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Out-patient treatment of community-acquired pneumonia (CAP) is a major challenge in an era of
increasing prevalence of antimicrobial resistance. However, data describing the clinical impact
of such resistance are scarce. A probability model was developed to estimate the impact of anti-
microbial resistance on clinical outcomes for adults with CAP, eligible for out-patient care. The
model assumed patients would be evaluated at 48-72 h, with those failing to improve being
either hospitalized or switched to a different antibiotic. Two strategies were considered: amoxi-
cillin followed by erythromycin (amoxicillin/erythromycin) and erythromycin followed by levo-
floxacin (erythromycin/levofloxacin). Analyses were conducted based on susceptibility of the
major pathogens in France and the UK. Primary model-generated outcome measures were the
proportion of patients successfully treated with first-line therapy and the proportion of patients
subsequently hospitalized. The model estimated that in France, the amoxicillin/erythromycin
strategy would lead to 67.8% improving within 48-72 h and 12.7% subsequently being hospital-
ized, compared with 48.6% and 13.7% for erythromycin/levofloxacin. For the UK, first-line suc-
cess and hospitalization rates were, respectively, 71.7% and 8.1% for amoxicillin/erythromycin,
and 65.3% and 9.3% for erythromycin/levofloxacin. The model estimated that antimicrobial
resistance was responsible for >40% of hospitalizations in France and 15% in the UK. These data
suggest that in areas with substantially reduced levels of susceptibility, antimicrobial resist-
ance may be a significant contributor to subsequent hospitalization in adults initially treated as
out-patients for CAP. Choice of out-patient treatment strategy should consider local resistance
rates in order to maximize the likelihood of early cure, thereby minimizing hospitalizations.

Keywords: community-acquired pneumonia, antimicrobial resistance, patient outcomes, Streptococcus pneumo-
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Introduction example, an annual incidence for CAP of one to three cases

per 1000 population was reported in the UK,! while a recent
Community-acquired pneumonia (CAP) remains a common  Spanish study showed an annual incidence of 4.7 cases per
and potentially life-threatening disease. In the early 1990s, for 1000 adults.? In the USA, there are 2-3 million cases of CAP
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each year,’ accounting for 500000 hospitalizations that are
not only costly,* but are also associated with significant
mortality.> Such trends show no signs of slowing, despite
many advances in the development of antimicrobial agents.

Streptococcus pneumoniae is the most common bacterial
cause of CAP, being identified in 20-75% of cases.”® Initial
treatment, however, is generally empirical, as the causative
pathogen is unknown in most cases. This approach dictates
the use of antimicrobials that provide good coverage of all key
respiratory pathogens likely to be encountered, although in
recent years a marked increase in resistance among such patho-
gens has begun to restrict the usefulness of the available arma-
mentarium for the treatment of CAP. For example, resistance
in respiratory pathogens, particularly S. pneumoniae and
Haemophilus influenzae, is now a major problem world-
wide >l Although macrolides were a useful alternative to
penicillin, resistance to these agents is now also becoming
established, particularly among S. preumoniae, and in some
areas is more prevalent than penicillin resistance.’ Moreover,
resistant pathogens frequently show cross-resistance to other
related and non-related antimicrobials, adding to the com-
plexity of selecting appropriate empirical therapy. The limita-
tions that increasing resistance continues to place on the
usefulness of available antimicrobials for the treatment of
CAP highlight the need for new broad-spectrum agents that
retain activity against strains resistant to existing antimicro-
bials and have a low potential to select for, or induce,
resistance.

Previous studies have demonstrated that antimicrobial
resistance has a marked effect on clinical outcomes in patients
with meningitis'>!3 and otitis media.'*!> The clinical impact
of resistance is less clear in CAP,!%-18 where studies have
found conflicting results.!*2} Unquestionably, however, the
risk of mortality increases for those hospitalized patients
infected with strains that are highly resistant to penicillin.2*2
A potential limitation of these studies was that they were con-
ducted in patients who had already been admitted to hospital;
as such, the authors could not address whether patients with
resistant strains were more likely to require hospitalization in
the firstinstance. Using a probability modelling approach, the
present study was therefore conducted to investigate the
potential impact of antimicrobial resistance on clinical out-
comes in the out-patient treatment of patients with CAP.

Materials and methods

A probability model was developed to represent the out-
patient treatment of adult CAP. Probability models have been
used to predict outcomes in acute sinusitis and acute otitis
media.?>" For this study, the model was developed based on a
population of adults with a confirmed diagnosis of CAP and
eligible for out-patient care based on presentation, age and
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Figure 1. Diagrammatic representation (simplified) of the probability
model for out-patient treatment of adults with CAP.

consideration of co-morbid conditions. The model (Figure 1)
was also based on the following assumptions: (i) initial treat-
ment in the out-patient setting would consist of a first-line oral
antimicrobial (‘drug 1°); (ii) if the patient had not responded
to first-line therapy after 48—72 h, then he/she would either be
admitted to hospital or given a second course of oral anti-
microbial therapy with a different agent (‘drug 2’); (iii) all
patients who failed the second course of out-patient treatment
would be hospitalized.

