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Abstract

Bystander selection -- the selective pressures exerted by antibiotics on microbial flora that are not the
target pathogen of treatment -- is critical to understanding the total impact of broad-spectrum antibiotic
use; however, to our knowledge, this effect has never been quantified. Using the 2010-2011 National
Ambulatory Medical Care Survey and National Hospital Ambulatory Medical Care Survey
(NAMCS/NHAMCS), the Human Microbiome Project, and additional carriage and etiological data from
existing literature, we estimate the magnitude of bystander selection for a range of clinically relevant
antibiotic-species pairs as the proportion of all exposures of an antibiotic experienced by a species for
conditions in which that species was not the causative pathogen (“proportion of bystander exposures”).
For outpatient prescribing in the United States, we find that this proportion over all included antibiotics is
over 80% for 8 out of 9 organisms of interest. Low proportions of bystander exposure are often associated
with infrequent bacterial carriage or a high proportion of antibiotic prescribing focused on conditions
caused by the species of interest. Using the proportion of bystander exposures, we roughly estimate that S.
aureus and E. coli may benefit from 90.7% and 99.7%, respectively, of the estimated reduction in
antibiotic use due to pneumococcal conjugate vaccination, despite not being the pathogen targeted by the
vaccine. These results underscore the importance of considering antibiotic exposures to bystanders, in

addition to the targeted pathogen, in measuring the impact of antibiotic resistance interventions.

Significance Statement

The forces that contribute to changing population prevalence of antibiotic resistance are not well
understood. Bystander selection -- the inadvertent pressures imposed by antibiotics on the microbial flora
other than the pathogen targeted by treatment -- is hypothesized to be a major factor in the propagation of
antibiotic resistance, but its extent has not been characterized. We estimate the proportion of bystander

exposures across a range of antibiotics and organisms and describe factors driving variability of these


https://doi.org/10.1101/288704

bioRxiv preprint doi: https://doi.org/10.1101/288704; this version posted April 3, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

proportions. Impact estimates for antibiotic resistance interventions, including vaccination, are often
limited to effects on a target pathogen. However, the reduction of antibiotic treatment for illnesses caused
by the target pathogen may have the broader potential to decrease bystander selection pressures for

resistance on many other organisms.

Introduction

Antibiotic use creates a selective pressure favoring resistant microbes. Because the majority of antibiotics
are not targeted to a specific bacterial species or body site, the bacteria that comprise the human
microbiome are subject to the selective pressures applied by most antibiotic consumption. Therefore,
antibiotic exposures, while designed to control the pathogenic bacterium causing an infection (we use the
term “target pathogen”), also promote the emergence of de novo resistance, the selection for resistant
strains that are already present, and the clearance of susceptible strains among both the target species and
other organisms in the microbiome (1). These selective pressures experienced by microbial flora exposed
to antibiotics due to a condition caused by another bacterial species (or by no bacterium at all, in which
case treatment is often inappropriate (2)) can be called “bystander selection”. These off-target effects (3)
are a concern with appropriate prescribing and are at the core of the concern about inappropriate
prescribing, for which every exposed bacterium is a bystander. Recent studies have reported that 30% of
all outpatient, oral antibiotic prescriptions in the United States (2) and 8.8-23.1% of systemic antibiotic

prescriptions in primary care in England (4) are inappropriate.

Quantifying these bystander effects is of importance for evaluating the potential and actual impact of
interventions designed to reduce the need for appropriate antibiotic treatments (e.g., infection control and
vaccines). Each of these measures can reduce selective pressure for resistance on the target pathogen:

vaccination by reducing the incidence of disease from, say, Streptococcus pneumoniae and thus the need
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for antibiotic treatment (5, 6), and infection control by reducing the incidence of hospital-acquired
infections that will require treatment. Often overlooked is the impact that averted treatment in each case
may have beyond the pathogens whose transmission these interventions block, because each treatment
averted would have exerted selection on bystanders as well. For stewardship interventions, which aim to
avert inappropriate treatment of conditions that are never or seldom caused by bacteria, the primary goal

of the intervention is to avert bystander selection of the patient’s normal flora.

