events” O 706 1,410 2,166 2,941 3,667 Events® 0 m 191 259 293 318
PPSV23 PPSV23
Atrisk 401,303 359,585 314,810 272,768 231,199 188,879 Atrisk 12,352 9,337 6,350 3,781 1,725 418
Censored” O 40,591 84,214 125,072 165,440 206,583 Censored” 0O 2,828 5,682 8,170 10,176 1,467
Events® O 1,127 2,279 3,463 4,664 5,841 Events® 0 187 320 401 451 467

Fig.5|More prominentreductionin the risk of dementia due to vaccination
observed in cohorts at higher risk of HZ. a,b, Comparing dementia risk
(cumulative hazard, y axis) over time (x axis) after (a) exposures of female
individuals to the ZVL and (b) exposure of female individuals aged 80-89 years
to the RZV showed a substantial association with a decreased dementia risk
at3and Syears after index date compared to the PPSV23. The postmatching
cohort characteristics for comparisons shown in this figure are presented in
Supplementary Table 25. The curves show the Nelson-Aalen estimates of the
cumulative hazard function (y axis) over the follow-up period (x axis) witha

95% Clband (shaded areas around each curve) for each cohort being compared.
Cumulative hazards at specific time points are compared between the cohorts
based on RR using a two-sided chi-squared statistic with1degree of freedom
without adjusting for multiple comparisons. Superscript letter ‘a’indicates
censored, cumulative numbers of individuals who were lost to follow-up or had
died until each time point; superscript letter ‘b’ indicates cumulative numbers of
individuals with the event of interest (dementia diagnosis) until each time point.
NMD, normalized mean difference; RR, relative risk.

with healthcare utilization and comorbidities™, as well as body mass
index and obesity status®, all of which were controlled for. We also
controlled for other notable modifiable risk factors of dementia,
including diabetes and smoking status.

Our sensitivity analyses indicated a minimal risk of residual con-
founding for the active comparisons with PPSV23. Other potential
explanations that could affect both dementiaand HZ, such as reverse
causality (thatis, dementia causing VZV reactivation) or a systematic
bias that could affect dementia and HZ jointly, can be ruled out since
the protective effects of RZV and ZVL against HZ have been provenin
randomized clinical studies. A systemic confounder would therefore
have to be specific to dementia and should not affect the impact of the
exposureson HZ.

Additionally, the findings of this study regarding HZ vaccina-
tion are concordant with those presented for ZVL, as discussed in the
ref.20,and for RZV, as discussedinref. 25. By relying on anatural experi-
ment caused by vaccination eligibility based on fixed cutoff dates in
Wales, United Kingdom, ref. 20 also showed a stronger association
between HZ vaccination and reduced dementiarisk in female individu-
als, despite the use of a study design based on regression discontinu-
ity and a dataset from a different healthcare system. Using a similar
quasi-experimental approach, ref. 25 showed thatimmunization with
RZV was associated with a17% increase in dementia-free time during
6 years postexposure, and with a substantially lower risk of dementia
compared to influenza and tetanus-diphtheria-pertussis control
vaccines.

Finally, limitations inherent to EHR-derived data, such as incom-
plete pharmacy claims and misclassification or absence of exposures
and outcomes, were likely present to some extent in this analysis. The
restricted length of follow-up for RZV prevented us from comparing
its effects on HZ and progression to dementia over a15-year period (as
done for ZVL). While the long-term data are still pending, the effect
of RZV on delaying dementia over the same follow-up period may be
different, due to the high efficacy and durable protection against HZ
after RZVimmunization®**"*,

In conclusion, we found a consistent relationship between
VZV reactivation and progression to dementiainalarge, diverse US
database that allowed us to control for nearly 400 covariates. We
observed acorrelation between protection against VZV reactivation

and dementia, as well asbetween anincreased clinical VZV reactiva-
tion burden and an increased 3-9-year risk of dementia diagnosis.
Establishing VZV reactivation as amodifiable risk factor for progres-
sion to dementia could have wide implications for public health,
prevention and potential future development of dementia-targeting
therapies. While we have taken extensive steps to reduce the risk of
confounding, and the findings supporting a relationship between
diminished VZV reactivation and a reduced risk of dementia are
consistent across different settings and over time, unmeasured
confounding cannot be fully ruled out as a potential explanation
for the observed results.
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Methods