A formal decision analysis for the purpose of selecting
optimal treatment strategy would have to consider a larger
number of candidate strategies and the model would have to
be customized for distinct patient subgroups, such as the
young, the elderly and those with co-morbid illness. Since,
however, the goal of this study was to examine in aggregate
the impact of antibiotic resistance on outcomes and not to
recommend specific strategies for particular subgroups of
patients, we chose two common strategies for demonstration
purposes. We included a B-lactam, a macrolide and a fluoro-
quinolone in order to represent important classes of anti-
microbials, and we identified specific drugs for the strategies,
since the analyses were based on drug-specific surveillance
data. Two two-step strategies were considered, each consist-
ing of a first-line treatment and a second-line treatment.
(1) Amoxicillin/erythromycin: initial treatment with amoxi-
cillin 500 mg three times a day; second-line treatment with
erythromycin 500 mg four times a day. (ii) Erythromycin/
levofloxacin: initial treatment with erythromycin 500 mg four
times a day; second-line treatment with levofloxacin 500 mg
once aday.

Analyses were conducted from the French and UK per-
spectives, where antimicrobial resistance is high and low,
respectively.

Two primary outcome measures were evaluated: the pro-
portion of patients successfully treated with first-line therapy,
and the total proportion of patients hospitalized after first- or
second-line therapy. These measures were calculated overall
and on a per-country and per-pathogen (S. pneumoniae and
H. influenzae) basis. The baseline (‘real’) scenario incor-
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Figure 2. Flow chart presenting an overview of the model. “Assumptions made according to the pathogen (see Table 1). “By-country rates from
recent surveillance data (sensitivity analysis allows for two-fold shift in breakpoints). ‘In sensitivity analysis it is assumed that 50% will behave as
though susceptible. “For example, discontinuation of treatment due to side-effects, poor compliance, patient host factors; assumption that 90% of
susceptible infections will respond to treatment (80% in sensitivity analysis). ¢Ten to 30% in sensitivity analysis.

porated actual resistance and cross-resistance rates derived from
the latest surveillance data in the two countries. For S. pneu-
moniae and H. influenzae, we also considered the hypothet-
ical scenario in which there was no resistance. This scenario
was based strictly on a drug’s baseline coverage before the

development of resistance in these organisms, and was used
as a comparison with the ‘real’ scenario in order to estimate
the impact of current levels of resistance on health outcomes.

A flow chart, showing factors that are built into the model is
depicted in Figure 2.
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Aetiology of CAP

For the purposes of the present model, the aetiology of out-
patient CAP was based primarily on a meta-analysis of 16
CAP studies, each involving >100 patients, by Fang et al.”8 In
this analysis the authors noted that S. pneumoniae was identi-
fied as the most common cause of CAP (12-76% of cases) in
14/16 studies (‘aspiration’ was identified as the main cause of
CAP in the remaining two studies, S. pneumoniae being
ranked in second place). H. influenzae was the second most
common cause of CAP in 6/16 studies, followed by
Legionella pneumophila and Mycoplasma pneumoniae, which
were each identified as the second most common cause in
2/16 studies.

We needed to take into account, however, that most studies
involved hospitalized patients where a causative pathogen
was only identified in about half of all cases, that many
patients had completed an initial course of treatment (thereby
introducing a selection bias) and that studies were performed
>10 years ago, when there was little resistance and initial
treatment was likely to have provided adequate coverage for
S. pneumoniae, but varying coverage for other pathogens.
Moreover, we had to consider potential underestimation of
the frequency of atypical/intracellular pathogens, because
older studies were not designed to detect them. In order to
address the issue of prior antimicrobial use, we took into
account the aetiological findings of two community-based
studies with low rates of prior antimicrobial treatment.?3 In
the first study, Woodhead et al.? found S. pneumoniae in 36%
of cases and H. influenzae in 10%, with no causative pathogen
identified in 45% of cases; only 17% of patients had recently
taken an antimicrobial prior to entering the study. Macfarlane
et al.,’" in a study of adult lower respiratory tract infections,
found that S. pneumoniae was the cause in 30% of cases and
H. influenzae in 8%, with 56% of cases of unknown aetiology
(patients with recent prior use of an antimicrobial were
excluded from this study). Recent evidence suggests that a
significant proportion of cases of CAP that are reported to be
of ‘unknown aetiology’ may actually be caused by pathogens
such as S. pneumoniae and H. influenzae.’' If we apply such
results then S. pneumoniae would be the causative pathogen
in 45% of cases in the Woodhead study and 42% in the
Macfarlane study. Similarly, H. influenzae would be impli-
cated in 12% of cases in the Woodhead study and 11% in the
Macfarlane study.

Together with the findings of Fang ef al.” noted above, we
used the following distribution of pathogens in out-patient
CAP in our model: 44% for S. pneumoniae, 14.3% for
H. influenzae, 15.6% for atypical/intracellular species, 13.5%
for other bacterial pathogens and 12.6% for infections of viral
origin (Table 1).

Table 1. Values for distribution of pathogens and rates of
spontaneous resolution in patients with CAP used in the model

Frequency Spontaneous resolution
Causative pathogen (% of patients) (% of patients)
S. pneumoniae 44.0 10
H. influenzae 14.3 40
Atypical/intracellular 15.6 95
Other bacteria 13.5 20
Viral 12.6 95

Table 2. Susceptibility rates (%)* among respiratory
pathogens isolated during 1999-2000 in the PROTEKT study

S. pneumoniae H. influenzae

France @ UK France UK
(n=184) (n=91) (n=193) (n=96)

Amoxicillin
all isolates 94.57 100 67.88 85.42
Erythromycin
all isolates 41.85 86.81 1.55 0
AMX susceptible ~ 44.25 86.81 1.53 0
AMX resistant 0 b 1.61 0
Levofloxacin
all isolates 100 100 100 100
ERY susceptible 100 100 100 100
ERY resistant 100 100 100 100

AMX, amoxicillin; ERY, erythromycin.