Given the importance of bystander selection in the rationale for each of these kinds of interventions, it is
surprising that its extent has not, to our knowledge, previously been quantified. Bystander selection is
driven by the incidence and etiology of bacterial infections, antibiotic prescribing practices, and
composition of the microbial flora. All of these factors are highly heterogeneous, varying over time and
by age, gender, and geographic location. In addition, antibiotic prescribing depends upon safety and
toxicity profiles in certain populations. Microbiome diversity varies between and within individuals,
depending on demographic characteristics, diet, and disease. Characterizing the impact of bystander
selection at the population level therefore requires understanding which antibiotics are prescribed when

and which microbes are likely to experience those pressures.

This work aims to quantify bystander selection due to outpatient prescribing in the US at the population
level for a range of clinically relevant species and antibiotic combinations, using prescriptions as a
measured proxy for exposures and, ultimately, for selection, and using data from the Human Microbiome
Project and from studies of bacterial carriage to estimate the microbial communities subject to selection.
We estimate the extent of bystander selection as the proportion of total exposures of a species to an
antibiotic for which that species was not the target pathogen of the antibiotic, and will refer to this

measure as the “proportion of bystander exposures”. Understanding the contribution of bystander
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exposures to the landscape of selective pressures for antibiotic resistance will help to inform interventions
including vaccines and antibiotic stewardship. Given the special section of the current issue of PNAS on
vaccines and antimicrobial resistance, we spell out how such estimates can contribute to estimating the
impact of vaccines, in particular pneumococcal conjugate vaccines, whose impact on antimicrobial

resistance has received arguably the most attention of any vaccine (7, 8).

Results

Data source characteristics. After applying exclusion criteria to the National Ambulatory Medical Care
Survey (NAMCS) and National Hospital Ambulatory Medical Care Survey (NHAMCS) from 2010-2011
and weighting with nationally representative sampling weights, 97.9% of total visits remained in the
analysis, with 13.7% of these visits resulting in at least one antibiotic prescription. Visits with one or
more of the diagnoses included in bystander calculations (see Methods) accounted for 60.7% of
prescriptions of our antibiotics of interest. Of included visits with one of these diagnoses, 5.8% were
clinical encounters with patients less than one year old and 19.2% with patients between the ages of 1 and

5 years old.
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Figure 1. Proportion of total antibiotic exposures by drug class and species associated with diagnoses,
and proportion of bystander exposures over all conditions by antibiotic class and species with 95%
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confidence intervals. Penicillins include penicillin, amoxicillin, and amoxicillin-clavulanate;
macrolides/lincosamides include azithromycin, clarithromycin, and clindamycin; fluoroquinolones
include ciprofloxacin, levofloxacin, and moxifloxacin; cephalosporins include ceftriaxone, cephalexin,
and cefdinir. Doxycycline, nitrofurantoin, and trimethoprim-sulfamethoxazole results are for the
individual antibiotics. “Overall” estimates reflect exposures to any of the drugs listed above.

Estimating the proportion of bystander selection, by species and antibiotic or class. The proportion of
total exposures of a given species to an antibiotic (or class) that were associated with a given diagnosis
ranged from 67.2% for exposures of nitrofurantoin to P. aeruginosa due to UTI to 0% for cases in which
the antibiotic was never prescribed for the condition (e.g. doxycycline and influenza, nitrofurantoin and
sinusitis) (Figure 1, heatmap). Within a specific antibiotic class, the proportions tended to be elevated
across all organisms for particular conditions, indicating that incidence of the condition and
corresponding volume of antibiotic use were the key drivers of this value. For example, results were
higher across all organisms for penicillins and suppurative otitis media, a common condition leading to
frequent use of that antibiotic class. While a high proportion of pneumonia cases also lead to antibiotic
prescriptions, low incidence in the outpatient setting led to a low proportion of total exposures due to this
condition. Nitrofurantoin presents an extreme case where use is targeted towards a single, common
condition; thus, the majority of exposures across all organisms were associated with UTI. This proportion
is also a function of etiology. In the case of fluoroquinolone use, the proportion of total exposures
associated with UTI was especially high for the causative agents -- E. coli, K. pneumoniae, and P.
aeruginosa. This effect is more distinct among organisms with low carriage prevalence in the general

population, such as P. aeruginosa in the previous example and S. pyogenes and strep throat.

