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Abstract

Background Socioeconomic status (SES) inequity was recognized as a driver of some certain infectious diseases.
However, few studies evaluated the association between SES and the burden of overall infections, and even fewer
identified preventable mediators. This study aimed to assess the association between SES and overall infectious dis-
eases burden, and the potential roles of factors including lifestyle, environmental pollution, chronic disease history.

Methods We included 401,009 participants from the UK Biobank (UKB) and defined the infection status for each par-
ticipant according to their diagnosis records. Latent class analysis (LCA) was used to define SES for each participant.
We further defined healthy lifestyle score, environment pollution score (EPS) and four types of chronic comorbidities.
We used multivariate logistic regression to test the associations between the four above covariates and infectious
diseases. Then, we performed the mediation and interaction analysis to explain the relationships between SES and
other variables on infectious diseases. Finally, we employed seven types of sensitivity analyses, including consider-
ing the Townsend deprivation index as an area level SES variable, repeating our main analysis for some individual or
composite factors and in some subgroups, as well as in an external data from the US National Health and Nutrition
Examination Survey, to verify the main results.

Results In UKB, 60,771 (15.2%) participants were diagnosed with infectious diseases during follow-up. Lower SES
[odds ratio (OR) = 1.5570] were associated with higher risk of overall infections. Lifestyle score mediated 2.9% of
effects from SES, which ranged from 2.9 to 4.0% in different infection subtypes, while cardiovascular disease (CVD)
mediated a proportion of 6.2% with a range from 2.1 to 6.8%. In addition, SES showed significant negative interac-
tion with lifestyle score (OR=0.8650) and a history of cancer (OR=0.9096), while a significant synergy interaction was
observed between SES and EPS (OR =1.0024). In subgroup analysis, we found that males and African (AFR) with lower
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with the main analysis.

comorbidities

SES showed much higher infection risk. Results from sensitivity and validation analyses showed relative consistent

Conclusions Low SES is shown to be an important risk factor for infectious disease, part of which may be mediated
by poor lifestyle and chronic comorbidities. Efforts to enhance health education and improve the quality of living
environment may help reduce burden of infectious disease, especially for people with low SES.

Keywords Socioeconomic status, Infectious diseases, Healthy lifestyle, Environmental pollution, Chronic

Background

The rapid development of socioeconomic have been
improving the life quality, but also exacerbated the
wealth inequity within countries, regions and groups [1,
2]. Socioeconomic status (SES) inequity is still associated
with disease and health-related outcomes [3]. For exam-
ple, heavier burden of cardiovascular diseases (CAD),
cancer, and physical disorders have been reported in
groups with low SES [4—6]. The situation is always worse
when it comes to ethnic differences, which are usually
viewed as an important source of SES inequity [7-10].
In spite of the notable achievements in the work of infec-
tion prevention and control, have made the public pay
more attention to chronic non-infectious diseases, epi-
demics and intermittent outbreaks of infections continue
to arouse regional and international concerns [11-13].
Infectious diseases remain a main contributor to morbid-
ity and mortality, especially in low- and middle-income
countries and regions [14, 15]. It is still of great necessity
and meaning to make efforts to reduce socioeconomic
inequity and further reduce the burden of infectious
diseases.

SES represents a composite measurement of an indi-
vidual’s economic and sociological standing and is
usually assessed from the perspectives of educational
attainment, income, and occupation [16, 17]. Apart from
determining the quality and accessibility of health care
directly [18], SES profoundly impacts an individual’s life-
style and a regional environment [19, 20], both of which
also have been reported as important drivers of morbid-
ity and mortality [21, 22]. Recently, researchers are show-
ing a growing interest in the joint influence of multiple
lifestyle behaviors or ambient air pollutants on health-
related outcomes, and have re-emphasized the impor-
tance of maintaining a healthy lifestyle and protecting
the environment from a comprehensive perspective [23,
24]. Multiple lifestyle and environmental pollutants have
also been demonstrated to be associated with the occur-
rence and progression of infectious diseases, mainly via
distorting the immune system or affecting an individual’s
chance of exposure to some pathogens [25-27]. However,
several limitations existed in previous studies. First, most
studies defined these exposures from a single perspective,

which made it difficult to reflect these variables compre-
hensively. Second, existing studies were usually carried
out on some specific infections, and thus hardly iden-
tify risk factors that contribute to the increased burden
of overall infectious diseases from a holistic perspective.
Third, it also remains unclear whether these associations
identified varied across different sex and ethnic sub-
groups, which is important for the development of moni-
toring and management policies. Last but not least, even
fewer studies have shown the association between infec-
tion and SES.

Here, we used prospective cohort data from the UK
Biobank (UKB) to assess the associations between SES,
as well as lifestyle, environmental pollution and several
chronic comorbidity factors, and infectious diseases. We
further explored the potential roles of lifestyle, environ-
mental pollution, and these chronic comorbidities in the
association between SES and infectious diseases. Finally,
we conducted a series of subgroup analyses to evaluate
these associations across sex and ethnic subpopulations.
In addition, we also used data from the US National
Health and Nutrition Examination Survey (US NHANES)
to validate our findings.

Methods
Study population
UKB is a repository of research data sourced

from ~ 500,000 UK-wide participants aged around
40-70 years old, recruited from 22 assessment cent-
ers during 2006-2010 [28]. We used data collected for
each participant from enrollment to March 26, 2021.
In brief, data in the UKB repository was grouped into
277 categories, and we retrieved those related to (i)
socioeconomic factors (categories 100,066, 100,063,
and 100,064); (ii) lifestyle factors (categories 100,058,
100,054, 100,052, 100,051, 100,057, and 143); (iii) envi-
ronmental pollution factors (categories 114 and 115);
(iv) health outcome factors (categories 2002, 100,074,
100,060, 137, and 100,092) (Additional file 1: Table S1)
[29]. Note that although an individual’s SES and life-
style may change over time, we used the baseline survey
data to define the socioeconomic and lifestyle status of
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each participant. A research protocol for our study has
obtained all necessary approvals from the UKB’s review
committees. We accessed to the UKB cohort consist-
ing of 502,462 individuals. Following Yang and Zhou
[30, 31], we removed individuals: (i) who have sex mis-
matched; (ii) who are redacted and thus do not have a
corresponding ID; (iii) who have missing information
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on socioeconomic factors or other covariates. Finally,
we retained 412,258 participants in UKB for subse-
quent analysis (Fig. 1a).

In US NHANES, we included 101,316 participants sur-
veyed from 1999 to 2018, and followed Zhang et al. to
remove individuals: (i) who were less than 20 years old;
(ii) who were pregnant; (iii) who had missing information

14,613 with no valid ID or gender information
were excluded

75,591 with missing value on socioeconomic
factors or other covariates were excluded

a
502,462 participants enrolled during 2006-2010
\ 4
412,258 participants with valid information on
socioeconomic factors and other covariates for
SES calculation and subsequent analysis
b

101,316 participants enrolled during 1999-2018

A\ 4

\ 4

54,005 participants were excluded:

48,874 were less than 20 years old or
pregnant

5131 with  missing information
socioeconomic factors or other covariates

on

47,311 participants with valid information on
socioeconomic factors and other covariates for
SES calculation

A 4

\ 4

1640 participants have non-positive sample
weights for interview or health examination were
excluded

45,671 participants included for analysis

Fig. 1 Flowchart of the participants selection in the UK Biobank (a) and US NHANES (b). SES socioeconomic status
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on socioeconomic factors or other covariates; (iv) who
had non-positive sample weights for an interview or
health examination in the datasets [32]. Finally, we
retained 45,671 participants in US NHANES for subse-
quent analysis (Fig. 1b). Details about the introduction,
the definitions of socioeconomic, lifestyle, and chronic
comorbidity factors, and infectious diseases in US
NHANES are provided in Additional file 1: Tables S2 and
S3, and Additional file 2: Methods.

Assessment of socioeconomic status

We followed Zhang et al. to assess the individual SES
based on four variables collected at baseline, including
family income level, education qualification, employ-
ment status, and health insurance coverage [32]. In par-
ticular, however, considering the implementation of the
National Health Service, a publicly funded healthcare
system in the UK, we used three variables, including the
total household income level, education qualification
and employment status, rather than the health insurance
coverage, to assess the SES of each participant at indi-
vidual level [33]. For total household income level before
tax, participants chose an option from (i) <£18,000; (ii)
£18,000-£30,999; (iii) £31,000-£51,999; (iv) £52,000—
£100,000; (v) >£100,000; (vi) do not know; and (vii) prefer
not to answer. We removed the participants choosing the
last two options. Education qualification was recorded as
(i) College or University degree; (ii) A levels, AS levels, or
equivalent; (iii) O levels, GCSEs, or equivalent; (iv) CSEs
or equivalent; (v) NVQ, HND, HNC, or equivalent; (vi)
other professional qualifications; and (vii) none of the
above (following Zhang et al. [32] we treated it as equiva-
lent to or less than high school diploma); and (viii) prefer
not to answer. We removed the individuals choosing the
last option. Considering no clear rank order of employ-
ment status among candidate options, including (i) in
paid employment or self-employed; (ii) retired; (iii) look-
ing after home and/or family; (iv) unable to work because
of sickness or disability; (v) unemployed; (vi) doing
unpaid or voluntary work; (vii) full or part-time student;
(viii) none of the above; and (ix) prefer not to answer, we
removed participants choosing the last option and simply
regrouped the remaining participants into two groups:
employed (those chose (i), (ii), (vi) and (vii)) and unem-
ployed (those chose others). Variable definitions were
listed in Additional file 1: Table S1.

Following Zhang et al. [32] we then used latent class
analysis (LCA), using multiple observed categorical vari-
ables to construct an unmeasured variable (i.e., latent
variable), to estimate SES based on the above three varia-
bles in UKB. We used R package poLCA (v1.6.0) to imple-
ment the LCA procedure, and set the maximum times of
iterations to 10,000, and the tolerance value for judging
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convergence to 1 x 107 [34]. To select a reasonable latent
class number, we fitted the different LCA model with
2-10 latent classes. Models failed to converge when the
class number is greater than five. We further used Akaike
information criterion (AIC), Bayesian information crite-
rion (BIC), and likelihood ratio statistic (G®) for parame-
ter selection, and treated latent class with mean posterior
probability higher than 0.7 as classification with accepta-
ble uncertainty (Additional file 1: Table S3 and Additional
file 2: Fig. S1). Finally, three latent classes were identified,
which respectively represented a high, medium, and low
SES according to the item-response probabilities (Addi-
tional file 1: Table S3).

In addition, for UKB, we also included the Townsend
deprivation index (TDI) as an area level SES, which rep-
resents a comprehensive score of four key variables:
unemployment, overcrowded household, non-car owner-
ship, and non-home ownership, with a higher score rep-
resenting higher levels of deprivation [35, 36].

Assessment of lifestyle factors

Following Said et al., Fan et al., and Zhu et al. [37-39] we
included information on five healthy lifestyle factors col-
lected at baseline, including “no current smoking’, “regu-
lar physical activity’, “healthy diet pattern’, “no alcohol
consumption’, and “healthy sleep pattern” In addition,
given that drug abuse behavior has been proved a high-
risk factor for some infectious diseases [40, 41], we also
regarded “no drug use” as the sixth healthy lifestyle fac-
tor. We then used the six healthy lifestyle factors to gen-
erate a comprehensive lifestyle score.

Lifestyle information in UKB was also obtained through
structured questionnaires (Additional file 1: Table S1).
“No current smoking” was defined as never smoking or
former smoking but had quit for more than 30 years.
“No alcohol consumption” was defined as never drinking
alcohol. UKB records the use of cannabis, and “No drug
use” was defined as never use cannabis. “Regular physi-
cal activity” was defined to meet one of the following: (i)
from the perspective of frequency, to engage in vigorous
physical activity for at least one day and moderate activ-
ity for at least five days per week; (ii) from the perspective
of time, to exercise of vigorous activity for at least 75 min
or moderate activity for 150 min per week. “Healthy diet
pattern” includes (i) adequate consumption of fruit, (ii)
vegetables, (iii) fish, and (iv) whole grains, but (v) reduced
consumption of processed and (vi) unprocessed meats.
The specific definition for each pattern was in Additional
file 1: Table S1, and we defined a healthy diet pattern as
following at least four factors. As for sleep patterns, five
sleep factors, including chronotype, duration, insom-
nia, snoring, and involuntary daytime sleepiness, over
the last four weeks were considered and surveyed [38].
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“Healthy sleep pattern” was defined as: (i) self-reported
as early chronotype; (ii) sleep 7-8 h per day; (iii) rarely
suffer from insomnia; (iv) no snoring symptoms; and
(v) infrequently doze off or fall asleep involuntarily dur-
ing the daytime. The specific definition for each pattern
was also in Additional file 1: Table S1, and we defined a
healthy sleep pattern as following at least four of these
five factors.