9Pharmacokinetic/pharmacodynamic breakpoints for susceptibility: amoxicil-
lin, <2 mg/L; erythromycin, <0.25 mg/L; levofloxacin, <2 mg/L.

bNot applicable as there were no amoxicillin-resistant isolates of S. pneumo-
niae in the UK.

Antimicrobial susceptibility of pathogens

Weused 1999-2000 data from a longitudinal antimicrobial
resistance surveillance study, Prospective Resistant Organ-
ism Tracking and Epidemiology for the Ketolide Telithro-
mycin (PROTEKT; www.protekt.org) to estimate rates
of antimicrobial susceptibility among S. pneumoniae and
H. influenzae (Table 2). Susceptibility of both pathogens was
defined using pharmacokinetic/pharmacodynamic breakpoints:
for amoxicillin, MIC < 2 mg/L susceptible, MIC >2 mg/L
resistant; for erythromycin, MIC < 0.25 mg/L susceptible,
MIC >0.25 mg/L resistant; and for levofloxacin, MIC <2 mg/L
susceptible, MIC > 2 mg/L resistant.3233 All drugs were con-
sidered to have full coverage for S. pneumoniae, meaning
there would be 100% susceptibility in the absence of resist-
ance. Similarly, levofloxacin was considered to have full
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coverage against H. influenzae, but not amoxicillin or
erythromycin, for which we estimated that H. influenzae
would be 97% susceptible to amoxicillin and 3% susceptible
to erythromycin in the absence of resistance. These estimates
were based on observed susceptibility levels in surveillance
studies in times and places preceding onset of resistance.

This model is heavily dependent on resistance rates as
determined by applying pharmacokinetic/pharmacodynamic
breakpoints to surveillance data. Therefore, we also analysed
the data allowing for a two-fold dilution shift of breakpoints in
either direction. This also simulates the effect of measure-
ment error.

Atypical/intracellular organisms were regarded as sus-
ceptible to macrolides and fluoroquinolones, but resistant to
B-lactams. Infections designated as ‘other bacterial’ were
considered to be 50% susceptible to all antimicrobials.

Response to treatment

Patients improve because of a response to treatment, spon-
taneous resolution due to host defences or resolution of a
preceding viral infection. If a particular organism is suscep-
tible to the administered drug in vitro then there is a high prob-
ability that the infection will resolve. However, in vitro
susceptibility does not necessarily guarantee clinical success,
because factors such as patient non-compliance, discontinu-
ation of treatment as a result of adverse events or host factors
inhibiting clinical efficacy can all lead to treatment failure.
We estimated that clinical success would be achieved in 90%
of cases in which the pathogen was susceptible. This was
based on a meta-analysis of clinical trials of macrolides, in
which clinical success rates for erythromycin, clarithromycin
and azithromycin were 85.5%, 93.4% and 93.9%, respect-
ively.?* A lower rate of 80% was also considered in sensitivity
analysis (see ‘Model validation’ below).

When an infection is treated with an antimicrobial that
lacks coverage for that pathogen, the infection may still
resolve because some infections are inherently non-persisting
and will eventually resolve regardless of treatment. For ease
of exposition, the term ‘spontaneous resolution” will be used
for any case where the infection resolves in the absence of
effective treatment. It is further assumed that these inherently
non-persisting infections do notresult in hospitalizations. The
rate of spontaneous resolution varies according to the causa-
tive pathogen, but is difficult to estimate since placebo-
controlled trials for CAP are considered unethical. In order to
calculate rates of spontaneous resolution of CAP, we there-
fore considered findings from the treatment of sinusitis and
otitis media. In patients with bacteriologically confirmed
acute otitis media, for example, bacteriological ‘efficacy’ of
27% was predicted for patients who received no antimicrobial
therapy.?’ In untreated children with acute bacterial rhino-
sinusitis, however, it has been estimated that spontaneous
resolution would occur in 50% of cases.”® For our model

we assumed that CAP would have lower rates of spontaneous
resolution than otitis media, based on the significant mortality
and morbidity associated with CAP. We therefore estimated
that 10% of infections caused by S. pneumoniae, 40% caused
by H. influenzae, 95% caused by atypical/intracellular patho-
gens, 20% caused by other bacterial pathogens and 95%
caused by viruses would resolve spontaneously (Table 1).
The rate for atypical/intracellular pathogens was based on the
extremely high rates of clinical resolution reported in patients
with such infections despite treatment with antimicrobials
without coverage for these pathogens.?37 For example, in a
study reported by Donowitz et al.,’ eradication or presumed
eradication of Mycoplasma and Chlamydophila (Chlamydia)
species was achieved in 33/37 cases treated with cefaclor, an
agent that has no proven efficacy against these pathogens. In
another study, 22 patients hospitalized with CAP due to
atypical/intracellular pathogens were given treatment that
lacked coverage for these pathogens, with no mortality.38
Time to resolution of infection was also considered in our
model. In particular, patients who respond to antimicrobial
treatment were presumed to show improvement within
48-72 h. For patients whose infections resolve spontan-
eously, it was estimated that in half of these cases the infection
would show improvement within 48—72 h, while the remain-
der of the patients would appear to be non-responders to treat-
ment, be prescribed new antimicrobials and then show
improvement within 48—72 h of starting second-line therapy.

