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Abstract: Clarithromycin and azithromycin are second-generation macrolides established
and widely used for treating a range of upper and lower respiratory tract infections. Extensive
clinical trials data indicate that these drugs are highly effective in these applications and broadly
comparable in their clinical and microbiological effectiveness. However, consideration of
pharmacokinetic, metabolic, and tissue-penetration data, including the significant antibacterial
activity of the metabolite 14-hydroxy-clarithromycin, plus the findings of pharmacodynamic
modeling, provide evidence that the long half-life and lower potency of azithromycin predispose
this agent to select for resistant isolates. Comparison of the “mutant-prevention concentrations”
of clarithromycin and azithromycin, and examination of large-scale epidemiological data from
Canada, also support the view that these drugs differ materially in their propensity to promote
resistance among bacterial strains implicated in common respiratory infections, and that clar-
ithromycin may offer important advantages over azithromycin that should be considered when
choosing a macrolide to treat these conditions.
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Introduction
Erythromycin, the progenitor molecule of the macrolide class, was introduced into
clinical practice in the 1950s.! Clarithromycin and azithromycin, second-generation
macrolides derived from erythromycin, offer significant improvements over their parent
molecule in the form of an expanded spectrum of activity and enhanced tolerability.?
Erythromycin, clarithromycin, and azithromycin exert their antibacterial effects
by reversibly binding to the 50s subunit of the bacterial ribosome. This leads to an
inhibition of ribonucleic acid-dependent protein synthesis by the prevention of trans-
peptidation and translocation reactions. The high affinity of macrolides for bacterial
ribosomes, combined with the highly conserved structure of ribosomes across bacterial
species, underpins the broad-spectrum activity of the macrolides.? The macrolides are
considered bacteriostatic against most susceptible organisms; however, clarithromy-
cin and azithromycin are bactericidal against Strepfococcus pyogenes, Streptococcus
pneumoniae, and Haemophilus influenzae at supra-minimum inhibitory concentration
(MIC) levels.?
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Clinical trials data

The spectrum of activity of the macrolides identifies them as
well suited for treating a range of upper and lower respiratory
tract infections (LRTTIs).

There is an extensive clinical trials database on macro-
lides involving direct comparisons between clarithromycin
and azithromycin or comparisons between macrolides and
other classes of antibiotics. Overall conclusions from these
studies are that (a) macrolides display high rates of clinical
effectiveness and (b) macrolides for the most part display
clinical effectiveness against susceptible strains of infectious
organisms comparable to those of other types of antibiot-
ics. In considering these data, it must be borne in mind that
individual studies were not scaled or powered to demonstrate
superiority of one intervention over another. The fact that in
most studies all the tested drugs were, in statistical terms,
comparably effective does not mean that there may not be
substantive, clinically relevant differences between agents,
nor does it mean that they are in all situations interchange-
able, without an impact on the clinical outcome.

Upper respiratory tract infections
(URTls)

URTTs are a high-nuisance-value condition for both patients
and physicians. Patients want a quick remedy but physicians
are often frustrated with regard to the choice of treatment
because they lack information about the specific infectious
pathogen. Many URTIs are in fact viral in origin. For those
with a bacteriological etiology, however, a number of studies
have clearly demonstrated the effectiveness of macrolides
against the most frequently isolated bacterial causes of
pharyngitis, otitis media, and sinusitis.

Acute bacterial pharyngitis

Pharyngitis is a frequent reason for children aged <16 years
to seek medical attention. Approximately 35% of these
cases will be due to S. pyogenes. In adults, S. pyogenes only
contributes to ~5-10% of sore throats.* Although a large
proportion of these infections will resolve with or without
treatment, antibiotic use is essential to eradicate the pathogen
in order to prevent spread and re-infection and to minimize
potential sequelae of the index infection.

A Cochrane analysis published in 2016 summarized stud-
ies conducted to date.’ The authors concluded that there were
no clinically relevant differences in symptom resolution when
comparing cephalosporins or macrolides with penicillin in
the treatment of Group A Streptococcal tonsillopharyngitis.
Limited evidence in adults suggests that cephalosporins may

be more effective than penicillin for relapse, but the number
needed to treat is high. The authors of this appraisal cautioned
that the majority of trials were performed in high-income
countries, where complication rates are typically low.

Most guidelines recommend penicillin V or amoxicillin
as the first-line antimicrobial for patients with acute bacte-
rial pharyngitis.® This specific recommendation is based
on the complete absence of penicillin resistance among
S. pyogenes. For patients in whom penicillin therapy fails or
who are allergic to penicillin, several alternatives, including
macrolides, have been identified but not prioritized. There are,
moreover, several articles that suggest that certain serotypes
of S. pyogenes may internalize within cells, allowing them
to evade beta-lactam therapy.”® Thus, in situations where
penicillin has clearly failed, antibiotics such as macrolides
that achieve both extracellular and high intracellular levels
should be administered.

