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Tree diagram with compartment names used in the R code:
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Supplementary S2
Parameter Justification

J: Rate of switch to optimal treatment: The empiric period for antibiotics is highly variable
and context dependent. The empiric period is a function of the time it takes to take a
representative sample, for microbiological validation, for resistance testing, for information to be
relayed to the clinician, and for optimal treatment to be initiated. Consequently, while growth
times for Enterobacteria are around 12 hours,(1) the empiric period often lasts approximately 48
hours,(2) giving ¢ a value of 0.5. Sensitivity analyses investigate the effect of shorter (i.e., 1 day)

and longer (i.e., 4 days) empiric treatment.

w: Percent of E. coli bacteria with certain resistance phenotype: Estimates are sourced
from Public Health England’s latest ESPAUR laboratory surveillance report.(3) wcis the
percentage of E. coli bacteraemia resistant to second-line therapy, i.e., cefuroxime/gentamicin.
According to the report, 5.0% of isolates were resistant to a combination of gentamicin and 3rd
generation cephalosporins in 2018, giving w. a value of 0.05.1 8.6% of isolates were resistant to
gentamicin and amoxicillin-clavulanate (first-line therapy), providing a wa value of 0.914, or
91.4% (1 - resistance level). While there may be overlaps in resistance profiles, wy» represents
the effective remaining group of patients not falling into the other resistance profiles. This
provides a w» value of 0.036, or 3.6%. Scenario analyses with different resistance levels for wa-c
are explored. Resistance to meropenem (among those resistant to other narrow-spectrum
therapies) was <0.1%, and was therefore not included.(3) w(t) values are updated over time

based on the value of y:

da__yA-LB-1C

dt 3 3
dmb_ _Y _Z_y
Sm-yA-%B-3C
do, 2y
= _§B+yC

Where A, B and C are the number of days treated with first-, second- and third-line antibiotics,
respectively, at each time point. yand the other values in the ODEs are explained in the next

section.

1 Second- and third-generation cephalosporin resistance was assumed to be approximately equal.



7. Increase in resistance in population per day of treatment: Estimating the effect of using
antibiotics on the resistance phenotypes of future bacteraemia is difficult. The value of this
parameter is akin to a transmission parameter in which antibiotic use leads to increased
baseline population-level resistance. The value is difficult to estimate since many factors
influence the parameter, including relapses among patients still colonized with E. coli, horizontal
transfer of plasmids containing ESBL-genes, and other indirect selection pressures.(4-7)

Consequently, the value of yis prone to significant uncertainty.

1.8 x 10° was selected as a baseline value. This means that the % resistance towards a given
antibiotic increases by 1% per 290,000 doses given. While no exact value exists in the
literature, the % increase in resistance per DDD (defined daily dose) per 100 bed days was
used to calculate a y value. An observational study of patients with E. coli infections (in Bern,
Switzerland, which has a population of roughly the same size of the study population) provided

a value of 1.8 x 10°.(8) Sensitivity analyses tested values between 1 x 10° and 1 x 1073,

For the model’s equations, the values associated with y for each antibiotic group (i.e., the
relative effects of yfor first-, second- and third-line use) are based on correlation data linking
increases in resistance with increasing use. Carbapenems are generally associated with more
marked increases in resistance to beta-lactams than cephalosporins and beta-lactam/beta-
lactam inhibitors; additionally, the use of aminoglycosides is strongly correlated with reductions
in beta-lactamase and ESBL- producing organisms.(9, 10) These dynamics explain the different
coefficients in the equations in the previous section (under w), such as second/third-line use
correlated with 1/3 of the increase in first-line resistance compared to first-line use (i.e., using
first line antibiotics is associated with a larger increase in first-line resistance compared with
second/third-line use).(11, 12) Similarly, second/third-line use is associated with an increase in
second-line resistance, whereas first-line use is not. Based on correlation data, third-line
(carbapenem) use was assumed to be correlated with twice the increase in resistance to
second-line therapy as second-line use.(10) Changes in resistance in the model are relative

(i.e., the sum of all groups is equal to 100%).

h: Population rate of E. coli bacteremia hospitalization: The aggregate annual rate of E. coli
bacteraemia for 2022/2023 in the United Kingdom was 68.5 cases per 100,000 people.(13)
Converting this to a daily rate (dividing by 365) provides a value of 1.88 x 10 E. coli

bacteraemia cases per person per day in the UK.