Clinical significance of resistant organisms

As discussed earlier, the impact of in vitro resistance on
clinical outcomes has been well established in some indica-
tions, 213 but not in CAP.!1-18 In S. pneumoniae, intermediate-
level penicillin resistance has been defined as a penicillin
MIC of 0.12-1 mg/L, with fully resistant isolates having
penicillin MICs of >2 mg/L.. However, based on the
pharmacokinetic/pharmacodynamic properties of -lactams,
pathogens with an MIC < 2 mg/LL would be considered
susceptible to appropriate dosing regimens of parenteral
penicillin and other B-lactams. Thus, it is not surprising that
earlier studies, which were based primarily on pathogens with
intermediate-level pencillin resistance, did not find resistance
to be correlated with outcomes. The impact of high-level
penicillin resistance on clinical outcomes in pneumococcal
disease, however, is better established. One study found that
after excluding mortality in the first 2 days, which would
precede any potential benefit from antibiotic treatment, there
was a large mortality effect associated with penicillin MICs
>4 mg/L (odds ratio 5.5).2* The results are even stronger con-
sidering that this study was not able to link susceptibility to
actual use of specific agents, so that some of the patients with
strains considered to be resistant may have been treated with
an agent to which the organism was actually susceptible.
Turett e al.” studied the effect of penicillin resistance in

1273



M. E. Singer et al.

pneumococcal bacteraemia. After adjusting for severity of ill-
ness and other factors, high-level penicillin resistance was
associated with a statistically significant increase in mortality
(odds ratio 6.0). Because of the relationship with clinical out-
comes, the Drug-Resistant Streptococcus pneumoniae Thera-
peutic Working Group recommended a change in the NCCLS
susceptible range for penicillin to <4 mg/L for pneumonia.
The relationship between macrolide resistance and treatment
failure has recently been demonstrated in a case—control study
of 86 cases with macrolide-resistant strains and 141 controls
with macrolide-susceptible strains, all with pneumococcal
bacteraemia. Nineteen of the 86 cases were being treated with
macrolides at the time of presentation, compared with none of
the 141 controls.*’ The results were the same for high-level
resistance as for the low-level resistant M phenotype. For the
purposes of our baseline analysis, therefore, we assumed that
patients infected with organisms deemed resistant according
to pharmacokinetic/pharmacodynamic breakpoints for the
antibiotic received could only achieve clinical success due to
spontaneous resolution. However, in sensitivity analysis we
considered the more conservative assumption that 50% of
organisms found to be resistant in vitro behave as though
susceptible.

Outcomes

We focused our analysis on two health outcomes: the pro-
portion of patients expected to achieve clinical success with
first-line therapy and the overall rate of hospitalization. We
employed an earlier estimate*! that 20% of patients failing
first-line therapy are hospitalized. To corroborate this esti-
mate, we analysed medical claims from 1999-2001 for 12
managed care organizations in the US A using a database from
Pharmetrics, Inc. Among the non-elderly, otherwise healthy
adults failing initial out-patient therapy, 98/879 (11%) of those
aged 18-44 years and 143/807 (18%) of those aged 45-64
years were hospitalized. These numbers underestimate the
rate required for our model, which includes the elderly and
those with co-morbidities. Thus, a baseline rate of 20% for all
patients appears reasonable. A range of 10-30% was further
explored in sensitivity analysis (see ‘Model validation’
below). In our model, non-hospitalized patients would be
given a second course of antimicrobial treatment, and anyone
failing second-line therapy would then be hospitalized. Over-
all hospitalization rates therefore included those hospitalized
following failure of initial treatment as well those who failed
second-line out-patient therapy.

Model validation

As in any model, we had to make some simplifying assump-
tions and resort to expert opinion where data were lacking.
The potential impact of uncertainty regarding parameter
values was estimated through sensitivity analysis, in which

we varied parameter values to see how the results might
change if any of our parameters were poorly estimated in the
baseline analysis. The overall model and its assumptions were
tested through validation against published data from pro-
spective studies.?**> Model-generated rates of first-line treat-
ment success and hospitalization rates were compared with
those reported in the literature. In order to facilitate com-
parison, we employed treatment strategies that reflected
practice in the given study, and applied pharmacokinetic/
pharmacodynamic breakpoints to Alexander Project surveil-
lance data (www.Alexander-Network.com) to estimate
susceptibility rates in the country concerned for the time
period covered by the study.*

Results

Baseline model results

Baseline results generated by the model showed that, overall
(i.e. across all pathogens), amoxicillin produced similar first-
line therapy clinical success rates (67.8% and 71.7%) in the
two countries studied (Table 3). The clinical success rate of
erythromycin as first-line therapy was more variable (48.6%
in France and 65.3% in the UK). By way of comparison, the
model showed that a ‘perfect’ antimicrobial (i.e. a drug to
which all bacterial pathogens are 100% susceptible) would
achieve initial success in 86% of cases, while a placebo would
attain initial success in 19.8% of cases.