The proportion of bystander exposures was variable across species and antibiotic classes, ranging from
21% for E. coli exposures to nitrofurantoin to 100% for M. catarrhalis and S. agalactiae exposures to

nitrofurantoin (Figure 1, bar chart). The proportion of bystander exposures exceeded 80% for 8 out of 9
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organisms (all except S. pyogenes) when considering exposures to any of our antibiotics of interest, and
above 80% for 96 out of 135 (71.1%) antibiotic-species pairs (Supplemental Figure 1). These results
indicate that for the majority of antibiotic and species combinations, fewer than 20% of the exposures of
that species to the antibiotic in question occur in the context of treating a disease caused by that species.
The proportion of bystander exposures is inversely related to the proportion of total exposures associated
with each condition. Across each row in Figure 1, if the species of interest was an etiological agent for the
conditions contributing the highest proportion of total exposures, we would expect the bystander
proportion to be low, and vice versa. For example, the majority of exposures of E. coli to cephalosporins
are due to cellulitis and suppurative otitis media, neither of which are caused by E. coli, leading to almost
all exposures being bystander. However, the majority of exposures of E. coli to fluoroquinolones are due
to UTTIs, which are often caused by E. coli; thus the proportion of bystander exposures is much lower for
this pairing. Supplemental Figure 1 also displays the high variability of bystander results within drug

classes, reflecting the preferred use of these drugs for different conditions.

Application to vaccine impact on antimicrobial exposures in bystanders. We provide here some
preliminary estimates of the bystander impact of vaccines to illustrate how such calculations might be
performed. Because the requisite quantities have not all been estimated in the same population, we
combine estimates from different populations for the purposes of illustration, but we note the need for
additional data to improve the level of confidence in such calculations by comparing quantities within a
single population. We take the example of the pneumococcal conjugate vaccine (PCV), which reduces
bacteremia, meningitis, pneumonia and otitis media caused by 7, 10 or 13 serotypes of pneumococci,

depending on the formulation.
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Considering only immediate direct effects, we made a conservative estimation of the effect of PCV on
antimicrobial exposures of bystander organisms. A randomized controlled trial of the seven-valent
pneumococcal conjugate vaccine found a 7.8% reduction in otitis media among vaccinated vs. control
children, and a 5.4% in all-cause antimicrobial prescribing, mainly attributed to reduced otitis media (5).
Restricting attention to the 0-1 and 1-5 year old age groups in our study, this would translate to a 4.9%
reduction in exposure of S. aureus to antibiotics, and a 5.38% reduction in exposure of E. coli to

antibiotics in these age groups. See Materials and Methods for the way this figure is calculated.

Much larger estimates of impact on otitis media are obtained in studies that account for herd immunity
effects and for the possibility that PCVs can indirectly prevent some non-pneumococcal otitis media (9).
An Israeli study found a 57-71% reduction in all-cause otitis media associated with the rollout of PCV13
in various age groups up to the third birthday (10), while a study in the UK found a 36% reduction in
all-ages otitis media comparing the post-PCV 13 period to the pre-PCV7 period, and a 29% reduction in
otitis media-associated antimicrobial prescribing for the same comparison (6). Impact on total
antimicrobial prescribing was not reported by Lau et al. (6) If we assume that the ratio of 0.69 percentage
points reduction in total prescribing per percentage point reduction in otitis media can be extrapolated
from the RCT in California (5), this 36% reduction in otitis media would correspond to a 25% reduction
in all-cause antibiotic prescribing. Using our estimates of prevalence and bystander proportion, this would
yield a 24.9% and 22.7% reduction in outpatient exposure of bystanders E.coli and S. aureus to
antibiotics. While these calculations require a number of assumptions, they underscore the potentially
substantial impact of vaccines on bystander selection and the need for improved data on the impact of

vaccination on use of specific antimicrobials in specific populations.
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Discussion

