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Human cytomegalovirus seropositivity has shown varying levels of
association with cardiovascular disease and all-cause mortality in previous
studies. This study uses updated data from the UK Biobank to test
these associations. The association between human cytomegalovirus
seropositivity and outcomes of incident cardiovascular disease, ischaemic
heart disease, stroke and all-cause mortality was determined using
multivariate Cox proportional-hazards models in 8740 UK Biobank
participants aged 40-69 years. Two directed acyclic graphs depicting
the hypothesized relationship between human cytomegalovirus infection
(either in childhood or adulthood) and cardiovascular disease/all-cause
mortality controlled the selection of biological and socioeconomic
confounders to be adjusted for in each model. Human cytomegalovirus
seropositivity was not significantly associated with cardiovascular disease,
ischaemic heart disease, stroke or all-cause mortality when applying either
the fully adjusted adulthood or childhood infection models. We found no
significant association between human cytomegalovirus seropositivity and
any of the measured outcomes. Further research is expected to include
larger sample sizes, younger participants and more ethnically diverse
cohorts.

This article is part of the discussion meeting issue ‘The indirect effects of
cytomegalovirus infection: mechanisms and consequences’.

1. Introduction

Human cytomegalovirus (HCMYV) is a ubiquitous and highly transmissible
herpes virus with seroprevalence estimates varying from 60 to 85% in the
UK [1] to 290% in adults in less developed countries [2]. Exposure to HCMV
may occur in utero, perinatally, or later in life through infected bodily fluids
(usually saliva or urine) or blood transfusion [1,3]. Primary HCMYV infection is
typically asymptomatic in immunocompetent individuals owing to the robust
immune response elicited [4]; however, in immunocompromised individuals,
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HCMYV is associated with severe end-organ disease [5], and congenital infections can lead to hearing loss and blindness [6]. n
HCMYV establishes a lifelong presence that appears to have some elements of both chronic productive infection and latent
infection with regular subclinical reactivation [7]. It has been hypothesized that HCMV infection may be associated with
elevated risk of chronic diseases including cardiovascular disease (CVD) [8], cancer [9-11] and all-cause mortality. Detection of
HCMYV antigen and DNA in atherosclerotic vessels of the human cardiovascular system [12-14] suggests that infection could
drive atherogenesis via inducing chronic inflammation or dysregulating vascular function [15]. If HCMV were proven to be a
driver of CVD or other chronic diseases, actively reducing its transmission or downstream inflammatory reactivation through
vaccination, could have a positive effect at a wider population health level.

Studies investigating the relationship between prior HCMV infection, defined as cross-sectional antibody (IgG) seroposi-
tivity, and all-cause mortality show mixed results. Three large cohort studies [7,16,17] all showed a significant increase in
all-cause mortality among populations in the USA [7,16] and UK [17], even when adjusting for age, sex and multiple other
potential confounders. The UK-based EPIC-Norfolk study [17] also demonstrated an association between higher quantitative
IgG antibody levels against HCMV and increased all-cause mortality. However, two further studies in the Netherlands and
Denmark combined, and in Belgium, respectively, did not show any association between HCMV infection and all-cause
mortality among older white populations [18,19].

The increases in all-cause mortality for HCMV-positive patients in the USA NHANES-III (Third National Health and
Nurition Examination Survey) [7] and UK EPIC-Norfolk studies [17] were both driven by a rise in CVD-related deaths. A
meta-analysis [8] of 10 prospective studies concluded that HCMYV seropositivity slightly increased the risk of developing CVD;
however, several of the included studies lacked sufficient control for confounders, had short follow-up times or the populations
studied had significant comorbidities at baseline. A recent prospective study [20] investigated the relationship between HCMV
and incident CVD among 8500 middle-to-early older-aged participants in the UK Biobank (UKB), finding no association with
either ischaemic heart disease (IHD) or stroke when adjusting for confounders encompassing socioeconomic background,
general physical health and activity. Notably, findings were also null in the minimally adjusted models including age and
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sex alone. The decision to include any of these covariates, including even age, can remain contentious. At the simplest level,
if individuals acquired HCMV in earlier childhood, there is the theoretical possibility that the duration of the inflammatory
response may be longer than for those individuals who acquired infection in adulthood, increasing the risk of downstream
inflammatory sequelae. Since the UKB HCMYV data are based on a cross-sectional sample in time, the age at infection is
unknown. However, the depth and breadth of data available from UKB offer an opportunity to explore different models
assuming different ages of exposure that can be defined using careful selection of covariates through direct acyclic graphs
(DAGs). DAGs demonstrate interactions within biological systems, comprising variables (exposure, outcome of interest and
biological and socioeconomic factors) and arrows that depict known or researcher-hypothesized causal relationships between
the variables. Analysing relationships between the variables in DAGs can assist researchers in adjusting their analysis to limit
bias. Confounding variables are associated with both exposure and outcome of interest, so should be adjusted for, while
mediators lie on the path between exposure and outcome, so should not be controlled for. Furthermore, inclusion of variables,
such as smoking status, can be questioned, even if they are both associated with HCMV and CVD risk. Even if smoking is
associated with HCMYV risk, there is a biological plausibility that smoking may be a collider, associated causally with CVD risk
but only associated through other correlated risks with HCMYV risk.

Here, we present an updated analysis of UKB data on HCMV and CVD and all-cause mortality endpoints, using a larger
number of accrued events. Furthermore, we have explicitly modelled different variables as either confounders or mediators
using DAGs, attempting to determine whether HCMV exposure in childhood or adulthood may contribute to later disease or
mortality outcomes and examining the differential effect of including or stratifying by age and smoking status in testing for
HCMV chronic disease risk.

2. Methods

(a) Population

Participants were selected from the UKB, a prospective population-based cohort study following middle-aged to older adults
recruited between 2006 and 2010. Approximately, 9.2 million adults aged 40-69 years at the time and living within 25 miles
of one of the 22 baseline assessment centres were mailed invitations to join the study, recruiting just over 500 000 participants.
Detailed lifestyle, environment and medical history for each patient were assessed through questionnaires and verbal inter-
views. Participants also underwent physical tests and had samples taken of blood, urine and saliva. One lakh participants were
then invited to re-attend centres from 2012 to 2013 to be assessed again, of which 20 000 attended. Ethical approval for the study
was provided by the National Information Governance Board for Health and Social Care and the National Health Service North
West Multicentre Research Ethics Committee [21]. Analysis for this work was undertaken as part of Project 43920.

(b) HCMV serostatus assessment

Baseline serum samples from 9724 UKB participants were selected at random in July 2016 to undergo multiplex serology
testing, measuring immunoglobulin G (IgG) antibody responses to specific antigens from 20 infectious agents of interest. Three
HCMYV antigens (pp28, pp52 and ppl150 N terminus) were included within the serology panel, with HCMV seropositivity



defined by antibody response median fluorescence intensity (MFI) exceeding a threshold value [22] for at least two out of the n
three HCMV antigens.

Three HCMYV antigens were included in the serology panel (HCMV pp28, pp52 and pp150 N terminus), of which antibody
levels to HCMV pp28 were selected as the best measure; pp28 results had a sensitivity of 97% and specificity of 99% versus
serostatus according to the gold-standard monoplex HCMYV assay [22]. As described in Hamilton et al. [20], the seroreactivity
threshold for pp28 was set in the gap between the bimodal normal distributions when raw pp28 titres were natural log-trans-
formed. This threshold was set at a natural log-transformed MFI of 6.0. Seropositive patients (In pp28 > 6.0) were then
categorized into low (6.0-7.3), medium (7.4-7.9) and high (>8.0) tertiles. pp28 antibody levels were also compared between
baseline and repeat measurement with regression calculations.

