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Abstract
Introduction: Many studies demonstrate positive associa-
tions between infections and Alzheimer disease (AD),
suggesting that brain and/or systemic inflammation may
impact AD pathogenesis. However, studies of meningitis
and AD risk have been limited to animal models or small
human cohorts in the USA. The objective of this study was
to examine the relationship between incident AD and three
different types of infections (meningitis, pneumonia, and
urinary tract infections [UTIs]) using a population-based
sample of US Medicare beneficiaries. Methods: We created
a case-control dataset by frequency matching 4:1 (control:
case) by age group, sex, and month/year of the date of AD
diagnosis or control selection date. We identified 52,628
newly diagnosed AD cases and 210,512 population-based
controls ≥67 years of age using comprehensive Medicare
claims data from 2016 to 2018. We classified infections
using ICD-9-CM and ICD-10-CM diagnosis codes. We used
logistic regression to calculate adjusted odds ratios (ORs)

and 95% confidence intervals (CIs) to evaluate the
association between AD and each infection separately.
We lagged exposures up to 18 months and examined
hospitalization or comorbid sepsis as a proxy for
infection severity. Covariates included age, sex, race/
ethnicity, and health care utilization. Results: AD was
positively associated with meningitis in individuals hos-
pitalized without superimposed sepsis with a 6-month lag
(OR = 2.713, 95% CI: 1.277–5.764), and UTIs without
superimposed sepsis with an 18-month lag (OR = 1.231,
95% CI: 1.101–1.376), and with superimposed sepsis with
an 18-month lag (OR = 1.388, 95% CI: 1.050–1.835). There
was no association between AD and pneumonia in
individuals hospitalized with or without superimposed
sepsis. When examining infections that occurred in the
outpatient setting, the association between AD and UTI
remained positive yet attenuated at all time points,
however, the association became inverse between AD
and pneumonia. Conclusion: More severe infections, par-
ticularly meningitis, may be associated with a higher risk of
AD, due to either unmasking of prodromal AD or accel-
eration of AD pathogenesis in susceptible individuals.
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Introduction

Several studies have proposed a causal association
between infections, such as meningitis, and Alzheimer
disease (AD) and other dementias [1–4]. Animal
models suggest that the meningeal clearance of waste
products from the cerebrospinal and interstitial fluids is
critical in mechanisms to remove aggregated proteins
such as amyloid-β [5]. In a human study, patients with
acute bacterial meningitis had low levels of cerebro-
spinal fluid (CSF) amyloid-β [6], similar to the pattern
seen in patients with AD [7, 8]. These findings were
confirmed in a study including multiple central nervous
system (CNS) infectious agents [9]. Collectively, these
studies support the hypothesis that people with a
history of meningitis may have a greater risk of AD or
an accelerated onset of cognitive impairment. Never-
theless, large population-based epidemiological inves-
tigations are needed to confirm the hypothesis that
there is a higher risk of AD in relation to meningitis
relative to other severe infections. To test this hy-
pothesis, we used a large nationwide population-based
sample of Medicare beneficiaries, to examine the as-
sociation between incident AD and meningitis and
other severe infections. We also examined potential
indicators of severity such as being hospitalized or
having comorbid sepsis.

Methods

Study Design and Eligibility
We constructed a population-based case-control study

using the Medicare Master Beneficiary Summary File
(MBSF) and inpatient, outpatient, physician/supplier,
skilled nursing facility, home health care, and durable
medical equipment medical claims data from age-eligible
Medicare beneficiaries from 2014 to 2018.We required all
cases and controls to be enrolled in Medicare Part A and
B without health maintenance organization coverage,
alive in the USA, and age-eligible for Medicare for at least
2 years to ensure incident cases. All beneficiaries who met
these criteria and who had an International Classification
of Diseases, revision 9 or 10, clinical modification (ICD-
9-CM and ICD-10-CM) code for AD (331.0, G30.0,
G30.1, G30.8, G30.9) in 2016–2018 and no prior year
(2014–2017) were included as newly diagnosed AD cases
(N = 52,628). We required cases to have an AD-specific
code; however, they could have a code for non-AD de-
mentia in 2016–2018 [10]. Controls (N = 210,512) were
identified as those without a code for AD or non-AD

dementia in 2014–2018 and were frequency matched to
cases 4:1 on age group, sex, and month/year of the date of
AD diagnosis.