For most bacterial species, the majority of their antibiotic exposures were the result of a condition that
they did not cause. This held true across a range of different organisms and antibiotics. Carriage
prevalence was the key predictive factor of the differences in proportion of bystander exposures between
organisms, with species that were commonly carried asymptomatically (Supplemental Table 2), such as
E. coli, H. influenzae and S. pneumoniae, having consistently high bystander proportions, and more rarely
carried species such as S. pyogenes, which is frequently associated with antibiotic-treated disease, having
lower ones. Among drugs/drug classes, nitrofurantoin, used almost exclusively for urinary tract
infections, had low bystander proportions for common urinary tract pathogens, which frequently would be
the cause of nitrofurantoin treatment. In contrast, broad-spectrum drug classes such as beta-lactams,
cephalosporins and fluoroquinolones typically have high bystander proportions for most or all species
considered, because they are used for a wide variety of conditions caused by a wide variety of species, as

well as for treatment of conditions that are often nonbacterial.

Quantifying the bystander effect for different antibiotic-species combinations has several potential
applications. Mathematical transmission models of antibiotic prescribing and resistance commonly
assume that treatment incidence is unrelated to whether a person is colonized with the bacterium of
interest -- effectively assuming that bystander selection is the rule rather than the exception (11-13), and

these findings confirm this has been a sensible assumption, at least for outpatient antibiotic use.

For policy discussions, the high bystander proportions obtained here suggest that interventions to reduce
antimicrobial use may have broad effects in reducing the strength of selection across a number of
bacterial species, not only the ones involved in the pathogenesis of the disease targeted by such efforts.

For example, improved adherence to guidelines on unnecessary antimicrobial prescribing might mainly
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affect prescribing for respiratory infections, yet might reduce selection for resistance on potential
pathogens that reside on the skin (e.g. S. aureus) or in the gut (e.g. E. coli and Klebsiella species), as well
as on respiratory bacteria. In the area of antimicrobial stewardship, these findings suggest that each
reduction in inappropriate antibiotic prescribing for a particular indication may have broad impacts across
many species but may not dramatically reduce the exposures to antibiotics of any one species, as long as

prescribing for other indications remains unchanged.

As discussed, another example of an intervention that can reduce antimicrobial prescribing is vaccination.
Vaccines can reduce the incidence of resistant infections directly (by preventing disease from their target
pathogens) and indirectly (by preventing the need for antibiotic prescribing, thereby protecting bystander
bacteria from exposure to antibiotics that can promote resistance). High bystander proportions are seen
here for many organism-drug combinations, particularly for broad-spectrum antibiotic classes that are
frequently prescribed for respiratory infections, and respiratory infections (including otitis media) account
for a large fraction of total antimicrobial use. These considerations suggest that vaccines against
pathogens that cause respiratory infections, such as Bordetella pertussis, Streptococcus pneumoniae,
influenza virus, and respiratory syncytial virus, may substantially reduce the exposure of a broad range of
pathogenic bacterial species to antibiotics, via prevention of bystander selection. Notably, this includes
vaccines that prevent viral respiratory infections, which are often inappropriately treated with antibiotics
(14) and perhaps prevent bacterial secondary infections that might be appropriately treated if they
occurred (15). We have described an approach for using estimates of bystander exposures to estimate how
vaccines could reduce exposure across various non-target pathogens. However, quantifying the impact of
vaccines on antimicrobial resistance is a complex task, and many components of such calculations will