(c) Measuring cardiovascular outcomes

Inpatient diagnoses were derived from Hospital Episode Statistics for England, Scottish Morbidity Record for Scotland and
Patient Episode Database for Wales [23]. CVD was defined as the presence of International Classification of Diseases (ICD)
codes corresponding to IHD or stroke. ICD-9 codes (430, 431, 434, 436 for IHD and 410, 411, 412, 413, 414 for stroke) were used
to record diagnoses prior to 1996 and ICD-10 codes (120, 121, 122, 123, 124 and 125 for IHD and 160, 161, 163, 164 for stroke) for
diagnoses from 1996 onwards.

(d) Measuring mortality

CVD- and all-cause mortality were defined using death registry records from the National Health Service Digital for England
and Wales, and the Information and the Statistics Division for Scotland. Deaths where the primary cause of death was listed as
an external factor, e.g. car accidents or surgical procedures (ICD-10 codes V-Y, n = 24), were excluded.
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(e) Covariates

We selected covariates associated with both HCMV serostatus and incident CVD (and mortality) in order to minimize bias
caused by confounding factors, including both socioeconomic and health-related measures. Socioeconomic status [24,25] (USA
reference) was estimated by the Townsend deprivation score (UK Biobank Field ID: 189), assigned at recruitment to patients
based on their home postcode (see [26]). The touchscreen questionnaire on initial assessment provided information on ethnicity
[25,27] (Field ID: 21000), level of education [25] (Field ID: 6138), diabetes status [28] (Field ID: 2443 for self-reported diabetes),
smoking status [29] (Field ID: 20116) and alcohol consumption [30] (Field ID: 1558), all of which are recognized to predict both
risk of HCMYV infection, CVD and all-cause mortality. Body mass index (BMI) [31] (Field ID: 21001) and systolic blood pressure
(Field ID: 4080) were measured during the physical examination. C-reactive protein (mgl™), low-density lipoprotein (mmol
I") and triglyceride levels (mmol1™") were measured from blood samples using multiple immunoassay and clinical chemistry
analysers tested and calibrated to internationally recognized standards. Diabetes status was also assessed through measurement
of HbAlc; participants were classified as diabetic if they reported diabetes diagnosed by a doctor, or their measured HbAlc
exceeded 48 mmol mol™. Use of aspirin, blood pressure medication or cholesterol medication was hypothesized to be confound-
ers when testing for HCMV serostatus with C-reactive protein (CRP) and CVD or all-cause mortality, replicating analyses
completed in the NHANES-III study [7].

Complete case analysis (excluding participants with any missing relevant data) was used for continuous variables, while
missing data, "prefer not to answer' or 'do not know' responses were included as an additional category in categorical variables.
Overall proportions of missing data were low: <0.7% for categorical variables and <1.6% for continuous variables.

We developed two DAGs (see figure 1) linking exposure to HCMV during either childhood or later in adulthood in order
to determine in each which covariates were confounders (and hence should be adjusted for) and which were mediators (on
the pathway between exposure and outcome) and should not be adjusted for. Assuming infection in childhood, given the
hypothesized inflammatory mechanism by which HCMV causes pathology, factors that could lie on the causal inflammatory
pathway (hypertension, CRP, low-density lipoprotein (LDL), triglycerides) and those modifying them (blood pressure medi-
cation, cholesterol-lowering medication, aspirin) should not be adjusted for. For this model, we considered socioeconomic
factors such as Townsend deprivation score and education, alongside smoking and alcohol consumption, to be intrinsically
associated with socioeconomic status at birth and during childhood; therefore, they can be assumed to be fixed pre-birth and
are valid confounders to adjust for. Assuming infection later in adulthood, we considered some of the possible mediators of
HCMYV pathology (hypertension, CRP, LDL, triglycerides, aspirin, blood pressure medication and cholesterol medication) to
be fixed pre-infection (more likely to be caused by obesity, etc.). According to the adulthood model DAG, no directional path
exists between HCMV exposure and CVD via any of hypertension, CRP, LDL or triglycerides; instead, each is independently
associated with the outcome (CVD or all-cause mortality). Adjusting for these factors in the adulthood model therefore does
not introduce collider bias according to our DAG, but instead reduces variance in the outcome and increasies the precision
of results. Similarly, we hypothesized that use of aspirin, blood pressure medication or cholesterol medications again was not
causally linked to HCMV exposure, and there was no path on the DAG runs from HCMV exposure to the outcome via use of
these medications; therefore, we could adjust for these in our adulthood model to increase precision in results without risking
collider bias.



For each individual participant in the UKB, it is not possible to determine when they were infected with HCMYV, so the n
results of applying each model to the whole cohort can demonstrate the effects of adjusting for additional confounders except
for length of time since first defined as seropositive against HCMV.

Given that this DAG approach attempted to model exposure risks based on possible age of exposure, we further explored the
effect of stratifying the participants by age categories. We also explored the effect of stratifying analyses into groups of smokers
and non-smokers.

(f) Statistical analysis

Comparing HCMV serostatus at baseline and at reassessment for the subset of participants selected to re-attend assessment
centres provided data on the validity of assuming that HCMV serostatus remained constant throughout the study. Additionally,
variability of HCMV antibody levels was determined by comparing baseline and reassessment data.

Cox proportional-hazards models were used to estimate hazard ratios (HRs) and 95% confidence intervals for developing
incident CVD and all-cause mortality by HCMV serostatus. Separate models were performed with IHD, stroke and all-cause
mortality as outcomes. Follow-up time was measured in person-years at risk from the date of first recruitment until the date
of the first diagnosis of CVD or IHD (or all-cause mortality), date of death, date of last hospital admission (30 September 2021
for England and Wales, 31 October 2021 for Scotland: beyond which data are incomplete), whichever came first. Testing the
proportional-hazards assumption using the cox.zph() function in R (https://www.rdocumentation.org/packages/survival/ver-
sions/3.8-3/topics/cox.zph) showed no significant violations of the assumption, except for the small number of participants who
chose not to answer/did not know whether they took either antihypertensive or cholesterol-lowering medication.

Risk of incident CVD is significantly increased in patients who have previously had IHD or a stroke event [32,33]; therefore,
the models measuring CVD events (and IHD and stroke individually) as outcomes were repeated when including and when
excluding those participants with prevalent CVD at baseline.

Minimally adjusted models with only age (age at recruitment, in years) and sex as confounders were first tested. Addi-
tional sociodemographic and clinical confounders were added to fully adjusted models. Fully adjusted models assuming
childhood infection with HCMV controlled for ethnicity (white, non-white), Townsend deprivation score (categorized into
tertiles), education level (higher education, secondary school or no education), smoking (never, previous, current), alcohol
intake (frequent [weekly or daily], occasional, never drinkers), aspirin use (no, yes), anti-hypertensive medication use (no, yes)
and cholesterol-lowering medication use (no, yes). Fully adjusted models assuming adult infection additionally included BMI
(kg m™), systolic blood pressure (mmHg), LDL (mmoll™) and triglyceride levels (mmol1™?) as confounders. As described in
Hamilton et al. [20], it is not clear whether CRP acts as a mediator or confounder between HCMV and incident CVD and
all-cause mortality; for this analysis, we considered it to be fixed pre-infection for the adult infection model.

Research implicating HCMYV infection in the development of type 1 and type 2 diabetes using cohorts at different stages of
life [34-37] suggests that diabetes may be a mediator in the relationship between HCMYV infection and incident CVD or all-cause
mortality; therefore, it was not controlled for in our fully adjusted models.