For each lifestyle factor, we assigned 1 point for a
healthy level while 0 points for an unhealthy level. The
lifestyle variable was defined as the summation of the
six variables and was divided participants into 3 groups:
poor group (0-1 point), medium (2-3 points) and
healthy (4-6 points).

Assessment of environmental pollution

Environmental pollution information was recorded
only in UKB. Following Huang et al. and Furlong et al.
[42, 43] we considered eight environmental pollution
factors, including particulate matter <2.5 pm (PM,5),
particulate matter 2.5-10 um (PM,. ,,), particulate
matter <10 um (PM,,), nitrogen oxides (NO,), and
nitrogen dioxide (NO,), noise, distance to nearest major
road, and traffic intensity (Additional file 1: Table S1).
All environmental pollution factors were estimated
by the Small Area Health Statistics Unit as part of the
BioSHaRE-EU Environmental Determinants of Health
Project. Values of PM, 5, PM, - 19, PM;,, NO,, NO, and
noise were calculated in 2010 using a Land Use Regres-
sion (LUR) model developed as part of the European
Study of Cohorts for Air Pollution Effects (ESCAPE) and
represented annual averages of air pollution in 2010 for
the reported residence at enrollment [44, 45]. Specifi-
cally, given that impacts of noise usually vary over a time
period, a day-evening-night equivalent level with a 5 dB
and 10 dB penalty added to the average sound level of
noise pollution of the evening (19:00 to 23:00) and night-
time (overnight 23:00 to 07:00), respectively. We used
weighted average noise exposure level measured over a
24-h period to further analysis [43, 46, 47]. In addition,
distance to the nearest major road and traffic intensity
were measured based on the local road network from
the Ordnance Survey Meridian 2 road network in 2009.
We treated the estimated values for 2009 and 2010 as a
proxy for a measure of chronic, long-term exposure to
environmental pollutants, following previous studies
[24, 43]. Note that to facilitate interpretation, we calcu-
lated the odds ratio (OR) per 10-unit increase in each
environmental pollution factor to reflect its association
with infection [43]. To demonstrate the reasonability of
this proxy, we also conducted a side analysis using par-
ticipants enrolled in 2010, which is also a part of sensi-
tivity analyses.
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We then created weighted environment pollution
score (EPS) through adding measurements of eight
environmental pollutants, weighted by the adjusted
estimates from multivariable analysis on the prevalence
of infectious diseases [48]. The equation is as follows:

EPS; = ELﬂjZleﬂinj#(l)

where p represented the number of environmental
pollutants; B; was adjusted coefficients of environmen-
tal pollutants j; X;; and EPS; was the measurements
of j th pollution of i th individual. We also calculated
a weighted air pollution score (APS) using PM,;,
PM,: 10 PM;o NO,, NO,, as done in previous studies
to serve as a sensitivity analysis. Note that for the anal-
ysis on the association of EPS and APS with infection,
we divided the participants into five groups (Q1-Q5)
according to the quantiles of the scores, and evaluated
the association between score groups and infection, as
well as ORs of groups with higher scores (Q2-Q5) to
the group with lowest scores.

Assessment of chronic comorbidities

We considered four types of chronic comorbidities,
including cardiovascular disease (CVD), diabetes,
psychiatric disorders and cancer (Additional file 1:
Table S1). We followed Zhu et al. and Said et al. [39,
49] and used diagnosis records in UKB coded by Inter-
national Classification of Diseases version-10 (ICD-10)
to define participants with CVD, diabetes and cancer at
baseline. Specifically, we totally defined 35,469 (8.8%)
participants with CVD history, including 5055 (1.3%)
CAD cases (ICD-9 codes 410—412; ICD-10 codes 121—
123, 124.1, and 125.2), 4824 (1.2%) atrial fibrillation
(AF) cases (ICD-9 codes 4273; ICD-10 codes 148), 1945
(0.5%) stroke cases (ICD-9 codes 430, 431, 434, and 436;
ICD-10 codes 160, 161, 163, and 164), and 29,294 (7.3%)
hypertension cases (ICD-9 codes 401-405; ICD-10
codes 110-113, 115, O10). We also defined 7922 (2.0%)
and 30,176 (7.5%) participants with a history of diabe-
tes (ICD-9 codes 250; ICD-10 codes E10-E14) and can-
cer (ICD-10 codes C00-D48), respectively. In terms of
psychiatric disorders, we followed Davis et al. [50] and
considered participants who had self-reported anxiety,
depression or bipolar disorder. Specifically, we totally
defined 58,381 (14.6%) participants with a history of
psychiatric disorders, including 23,079 (5.8%), 45,023
(11.2%) and 1582 (0.4%) with anxiety (field 20,002 codes
1287; field 20,544 codes 15), depression (field 20,002
coded 1286; field 20,126 coded 3-5; field 20,544 codes
11) and bipolar disorder (field 20,002 coded 1291; field
20,126 coded 1-2; field 20,544 codes 10), respectively.
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Definition of outcome

In UKB, infectious diseases were also defined accord-
ing to diagnosis records in UKB coded by the ICD-10
and ICD-9. We used data collected up to March 26,
2021. Referring to the coding terms, we defined a total
of 60,771 (14.7%) cases with infectious diseases (ICD-10
codes A00-B99 and J00-J22; ICD-9 codes 001-139 and
480-487). Furthermore, we also defined three subtypes of
infectious diseases from it: (i) respiratory infectious dis-
eases (ICD-10 codes A15, A37, A39, BO1, B02, B05, B06,
B26, and J09-J11; ICD-9 codes 001, 012, 033, 036, 053,
055, 056, 072 and 487) with 2119 (3.5%) cases; (ii) diges-
tive infectious diseases (ICD-10 codes A00-A09, B15,
B17.2, B67, B68, B77, B80, and B82; ICD-9 codes 001-
009, 0701, and 122) with 15,019 (24.7%) cases; (iii) blood
or sexually transmitted infectious diseases (ICD-10 codes
A50-A64, B16, B17.1, B18.0, B18.1, B18.2 and B20-B24;
ICD-9 codes 0703 and 090-099) with 869 (1.4%) cases, to
explore the association of research factors with common
infectious diseases types (Additional file 1: Table S1). In
addition, we also defined 71,335 participants enrolled in
2010, among whom 9682 (13.6%) were infected, to serve
as sensitivity analysis.

Statistical analysis

Baseline characteristics of three SES groups were com-
pared using the unpaired, 2-tailed ¢ test or Mann—Whit-
ney test for continuous variables depending on the data
distribution, and the x* test was used for categorical vari-
ables. Continuous variables are presented as mean (SD)
or median (quartile); categorical variables are presented
as number (percentage). Second, multivariable logistic
regression was used to test association of SES, lifestyle
factors, environmental pollution, and chronic comor-
bidity factors with infectious diseases. We treated age,
sex, ethnicity and assessment center as covariates, and
reported adjusted OR with 95% confidence intervals
(CIs). Third, multiplicative interaction analysis, along
with stratified analysis, was used to ask about the mod-
eration effects of SES on association of lifestyle, environ-
mental pollution, and chronic comorbidity factors with
infectious diseases. A two-sided P<0.05 was considered
statistically significant. All analyses were performed
using the statistical software R 4.1.0 (Lucent Technolo-
gies, Jasmine Mountain, USA).

A mediation analysis was conducted to evaluate the
proportion mediated by lifestyle, environmental pollu-
tion, and chronic comorbidity factors for the association
between SES and infectious diseases. Associations of life-
style, environmental pollution, and chronic comorbidity
factors on infections were tested using logistic regression.
Associations of SES on individual lifestyle factors were
also analyzed using logistic regression, while those of
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SES on lifestyle scores, EPS and individual environmen-
tal pollutant were analyzed using linear regression. All
regression analyses were adjusted for age, sex, ethnic and
assessment center.

Sensitivity analyses

To ensure the robustness of our result, we considered
seven kinds of sensitivity analyses. First, in terms of soci-
oeconomic factors, we additionally considered the TDI as
an area level SES variable. We not only directly explored
its association with infectious diseases, but also took it as
a covariate in the association analysis of individual-level
SES on infection. Second, in terms of lifestyle, environ-
mental pollution and chronic comorbidities, we repeated
all main analyses conducted in those composite vari-
ables for each individual factor. Third, in terms of envi-
ronmental pollution, we further calculated a weighted
APS using five air pollution factors, including PM,,
PM,: 19 PM;, NO,, NO,, as done in previous studies
[24, 48]. Fourth, in terms of infectious diseases, consid-
ering that we took environmental pollutants measure-
ment in 2009 and 2010 as a proxy for chronic, long-term
exposure estimation, we also repeated the main analysis
in a subset of participants enrolled in 2010. Fifth, given
the case—control imbalance in analysis of different infec-
tious diseases subgroups, we performed a propensity
score matching (PSM). We treated age, sex, ethnicity
and assessment center as matching covariates, and used
the nearest neighbor method to make a 1:4 matching.
Finally, we additionally used data from US NHANES to
validate our main results. We repeated the main analy-
sis in US NHANES, except for those on environmental
pollution variables. In particular, due to the application
of oversampling in US NHANES survey, we considered
sample weights recorded in US NHANES, which indi-
cate a measure of the number of people in the population
represented by a specific person, in descriptive and other
analysis to obtain accurate point estimates and standard
errors. Note that frequency was reported directly based
on the sample data (i.e., the 47,311 sampled participants),
while other statistics were estimated and reported in a
weighted manner. Survey (v 4.1.1) and svrepmisc (v 0.2.2)
packages were used to account for the sample weights.
Covariates used for US NHANES included age, sex, eth-
nicity and survey cycle.

Results

Population characteristics

We totally included 412,258 participants from UKB par-
ticipants (Fig. 1a). All participants were enrolled during
2006-2010, and data for each participant was collected
from enrollment to March 26, 2021. The variable defini-
tions are described in the Methods section (Additional
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file 1: Table S1-S3 and Additional file 2: Fig. S1). Table 1
shows the baseline characteristics. The participants have
a mean age of 56.16 +8.08 years, among whom 215,933
(52.4%) were women, 80,949 (19.6%) were of high SES,
215,967 (52.4%) of medium SES, and 115,342 (28.0%) of
low SES.

Participants with low SES were more likely to be
women, non-white people, and reasonably with higher
TDI (all P<0.0001). Low SES tended to be associated
with heavy environmental pollution, and several life-
style factors, such as higher smoking rate, cannabis use
rate, less healthy sleep, but more regular physical activity
and lower alcohol consumption (all P<0.0001). Partici-
pants with low SES also had higher rates of some chronic
comorbidities, including CVD, diabetes, psychiatric
disorders and cancer with the only exception of anxi-
ety, which had a higher prevalence in the high SES (all
P<0.0001) (Table 1).

In addition, socioeconomic factors, lifestyle factors,
air pollution factors, and chronic comorbidity factors
all showed high inner correlations (all P<0.0001) (Addi-
tional file 2: Fig. S2). Notably, TDI showed a high correla-
tion with air pollution factors (all P<0.0001) (Additional
file 2: Fig. S2), which suggested a close relationship
between area economic and environmental conditions.

Associations of SES, lifestyle, environmental pollution
and chronic comorbidity factors with infectious diseases.

Among 412,258 participants included, 60,771 (14.7%)
were diagnosed with infectious diseases during follow-
up. We observed significant associations of infectious
diseases with all socioeconomic factors (P<0.0001)
(Table 2 and Fig. 2). Both higher TDI (OR=1.0720,
95% CI: 1.0690-1.0750) and lower individual level SES
(OR=1.5385, 95% CI: 1.5174-1.5600; OR=1.4441,
95% CI: 1.4237-1.4649, additionally adjusted for TDI)
were potential risk factors for infectious diseases. Par-
ticipants with lower income level (OR=1.2779, 95% CI
1.2675-1.2883) or education qualifications (OR=1.1041,
95% CI: 1.0998-1.1085), and those in unemployed status
(OR=2.1245, 95% CI: 2.0630-2.1876) were all at higher
risk of infection. We further evaluated the associations
in several common types of infectious diseases sub-
groups, and found that lower SES stands risk factors for
all selected subtypes of infectious diseases, which also
remained significant in the corresponding PSM cohorts,
as well as the cohort comprised of participants enrolled
in 2010 (Additional file 1: Tables S4-S8 and Additional
file 2: Fig. S3).

Moreover, we directly evaluated the associations
of infection with other three baseline variables: life-
style, environmental pollution and chronic comorbidi-
ties (Table 2, Additional file 1: Table S9 and Fig. 2). We
found that adhering to healthier lifestyle (OR=0.7576,
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95% CI: 0.7454—0.7701) had protective effects, with only
exception of fewer alcohol consumption (OR=1.3550,
95% CI. 1.2988-1.4133). Heavier environmental pollu-
tion (OR=1.0744, 95% CI: 1.0674-1.0814), including
higher APS, PM, 5, PM, :_;,, PM;,, NO,, and NO,, higher
sound level of noise pollution, heavier traffic intensity
and living closer to the main road resulted in higher
infection risk. In addition, participants ever diagnosed
of CVD (OR=2.4982, 95% CI: 2.4374-2.5604), diabetes
(OR=3.5073, 95% CI: 3.3521-3.6693), psychiatric dis-
orders (OR=1.2551, 95% CI: 1.2252—-1.2857) or cancer
(OR=1.6436, 95% CI: 1.5976-1.6907) had a higher infec-
tion risk.

