
ARTICLE

Diabetes and the risk of hospitalisation for infection:
the Atherosclerosis Risk in Communities (ARIC) study

Michael Fang1,2
& Junichi Ishigami1,2 & Justin B. Echouffo-Tcheugui3 & Pamela L. Lutsey4 & James S. Pankow4

&

Elizabeth Selvin1,2

Received: 26 March 2021 /Accepted: 20 May 2021
# The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
Aims/hypothesis The aim of this work was to assess the association between diabetes and risk for infection-related
hospitalisation and mortality.
Methods We conducted a prospective cohort analysis of the Atherosclerosis Risk in Communities (ARIC) study. Diabetes was
defined as a fasting glucose ≥7 mmol/l or non-fasting glucose ≥11.1 mmol/l, self-report of a diagnosis of diabetes by a physician,
or current diabetes medication use. Hospitalisation for infection was ascertained from hospital discharge records. Participants
were followed from 1987–1989 to 2019.
Results We included 12,379 participants (mean age 54.5 years; 24.7% Black race; 54.3% female sex). During a median follow-
up of 23.8 years, there were 4229 new hospitalisations for infection. After adjusting for potential confounders, people with (vs
without) diabetes at baseline had a higher risk for hospitalisation for infection (HR 1.67 [95% CI 1.52, 1.83]). Results were
generally consistent across infection type but the association was especially pronounced for foot infection (HR 5.99 [95% CI
4.38, 8.19]). Diabetes was more strongly associated with hospitalisation for infection in younger participants and Black people.
Overall infection mortality was low (362 deaths due to infection) but the adjusted risk was increased for people with diabetes (HR
1.72 [95% CI 1.28, 2.31]).
Conclusions/interpretation Diabetes confers significant risk for infection-related hospitalisation. Enhancing prevention and early
treatment of infection in those with diabetes is needed to reduce infection-related morbidity and mortality.
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ARIC Atherosclerosis Risk in Communities
COVID-19 Coronavirus disease-2019
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Diabetes is widely thought to increase susceptibility to infec-
tion by impairing neutrophil functioning, antioxidant systems
and humoral immune response [1, 2]. Consistent with this
hypothesis, diabetes is associated with an increased risk of
common and rare infections [1, 3, 4]. However, most studies
examined small clinical populations and were cross-sectional
or had short follow-up [3]. Few large, prospective studies have
investigated the link between diabetes and future risk of
infection-related outcomes in the general population [5–9].

Guidelines for diabetes management focus on the preven-
tion of micro- and macrovascular complications and pay less
attention to infectious diseases [10, 11]. Clarifying the role of
diabetes in infection risk is an urgent public health concern.
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From 2000 to 2015, the overall rate of hospitalisation from
infections in US adults rose significantly, especially in people
with diabetes [10]. More recently, diabetes has emerged as an
important risk factor for adverse outcomes in coronavirus
disease-2019 (COVID-19) and may be a risk factor for infec-
tion from severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2), the virus that causes COVID-19 [12, 13].
Thus, our objective was to examine the associations between
diabetes and risk of hospitalisation for infection and mortality
due to infection in the Atherosclerosis Risk in Communities
(ARIC) study.

Methods

Study sampleWe analysed data from the ARIC study, an ongo-
ing community-based cohort designed to examine the aetiology
of atherosclerotic disease. The study was comprised of 15,792
adults aged 45–64 years from four US communities: Forsyth
County, NC; Jackson, MS; suburbs of Minneapolis, MN; and
Washington County, MD. Participants were recruited in 1987–
1989 for clinical examinations, medical interviews and laborato-
ry tests (visit 1). Subsequent study visits were conducted in
1990–1992 (visit 2), 1993–1995 (visit 3), 1996–1998 (visit 4),
2011–2013 (visit 5), 2016–2017 (visit 6) and 2018–2019 (visit
7). All participants provided written informed consent and the

study was approved by institutional review boards at all research
sites. Further details about the ARIC study are available else-
where [14].