Acute otitis media (AOM)

AOM is a common childhood illness. Although predomi-
nantly viral in origin, bacterial infections are nevertheless
common and require antibiotics for effective management. A
number of trials have examined the utility of the macrolides
in the treatment of AOM.

A study by Gooch et al’ randomized children (N=379) to
a 10-day course of twice-daily clarithromycin, given as an
oral suspension at a dosage of 7.5 mg/kg (maximum total
dose 500 mg) or an oral suspension of cefaclor at a dosage of
20 mg/kg (maximum total dose 500 mg) twice daily. Among
281 evaluable patients, clinical success rates were 86% and
90%, respectively. (Success was defined as cure or cure with
effusion or improvement.)

Aspin et al'® evaluated 180 pediatric patients (aged 6
months to 12 years) with AOM who were treated for 10 days
with clarithromycin (15 mg/kg twice daily; N=90) in two
divided doses per day (N=90), or amoxicillin/clavulanic acid
(A/C) (40 mg/kg as three divided doses; N=90). Among the
172 patients (N=86 per group) eligible for outcome assess-
ment, clinical cure/improvement was seen within 4 days of
starting treatment in 93% of clarithromycin-treated patients
and 95% of those treated with A/C. There was, however, a
significant difference in tolerability, with gastrointestinal
adverse events observed in 20% of patients in the clarithro-
mycin group and 52% of those in the A/C arm (P<0.001). The
clinical equivalence of clarithromycin and amoxicillin was
reported in various early trials of pediatric AOM patients.!!-2

Trials examining the efficacy of azithromycin in the
treatment of AOM have produced mixed results. Aronovitz'
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randomized 169 children with confirmed AOM to azithro-
mycin oral suspension (10 mg/kg on day 1, then 5 mg/kg on
days 2-5), or an A/C suspension dosed at 40 mg/kg/day in
three divided doses for 10 days. Analysis at day 11 demon-
strated statistically comparable rates of cure or improvement:
azithromycin, 87.8%; A/C, 100.0%. By contrast, Dagan et al**
reported some indication of superior effect from A/C. They
randomized 238 pediatric patients with AOM to receive A/C
(45/6.4 mg/kg/day in two divided doses for 10 days) or azithro-
mycin (10 mg/kg on day 1, then 5 mg/kg daily for the next 4
days). A/C was significantly more likely than azithromycin
to eradicate all bacterial pathogens from the middle ear fluid
(83% vs 49%; P=0.001) and showed a similar superiority for
the eradication of H. influenzae (87% vs 39%; P=0.0001).
A/C was also more likely than azithromycin to eradicate S.
pneumoniae, although not significantly so (P=0.095). Signs
and symptoms (assessed on days 12—14) were more likely
to have resolved completely or improved in culture-positive
patients who received A/C (86% vs 70%; P=0.023); a similar
difference in effect was apparent in patients with H. influenzae
infections (91% vs 65%; P=0.010).

The Canadian anti-infective guidelines for community-
acquired infections" recommend amoxicillin as first-line
therapy for both children and adults, a position seconded
by Forgie et al'® and shared by US guidelines.!” Clarithro-
mycin is listed as a second-line agent for those who fail or
for penicillin-allergic patients. UK guidelines released for
consultation in 2017 conform to broadly the same pattern
but consider clarithromycin the drug of choice for patients
with an allergy to penicillin.'®

Acute bacterial sinusitis

Acute bacterial sinusitis can be a very difficult diagnosis to
make, with physicians having to rely on their clinical acumen
and indicators such as the duration and severity of disease to
help guide their management of the condition. Acute sinusitis
is primarily viral, with a small percentage of affected patients
progressing to bacterial disease.

An early study by Dubois et al'® evaluated clarithromycin
(500 mg twice daily) and A/C (500 mg three times daily)
in a single-blind, randomized study of 497 outpatients with
acute maxillary sinusitis. S. pneumoniae was isolated from
22% of patients, Staphylococcus aureus from 16%, H.
influenzae from 10%, and Moraxella catarrhalis from 7%.
Clinical success (cure or improvement) was recorded for
97% of clarithromycin recipients (128/132) vs 93% of A/C
recipients (119/128), with corresponding bacteriologic cure
rates of 87% and 90%.