We also performed subgroup analysis in each infectious
diseases subtypes cohorts, and found that most results
kept largely consistent with the main analyses (Additional
file 2: Fig. S3 and Additional file 1: Tables S4-S7 and S9).
Notably, lower rates of cannabis use (OR=0.2583, 95%
CI: 0.1962-0.3389; OR=0.3177, 95% CI: 0.2340—-0.4296,
in matching cohort) were associated with lower risk of
blood or sexually transmitted infectious diseases spe-
cifically, while associations of regular physical activity
(OR=0.9081, 95% CI: 0.8725-0.9449; OR=0.8967, 95%
CI: 0.8586-0.9363, in matching cohort) and bipolar dis-
order (OR=1.8593, 95% CI: 1.4995-2.2774; OR=2.0183,
95% CI: 1.5726-2.5733, in matching cohort) remained
significant only in digestive infection subgroup. Sensitiv-
ity analysis in participants enrolled in 2010 also showed
similar results (Additional file 2: Fig. S3 and Additional
file 1: Tables S8—S9).

Mediation effects of lifestyle and environmental pollution
on SES to infectious diseases
Considering the significant correlations between socio-
economic factors and lifestyle, environmental pollution,
or chronic comorbidity factors (Additional file 2: Fig. S2),
we hypothesized that they may mediate partly the effect
of SES on infectious diseases. With the lifestyle score
additionally adjusted, an OR of SES on infection dropped
to 1.4895 (95% CI: 1.4646-1.5148), and the proportion
mediated by lifestyle score was 2.9% (95% CI: 2.6—3.3%)
(Table 3 and Fig. 3a), which may mainly come from no
current smoking (5.1%, 95% CI: 4.7-5.5%) and healthy
sleep pattern (3.3%, 95% CI: 3.0-3.7%) (Additional file 1:
Table S10). In infection subtypes cohorts, we observed
similar patterns, and the mediation proportions by life-
style score ranged from 2.9% (95% CI: 2.3-3.7%, for
digestive infectious diseases) to 4.1% (95% CI: 2.1-6.6%,
for respiratory infectious diseases) (Table 3).

As for the chronic comorbidity factors, it showed that
a history of CVD mediated the largest proportion in
the effect of SES on infection (5.9%, 95% CI: 5.5—6.3%)
(Table 3 and Fig. 3b—e), which ranged from 2.0% (95%
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Table 1 Baseline characteristics and infection status of all participants from UK biobank

Variable All High SES Medium SES Low SES P
(N=412,258) (N, =79,407) (N,=210,475) (N3=111,127)

White ethnicity or race® 392,279 (95.2) 77,577 (95.8) 206,527 (95.6) 108,175 (93.8) <0.0001
DI — 2.1744 (— 3.6664, — 27174 (- 4011, — 24366 (— 3.7872, — 09134 (— 2.9558, <0.0001
0.4384) — 0.5936) —0.2287) 2.2916)

Female® 215,933 (524) 39,320 (48.6) 111,935 (51.8) 64,678 (56.1) <0.0001
Ageb 56.1625 +8.0839 52.5195+7.2159 55.7701 £ 7.9982 59.4541+7.5375 <0.0001
BMIP 27.3836+4.7556 264616 +4.2599 27.3404 +4.6486 28.1116+5.1484 <0.0001

BMI group®
<185 2055 (0.5) 388(0.5) 936 (0.4) 731 (0.6) <0.0001
18.51-29.9 311,295 (75.5) 66,480 (82.1) 164,607 (76.2) 80,208 (69.5)
>30 98,908 (24.0) 14,081 (17.4) 50,424 (23.3) 34,403 (29.8)
SES®
High 80,949 (19.6) 80,949 (100) 0(0) 0(0) <0.0001
Medium 215,967 (52.4) 0(0) 215,967 (100) 0(0)
Low 115,342 (28.0) 0(0) 0(0) 115,342 (100)
Income (£)*
>100,000 22422 (54) 21,977 (27.1) 0(0) 445 (04) <0.0001
52,000-100,000 84,213 (20.4) 57,688 (71.3) 26,525 (12.3) 0(0)
31,000-51,999 107,833 (26.2) 1284 (1.6) 106,067 (49.1) 482 (0.4)
18,000-30,999 104,914 (25.4) 0(0) 83,375 (38.6) 21,539(18.7)
< 18,000 92,876 (22.5) 0(0) 0(0) 92,876 (80.5)
Education?
College or University 144,681 (35.1) 63,515 (78.5) 65,794 (30.5) 15,372 (13.3) <0.0001
degree
A levels/AS levels or 48,049 (11.7) 13,909 (17.2) 25,961 (12.0) 8179 (7.1)
equivalent
O levels/GCSEs or 87,724 (21.3) 2024 (2.5) 64,330 (29.8) 21,370 (18.5)
equivalent
CSEs or equivalent 22,284 (54) 250 (0.3) 15,863 (7.3) 6171 (54)
NVQ or HND or HNC or 27,310 (6.6) 490 (0.6) 18,833 (8.7) 7987 (6.9)
equivalent
Other professional 20,944 (5.1) 761 (0.9) 15,190 (7.0) 4993 (4.3)
qualifications
None of the above 61,266 (14.9) 0(0) 9996 (4.6) 51,270 (44.5)
Unemployed? 30,261 (7.3) 4850 (6.0) 3407 (1.6) 22,004 (19.1) <0.0001
Lifestyle scores?
0-1 77,022 (26.5) 15,471 (24.8) 38,605 (25.0) 22,946 (31.1) <0.0001
2-3 159,055 (54.8) 36,400 (58.3) 86,751 (56.2) 35,904 (48.7)
4-6 54,341 (18.7) 10,613 (17.0) 28,896 (18.7) 14,832 (20.1)
Lifestyle factors
No current smoking® 243,416 (59.2) 52,813 (65.3) 130,188 (60.4) 60,415 (52.6) <0.0001
Regular physical 95,450 (23.5) 15,571 (19.3) 51,377 (24.0) 28,502 (25.5) <0.0001
activity®
Healthy diet® 96,570 (23.6) 19,229 (23.8) 50,883 (23.7) 26,458 (23.3) 0.006
No alcohol 15,550 (3.8) 1476 (1.8) 6508 (3.0) 7566 (6.6) <0.0001
consumption?
Healthy sleep pattern® 136,438 (35.5) 32,085 (41.9) 72,595 (36.0) 31,758 (29.9) <0.0001
Never use cannabis® 106,210 (76.8) 26,058 (67.6) 60,802 (79.6) 19,350 (83.2) <0.0001
APSP 64.1294 (584819, 69.7389)  63.2826 (56.7590, 69.6608) 63.6288 (58.1162,69.0290) 65.4867 (60.2623,71.0704) <0.0001
EPSP 116.3913 (106.8239, 115.0965 (104.0680, 115.5374 (106.1875, 118.6827 (109.7671, <0.0001
126.3875) 126.3135) 125.1584) 128.6168)

Environmental pollutants
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Table 1 (continued)

Variable All High SES Medium SES Low SES P

(N=412,258) (N,=79,407) (N,=210,475) (N3=111,127)
PM, .° 9.9200 (9.2800, 10.5600) 9.8000 (9.0800, 10.4800) 9.8800 (9.2400, 10.4800) 10.0900 (9.4800, 10.7300)  <0.0001
PMZMOb 6.1000 (5.8400, 6.6300) 6.1100 (5.8300, 6.6500) 6.0900 (5.8300, 6.5900) 6.1300 (5.8600, 6.6600) <0.0001
PM, P 16.0200 (15.2300, 16.9900) 16.0000 (15.0700, 17.0400) 15.9800 (15.1800, 16.9200) 16.1000 (15.4200, 17.0900) <0.0001
N02b 26.1000 (21.3600, 31.1400)  25.8500 (20.2900, 31.5800) 25.6000 (21.0500, 30.5100) 27.1500 (22.6800, 31.9300) < 0.0001
NO,° 42.2600 (34.2300, 50.6300)  41.0500 (32.0600, 50.4300) 41.5300 (33.7300, 49.5600) 44.2200 (36.7300, 52.6700)  <0.0001
Noise® 55.0900 (53.6600, 57.1533)  55.100 (53.6800, 57.2300)  55.0433 (53.6200, 57.0800) 55.1700 (53.7300, 57.2533) <0.0001
Traffic mtensityb 17,044 (12,581, 25,195) 17,005 (12,591, 24,107) 16,989 (12,378, 25,182) 17,314 (12,802, 25,598) <0.0001
Distance to road® 378.7879 (167.7852, 374.5318 (165.8375, 390.6250 (172.7116, 3623188 (159.7444, <0.0001
751.8797) 757.5758) 775.1938) 714.2857)

Chronic comorbidities
cvp? 37,144 (9.0) 3312 (4.1) 16,717 (7.7) 17,115 (14.8) <0.0001
CAD? 5308 (1.3) 430(0.5) 2237 (1.0) 2641 (2.3) <0.0001
AF? 5080 (1.2) 578(0.7) 2363 (1.1) 2139(1.9) <0.0001
Stroke? 2034 (0.5) 225(0.3) 796 (0.4) 1013 (0.9) <0.0001
Hypertension® 30,701 (7.4) 2522 (3.1) 13,694 (6.3) 14,485 (12.6) <0.0001
Diabetes? 8379 (2.0) 600 (0.7) 3404 (1.6) 4375 (3.8) <0.0001
Psychiatric disorders® 60,105 (14.6) 11,349 (14.0) 30,778 (14.3) 17,978 (15.6) <0.0001
Anxiety? 23,690 (5.7) 4923 (6.1) 12,753 (5.9) 6014 (5.2) <0.0001
Depression? 46,419 (11.3) 8422 (104) 23,451 (10.9) 14,546 (12.6) <0.0001
Bipolar disorder? 1635 (0.4) 261 (0.3) 653 (0.3) 721 (0.6) <0.0001
Cancer® 31,322 (7.6) 4619 (5.7) 15,975 (7.4) 10,728 (9.3) <0.0001
Infectious diseases® 60,771 (14.7) 7276 (9.0) 28,383 (13.1) 25,112 (21.8) <0.0001
Respiratory infectious 2119 (0.5) 247 (0.3) 933 (0.4) 939 (0.8) <0.0001
diseases®
Digestive infectious 15,019 (3.5) 1806 (2.2) 6933 (3.1) 6280 (5.2) <0.0001
diseases®
Blood or sexually 869 (0.2) 106 (0.1) 349(0.2) 414 (04) <0.0001

transmitted infectious
diseases?

TDITownsend deprivation, BMI body mass index, SES socioeconomic status, APS air pollution score, EPS environment pollution score, PM, 5 particulate matter
< 2.5um, PM, s, particulate matter 2.5-10 pm, PM,, particulate matter < 10 um, NOx nitrogen oxides, NO, nitrogen dioxide, CVD cardiovascular disease, CAD

cardiovascular diseases, AF atrial fibrillation

@ Categorical variables are presented as number (percentage)

b Continuous variables are presented as mean =+ standard deviation or median (quartile)

CI: 1.1-3.5%, for blood or sexually transmitted infec-
tious diseases) to 6.8% (95% CI. 4.7-9.8%, for respira-
tory infectious diseases). The mediation effects by CVD
may mainly come from hypertension (Additional file 1:
Table S10). Note that psychiatric disorders mediated the
largest proportion of 2.2% (95% CI. 0.6—4.1%) in blood
or sexually transmitted infectious diseases, and the main
contributor may be depression (Table 3 and Additional
file 1: Table S10).

We also explored the effects of area TDI mediated by
EPS. The results showed that the proportion mediated by
EPS was 2.3% (95% CI: 0.3-4.3%) (Table 3 and Figs. 3f),
which may mainly come from PM,, (Additional file 1:
Table S10). Of note, EPS showed specific mediation
effects on SES to respiratory infectious diseases (12.7%,

95% CI. 1.4-25.8%) in subgroup analysis (Table 3 and
Additional file 1: Table S10).

In addition, sensitivity analysis in 2010 subgroup also
supported the results above (Table 3).