The results for individual pathogens varied greatly. In
France, the clinical success rate of initial treatment with
amoxicillin was 85.9% for S. pneumoniae and 68.9% for
H. influenzae, compared with 90.5% and 81.5%, respectively,
in the UK. However, first-line clinical success rates with erythro-
mycin against S. pneumoniae varied more dramatically, at
40.8% in France and 79.2% in the UK. For H. influenzae, clin-
ical success rates for initial therapy with erythromycin were
only ~20%. Initial treatment with placebo would be success-
ful in just 5% of cases caused by S. pneumoniae and 20% of
cases caused by H. influenzae, while rates would be 90.5%
and 92%, respectively, for a ‘perfect’ drug.

Stratified analysis of other aetiologies of CAP was not
based on surveillance data and was therefore not country spe-
cific. Initial clinical success rate predicted against atypical/
intracellular pathogens was 47.5% for amoxicillin and 94.8%
for erythromycin (Table 4). Both amoxicillin and erythro-
mycin were assumed to be equally efficacious against other
bacterial pathogens with an initial success rate of 50.1%.
Although antimicrobials are ineffective against viruses, early
spontaneous resolution would appear as initial treatment suc-
cess and this was apparent in 47.5% of cases in CAP of viral
origin.

Rates of hospitalization varied according to strategy and
country (Table 3). In France, hospitalization rates ranged
from 12.7% for amoxicillin/erythromycin to 13.7% for
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Table 3. Model outcomes (% of patients) for CAP in France and the UK, overall and by pathogen (S.
pneumoniae and H. influenzae), based on current resistance rates and assuming a hypothetical zero rate of

resistance

Incorporating resistance

France UK Noresistance

Pathogen/strategy Rx 1 success® hospitalized Rx 1success? hospitalized Rx 1success® hospitalized
Overall

AMX/ERY 67.8 12.7 71.7 8.1 72.9 6.9

ERY/LEV 48.6 13.7 65.3 9.3 70.6 7.9

placebo 19.8 60.4 19.8 60.4 19.8 60.4

perfect Rx? 86.0 2.3 86.0 2.3 86.0 23
S. pneumoniae

AMX/ERY 85.9 10.7 90.5 34 90.5 2.5

ERY/LEV 40.8 15.7 79.2 5.5 90.5 2.5

placebo 5.0 90.0 5.0 90.0 5.0 90.0

perfect Rx? 90.5 2.5 90.5 2.5 90.5 2.5
H. influenzae

AMX/ERY 68.9 23.1 81.5 13.9 89.8 7.6

ERY/LEV 21.1 16.6 20.0 16.8 22.2 16.4

placebo 20.0 60.0 20.0 60.0 20.0 60.0

perfect Rx? 92.0 1.7 92.0 1.7 92.0 1.7

AMX, amoxicillin; ERY, erythromycin; LEV, levofloxacin; Rx, treatment.

9Rate of clinical success with first-line therapy.

bThe ‘perfect’ antimicrobial, i.e. a drug to which all bacterial pathogens are susceptible.

erythromycin/levofloxacin. Rates were lower in the UK—
under 10% for both strategies. For CAP caused by S. pneumo-
niae, the hospitalization rate for erythromycin/levofloxacin
in France (15.7%), where macrolide resistance is high, was
much higher than for amoxicillin/erythromycin (10.7%).
For H. influenzae, where macrolides have poorer coverage,
the hospitalization rates for erythromycin/levofloxacin and
amoxicillin/erythromycin were higher in both countries:
16.6% (France) and 16.8% (UK) for erythromycin/
levofloxacin compared with 23.1% and 13.9%, respectively,
for amoxicillin/erythromycin.

Impact of resistance

As stated in Materials and methods, the model also analysed
the hypothetical scenario in which no resistance was present.
The results of these analyses, compared with the baseline
scenario, are shown in Table 3. By calculating the difference
between hospitalization rates in these scenarios it was pos-
sible to separate the proportion of hospitalizations attribut-
able to the recent development of resistance and the treatment
strategy itself (Figure 3).

In the absence of any resistance, the hospitalization rate pre-
dicted by the model was 6.9% for amoxicillin/erythromycin.

In comparison, the actual predicted rate of hospitalization for
this strategy was 8.1% in the UK and 12.7% in France. Thus,
45.7% of the hospitalizations associated with amoxicillin/
erythromycin in France were attributable to antimicrobial
resistance. This contrasted with the much lower rate of 14.8%
in the UK. For erythromycin/levofloxacin, the proportion of
hospitalizations due to resistance was 42.3% in France and
15.1% in the UK.

The impact of resistance was particularly strong for CAP
caused by S. pneumoniae, where the model predicted a hos-
pitalization rate of only 2.5% in the absence of resistance,
compared with predicted results under current ‘real’ condi-
tions (depending on the strategy) of 10.7-15.7% in France
and 3.4-5.5% in the UK. For amoxicillin/erythromycin the
impact of cross-resistance was very strong, with erythro-
mycin faring poorly against organisms resistant to amoxi-
cillin. For erythromycin/levofloxacin, when S. pneumoniae
was the causative pathogen, the proportion of hospitalizations
due to antimicrobial resistance was 84.1% in France and
54.5% in the UK.

When the causative pathogen was H. influenzae, and treat-
ment was the amoxicillin/erythromycin strategy, the propor-
tion of hospitalizations caused by antimicrobial resistance
was 67.1% in France and 45.3% in the UK. Almost no hospi-

1275



M. E. Singer et al.

Table 4. Model outcomes? (% of patients): other pathogens

Pathogen/strategy Rx 1 success? Hospitalized
Atypical/intracellular pathogens
AMX/ERY 47.5 1.4
ERY/LEV 94.8 0.1
placebo 47.5 5.0
perfect Rx¢ 94.8 0.1
Other bacterial pathogens
any strategy 50.1 28.2
placebo 10.0 80.0
perfect Rx¢ 91.0 2.2
Viral
any strategy 47.5 5.0

AMX, amoxicillin; ERY, erythromycin; LEV, levofloxacin; Rx, treatment.
“These analyses were not based on country-specific susceptibility data; there-
fore, they are the same for both countries.

bRate of clinical success with first-line therapy.

