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ABSTRACT: Legionellosis is generally attributed to the inhala-
tion of aerosolized Legionella pneumophila from engineered water
systems and/or soils. However, aspiration of contaminated
water—a known cause of aspiration pneumonia—is seldom
modeled in L. pneumophila risk assessment. Here, we develop a
quantitative microbial risk assessment model to estimate the risks
associated with aspiration exposures. Monte Carlo simulations,
incorporating the aspiration water volume, the aspiration
frequency, and the alveolar deposition fraction, reveal that low L.
pneumophila concentrations in water can yield an appreciable
infection risk in populations prone to aspiration. Under equal L.
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pneumophila concentrations, we find that an aspiration event can pose a higher infection risk than aerosol inhalation from showers or
faucets. Sensitivity analyses identify the aspiration volume as a driver of risk. Our findings highlight the need for risk management
strategies that address not only aerosol generation but also the aspiration of contaminated water.

KEYWORDS: Pontiac fever, inhalation, aspiration, quantitative microbial risk assessment (QMRA), respiratory disease,

premise plumbing, opportunistic pathogen

1. INTRODUCTION

Legionellosis is caused by exposure to pathogenic Legionella
spp. bacteria through the aspiration of contaminated water into
the lungs or the inhalation of contaminated aerosols or dust.
Legionellosis cases (including Legionnaires’ disease and
Pontiac Fever) contribute to a $2.39 billion annual healthcare
cost burden in the US' and are increasing in the US” and
Europe.3

Aerosol inhalation (via water or soil aerosols) is thought to
be the dominant exposure route for Legionella spp., but other
exposures are not well-characterized.* An understudied but
potentially important exposure route is pulmonary aspiration.
Aspiration occurs when a small amount of oropharyngeal or
gastric contents bypass the upper airway defenses and enter the
lower respiratory tract.” While aspiration can affect anyone in
the general population,’ it is both more common and a greater
concern in susceptible individuals, particularly those with
physiological contributing factors such as dysphagia (swallow-
ing disorder),” advanced age,”” or neurological impairment.”
Aspiration pneumonia can be caused by the aspiration of
various substances, including liquids (such as drinking water
and melted ice), food, and saliva. These infections can arise
from the aspiration of pathogenic microorganisms from
external environments or from the commensal microbial
community of the respiratory tract, involving a wide range of
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species beyond Legionella such as viruses, Pseudomonas
aeruginosa, and Staphylococcus aureus.”"°

Aspiration can develop into aspiration pneumonitis, or
Mendelson’s syndrome (a lung injury), or aspiration pneumo-
nia, which is an infection from aspirating a liquid colonized by
pathogenic bacteria, such as L. pneumophila.” Aspiration
pneumonia can be difficult to distinguish from community-
and hospital acquired-pneumonias due to similarities in
symptoms.11 For instance, an aspiration event that occurs
overnight may go unnoticed,'” making it challenging to
directly link a pneumonia case with an aspirated pathogen
and a specific aspiration event. Nonetheless, aspiration is
recognized as a likely transmission route for Legionella.
Legionella spp. have been detected in the oropharynx'’ and
dental plaques'* which can contribute to aspiration exposure.
Guidance and management around aspiration-related Legion-
ella generally focuses on the accidental introduction of water
into the lungs during drinking or chewing ice.'” In one
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Table 1. Aspiration-Specific Monte Carlo Parameters”

Definition Parameter
Concentration of L. pneumophila Creg
Aspiration volume (assumes 100% comprised of water) V Microaspiration
Macroaspiration

Severe aspiration

Fraction of aspirated volume that reaches lower lungs  f

Aspiration frequency a Once

Monthly
Weekly

eg.
Dose—response (Legionella pneumophila, sub-clinical r
infection end point)

“The inhalation variable parameterization is described in ref 24.