Interaction and joint analysis of lifestyle, environmental
pollution, or chronic comorbidity factors and SES

on infectious diseases

In order to evaluate the impact of socioeconomic sta-
tus on the effects of other risk factors, we performed a
series of interaction and joint analysis. First, we observed
negative interaction effect between SES and lifestyle
score (OR=0.8699, 95% CI:. 0.8492-0.8912), as well as
several individual factors including no current smoking,
regular physical activity, healthy diet and healthy sleep
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Table 2 Associations of SES, lifestyle, environmental pollution and chronic comorbidity factors with infectious diseases in UK Biobank
participants under multivariate linear regression

Variable Description OR (95% CI) P
Infection (N, =60,771) Non-infection (N,=351,487)
TDI — 1.7577 (— 3.4268,1.3194) — 22374 (— 3.6969, 0.2835) 1.0720 (1.0690-1.0750) <0.0001
SES @
High 7276 (12.0) 73,673 (21.0) 1.5385 (1.5174-1.5600) <0.0001
Medium 28,383 (46.7) 187,584 (53.4) 14441 (1.4237-1.4649) <0.0001
Low 25,112 (41.3) 90,230 (25.7)
Income (£) @
> 100,000 1832 (3.0) 20,590 (5.9) 1.2779 (1.2675-1.2883) <0.0001
52,000-100,000 8242 (13.6) 75971 (21.6)
31,000-51,999 13,388 (22.0) 94,445 (26.9)
18,000-30,999 16,744 (27.6) 88,170 (25.1)
< 18,000 20,565 (33.8) 72,311 (20.6)
Education ®
College or University degree 16,525 (27.2) 128,156 (36.5) 1.1041 (1.0998-1.1085) <0.0001
A levels/AS levels or equivalent 5926 (9.8) 42,123 (12.0)
O levels/GCSEs or equivalent 12,663 (20.8) 75,061 (21.4)
CSEs or equivalent 3124 (5.1) 19,160 (5.5)
NVQ or HND or HNC or equivalent 4866 (8.0) 22,444 (6.4)
Other professional qualifications 3473 (5.7) 17,471 (5.0)
None of the above 14,194 (23.4) 47,072 (13.4)
Unemployed * 6767 (11.1) 23,494 (6.7) 2.1245 (2.0630-2.1876) <0.0001
Lifestyle scores ?
0-1 13,607 (34.2) 63,415 (25.3) 0.7576 (0.7454-0.7701) <0.0001
2-3 19,400 (48.8) 139,646 (55.7)
4-6 6739 (17.0) 47,602 (19.0)
Lifestyle factors
No current smoking @ 30,928 (51.1) 212,488 (60.6) 0.6879 (0.6760-0.7001) <0.0001
Regular physical activity * 13,416 (22.6) 82,034 (23.6) 0.9096 (0.8907-0.9289) <0.0001
Healthy diet @ 13,271 (22.1) 83,299 (23.9) 0.8762 (0.8578-0.8949) <0.0001
No alcohol consumption @ 3018 (5.0) 12,532 (3.6) 1.3550 (1.2988-1.4133) <0.0001
Healthy sleep pattern @ 16,945 (29.9) 119,493 (36.4) 0.7640 (0.7492-0.7790) <0.0001
Never use cannabis @ 11,688 (79.1) 94,522 (76.6) 1.0029 (0.9605,1.0473) 0.8972
APS group ®
Q1 9977 (17.8) 65,524 (20.4) 1.0744 (1.0674-1.0814) <0.0001
Q2 10,822 (19.3) 64,679 (20.1)
Q3 11,372 (20.3) 64,129 (19.9)
Q4 11,624 (20.8) 63,877 (19.9)
Q5 12,138 (21.7) 63,364 (19.7)
EPS group @
Q1 9988 (17.9) 65,513 (204) 1.0717 (1.0647-1.0787) <0.0001
Q2 10,822 (19.3) 64,679 (20.1)
Q3 11,492 (20.5) 64,009 (19.9)
Q4 11,538 (20.6) 63,963 (19.9)
Q5 12,093 (21.6) 63,409 (19.7)
Environmental pollutants
PM, 5 9.9900 (9.3500, 10.6300) 9.9100 (9.2700, 10.5400) 2.7429 (2.5207-2.9844) <0.0001
PM,s_ 1o 6.1100 (5.8500, 6.6500) 6.1000 (5.8400, 6.6200) 1.2121 (1.0965-1.3394) 0.0002
PMy 16.0400 (15.2900, 17.0300) 16.0100 (15.2200, 16.9800) 1.2520(1.1937-1.3130) <0.0001
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Table 2 (continued)

Variable Description OR (95% CI) P

Infection (N, =60,771) Non-infection (N, =351,487)

NO, 26.5200 (21.9200, 31.4700) 26.0300 (21.2700, 31.0800) 1.1323 (1.1192-1.1455) <0.0001
NOy 43,0300 (35.1600, 51.5600) 42.1200 (34.0700, 50.4700) 1.0603 (1.0545-1.0660) <0.0001
Noise 55.1050 (53.6733,57.1833) 55.0833 (53.6533,57.1533) 1.0361 (1.0152-1.0574) 0.0006
Traffic intensity 17,053 (12,669, 25,324) 17,044 (12,574, 25,136) 1.3214 (1.1486-1.5198) <0.0001
Distance to road 373.1343 (164.7446, 735.2941) 380.2281 (168.0672, 757.5758) 0.7354 (0.6785-0.7972) <0.0001

Chronic comorbidities
@k 11,643 (19.2) 25,501 (7.3) 24982 (2.4374-2.5604) <0.0001
CAD® 1754 (2.9) 3554 (1.0) 22716 (2.1416-2.4087) <0.0001
AF @ 1827 (3.0) 3253(0.9) 2.5632 (24165-2.7181) <0.0001
Stroke @ 685 (1.1) 1349 (0.4) 25416 (2.3136-2.7896) <0.0001
Hypertension ¢ 9806 (16.1) 20,895 (5.9) 2.5030 (2.4377-2.5700) <0.0001
Diabetes ? 3423 (5.6) 4956 (1.4) 3.5073 (3.3521-3.6693) <0.0001
Psychiatric disorders @ 9730 (16.0) 50,375 (14.3) 1.2551 (1.2252-1.2857) <0.0001
Anxiety @ 3322 (5.5) 20,368 (5.8) 1.0230 (0.9846-1.0627) 0.2422
Depression ° 7849 (12.9) 38,570 (11.0) 1.3412(1.3061-1.3770) <0.0001
Bipolar disorder ® 343 (0.6) 1292 (0.4) 1.6581 (1.4675-1.8685) <0.0001
Cancer? 7241 (11.9) 24,081 (6.9) 1.6436 (1.5976-1.6907) <0.0001

Odds ratios (OR) and P values were adjusted for age, sex, ethnic and assessment center

TDITownsend deprivation, SES socioeconomic status, APS air pollution score, EPS environment pollution score, PM, ; particulate matter < 2.5 um, PM, ;. ;, particulate
matter 2.5-10 um, PM,, particulate matter < 10 pm, NOx nitrogen oxides, NO, nitrogen dioxide, CVD cardiovascular disease, CAD cardiovascular diseases, AF atrial

fibrillation
2 Categorical variables are presented as number (percentage)

b Continuous variables are presented as median (quartile)

pattern, on infectious diseases (Table 4 and Additional
file 1: Table S11), suggesting that adhering to a health-
ier lifestyle may alleviate the risk effect of lower SES on
infection. We further explored theses interactions in
each subtype cohort, but only got consistent results in
digestive infectious diseases cohort, with regular physi-
cal activity significant in respiratory infection cohort,
while never use cannabis significant specifically in blood
or sexually transmitted infectious diseases (Table 4 and
Additional file 1: Table S11). The joint analysis showed
that participants with both higher socioeconomic status
and healthier lifestyles had much lower risk of infection
(Additional file 1: Table S12, Fig. 4a, and Additional file 2:
Figs. S6a, Slla, and S16a), while in low SES subgroups
higher lifestyle scores exhibited stronger protective
effects on infection (Additional file 1: Tables S12-S13,
Fig. 4b, and Additional file 2: Figs. S6b, S11b, and S16b),
in agreement with the interaction results above.

Second, in terms of air pollution factors, we observed
significant synergy effects between SES and EPS on
infectious diseases (OR=1.0325, 95% CI: 1.0225-
1.0426) and digestive infection (OR=1.0331, 95% CI
1.0128-1.0537) (Table 4). Some individual factors,
including PM,; PM;;, NO,, NOy and traffic inten-
sity, as well as the APS also showed similar results

(Additional file 1: Table S11). In joint analysis, we also
found that participants with lower SES and living in
heavier environmental pollution were in much higher
risk of infection, with increase of infection risk across
pollution groups also more pronounced in the low
SES group (Additional file 1: Table S14-S15, Fig. 5,
and Additional file 2: Fig. S4). In addition, APS, PM,;,
PM,5 NO,, NOy, and traffic intensity tend to show
higher risk effects on infection in low SES subgroups
(Additional file 2: Fig. S5), consistent with the observed
synergy effects and indicating that poor individual soci-
oeconomic status may further aggravate the risk effects
of environmental pollution on infection. Similar trends
of EPS, APS, PM, ;, NO,, and NO, were also observed
in each subtype cohort (Additional file 1: Tables S11,
§13-S15, and Additional file 2: Figs. S7-S9, S12-S14,
and S17-S19).

Third, in term of chronic comorbidity factors, only a
history of cancer showed significant negative interaction
with SES on infectious diseases (OR=0.9047, 95% CI:
0.8664—-0.9447) (Table 4, and Additional file 1: Table S11).
Interestingly, however, nearly all types of chronic comor-
bidity factors showed higher risk effect in higher SES
subgroup (Additional file 1: Table S13 and Fig. 6), among
which cancer showed similar trend pattern in different



Ye et al. Infectious Diseases of Poverty (2023) 12:5 Page 12 of 23

Socioeconomic Lifestyle
2.4 1.5
1.6 1t-——— - -
08IIIII ) III I
0+ 0-
N N 5 QS & o o
< éf/ S 0@ ,~\\o 0 & & ® &S & °
< Qc’ 4 \\6\ oY O & ‘(\\\ @Q Q (\0
2B N NS @ & 3T S
< S F &7 @& @ RO
& s R SN
o o &% s° 5 ¥
$ Q\)\ .b_\(’ \2@ é
Qg/ éo
Environmental pollutants Chronic comorbidities
3.
3.
2.
2.
1. —_—
I | I
0+ 0-
0 o fif’ S WOV O F & ?~ ‘?‘ 0(\&9 © & ¢ oQ’
. q@@ 0 Q@@g{ ] % < éo\@@\\o\o 0 G}\Oé\e\ \qu o*&v‘d'\\e@éed‘bo’é\
&L © & $ O Ke®
S & S
WP 6{\\’0 N
)
Q6

Fig. 2 Bar plots indicating socioeconomic, lifestyle, environmental pollution, and chronic comorbidity factors on infectious diseases in participants
from UK biobank. Odds ratios (ORs) were adjusted for age, sex, ethnic and assessment center. Dashed line represents no significant association.
TDITownsend deprivation, SES socioeconomic status, EPS environment pollution score, APS air pollution score, PM, s particulate matter <2.5 ym,
PM, s_,, particulate matter 2.5-10 pm, PM,, particulate matter < 10 um, NO, nitrogen oxides, NO, nitrogen dioxide, CVD cardiovascular disease, CAD
cardiovascular diseases, AF atrial fibrillation

subtypes cohorts (Additional file 1: Table S13 and Addi- subgroup analysis in the 2010 subgroup. Most results
tional file 2: Figs. S10, S15, and S20). remained relatively robust (Additional file 1: Tables S11

Finally, we repeated all these analysis with additional and S13, and Additional file 2: Figs. S21-S25).
adjustment for area SES (i.e., TDI), and also performed
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infectious diseases by lifestyle, environmental pollution or chronic

Outcome Exposure Mediator Effect with mediator  Indirect effect by Mediation P
adjusted (95% CI) mediator (95% Cl) proportion (%)
(95% CI)