Smoking is a considerable risk factor for CVD and all-cause mortality; therefore, the hypothesized atherosclerotic effects of
HCMYV could be associated with an increased hazard ratio (HR) in smokers. We separated participants into smokers (current or
previous) and never smokers, applying the survival models to each.

Statistical analysis was performed in R (v. 2023.06.0 + 421) (https://dailies.rstudio.com/version/2023.06.0+421.pro1/) and
statistical significance was defined at p < 0.05.
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3. Results

Participants (n = 9724) were selected at random to have their samples assayed for antibodies against 20 infectious agents,
of which 101 samples were not valid or no longer available for data analysis, and 258 participants only had resurvey data
and were therefore excluded. Furthermore, 625 participants had prevalent CVD at baseline. The model assuming infection in
childhood adjusted for no continuous variables, resulting in a final sample of 8740 participants. The model assuming infection
in adulthood included continuous variables as confounders, for which 377 participants lacked some data and therefore were
excluded, leaving 8362 participants with complete data for analysis.

Of the 8740 participants, 57.7% (5040) were HCMV seropositive at baseline. The HCMV seronegative group contained a
younger, slightly more male, less ethnically diverse, less deprived and better educated population compared with the seropos-
itive group (see table 1). The seronegative group members were also less likely to smoke or drink alcohol, and had lower
systolic blood pressure, aspirin, anti-hypertensive or cholesterol-lowering medication use. There was no significant difference in
baseline average LDL, triglyceride or CRP levels.

Over a mean follow-up period of 12.7 years, 853 CVD events were reported over the period (1386 if including
participants who had prevalent CVD at baseline), of which 190 were fatal events. This included 731 IHD events and 188
stroke events separately. This was an increase of 227 CVD events when compared with the previous analysis of this data
[20].

Testing for an association between HCMYV seropositivity and incident CVD events, an unadjusted Cox proportional-haz-
ards model demonstrated an increased risk (HR 1.21, 95% CI 1.05-1.39, p = 0.0068) associated with seropositivity. However,
significance was lost when adjusting for age and sex (HR 1.10, 95% CI 0.96-1.26). An exploratory model adjusting for sex
alone generated a slightly higher HR (1.24, 95% CI 1.08-1.42) compared with the unadjusted model. When the two separate
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Figure 1. Directed acyclic graphs (DAGs) depicting the relationships between variables in the adulthood (a) and childhood (b) infection models,respectively. Variables
with similar interactions are grouped together to improve the readability of the graph. Graphs produced in DAGitty (https://www.dagitty.net/). BMI, body mass index;
CVD, cardiovascular disease; BP, blood pressure; LDL, low-density lipoprotein levels; TG, triglyceride levels; CRP, C-reactive protein

models were applied and further adjusted for different health-related and sociodemographic confounders, assuming either
infection in childhood or adulthood, no association was any longer apparent in either of them (adulthood: HR 1.00, 95% CI
0.86-1.15; childhood HR 1.03, 95% CI 0.89-1.19). Unadjusted models on risk of IHD individually also demonstrated a significant
association with HCMV seropositivity (HR 1.22, 95% CI 1.05-1.42), trending to null when adjusting for age and sex (HR 1.13,
95% CI 0.97-1.31) and in the adulthood or childhood infection models, as shown in table 2. Applying the analysis on stroke
events individually showed no significance for unadjusted, minimally adjusted, or fully adjusted models. Figure 2 includes
Nelson-Aalen graphs displaying difference in cumulative hazard between seropositive and seronegative groups, and Forest
plots demonstrating the HRs associated with HCMYV seropositivity for each model and each outcome.

Sensitivity analyses including applying the models without excluding patients who had prevalent CVD at baseline resulted
in very similar observations. Fully adjusted HRs in both adulthood and childhood infection models showed no significant
association between HCMV seropositivity and total CVD events (adulthood: 0.97, 95% CI 0.87-1.09; childhood: 1.03, 95% CI
0.92-1.15), including when IHD or stroke were the measured outcomes.

Results for all-cause mortality as the measured outcome mirrored those of total CVD, IHD and stroke: unadjusted HR 1.25
(95% CI 1.09-1.44), minimally adjusted HR 1.06 (95% CI 0.92-1.23), fully adjusted HRs 1.00 (95% CI 0.86-1.16) (adulthood), 1.01
(95% CI0.87-1.17) (childhood).

Increased age (measured as age at recruitment) is associated with both HCMYV seropositivity and CVD, as shown in this
cohort (mean age of seropositive group: 57.46, mean age of seronegative group: 55.23; mean age of participants who have had a
CVD event: 60.00, mean age of participants who have not had a CVD event: 55.72).

Stratifying participants into three categories based on age at recruitment demonstrated significant variations in calculated
HRs (applying the fully adjusted models) across the age categories. Among the 40-49-year-old cohort, HCMV seropositivity
was significantly associated with total CVD events (adulthood: HR 1.67, 95% CI 1.07-2.62; childhood: HR 1.54, 95% CI
0.99-2.38), while no significant results were shown in either the 50-59 or 60-70-year-old categories (full results in table 3).
Estimated HRs calculated for all-cause mortality showed no significant results. It was noted that there were small numbers of
outcomes (90 CVD events and 52 all-cause deaths) in the 40-49-year-old age category.

Investigating the risk of CVD events or all-cause mortality associated with HCMV seropositivity in smokers (current or
previous) versus never smokers demonstrated a raised HR in smokers for both adulthood and childhood infection models in
both CVD and all-cause mortality; however, this was not statistically significant in any model (see table 4).

HRs associated with total CVD events for low, medium and high HCMYV antibody titre tertiles, respectively, were 0.98 (95%
CI 0.81-1.19), 1.10 (95% CI 0.91-1.33), 0.99 (95% CI 0.81-1.20) for the adulthood model (p for trend according to Schoenfeld
residuals = 0.55) and 1.03 (95% CI 0.86-1.25), 1.16 (95% CI 0.96-1.39), 1.00 (0.82-1.21) for the childhood model (p for trend =
0.44). No significant relationship was found between HCMV antibody titre tertile and all-cause mortality: HRs generated for
low, medium and high tertiles, respectively, were 0.95 (95% CI 0.78-1.16), 1.10 (95% CI 0.90-1.34) and 1.11 (95% CI 0.91-1.34) for
the adulthood model and 0.96 (95% CI 0.79-1.17), 1.09 (95% CI 0.90-1.32) and 1.11 (95% CI 0.91-1.34) for the childhood model
(see table 5).

4. Discussion

This study investigated whether HCMV seropositivity (indicating past infection with HCMV) was associated with incident
CVD, IHD and stroke individually, or all-cause mortality in a middle- to older-aged UK-based cohort of roughly 8700 partici-
pants, specifically accounting for the role of important variables through DAGs. Our results suggest that HCMV seropositivity
is not significantly associated with an increased risk of CVD, IHD, stroke or all-cause mortality when adjusting for various
relevant sociodemographic and health-related factors. Given the challenge in accounting for the unknown age of acquisition of
HCMYV, we used an alternative approach to those used previously, adjusting for additional covariates that could be considered
confounders assuming HCMYV infection in adulthood rather than childhood, including CRP, LDL and triglyceride levels.
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Table 1. Baseline characteristics of the cohort, the HCMV seronegative group and the HCMV-seropositive group. IQR, interquartile range.

characteristics overall population (n = HCMV seronegative (1= HCMV seropositive (n =

3700, 42.3%) 5040, 57.7%)

age (years; mean, s.d.) .5 (8. 55.2(8.3)

deprivation

education level

Overall, these analyses did not demonstrate any further significant deviation from a null effect of HCMV on risk of CVD, IHD,
stroke or all-cause mortality. Repeating the same analysis when including participants who had prevalent CVD at baseline
also did not show any significance for CVD, IHD or stroke as outcomes. The only analysis that appeared to demonstrate an
association between HCMV and CVD was the age-stratified analysis, where the younger 40-49-year-old strata (at recruitment)
exhibited a greater risk of CVD events in the HCMV-exposed group; however, the total number of events in this group was low,
and there is a risk of this being a false-positive association owing to the number of independent associations tested.