Exponential model

Daily (during sleep, 365
)

Value or distribution Units Reference
Varied CFU/L NA
Uniform (1, 100) X 107° L 28
Uniform (0.1, 1) x 1073 L 29
Uniform (1, 10) X 1073 L 28,29
Uniform (0.001, 1) Unitless Assumption
1 Aspiration events Assumption

per year
12 26,27
52
Lognormal distribution (y = Unitless 25

—2.93, 6 = 0.49)

documented case, a 79-year-old hospital patient with a
swallowing disorder developed Legionnaires’ disease, which
was traced to an ice machine with high concentrations of L.
pneumophila at the time.'® Limited evidence also suggests
Legionella can persist after gargling contaminated tap water;
one study isolated L. {oneumophila from the oropharynx up to
30 min after gargling.'’

Due to the emphasis on water management activities for
Legionella control within the built environment,'®'? there is a
need to understand the relative importance of different
exposure routes and pathways. Opportunistic pathogen
infections arise from numerous previously implicated potential
water fixtures and sources, including toilets, faucets, decorative
water features, hot tubs, water parks, HVAC systems,
dehumidifiers, cooling towers, and showers.”® Source appor-
tionment for Legionella infections has been highlighted as an
important gap for tackling this multipronged and persistent
problem. ™

Through hazard identification, exposure assessment, dose—
response assessment, and risk characterization, quantitative
microbial risk assessment (QMRA) has been used to model
Legionella pneumophila fate, transport, and risk of infection,
illness, and/or death.”” Numerous models have been
developed for assessing the risk of inhalation exposure of
Legionella spp.”® These models have been used to inform
source apportionment goals, for examgle, identifying showers
as a driver of indoor water fixture risks”" and setting risk-based
water monitoring targets. To date, a QMRA model has not
been conducted for aspiration exposures to waterborne
bacteria such as Legionella spp. Developing such a model
would allow for evidence-based comparison of aspiration with
other exposure routes to aid in prioritizing resources,
informing management activities, and developing prevention
policies. To achieve this goal, the objectives of this study are to
(1) develop a QMRA model that considers aspiration as a
route of exposure for Legionella pneumophila; (2) compare
population level risks for aspiration and inhalation exposures;
and (3) identify gaps for understanding aspiration contribu-
tions to the Legionella spp. burden of disease.

2. METHODS AND MATERIALS

To explore the risks of L. pneumophila infection through
multiple routes, a model was developed using the QMRA
framework™” to compare aspiration with inhalation exposures,
which have been previously explored and quantified as
common routes of exposure and potential infection. In this

study, aspiration is explored as a transmission pathway, as it
can result in lung exposure to liquids and aerosols that may be
contaminated, through a physiologically independent mecha-
nism from inhalation.

2.1. Aspiration QMRA. Through the steps of the QMRA
framework, the risk of infection was quantified for Legionella
pneumophila (hazard identification) through aspiration (ex-
posure assessment) using a dose—response relationshig based
on animal studies and epidemiological outbreak data. ° First,
the dose of L. pneumophila deposited into the lungs during an
aspiration event was modeled with eq 1.

d= CLegi (1)

Here, d is the dose of viable L. pneumophila deposited into
the lungs during a single aspiration event (colony-forming unit
[CFU]), Cy. is the concentration of viable L. pneumophila in
water (CFU/L), V is the volume of water that enters the
respiratory tract during an aspiration event (L), and f is the
fraction of aspirated water that reaches the alveoli (unitless).

The annual risk of infection is then estimated based on an
exponential dose—response model (eq 2) and compounded for
annualized exposures (eq 3)

By=1-¢" 2)

anual =1- (1 - Rnf)a (3)

where P, is the risk of infection for one exposure, r is the
probability of an individual microorganism to survive and
initiate infection (unitless), P, is the annual risk of
infection, and a is the aspiration frequency (per year), which
can vary based on health status (e.g, presence of swallowing
disorders) and age.’*”” To quantify the variability in risk
estimates, a Monte Carlo analysis was conducted using
distributions for each variable, summarized in Table 1. A
single run of 10,000 simulations was performed with random
values from each of the theoretical distributions (with the
random seed set to 56) defined in Table 1. Additional
explanations for these parameters based on the literature can
be found in the Supporting Information. All analysis was
conducted using R v.4.2.2.