Study design and ethics

This was a retrospective, observational, matched-cohort study with
pairwise comparisons. No ethical approval from ethics committees
or institutional review boards was necessary because no personally
identifiable data were collected or analyzed. The study was registered
inthe HMA-EMA catalogs of real-world data sources and studies (for-
merly known as EU Post-Authorization Studies (EU PAS) Register) with
the number EUPAS107206.

Population and follow-up

De-identified individual data from the Optum EHR database, which
comprises records of >100 million individuals from >2,000 hospitals
and >5,000 clinics in the United States, were used in this study. The
datausedinthis study spanned from1October 2007 to 30 September
2023. We excluded individuals who:

» were younger than 50 years at the index date,

 did not have a documented birth year,

« hadaninvalid death status (that is, an individual marked as
deceased but without a documented death date or a participant
marked as alive but with a death date entered),

» hadtheindex date before birth or after death,

+ hadtheindex date before 1October 2007,

« for the not-exposed and comparator cohorts: fewer than 25
recorded encounters,

« forthe single and multiple HZ episodes cohorts: received an HZ
vaccination before the exposure date (first HZ episode for the
single HZ and second HZ episode for the multiple HZ episodes
cohort),

» had a dementia diagnosis before the index date, or

 did not have anindex date.

Study participants were included in a cohort if they had a
documented respective cohort-defining event and fulfilled the
cohort-specificinclusion criteria (Extended Data Table 1). We observed
a short-term clustering of PPSV23 exposure and recorded dementia
diagnoses (within10 days of theindex date), likely due to participants
being vaccinated with PPSV23 soon after being diagnosed with demen-
tia. Additionally, asmall fraction of diagnostic records may have been
delayed, resulting in some diagnoses being recorded after the PPSV23
exposure. Toavoid including individuals with a delayed diagnosis, we
excluded all persons with a dementia diagnosis within 10 days after
PPSV23 vaccination from the analyses.

Individuals without a specific cohort-defining event were
included in the respective not-exposed cohorts. The not-exposed
cohort for comparisons against individuals vaccinated with either
RZV or ZVL only included people who did not receive either of the
two HZ vaccines but could receive PPSV23 (receipt of PPSV23 was
accounted for during matching). For comparisons between vac-
cinated individuals, we also excluded individuals from one cohort
who received the vaccine from the other cohort before the index
date. To ensure minimal data availability, only individuals with at
least25recorded healthcare encounters over the entire observation
period wereincluded inthe respective not-exposed and comparison
cohorts. Cohort flow diagrams for primary comparisons are pro-
vided in Extended Data Fig. 5. The index date for each cohort was
defined as the date of the first HZ diagnosis for individuals with a
single episode, or the second diagnosis for recurrent HZ, or the first
immunization with RZV, ZVL or PPSV23 (Extended Data Table 1 and
Supplementary Tables19 and 20). For individuals in the not-exposed
cohorts, the possible index dates were sampled randomly from all
documented healthcare encounters. During matching, we ensured
thattheindex date of each matched unexposed individual fell within
approximately 3 months before or after the index date of the matched
exposed individual.

Individualsincludedinacohort were followed up until experienc-
ing one of the following censoring events:

« end of their records (that is, last observed record) in the Optum
EHR dataset

« death

- diagnosis of interest

» end of study (30 September 2023)

« experiencing the comparator cohort-defining event (for exam-
ple, record of ZVL immunization in an individual who previously
received RZV)

« for comparisons including HZ episodes: record of an RZV or ZVL
vaccination after the HZ diagnosis

« forvaccination comparisons: receiving any HZ vaccination
other than the cohort-defining vaccine or receiving another
dose of the cohort-defining vaccine beyond the number of doses
required for the cohort.