Assessment of Infections and Covariates
We extracted all ICD-9-CM and ICD-10-CM diag-

nosis codes from all available claims data up to the date of
AD diagnosis date in 2016–2018. We created a dichot-
omous variable for each diagnosis code observed in the
years prior (2014–2018) to the AD diagnosis or control
reference date. We identified beneficiaries as having an
ICD-9-CM or ICD-10-CM diagnosis code (online suppl.
Table S1; for all online suppl. material, see https://doi.org/
10.1159/000546589) of one of three infections (menin-
gitis, pneumonia, urinary tract infection [UTI]; each
separately) prior to being diagnosed with AD, or control
selection date. Each infection was examined separately
and beneficiaries could have more than one type of in-
fection. However, within each infection type, we included
mutually exclusive groups for inpatient and outpatient
visits based on infection type (e.g., individuals could not
have an outpatient and inpatient visit for the same in-
fection exposure). To determine if severity of the infec-
tion impacted AD risk, we compared the odds ratios
(ORs) for AD risk in beneficiaries diagnosed with an
infection in an outpatient vs. inpatient (hospital) setting,
with the latter indicating a more severe infection. Second,
for those beneficiaries diagnosed with an infection in the
hospital we included codes for sepsis for each of the three
infections separately as an indicator of disease severity.
Age, sex, and ethnicity were obtained for each beneficiary
from the MBSF. We calculated use of medical care in the
form of two continuous variables: (1) the sum of unique
ICD-9-CM and ICD-10-CM diagnosis codes and (2) sum
of unique physician specialty visits, each up to, but not
including the date of AD diagnosis.

Statistical Analysis
We performed all analyses using STATA MP version

18 [11]. We used logistic regression, with AD as our
outcome variable, to determine the associations between
AD and each infection type separately. We reported the
OR and respective 95% confidence interval (CI) as an
estimate of the relative risk of AD in relation to infection.
Covariates included age (continuous), sex, race/ethnicity
(in seven categories), and use of care (continuous) [12].
We included a basic model (age, sex, race/ethnicity) and a
full model (age, sex, race/ethnicity, and use of care) in our
analyses. We repeated all analyses in beneficiaries who
were: (1) diagnosed in an inpatient setting (hospital) and
(2) diagnosed with sepsis in the hospital. We also
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examined the effect of lagging infection exposure by 6, 12,
or 18 months (i.e., excluding all beneficiaries who had an
infection that occurred in the 6, 12, or 18 months prior to
AD diagnosis/control reference date). Eighteen months
was the maximum lag we could apply in our dataset due
to sample sizes. In the lagged analyses, we adjusted for use
of care for the respective time period rather than the
entire period. We did not report any results for cases <11
based on the Centers for Medicare and Medicaid Services
(CMS) guidelines. As a sensitivity analysis, we examined
whether certain medical conditions, included in other
studies examining infections and AD/dementia risk,
acted as potential confounders if we observed a 10%
change or greater in the OR between exposure of interest
and AD [13, 14]. These medical conditions (acute
myocardial infarction, asthma, atrial fibrillation, chronic
kidney disease, chronic obstructive pulmonary disease,
depression, diabetes, congestive heart failure, hyperlip-
idemia, hypertension, ischemic heart disease, rheumatoid
arthritis/osteoarthritis, and stroke/transient ischemic
attack) were obtained from the Chronic Conditions
Warehouse (CCW) available in the Medicare summary
file. To improve diagnostic certainty of AD, we performed
another sensitivity analysis in which we included only AD
cases who were diagnosed by a neurologist or those cases
who had at least two separate AD diagnosis claims codes
(separate dates of service).

Results

Cases were less likely to be female (OR = 0.97, 95% CI:
0.95–0.99) and more likely to be black (OR = 1.37, 95%
CI: 1.31–1.41) or Hispanic (OR = 1.25, 95% CI:
1.20–1.30) (Table 1).

Meningitis
AD was positively associated with meningitis when

examining infections that occurred in the hospital setting
at time 0: (OR = 2.555, 95%CI: 1.366–4.780) and with a 6-
month exposure lag (OR = 2.713, 95% CI: 1.277–5.764).
AD was positively associated with meningitis in the
outpatient setting (OR = 1.405, 95% CI: 1.061–1.861),
however, with exposure lagging (6, 12, and 18 months),
the association was no longer significant (Table 2).