Infectious diseases SES Lifestyle scores 14895 (1.4646-1.5148)  1.0008 (1.0008-1.0009) 9(26-33) <0.001
(@YD) 14815 (1.4610-1.5023) 1.0018 (1.0016-1.0019) 9(5.5-6.3) <0.001
Diabetes 1.5081 (1.4873-1.5291)  1.0006 (1.0005-1.0007) 0(1.8-22) <0.001
Psychiatric disorders ~ 1.5338 (1.5127-1.5551)  1.0002 (1.0002-1.0003) .7 (0.6-0.8) <0.001
Cancer 1.5366 (1.5155-1.5580)  1.0002 (1.0001-1.0002) 6 (0.3-0.8) <0.001
TDI EPS group 1.0708 (1.0673-1.0743) 10002 (1.0000-1.0004) 3(0.3-43) 0014
Respiratory infectious diseases ~ SES Lifestyle scores 1.4835 (1.3508-1.6302)  1.0016 (1.0008-1.0024) 1(2.1-6.6) <0.001
CvD 14757 (1.3656-1.5953)  1.0027 (1.0019-1.0037) 8 (4.7-9.8) <0.001
Diabetes 1.5103 (1.3982-1.6321)  1.0009 (1.0004-1.0014) 2(1.1-3.6) <0.001
Psychiatric disorders ~ 1.5465 (1.4323-1.6706)  1.0001 (0.9997-1.0004) 2 (= 0.7-1.0) 0576
Cancer 1.5485 (1.4339-1.6730)  1.0001 (0.9993-1.0007) 2(=1.7-17) 0.804
TDI EPS group 1.0606 (1.0418-1.0797)  1.0015 (1.0001-1.0028) 12.7 (14-25.7) 0.028
Digestive infectious diseases SES Lifestyle scores 14466 (1.3971-1.4979)  1.0011 (1.0009-1.0013) 9(23-3.7) <0.001
cvD 14313 (1.3907-1.4732)  1.0025 (1.0021-1.0028) 4 (5.5-74) <0.001
Diabetes 14511 (1.4100-1.4936)  1.0011 (1.0009-1.0013) 7 (22-3.3) <0.001
Psychiatric disorders ~ 1.4830 (1.4413-1.5261)  1.0003 (1.0001-1.0005) 7(03-1.2) <0.001
Cancer 14851 (1.4433-1.5283)  1.0002 (1.0000-1.0004) 5(0.1-1.0) 0.018
TDI EPS group 1.0641 (1.0571-1.0711)  0.9999 (0.9994-1.0003) —1 4( 6.2-3.1) 0.584
Blood or sexually transmitted SES Lifestyle scores 24246 (2.0957-2.8124)  1.0015 (1.0004-1.0027) 3(1.0- 60) 0.004
infectious diseases VD 23007 (2.0435-2.5945) 10010 (1.0005-1.0017) 0(1.1-35) <0001
Diabetes 23386 (2.0780-2.6363)  1.0006 (1.0001-1.0012) 1(0.3-25) 0.002
Psychiatric disorders  2.3447 (2.0844-2.6422)  1.0011 (1.0003-1.0020) 2(06-4.1) 0.012
Cancer 23866 (2.1208-2.6905)  1.0005 (0.9996-1.0014) 1 (—=08-29) 0.242
TDI EPS group 1350 (1.1056-1.1654)  0.9995 (0.9972-1.0018) — 2.6 (— 14.5-9.2) 0.642
Infectious diseases in 2010 SES Lifestyle scores 14439 (1.3864-1.5039)  1.0005 (1.0004-1.0007) 0(1.5-2.8) <0.001
CVvD 14129 (1.3657-1.4618)  1.0019 (1.0016-1.0022) 1(6.1-84) <0.001
Diabetes 1.4400 (1.3920-1.4896)  1.0006 (1.0005-1.0008) 3(1.8-29) <0.001
Psychiatric disorders 14642 (1.4157-1.5145)  1.0002 (1.0002-1.0004) 9 (0.6-1.3) <0.001
Cancer 14656 (1.4170-1.5161)  1.0003 (1.0001-1.0005) 0(0.2-1.7) 0.014
TDI EPS group 1.0617 (1.0531-1.0704)  0.9999 (0.9995-1.0002) — 1.5 (— 7.0-34) 0.568

Effect and proportion estimations and P values were adjusted for age, sex, ethnic and assessment center

TDI Townsend deprivation, SES socioeconomic status, EPS environment pollution score, CVD cardiovascular disease

Effects of socioeconomic inequity on infection in different
sex and ethnic subgroups

We also found that males (OR=1.1498, 95% CI: 1.1300—
1.1700) and African (AFR) people (OR=1.5333, 95%
CI: 1.4273-1.6455) had higher risk of infection com-
pared with females and European (EUR) people, respec-
tively (Additional file 1: Table S16). We further explored
the effects of socioeconomic inequity on infection in
different sex and ethnic subgroups (Additional file 1:
Table S16). We observed relative higher risk effect of
low SES on infections in males (OR=1.5733, 95% CI
1.5433-1.6039) than females (OR=1.5094, 95% CI
1.4798-1.5397). The joint analysis also showed that male

with lower SES tend to have much higher risk of infec-
tion (Additional file 1: Table S17 and Fig. 7a). Interest-
ingly, we observed a higher risk effect of low SES in EUR
people (OR=1.5412, 95% CI: 1.5194-1.5633) than AFR
(OR=1.4384, 95% CI: 1.2793-1.6191) and Asian (ASA,
OR=1.2888, 95% CI: 1.1027-1.5087) people, indicat-
ing that SES gap brings less differences of infection risk
in AFR and ASA people. However, in the joint analysis,
AFR people showed higher infection risk than EUR peo-
ple across all socioeconomic status, though this was not
observed in ASA people (Additional file 1: Table S17 and
Fig. 7b). The mediation effects of EPS on TDI were also
significant only in the male (4.0%, 95% CI: 1.7-6.7%) and
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EUR (2.6%, 95% CI: 0.5-4.5%) subgroups. In addition, it
showed that the mediation effects of lifestyle scores on
SES were not significant in either the AFR or ASA sub-
groups. The interaction direction and strength between
SES and lifestyle scores, EPS, and those chronic comor-
bidity factors were relatively consistent across subgroups.

Validation using US NHANES data

We totally included 45,671 sampled participants from
US NHANES (Fig. 1b). The participants have a mean
age of 47.35+16.87 years, among whom 23,360 (50.2%
weighted) were women, 13,809 (29.2% weighted) were of
high SES, 18,284 (38.7% weighted) of medium SES, and

15,218 (32.2% weighted) of low SES. Participants with
low SES were more likely to be female, non-white, and
older. Low SES also tends to be associated with poorer
lifestyle and a higher rate of chronic comorbidities (Addi-
tional file 1: Table S18).

Laboratory tests showed that 10,434 (23.2% weighted)
participants had at least one infectious disease when sur-
veyed. And participants with lower SES (OR=1.2471,
95% CI: 1.1817-1.3161), or comorbid psychiatric disor-
ders (OR=1.9025, 95% CI: 1.0984-3.2951) had a higher
risk of infections, and those adhering to healthier life-
style were in lower risk of infections (OR=0.5585, 95%
CI: 0.5131-0.6079) (Additional file 1: Table S19), in
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Table 4 Interaction between SES and lifestyle, environmental pollution or chronic comorbidity factors on infectious diseases in UK

Biobank
Outcome Variable SES SES-TDI
OR (95% Cl) OR (95% Cl) P
Infectious diseases Lifestyle scores 0.8699 (0.8492,0.8912) <0.0001 0.8800 (0.8591, 0.9014) <0.0001
EPS group 1.0325 (1.0225, 1.0426) <0.0001 1.0285 (1.0186, 1.0385) <0.0001
CvD 0.9792 (0.9420, 1.0179) 0.2874 0.9662 (0.9296, 1.0044) 0.0818
Diabetes 0.9797 (0.9095, 1.0557) 0.5886 0.9617 (0.8929, 1.0363) 0.3040
Psychiatric disorders 0.9916 (0.9564, 1.0282) 06473 0.9890 (0.9541, 1.0253) 0.5480
cancer 0.9047 (0.8664, 0.9447) <0.0001 0.9097 (0.8714, 0.9499) <0.0001
Respiratory infectious diseases Lifestyle scores 0.8792 (0.7695, 1.0045) 0.0582 0.8879 (0.7776, 1.0140) 0.0792
EPS group 1.0462 (0.9905, 1.1049) 0.1058 1.0423 (0.9872,1.1005) 0.1351
cvD 1.0806 (0.8752, 1.3382) 04743 1.0627 (0.8608, 1.3160) 0.5740
Diabetes 0.9574 (0.6428, 1.4396) 0.8320 0.9628 (0.6458, 1.4486) 0.8536
Psychiatric disorders 1490 (0.9372, 1.4124) 0.1842 1.1447 (0.9345, 1.4062) 0.1945
cancer 0.8180 (0.6492, 1.0333) 0.0900 0.8306 (0.6593, 1.0491) 0.1170
Digestive infectious diseases Lifestyle scores 0.9000 (0.8565, 0.9458) <0.0001 0.9070 (0.8632, 0.9529) 0.0001
EPS group 1.0331(1.0128, 1.0537) 0.0013 1.0294 (1.0094, 1.0499) 0.0039
CVvD 1.0101 (0.9324, 1.0946) 0.8068 0.9994 (0.9227, 1.0829) 0.9887
Diabetes 0.9785 (0.8406, 1.1403) 0.7797 0.9626 (0.8268, 1.1218) 0.6241
Psychiatric disorders 0.9467 (0.8811, 1.0173) 0.1350 0.9449 (0.8797,1.0153) 0.1216
cancer 0.8949 (0.8185, 0.9789) 0.0150 0.8984 (0.8219, 0.9825) 0.0186
Blood or sexually transmitted infec-  Lifestyle scores 0.9455 (0.7625, 1.1729) 0.6096 0.9712 (0.7853, 1.2016) 0.7873
tious diseases EPS group 1.0424 (0.9564, 1.1355) 0.3428 1.0385 (0.9545, 1.1291) 03782
cvD 0.6587 (0.4571,0.9591) 0.0269 0.6644 (0.4604, 0.9685) 0.0308
Diabetes 0.5265 (0.2871,0.9743) 0.0382 0.5722 (0.3097, 1.0632) 0.0740
Psychiatric disorders 1.0111 (0.7649, 1.3447) 0.9389 1.0051 (0.7608, 1.3358) 09719
cancer 0.6344 (0.4380, 0.9267) 0.0171 0.6508 (0.4493, 0.9499) 0.0242
Infectious diseases in 2010 Lifestyle scores 0.8681 (0.8186, 0.9205) <0.0001 0.8743 (0.8247,0.9269) <0.0001
EPS group 1.0225 (0.9981, 1.0475) 0.0711 1.0260 (1.0017, 1.0510) 0.0358
CvD 0.9456 (0.8649, 1.0344) 0.2205 0.9337 (0.8541,1.0212) 0.1321
Diabetes 09412 (0.7931, 1.1194) 04900 0.9266 (0.7810, 1.1017) 0.3847
Psychiatric disorders 0.9875 (0.9052, 1.0777) 0.7774 0.9861 (0.9042, 1.0758) 0.7514
cancer 0.8488 (0.7669, 0.9401) 0.0016 0.8534 (0.7712,0.9450) 0.0022

Effect and proportion estimations and P values were adjusted for age, sex, ethnic and assessment center

TDI Townsend deprivation, SES socioeconomic status, EPS environment pollution score, CVD cardiovascular disease

agreement with the results of UKB. The mediated pro-
portion by lifestyle score in the effects of SES on infec-
tions was up to 27.2% (95% CIL 27.1-27.3%), which
mainly comes from no current smoking (35.5%, 95%
CI: 33.5-37.5%) (Additional file 1: Table S20). SES also
shows negative interaction effect with lifestyle score
(OR=0.8866, 95% CI: 0.8113-0.9688), no current smok-
ing (OR=0.8348, 95% CI. 0.7647-0.9113), and healthy
diet (OR=0.8418, 95% CI: 0.7423-0.9546) (Additional
file 1: Table S21). And as expected, the joint analy-
sis showed that participants with both higher SES and
healthier lifestyles had much lower risk of infection,
and adhering to healthy lifestyle can also bring stronger

protective effects in participants with low SES (Addi-
tional file 1: Table S22 and Additional file 2: Fig. S26). No
significant interaction was observed between SES and
chronic comorbidity factors in US NHANES (Additional
file 1: Tables S21 and S23 and Additional file 2: Fig. $27).
Both direct and indirect effects of SES show relatively
consistent across sex subgroups, and males with lower
SES also tend to have much higher risk of infection as
observed in UKB (Additional file 1: Tables S24-S25
and Additional file 2: Fig. S28a). Notably, however, SES
showed no significant associations with infection. We
further observed that though non-white people with dif-
ferent SES tend to have similar infection risks, non-white
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Fig. 4 Forest plot indicating lifestyle scores on infectious diseases in different SES subgroups from UK biobank. The group with low SES and poor
lifestyle scores (0-1) was selected as the overall control group (a), or for each SES subgroup individually, that with poor lifestyle scores (0-1) was
selected as the control group (b). Odds ratios (ORs) were adjusted for age, sex, ethnic and assessment center. Dashed line represents no significant

association. SES socioeconomic status

people still showed higher infection risk than white peo-
ple across all SES subgroups, suggesting that heavy infec-
tion burden may exist even in non-white people with
high SES (Additional file 1: Tables S24-S25 and Addi-
tional file 2: Fig. S28b).