Visit 1 was the baseline for our current study. We excluded
respondents with missing information for diabetes status and
covariates. Because of small sample size, we also excluded
those with a race other than Black or White and excluded
Black adults in Minneapolis, MN, or Washington County,
MD. These restrictions yielded an analytical sample of
12,379 respondents.

Diabetes status During study visits, participants self-reported
if they had ever been diagnosed with diabetes by a physician.
They brought in all prescription medications used over the
prior 2 weeks and had plasma glucose measured using the
hexokinase method.We defined diabetes at baseline as fasting
glucose ≥7 mmol/l, non-fasting glucose ≥11.1 mmol/l, self-
report of a diagnosis of diabetes by a physician, or use of
glucose-lowering medication at study visit 1. Because no anti-
body testing was performed, we could not distinguish between
type 1 and type 2 diabetes in our analyses.
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Hospitalisation for infection and infection mortality The
ARIC study conducted continuous active surveillance of
hospitalisations for all participants. We defined first
hospitalisation for infection as an infection ICD-9-CM/ICD-



10-CM code (www.icd9data.com/2007/Volume1/default.htm
and http://apps.who.int/classifications/icd10/browse/2016/en,
respectively) in the first diagnostic position from hospital
discharge records (ESM Table 1). Diagnostic codes were
derived from prior ARIC studies focused on infection-
related hospitalisation [15], along with research specifically
focused on infection in individuals with diabetes [10]. We
considered first hospitalisation for specific diabetes-related
infections (respiratory, urinary, foot, gastrointestinal, sepsis
and postoperative wound) as secondary outcomes (ESM
Table 1) [10].

Vital status was determined through linkage to the National
Death Index, telephone interviews with participant proxies
and review of state records. We defined infection mortality
as an infection ICD-9-CM/ICD-10-CM code (ESM Table 1)
listed as the underlying cause of death in death certificates.

We calculated person-time from study visit 1 until the first
hospitalisation for infection (for hospitalisation for infection anal-
ysis only), death due to infection (for infection mortality analysis
only), loss to follow-up, or administrative censoring, whichever
came first. The final day of follow-upwas 31December 2017 for
participants at one research site (Jackson, MS) and 31 December
2019 for all other participants.

Information on covariates Structured questionnaires were
administered at baseline to collect information on respon-
dents’ demographic characteristics (age, sex, race, study
centre, health insurance status, household income, education
level) and health behaviours (smoking, alcohol consumption).
Race and study centre were combined into a single measure
(race-centre) to account for the uneven distribution of Black
and White participants across research sites. Area deprivation
was derived by combining 17 different neighbourhood socio-
economic status (SES) measures (e.g. median family income
of a neighbourhood) into an index based on 2000 Census data
[16]. Categories of participants’ annual household income (0,
>$50,000; 1, $25,000–$49,999; 2, $12,000–$24,999; 3,
<$12,000), education level (0, graduate/professional school;
1, college with or without completion; 2, high school/general
educational development/vocational school; 3, <high school)
and area deprivation (0, lowest area deprivation quartile,
lowest deprivation; 3, highest quartile, highest deprivation)
were summed to create a SES score (high, 0–2; medium, 3–
6; low, ≥7).

BMI was calculated as weight (kg) divided by height (m)
squared. Obesity status was defined as either being obese
(BMI ≥30 kg/m2) or non-obese (BMI <30 kg/m2). HDL-
cholesterol and triacylglycerol levels were measured using
enzymatic methods. LDL-cholesterol was calculated using
the Friedewald equation. Hypertension was defined as BP
≥140/90 mmHg or self-reported use of BP-lowering medica-
tion. eGFRwas determined using the Chronic Kidney Disease
Epidemiology Collaboration formula [17]. Chronic kidney

disease was defined as eGFR <60 ml min−1 [1.73 m]−2.
Prevalent CHD was defined by self-reported prior diagnosis
or cardiovascular revascularisation, or evidence of a myocar-
dial infarction on a study ECG.