2.1.1. Variable Parametrization: V, Volume Aspirated.
Literature reviews were performed in PubMed and Google
Scholar to obtain information about aspiration volumes and
frequencies. Available information suggested large uncertainty
bounds surrounding volume and frequency as a function of the
fluid aspirate chemistry,So’g’1 individual susceptibilities such as
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(b) When is aspiration risk higher
than inhalation risk?
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frequency = 1/year
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frequency = 12/year

100+

10714

f, deposition fraction

1024
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T ] 1
108 10% 107
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10 frequency = 365/year.
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V, Aspiration volume (L)

Aspiration risk > Inhalation risk (shower)
Aspiration risk < Inhalation risk (shower)

Figure 1. (a) Median L. pneumophila infection risk per exposure for inhalation and aspiration scenarios across a range of simulated concentrations.
(b) Binary comparison of aspiration vs inhalation risk (showering) at 1 CFU/L. The grid shows conditions under which aspiration risk exceeds
inhalation risk across varying aspirated volumes and frequencies (a = 1, 12, 52, 365/year).

neuromuscular diseases, history of stroke, gastroesophageal
reflux disease (GERD), and age,”™*® exposures to medical
devices and procedures,’”*® surgery,”” and other factors.
“Microaspiration” of small volumes (<0.1 mL) is assumed to
occur once per week to once per month, although this is not
well-documented and there is no firm cutoff for this volume.””
“Macroaspiration” (volumes >0.5 mL) similarly can occur
(unspecified frequency).”® Macroaspiration is thought to occur
during drinking, especially in those with susceptibilities or
preexisting conditions, such as dysphagia or other swallowing
disorders that increase aspiration rates (age and other
conditions are consistently identified as contributing factors
in increased aspiration).*” “Silent aspiration” of saliva (<0.1
mL)*’ can occur during swallowing in ~10—50% of individuals
(approximately once per night during sleep) but typically does
not cause harm.””” In other studies, healthy patients have
been shown to aspirate 0.01—0.15 mL, while other groups
aspirated up to 3.64 mL during sleep.”® In a human swallowing
study”” the mean aspirated volume was 5.53—6.72 mL of
patients with underlying conditions. Another study on patients
with dysphagia imaged and estimated <1% to 25% of the
swallowed volume (75—100 mL) was aspirated.*" This latter
study, and a similar one on infants,** demonstrated imaging
and quantification of aspirated liquid volumes into the lungs
and subsequent clearance. Based on these findings, we defined
ranges for our model as potential scenarios of microaspiration
(0.001-0.1 mL), macroaspiration (0.1—1 mL), and more
severe aspiration (1—10 mL). The large range in volumes is
likely due to differences in the goals of the studies (e.g,
ascertaining “background” rates of aspiration vs outcomes as
severe as drowning and/or evaluation of severely susceptible
populations), methodological differences, and study designs.
2.1.2. Variable Parametrization: f, Fraction That Reaches
Lower Lungs. While the above studies note lung deposition of
aspirated liquid, it remains uncertain the amount of which is in
contact with the lower alveolar-bronchiolar region, which has
been used to demonstrate and quantify L. pnemuophila
inhalation exposure in previous models and clinical assess-
ments, ™% particularly since the bacteria has demonstrated

multiplication in alveolar macrophages.*® While rich informa-
tion is available on aerosol dfe,position,47’48 limited to no
information is available on nonaerosol deposition from
aspirate. Thus, an additional factor, f, was included to capture
this uncertainty, to represent a fraction of the aspirated volume
that reaches the lower lungs, similar to the “deposition
efficiency” that has been used in inhalation models.”* Based on
these findings, we defined ranges for our model as anywhere
from 0.1 to 100% (Table 1), since portions of aspirate or liquid
volumes may reach the lower lungs. While previous studies
have demonstrated aspirate in both lungs,"""** we note the
considerable uncertainty in estimating actual exposure.