‘The ‘perfect’ antimicrobial, i.e. a drug to which all bacterial pathogens are
100% susceptible.

talizations associated with H. influenzae and erythromycin/
levofloxacin treatment were attributable to resistance.

Sensitivity analysis

All models rely on data that have some degree of uncertainty,
and some assumptions. In sensitivity analysis we found that
the model was fairly robust to uncertainty in the data and
model assumptions, though the exact predictions did vary
somewhat.

We estimated that clinical success would be achieved in
90% of cases in which pathogens were susceptible. Lowering
the rate of clinical success to 80% had a significant impact on
hospitalization rates, causing the rate of hospitalization to rise
by an additional 3.2—4%.

The results were moderately sensitive to the proportion of
patients who failed initial out-patient therapy who would then
be hospitalized. Reducing this rate from 20% to 10% had
limited impact for the amoxicillin/erythromycin strategy,
resulting in a reduction in hospitalization of <1%. For the
erythromycin/levofloxacin strategy, however, the impact was
greater, leading to reductions in hospitalization of 1.8-3.2%.
Similarly, allowing for 30% of first-line treatment failures to
be hospitalized only increased predicted hospitalization by
0.5-0.7% for amoxicillin/erythromycin but by 1.8-3.3% for
erythromycin/levofloxacin.

Since few isolates had MICs near the susceptibility break-
point, allowing a single two-fold dilution shift in the suscepti-
bility breakpoint had little impact except for amoxicillin/
erythromycin in France, where a shift that increases suscepti-
bility would reduce the predicted rate of hospitalization from
12.7% 10 10.7%.
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Figure 3. Hospitalization rates in France and the UK: (a) overall, (b) in
S. pneumoniae and (c) in H. influenzae, based on current resistance rates
versus a hypothetical zero rate of resistance.

In our baseline analysis, organisms that exhibited in vitro
resistance by pharmacokinetic/pharmacodynamic standards
were assumed to be non-responsive to the drug in vivo,
although they could still resolve spontaneously. In sensitivity
analysis we relaxed this assumption and considered the
scenario where half of organisms that are resistant in vitro
would behave in vivo as though they were susceptible. In this
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scenario, predicted hospitalization rates would be lower than
in the baseline analysis, but resistance would still be respons-
ible for 27% of hospitalizations in France and 8% in the UK.

Model validation

For validation purposes we required studies that were out-
patient based, excluded patients who had already failed treat-
ment, and stated results for first-line success or subsequent
hospitalization. There were two studies that met these criteria
and were based in the countries studied here.?>*? In their
1993-1994 French study of 154 patients initially treated as
out-patients, Laurichesse et al*? found that most CAP
patients were treated initially with either amoxicillin or
co-amoxiclav and were successfully treated in 72% of cases.
Using the same treatment choices, together with surveil-
lance data from the Alexander Project (www.Alexander-
Network.com) to estimate antimicrobial resistance in France
during the study period, our model generated an initial treat-
ment success rate of 67%, which is similar to the rate found in
the study of Laurichesse and colleagues.

The second validation was performed against an out-
patient study conducted in the UK by Woodhead ef al.,”” in
which 7.1% of the 198 patients initially treated in the out-
patient setting were later admitted to hospital. The most com-
monly prescribed drug was amoxicillin, the study being con-
ducted in areas of low penicillin resistance in S. pneumoniae
and B-lactamase production in H. influenzae. Resistance rates
in general were minimal in the UK at that time (and, indeed,
are still relatively low). Thus, the ‘no resistance’ scenario,
especially for amoxicillin, would be expected to be a good
comparator. The model estimated hospitalization rates of 6.9%
for amoxicillin/erythromycin and 7.9% for erythromycin/
levofloxacin, which compare favourably with the hospitaliza-
tion rate reported by Woodhead and colleagues (7.1%).

Although the US Pneumonia Patient Outcomes Research
Team (PORT) study was not conducted in either of the coun-
tries included in the analyses here, it included a large, pro-
spective out-patient-based component that is widely cited and
used as a benchmark.** Therefore, we also compared our
model with this trial. The PORT study took place from 1991 to
1993, a time period in which resistance was very low, and
macrolides were the dominant first-line treatment choice.*34
Our model predicted a hospitalization rate of 7.9% for
erythromycin/levofloxacin, which is close to the 7.5% rate of
subsequent hospitalization found in the PORT study for the
944 patients initially treated as out-patients.