depend on the population, vaccine, and timescale considered, among other variables.
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It is informative to consider the antimicrobial agents not included in our analysis. Most antimycobacterial
agents have little effect on other bacterial species, while most broad-spectrum antibacterial classes are of
little use against Mycobacterium tuberculosis. The exception to both rules is the fluoroquinolones, for
which bystander selection has been documented both in treatment of what was thought to be pneumonia
but was actually tuberculosis (16) and in treatment with fluoroquinolones in a tuberculosis ward
promoting the spread of fluoroquinolone-resistant S. pneumoniae. (17). With this exception, bystander
selection by antimycobacterial drugs is expected to be limited, and bystander selection on M. tuberculosis
is also expected to be limited. This is reflected in an appropriate focus for tuberculosis resistance
management in ensuring adequate treatment to prevent emergence of resistance and prevent transmission,
rather than on bystander-focused interventions. Similarly, we note that antiviral agents, such as the
neuraminidase inhibitor oseltamivir for influenza, have no substantial known activity against other
components of the (bacterial) microbiome, so the rationale for prudent use of oseltamivir would include
avoiding side effects and costs, but not avoiding selection for resistance. Extending the scope beyond
anti-infectives, a recent in vitro study found that 24% of 835 therapeutic compounds with molecular
targets in human cells inhibited the growth of at least one bacterial species commonly found in the human
gut microbiome (18). This work suggests that bystander selection may not be limited to antimicrobials,

and further research is needed to elucidate which drug-species combinations may be prone to such effects.

Our broader analysis has several limitations. Firstly, the analysis combines three different data sources to
calculate a population-level, average estimate of the quantities of interest. For simplicity, we only
consider age group stratification in our analysis; in reality, the factors contributing to bystander exposures
may vary across sex, socioeconomic status, and many other characteristics. In addition, carriage
prevalences and etiologies are uniformly applied across visits. This may bias our estimates depending on

the extent of microbial ecological or etiological relationships. For example, presence (or lack) of
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organism A in the microbiome contributes to the pathogenicity of organism B. Organism A would be
more (or less) prone to bystander exposure of antibiotics used to treat the condition caused by organism B
than we calculate. While we estimate the impact on the organism at the species level, selection pressures
may be more relevant at the strain level, particularly if virulence and resistance are associated. We also do
not consider the impact of antibiotic pharmacodynamics and pharmacokinetics and how these vary by

indication and by body site.

Secondly, the limitations of the datasets used in our analysis also apply to our results. For example, the
HMP was conducted in a restricted study population and prevalence estimates may not be generalizable to
the US population. Similarly, etiologic studies are burdensome and thus often conducted among very
small populations. Additionally, though NAMCS/NHAMCS are unique in providing a large sample of
outpatient visits with corresponding diagnoses and prescriptions, a direct link between diagnosis and
prescription is unavailable - therefore, exposures may be incorrectly counted as “bystander”, when the
prescription was in fact written for a second diagnosis caused by the species of interest. Outpatient
prescribing constitutes approximately 90% of total antimicrobial volume for human health in developed
countries (19, 20), but certainly further work is needed to consider the inpatient context as it affects

nosocomial pathogens.

Finally, in this analysis, prescriptions are used as a proxy for exposure, which is itself a proxy for
selective pressure. NAMCS/NHAMCS do not contain information on whether or not the prescriptions
were filled; even after being filled, we have no information on compliance to the listed medications.
Furthermore, little is known about how exposures of a particular antibiotic correspond to selection
pressures. This may differ widely by antibiotic, dose, organism, body site, and context (e.g. microbiome

composition) (21). The classes of antibiotics considered here may be assumed to exert selection on the
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normal flora of the gut because they are taken orally; direct evidence of this effect has been reported (22).
Likewise, selection on the flora of the upper respiratory tract is likely the rule for many of these classes,
including macrolides, penicillins, cephalosporins, and trimethoprim/sulfamethoxazole because they are
routinely prescribed for upper respiratory infections and are documented to affect bacterial carriage at in
the nasopharynx (23-25). Antibiotics in major classes including penicillins and cephalosporins (26),
macrolides (27) and fluoroquinolones (28) have been detected in sweat, indicating that they can exert
selection on skin flora. The concentrations in these body compartments will vary, and subinhibitory
concentrations likely play an important role in selection for resistance (29). The metric used in the present
study, counting prescriptions as exposures, could be refined in studies of individual drugs, classes,

microbes or body sites to incorporate more biological detail.

The bystander proportions quantified in this analysis are a step toward better characterizing the dynamics
of antibiotic resistance and should be considered in the development and prioritization of interventions.
Studies of the effects of antibiotic use on the microbiome are greatly needed to further understand the

impact of bystander, and total, exposures.