Statistical analysis We examined differences in participant
characteristics at baseline by diabetes status using χ2 or t tests
to assess group differences. We estimated the age-adjusted
rate of hospitalisation for infection and infection mortality
using predictive margins from Poisson models with robust
error variance [18], using follow-up time as an offset. We used
Cox proportional hazard models to examine the associations
between diabetes and risk of hospitalisation for infection and
infection mortality. We evaluated three models: model 1
included age, sex, race-centre; model 2 included all variables
in model 1 plus SES score, health insurance status, smoking
and alcohol consumption; model 3 included all variables in
model 2 plus BMI, hypertension, chronic kidney disease,
prevalent CHD status, HDL-cholesterol, triacylglycerols and
LDL-cholesterol. In exploratory analyses, we examined
potential effect modification by age, sex, race, SES, health
insurance status and obesity status using Wald tests.

In sensitivity analyses, we examined the risk for
hospitalisation for infection with diabetes measured as a
time-varying exposure. We assessed the association between
diabetes and incident hospitalisation for infection while
accounting for the competing risk of death using the Fine–
Gray model. We estimated the rate of total hospitalisation
for infection (including recurrent events) using Poisson
models.

We performed all analyses using Stata 16.0 (StataCorp,
College Station, TX, USA). A two-sided p value of <0.05
was considered statistically significant.

Results

We included 12,379 participants (mean age 54.5 years; 24.7%
Black race; 54.3% female sex). Participants with diabetes at
baseline were more likely to be older, to be Black, and to have
a low SES and worse cardiometabolic health (Table 1).

During a median follow-up of 23.8 years, there were 4229
incident hospitalisations for infection (Table 2). The overall
rate of hospitalisation for infection was 15.9 per 1000 person-
years. Compared with those without diabetes at baseline,
those with diabetes had a greater risk for hospitalisation for
infection (25.4 vs 15.2 per 1000 person-years). After adjusting
for sociodemographic characteristics, the HR was 1.92 (95%
CI 1.76, 2.09) for those with diabetes at baseline (model 1).
Differences were slightly attenuated after adjusting for SES,
health insurance and health behaviours (model 2, HR 1.88
[95% CI 1.72, 2.05]). Adjusting for cardiometabolic factors
(model 3) further reduced differences, though a significant
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association persisted (adjusted HR 1.67 [95% CI 1.52, 1.83]).
The increased risk of hospitalisation for infection associated
with diabetes was observed for all subgroups and was stronger
for Black participants and younger participants (Fig. 1, p < 0.05
for interactions).

A similar association between diabetes and incident
hospitalisation for infection was observed when modelling
diabetes as a time-varying exposure (ESM Table 2) and after
accounting for the competing risk of death (ESM Table 3).
The adjusted rate of total hospitalisation for infection (includ-
ing recurring events) was significantly higher in people with
diabetes, overall (41 vs 25 per 1000 person-years, p < 0.001)
and across all subgroups (ESM Fig. 1).

In people with diabetes, rates of hospitalisation for
specific types of infections ranged from 7.8 (respiratory
infection) to 0.9 (postoperative infection) per 1000
person-years (Table 2). Those with diabetes had a
significantly higher risk for hospitalisation for nearly
every type of infection compared with people without
diabetes. Differences persisted after adjustment for
sociodemographic and health characteristics. The associ-
ation was especially notable for foot infection (HR 5.99
[95% CI 4.38, 8.19]).

There were 362 deaths for which infection was listed as the
underlying cause (Table 3). After adjustment, the risk for
infection mortality was significantly higher in people with

Table 1 Baseline characteristics
of participants by diabetes status
(the ARIC study, 1987–1989)

Characteristic Overall
(N=12,379)

No diabetes
(n=10,894)