Our analyses of antibody titre tertiles (low, medium or high) did not show any evidence for association with risk of
developing CMV, IHD, stroke, or all-cause mortality compared with seronegative individuals when adjusting for relevant
confounders. Furthermore, we observed no consistent trend across the tertiles; however, the number of events per tertile was
low, widening the 95% CIL.

The lack of a significant association between HCMYV seropositivity and CVD events in our study mirrors the results of
several studies discussed in Wang et al. [8], a meta-analysis of 10 prospective cohort studies totalling 34 564 participants and
4789 CVD patients. The complete meta-analysis calculated an overall relative risk of 1.22 (95% CI 1.07-1.38) for CVD events in
HCMV-seropositive versus seronegative individuals; however, the meta-analysis acknowledged the inclusion of studies with
possible selection bias and limited control for confounding variables. Four of the studies only measured cardiovascular death
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Table 2. Hazard ratios and 95% confidence intervals calculated for HCMV-seropositive participants compared with seronegative participants for each outcome using

unadjusted, minimally adjusted or fully adjusted Cox proportional-hazards models (adulthood (A) or childhood (C) infection model for fully adjusted models).

outcome model HR (95% Cl)

total CVD events unadjusted 1.21(1.05-1.39)
(853)

[HD events
(704)

stroke events
(188)

all-cause mortality
(811)

as their outcome [7,38-40], of which two [38,40] reported significant increases in risk of CVD for seropositive participants only
adjusted for sex and/or age. Three of the included studies [41-43] were performed in participants known to either have CVD at
baseline or be at considerable risk of developing it.

Our results did not show any significant relationship between HCMV seropositivity and specifically IHD or stroke as
outcomes, matching the results shown in a search of the literature. Wang et al. [8] reported a pooled relative risk of 1.16 (95% CI
0.95-1.42) for specifically IHD across the three included studies [17,41,42] that measured it as an outcome, although the quality
of evidence was reported as ‘very low” according to GRADE (Grading of Recommendations, Assessment, Development and
Evaluation) guidelines. An additional three studies [44—46] reported a non-significant increase in risk of incident IHD associated
with HCMYV seropositivity, while four others [47-50] calculated a non-significant decrease in risk of incident IHD. Considering
stroke as the outcome, Wang et al. [8] reported a pooled relative risk of 1.16 (95% CI 0.67-2.01) from the three included studies
[41,42,51] that measured it as an outcome, although the quality of evidence was again ‘very low’. A meta-analysis [52] of 12
studies reported no significant association between HCMYV IgG seropositivity and risk of incident stroke, calculating summary
estimates of 1.40 (95% CI 0.67-2.01) for the six case—control studies and 1.01 (95% CI 0.73-1.39) for the six cohort studies. This
evidence was also of very low quality despite the large number of total participants (7424, including 1143 cases of stroke), as 10
out of the 12 included studies had a high risk of bias in one of sufficient adjustment for confounders, selection of participants
or reverse causation; in 6 of the 12 studies, HCMYV seropositivity was determined post-stroke and 5 out of the 6 case-control
studies were retrospective rather than nested in design, giving lesser significance to their overall effect estimate.

Our findings showing no significant association between HCMYV seropositivity and all-cause mortality were not consistently
replicated throughout the literature. Simanek et al. [7] reported an increased risk of all-cause mortality in HCMV-seropositive
participants (HR 1.19, 95% CI 1.01-1.41) in a large (14 153 participants) nationally representative population of adults >25 years
of age within the USA, even when adjusting for age, gender, race/ethnicity, country of origin, education level, BMI, smoking
status and diabetes status. Further adjusting for CRP level did not attenuate the risk associated with HCMV seropositivity. This
study, however, did not mention excluding participants with prevalent CVD and did not adjust specifically for socioeconomic
status (e.g. Townsend score, as we used for the UK). Its population was considerably younger (mean age 46.5 years), with a
seronegative group that was significantly younger, more male, White, originating in the USA, higher educated, with a lower
BMI and less diabetic compared with its seropositive group, additionally reporting a significantly lower CRP level in the
seronegative group. The significant relationship (although with a small number of events) shown between HCMYV seropositivity
and total CVD events in the 40-49-year-old strata within our study, however, does correlate with the results of Simanek ef al.
[7] (which has a similar average age of cohort): this suggests that HCMV exposure may be associated with CVD outcomes in
younger individuals, although the effect is lost in older age. Another large cohort study of participants aged 40-79 years in the
UK reported an association between HCMYV seropositivity and all-cause mortality (HR 1.12, 95% CI 1.02-1.23) when adjusting
for relevant confounders [17]. Two studies among older White populations in Northern Europe, however, did not show a
significantly increased risk of all-cause mortality in HCMV-seropositive participants: in 10122 White community-dwelling
adults in the Netherlands and Denmark, they estimated HR 1.00, 95% CI 0.82-1.21 when adjusting for relevant confounders [18],
and in 549 participants in Belgium: unadjusted HR 1.17, 95% CI 0.77-1.71 [19].

We did not find any significant dose-response relationships between HCMV antibody titre and either CVD or all-cause
mortality as outcomes. Some evidence from the literature suggests that high antibody titre levels are associated with increased
risk of CVD events and all-cause mortality. Gkrania-Klotsas et al. [53] calculated an increased risk of IHD events among the
highest IgG antibody tertile of HCMV-seropositive participants compared with seronegative (HR 1.21, 95% CI 1.04-1.41), even
when adjusting for relevant confounders. Several studies reported an increased risk of all-cause mortality in HCMV-seropos-
itive participants with the highest IgG tertile [17,19] compared with seronegative, and Lee et al. [54] showed a significant
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Figure 2. Cumulative hazard graphs (a) and forest plots (b) for all measured outcomes. Red dashed vertical line demonstrates a hazard ratio of 1.0.

Table 3. Hazard ratios and 95% confidence intervals calculated (using adulthood (A) or childhood (C) infection model for fully adjusted models) for risk of total CVD
events in seropositive participants versus seronegative participants categorized into groups based on age at recruitment.

age category (years) HR (95% Cl)

4049 A:1.67 (1.07-2.62), C: 1.54(0.99—2.38)
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Table 4. Hazard ratios and 95% confidence intervals calculated (using adulthood (A) or childhood (C) infection model for fully adjusted models) for risk of total CVD n
events and all-cause mortality in seropositive participants versus seronegative categorized into groups based on smoking status: smokers (current or previous) or never
smokers.

outcome smoker/non-smoker HR (95% Cl)

total CVD events non-smokers A:0.92 (0.74—1.13), ¢: 0.98 (0.80—1.20

smokers A:1.08 (0.88—1.33), (: 1.10 (0.90—1.34

all-cause mortality non-smokers A:0.90 (0.72—1.14), ¢: 0.93 (0.74—1.17

smokers A:1.07 (0.87—1.31), (: 1.06 (0.87—1.28
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Table 5. Hazard ratios and 95% confidence intervals calculated (using adulthood (A) or childhood (C) infection model for fully adjusted models) for risk of total CVD
events and all-cause mortality in seropositive participants stratified based on natural log of anti-HCMV pp28 IgG antibody titre (low = 6.0-7.3, medium = 7.4-7.9,
high > 8.0).

outcome antibody tertile HR (95% Cl)

total CVD events low A:0.98 (0.81—1.19), C: 1.03 (0.86—1.25)
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association between HCMYV antibody levels (using a survival model with HCMV antibody as a continuous variable) and all-
cause mortality (HR 1.04, 95% CI 1.00-1.07).