Materials and methods

Data sources. All estimates were based on three main data sources - the National Ambulatory Medical
Care Survey/National Hospital Ambulatory Medical Care Survey (NAMCS/NHAMCS) collected by the
National Center for Health Statistics, the Human Microbiome Project and other studies of carriage

prevalence, and etiological studies.

The NAMCS and NHAMCS are cross-sectional national surveys designed to collect data on ambulatory

care services provided at office-based physician practices, emergency, and hospital outpatient
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departments throughout the United States. At each sampled visit, patient characteristics (e.g. age), visit
characteristics (e.g. reason for visit, diagnosis, prescriptions), and physician characteristics are recorded,
including up to 3 diagnoses and up to 8 prescribed medications. Sampling is based on a probability
multi-stage sampling scheme. The most recent 2 years of data available for both NAMCS and NHAMCS
were used (2010-2011) for this analysis. As the focus of our analysis was outpatient antibiotic use, visits

that resulted in hospital or observation unit admission were excluded.

The first phase of the Human Microbiome Project (HMP) consisted of collecting microbiome samples
from 300 healthy individuals between the ages of 18 and 40 at multiple timepoints and across five major
body sites, including nasal passages, oral cavity, skin, gastrointestinal tract, and urogenital tract.
Microbial composition was characterized using MetaPhlAn2 (30), a method for taxonomic profiling of
whole-metagenomic shotgun samples. Prevalence estimates from HMP data were based on presence of
the species at any body site. For children under 5 years old, carriage prevalences were compiled from
primary sources in the literature (Supplemental Table 1). As individual carriage studies tended to collect
samples from only one body site, carriage prevalences at each body site were estimated as an average
across studies weighted by sample size, and overall prevalence was calculated assuming independence at
each body site. This process was also used to estimate carriage prevalences of S. pyogenes and S.
pneumoniae in the >5 age group, as MetaPhlAn2 did not distinguish between these and closely related
species (e.g. S. mitis, S. oralis). Etiologies for conditions of interest were based on etiologic studies cited

in the medical resource UpToDate (Supplemental Table 3).

Calculations of bystander proportions. A bystander exposure was defined as a prescription of antibiotic a
received by an individual carrying species s for a diagnosis of condition ¢ that was not caused by s.

Exposures were estimated on average at the population-level. Let B, be the proportion of bystander
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exposures of antibiotic a received by species s, equivalent to one minus the ratio of N, the number of
exposures of antibiotic a received by species s for a case of condition c caused by species s, and 7, the
total number of exposures of antibiotic a received by species s. Additionally, let d, ., be the number of
prescriptions of antibiotic a written for condition ¢ in age group g, let p,, be the proportion of the
population colonized with species s in age group g, and let e, be the proportion of cases of condition ¢

caused by species s in age group g. Since p,, and e, were collected from different data sources, p,,, was

modified to €scg + (1 = €scg)Psg 5o that €scg < Pseg for every condition and species of interest. Since
the inputs d,., e, ., and p, may be highly variable by age, estimates were summed over three age strata g

(<1 year old, 1-5 years old, and over 5 years old). The proportion of bystander exposures for antibiotic a,

species s, and condition ¢ were calculated as follows:

Nas
Bo=l-7,
G C
Tas = Z Z dacg X Pscg
g=1 c=1

I
(]~
W
S
(e}
8
X
CU
3
8

NCLS

,_.

o
I

—
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Conditions were based on diagnostic categories by Fleming-Dutra et al. (2) with the following exceptions:
1) “Other bacterial infections” includes “miscellaneous bacterial infections” and other intestinal infectious
diseases (ICD-9CM codes: 001-008), but excludes a subset of infectious diseases (041, 130-139),
mastoiditis (383), and peritonsillar abscess (475); 2) we include only cellulitis (681-682) instead of the
category ““Skin, cutaneous and mucosal infections”; 3) we include viral pneumonia (480) with

“Pneumonia”. Bystander exposure calculations included the set of conditions, C, for which antibiotic use


https://paperpile.com/c/sJM0q8/hLY8T
https://doi.org/10.1101/288704

bioRxiv preprint doi: https://doi.org/10.1101/288704; this version posted April 3, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

was relatively high (>2% of weighted prescriptions; viral upper respiratory tract infection contributed the
most, at 10% of weighted prescriptions) and reasonable estimates of e, were available. When diagnoses
were excluded, this was most often due to one of these two limitations. Influenza was also included due to

clear etiology and vaccination-related interest.