Diabetes
(n=1485)

p
valuea

Demographics

Age, years 54.5 ± 5.7 54.3 ± 5.7 55.8 ± 5.6 <0.001

Age ≥55 years 49.9 48.5 60.0 <0.001

Female sex 54.3 54.3 54.4 0.92

Race (centre) <0.001

White (Forsyth County, NC, USA) 22.7 23.6 16.0

White (Minneapolis, MN, USA) 26.4 27.8 16.5

White (Washington, MD, USA) 26.2 26.4 25.2

Black (Forsyth County, NC, USA) 3.2 2.9 5.1

Black (Jackson, MS, USA) 21.5 19.4 37.2

SES <0.001

Low 22.9 20.3 41.3

Middle 41.9 42.2 39.5

High 35.2 37.4 19.1

No health insurance 9.3 8.4 15.7 <0.001

Health behaviours

Drinking status <0.001

Current drinker 56.5 59.0 38.2

Former drinker 19.5 18.2 28.9

Never drinker 24.0 22.8 32.9

Cigarette smoking status 0.005

Current smoker 27.0 27.4 23.8

Former smoker 32.5 32.5 32.6

Never smoker 40.5 40.1 43.6

Cardiometabolic factors

Hypertension 35.5 32.1 60.1 <0.001

Obesity 27.6 24.4 50.8 <0.001

Chronic kidney disease 1.4 1.0 3.9 <0.001

Prevalent CHD 5.2 4.5 10.6 <0.001

HDL-cholesterol, mmol/l 1.33 ± 0.44 1.35 ± 0.44 1.17 ± 0.38 <0.001

Triacylglycerols, mmol/l 1.44 ± 0.74 1.38 ± 0.70 1.84 ± 0.89 <0.001

LDL-cholesterol, mmol/l 3.56 ± 1.02 3.60 ± 1.02 3.66 ± 1.07 0.002

Data are presented as mean±SD or %
aχ2 and t tests were used to assess differences for categorical and continuous measures across diabetes status
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diabetes (HR 1.72, [95% CI 1.28, 2.31]). This increased risk
was generally observed across all subgroups (ESM Fig. 2).

Discussion

In this prospective cohort study of middle-aged adults, we
found that diabetes was significantly associated with an
increased risk of hospitalisation for infection and infection
mortality. These associations persisted after adjusting for
demographic and cardiometabolic risk factors. The increased
risk of hospitalisation for infection associated with diabetes
was observed across major types of infections but was espe-
cially robust for foot infections.

Our findings are consistent with prior large prospective
studies [5–9]. However, those studies had selected popula-
tions, short follow-up and/or limited adjustment for confound-
ing. In contrast, our study population was a large community-
based sample of Black and White people, with over three

decades of follow-up, detailed information on potential
confounding factors and comprehensive ascertainment of
diabetes status, hospitalisations and mortality. These features
allowed for a uniquely rigorous assessment of risk of
hospitalisation for infection and infection mortality associated
with diabetes, overall and across a range of important
subgroups. Our findings, along with results from prior reports,
suggest that enhancing prevention and early treatment of
infection in those with diabetes is needed to reduce
infection-related morbidity and mortality.

Central to successful prevention of infection-related
outcomes is the development of more comprehensive clinical
guidance [10, 11]. Current guidelines are limited, focusing
primarily on the receipt of vaccinations (e.g. influenza and
pneumonia) and foot ulceration screenings to prevent infec-
tion in people with diabetes [19]. Our findings support the
emphasis of these preventive practices, as the absolute and
relative risk of hospitalisation for respiratory or foot infections
was significantly higher in people with diabetes. Nonetheless,

Table 2 Association between diabetes status and risk of incident hospitalisation for infection, overall and across specific types of infection (the ARIC
study, 1987–1989 to 2019)

Infection Events
(n)

Participants
(n)

Age-adjusted rate
per 1000 PY
(95% CI)

Model 1a Model 2b Model 3c

Adjusted HR
(95% CI)

p Adjusted HR
(95% CI)

p Adjusted HR
(95% CI)

p

Any infection

No diabetes 3597 10,894 15.2 (14.8, 15.7) 1.00 (ref) <0.001 1.00 (ref) <0.001 1.00 (ref) <0.001
Diabetes 632 1485 25.4 (23.6, 27.2) 1.92 (1.76, 2.09) 1.88 (1.72, 2.05) 1.67 (1.52, 1.83)