Discussion

In this comprehensive analysis, we explored the associa-
tions between SES and infectious diseases in a large-scale
prospective cohort data, and found that low SES was an
important risk factor for infections, part of which may
be mediated by poor lifestyle, heavy pollution in living
environment, and chronic comorbidities. We also found
significant interactions between SES and several life-
styles, environmental pollution and chronic comorbid-
ity factors. We employed a series of sensitivity analyses,

including to repeat our main analysis in an external data
from the US, and obtained almost consistent results.
Although associations between SES and infectious dis-
eases have got discussed before, previous studies usu-
ally defined SES from a single perspective, and focused
only on some certain infections [51]. For example, Don-
nelly et al. used a national cohort in the US to examine
the associations of neighborhood socioeconomic sta-
tus (nSES) with risk of hospitalization for infection and
sepsis, and found that participants residing in high-nSES
neighborhoods have lower infection rates, where physi-
cal weakness and diabetes played certain mediation
roles [52]. Another case—control study in Sweden also
found that participants who were in unemployed status,
had a lower level of educational attainment or income
were more likely to be with invasive bacterial diseases,
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blood-borne infectious diseases, tuberculosis, and anti-
biotic-resistant infections [53]. However, it remained
unclear whether SES has a consistent impact on the over-
all burden of infectious diseases. In our study, we used
family income level, education qualification, employment
status, and health insurance coverage to jointly define a
SES, and evaluate the association between the composite
SES with individual’s burden of infectious diseases. We
found that people in low SES had a higher risk of over-
all infections, which showed much stronger in males and
non-white people. We also evaluated each individual SES
variable, and obtained comparable results with previous
investigations, which may indicate the credibility of our
results [52-55].

Recent studies have demonstrated that SES could influ-
ence an individual’s lifestyle and a regional environment,
and so as to affects the incidence of cardiovascular dis-
ease and allergic airway diseases [32, 56]. However, no
studies have been conducted to assess the potential roles

of lifestyle and environmental pollution in the association
between SES and infectious diseases. We thus employed
a mediation analysis in this study, and found that about
2.9% of the association between individual SES and infec-
tious diseases could be explained by lifestyle. However,
in subgroup analysis by ethnicity, the mediation role of
lifestyle showed statistical significance only in EUR par-
ticipants. And when we randomly sampled 8,000 par-
ticipants from the EUR subgroup and re-performed the
mediation analysis, we got a similar result (3.1%, 95% CI:
1.2-6.0%), which ruled out the case caused by the gap in
sample size. We further explored the distribution of life-
style factors across ethnic subgroups in UKB and were
surprised to find that participants in the EUR subgroup
were in a worse lifestyle compared with those in the AFR
or ASA subgroups (P<0.0001), which may mainly come
from the much higher proportions of smokers and drink-
ers (Additional file 1: Table S26). It is important that a
positive correlation between lifestyle scores and SES
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Fig. 6 Forest plot indicating chronic comorbidity factors on infectious diseases in different socioeconomic status (SES) subgroups from UK biobank.
Odds ratios (ORs) were adjusted for age, sex, ethnic and assessment center. Dashed line represents no significant association. SES socioeconomic
status, CVD cardiovascular disease, CAD cardiovascular diseases, AF atrial fibrillation

the was also only observed in the EUR subgroup, which
may be an important cause of heterogeneity results in
the mediation analysis (Additional file 1: Table S26). In
addition, about 2.3% of the association between TDI and
infections could be explained by environmental pollu-
tion, while the mediation role of environmental pollution
showed statistical significance only in males, indicating
that males may be more susceptible to the environmental
pollution caused by low SES.

Previous study has demonstrated that risk of many
adverse health-related outcomes, including infectious
diseases, could be reduced through lifestyle modification
[57-59]. In our study, we consistently found that adher-
ing to a healthy lifestyle alone had a protective effect on
overall infections across all SES subgroups. Importantly,
the protective effect of healthy lifestyle showed much
stronger among those with low SES, which indicated the
potential modification effects of healthy lifestyle on poor
SES, and emphasized the necessity to enhance health
education, especially among those with low SES who
were more vulnerable to infection. Similar trends have
ever been observed in another two UKB-based studies,
which evaluated the joint effects of socioeconomic and
lifestyle factors on CVD and all-cause mortality [19, 32].

The associations between individual environmental
pollutants and infection were usually established in some
respiratory infectious diseases. For example, a study from
Wuhan, China identified short-term exposure to NO,,
sulfur dioxide (SO,), and ground-level ozone (O,) as risk
factors of influenza incidence [60]. Several air pollutants
such as PM, 5, PM,,, SO,, NO,, and NO, were also found
to be associated with tuberculosis [26, 61, 62]. In this
study, we created an EPS to assess the joint exposure to
various environmental pollutants, and further expanded
the associations to the overall burden of infectious dis-
eases, as well as digestive and blood or sexually trans-
mitted infections. In fact, that environmental pollutants
can affect multiple organ systems is not a new topic in
chronic disease research. And oxidative stress, systemic
inflammation, and autonomic imbalance were usually
widely accepted mechanisms [63, 64]. Previous studies
have reported that exposure to environmental pollutants
impacted both innate and adaptive immunity [65]. For
example, increased monocyte and CD8+T proportion
but decreased B lymphocyte have been found in children
from the polluted area [66]. Pollutants can stimulate the
epithelium and macrophages to release inflammatory
cytokines [65]. Another study also found that exposure
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to heavy NO, and PM,, pollution resulted in a weakened
type Il interferon response, with the decrease in the Thl
pathway indicating impaired antiviral cellular effects [67].
In addition, epigenetic and transcriptome analysis also
revealed alteration in gene expression and DNA methyla-
tion caused by exposure to NO,, NO,, and PM, 5, though
conflicting evidence existed in their effects on circulating
markers of inflammation [68—70]. Furthermore, we also
observed significant synergy interaction between high
EPS and low SES, suggesting that participants with low
SES and living with heavy environmental pollution may
at a much higher risk of infection, which was also con-
firmed by the results of the joint analysis. And we further
observed a pronounced increase in infection risk across
EPS groups in the low SES group, indicating that heavier
environmental pollution may do bring more infection
risk for participants with low SES.

In addition, we found participants with some chronic
diseases were in higher infection risk. A notable point is
that cancer history had a significant negative interaction

with SES, and it showed higher risk effects in high SES
subgroup, indicating that a cancer history may bring
more risk for participants in high SES. Considering the
cancer disparities across SES shown in our data (Table 1
and Additional file 2: Fig. S2) and reported previously
[71], we hypothesized that it might be caused by the dis-
tribution disparities of cancer tumor behaviors among
different SES subgroups. However, as we repeated the
analysis using the recorded cancer tumor behavior in
UKB, both association (OR: 1.1375, 95% CI: 1.1290-
1.1460) and interaction (OR: 0.9730, 95% CI: 0.9620—
0.9842) results remained consistent with the main
analysis. A potential explanation may exist elsewhere like
the genetic susceptibility [72—-74]. Since we failed to vali-
date it in the US NHANES, and few related studies are
available now, the inherently complex relationship may
wait for further exploration and validation. Certainly,
those with low SES and with chronic comorbidities still
have a much higher infection risk, indicating the neces-
sity of enhanced focus on these individuals.
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To the best of our knowledge, this study is the first
to evaluate the contribution of socioeconomic factors
to the overall infectious diseases. We also explore the
underlying mediators that link SES with infections risk
from the perspectives of lifestyle, environmental pollu-
tion, and chronic comorbidities. The main strength of
our study might be the large sample size of the UKB and
US NHANES, and the clear and standardized definitions
on research variables. The relatively high consistency of
the main results from the two cohorts made our findings
quite robust. Apart from that, we constructed several
composite scores in this study, which may provide a more
comprehensive reflection on SES, lifestyle, and environ-
mental pollution respectively, as compared with previous
studies. In addition, we also considered different sex and
ethnic subgroups, and successfully defined potential sub-
populations in higher risk, which may further facilitate
the implementation of more precise control measures in
the future.

Nonetheless, our study still has some limitations. First,
in the UKB, we only used the baseline survey data to define
the socioeconomic and the lifestyle status of each partici-
pant. Although it can be helpful to confirm the temporal
sequence of exposures and infections, it may lead to inac-
curate estimates of associations for that SES and lifestyle
of an individual may be changeable over time. Second, for
the definition of environmental pollutants of the UKB, we
treated the measurements in 2009 and 2010 as a proxy for
chronic, long-term exposure estimation as previous stud-
ies did [43, 47], which may also lead to information bias.
To account for this, we further conducted a sensitivity
analysis using participants enrolled in 2010 only. Since the
results were largely consistent, this proxy may be reason-
ability to some extent. Third, since each of the target infec-
tion subtype in the UKB only comprised a limited number
of cases that took part a fairly small fraction of the entire
cohort, the case—control imbalance may result in high
false-positive rates. To account for this, we included a PSM
cohort in sensitivity analyses, as described in the method
section, and obtained relatively consistent results. Fourth,
the external validation data used was from a cross-sec-
tional study, which is less persuasive in association analy-
sis, and differences existed in the data collection process
and variable structure between the US NAHES and UKB.
Although we have tried to harmonize the variable defini-
tions as much as possible and did get similar results, we
still should interpret them with caution. Fifth, information
on socioeconomic factors and lifestyle factors in UKB and
US NAHES was mainly based on self-reports, which may
inevitably cause information bias, though strict quality
control measures were implemented in both studies.
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Conclusions

In this large-scale cohort-based analysis, we confirmed
the associations between low SES and burdens of over-
all infectious diseases. We found that SES may impact
overall incident infections risk not only by affecting indi-
viduals’ lifestyle, environmental pollution and chronic
comorbidities directly, but also by distorting the effects
of lifestyle and environmental pollution indirectly. In
addition, males and non-white people could be more
vulnerable to the adverse effect of low SES. Our findings
highlighted the importance of improving infections pre-
vention and control in people with low SES. Efforts to
enhance health education, such as to encourage smoking
cessation and maintaining a healthy diet, and improve
the quality of living environment may help reduce bur-
den of infectious disease, especially for people with low
SES.

Abbreviations

SES Socioeconomic status

CAD Cardiovascular diseases

UKB UK Biobank

US NHANES US National Health and Nutrition Examination Survey
PIR Poverty to income ratio

HHS Health and Human Services

LCA Latent class analysis

AlC Akaike information criterion

BIC Bayesian information criterion

TDI Townsend deprivation index

MEC Mobile examination center

MET Metabolic equivalent

HEI Healthy eating index

NCI National Cancer Institute

USDA US Department of Agriculture

FPED Food Patterns Equivalents Database
PM, 5 Particulate matter <2.5 um

PM55_10 Particulate matter 2.5-10 um

PM;q Particulate matter <10 um

NO, Nitrogen oxides

NO, Nitrogen dioxide

LUR Land Use Regression

ESCAPE European Study of Cohorts for Air Pollution Effects
EPS Environment pollution score

APS Air pollution score

CVD Cardiovascular disease

ICD International Classification of Diseases
AF Atrial fibrillation

HBV Hepatitis B virus

HIV Human immunodeficiency virus
HSV-2 Herpes simplex virus type 2

HPV Human papillomavirus

OR Odds ratio

a Confidence interval

AFR African

ASA Asian

nSES Neighborhood socioeconomic status
SO, Sulfur dioxide

05 Ground-level ozone

EUR European



Ye et al. Infectious Diseases of Poverty (2023) 12:5

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/540249-023-01056-5.

Additional file 1: Table S1. Definitions of socioeconomic status, environ-
ment pollution, healthy lifestyle, environment pollution and chronic
comorbidity factors, and infectious diseases from UK biobank. Table S2.
Definitions of socioeconomic status, healthy lifestyle, environment pol-
lution and chronic comorbidity factors, and infectious diseases from and
US NHANES. Table S3. Mean posterior probabilities, prevalence of latent
classes, and item-response probabilities in models with three to five
latent classes in the UK Biobank and US NHANES. Table S4. Associations
of SES, lifestyle, environment pollution and chronic comorbidity factors
with respiratory, digestive and blood or sexually transmitted infectious
diseases in UK Biobank participants under multivariate linear regression.
Table S5. Associations of SES, lifestyle, environment pollution and chronic
comorbidity factors with respiratory infectious diseases in UK Biobank PSM
matching subgroup under univariate linear regression. Table S6. Associa-
tions of SES, lifestyle, environment pollution and chronic comorbidity
factors with digestive infectious diseases in UK Biobank PSM matching
subgroup under univariate linear regression. Table S7. Associations of
SES, lifestyle, environment pollution and chronic comorbidity factors

with blood or sexually transmitted infectious diseases in UK Biobank

PSM matching subgroup under univariate linear regression. Table S8.
Associations of SES, lifestyle and environment pollution factors with
infectious diseases in UK Biobank participants in 2010 under univariate
linear regression. Table $S9. Adjusted odds ratios for environmental pol-
lution on infection in each quantile in the UK Biobank study. Table S10.
Mediation effects of socioeconomic factors on infectious diseases by
individual lifestyle, environment pollution or chronic comorbidity factors
in UK Biobank. Table S11. Interaction between SES and individual lifestyle,
environment pollution or chronic comorbidity factors on infectious
diseases in UK Biobank. Table S12. Lifestyle scores on infectious diseases
in different SES subgroups from UK biobank. Table $13. Individual
lifestyle factors, and environment pollution and chronic comorbidity
factors on infectious diseases in different SES subgroups from UK biobank.
Table S14. EPS on infectious diseases in different SES subgroups from UK
biobank. Table S15. APS on infectious diseases in different SES subgroups
from UK biobank. Table S16. SES on infection in different gender and
ethnic/race subgroups in UK Biobank. Table S17. Sex and race on infec-
tious diseases in different SES subgroups from UK Biobank. Table S18.
Baseline characteristics and infection status of all participants from US
NHANES. Table S19. Associations of SES, lifestyle, environment pollution
and chronic comorbidity factors with infectious diseases in US NHANES
participants under multivariate linear regression. Table $20. Mediation
effects of socioeconomic factors on infectious diseases by individual
lifestyle, environment pollution or chronic comorbidity factors in US
NHANES. Table S21. Interaction between SES and lifestyle or chronic
comorbidity factors on infectious diseases in US NHANES. Table S22.
Lifestyle scores on infectious diseases in different SES subgroups from US
NHANES. Table S23. Individual lifestyle factors, and chronic comorbidity
factors on infectious diseases in different SES subgroups from US NHANES.
Table S24. SES on infection in different gender and ethnic subgroups in
US NHANES. Table S25. Sex and race on infectious diseases in different
SES subgroups from US NHANES. Table S26. Distribution of lifestyle fac-
tors across ethnic/race subgroups in UK Biobank.