Pneumonia
There was no association between AD and pneu-

monia that occurred in the hospital setting with or
without superimposed sepsis at any time-point (0, 6, 12,
and 18 months). We observed a modest inverse asso-

ciation between pneumonia treated in the outpatient
setting at time 0: (OR = 0.957, 95% CI: 0.922–0.995)
and with exposure lagging of 6 months (OR = 0.909,
95% CI: 0.871–0.948), 12 months: (OR = 0.912, 95% CI:
0.871–0.954), and 18 months: (OR = 0.925, 95% CI:
0.879–0.973) (Table 2).

Urinary Tract Infection
There was a positive association between UTI and AD

in the hospital setting with or without sepsis at all time
points (0, 6, 12, and 18 months). The OR was slightly
attenuated with an 18-month lag for individuals hospi-
talized only (OR = 1.231, 95% CI: 1.101–1.376) as
compared to individuals hospitalized with superimposed
sepsis (OR = 1.388, 95% CI: 1.050–1.835). In the out-
patient setting, the association between UTIs and AD
remained positive at all time-points (0, 6, 12, and 18
months), though it was slightly attenuated as compared to
the hospital setting (Table 2).

Sensitivity Analysis
There was no material change to the OR after ad-

justment of each medical condition assessed, and
therefore no variables were determined to be confounders
in the relationship between any of the infections and AD
(online suppl. Table S2a). Additionally, there was no
material change to the OR in our sensitivity analysis that
used a more “certain” AD diagnosis (online suppl.
Table S2b).

Discussion

In this large population-based study, we observed a
positive association between meningitis and AD prior to
diagnosis, supporting a potential pathogenic link between
meningitis and AD. Prior animal models have found that
infections such as meningitis can lead to significant
impairment of the glymphatic system and retained
proteins and waste products in the CSF compartments
[15, 16]. A breakdown within the normally functioning
glymphatic system may contribute to the progression of
pathological neurodegenerative processes that lead to AD
[17]. Notably, we found that those with the most severe
meningeal infections requiring hospitalization had the
highest risk of AD. A serious infection such as meningitis
that requires management in a hospital and intensive care
unit (ICU) setting likely has the greatest systemic in-
flammatory response and an injury to the meningeal
lymphatic and glymphatic systems. This, in turn, could
impair clearance of toxic AD protein aggregates. There is
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also evidence suggesting that amyloid β (Aβ) peptides
function as antimicrobial proteins (AMPs) within the
innate immune system by inactivating infectious path-
ogens, including Streptococcus pneumoniae, the leading
cause of bacterial meningitis [18–20]. Alternatively, a
more severe CNS infection could also lead to delirium
and unmask and/or accelerate prodromal dementia
symptoms. Nevertheless, our study provides valuable
human data to support a potential pathogenic role for
meningitis as a risk factor for AD.

We also demonstrated positive associations between
AD and UTIs that required hospitalization. These as-
sociations appeared marginally stronger than for UTIs
diagnosed in an outpatient setting. There are several
potential mechanisms by which systemic UTI infections
may contribute to AD risk in patients who require
hospitalization. First, we cannot exclude the possibility of
enhanced ascertainment of AD diagnoses resulting from
use of medical care for management of an infection.
However, we did adjust for use of medical care as we have

done previously in Medicare-based studies [12]. UTIs
may also accelerate the development of clinical AD, albeit
more indirectly than meningitis, due to the effects of the
most common uropathogen, Escherichia coli (E. coli), a
gram-negative bacteria [21]. Diminution of immune
system function with aging, immunosenescence [22],
may increase the risk of infections and dementia [23].
Severe systemic infections requiring hospitalization, may
either accelerate onset of, or unmask AD in individuals
already at high risk for AD or with subclinical prodromal
AD. In one study, patients who required ICU level care
underperformed healthy control groups at the time of
discharge in 11 out of 13 cognitive tests, and these dif-
ferences were worse for individuals with premorbid
cognitive impairment and superimposed delirium. Six
percent of individuals without evidence of premorbid
cognitive deficits, who required ICU level care, had
persistent cognitive deficits at 9-month follow-up [24]. In
a more recent study of individuals hospitalized with
respiratory failure or shock requiring ICU level care,

Table 1. Characteristics of incident AD cases and controls, USA, Medicare, 2016–2018

Cases (N = 52,628),
n (%)

Controls (N = 210,512),
n (%)

Mutually adjusted OR,
OR (95% CI)