A: Rate of increase in E. coli bacteremia hospitalization rate (per day): The rate of E. coli
bacteraemia in the UK has been progressively increasing. The average annual linear increase
in rate was calculated between 2021 and 2023, which provided an annual value of 1.7%(13)

This was then converted to a daily rate, providing a A value of 4.66 x 107,

D: Rate of death per day during treatment: The baseline death rate for E. coli bacteraemia
was set at D1 = 0.01 deaths per day (i.e., 1%) among those with pan-susceptible E. coli. This
was based on studies of bacteraemia with 7-day mortality rates varying between 6.7% and
8.5%.(14, 15) While most studies state 30-day mortality rates, which vary between 11 and
30.8%, they are more difficult to translate to daily rates since the majority of deaths are skewed
towards the first 14 days of iliness.(16—19) Baseline death rates for patients with infections
resistant to first- and second-line treatment were modelled as higher than the baseline mortality
rate, based on evidence of an increased mortality rate among those with bacteraemia infections
with beta-lactamase and ESBL-producing organisms.(5, 17, 19, 20) In these studies, the
mortality rate ranged from 1.16 to 3.57 times higher among those with beta-lactamase and
ESBL-producing organisms. Presumably, this is partially due to poor initial empiric therapy
choices - with likely residual confounding. As such, the true effect is likely to be lower than the
results above suggest. For this reason, the mortality rates for D, (first-line resistant) and Ds
(second-line resistant) were therefore set conservatively at 0.0050 (1.50%/day, 50% higher than
D1) and 0.02 (2%/day, 2x higher than Dy).

e: Reduced survival due to inappropriate empiric therapy: Inappropriate empiric therapy is
an independent risk factor for mortality among bacteraemia patients.(21-23) One study found
that the 21-day mortality rate was 2.36 times higher among those not receiving adequate
antibiotic therapy <72 hours after symptom debut.(24) Two other studies found increases in
mortality when appropriate therapy was not initiated within 48 hours at 30% and 40%
respectively.(21, 23) Another found much a higher odds ratio estimate at 4.83.(25) Based on
this, a conservative estimate of a 30% increase in mortality was set per two days without
appropriate therapy. This provides a value for € = 1.3/92 where 1/5is equal to the duration of

empiric therapy.

For each of the three scenarios, the values of ¢1.s represent the increased risk of mortality for

each empiric treatment experienced without optimal therapy. For example, a patient



experiencing no empiric periods without adequate treatment (i.e., the antibiotic covers the
resistance phenotype, such as second-line therapy for a pan-susceptible infection), then the
value is equal to €°, or 1. If one empiric treatment is experienced without adequate therapy, then
the value is ' and so on. First-line resistant organisms were assumed to be susceptible to
second-line treatment, and second-line resistant infections were assumed to be susceptible to

third-line treatment. Different e values were tested during sensitivity analyses.

T: Total treatment duration: There is considerable debate regarding the optimal treatment
duration for E. coli bacteraemia, ranging from 5-14 days.(26, 27) The duration of treatment also
depends on the clinical status of patients, with recent trials demonstrating that 7 days is
noninferior to 14 days for hemodynamically stable patients.(27, 28) A baseline duration was

conservatively set at T = 7 days, with 5 and 14 days also tested.

R: Rate of recovery: The rate of recovery is a function of the duration of treatment, T. The
value of R is either 1/T or 1/(T-(1/5)). The logic behind this is that every patient should ideally
complete a full treatment course with an antibiotic that their infection is susceptible to.
Additionally, each optimal treatment period is preceded by an empiric period. If the antibiotics
received during the empiric period correspond to the optimal treatment (i.e., the organism is
susceptible to the empiric treatment), then the optimal treatment period is equal to the total
treatment duration minus the duration of the empiric period, since the empiric period would
count as part of the treatment duration. This provides an R value of 1/(T-(1/6)). However, if the
organism is not susceptible towards the empiric treatment (e.g., a first-line resistant organism
being treated with first-line therapy), then the duration of the optimal treatment becomes longer
to complete a full course of antibiotic therapy. This results in a value of R equal to 1/T, where
the rate of recovery is lower. The values for Ry and R. are constant in all models. Values for Rz
are specific to scenarios A to C since the initial empiric treatment differs depending on the

scenario.

a. Rate of resistance during therapy: Estimating the rate at which organisms develop
resistance is difficult. The rate is dependent on de novo mutations, horizontal transmission of
mobile genetic elements (MGE) carrying resistance genes, and resistance fitness costs (i.e., not
all mutations are beneficial).(29, 30) It is further complicated by the fact that first- and second-
line therapies include two distinct antibiotics; effective resistance thus requires resistance to

both compounds. A description of these processes can be found in Supplementary S6.