Our study has a large sample size, with an additional 2-3 years of follow-up compared with Hamilton et al. [20] including an
increase of 227 total CVD events, 165 IHD events and 44 strokes (discrepancy in addition owing to exclusion of all participants
with prevalent CVD at baseline in stroke analysis as opposed to solely excluding those with previous strokes in the former
analysis). The UKB has extensive and accurate data enabling us to control for confounding variables in our models without
losing any significant number of participants owing to missing data. Measurement of HCMV serostatus via the multiplex
serology panel also has high accuracy (specificity of 96.9% and sensitivity of 98.7% compared with the gold-standard reference
panels) [22]. The accuracy of hospital inpatient records for measuring CVD events in the UK has also been validated in Kivimaki
et al. [55].

Our use of different models adjusting for (or not adjusting for) various confounders that have a controversial role in any
possible association between HCMYV seropositivity and incident CVD or all-cause mortality, including CRP, is a considerable
strength of our study. The lack of significant association between HCMV seropositivity and either CVD (including any of its
subtypes) or all-cause mortality for the main analyses, even when excluding or including participants with prevalent CVD
at baseline, lends further weight to the suggestion that HCMV-seropositive individuals are at no higher risk of any of the
measured outcomes than seronegative individuals, when adjusting for relevant confounders.

Although our cohort is large and of comparable size to the largest cohorts in the literature, it has several limitations. First,
the UKB population is significantly affected by volunteer bias, consisting of an older, more female, less ethnically diverse cohort
living in less socioeconomically deprived areas than the eligible population [56]. Participants were less likely to be obese or
smoke, with a lower prevalence of self-reported health conditions including CVD, hypertension, diabetes and chronic kidney
disease compared with the general population [56]. HCMV seroprevalence is associated with non-White ethnicity [57,58] and
lower socioeconomic status (in studies in the USA [25] and from measurents of HCMV IgG in the Netherlands [59]), therefore,
may be lower in the UKB population than in the general population. The lower prevalence of CVD and HCMYV in our cohort
compared with the general population could introduce collider bias in our analysis and risk generating a null in-sample
association, especially if the association between HCMV and CVD events is weak: e.g. if HCMV and CVD were associated with
a Pearson’s correlation coefficient of 0.2 in the general population, even selecting just 5% of participants with a lower risk of
both characteristics would result in no significant association between them within the study [60]. Our cohort of under 9000
participants may still be too small for our study to have sufficient power to detect any small effect size of HCMYV seropositivity
on CVD or all-cause mortality.

One of the challenging limitations with both our work and the work of others in this field is the inability to determine when
participants became infected with HCMV. Acute HCMYV infection is usually asymptomatic or indistinguishable from other mild,
acute viral infections. This means that there will always be an unknown duration of prior infection status for individuals testing
positive for HCMV exposure at the cross-sectional timepoint and also an unknown state of seroconversion in those individuals
defined as seropositive at the cross-sectional timepoint. However, we would expect that the combination of a large sample
size, alongside variable age of participants tested at the cross-sectional timepoint and our analyses specifically adjusting for
age through stratification should attempt to account for this issue. This unknown timing of infection does mean that we are



unable to apply our adulthood and childhood infection models with relevant confounders, specifically depending on their time
of infection. The possible inflammatory mechanism by which HCMV could influence the development of CVD or all-cause
mortality would imply that the length of carriage of the virus would predict risk of the measured outcomes; however, as we
cannot determine this from the data, we are unable to adjust for it as a confounder in our analyses. Data from other cohorts with
a wider spectrum of age of recruitment and more longitudinal sampling would help address this issue.

Our analysis of all-cause mortality as the outcome excludes deaths owing to external causes such as accidents; however,
possible HCMV-related mortality is likely under-represented as participants may die of other causes before any HCMV-related
pathology.

In conclusion, our study continues to demonstrate that, even after careful consideration of covariates, there is little evidence
that HCMYV exposure increases the risks of CVD or all-cause mortality. However, as existing datasets expand in size and new
studies with an increased emphasis on minimizing recruitment bias are acquired, we should continue to ask this question
because the current datasets may simply be underpowered to detect an effect, especially if effects are limited to specific subsets
of participants such as those acquiring CMV at a younger age, as suggested in our 40-49-year-old age strata (albeit with
only 90 CVD events) and Simanek et al. [7] (with an average age of 46.5 years). The Multiplex Serology technology used to
measure HCMV in UKB is now being applied to an additional 50 000 UKB participants, and the hope is to apply it to all
500 000 participants, as well as other prospective cohorts in China [61], Mexico [62] and Africa [63]. Altogether, if confirmed,
such studies could inform the deployment of HCMV vaccines that are currently targeting prevention of congenital infection
through maternal vaccination, which may instead be targeted at younger ages to be of benefit to reducing unexpected diseases
such as CVD. Future research should also investigate the association of HCMV with other significant disease processes such as
cancer [9] and vaccine responses [64] using large databases like the UKB, especially as larger amounts of serology data become
available.

Ethics. Ethical approval is provided for use of U.K. Biobank data: https://www.ukbiobank.ac.uk/learn-more-about-uk-biobank/about-us/ethics.
Data accessibility. All summary statistics are provided in tables in the manuscript. Raw data are available to all qualified researchers through
application to UK Biobank https://www.ukbiobank.ac.uk/. Code is available as supplementary material.

Supplementary material is available online [65].
Declaration of Al use. We have not used Al-assisted technologies in creating this article.
Authors” contributions. R.D.: formal analysis, investigation, methodology, visualization, writing—original draft, writing—review and editing; A.C.:
formal analysis; E.H.: methodology, writing—review and editing; T.L.: methodology, writing—review and editing; J.K.: funding acquisition,
methodology, writing—review and editing; S.K.: methodology, writing—review and editing; P.K.: funding acquisition, methodology, writing
—review and editing; A.M.: conceptualization, funding acquisition, methodology, project administration, supervision, writing—review and
editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no competing interests.
Funding. PK. has received funding from the Wellcome Trust (grant no. 222426/7/21/Z) J.CK. has received support from a Wellcome Trust
Investigator Award (grant no. 204969/Z/16/Z) and NIHR Oxford Biomedical Research Centre. The authors also wish to acknowledge Janssen
collaboration funding (R67180/AA001).