Adelglass et al* evaluated 236 adult patients with acute
sinusitis randomized in a double-blind study to 500 mg oral
levofloxacin once daily (N=119) or 500 mg oral clarithromy-
cin twice daily (N=117) for 10-14 days. Clinical response
rates (cured plus improved) at days 2—5 for clinically evalu-
able patients were 96.0% for levofloxacin (N=98) and 93.5%
for clarithromycin (N=93).

Riffer et al*! compared clarithromycin extended-release
(ER) with A/C in a multicenter study involving 437 patients
aged >12 years diagnosed with acute bacterial sinusitis. Clini-
cal cure rates (96% for each treatment group), radiological
success rates, and pathogen eradication rates were identical
in the two arms. However, clarithromycin ER (1,000 mg
once daily) was associated with symptomatic improvement
or relief as early as day 2 after initiation of treatment. Clar-
ithromycin ER was also associated with a significantly higher
resolution rate for sinus pressure (P=0.027) and improve-
ment/resolution of nasal congestion (P=0.035). There was
also a statistically significantly higher resolution/improve-
ment rate of purulent nasal discharge with clarithromycin
ER at the test-of-cure visit (P=0.01); the resolution/cure rate
was similar, and high, in both groups (>94%).

Casiano? enrolled 78 patients in a multicenter, blinded
study comparing a single daily dose of azithromycin for 5
days (500 mg on day 1, 250 mg/day thereafter) with amoxi-
cillin (500 mg three times daily) for 10 days in the treatment
of acute bacterial maxillary sinusitis and reported almost
identical rates of clinical cure from the 38 evaluable patients
(azithromycin 73.9%; amoxicillin 73.3%).

A meta-review published in 2012 examined the efficacy
and safety of clarithromycin in pediatric patients with
URTTIs.? The authors evaluated 24 studies and concluded
on the basis of what they described as “high quality evi-
dence” that clarithromycin was therapeutically equivalent
to other antibiotics studied with respect to clinical cure
(RR: 1.02; 95% CI: 0.98-1.06; P=not significant [NS]),
clinical success (RR: 1.01; 95% CI: 0.99-1.03; P=NS),
and relapse risk (RR: 1.34; 95% CI: 0.81-2.21; P=NS).
They also concluded that clarithromycin was superior to
other antibiotics in relation to bacterial eradication and that
it exhibited a low risk for adverse events (RR: 0.77; 95%
CI: 0.65-0.90; P=0.001).

The Canadian anti-infective guidelines for community
acquired infections'® recommend amoxicillin for sinusitis
patients whose condition has not resolved within 5-7 days
with ancillary treatment. Clarithromycin is listed as a second-
line agent for those patients who are penicillin-allergic or for
whom first-line measures fail 2
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UK guidelines state that short-term antibiotics (2 weeks)
can be used for acute exacerbations of rhinosinusitis (grade of
recommendation D).? The guidelines make no specific anti-
microbial choices at this point but go on to state that trials of
long-term oral antibiotics (12 weeks), especially macrolides,
have demonstrated symptomatic and objective improvements
similar to those achieved with endoscopic sinus surgery
(grade of recommendation A). The improvement shown
increases with time and may relate to anti-inflammatory or
immunological properties of macrolides.>*

Lower respiratory tract infections

A number of trials have examined the efficacy of clarithro-
mycin and azithromycin for LRTTs, specifically community-
acquired pneumonia (CAP) and acute exacerbation of chronic
bronchitis. Most of the studies involved patients who were
not hospitalized.

Community-acquired pneumonia
Clarithromycin and erythromycin have been evaluated
for their efficacy and safety in CAP in a series of clinical
trials.’'3? The central conclusion of those studies is that the
two macrolides are highly effective and closely comparable
in this situation, with rates of clinical cure/improvement
consistently exceeding 90%. This verdict was substanti-
ated in a Cochrane review by Pakhale et al*’ in 2014 which
examined 11 randomized controlled trials that included 3,352
patients aged >12 years with a diagnosis of CAP and found
no overall significant difference in the efficacy of the various
antibiotics examined.

Also in 2014, Sligl et al*' reported that, in observational
data collected from 28 studies in almost 10,000 critically ill
patients with CAP, macrolide therapy (vs non-macrolides)
was associated with at least a 3% absolute lower risk of death
(18% RR reduction), a benefit which the authors considered
made a strong case for macrolides as first-line therapy for
CAP.

Macrolides feature prominently in the latest Canadian/US
and UK guidelines for management of adult outpatients with
CAP:*4 they are recommended for all patients with mild-to-
moderate disease with no comorbidities and recommended
(in combination with a beta-lactam) when comorbidities are
present. The physician’s choice should always be guided by
the patient’s antibiotic history.

