JAC Antimicrob Resist
https://doi.org/10.1093/jacamr/dlaf015

JAC-
Antimicrobial
Resistance

Plasma concentration of azithromycin and correlation with clinical
outcomes in patients with enteric fever

Rini Bandyopadhyay?, Sumith K. Mathew?, Balaji Veeraraghavan?, Prasanna Samuel“, Jacob Backiyaraj®,

Sowmya Sathyendra® and Priscilla Rupali

1x

IDepartment of Infectious Diseases, Christian Medical College, Vellore, Tamilnadu, India; 2Department of Clinical Pharmacology,
Christian Medical College, Vellore, Tamilnadu, India; *Department of Clinical Microbiology, Christian Medical College, Vellore, Tamilnadu,
India; 4Depc:rtment of Biostatistics, Christian Medical College, Vellore, Tamilnadu, India; 5Department of Medicine III, Christian Medical

College, Vellore, Tamilnadu, India

*Corresponding author. E-mail: prisci@cmcvellore.ac.in

Received 9 September 2024; accepted 23 January 2025

Background: Azithromycin is the only oral option available for XDR enteric fever. Studies correlating azithromycin
levels with treatment success are rare.

Methods: Serum azithromycin levels after administration of a once-daily 20 mg/kg dose for 7 days were mea-
sured in a single-centre prospective cohort of 25 consecutive adults with blood culture-positive enteric fever. Five
blood samples were collected on Day 2 after starting azithromycin, i.e. 30 min before dosing (trough), and 2, 5,
12 and 24 h after dosing. The MIC was determined for all isolates and azithromycin plasma concentration was
determined using LC-MS. Clinical and microbiological outcomes were documented.

Results: Salmonella enterica serovar Typhi accounted for 92% (n=23) and Salmonella enterica serovar Paratyphi
8% (n=2). Ten (40%) patients received IV azithromycin, and the rest received oral therapy. The median (IQR,
range) MIC for azithromycin was 4 (4-6, 3-12) mg/L. Mean azithromycin plasma concentration ranges were:
trough, 0.24+0.19 mg/L; 2 h, 1.24+0.98 mg/L; 5 h, 0.64+0.51 mg/L; 12 h, 0.31+0.16 mg/L; and 24 h, 0.37 +
0.30 mg/L. The Cinax/MIC and AUC/MIC for azithromycin were 0.29+0.22 and 2.64 + 1.64, respectively. The me-
dian (IQR, range) fever clearance time was 3 (2-3, 2-5) days and the length of hospital stay was 7 (5.5-12,
4-16) days. There was no clinical or microbiological failure, relapse or mortality.

Conclusions: Azithromycin was effective in treatment of enteric fever, despite low extracellular azithromycin

plasma levels.

Introduction

Enteric fever remains a major community-acquired bacteraemic
illness in tropical low-resource settings. Typhoidal Salmonella
strains  (Salmonella enterica serovar Typhi, Paratyphi A,
Paratyphi B and Paratyphi C) are human host-restricted organ-
isms causing typhoid fever and paratyphoid fever, collectively re-
ferred to as enteric fever. Increased resistance to commonly
available oral agents has been reported over the last two dec-
ades. With emergence of MDR, defined as resistance to ampicillin,
chloramphenicol and co-trimoxazole, and decreased suscep-
tibility to fluoroquinolones, oral drugs available to treat enteric fe-
ver are scarce.! Fluoroquinolones were considered as the most