References

1. Vyse AJ, Hesketh LM, Pebody RG. 2009 The burden of infection with cytomegalovirus in England and Wales: how many women are infected in pregnancy? Epidemiol. Infect. 137,
526-533. (doi:10.1017/50950268808001258)

2. Zuhair M, Smit GSA, Wallis G, Jabbar F, Smith C, Devleesschauwer B, Griffiths P. 2019 Estimation of the worldwide seroprevalence of cytomegalovirus: a systematic review and
meta-analysis. Rev. Med. Virol. 29, €2034. (doi:10.1002/rmv.2034)

3. Manicklal S, Emery VC, Lazzarotto T, Boppana SB, Gupta RK. 2013 The ‘silent’ global burden of congenital cytomegalovirus. Clin. Microbiol. Rev. 26, 86—102. (doi:10.1128/cmr.
00062-12)

4. (riffiths P, Reeves M. 2021 Pathogenesis of human cytomegalovirus in the immunocompromised host. Nat. Rev. Microbiol. 19, 759—-773. (doi:10.1038/541579-021-00582-z)

5. Ljungman P et al. 2017 Definitions of cytomegalovirus infection and disease in transplant patients for use in clinical trials. Clin. Infect. Dis. 64, 87-91. (doi:10.1093/cid/ciw668)

6. Chiopris G, Veronese P, Cusenza F, Procaccianti M, Perrone S, Dacco V, Colombo C, Esposito S. 2020 Congenital cytomegalovirus infection: update on diagnosis and treatment.
Microorganisms 8, 1516. (doi:10.3390/microorganisms8101516)

7. Simanek AM, Dowd JB, Pawelec G, Melzer D, Dutta A, Aiello AE. 2011 Seropositivity to cytomegalovirus, inflammation, all-cause and cardiovascular disease-related mortality in the
United States. PLoS One 6, €16103. (doi:10.1371/journal.pone.0016103)

8. Wang H, Peng G, Bai J, He B, Huang K, Hu X, Liu D. 2017 Cytomegalovirus infection and relative risk of cardiovascular disease (ischemic heart disease, stroke, and cardiovascular
death): a meta-analysis of prospective studies up to 2016. J. Am. Heart Assoc. 6, €005025. (doi:10.1161/jaha.116.005025)

9. Samanta M, Harkins L, Klemm K, Britt WJ, Cobbs CS. 2003 High prevalence of human cytomegalovirus in prostatic intraepithelial neoplasia and prostatic carcinoma. J. Urol. 170,
998-1002. (doi:10.1097/01.ju.0000080263.46164.97)

10. YuG HeS, Zhu W, Ru P, Ge X, Govindasamy K. 2023 Human cytomegalovirus in cancer: the mechanism of HCMV-induced carcinogenesis and its therapeutic potential. Front. Cell.
Infect. Microbiol. 13,1202138. (doi:10.3389/fcimb.2023.1202138)

1. LvYLetal. 2020 Cytomegalovirus infection is a risk factor in gastrointestinal cancer: a cross-sectional and meta-analysis study. Intervirology 63, 10-16. (doi:10.1159/000506683)

12. Melnick JL, Petrie BL, Dreesman GR, Burek J, McCollum CH, DeBakey ME. 1983 Cytomegalovirus antigen within human arterial smooth muscle cells. Lancet 2, 644—647. (doi:10.
1016/50140-6736(83)92529-1)

13. Melnick JL, Hu C, Burek J, Adam E, DeBakey ME. 1994 (ytomegalovirus DNA in arterial walls of patients with atherosclerosis. J. Med. Virol. 42, 170-174. (doi:10.1002/jmv.
1890420213)

swoniz o w5t seuroiowomspiiorior [


https://www.ukbiobank.ac.uk/learn-more-about-uk-biobank/about-us/ethics
https://www.ukbiobank.ac.uk/
http://dx.doi.org/10.1017/S0950268808001258
http://dx.doi.org/10.1002/rmv.2034
http://dx.doi.org/10.1128/cmr.00062-12
http://dx.doi.org/10.1128/cmr.00062-12
http://dx.doi.org/10.1038/s41579-021-00582-z
http://dx.doi.org/10.1093/cid/ciw668
http://dx.doi.org/10.3390/microorganisms8101516
http://dx.doi.org/10.1371/journal.pone.0016103
http://dx.doi.org/10.1161/jaha.116.005025
http://dx.doi.org/10.1097/01.ju.0000080263.46164.97
http://dx.doi.org/10.3389/fcimb.2023.1202138
http://dx.doi.org/10.1159/000506683
http://dx.doi.org/10.1016/s0140-6736(83)92529-1
http://dx.doi.org/10.1016/s0140-6736(83)92529-1
http://dx.doi.org/10.1002/jmv.1890420213
http://dx.doi.org/10.1002/jmv.1890420213

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

3N

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Hendrix MG, Salimans MM, van Boven CP, Bruggeman CA. 1990 High prevalence of latently present cytomegalovirus in arterial walls of patients suffering from grade Il m

atherosclerosis. Am. J. Pathol. 136, 23-28.

DuY, Zhang G, Liu Z. 2018 Human cytomegalovirus infection and coronary heart disease: a systematic review. Virol. J. 15, 31. (doi:10.1186/512985-018-0937-3)

Huang X, Meng Y, Hu X, Zhang A, Ji Q, Liang Z, Fang F, Zhan Y. 2024 Association between cytomegalovirus seropositivity and all-cause mortality: an original cohort study. J. Med.
Virol. 96, €29444. (doi:10.1002/jmv.29444)

Gkrania-Klotsas E, Langenberg C, Sharp SJ, Luben R, Khaw KT, Wareham NJ. 2013 Seropositivity and higher immunoglobulin G antibody levels against cytomegalovirus are
associated with mortality in the population-based European prospective investigation of cancer—Norfolk Cohort. Clin. Infect. Dis. 56, 1421-1427. (doi:10.1093/cid/cit083)

Chen S et al. 2021 Associations of cytomegalovirus infection with all-cause and cardiovascular mortality in multiple observational cohort studies of older adults. J. Infect. Dis. 223,
238-246. (doi:10.1093/infdis/jiaa480)

Mathei C, Adriaensen W, Vaes B, Van Pottelbergh G, Wallemacq P, Degryse J. 2015 No relation between CMV infection and mortality in the oldest old: results from the Belfrail study.
Age Ageing 44, 130—135. (doi:10.1093/ageing/afu094)

Hamilton EM, Allen NE, Mentzer AJ, Littlejohns TJ. 2021 Human cytomegalovirus and risk of incident cardiovascular disease in United Kingdom Biobank. J. Infect. Dis. 225, 1179-
1188. (doi:10.1093/infdis/jiab364)

Allen N et al. 2012 UK Biobank: current status and what it means for epidemiology. Health Policy Technol. 1, 123—126. (doi:10.1016/j.hIpt.2012.07.003)

Brenner N et al. 2018 Validation of multiplex serology detecting human herpesviruses 1-5. PLoS One 13, €0209379. (doi:10.1371/journal.pone.0209379)

Best V, Akbari A, Bedston S, Davies G, Lowthian E, Lyons J, Torabi F, Lyons Ronan. 2022 Informing better use of Welsh hospital admissions data in the SAIL Databank: a review of the
clinical coding completeness and lag in the Patient Episode Database for Wales (PEDW)

Zhang YB, Chen C, Pan XF, Guo J, Li Y, Franco OH, Liu G, Pan A. 2021 Associations of healthy lifestyle and socioeconomic status with mortality and incident cardiovascular disease:
two prospective cohort studies. BMJ/ 373, n604. (doi:10.1136/bmj.n604)

Dowd JB, Aiello AE, Alley DE. 2008 Socioeconomic disparities in the seroprevalence of cytomegalovirus infection in the US population: NHANES III. Epidemiol. Infect. 137, 58—65.
(doi:10.1017/50950268808000551)

Tyrrell J et al. 2016 Height, body mass index, and socioeconomic status: mendelian randomisation study in UK Biobank. BMJ 352, i582. (doi:10.1136/bmj.i582)

Tookey PA, Ades AE, Peckham CS. 1992 Cytomegalovirus prevalence in pregnant women: the influence of parity. Arch. Dis. Child. 67, 779-783. (doi:10.1136/adc.67.7_spec_no.779)
Bertoni AG, Saydah S, Brancati FL. 2001 Diabetes and the risk of infection-related mortality in the U.S. Diabetes Care 24, 1044—1049. (doi:10.2337/diacare.24.6.1044)

Arcavi L, Benowitz NL. 2004 Cigarette smoking and infection. Arch. Intern. Med. 164, 2206—2216. (doi:10.1001/archinte.164.20.2206)

Trevejo-Nunez G, Kolls JK, de Wit M. 2015 Alcohol use as a risk factor in infections and healing: a clinician’s perspective. Alcohol Res. 37, 177-184.