The earliest of the above-listed events was taken as the censoring
date. To mitigate the impact of data errors and to make the censoring
approach more robust, we applied asafety margin or a shift for certain
censoring events (Extended Data Table 2). The safety margin defines
the minimal period to count the censoring event as valid. Censoring
was not applied if the time elapsed between the index date and the
censoring event was below this safety margin, allowing to control for
short periods between events. In the case of a shift, the censoring event
date was shifted forward by a certain period. Those two adjustments
of censoring events allowed us to reduce the impact of certain data
errors, that is, RZV vaccination recorded as ZVL, multiple records of
the same vaccination and delayed records of dementia diagnosis that
were associated witha PPSV23 vaccination.

Furthermore, in the negative control by temporal shift compari-
sons with the PPSV23 control, to mitigate the effect of PPSV23 expo-
sures administered in response to dementia diagnoses, no censoring
on the cohort-defining vaccines was applied. Instead, we included
only individuals for whom the other cohort-defining vaccine could not
have affected the outcome of interest (that is, only those who either
did not receive the other cohort-defining vaccine or received it after
the outcome of interest).

Machine-learning matching methodology

We followed a propensity-score matching methodology to build com-
parable populations for each pairwise comparison. Amachine-learning
approachwas used to compute propensity scores based on key covari-
ates (demographic (age atindex date, sex, ethnicity, race and region),
healthcare utilization (duration of records in months pre-exposure,
median number of recorded visits per year, number of recorded
medication prescriptions and immunizations), index date time frame
(month of exposure), comorbidities (for example, depression, diabe-
tes, stroke and hypertension) and lifestyle factors (for example, smok-
ing)). Intotal, we considered 395 covariates in matching, some of which
were excluded for the following specific comparisons:

« For comparisons with vaccinated individuals (that is, immuni-
zation with RZV, ZVL or PPSV23), the cohort-defining vaccine
was excluded, resulting in 394 covariates for comparisons
among 2 cohorts vaccinated with different vaccines, 395 covari-
ates for cohorts vaccinated with RZV (2+ doses versus 1 dose)
and 395 covariates for comparisons between vaccinated and
not-exposed cohorts.

 For comparisons of individuals with an HZ diagnosis, both HZ vac-
cines (RZV and ZVL) were excluded, resulting in 393 covariates.

Removal of these covariates did not introduce any bias, as, due
to the way the cohorts were defined, none of the included individuals
had received the vaccinations removed from matching or had been
diagnosed with HZ before exposure.
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Covariates were selected to maximize the use of information
contained inthe EHR data and to thoroughly address possible sources
of confounding. We worked with clinical and neurological experts to
identify the relevant covariate groups (for example, demographics,
socioeconomic factors, dementiarisk factors, comorbidities, medica-
tions and healthcare utilization) and then derived all available covari-
ates and proxies as they were available in the EHR data.

To compare two cohorts, amachine-learning model was trained to
predict assignment probabilities for eachindividual in the respective
cohorts (propensity scores), allowing for building strata with close
probabilities of inclusion in cohort 1. Subsequently, new matched
cohortswere formed by selecting for each cohort1lindividual asingle
nearest neighbor (with respect to the predicted propensity scores,
1:1 matching) from cohort 2 within a predefined window of +0.005
around the propensity score of the cohort 1individual. In case there
were nosuch cohort2individuals, the affected individual from cohort
1was not included in the matched population. A matched cohort 2
individual was excluded from further matching (matching without
replacement). After this matching step, the created cohorts were close
toindistinguishable based on the normalized mean differences, mean-
ingthat the distribution of their characteristics atindex date was nearly
identical, thus increasing the probability of an unconfounded com-
parison between cohorts (see Extended Data Fig. 6 for prematching
and postmatching balance diagnostics for the primary comparisons
and Supplementary Figs. 1-6 for all comparisons). We acknowledge
that such a comparison can only account for measured confounders.