The largest available review paper (173 studies, 8 antibiotic classes and 225 different
treatments) found resistance in 4.0% of organisms and 5.6% of completed treatments, with
lower resistance rates found during combination therapy.(31) However, these were not specific
to E. coli or bacteraemia. In another study of different Enterobacteriaceae infections, the overall
incidence of resistance was 1.9% during treatment; 5.0% developed resistance to
cephalosporins during broad-spectrum cephalosporin treatment while 1.1% developed
aminoglycoside-resistance during treatment with aminoglycosides.(32) The median treatment
time during the study was 10 days, with no reduction in resistance rates among those receiving
combination therapy.(32) Another study looking at Enterobacter bacteraemia found that
resistance was not less frequent in those receiving combination therapy (cephalosporin and
gentamicin) compared to monotherapy.(33) The time to resistance varied between 4 and 18
days, although other studies have found ranges between 1 and 30 days.(33, 34) Based on the
evidence above, the lowest resistance rate observed was 1.1% (for aminoglycosides), where
the median treatment duration was 10 days in the corresponding study. Therefore, the
breakthrough resistance rate during therapy («) was conservatively set at 0.1%/day (daily rate
equal to 1% divided by 10).

The values of a3 are unique to each of the scenarios, whereas parameters as.7 are consistent
across all models (Supplementary S4). The different values for a1.3 compared to as.7 reflect the
fact that the selection pressures vary due to the different initial empiric treatments given to
patients. An extensive description of the derivations for values a+.7 can be found in

Supplementary S5. Different a values were tested during sensitivity analyses.



Supplementary S3

Trends in the rate of E. coli bacteraemia in England: 2012/13 to 2022/23
Image taken from Public Health England report(13)
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Supplementary S4
Demonstration of which transitions the a values in the model represent.

Scenario-Specific Values Consistent Across Scenarios

Infection with Susceptible Infection with Susceptible Infection with First-Line Infection with First-Line
E. coli E. coli Resistant E. coli Resistant E. coli

Infection with Susceptible Infection with First-Line

E. coli Resistant E. coli

(Receiving First-Line (Receiving First-Line (Receiving First-Line (Receiving Second-Line

Therapy) Therapy) Therapy) Therapy)

Infection with First-Line Infection with Second-Line
Resistant E. coli Resistant E. coli

Infection with First-Line Infection with Second-Line
Resistant E. coli Resistant E. coli

Supplementary S5
Derivations for resistance parameters a1.7

a4 is the rate at which those receiving optimal treatment for a fully susceptible infection develop
resistance to first-line therapy, the value of which is set to the breakthrough resistance rate of a.
as is the rate at which those receiving optimal treatment for a fully susceptible infection develop
resistance to second-line therapy. Due to limited data for this specific scenario, the likelihood of
developing second-line resistance was assumed to be low since the selection pressure for
second-line resistance is low. While some resistance may occur mutationally, most is likely to
occur through MGEs. The value for as was therefore set conservatively to one-fifth of the
breakthrough resistance rate. as represents the rate at which those with infections with first-line
resistant microorganisms develop second-line resistance while receiving first-line therapy. Given
that the selection pressure is low in this scenario, the value was set equal to a. a7 represents
the rate at which those infected with first-line resistant microorganisms develop second-line
resistance while receiving second-line therapy. There is evidence that treating patients with
cephalosporins during E. coli bacteraemia increases the rate of resistance to cephalosporins by
between 2-3 times.(35) However, since the likelihood of resistance here is reduced during
combination therapy, the value of a; was conservatively set at 50% higher than the value of a.

Baseline values of a1.3 varied between 0 to 50% higher than the breakthrough resistance rate of
0.1%/day. a values 50% higher reflect the same logic as for a7, whereby the selection pressure
increases significantly with broader-spectrum antibiotics. For a4z in Scenario B and C, the
combined risk was also deemed to be 50% higher. However, since organisms could develop



resistance to either first- or second-line therapy, the risk of developing first-line resistance was
deemed to be approximately 3x higher than resistance towards second-line therapy, given the
selection pressure and fitness costs. Resistance phenotypes also often emerge through MGEs
and are therefore not entirely random unlike mutational resistance. It was also assumed that the
likelihood of developing first- or second-line resistance is approximately the same regardless of
whether one receives cephalosporin and gentamicin or a carbapenem. This provides a values of
12.5% and 37.5% higher than baseline (total = 50% higher, 37.5% is 3x higher than 12.5%).
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