The proportion of total exposures of antibiotic a received by species s and associated with a given

condition ¢* was calculated as:

G G
Z:gzldac’*g X Dscrg . Eg:ldac*g X Pscrg
Egczlzcc:ldacg X pscg + Egzldaég X psg Tas + Egzldaég X psg

The second term in the denominator was added to account for exposures of antibiotic a that were not

associated with any of our conditions of interest, where dazg represents prescriptions of antibiotic a that
occur at visits unassociated with any of our conditions of interest. The use of p_ in this term implies that
our species of interest are rarely, if ever, causative agents for conditions that are not included in our

analysis.

Confidence intervals were estimated by simulation. Variances were estimated for d,, using the “survey’
package in R (31). For HMP prevalence estimates, with A presences and B absences, random draws were
simulated from a beta distribution with parameters (A+0.5, B+0.5), the posterior distribution using
Jeffreys prior. Resampling was done similarly for etiological fractions. The proportion of bystander
exposures was calculated for 1000 iterations of random draws of d,,, p,,,, and e,.. The 2.5™and 97.5™

percentiles were utilized as the bounds of the 95% confidence interval.
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Impact of vaccine. To approximate the impact of a vaccine in reducing antimicrobial exposure of
nontargeted species (e.g. E. coli for a pneumococcal vaccine) we initially assume as an input the observed
reduction 7 in all-cause antimicrobial use in a particular age group, such as the 5.4% reduction in
all-cause antibiotic use in a randomized pneumococcal conjugate vaccine trial in 0-2 year-olds (which we

approximate with the average values from 0-1 and 1-5). We reason as follows:

Table 1 shows the possible combinations of presence/absence of E. coli in a treated patient, and E. coli as
cause or not cause of the treatment. One cell (absent, but causal) is empty because by assumption the
species must be present to cause treatment. Let 4, B, and D represent proportions of all treatments so

A + B + D = 1. In our example, the total treatment reduction is 7=0.054 of all treatments. But this is

unequally apportioned.

All of the reduction is in categories 4 and B, because we assume that PCV would have no effect on the

rate of treatment for a disease that was caused by E. coli.

Define pg, as the prevalence of E. coli in the microbiome data for the relevant age group. Then by our

modeling assumptions, p,. = ﬁ . Thus, the amount of treatment reduction in category B is

B _
o5 = "PEc-

We seek the proportional reduction in B + D, the exposure of E. coli to treatment. D is unchanged, so the

reduction is ;11_55 = Z{—E/j . Defining the proportion of bystander exposures for E. coli to all antibiotics as

=L =L

Bige = 575 = 73 » some algebra yields the quantity we seek, the reduction in E. coli’s total (causal plus

bystander) exposure to antibiotics attributable to a reduction r in all-cause antibiotic treatment from a

vaccine that prevents no disease caused by E. coli:
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"PE
T ;1 = 7(pEc + Ban,Ee — PEcBan, Bc)

Analogous calculations can be made for any other bacterial species for which disease is not reduced by
the vaccine. For pathogens (e.g. H. influenzae) in which vaccination may cause a reduction in the amount
of disease they cause (e.g. through indirectly preventing non-pneumococcal otitis media (9, 10)), this

estimate would be a lower bound.

Table 1. Classifying all-cause antibiotic treatments with respect to a potential bystander species, E. coli,
as present or not, and cause of treatment or not.