Pediatric guidelines rely heavily on age as indicators of
etiology and recommended management.*** Antimicrobial
therapy is typically not routinely required for preschool-aged
children with CAP, because viral pathogens are responsible

for the great majority of clinical diseases in that age group.
Amoxicillin is typically used as the first-line therapy for
previously healthy, appropriately immunized infants and
preschool children with mild-to-moderate CAP suspected
to be of bacterial origin. Macrolide antibiotics should be
prescribed for the treatment of children (primarily school-
aged) and adolescents evaluated in an outpatient setting with
findings compatible with CAP caused by atypical pathogens.

Acute exacerbations of COPD

Bradbury*® reported that the clinical responses to azithro-
mycin and clarithromycin were very similar in 510 patients
with a diagnosis of acute bronchitis, acute exacerbations of
chronic bronchitis (AECB), or pneumonia. The two macro-
lides also showed high and comparable levels of clinical and
bacteriological success in a very large eight-country study
in 322 adult outpatients with AECB.*

A meta-analysis of 19 trials (N=7,405) compared the
short- and long-term efficacy of the macrolides to the qui-
nolones and A/C in acute exacerbations of COPD in adults.*
No statistically robust differences were identified regarding
treatment success in intention-to-treat and clinically evaluable
patients between (a) macrolides and quinolones, (b) A/C and
quinolones, or (¢) A/C and macrolides. There was also no dif-
ference in hospitalization rates between patients treated with
macrolides and those treated with quinolones (N=2581; OR:
1.37;95% CI: 0.75-2.50) or in mortality rates (N=2,627; OR:
1.96; 95% CI: 0.45-8.51). Fewer quinolone-treated patients
experienced a repeat episode of acute bacterial exacerbation
of COPD after resolution of their initial episode compared
with macrolide recipients during the 26-week period follow-
ing therapy. Adverse events were similar between macrolides
and quinolones (N=4,081; OR: 1.11; 95% CI: 0.94-1.32)
and were higher with A/C than with either of those classes
of antibiotics.

Data from a separate meta-analysis suggest that mac-
rolide-based prophylaxis may be effective for reducing
incident COPD exacerbations in severe disease.* (See also
references.’*2%)

Clarithromycin and azithromycin: How
do they differ?

Direct comparisons between clarithromycin and azithromycin
or between them and other comparator agents in clinical tri-
als generally show no robust difference in efficacy. As noted
previously, this is not wholly surprising as clinical trials are
typically not designed to deliver the statistical power required
to demonstrate superiority. This does not mean, however, that
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there are not clinically relevant properties or criteria that
differentiate these molecules.

In vitro activity

Differentiation between clarithromycin and azithromycin
must begin with appraisal of their in vitro activity against
common respiratory tract pathogens. At the very least, these
should include S. pneumoniae, H. influenzae, Mycoplasma
pneumoniae, and S. pyogenes, as these pathogens account
for the majority of bacterial URTIs and LRTIs.*8 Against
susceptible S. pneumoniae, clarithromycin shows the greatest
potency, while erythromycin and azithromycin are approxi-
mately equivalent in activity (Table 1).

Ednie et al® demonstrated that, among 120 clinical
isolates of S. pneumoniae, the MIC values for clarithro-
mycin and erythromycin against penicillin-susceptible
strains were 0.06 pg/mL and reported that clarithromycin
and azithromycin displayed bactericidal activity at twice
their MIC,, whereas erythromycin was only bactericidal
at eight times its MIC | of 0.125 pg/mL. All these drugs
displayed reduced activity against penicillin-intermediate
and -resistant isolates but the differential in favor of
clarithromycin seen in penicillin-susceptible strains was
preserved (Table 1).

All three agents have excellent activity against the atypi-
cal pathogens M. pneumoniae, Chlamydophila pneumoniae,
and Legionella pneumophilia (Table 1).%-6

Contribution of [4-hydroxy-

clarithromycin to antimicrobial effect

When the in vitro activities of the macrolides are examined
against H. influenzae, azithromycin appears to be the most
active, exhibiting a range of MICs between 0.5 and 2.0 pg/
mL, whereas the MIC range of clarithromycin is 4-16 pg/mL
(Table 1). Depending on the study, the MIC,, for azithromycin
is typically 1 or 2 pg/mL, compared with 816 ug/mL for
clarithromycin.

However, researchers have suggested that the active
metabolite of clarithromycin, 14-hydroxy-clarithromycin
(14-HC), can act synergistically both in vitro and in vivo with
its parent molecule, enhancing the anti-Haemophilus activ-
ity of the macrolide.*¢¢"! Using in vitro checkerboard and
kill-curve bactericidal assays, Bergeron et al*®® and Hoover et
al” were able to demonstrate synergy between clarithromycin
and 14-HC against some strains of Haemophilus, as well as
Enterococcus and Staphylococci.