Additional file 2: Figure S1. G2 statistics, AIC, and BIC in models with dif-
ferent numbers of latent classes in the UK biobank (a) and US NHANES (b).
Figure S2. Correlation heatmap of different variables in the UK biobank.
Figure S3. Bar plots indicating socioeconomic, lifestyle, environment pol-
lution, and chronic comorbidity factors on infection subtypes in matching
subgroups from UK biobank. Figure S4. Forest plot indicating air pollution
score (APS) groups on infectious diseases in different SES subgroups from
UK biobank.. Figure S5. Forest plot indicating individual environment
pollution factors on infectious diseases in different SES subgroups from UK
biobank. Figure S6. Forest plot indicating lifestyle scores on respiratory
infectious diseases in different SES subgroups from UK biobank. Figure
S7. Forest plot indicating environmental pollution score (EPS) groups

on respiratory infectious diseases in different SES subgroups from UK

Page 21 of 23

biobank. Figure S8. Forest plot indicating air pollution score (APS) groups
on respiratory infectious diseases in different SES subgroups from UK
biobank. Figure S9. Forest plot indicating individual environment pollu-
tion factors on respiratory infectious diseases in different SES subgroups
from UK biobank. Figure S10. Forest plot indicating chronic comorbidity
factors on respiratory infectious diseases in different SES subgroups from
UK biobank. Figure S11. Forest plot indicating lifestyle scores on digestive
infectious diseases in different SES subgroups from UK biobank. Figure
S12. Forest plot indicating environmental pollution score (EPS) groups on
digestive infectious diseases in different SES subgroups from UK biobank.
Figure S13. Forest plot indicating air pollution score (APS) groups on
digestive infectious diseases in different SES subgroups from UK biobank.
Figure S14. Forest plot indicating individual environment pollution
factors on digestive infectious diseases in different SES subgroups from
UK biobank. Figure S15. Forest plot indicating chronic comorbidity fac-
tors on digestive infectious diseases in different SES subgroups from UK
biobank. Figure $16. Forest plot indicating lifestyle scores on blood or
sexually transmitted infectious diseases in different SES subgroups from
UK biobank. Figure S17. Forest plot indicating environmental pollution
score (EPS) groups on blood or sexually transmitted infectious diseases in
different SES subgroups from UK biobank. Figure S18. Forest plot indicat-
ing air pollution score (APS) groups on blood or sexually transmitted infec-
tious diseases in different SES subgroups from UK biobank. Figure S19.
Forest plot indicating individual environment pollution factors on blood
or sexually transmitted infectious diseases in different SES subgroups
from UK biobank. Figure S20. Forest plot indicating chronic comorbidity
factors on blood or sexually transmitted infectious diseases in differ-

ent SES subgroups from UK biobank. Figure S21. Forest plot indicating
lifestyle scores on infectious diseases in 2010 in different SES subgroups
from UK biobank. Figure $22. Forest plot indicating environmental
pollution score (EPS) groups on infectious diseases in 2010 in different
SES subgroups from UK biobank. Figure S23. Forest plot indicating air
pollution score (APS) groups on infectious diseases in 2010 in different SES
subgroups from UK biobank. Figure S$24. Forest plot indicating individual
environment pollution factors on infectious diseases in 2010 in different
SES subgroups from UK biobank. Figure S25. Forest plot indicating
chronic comorbidity factors on infectious diseases in 2010 in different SES
subgroups from UK biobank. Figure S$26. Forest plot indicating lifestyle
scores on infectious diseases in different SES subgroups from US NHANES.
Figure S27. Forest plot indicating individual lifestyle factors and chronic
comorbidity factors on infectious diseases in different SES subgroups from
US NHANES. Figure S28. Forest plot indicating SES on infectious diseases
in different sex (a) and ethnic (b) subgroups from US NHANES

Acknowledgements
Not applicable.

Author contributions

PH. and S.Y. designed the study. XY, Y.Z, and J.T. performed the datasets qual-
ity control. X.Y. and Y.Z. performed the data analysis. R.Y, W.T,, and PH. inter-
preted the analysis results. X.Y. and Y.W. wrote the draft manuscript. W.T, PH.,
and S.Y. revised the article. All authors read and approved the final manuscript.

Funding

This work was supported by the Natural Science Foundation of China (Nos.
82173585 and 82273741), the Natural Science Foundation of Jiangsu Higher
Education Institutions of China (Nos. 21KJB330005 and 22KJB330007), Nanjing
Important Science & Technology Specific Projects (No. 2021-11005), and the
Priority Academic Program Development of Jiangsu Higher Education Institu-
tions (PAPD).

Availability of data and materials

This study has been conducted using UK Biobank resource under Application
Number 67665 (http://www.ukbiobank.ac.uk). UK Biobank was established by
the Wellcome Trust medical charity, Medical Research Council, Department
of Health, Scottish Government, and the Northwest Regional Development
Agency. It has also had funding from the Welsh Assembly Government, British
Heart Foundation, and Diabetes UK. Publicly available data of NHANES, as well
as details on the study design and data collection, can be obtained from the


https://doi.org/10.1186/s40249-023-01056-5
https://doi.org/10.1186/s40249-023-01056-5
http://www.ukbiobank.ac.uk

Ye et al. Infectious Diseases of Poverty (2023) 12:5

official website (https://www.cdc.gov/nchs/nhanes). All code related to the
analyses of the manuscript is available on github repository (https://github.
com/XiangyuYe/Infection_SES).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Epidemiology, Center for Global Health, School of Public
Health, Nanjing Medical University, Nanjing, China. 2Institute of Global Health
and Infectious Diseases, University of North Carolina, Chapel Hill, CA, USA.
3Department of Biostatistics, Center for Global Health, School of Public Health,
Nanjing Medical University, Nanjing, China.

Received: 15 September 2022 Accepted: 16 January 2023
Published online: 30 January 2023

References

1. Tetzlaff F Epping J, Sperlich S, Tetzlaff J. Widening income inequalities in
life expectancy? Analysing time trends based on German health insur-
ance data. J Epidemiol Community Health. 2020;74(7):592-7.

2. Dickman SL, Himmelstein DU, Woolhandler S. Inequality and the health-
care system in the USA. Lancet. 2017;389(10077):1431-41.

3. Lago-Pefas S, Rivera B, Cantarero D, Casal B, Pascual M, Blazquez-
Fernadndez C, et al. The impact of socioeconomic position on non-com-
municable diseases: what do we know about it? Perspect Public Health.
2021;141(3):158-76.

4. Amini-Rarani M, Vahedi S, Borjali M, Nosratabadi M. Socioeconomic
inequality in congenital heart diseases in Iran. Int J Equity Health.
2021,;20(1):251.

5. ChamS, Li A, Rauh-Hain JA, Tergas Al, Hershman DL, Wright JD,
et al. Association between neighborhood socioeconomic inequal-
ity and cervical cancer incidence rates in New York City. JAMA Oncol.
2022;8(1):159-61.

6. LiW,Wang Z, Wang G, Ip P, Sun X, Jiang Y, et al. Socioeconomic inequality
in child mental health during the COVID-19 pandemic: first evidence
from China. J Affect Disord. 2021;287:8-14.

7. Williams DR, Lawrence JA, Davis BA. Racism and health: evidence and
needed research. Annu Rev Public Health. 2019;40(1):105-25.

8. Teitler J, Wood BM, Zeng W, Martinson ML, Plaza R, Reichman NE. Racial-
ethnic inequality in cardiovascular health in the United States: does it
mirror socioeconomic inequality? Ann Epidemiol. 2021;,62:84-91.

9. Sangaramoorthy M, Shariff-Marco S, Conroy SM, Yang J, Inamdar PP,

Wu AH, et al. Joint associations of race, ethnicity, and socioeconomic
status with mortality in the multiethnic cohort study. JAMA Netw Open.
2022;5(4):2226370-e226370.

10. Zahodne LB, Manly JJ, Smith J, Seeman T, Lachman ME. Socioeconomic,
health, and psychosocial mediators of racial disparities in cognition in
early, middle, and late adulthood. Psychol Aging. 2017;32(2):118-30.

11. Unemo M, Bradshaw CS, Hocking JS, de Vries HIC, Francis SC, Mabey D,
et al. Sexually transmitted infections: challenges ahead. Lancet Infect Dis.
2017;17(8):e235-79.

12. Bourouiba L. Fluid dynamics of respiratory infectious diseases. Annu Rev
Biomed Eng. 2021;23(1):547-77.

13. Panarelli NC. Infectious diseases of the upper gastrointestinal tract. Histo-
pathology. 2021;78(1):70-87.

14. Baker RE, Mahmud AS, Miller IF, Rajeev M, Rasambainarivo F, Rice BL,
et al. Infectious disease in an era of global change. Nat Rev Microbiol.
2022;20(4):193-205.

20.

22.

23.

24.

25.

26.

27.

28.

30.

31

32.

33

34.

35.

36.

37.

Page 22 of 23

. Ding C, Liu X, Yang S. The value of infectious disease modeling and trend

assessment: a public health perspective. Expert Rev Anti Infect Ther.
2021;19(9):1135-45.

. Erwin EA, Kelleher KJ. Understanding the highs and lows of socioeco-

nomic status. J Allergy Clin Immunol. 2022;149(5):1585-6.

. Tousoulis D, Oikonomou E, Vogiatzi G, Vardas P. Cardiovascular disease

and socioeconomic status: it is mainly education that counts and not
wealth ! Eur Heart J. 2020;41(34):3213-4.

. Maki G, Zervos M. Health care-acquired infections in low- and middle-

income countries and the role of infection prevention and control. Infect
Dis Clin North Am. 2021;35(3):827-39.

. Foster HME, Celis-Morales CA, Nicholl B, Petermann-Rocha F, Pell JP, Gill

JMR, et al. The effect of socioeconomic deprivation on the association
between an extended measurement of unhealthy lifestyle factors and
health outcomes: a prospective analysis of the UK Biobank cohort. Lancet
Public Health. 2018;3(12):e576-85.

XuW, SunJ, LiuY, Xiao Y, Tian Y, Zhao B, et al. Spatiotemporal variation
and socioeconomic drivers of air pollution in China during 2005-2016. J
Environ Manage. 2019;245:66-75.

. Kolb H, Martin S. Environmental/lifestyle factors in the pathogenesis and

prevention of type 2 diabetes. BMC Med. 2017;15(1):131.

Parra KL, Alexander GE, Raichlen DA, Klimentidis YC, Furlong MA. Exposure
to air pollution and risk of incident dementia in the UK Biobank. Environ
Res. 2022;209: 112895.

Dhana K, Franco OH, Ritz EM, Ford CN, Desai P, Krueger KR, et al. Healthy
lifestyle and life expectancy with and without Alzheimer’s dementia:
population based cohort study. BMJ. 2022;377: e068390.

Li X, Wang M, Song Y, Ma H, Zhou T, Liang Z, et al. Obesity and the relation
between joint exposure to ambient air pollutants and incident type 2
diabetes: a cohort study in UK Biobank. PLoS Med. 2021;18(8): €1003767.
Ahmadi MN, Huang B-H, Inan-Eroglu E, Hamer M, Stamatakis E. Lifestyle
risk factors and infectious disease mortality, including COVID-19, among
middle aged and older adults: Evidence from a community-based cohort
study in the United Kingdom. Brain Behav Immun. 2021;96:18-27.

Yao L, Liangliang C, JinYue L, WanMei S, Lili S, YiFan L, et al. Ambient air
pollution exposures and risk of drug-resistant tuberculosis. Environ Int.
2019;124:161-9.