2.2. Inhalation QMRA. Previously derived inhalation
exposure models™ were used for comparison with the
aspiration exposure route proposed in our study. The exposure
dose of L. pneumophila from three comparative indoor water
fixtures is modeled in eqs 4—6. Here, d is again the total dose
of bacteria inhaled based on the concentration of bacteria in
water (Cy,,), the inhalation rate (I), the time exposed (t), the
fraction of aerosols of diameter i (F,), the deposition efficiency
in the alveolar-bronchiolar region of the lungs for aerosols of
diameter i (D;), the concentration of aerosols per volume of air

(Cueros), the volume per aerosol of diameter i (V,.,,;), and the
partitioning coefficient (P).
dfaucet = CLegItfaucerPEDi (4)
10 10
dtoilet = CLegIttoiIet Z Caero,i‘/aero,i Z P;Dl
i=1 i=1 (8)
10 10
dshower = CLegItshower Z Caero,i‘/aero,i Z PrDl ( )
i=1 i=1 6

All exposure parameters for the inhalation models are listed
and defined in Table SI.

2.3. Comparison of Aspiration and Inhalation Risk.
To further explore the uncertainty in parametrization for the
aspiration model and find where the aspiration risk is higher
than the inhalation risk, combinations of parameters were
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explored alongside the Monte Carlo simulation. With the
ranges of parameters V, f, and a presented (Table 1), the
aspiration dose and resulting annual infection risk was
calculated and compared with annual risk of inhalation from
showering. The L. pneumophila concentration was set to 1
CFU/L for both scenarios.

2.4. Sensitivity Analysis. A sensitivity analysis was
performed to examine the impact of uncertainty in the volume
aspirated (V), the fraction of aspirated water that reaches the
lower lungs (f) (deposition efficiency for inhalation models),
and aspiration fre(%uency (a) informed by estimates of
aspiration volume”®***! and frequency.”””” The ranges used
for this analysis reflect the ranges from the model (Table 1)
and are also listed in Table S2. The sensitivity analysis was
evaluated by using bivariate Spearman rank correlations.

3. RESULTS

The risk of infection for single aspiration events is plotted in
Figure la alongside the single-exposure infection risks for the
previously modeled plumbing fixtures for L. pneumophila. The
median risk of infection through aspiration for a single
exposure event was higher than for the other exposures, even at
small volumes (microaspiration).

To explore the impact of the exposure assumptions and
inherent uncertainty on annual infection risk, Figure 1b shows
the combination of aspiration volume (V) and lung deposition
(f) that results in annual risk exceeding that of showering
(assuming one shower per day). This threshold was evaluated
across multiple aspiration frequencies (a = 365, 52, 12, and 1
for daily, weekly, monthly, and single events, respectively).
Based on the distributions chosen for f and V (where V is
represented as a continuous sequence from 1078 to 1072 L),
the probability that the annual infection risk exceeds that of
showering was 44.2%, 24.6%, 13.5%, and 2.2% for daily,
weekly, monthly, and single events, respectively. For
comparison to the aspiration volumes, the median single-
shower inhaled exposure volume (eq 2) was estimated as 5.4 X
107 L. Therefore, assuming the same L. pneumophila
concentration in water, even infrequent aspiration events can
pose a comparable or greater infection risk than inhalation
exposures under certain combinations of aspirated volume and
lung deposition. This highlights how variability (and inherent
uncertainty) in the aspiration volume and deposition efficiency
can influence risk outcomes.

Spearman Rank sensitivity analysis resulted in volume
aspirated, V, as most impactful on the infection risk (p =
0.893, compared with 0.263 for f and 0.247 for a). These
results and parameter ranges can be found in Figure S1 and
Table S2.