Bergeron et al® reported that the bactericidal effect of
clarithromycin and 14-HC combinations was additive in
92% of all strains of H. influenzae and synergistic in the
other 8%, with no evidence of influence from the presence/
absence of a beta-lactamase. Hardy et al* demonstrated, in
a number of time-kill experiments, that the combination of
parent compound and metabolite at even a quarter and a half
of their individual MICs reduced bacterial counts by >5 log
colony-forming units (CFUs).

Table I In vitro susceptibilities of azithromycin and clarithromycin against selected pathogens

Organism MIC  (pg/mL) Sources (references)
Erythromycin | Azithromycin Clarithromycin

Gram-positive aerobes

Streptococcus pyogenes 0.03-0.2 0.05-0.4 0.01-0.2 53-55, 60

Streptococcus pneumoniae 53, 54, 59, 60

Penicillin-susceptible 0.02-0.1 0.12-0.16 0.015-0.06 53, 54, 59

Penicillin-intermediate 0.06—>32 0.125-16 0.03-8.0 53,54,59

Penicillin-resistant 0.12—>64 0.12—>64 0.06—>64 53, 54, 59

Streptococcus agalactiae 0.03-0.06 0.06-0.1 0.06 54

Gram-negative aerobes

Haemophilus influenzae 4.0-8.0 0.5-2.0 4.0-16.0 53-55, 60

Moraxella catarrhalis 0.25-0.5 0.06-0.16 0.25 53, 55, 60

Legionella pneumophila 0.25-2.0 0.50-2.0 0.25-0.50 53-55

Bordetella pertussis 0.03 0.06 0.03 55

Other pathogens

Chlamydophila pneumoniae 0.06-0.12 0.1-0.5 0.01-0.10 53

Mycoplasma pneumoniae 0.004-0.01 <0.01 0.008-0.5 53,55

Helicobacter pylori 0.25 0.25 0.03 55

Notes: Data derived from these studies.53-55,59,60.
Abbreviation: MIC, minimum inhibitory concentration.
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Thus it appears that, in vivo, clarithromycin and its
14-hydroxy metabolite are more active against H. influenzae,
and perhaps other pathogens, than traditional in vitro MIC
testing would suggest.

Pharmacokinetics
Clarithromycin and azithromycin are also differentiated by
their pharmacokinetic profiles (Table 2).”>* Clarithromycin
is well absorbed from the gastrointestinal tract, although it
undergoes substantial first-pass metabolism that reduces sys-
temic bioavailability to 55% after a 250-mg dose in healthy
volunteers. The maximum clarithromycin plasma concen-
tration in healthy volunteers is ~0.62—0.84 mg/L following
single-dose administration of 250 mg and 1.77-1.89 mg/L
after administration of 500 mg. The time to reach maximum
clarithromycin plasma concentration is ~3 hours. The areas
under the plasma concentration—time curves (AUCs) are ~4
and 11 mg/Lxhour after doses of 250 and 500 mg, respec-
tively in Western volunteers. Clarithromycin also undergoes
rapid biotransformation to produce the microbiologically
active 14-HC metabolite referenced above, which achieves
peak plasma concentrations of 0.4 and 0.8 mg/L within 3
hours of administering a 250- or 500-mg dose, respectively.
Approximately 37% of a single oral dose of 500 mg
azithromycin is bioavailable and produces a peak serum con-
centration of 0.4 mg/L. Multiple-dose regimens (two 500-mg
doses separated by 12 hours and followed a 500-mg dose once
daily for 5 days, or two 250-mg doses separated by 12 hours
and followed by a 250-mg dose once daily for 9 days) produce
only slight increases in peak serum concentrations.’>0:8!

Half-life

An early indication that pharmacokinetic differences
between these molecules were clinically relevant came from
observations by Kastner and Guggenbichler®? on patterns of
oropharyngeal flora in 156 children taking open-label mac-
rolides. These children were randomly assigned to receive

azithromycin, clarithromycin, erythromycin, roxithromycin,
or josamycin. Throat swabs were obtained prior to treat-
ment and repeated weekly for 6 weeks. As many as 90% of
children harbored macrolide-resistant strains in their oral
flora 1 week posttreatment. By 6 weeks after treatment, the
percentage of patients colonized by resistant organisms had
decreased very substantially for clarithromycin and most
other macrolides. For azithromycin, however, the prevalence
of resistant organisms remained close to the week 1 rate
(Figure 1) and re-infection was documented in 7/60 children
(11.6%). The authors attributed the significant difference in
colonization between azithromycin and the other macrolides
to the prolonged elimination half-life of azithromycin (=68
hours) (Table 2). They conjectured that property of the drug
contributed to the emergence of macrolide resistance by pro-
moting the persistence of “sub-inhibitory serum and tissue
concentrations over a period of several weeks posttreatment”.