The above matching methodology was used in all instances’*.
Both XGBoost (for exposed cohorts) and LightGBM (for not-exposed
cohorts) were used as the propensity-score estimator*>*°,

For primary comparisons between RZV and ZVL, we reduced the
strictness in index date matching compared to other comparisons
throughinjection of Gaussian noise to index datestoincrease the pool
ofindividuals available for matching. We did this because the number
of RZV recipients was much lower, due to the more recent licensure
date of RZV (2017)*® compared to ZVL (2006)*’ in the United States.

We additionally tested alternative analysis approaches, including
inverse probability of treatment weighting (IPTW)*® and overlap
weights (OW)* where samples are not matched but weighted based on
their propensity scores. We included the IPTW and OW methodologies
to show consistency of our results. For OW, individualsincludedin the
treatment cohort were weighted by w = (1 - ps) and individuals in the
control cohort were weighted by w = ps, where psrefers to the propen-
sity score obtained by the strategy outlined above. For IPTW, propen-
sity scores were trimmed to the range (0.1, 0.9) by removingindividuals
withsmaller or larger propensity scores following common practices®’.
Weights were then calculated as w = = for the treatmentand w = ——
for the control cohort. ’ o

Effect estimation
Cumulative hazard functions for each cohort were evaluated at defined
time points postindex date using the Nelson-Aalen estimator. Equiva-
lence was determined using a chi-squared test (a = 0.05) between the
pairs of cohorts in terms of the difference of their cumulative hazard
distributions at each evaluated time point®. Missing covariates were
imputed using the multipleimputation by chained equations method“.
The choice of the Nelson-Aalen estimation strategy was motivated
by the prior knowledge that efficacy of some of the evaluated exposures
(in particular ZVL) substantially wanes over time. Hazard ratio estima-
tion using a Cox proportional hazards model is made assuming that
the hazard ratio remains constant over time, which is violated in our
setting given the known waning of efficacy. The Nelson-Aalen-based
methodology does not require a proportional hazards assumption
andis therefore suited for this setting. Furthermore, we provide effect
estimates at various time points, to capture the time-varying effect of
vaccination on dementia and HZ risk.

The study design ensures that there are no systematic differences
in follow-up times between the compared cohorts through censor-
ing. Individuals who are no longer under observation (for example,
have no later EHR records) are censored from the analysis, as defined
in the Population and follow-up. In other words, these individuals
are no longer considered ‘at risk’ and do not contribute to the result
after their censoring event. Animportant consideration in real-world
datasets is that systematic differences between censored individuals
in the two cohorts may point to residual confounding. We addressed
this risk by using the matching methodology outlined above, as well
asadditional analyses to quantify residual confounding (such as time
shift validation).

Software

The source code used for cohort definition, matching and data analysis
was created using Python (version 3.9) and standard scientific comput-
ingand machine-learninglibraries (scikit learn, polars, pandas, numpy,
scipy). Dependencies were managed using Poetry. Data were plotted
using matplotlib and seaborn in Python.
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Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
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Extended Data Fig. 1| Evaluation of residual confounding. We quantified the
risk of residual confounding in primary comparisons between several cohorts
(individuals exposed to the live-attenuated zoster vaccine [ZVL], recombinant
zoster vaccine [RZV], the 23-valent pneumococcal polysaccharide vaccine
[PPSV23], not exposed [Not exposed] to any herpes zoster [HZ] vaccine and
individuals with only a single versus multiple HZ episodes) using a negative
control via time shift (NCTS) analysis. Briefly, to conduct the NCTS analysis, we
artificially shifted the exposure date of the exposed groups to 1 year prior to
their actual recorded exposure while keeping other elements of the study design
constant. Since this new exposure date is before any biological effect could have
taken place, any differences in cohorts already present before exposure indicate
residual confounding not accounted for viamatching. The estimated risk of
residual confounding is represented as a per-comparison group of bars for each