4. DISCUSSION

4.1. Implications of Aspiration Risk Models. Based on
the current risk assessment, even low concentrations of L.
pneumophila in drinking water (e.g, 1 CFU/L) correspond to
higher infection risk for single aspiration events compared to
common exposures such as showering, faucet aerosolization,
and toilet flushing (Figure 1). This highlights pulmonary
aspiration as an underexplored route for potential respiratory
infections within the context of building water management. As
noted in the literature, higher frequencies and volumes of
aspiration events are more common for individuals at higher
risk, such as the elderly or those with underlying conditions or

illnesses. Opportunistic pathogens such as L. pneumophila are
already noted for being of greater concern for these same
individuals, posing a higher risk and with higher mortality
rates. ">

4.2. Limitations and Recommendations for Addi-
tional Aspiration Risk Analysis. This QMRA model
highlights that a better understanding of the volume,
frequency, and deposition of aspirated water/liquid as a
function of host susceptibility and microbiomes (in both water
and the human body) is needed. Limited quantitative
information is available regarding these factors, and the
literature can be more systematically evaluated (e.g, using
systematic literature reviews’') to better translate clinical
studies (e.g,””) of swallowing and aspiration challenges to
quantitative outcomes, for example, using the penetration-
aspiration scale.”® Development of a mechanistic model for
aspiration may aid in further estimating this volume.""*> While
aspiration fluid volume and frequency may be related in a way
that is not captured here, limited data are available, pointing to
this as a key area for further research and quantification.
Additional comparison of inhaled and aspirated volumes and
risk results between models is in the Supporting Information
(Figure S2).

In the current model, the aspiration volume was assumed to
be composed completely of drinking water; however, other
oropharyngeal or gastric fluids are likely to be present, and a
more precise composition would improve the model
Incorporation of a more nuanced characterization of aspiration
fluid in view of drinking, swallowing, sleeping, or other
activities would provide insight into refining this quantitatively.
Given the potential for colonization with Legionella spp. in the
human microbiome,">'* other approaches could be taken to
examine transition probabilities from colonization to disease
progression as has been performed for other pathogens in
QMRA models such as for Staphylococcus aureus.”* Currently
available dose—response models have inhalation, rather than
aspiration, routes of exposure, and additional harmonization is
needed to account for an aspiration route of exposure.

The aspiration model here provides some quantitative
context for comparing aspiration with other routes of exposure
but highlights the larger range of uncertainties for exposure
volumes and frequencies compared to inhalation with more
information available for parametrization.”* With better
quantification of these variables, aspiration models could be
considered in additional models of comparative Legionella risks
and source apportionment to inform holistic risk management
efforts.

4.3. Implications for Risk Assessment and Manage-
ment. By demonstrating that aspiration of drinking water can
potentially deliver a higher L. pneumophila dose to the alveolar
region than inhalation exposures, the study underscores the
need to expand QMRA frameworks beyond inhalation. It
exposes key data gaps, particularly on aspirate volumes and
their deposition fractions in the lower respiratory tract. These
gaps limit the precision of existing models and warrant further
investigations. Our findings suggest that risk management
strategies must evolve to address aspiration as a distinct and
potentially dominant exposure route, especially among
vulnerable populations. Closer integration of drinking water
safety planning with clinical protocols for aspiration prevention
is essential.

Several recommendations based on the reviewed literature
were compiled (Table 2). Proper swallowing function is
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necessary to reduce or prevent aspiration and can decrease
with age.’>*® Swallowing therapies may improve this reflex in
those with swallowing disorders.” Pharmacotherapies have
been tested for their effects on preventing aspiration
pneumonia in stroke patients and may be considered, such
as folic acid supplementation®” and drugs to modulate
dopamine metabolism.”® For high-risk patients, other recom-
mendations include dietary modifications regarding food
textures,” assisted feeding strategies,7 and an elevated position
rather than supine, especially for ventilated patients.”’
Individuals can also elevate the head during sleep, minimize
sedative use, engage in regular dental hyggiene practices, and
use suctioning devices where appropriate. o164

Water management plans can be implemented within
buildings (with a focus on healthcare environments) to control
the growth of Legionella to minimize overall exposures.’>®°
The use of more highly treated, or “sterile”, water can also
reduce aspiration risks, althouégh interpretations and feasibility
of its implementation varies.””®”

38,67
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