Sex
Male 18,585 (35.3) 74,340 (35.3) 1.00 (Reference)
Female 34,043 (64.7) 136,172 (64.7) 0.97 (0.95–0.99)

Race/ethnicity
White 43,275 (82.2) 178,075 (84.6) 1.00 (Reference)
Black 4,457 (8.5) 13,834 (6.6) 1.37 (1.31–1.41)
Hispanic 2,986 (5.7) 10,027 (4.8) 1.25 (1.20–1.30)
Asian/Pacific Islander 1,372 (2.6) 1,372 (2.6) 0.92 (0.89–0.98)
Native American 203 (0.4) 843 (0.4) 0.98 (0.84–1.14)
Other 335 (0.6) 1,449 (0.7) 0.99 (0.88–1.12)

Age, years
Mean (SD) 82.6 (7.6) 82.4 (7.6) 1.002 (1.001–1.003)
Minimum 67 67
Median 83 83
Maximum 109 109

Sum of unique diagnosis codes
Mean (SD) 78.8 (56.1) 69.9 (49.1) 1.0070 (1.0067–1.0074)
Minimum 0 0
Median 68 61
Maximum 543 574

Sum of unique physician specialties
Mean (SD) 10.6 (5.8) 10.1 (5.6) 0.962 (0.958–0.965)
Minimum 0 0
Median 10 10
Maximum 37 42

AD, Alzheimer disease; CI, confidence interval; OR, odds ratio; SD, standard deviation.
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longer time-periods of delirium were associated with
worse cognitive function even at the 12-month follow-up
[25]. Nevertheless, it is likely that older adults have less
physiological reserve, which includes immunosenescence,
needed to counteract allostatic overload [26] in those
with prodromal AD, thus increasing the likelihood of
diagnosis.

Our findings also support other studies that found a
higher risk of dementia after non-CNS related infections,
particularly in short-term follow-up [13, 14, 23, 27–32].
However, previous studies provide mixed results with
respect to whether CNS-related vs. non-CNS infections
contribute to a higher risk of dementia. In one study of
Medicare beneficiaries who were hospitalized, the pres-
ence of an infection, sepsis, and acute neurological
dysfunction (as defined by anoxia, encephalopathy, or
delirium) were all associated with a higher risk of being
diagnosed with dementia within the 3 years of follow-up
[30]. A Danish registry study reported an increased risk of
incident dementia after a hospital diagnosed infection;
however, these findings did not appear to be specific for
infection type or organ system affected [13]. In contrast,
in a large European study with exposure lagging >10
years, investigators found that although a hospitalization
for any infection type was associated with an increased
risk of dementia, the greatest risk for dementia was
observed for CNS infections (HR 3.01, 95% CI: 2.07–4.37)
compared to non-CNS infections (HR 1.47, 95% CI:
1.36–1.59) [31]. In a UK population-based cohort study,
investigators reported the strongest association between
infections and risk of dementia in hospital-recorded
infections (HR 1.99, 95% CI: 1.94–2.04) as compared
to those treated in an outpatient setting in general
practice (HR 1.02, 95% CI: 1.00–1.04) [14]. Our findings
of a higher risk of AD associated with UTI and meningitis
are consistent with this literature. However, unlike many
European studies, our maximum time lag was only
18 months given that Medicare claims data are only
population-based for individuals ages 65 and older in the
USA. As a result, we were only able to examine associ-
ations between infections and AD in an 18-month
prodromal window. Nevertheless, the ORs for the asso-
ciation between inpatient meningitis in our study re-
mained high at 6 months, which was the longest we could
report due to CMS imposed limitations. Future longi-
tudinal studies following younger individuals after seri-
ous systemic infections would clarify the role of systemic
inflammation and immunosenescence in AD risk if these
patients were outside the prodromal AD window.

Interestingly, even less severe, non-meningeal infec-
tions, such as UTIs treated in the outpatient setting, were