of the primary comparisons with height reflecting an estimate of (1 - relative
risk [RR]) at 3, 6, and 9 months after the shifted index date based on the Nelson-
Aalen estimates of cumulative hazards along with error bars indicating a 95%
confidence interval (Cl). The respective sample sizes in terms of the number of
matched pairs of individuals at the shifted index date are: 77,331 (RZV [2+ doses]
vsZVL), 276,987 (RVZ [1dose] vs PPSV23),191,073 (RZV [2+ doses] vs PPSV23),
344,159 (ZVL vs PPSV23), 85,650 (HZ [multiple] vs HZ [single]), 481,124 (RZV
[2+doses] vs Not exposed), 441,740 (ZVL vs Not exposed). The higher the y-axis
value, the more residual confounding was present in acomparison. We found
that comparisons between elective vaccines (ZVL, RZV, PPSV23) were generally at
alower risk of residual confounding than comparisons to Not exposed, a finding
suggesting that using another elective vaccine (PPSV23) as control is effective at
reducing residual confounding. Error bars represent 95% Cls.
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Extended Data Fig. 2| Comparison to cohorts not exposed to herpes zoster
(HZ) vaccines (Not exposed). We evaluated the risk of dementia (cumulative
hazard, y-axis) over time (x-axis, years since exposure) following exposure

to (a) the live-attenuated zoster vaccine (ZVL) and (b) at least 2 doses of the
recombinant zoster vaccine (RZV). The curves show the Nelson-Aalen estimates
of the cumulative hazard function (y-axis) over the follow-up period (x-axis)
witha 95% confidence interval (CI) band (shaded areas around each curve) for
each cohort being compared. Cumulative hazards at specific time points are
compared between the cohorts based on relative risk (RR) using a two-sided
chi-squared statistic with1degree of freedom without adjustments for multiple

comparisons. The sample size (n) for each cohortisindicated as the counts of
individuals atriskin the ‘At risk’ row in the event table. Both ZVL and RZV are
associated with a significantly decreased risk of dementia 3 and S years after
exposure when compared to Not exposed. Post-matching cohort characteristics
arelisted in Supplementary Table 26. Superscript letter ‘a’indicates censored,
cumulative numbers of individuals who were lost to follow-up or had died

until each time point; superscript letter ‘b’ indicates cumulative numbers of
individuals with the event of interest (dementia diagnosis) until each time point.
NMD, normalized mean difference.
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Extended Data Fig. 3| Herpes zoster (HZ) vaccine comparisons using
different dementia definitions. We evaluated the risk of dementia (cumulative
hazard, y-axis) over time (x-axis, years since exposure) using a more precise
but less sensitive dementia definition (requiring diagnosis code and dementia
treatment; aand b) and a more sensitive but less precise dementia definition
(requiring diagnosis code or dementia treatment; ¢ and d) following exposure
to thelive-attenuated zoster vaccine (ZVL) (aand c) and at least 2 doses of the
recombinant zoster vaccine (RZV) (b and d). The curves show the Nelson-Aalen
estimates of the cumulative hazard function (y-axis) over the follow-up period
(x-axis) with a 95% confidence interval (CI) band (shaded areas around each
curve) for each cohort being compared. Cumulative hazards at specific time

points are compared between the cohorts based on relative risk (RR) using a
two-sided chi-squared statistic with 1degree of freedom without adjustments
for multiple comparisons. The sample size (n) for each cohortis indicated as the
counts of individuals at risk in the ‘At risk’ row in the event table. Post-matching
cohort characteristics are listed in Supplementary Table 27. Superscript letter ‘a’
indicates censored, cumulative numbers of individuals who were lost to follow-
up or had died until each time point; superscript letter ‘b’ indicates cumulative
numbers of individuals with the event of interest (dementia diagnosis) until each
time point. NMD, normalized mean difference; PPSV23, 23-valent pneumococcal
polysaccharide vaccine.
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Extended Data Fig. 4| Comparisons for different dementia subtypes. We the counts of individuals at risk in the ‘At risk’ row in the event table. Both ZVL
evaluated the risk of dementia (cumulative hazard, y-axis) over time (x-axis, and RZV are associated with a significantly decreased risk 3 and Syears after
years since exposure) for the main subtypes of dementia following exposure exposure when compared to those exposed to the 23-valent pneumococcal
to the live-attenuated zoster vaccine (ZVL) (aand c) and at least 2 doses of the polysaccharide vaccine (PPSV23) for both Alzheimer’s disease (aand b) and
recombinant zoster vaccine (RZV) (b and d). The curves show the Nelson-Aalen vascular dementia (cand d). Post-matching cohort characteristics are listed in
estimates of the cumulative hazard function (y-axis) over the follow-up period Supplementary Table 28. Superscript letter ‘a’indicates censored, cumulative
(x-axis) witha 95% confidence interval (CI) band (shaded areas around each numbers of individuals who were lost to follow-up or had died until each time
curve) for each cohort being compared. Cumulative hazards at specific time point; superscript letter ‘b’ indicates cumulative numbers of individuals with the
points are compared between the cohorts based onrelative risk (RR) using a event of interest (dementia diagnosis) until each time point. NMD, normalized
two-sided chi-squared statistic with 1degree of freedom without adjustments mean difference.