E. coli present in treated patient
- +
E.coli is the cause
of treatment ) A B
t
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Supporting information

Supplemental Figure 1. Total exposures by antibiotic, species, and condition, and proportion of
bystander exposures over all conditions by antibiotic and species.
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Supplemental Figure 2. Number of sampled outpatient visits (unweighted) from NAMCS/NHAMCS
2010-2011 with given diagnosis and antibiotic prescription.
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Supplemental Table 1. Carriage studies used to characterize microbial prevalences for which HMP data
was unavailable. In addition to prevalences among children <5 years old, additional carriage studies were
also used for S. pyogenes and S. pneumoniae in the >5-year-old age group as taxonomic profiling of HMP
data via MetaPhlAn2 does not distinguish between these and similar species. Specific studies were not
identified for P. aeruginosa and S. agalactiae for children from 1 to 5 years old; the prevalences among
children under 1 year old were imputed in these cases.

Article Age group Body site Organisms

Béckhed et al. 2015 (1) <1 year old Gastrointestinal P. aeruginosa
S. agalactiae

Bogaert et al. 2011 (2) 1-5 years old Nasopharyngeal H. influenzae
Mainous et al. 2006 (3) 1-5 years old Nasopharyngeal S. aureus
Regev-Yochay et al. 2004 (4) <1 year old Nasopharyngeal S. aureus

1-5 years old S. pneumoniae
Verhaegh et al. 2010 (5) <1 year old Nasopharyngeal M. catarrhalis

1-5 years old

Pettigrew et al. 2012 (6) <1 year old Upper respiratory tract H. influenzae
1-5 years old M. catarrhalis
S. pneumoniae
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Holgerson et al. 2015 (7) <1 year old Oral E. coli
1-5 years old H. influenzae
K. pneumoniae
S. aureus
S. pyogenes
Yassour et al. 2016 (8) <1 year old Gastrointestinal E. coli
(DIABIMMUNE cohort) 1-5 years old H. influenzae
K. pneumoniae
S. aureus
Ginsburg et al. 1985 (9) All Throat S. pyogenes
Gunnarsson et al. 1997 (10) All Throat S. pyogenes
Hammitt et al. 2006 (11) All Nasopharyngeal S. pneumoniae
Huang et al. 2009 (12) All Nasopharyngeal S. pneumoniae

Supplemental Table 2. Carriage prevalence estimates by age group and species from HMP and sources
shown in Supplemental Table 1.

Species <1 year old 1-5 years old >5 years old
E. coli 94.9% 100% 66.3%
H. influenzae 100% 95.9% 68.6%
K. pneumoniae 39.1% 15.0% 7.4%
M. catarrhalis 45.5% 50.8% 2.3%
P. aeruginosa 1.4% 1.4% 1.9%
S. aureus 35.0% 19.1% 12.4%
S. agalactiae 8.2% 8.2% 2.7%
S. pneumoniae 64.3% 64.6% 25.2%

S. pyogenes 1.1% 4.4% 4.7%
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Supplemental Table 3. Estimated etiologies by condition. Conditions in which none of our species of
interest are causative agents are excluded. If two numbers are shown, the number to the left was applied
to children under 5 years old, and the number to the right was applied to individuals over 5. Diagnoses
with etiology specified by ICD-9CM code (e.g. 481: pneumococcal pneumonia) were attributed to the
appropriate organism.

Pharyngitis Sinusitis Sinusitis Otitis media
Cellulitis (non-strep) Pneumonia (acute) (chronic) Strep (suppurative) UTI
Species (13) (14) (15, 16) 17) (18) throat (19, 20) (21,22)
E. coli - - - - 2.9% - - 75% | 78.5%
H. influenzae - - -10.6% 0.7% 4.4% - 23% | 26% -
K. pneumoniae - - - - 2.9% - - 4.7% | 4.8%
M. catarrhalis - - - 0.1% 11.8% - 14% ] 3% -
P. aeruginosa - - -10.4% - - - - 2.3%12.7%
S. aureus 8% - -11.6% 0.1% 11.8% - 1% 3% -
S. agalactiae - - - - 5.9% - - -
S. pneumoniae - - 27%15.1% 0.8% 5.9% - 35%[21% -
S. pyogenes 4.3% - -10.3% - 7.4% 100% 3% 3% -
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