Respiratory infection

No diabetes 1314 10,894 5.3 (5.0, 5.6) 1.00 (ref) <0.001 1.00 (ref) <0.001 1.00 (ref) <0.001
Diabetes 216 1485 7.8 (6.8, 8.9) 1.65 (1.42, 1.91) 1.61 (1.39, 1.87) 1.49 (1.28, 1.74)

Urinary tract infection

No diabetes 552 10,894 2.2 (2.0, 2.3) 1.00 (ref) <0.001 1.00 (ref) <0.001 1.00 (ref) <0.001
Diabetes 103 1485 3.7 (3.0, 4.4) 1.98 (1.60, 2.46) 1.87 (1.50, 2.32) 1.58 (1.26, 1.98)

Foot infection

No diabetes 97 10,894 0.4 (0.3, 0.4) 1.00 (ref) <0.001 1.00 (ref) <0.001 1.00 (ref) <0.001
Diabetes 99 1485 3.6 (2.9, 4.3) 9.01 (6.73, 12.05) 8.31 (6.19, 11.15) 5.99 (4.38, 8.19)

GI infection

No diabetes 285 10,894 1.1 (1.0, 1.2) 1.00 (ref) 0.65 1.00 (ref) 0.48 1.00 (ref) 0.58
Diabetes 30 1485 1.1 (0.7, 1.5) 1.09 (0.75, 1.60) 1.15 (0.78, 1.68) 1.12 (0.75, 1.66)

Sepsis

No diabetes 972 10,894 3.8 (3.5, 4.0) 1.00 (ref) <0.001 1.00 (ref) <0.001 1.00 (ref) <0.001
Diabetes 174 1485 6.2 (5.4, 7.1) 2.28 (1.94, 2.69) 2.27 (1.93, 2.68) 1.92 (1.62, 2.28)

Postoperative infection

No diabetes 103 10, 894 0.4 (0.3, 0.5) 1.00 (ref) <0.001 1.00 (ref) <0.001 1.00 (ref) 0.007
Diabetes 24 1485 0.9 (0.5, 1.2) 2.78 (1.76, 4.38) 2.86 (1.81, 4.52) 1.95 (1.20, 3.15)

aModel 1 adjusted for age, sex and race-centre
bModel 2 adjusted for variables in model 1 plus SES, health insurance, smoking and alcohol consumption
cModel 3 adjusted for variables inmodel 2 plus BMI, hypertension, chronic kidney disease, prevalent CHD status, HDL-cholesterol, triacylglycerols and
LDL-cholesterol

GI, gastrointestinal; PY, person-years; ref, reference
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we note that diabetes was associated with a higher risk for
nearly every type of infection, as well as infection mortality,
suggesting a need for broader guidance on infection preven-
tion and management among those with diabetes. This is espe-
cially important given the emergence of the COVID-19
pandemic and the rising rates of hospitalisation for infection
in the USA, both of which have disproportionately affected
people with diabetes [10, 13].

Several mechanisms may explain the association between
diabetes and infection. Hyperglycaemia is thought to impair
the humoral and cell-mediated immune responses, thus

increasing susceptibility to infection [1, 2]. Diabetic compli-
cations, such as neuropathy and peripheral vascular disease,
also increase the risk of specific types of infections (e.g. foot
infections). Consistent with these mechanisms, emerging
research shows a link between poor glycaemic control and
infection-related outcomes in people with diabetes [11,
20–22]. These findings suggest that optimising glycaemic
control may be important for infection prevention and
management.

In exploratory analyses, we found that the association
between diabetes and risk of incident hospitalisation for infec-
tion was stronger in younger individuals and in Black people.
These differences may be driven partly by lower levels of
engagement in recommended preventive practices, such as
receipt of vaccinations [23, 24]. A higher burden of poor
glycaemic control in these subgroups has also been noted
[25]. Delayed access to care may also contribute, as young
adults and racial/ethnic minorities are more likely to have
unmet healthcare needs, even after accounting for health
insurance status [26]. Our results suggest that targeted efforts
aimed at improving patient education, timely access to care
and diabetes control may reduce infection morbidity in high-
risk groups. However, further research is needed to confirm
whether race and age modify the association between diabetes
and infection complications.