for multiple comparisons. The sample size (n) for each cohortisindicated as
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Extended DataFig. 5| Cohort flow diagrams for the primary comparisons.
Comparison of dementia outcomes for cohorts that experienced multiple vs
asingle HZ episode (a), that were exposed to ZVL vs PPSV23 (b) and that were
exposed to RZV (2+ doses) vs PPSV23 (c). Multiple and single HZ, individuals
experiencing atleast 2 (multiple) and 1 (single) episodes of herpes zoster (HZ);
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‘ Has valid cohort defining exposure l—bl 603,750 ‘ | Has valid cohort defining exposure H 1,798,591 |

3949,047

| Has outcome after index date H 39133 ‘

3909914

Has MCI before dementia

3909914

| Has index date within activity bounds 3385 l

1103,384

Has index date within activity bounds H 21796 |

l 3,888,118

| ZVL cohort: 1103,384 patients ‘ l PPSV23 cohort: 3,888,118 patients |

MCI, mild cognitive impairment; OW, overlap weighting; PPSV23, recipients of at
least1dose of a23-valent pneumococcal polysaccharide vaccine; RZV (2+ doses),
recipients of at least 2 doses of the recombinant zoster vaccine (Shingrix, GSK);
ZVL, recipients of at least 1 dose of the live-attenuated zoster vaccine (Zostavax,
Merck).
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(a) Dementia: multiple vs single HZ episode (all)
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(c) Dementia: RZV (2+ doses) vs PPSV23 (all)
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months_since_vaccinations_date_5 1
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vaccinations_counts_1 1
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months_since_steroids_first -
months_since_diagnoses_date_4 |
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Extended DataFig. 6 | Select pre- and post-matching covariate balances
(based on normalized mean difference values) in the primary comparisons.
Comparisons of dementia outcomes for cohorts that experienced multiple vs
asingle HZ episode (a), that were exposed to ZVL vs PPSV23 (b), and that were
exposed to RZV (2+ doses) vs PPSV23 (c). The values on the y-axis are the names
of covariates. The dots indicate pre- and post-matching normalized mean
difference (NMD) for the corresponding covariate. The red vertical lines indicate
the bounds of what is considered agood balance (-0.1 < NMD < 0.1). Post-
matching dots within these bounds indicate that the corresponding covariate’s
mean is well balanced after matching. The covariates are sorted in descending
order of their pre-matching NMD. Note for interpretation of covariate names:
For covariates named ‘months_since_i’ (wherei=1,2, 3,4, 5), the name indicates