Macrolide penetration to target tissues

In relation to these data, it should be noted that the macrolides
as a group are extensively distributed in body tissues, with
tissue concentrations typically substantially exceeding serum
concentrations. These tissue concentrations are pertinent to
antibacterial effect in a range of infectious conditions and
differences are discernible here also between azithromycin
and clarithromycin.

Macrolide concentrations in epithelial
lining fluid (ELF)

Rodvold et al”” reported that clarithromycin (500 mg twice
daily for 9 days) and its active metabolite 14-HC were con-
centrated in ELF and alveolar macrophages of healthy adult
volunteers to much higher levels than azithromycin (500 mg
on day 1 then 250 mg/day for 4 days) (Figure 2). Patel et al”®
reported similar findings with the same dosing schedules,
with concentrations of clarithromycin in ELF of 34.02+5.16
mg/mL at 4 hours, 20.63+4.49 mg/mL at § hours, 23.01£11.9

Table 2 Pharmacokinetics of clarithromycin and azithromycin in plasma. (Derived from data published in references.”>78%)

Parameter Azithromycin
Bioavailability (%) 37

C, .. (ug/mL) 0.4

t . (hours) 2

Half-life (hours) 40-68

AUC (pg/mLx hour) 34

Protein binding (%) 7-50

Clarithromycin 14-Hydroxy-clarithromycin
55 35

2.1-2.4 0.6-1.0

2 1.8

4.3-49 5.5-7.2

12-18.9 6.0

60-75 ND

Abbreviations: AUC, area under the plasma concentration—time curve; me, maximum plasma concentration; ND, not determined; t .o time to reach maximum plasma

concentration.
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Figure | Differential effects of randomized, open-label macrolide assignment on the
prevalence of macrolide-resistant strains in the oral flora of children.

Notes: One week after treatment, ~90% of patients treated with azithromycin,
clarithromycin, erythromycin, roxithromycin, or josamycin harbored resistant
strains. By 6 weeks posttreatment, the percentage of resistant organisms had
decreased to 17% for clarithromycin but for azithromycin the prevalence of
resistant organisms remained very high (85%) and was associated with a substantial
re-infection rate (1 1.6%). (Derived from data published in reference.®?)

A
3,
2.8
’_g 2.6
E 24
g 2.2 1 ® 4 hours
c 21
S 1.8 m 24 hours
© 1.6
€ 1.4
8 1.2
c 1,
5]
; 0.8 1
S 0.6
o 04
0.2 )
0,

Clarithromycin Azithromycin

(]

1,200

1,000 -

800

600 -

400 -

Drug concentration (ug/mL)

200 -

0,

Clarithromycin

mg/mL at 12 hours, and 4.171£0.29 mg/mL at 24 hours. By
contrast, azithromycin concentrations were detectable in only
2 of 41 healthy volunteers. Administration of a single 200 mg
dose of clarithromycin was documented by Kikuchi et al®
as producing an area under the concentration-time curve
from 0 to 10 (AUC_ ) of 7.37+2.07 mg/h/L for bronchial
ELF, compared with a serum AUC, of 2.10£0.49 mg/h/L
(P<0.01).

Macrolide concentrations in middle ear
fluid

Gan et al® reported that mean middle ear fluid concentrations
of clarithromycin (7.5 mg/kg/12 hours for six doses) in 32
children varied from 3.0 to 8.3 pg/g during the dosing inter-
val; the range for 14-HC was 1.5-3.8 ug/g. For both parent
drug and metabolite, these ranges reliably exceeded the mean
plasma concentrations. At 12 hours after dosing, the ratios of
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Figure 2 Comparison of achieved concentrations of azithromycin (500 mg on day | then 250 mg/day for 4 days) and clarithromycin (500 mg twice daily for 9 days) in (A)
plasma, (B) epithelial lining fluid (ELF), and (C) alveolar macrophages of healthy adult volunteers at 4 and 24 hours after last drug administration.
Notes: All comparisons P<0.05 vs azithromycin except ELF at 24 hours. The mean ratio of clarithromycin to 14-HC in plasma was 4.7:1 at 4 hours and decreased to |.2:|

at 24 hours (data not shown). (Derived from data published in reference.”)
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middle ear fluid concentration to plasma concentration were
8.8 for clarithromycin and 3.8 for 14-HC.