Our study had several limitations. First, our definition of
hospitalisation for infection has not been validated by medical
record review. Second, because infections were ascertained
from hospital discharge records, we likely missedmilder cases
of infection. Nonetheless, infections requiring hospitalisation
are clinically significant because they carry a high burden of
morbidity and mortality. Third, HbA1c was not measured at
the baseline study visit, preventing us from examining the
association between glycaemic control and infection compli-
cations. Fourth, there may be ascertainment bias, as physi-
cians may bemore prone to referring individuals with diabetes
to hospitals (rather than outpatient settings) to address infec-
tions. Fifth, we were unable to determine whether participants
had type 1 or type 2 diabetes. However, type 1 diabetes only

p for interaction

0.19

<0.001

0.005

0.10

0.49

0.61

Overall

Male

Female

White

Black

Age <55

Age ≥55

Low

Middle

High

Uninsured

Insured

BMI <30

BMI ≥30
 

Sex

Race

Age (years)

SES

Health insurance

Obesity (kg/m
2
)

1.0 1.5 2.0 2.5

HR

Fig. 1 Association of diabetes status with risk of incident hospitalisation
for infection in subgroups of participants in the ARIC study, 1987–1989
to 2019. HRs (with 95% CIs) are based on Cox models that adjusted for
demographics (age, sex, race-centre, SES, insurance status), health
behaviours (smoking, alcohol consumption) and cardiometabolic health
(BMI, hypertension, chronic kidney disease, prevalent CHD status, HDL-
cholesterol, triacylglycerols and LDL-cholesterol)

Table 3 Association between diabetes and the risk of infection mortality

Diabetes status Events
(n)

Participants
(n)

Age-adjusted rate per
1000 PY (95% CI)

Model 1a Model 2b Model 3c

Adjusted HR
(95% CI)

p Adjusted HR
(95% CI)

p Adjusted HR
(95% CI)

p

No diabetes 301 10,894 1.2 (1.0, 1.3) 1.00 (ref) <0.001 1.00 (ref) <0.001 1.00 (ref) <0.001
Diabetes 61 1485 2.1 (1.6, 2.7) 2.01 (1.52, 2.67) 2.00 (1.50, 2.65) 1.72 (1.28, 2.31)

aModel 1 adjusted for age, sex and race-centre
bModel 2 adjusted for variables in model 1 plus SES, insurance health, smoking and alcohol consumption
cModel 3 adjusted for variables inmodel 2 plus BMI, hypertension, chronic kidney disease, prevalent CHD status, HDL-cholesterol, triacylglycerols and
LDL-cholesterol

PY, person-years; ref, reference
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makes up ~5% of all cases in the USA [27]. Therefore, our
results likely reflect the potential risk for infection complica-
tions conferred by type 2 diabetes. Sixth, while we included a
rich set of rigorously measured covariates, residual confound-
ing is a concern in any observational study. For instance, we
did not have information on chronic infections (e.g. hepatitis),
which may be more common in people with diabetes [28].
Related to this, there may also be residual confounding
because factors such as BMI or BP can change over time;
we only adjusted for these risk factors at baseline.

In conclusion, diabetes was independently associated with
an increased risk of hospitalisation for infection. This associ-
ation was observed across most major types of infection and
was more pronounced for younger people and Black people.
The risk of infection mortality was elevated for those with
diabetes compared with those without diabetes. More compre-
hensive clinical guidance to improve infection-related preven-
tive measures and early treatment of infection may reduce
related morbidity and mortality in people with diabetes.

Supplementary Information The online version of this article (https://
doi.org/10.1007/s00125-021-05522-3) contains peer-reviewed but
unedited supplementary material.
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