associated with a higher risk of AD, although the asso-
ciation was weaker compared to UTIs treated in hospital
settings. UTIs are commonly found in individuals di-
agnosed with AD/dementia and are frequently due to
neurogenic bladder dysfunction [33–35]. A normally
functioning urinary tract requires intact central, pe-
ripheral, and autonomic nervous systems, all of which
may be impaired in neurodegenerative diseases [35].
Older adults with lower urinary tract symptoms have a
greater risk of dementia compared to the general pop-
ulation, consistent with UTI as a prodromal AD symptom
[34]. In contrast, we acknowledge that our findings
demonstrating no association between AD and pneu-
monia in the inpatient setting are not consistent with
other population-based studies, which found a higher risk
of AD after all infection types, including with pneumonia
[36, 37]. In one US-based study, there was an increased
risk of dementia with all infections studied including
pneumonia among US veterans [28]. In another study,
authors only found an increased risk of dementia with
pneumonia in individuals who were identified as pre-frail
or frail [38]. It is possible that in our study of Medicare
beneficiaries by adjusting for healthcare utilization we
may be over-adjusting our models since the importance
of health care utilization as a confounder in AD epide-
miology studies remains to be determined. When ad-
justing only for age, sex, and race in our basic model, the
association between pneumonia and AD was positive at
baseline across all settings. Interestingly, we found that
people with pneumonia who did not require hospitali-
zation actually had a slightly lower risk of AD, suggesting
that there is something inherently different between UTI
and pneumonia with respect to AD risk. One potential
explanation for the lower risk of AD in the outpatient
setting may be due to the less frail or more physiological
robust older adult presenting earlier to the outpatient
healthcare provider. These individuals may be more likely
to receive yearly vaccinations for influenza [39, 40] and/
or participate in other healthy behaviors such as regular
exercise not captured in Medicare claims data. Another
explanation for the lack of a positive association between
pneumonia and AD risk may be due to the fact that the
most common pathogens detected in older adults with
pneumonia are viruses in contrast to UTIs which are
typically due to bacterial pathogens. In a large study of
adults with radiographic evidence of pneumonia, only
38% of patients had a pathogen detected (≥1 virus was
detected in 23%, ≥1 bacteria detected in 11%, bacterial
and viral in 3%, and fungal/mycobacterium in 1%)
[41]. In contrast, the most common pathogen reported
in both complicated and uncomplicated UTIs was the
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gram-negative bacteria, “uropathogenic E. coli (UPEC)”
[21]. Interestingly, gram negative bacteria, such as UPEC,
contain a lipopolysaccharide, glycolipid membrane [42].
Lipopolysaccharides (LPS) are endotoxins that induce a
cascade of cytokines, which may be damaging to neurons.
Additionally, AMPs, which may include the Aβ protein,
may interact directly with the LPS membrane of bacteria
as a line of defense. Studies have reported that LPS
“colocalizes” with Aβ protein in the brain [22, 43]. Gram-
negative bacterial pathogens common in UTIs, such as E.
coli, may accelerate AD symptoms in vulnerable indi-
viduals in both outpatient and hospital settings.

There are several limitations of the present work.
Although Medicare is the only population-based, na-
tional health care system in the USA, available to age-
eligible citizens or permanent legal residents in the USA,
our data only includes individuals ≥67 years old to
ensure we had only incident AD cases. We do not have
data for beneficiaries prior to age 65 and therefore
cannot investigate exposure lagging several decades
prior to AD diagnosis. Additionally, we do not have
access to laboratory data results and therefore cannot
quantify blood or CSF markers of inflammation or ef-
fects of systemic infections on other organ systems.
Future studies that provide objective measures of in-
flammation after an infection in the years prior to AD
diagnosis could provide additional evidence to support
our findings. In our study, sample sizes for meningitis
were much smaller with notably wide confidence in-
tervals given that this type of infection is rare compared
to UTIs or pneumonia. Additionally, due to limitations
in the way hospitals are paid by Medicare for inpatient
diagnoses using diagnosis-related groups, Medicare data
do not contain specific information on inpatient med-
ications. Medication data could provide insight into
whether earlier and/or more aggressive treatment of the
infection and reduction of systemic inflammation re-
duces AD risk as some evidence suggests cognition
improves in patients with AD who are treated with
antimicrobial/antiviral treatments [19]. Another po-
tential limitation is that some beneficiaries with a code
for AD may be misdiagnosed. However, our results were
similar in sensitivity analyses in which we required
beneficiaries to have been diagnosed with AD by a
neurologist or have two separate AD diagnosis codes.
Additionally, infectious diseases identified in Medicare
require the presence of a diagnostic code, which could be
susceptible to misclassification. Due to the nature of
Medicare data, we are unable to examine the results of a
urinalysis or chest radiograph to confirm the diagnoses
of UTI and pneumonia [44]. Despite these limitations,

our findings are consistent with prior animal and human
studies and provide some evidence from human data
supporting the concept that meningitis may contribute
to AD pathogenesis.
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