Penetration of clarithromycin into the middle ear fluid
was further examined in children with AOM treated with
a dose of 7.5 mg/kg every 12 hours for 7 days. A mean
clarithromycin concentration of 8.3 pg/g was detected in
effusion samples obtained 4 hours after the sixth dose. The
serum drug concentration at that time was 3.4 pg/mL. Simi-
larly, the mean middle ear concentration of the 14-hydroxy
metabolite of clarithromycin was 2.9 png/g, compared with a
serum concentration of 1.8 pg/mL. At 12 hours after the sixth
dose, the mean concentrations in middle ear fluid were 7.4
pg/g for clarithromycin and 3.8 pg/g for 14-HC.%

In 16 evaluable patients with AOM with effusion, azithro-
mycin (10 mg/kg as a single dose 12, 24, or 48 hours before
the insertion of tympanostomy tubes, then once daily for
5 days: 10 mg/kg on day 1, then 5 mg/kg/day) penetrated
middle ear exudates, with group mean concentrations of
~8.61 and 9.40 pg/mL at 24 and 48 hours after administration.
Plasma concentrations during the same time period ranged
from 0.013 to 0.034 pg/mL.%

Sinus penetration of macrolides

Margaritis et al¥’ examined the penetration of clarithromycin
and azithromycin in 36 adult outpatients with acute bacterial
rhino-sinusitis. They collected serial sinus fluid aspirates and
serum samples at 2, 4, 6, 8, and 12 hours or 2, 6, 12, and 24
hours after administration of three doses of oral clarithromy-
cin (500 mg twice daily) or two doses of oral azithromycin
(500 mg once daily). The mean clarithromycin sinus fluid
concentration significantly exceeded the corresponding
azithromycin concentration (2.47 vs 0.65 mg/L; P<0.05), as
did clarithromycin levels at 2, 6, and 12 hours after dosing.

Pharmacodynamic modeling
After the report of Kastner and Guggenbichler,®? outlined
above, several other research groups accumulated data suggest-
ing that the long half-life and lower potency of azithromycin
(based on MIC to tissue concentration ratios) might predispose
this agent to select for resistant isolates. Zhanel et al* published
two studies that examined the ability of clarithromycin and
azithromycin to eradicate both susceptible and resistant iso-
lates of S. pneumoniae at therapeutic drug concentrations.®
Noreddin et al® suggested that achievement of high
clarithromycin concentrations in ELF relative to serum drug
concentration would result in inhibition of both susceptible
and low-level macrolide-resistant (mef4) S. pneumoniae iso-
lates (MIC 1-8 pg/mL). They demonstrated that simulation

of clinically achievable total and free-drug concentrations of
clarithromycin in ELF (based on a 500-mg twice-daily oral
regimen) completely eradicated macrolide-susceptible and
mefA strains of S. pneumoniae, with clarithromycin MICs
ranging from 1 to 8 pg/mL and 1 to 4 pg/mL, respectively.
This was relevant because the majority of macrolide-resistant
(mefA) S. pneumoniae isolates in North America have MICs
ranging between 1 and 8 pg/mL. This study provided some
explanation for the infrequency of clinical failures with
macrolides in the treatment of respiratory infections, despite
reports of a high prevalence of macrolide-resistant S. preu-
moniae strains in some areas.’* %

Zhanel et al® sought to replicate these findings with
azithromycin using the same model described above.
Azithromycin was modeled simulating a dosage of 500 mg
on day 1, followed by 250 mg on day 2 orally. Macrolide-
susceptible S. pneumoniae, as well as low-level (mefA4) and
high-level (ermB) macrolide-resistant strains, were tested.
These authors discovered that clinically achievable concen-
trations of azithromycin in serum, ELF, and middle ear fluid
eradicated macrolide-susceptible S. pneumoniae; no similar
effect was seen vs macrolide-resistant S. pneumoniae of any
resistance phenotype. The authors suggested that the failure
of azithromycin to eradicate any of the resistant phenotypes
may be associated with the increasing incidence of macrolide-
resistant S. pneumoniae.

Mutant-prevention concentration (MPC)
Blondeau et al*>* used a novel pharmacodynamic param-
eter known as the MPC to explore the differences between
the second-generation macrolides. The MPC is based on
the concept that the frequency at which mutations occur
is typically in the order of 1x107-1x107~, one that would
not normally be detected by traditional susceptibility test-
ing. Consequently, an isolate considered to be susceptible
might nevertheless contain an undetected subpopulation of
resistant cells that would require a higher drug concentra-
tion to restrict growth. In some respiratory tract infections,
such as CAP, bacteria present at the site of infection may
well exceed the 10° CFU concentration used in traditional
laboratory MIC testing. Using this approach, Blondeau et
al®>% inferred that the elevated prevalence of azithromycin
resistance in some regions of Canada was likely due to its
unfavorable MPC value.