Popovic |, Soares Magalhaes RJ, Ge E, Marks GB, Dong G-H, Wei X, et al.

A systematic literature review and critical appraisal of epidemiological
studies on outdoor air pollution and tuberculosis outcomes. Environ Res.
2019;170:33-45.

Sudlow C, Gallacher J, Allen N, Beral V, Burton P, Danesh J, et al. UK
Biobank: an open access resource for identifying the causes of a wide
range of complex diseases of middle and old age. PLoS Med. 2015;12(3):
e1001779.

. Category listing—UK Biobank. https://biobank.ndph.ox.ac.uk/showcase/

cats.cgi. Accessed 11 Nov 2022.

Yang S, Zhou X. PGS-server: accuracy, robustness and transferability of
polygenic score methods for biobank scale studies. Brief Bioinform. 2022,
23(2).

Yang S, Zhou X. Accurate and scalable construction of polygenic scores in
large biobank data sets. Am J Hum Genet. 2020;106(5):679-93.

Zhang Y-B, Chen C, Pan X-F, Guo J, LiY, Franco OH, et al. Associations of
healthy lifestyle and socioeconomic status with mortality and incident car-
diovascular disease: two prospective cohort studies. BMJ. 2021;373: n604.
Guidance: The NHS Constitution for England. www.gov.uk/government/
publications/the-nhs-constitution-for-england/the-nhs-constitution-for-
england. Accessed 26 May 2022.

Linzer DA, Lewis JB. poLCA: an R package for polytomous variable latent
class analysis. J Stat Softw. 2011;42(10):1-29.

Black D. Health and deprivation: inequality and the north. J R Coll Gen
Pract. 1988;38(310):234-234.

Ye J,Wen'Y, Sun X, Chu X, Li P, Cheng B, et al. Socioeconomic depriva-
tion index is associated with psychiatric disorders: an observational

and genome-wide gene-by-environment interaction analysis in the UK
biobank cohort. Biol Psychiatry. 2021;89(9):888-95.

Said MA, Verweij N, van der Harst P. Associations of combined genetic
and lifestyle risks with incident cardiovascular disease and diabetes in the
UK biobank study. JAMA Cardiol. 2018;3(8):693-702.


https://www.cdc.gov/nchs/nhanes
https://github.com/XiangyuYe/Infection_SES
https://github.com/XiangyuYe/Infection_SES
https://biobank.ndph.ox.ac.uk/showcase/cats.cgi
https://biobank.ndph.ox.ac.uk/showcase/cats.cgi
http://www.gov.uk/government/publications/the-nhs-constitution-for-england/the-nhs-constitution-for-england
http://www.gov.uk/government/publications/the-nhs-constitution-for-england/the-nhs-constitution-for-england
http://www.gov.uk/government/publications/the-nhs-constitution-for-england/the-nhs-constitution-for-england

Ye et al. Infectious Diseases of Poverty

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

(2023) 12:5

Fan M, Sun D, Zhou T, Heianza Y, Lv J, Li L, et al. Sleep patterns, genetic
susceptibility, and incident cardiovascular disease: a prospective study of
385 292 UK biobank participants. Eur Heart J. 2019;41(11):1182-9.

Zhu M, Wang T, Huang Y, Zhao X, Ding Y, Zhu M, et al. Genetic risk for
overall cancer and the benefit of adherence to a healthy lifestyle. Cancer
Res. 2021,81(17):4618-27.

Levitt A, Mermin J, Jones CM, See |, Butler JC. Infectious diseases and
injection drug use: public health burden and response. J Infect Dis.
2020;222(Supplement_5):5213-7.

Degenhardt L, Peacock A, Colledge S, Leung J, Grebely J, Vickerman P,

et al. Global prevalence of injecting drug use and sociodemographic
characteristics and prevalence of HIV, HBV, and HCV in people who
inject drugs: a multistage systematic review. Lancet Glob Health.
2017;5(12):21192-207.

HuangY, Zhu M, Ji M, Fan J, Xie J, Wei X, et al. Air pollution, genetic fac-
tors, and the risk of lung cancer: a prospective study in the UK biobank.
Am J Respir Crit Care Med. 2021;204(7):817-25.

Furlong MA, Klimentidis YC. Associations of air pollution with obesity and
body fat percentage, and modification by polygenic risk score for BMI in
the UK Biobank. Environ Res. 2020;185: 109364.

Beelen R, Hoek G, Vienneau D, Eeftens M, Dimakopoulou K, Pedeli X, et al.
Development of NO2 and NOx land use regression models for estimating
air pollution exposure in 36 study areas in Europe—the ESCAPE project.
Atmos Environ. 2013;72:10-23.

Eeftens M, Beelen R, de Hoogh K, Bellander T, Cesaroni G, Cirach M, et al.
Development of land use regression models for PM2.5, PM2.5 absorb-
ance, PM10 and PMcoarse in 20 European study areas; results of the
ESCAPE Project. Environ Sci Technol. 2012;46(20):11195-205.
Kephalopoulos S, Paviotti M, Anfosso-Lédée F, Van Maercke D, Shilton S,
Jones N. Advances in the development of common noise assessment
methods in Europe: the CNOSSOS-EU framework for strategic environ-
mental noise mapping. Sci Total Environ. 2014;482-483:400-10.

Liu S, Lim Y-H, Pedersen M, Jergensen JT, Amini H, Cole-Hunter T, et al.
Long-term air pollution and road traffic noise exposure and COPD: the
Danish Nurse Cohort. Eur Respir J. 2021,;58(6):2004594.

Wang M, Zhou T, Song Y, Li X, Ma H, Hu Y, et al. Joint exposure to various
ambient air pollutants and incident heart failure: a prospective analysis in
UK Biobank. Eur Heart J. 2021;42(16):1582-91.

Said MA, Eppinga RN, Lipsic E, Verweij N. Harst Pvd: relationship of arte-
rial stiffness index and pulse pressure with cardiovascular disease and
mortality. ] Am Heart Assoc. 2018;7(2): e007621.

Davis KAS, Cullen B, Adams M, Brailean A, Breen G, Coleman JRI, et al. Indi-
cators of mental disorders in UK Biobank—a comparison of approaches.
Int J Methods Psychiatr Res. 2019;28(3): e1796.

Zhou X-N. Infectious diseases of poverty: progress achieved during

the decade gone and perspectives for the future. Infect Dis Poverty.
2022;11(1):1.

Donnelly JP, Lakkur S, Judd SE, Levitan EB, Griffin R, Howard G, et al. Asso-
ciation of neighborhood socioeconomic status with risk of infection and
sepsis. Clin Infect Dis. 2018;66(12):1940-7.

Pini A, Stenbeck M, Galanis |, Kallberg H, Danis K, Tegnell A, et al. Socio-
economic disparities associated with 29 common infectious diseases in
Sweden, 2005-14: an individually matched case-control study. Lancet
Infect Dis. 2019;19(2):165-76.

Rohleder S, Stock C, Bozorgmehr K. Socioeconomic deprivation is
inversely associated with measles incidence: a longitudinal small-area
analysis, Germany, 2001 to 2017. Eurosurveillance. 2021;26(17):1900755.
Rose N, Matthaus-Kramer C, Schwarzkopf D, Scherag A, Born S, Reinhart
K, et al. Association between sepsis incidence and regional socioeco-
nomic deprivation and health care capacity in Germany—an ecological
study. BMC Public Health. 2021;21(1):1636.

Hajat A, MacLehose RF, Rosofsky A, Walker KD, Clougherty JE. Confound-
ing by socioeconomic status in epidemiological studies of air pollution
and health: challenges and opportunities. Environ Health Perspect.
2021;129(6): 065001.

Alcocer-Bruno C, Ferrer-Cascales R, Ruiz-Robledillo N, Sdnchez-SanSe-
gundo M, Zaragoza-Marti A. Personal and lifestyle determinants of HIV
transmission risk in Spanish university students. Int J Env Res Public
Health. 2020;17(22):8332.

Paulsen J, Askim A, Mohus RM, Mehl A, Dewan A, Solligard E, et al. Asso-
ciations of obesity and lifestyle with the risk and mortality of bloodstream

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

Page 23 of 23

infection in a general population: a 15-year follow-up of 64 027 individu-
als in the HUNT Study. Int J Epidemiol. 2017;46(5):1573-81.

Hamer M, O'Donovan G, Stamatakis E. Lifestyle risk factors, obesity and
infectious disease mortality in the general population: linkage study of
97,844 adults from England and Scotland. Prev Med. 2019;123:65-70.
Meng Y, LuY, Xiang H, Liu S. Short-term effects of ambient air pollution on
the incidence of influenza in Wuhan, China: a time-series analysis. Environ
Res. 2021;192: 110327.

Lin'YJ, Lin HC, Yang YF, Chen CY, Ling MP, Chen SC, et al. Association
between ambient air pollution and elevated risk of tuberculosis develop-
ment. Infect Drug Resist. 2019;12:3835-47.

Xiang K, Xu Z, Hu Y-Q, He Y-S, Dan Y-L, Wu Q, et al. Association between
ambient air pollution and tuberculosis risk: a systematic review and
meta-analysis. Chemosphere. 2021,277: 130342.

Zare Sakhvidi MJ, Lequy E, Goldberg M, Jacquemin B. Air pollution
exposure and bladder, kidney and urinary tract cancer risk: a systematic
review. Environ Pollut. 2020;267: 115328.

Shahrbaf MA, Akbarzadeh MA, Tabary M, Khaheshi I. Air pollution and car-
diac arrhythmias: a comprehensive review. Curr Probl Cardiol. 2021;46(3):
100649.

Glencross DA, Ho T-R, Camina N, Hawrylowicz CM, Pfeffer PE. Air pol-
lution and its effects on the immune system. Free Radical Biol Med.
2020;151:56-68.

Li X, Zhang X, Zhang Z, Han L, Gong D, Li J, et al. Air pollution exposure
and immunological and systemic inflammatory alterations among
schoolchildren in China. Sci Total Environ. 2019;657:1304-10.

Allouche J, Cremoni M, Brglez V, Graca D, Benzaken S, Zorzi K, et al. Air
pollution exposure induces a decrease in type Il interferon response: a
paired cohort study. EBioMedicine. 2022;85: 104291.

Plusquin M, Guida F, Polidoro S, Vermeulen R, Raaschou-Nielsen O, Cam-
panella G, et al. DNA methylation and exposure to ambient air pollution
in two prospective cohorts. Environ Int. 2017;108:127-36.

Vlaanderen J, Vermeulen R, Whitaker M, Chadeau-Hyam M, Hottenga J-J,
de Geus E, et al. Impact of long-term exposure to PM2.5 on peripheral
blood gene expression pathways involved in cell signaling and immune
response. Environ Int. 2022;168: 107491.

Tripathy S, Marsland AL, Kinnee EJ, Tunno BJ, Manuck SB, Gianaros PJ,

et al. Long-term ambient air pollution exposures and circulating and
stimulated inflammatory mediators in a cohort of midlife adults. Environ
Health Perspect. 2021;129(5): 057007.

Wang M, Liu'Y, MaY, LiY, Sun C, Cheng Y, et al. Association between can-
cer prevalence and different socioeconomic strata in the US: the National
Health and Nutrition Examination Survey, 1999-2018. Front Public Health.
2022. https://doi.org/10.3389/fpubh.2022.873805.

Ravaioli S, Tebaldi M, Fonzi E, Angeli D, Mazza M, Nicolini F, et al. ACE2 and
TMPRSS2 potential involvement in genetic susceptibility to SARS-COV-2
in cancer patients. Cell Transplant. 2020;29:0963689720968749.

Huyen PTM, Dung DTN, Weil PJ, Hoan PQ, Giang DP, Uyen NT, et al.
Circulating level of sPD-1 and PD-1 genetic variants are associated with
hepatitis B infection and related liver disease progression. Int J Infect Dis.
2022;115:229-36.

Singh DP, Bagam P, Sahoo MK, Batra S. Immune-related gene polymor-
phisms in pulmonary diseases. Toxicology. 2017;383:24-39.


https://doi.org/10.3389/fpubh.2022.873805

	Associations of socioeconomic status with infectious diseases mediated by lifestyle, environmental pollution and chronic comorbidities: a comprehensive evaluation based on UK Biobank
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study population
	Assessment of socioeconomic status
	Assessment of lifestyle factors
	Assessment of environmental pollution
	Assessment of chronic comorbidities
	Definition of outcome
	Statistical analysis
	Sensitivity analyses

	Results
	Population characteristics
	Mediation effects of lifestyle and environmental pollution on SES to infectious diseases
	Interaction and joint analysis of lifestyle, environmental pollution, or chronic comorbidity factors and SES on infectious diseases
	Effects of socioeconomic inequity on infection in different sex and ethnic subgroups
	Validation using US NHANES data

	Discussion
	Conclusions
	Acknowledgements
	References