Discussion

CAP is apotentially lethal illness that has a significant impact
on utilization of healthcare resources worldwide. Antimicro-
bial treatment in the out-patient setting is initiated on an

empirical basis. The antimicrobial of choice therefore
requires a spectrum of activity that covers all likely patho-
gens. However, despite the wealth of antimicrobials now
available, successful out-patient treatment of CAP poses an
ever-increasing challenge in the light of increasing rates of
antimicrobial resistance. Inrecent years, for example, penicil-
lin resistance in common respiratory pathogens has become a
major problem worldwide.!® During the 1980s, >90% of
S. pneumoniae isolates in the USA were penicillin susceptible
and the remainder were penicillin intermediate. However, by
the late 1990s one in four isolates showed some level of resist-
ance to penicillin and one in seven showed full resistance.*¢

Macrolide resistance among common respiratory patho-
gens is also increasing dramatically in some areas, especially
since the introduction of the newer agents of this class, includ-
ing azithromycin and clarithromycin.#’- In the USA, for
example, macrolide resistance in S. pneumoniae was reported
to have doubled in the 5 years between 1995 and 1999.0
Furthermore, it is likely that macrolide resistance genes will
spread into new species, since intragenic transfer of
macrolide-resistance determinants is possible.’! Resistance
to the fluoroquinolones in streptococci has also begun to
emerge.”>* As such, resistance should be an important con-
sideration when choosing an antimicrobial for initial therapy
for CAP, although the effect of such resistance on the course
of the disease is less clear. The lack of objective clinical data
available on this issue, together with the problems associated
with designing and conducting suitable prospective clinical
studies, means that a modelling approach such as that used
here is particularly appropriate to study the effect of resist-
ance on clinical outcomes.

The development of this model is significant for several
reasons. Here, the model was used to provide estimates of the
impact of antibiotic resistance in adult out-patient CAP. How-
ever, using appropriate values for the model parameters it
can be customized to different countries and can be used to
examine the impact of projected future levels of resistance,
compare alternative strategies for treating different patient
populations and even explicitly incorporate costs in order to
study directly the economic impact of antibiotic resistance.

The model focused on two health outcomes: the proportion
of patients expected to achieve clinical success with first-
line therapy and the overall rate of subsequent hospitalization.
The overall rates of hospitalization varied according to treat-
ment strategy and country, from 8.1% for amoxicillin/erythro-
mycin in the UK to 13.7% for erythromycin/levofloxacin in
France. Validation analyses established that the model-
generated outcomes were comparable to those observed in
published, community-based trials.?4?

An interesting aspect of our model is that we analysed the
hypothetical scenario of no resistance in order to assess the
impact of resistance on hospitalization rates. The impact of
resistance and cross-resistance varied according to country,
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treatment strategy and causative pathogen. In France, for
example, >40% of hospitalizations were due to antimicrobial
resistance, while in the UK resistance was responsible for
15% of hospitalizations. The greatest impact of resistance on
hospitalization rate was seen when S. preumoniae was the
causative pathogen. This can be partly explained by the sub-
stantial cross-resistance between amoxicillin and macrolides
(see Table 2). Thus, it appears that resistance may play a
major role in hospitalization for CAP in patients treated
initially on an out-patient basis.

While the majority of patients with CAP can be effectively
treated at home, significant mortality results from those cases
requiring hospitalization.>3 One large study of elderly CAP
patients found mortality rates of 3—4% in patients initially
treated in an out-patient setting,’® which suggests substantial
subsequent hospitalization and mortality. The model
described here suggests that if out-patients are more likely to
fail as a result of harbouring resistant strains then they are
more likely to require hospitalization. Thus, when a cohort of
patients is examined from initial out-patient treatment, those
patients with resistant strains will experience higher rates of
hospitalization, leading to increased mortality. This logic
implies that treatment failure is the cause of subsequent hospi-
talization for patients originally treated on an out-patient
basis. The Pneumonia PORT study found that although the
majority of hospitalizations were due to treatment failure,
many were due to co-morbid illness.* The study did not, how-
ever, report whether those admitted for co-morbid illness
were improving in terms of their pneumonia symptoms.
Patients may have been hospitalized for co-morbid illness but
it may be that most of these patients would not have been
admitted if their pneumonia had been treated successfully.

Increased rates of hospitalization are associated not only
with greater total mortality but also with considerably greater
treatment costs. The cost of CAP management has been stud-
ied in Europe and the USA.5% Guest & Morris’’ estimated
the direct annual costs of CAP to the UK National Health
Service during 1992-1993. They found that although about
one-third of all episodes was treated in hospital, these
episodes accounted for 96% of the annual cost of CAP. A US
study also showed that the total direct costs of treatment were
due largely to the cost of hospitalizations.’® The authors cal-
culated that the total cost of treating CAP was US$8.4 billion,
of which US$7.5 billion was for in-patient costs. Both studies
noted that treatment costs also depended on the duration of
hospital stay.’’8 Indeed, Fine e al.* estimated that a 1 day
reduction in the length of stay could yield a mean saving of
US$680 per patient. From these findings it is clear that if anti-
microbial resistance leads to higher rates of treatment failure
and the need for an increase in either the number or duration of
hospital admissions, this will be associated with a huge eco-
nomic burden.

The analyses here suggest that antibiotic resistance may be
a major cause of hospitalization for CAP in adults initially
treated in an out-patient setting. If this is true, then one would
expect hospitalization rates for CAP to increase during times
of increasing resistance. There are, however, two mitigating
factors. The first is that most patients hospitalized for CAP
have not first been treated as an out-patient. In a meta-analysis
of CAP trials, the median rate of prior antibiotic treatment was
about one-third.® Similarly, in the US Pneumonia PORT
study only about one-quarter of CAP in-patients had been pre-
viously treated.* Thus, any increase in hospitalization due to
increased out-patient treatment failure is largely diluted by
those initially treated as in-patients.