0.0

05 10 15

Normalized mean difference

months between i last intervention pre-exposure and the exposure date. For

2.0

‘months_since_vaccination’, the term ‘vaccination’ refers to any vaccination
except the exposure vaccination. For ‘months_since_diagnosis’ covariate, the
term ‘diagnosis’ refers to any diagnosis in the Diagnosis table with a certain
status. For covariates named ‘intervention_counts_i’, the name indicates the
number of interventions in the i pre-exposure year. The covariate named ‘well_
visits_counts_all’indicates the total count of routine medical and gynecological
examinations. Multiple and single HZ, individuals experiencing at least 2
(multiple) and 1 (single) episodes of herpes zoster (HZ); PPSV23, recipients of at
least1dose of a23-valent pneumococcal polysaccharide vaccine; RZV (2+ doses),
recipients of at least 2 doses of the recombinant zoster vaccine (Shingrix, GSK);
tdap, receipt of tetanus-diphtheria-acellular pertussis vaccine; ZVL, recipients of
atleast1dose of the live-attenuated zoster vaccine (Zostavax, Merck).
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Extended Data Table 1| Cohort definitions

Cohort Cohort-defining event Index date Specific inclusion criteria

(during the observation

period)

Single HZ HZ diagnosis 1% HZ No vaccination with RZV or ZVL

episode diagnosis prior to HZ diagnosis

Recurrent HZ At least 2 HZ diagnoses at 2™ HZ No vaccination with RZV or ZVL

episodes least 8 months apart diagnosis prior to any HZ diagnosis

RzZvV RZV vaccinstion 19 vaccination  Vaccination after vaccine
approval date (20 October
2017%)
=3 RZV vaccinations

ZvVL 2ZVL vaccinstion 1% vaccination ~ Vaccination after vaccine
approval date (25 May 2006)
=3 ZVL vaccinstions

PPSV23 PPSV23 inati 12 inati Vaccination after vaccine

approval date (30 June 1983%)
=3 PPSV23 vaccinations
No dementia diagnosis within

10 days after vaccination

HZ, herpes zoster; PPSV23, 23-valent pneumococcal polysaccharide vaccine; RZV, recombinant
zoster vaccine; ZVL, live-attenuated zoster vaccine.

Individuals were included in a specific cohort if they had the respective cohort-defining event in the records and fulfilled the specific inclusion criteria. Index date was defined as the first
record of the cohort-defining event except for recurrent HZ, for which the date of the second HZ episode was used. HZ, herpes zoster; PPSV23, 23-valent pneumococcal polysaccharide
vaccine; RZV, recombinant zoster vaccine; ZVL, live-attenuated zoster vaccine.
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Extended Data Table 2 | Safety margins and shifts applied for certain censoring events and the affected comparisons

Comparison Censoring Event Safety Margin Shift
RZV (2+ doses) vs ZVL following ZVL* 1year No shift
ZVL
RZV (2+ doses) vs PPSV23 following No margin 10 days
PPSV23 RZv*
ZVL or RZV vs PPSV23 following 1year 10 days
PPSV23 PPSV23
ZVL vs PPSV23 ZVL or RZV following 1year No shift
ZVL
PPSV23 following ZVL  No margin 10 days
PPSV23 following 1year 10 days
PPSV23
RZV (1 dose) vs RZV  ZVL following RZV in 30 days No shift
(2+ doses) the RZV (1 dose)
cohort
ZVL vs Notexposed  ZVL or RZV following 1year No shift

ZVL

aCensoring on post-exposure ZVL events was not applied for RZV (2+doses) cohort, because this

was assumed to be a data error (i.e., RZV as the correct value instead of ZVL).

Not exposed, individuals not exposed to a shingles vaccine; PPSV23, 23-valent pneumococcal

polysaccharide vaccine; RZV (1 dose) and RZV (2+ doses), 1 and at least 2 administered doses of

the recombinant zoster vaccine, respectively; ZVL, live-attenuated zoster vaccine.

For comparisons and censoring events not listed in the table, no safety margin and no shift were applied. °Censoring on post-exposure ZVL events was not applied for RZV (2+ doses) cohort,
because this was assumed to be a data error (that is, RZV as the correct value instead of ZVL). NE, not exposed; PPSV23, 23-valent pneumococcal polysaccharide vaccine; RZV (1 dose) and
RZV (2+ doses), 1and at least 2 administered doses of the recombinant zoster vaccine, respectively; ZVL, live-attenuated zoster vaccine.
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describe the data and its source.
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If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
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controlled. If this is not relevant to your study, explain why.
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