Aronson D, Bartha P, Zinder 0, Kerner A, Markiewicz W, Avizohar 0, Brook GJ, Levy Y. 2004 Obesity is the major determinant of elevated C-reactive protein in subjects with the
metabolic syndrome. Int. J. Obes. 28, 674—679. (doi:10.1038/s].ij0.0802609)

Gunnoo T, Hasan N, Khan MS, Slark J, Bentley P, Sharma P. 2016 Quantifying the risk of heart disease following acute ischaemic stroke: a meta-analysis of over 50 000 participants.
BMJ Open 6, €009535. (doi:10.1136/bmjopen-2015-009535)

Sposato LA, Lam M, Allen B, Richard L, Shariff SZ, Saposnik G. 2020 First-ever ischemic stroke and increased risk of incident heart disease in older adults. Neurology 94, e1559—
€1570. (doi:10.1212/wnl.0000000000009234)

ChenS, JM de Craen A, Raz Y, Derhovanessian E, Vossen CTM A, Westendorp GJ R, Pawelec G, Maier AB. 2012 Cytomegalovirus seropositivity is associated with glucose regulation in
the oldest old. Results from the Leiden 85-plus Study. Immun. Ageing 9, 18. (doi:10.1186/1742-4933-9-18)

Hjelmesaeth J et al. 2004 Asymptomatic cytomegalovirus infection is associated with increased risk of new-onset diabetes mellitus and impaired insulin release after renal
transplantation. Diabetologia 47, 1550—1556. (doi:10.1007/500125-004-1499-z)

Aamisalo J, Veijola R, Vainionpd R, Simell O, Knip M, llonen J. 2008 Cytomegalovirus infection in early infancy: risk of induction and progression of autoimmunity associated with
type 1 diabetes. Diabetologia 51, 769—772. (doi:10.1007/500125-008-0945-8)

Yoo SG, Han KD, Lee KH, La Y, Kwon DE, Han SH. 2019 Impact of cytomegalovirus disease on new-onset type 2 diabetes mellitus: population-based matched case-control cohort
study. Diabetes Metab. J 43, 815-829. (doi:10.4093/dm}.2018.0167)

Savva GM, Pachnio A, Kaul B, Morgan K, Huppert FA, Brayne C, Moss PAH. 2013 Cytomegalovirus infection is associated with increased mortality in the older population. Aging Cell
12, 381-387. (doi:10.1111/acel.12059)

Roberts ET, Haan MN, Dowd JB, Aiello AE. 2010 Cytomegalovirus antibody levels, inflammation, and mortality among elderly Latinos over 9 years of follow-up. Am. J. Epidemiol.
172, 363-371. (doi:10.1093/aje/kwq177)

Spyridopoulos |, Martin-Ruiz C, Hilkens C, Yadegarfar ME, Isaacs J, Jagger C, Kirkwood T, von Zglinicki T. 2016 CMV seropositivity and T-cell senescence predict increased
cardiovascular mortality in octogenarians: results from the Newcastle 85+ study. Aging Cell 15, 389-392. (doi:10.1111/acel.12430)

Fagerberg B, Gnarpe J, Gnarpe H, Agewall S, Wikstrand J. 1999 Chlamydia pneumoniae but not cytomegalovirus antibodies are associated with future risk of stroke and
cardiovascular disease. Stroke 30, 299-305. (doi:10.1161/01.5tr.30.2.299)

Smieja M, Gnarpe J, Lonn E, Gnarpe H, Olsson G, Yi Q, Dzavik V, McQueen M, Yusuf S. 2003 Multiple infections and subsequent cardiovascular events in the heart outcomes
prevention evaluation (HOPE) study. Girculation 107, 251-257. (doi:10.1161/01.¢ir.0000044940.65226.1f)

Corrado E, Rizzo M, Tantillo R, Muratori |, Bonura F, Vitale G, Novo S. 2006 Markers of inflammation and infection influence the outcome of patients with baseline asymptomatic
carotid lesions: a 5-year follow-up study. Stroke 37, 482—486. (doi:10.1161/01.5TR.0000198813.56398.14)

Strachan D, Carrington D, Mendall M, Butland B, Sweetnam P, Elwood P. 1999 Cytomegalovirus seropositivity and incident ischaemic heart disease in the Caerphilly prospective
heart disease study. Heart 81, 248—251. (doi:10.1136/hrt.81.3.248)

Coles KA, Knuiman MW, Plant AJ, Riley TV, Smith DW, Divitini ML. 2003 A prospective study of infection and cardiovascular diseases: the Busselton health study. Fur. J. Cardiovasc.
Prev. Rehabil. 10, 278—282. (doi:10.1097/00149831-200308000-00010)

Siscovick DS et al. 2000 Chlamydia pneumoniae, herpes simplex virus type 1, and cytomegalovirus and incident myocardial infarction and coronary heart disease death in older
adults. Circulation 102, 2335-2340. (doi:10.1161/01.cir.102.19.2335)

Arcari (M, Gaydos CA, Nieto FJ, Krauss M, Nelson KE. 2005 Association between Chlamydia pneumoniae and acute myocardial infarction in young men in the United States military:
the importance of timing of exposure measurement. Clin. Infect. Dis. 40, 1123—-1130. (doi:10.1086/428730)

Ridker PM, Hennekens CH, Stampfer MJ, Wang F. 1998 Prospective study of herpes simplex virus, cytomegalovirus, and the risk of future myocardial infarction and stroke. Girculation
98, 2796—2799. (doi:10.1161/01.¢ir.98.25.2796)

SLYOYT0T 08€ g 20S Y suvij /”/c/ q‘i's'i'/'l'éwn5f/516'6u‘!‘q'é'!'l'dndﬂi5i55éleﬂéi


http://dx.doi.org/10.1186/s12985-018-0937-3
http://dx.doi.org/10.1002/jmv.29444
http://dx.doi.org/10.1093/cid/cit083
http://dx.doi.org/10.1093/infdis/jiaa480
http://dx.doi.org/10.1093/ageing/afu094
http://dx.doi.org/10.1093/infdis/jiab364
http://dx.doi.org/10.1016/j.hlpt.2012.07.003
http://dx.doi.org/10.1371/journal.pone.0209379
http://dx.doi.org/10.1136/bmj.n604
http://dx.doi.org/10.1017/s0950268808000551
http://dx.doi.org/10.1136/bmj.i582
http://dx.doi.org/10.1136/adc.67.7_spec_no.779
http://dx.doi.org/10.2337/diacare.24.6.1044
http://dx.doi.org/10.1001/archinte.164.20.2206
http://dx.doi.org/10.1038/sj.ijo.0802609
http://dx.doi.org/10.1136/bmjopen-2015-009535
http://dx.doi.org/10.1212/wnl.0000000000009234
http://dx.doi.org/10.1186/1742-4933-9-18
http://dx.doi.org/10.1007/s00125-004-1499-z
http://dx.doi.org/10.1007/s00125-008-0945-8
http://dx.doi.org/10.4093/dmj.2018.0167
http://dx.doi.org/10.1111/acel.12059
http://dx.doi.org/10.1093/aje/kwq177
http://dx.doi.org/10.1111/acel.12430
http://dx.doi.org/10.1161/01.str.30.2.299
http://dx.doi.org/10.1161/01.cir.0000044940.65226.1f
http://dx.doi.org/10.1161/01.STR.0000198813.56398.14
http://dx.doi.org/10.1136/hrt.81.3.248
http://dx.doi.org/10.1097/00149831-200308000-00010
http://dx.doi.org/10.1161/01.cir.102.19.2335
http://dx.doi.org/10.1086/428730
http://dx.doi.org/10.1161/01.cir.98.25.2796

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.
61.