Animal modeling
Hoffman et al’’ extended these studies to examine if the
conclusions of Zhanel et al®* were borne out in vivo. They
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evaluated the activities of clarithromycin and azithromycin
against 19 isolates of S. pneumoniae using a neutropenic lung
infection model in mice. They included susceptible (clarithro-
mycin and azithromycin MICs <0.12 pg/mL), mef4-mediated
resistant (clarithromycin and azithromycin MICs 0.5-32 g/
mL), and highly macrolide-resistant (clarithromycin and
azithromycin MICs 264 pg/mL) strains in their study.

Infected mice were treated with clarithromycin (4, 40,
or 200 mg/kg body weight twice daily, or 200 mg/kg once
daily) or azithromycin (4, 40, or 200 mg/kg once daily, or 40
mg/kg twice daily) by oral gavage for 72 hours. Mortality/
survival was assessed over 10 days and to that of saline-
treated controls.

Animals infected with susceptible isolates and then
treated with either agent at doses of 240 mg/kg demon-
strated significant improvements in survival vs controls.
Neither treatment improved survival in animals infected
with highly macrolide-resistant isolates. However, among
mice infected with strains expressing low-level resistance
(mefA), a significant (P<0.05) improvement in survival was
noted among animals treated with clarithromycin at 40 mg/
kg/day (7/9 isolates) and 200 mg/kg twice daily (9/9 isolates).
Corresponding survival rates with azithromycin 40 or 200
mg/kg once daily or 40 mg/kg twice a day were significantly
(P<0.05) better than in the control groups but clearly lower
than those for clarithromycin (2/9, 4/9, and 1/9 isolates,
respectively). These findings correlated well with predictions
based on the in vitro pharmacodynamic models of Zhanel et
al®® and Noreddin et al® outlined above.

Epidemiological data
Davidson et al®® examined macrolide resistance across the
Canadian provinces over a 7-year period and correlated their
findings with macrolide consumption in the same regions.
They discovered that macrolide resistance in S. pneumoniae
isolates had increased dramatically in some regions of
Canada, but not in others. When macrolide resistance was
compared with overall macrolide consumption, it was discov-
ered that azithromycin was the most commonly prescribed
macrolide in areas with the highest rates of macrolide resis-
tance, whereas macrolide resistance was relatively low in
areas where clarithromycin was prescribed preferentially. A
striking feature of this study was the high correlation between
the predictions made by both the pharmacodynamic modeling
of Zhanel et al®*% and the MPC studies of Blondeau et al.”®
Further epidemiological evidence that azithromycin may
be driving macrolide resistance was observed by Kuster et al.*
These researchers showed that, in patients previously exposed to

antibiotics who subsequently developed pneumococcal disease,
the time lapse from the last treatment course is of considerable
value in predicting antimicrobial resistance. They reported
that repeated exposure to either fluoroquinolone or macrolide
antibiotics within a 90-day period increased a patient’s likeli-
hood of harboring a resistant strain of S. pneumoniae. This
finding was true for exposure to all fluoroquinolones and
macrolides. However, while both erythromycin and clarithro-
mycin were implicated in this phenomenon, the contribution
of azithromycin was significant: after exposure to it, resistance
rates decreased more slowly. This might be explained by the
longer plasma half-life of azithromycin leading to prolonged
sub-therapeutic concentrations, and the resultant selection of
resistant bacterial strains for >3 weeks after treatment.

Conclusion

There is an abundance of literature demonstrating the util-
ity of using macrolides to manage patients with respiratory
tract disease. As a result, macrolides feature prominently in
many guidelines as first- and second-line therapy. They have
also been shown to have utility in managing some patients
with chronic inflammatory diseases and are considered the
standard of care for treating conditions such as diffuse pan-
bronchiolitis and advanced COPD.

There is also, however, ample evidence to suggest that
the second-generation macrolides differ in their propensity to
select for resistance. Mean serum and tissue concentrations
of clarithromycin far exceed those of azithromycin. Pharma-
codynamic studies designed to study these differences have
clearly shown that azithromycin is more likely to select for
resistance than clarithromycin. Animal modeling data and
clinical epidemiological data support this conclusion. Because
the macrolides are an important therapeutic option for treating
patients with a myriad of respiratory tract diseases, physicians
should be aware of the differences in these molecules and
choose accordingly when treating their patients.
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