Nonetheless, there are signs that resistance leads to
increased hospitalization. Patients initially treated as in-
patients are more likely to have severe disease or co-morbid-
ity. Combining the results of two analyses of Medicare in-
patient claims, the number of hospitalizations for pneumonia
with co-morbid illness or complications [diagnosis-related
group (DRG) 89] increased steadily from 1991 to 2000.5!.62
Admissions for simple pneumonia tend to be otherwise
healthy people, many of whom were initially treated as out-
patients. These admissions (DRG 90) decreased by 23.7%
from 1991 to 1995, but increased by 42.3% from 1995 to
2000. This pattern fits with changes in antibiotic resistance in
the USA. Full penicillinresistance in S. pneumoniae was <5%
during 1992-1994 and 10-15% from 1995 to 1997.% Another
study found full penicillin resistance to be 9.5% in 1994—-1995
but 21.5% in 1999-2000." Thus, we find there is strong cir-
cumstantial evidence for a relationship between increasing
resistance and increased subsequent hospitalization for out-
patient CAP.

The results of our model are based on the premise that
invitro susceptibility, according to pharmacokinetic/pharmaco-
dynamic breakpoints, is highly associated with treatment
outcome. The few studies that have examined the impact of
highly penicillin-resistant pneumococcal disease, which is
consistent with the pharmacokinetic/pharmacodynamic
approach, as well as a recent case—control study of treatment
outcomes in macrolide-resistant bacteraemia,* suggest that
this may indeed be the case. However, even if only half of
in vitro resistant organisms are truly resistant in vivo, the
model still predicts that resistance accounts for more than a
quarter of subsequent hospitalizations for adult CAP in
France.

Another potential limitation of this study is the paucity of
data regarding hospitalization rates following initial out-
patient treatment failure, which we corroborated with medical
claims data. Sensitivity analysis showed that halving this rate
to 10% had little impact on the amoxicillin/erythromycin
strategy, but served to sharply reduce the hospitalization rate
for the erythromycin/levofloxacin strategy. Even here, how-
ever, the impact of resistance would be substantial.
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The use of surveillance data to estimate antimicrobial
resistance rates in the model introduces a further potential
limitation. Samples sent to laboratories have a potential selec-
tion bias, since microbiological analysis is more commonly
carried out in patients who have already failed treatment.
Patients who fail treatment may be more likely to be harbour-
ing a resistant pathogen. In this case surveillance data may
overestimate resistance rates, thereby leading to an over-
estimate of hospitalizations in the model. However, even if
true resistance rates were just half the rate found in surveil-
lance data, the model estimated that resistance accounted for
27% of the subsequent hospitalizations in France. Thus, even
if there were selection bias in the surveillance data, this would
not change the conclusions here.

Another assumption in the model was that some infections
are inherently non-persisting, i.e. they will resolve even with-
out treatment and would show signs of improvement within
48-72 h of beginning the second round of out-patient therapy.
In reality, however, some of these infections would take
longer to resolve and might even necessitate switching to a
third-line antimicrobial. This would have no bearing on our
results since we assumed that patients with these infections
would not need to be hospitalized. On the other hand, the
model may have a slight bias in favour of underestimation of
the hospitalization rate because some patients with inherently
non-persisting infections may be hospitalized as a precaution
due to co-morbid disease or advanced age.

Finally, the assumption that all second-line treatment
failures would be hospitalized is, obviously, a simplification.
In reality, there are patients who are able to have a third round
of out-patient therapy. Some of these patients have non-
persisting infections and these did not affect our results. How-
ever, our model slightly overestimates hospitalization due to
those patients with persisting infection who are able to have a
third round of out-patient therapy and respond. When con-
sidering the entire cohort of CAP patients, this group is likely
to be very small. Overall, despite the various potential limita-
tions of the model, it performed well in validation tests against
published community-based studies. This suggests that what-
ever bias may have been created by the assumptions of the
model, the magnitude of this bias is small.

There are both clinical and economic arguments for aiming
to reduce rates of hospitalization in patients with CAP. Out-
patient treatment strategies must, therefore, be chosen care-
fully to optimize the chances of achieving a cure and thereby
avoiding the need for hospitalization. The choice of first-line
therapy should be made based on the spectrum of activity of
the drug, local resistance patterns and activity against patho-
gens that are least likely to resolve spontaneously. Owing to
cross-resistance, the choice of second-line therapy can
present a challenge.

The findings of this study indicate that first-line treatment
success is of great importance in reducing subsequent hospi-

talizations for out-patient CAP. This would seem to suggest
that newer antimicrobials should be used for first-line therapy.
However, the Drug-Resistant Streptococcus pneumoniae
Therapeutic Working Group and the British Thoracic Society
have recommended that fluoroquinolones be reserved for
second-line treatment for fear of inducing greater fluoro-
quinolone resistance.?% Indeed, fluoroquinolone-resistant
S. pneumoniae has reached significant levels in some coun-
tries, which is causing alarm.% Thus clinicians are faced with
adilemma.

In conclusion, the data generated using this probability
model suggest that antimicrobial resistance and cross-resist-
ance may have an impact on health outcomes in out-patients
receiving treatment for CAP, including increased rates of
hospitalization. Hospitalization is associated with poorer
clinical outcomes, including increased mortality, and
increased treatment costs. Therefore, out-patient treatment
strategies should be developed to maximize the likelihood of
cure and thereby minimize the need for hospitalization.
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