62.
63.

64.

65.

Witherell HL, Smith KL, Friedman GD, Ley C, Thom DH, Orentreich N, Vogelman JH, Parsonnet J. 2003 C-reactive protein, Helicobacter pylori, Chlamydia pneumoniae, cytomegalovirus
and risk for myocardial infarction. Ann. Epidemiol. 13,170-177. (doi:10.1016/51047-2797(02)00276-4)

Ossewaarde JM, Feskens EJM, De vries A, Vallinga CE, Kromhout D. 1998 Chlamydia pneumoniae is a risk factor for coronary heart disease in symptom-free elderly men, but
Helicobacter pylori and cytomegalovirus are not. Epidemiol. Infect. 120, 93—99. (doi:10.1017/50950268897008303)

Elkind MSV, Ramakrishnan P, Moon YP, Boden-Albala B, Liu KM, Spitalnik SL, Rundek T, Sacco RL, Paik MC. 2010 Infectious burden and risk of stroke: the northern Manhattan study.
Arch. Neurol. 67, 33—-38. (doi:10.1007/archneurol.2009.271)

Forbes HJ et al. 2018 Association of herpesviruses and stroke: systematic review and meta-analysis. PLoS One 13, €0206163. (doi:10.1371/journal.pone.0206163)

Gkrania-Klotsas E, Langenberg C, Sharp SJ, Luben R, Khaw KT, Wareham NJ. 2012 Higher immunoglobulin G antibody levels against cytomegalovirus are associated with incident
ischemic heart disease in the population-based EPIC-Norfolk Cohort. J. Infect. Dis. 206, 1897—1903. (doi:10.1093/infdis/jis620)

Lee S, van den Berg N, Castley A, Divitini M, Knuiman M, Price P, Nolan D, Sanfilippo F, Dwivedi G. 2022 Long-term associations between human cytomegalovirus antibody levels
with all-cause mortality and cardiovascular outcomes in an Australian community-based cohort. Viruses 14, 2676. (doi:10.3390/v14122676)

Kiviméki M, Batty GD, Singh-Manoux A, Britton A, Brunner EJ, Shipley MJ. 2017 Validity of cardiovascular disease event ascertainment using linkage to UK hospital records.
Epidemiology 28, 735—739. (doi:10.1097/ede.0000000000000688)

Fry A, Littlejohns TJ, Sudlow C, Doherty N, Adamska L, Sprosen T, Collins R, Allen NE. 2017 Comparison of sociodemographic and health-related characteristics of UK Biobank
participants with those of the general population. Am. J. Epidemiol. 186, 1026—1034. (doi:10.1093/aje/kwx246)

Winter JR, Taylor GS, Thomas 0G, Jackson C, Lewis JEA, Stagg HR. 2020 Factors associated with cytomegalovirus serostatus in young people in England: a cross-sectional study. BMC
Infect. Dis. 20, 875. (doi:10.1186/512879-020-05572-9)

Pembrey L, Raynor P, Griffiths P, Chaytor S, Wright J, Hall AJ. 2013 Seroprevalence of (ytomegalovirus, epstein barr virus and varicella zoster virus among pregnant women in
Bradford: a cohort study. PLoS One 8, 81881. (doi:10.1371/journal.pone.0081881)

Hoes J, Boef AGC, Knol MJ, de Melker HE, Mollema L, van der Klis FRM, Rots NY, van Baarle D. 2018 Socioeconomic status is associated with antibody levels against vaccine
preventable diseases in the Netherlands. front. Public Health 6, 209. (doi:10.3389/fpubh.2018.00209)

Yates TA, Griffith GJ, Morris TT. 2022 Human cytomegalovirus and risk of incident cardiovascular disease in UK Biobank. J. Infect. Dis. 225, 1301-1302. (doi:10.1093/infdis/jiab571)
Yao P et al. 2022 Sero-prevalence of 19 infectious pathogens and associated factors among middle-aged and elderly Chinese adults: a cross-sectional study. BMJ Open 12, e058353.
(doi:10.1136/bmjopen-2021-058353)

Sohail M et al. 2023 Mexican Biobank advances population and medical genomics of diverse ancestries. Nature 622, 775-783. (doi:10.1038/541586-023-06560-0)

Motlhale M et al. 2023 Kaposi sarcoma-associated herpesvirus, HIV-1and Kaposi sarcoma risk in black South Africans diagnosed with cancer during antiretroviral treatment rollout.
Int. J. Cancer 152, 2081—2089. (doi:10.1002/ijc.34454)

Derhovanessian E, Theeten H, Hahnel K, Van Damme P, Cools N, Pawelec G. 2013 Cytomegalovirus-associated accumulation of late-differentiated (D4 T-cells correlates with poor
humoral response to influenza vaccination. Vaccine 31, 685—690. (doi:10.1016/j.vaccine.2012.11.041)

Doorly R et al. 2025 Supplementary material from: Acyclic Graphs to define models of relationships between human cytomegalovirus, cardiovascular disease and all-cause mortality
in UK Biobank. Figshare. (doi:10.6084/m9.figshare.c.8082184)

SLYOYT0T 08€ g 20S Y suvij /”/c/ di's'i'/'l'é'wn‘f‘i.f/’ﬁ'ib"6u“!‘q;!'ld'ndKi5i55§|EK5i E


http://dx.doi.org/10.1016/s1047-2797(02)00276-4
http://dx.doi.org/10.1017/s0950268897008303
http://dx.doi.org/10.1001/archneurol.2009.271
http://dx.doi.org/10.1371/journal.pone.0206163
http://dx.doi.org/10.1093/infdis/jis620
http://dx.doi.org/10.3390/v14122676
http://dx.doi.org/10.1097/ede.0000000000000688
http://dx.doi.org/10.1093/aje/kwx246
http://dx.doi.org/10.1186/s12879-020-05572-9
http://dx.doi.org/10.1371/journal.pone.0081881
http://dx.doi.org/10.3389/fpubh.2018.00209
http://dx.doi.org/10.1093/infdis/jiab571
http://dx.doi.org/10.1136/bmjopen-2021-058353
http://dx.doi.org/10.1038/s41586-023-06560-0
http://dx.doi.org/10.1002/ijc.34454
http://dx.doi.org/10.1016/j.vaccine.2012.11.041
http://dx.doi.org/10.6084/m9.figshare.c.8082184

	Acyclic graphs to define models of relationships between human cytomegalovirus, cardiovascular disease and all-cause mortality in UK Biobank
	1. Introduction
	2. Methods
	(a) Population
	(b) HCMV serostatus assessment
	(c) Measuring cardiovascular outcomes
	(d) Measuring mortality
	(e) Covariates
	(f) Statistical analysis

	3. Results
	4. Discussion