effective treatment for typhoid fever in the 1990s, but emer-
gence of nalidixic acid-resistant S. Typhi and microbiological fail-
ure to ciprofloxacin has led to decreased treatment options.*?
The WHO recommends ceftriaxone and azithromycin as the
drugs of choice in the treatment of invasive S. Typhi infection.
Although ceftriaxone is commonly used for the treatment of MDR
S. Typhi infection, the cost, parenteral administration and recently
reported ESBL production are major limitations, particularly as
most enteric fever patients are treated as outpatients in low- and
middle-income countries.*> Hence, azithromycin is increasingly
used as a well-tolerated, safe and efficacious oral antibiotic in
the treatment of uncomplicated typhoid fever in Southeast Asia.®
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Azithromycin, an azalide macrolide antibiotic, has unique
pharmacokinetic and pharmacodynamic (PK/PD) properties
compared with other macrolides due to its dibasic structure.
It has time-dependent bacteriostatic or bactericidal activity,
along with concentration-dependent bactericidal —activity.”
Azithromycin is distributed extensively in various tissues and
body fluids with a long serum half-life.® The drug concentrates
in WBCs and the WBC/plasma ratio is high, even at the end of ac-
tive treatment, resulting in a prolonged post-antibiotic effect.’
Azithromycin achieves more than 100-fold higher concentration
in the macrophages and leucocytes when compared with serum,
with excellent tissue penetration.'®'! With S. Typhi being a pre-
dominantly intracellular organism, using azithromycin, which
has suitable pharmacokinetic properties and a high intracellular
concentration, makes intuitive sense.

Consequently, azithromycin achieves a low plasma (extracel-
lular) concentration, secondary to uptake by fibroblasts and cells
like polymorphonuclear leucocytes (PMNLs), monocytes and lym-
phocytes.® The EUCAST (v 14.0)'? and CLSI 2024 guidelines pub-
lish an azithromycin MIC breakpoint of <16 mg/L for WT S. Typhi
isolates, which is extrapolated for use with S. Paratyphi iso-
lates.’®** However, as the drug concentrates more in tissues
and intracellular compartments, the role of the MIC in predicting
clinical outcomes becomes questionable. Further, there are con-
cerns that up to one-third of S. Typhi may be found in the extra-
cellular compartment and these low levels of azithromycin in
plasma may lead to resistance. Salmonella isolates with in-
creased azithromycin MICs have been reported from India and
in returning travellers.’® Cases with probable azithromycin resist-
ance and clinical failure have also been reported from the Indian
subcontinent and South Asia.’®"'® Mechanisms responsible for
azithromycin resistance are the presence of resistance genes
(acrB, acrR and rplV mutations) or acquisition of macrolide efflux
pump genes (macA and macB).'’~?! In the USA, mph(A) and re-
lated phosphotransferase genes are the most common cause
of azithromycin resistance observed in S. Typhi.?? Notably,
azithromycin-resistant S. Typhi isolates have been found to carry
a non-synonymous single-point mutation, R717L/Q, in the acrB
efflux pump gene, which has been reported in strains from
Bangladesh, Pakistan, Nepal and India.?® Presence of efflux
pumps might be responsible for the poor clinical outcomes; how-
ever, thisis not easily picked up via routine antibiotic susceptibility
testing or MIC.

Reports of isolates from enteric fever patients with azithromy-
cin MICs of >16 mg/L are emerging."?*** The PK/PD parameters
predictive for the clinical efficacy of azithromycin in enteric fever
have not been prospectively studied.'*'* Moreover, optimal
therapeutic extracellular plasma levels of azithromycin that
achieve both clinical and microbiological cure remain largely un-
known. This pilot study was performed to determine the PK of
azithromycin and the role of extracellular plasma levels of azith-
romycin in predicting clinical and microbiological outcomes in
adult patients with uncomplicated enteric fever in South India.

Materials and methods

The study population included a prospective cohort of 25 consecutive
adults (>18 years old) admitted with blood culture-positive enteric fever
to a tertiary care hospital in South India between August 2020 and March

2022. The study protocol was approved by the Institutional Review Board
and Ethics committee of Christian Medical College, Vellore, India (IRB Min.
No. 12777 dated 8 April 2020), and informed consent was obtained from
the study participants. Patients unwilling to provide serial plasma sam-
ples (n=3) and those on combination therapy (n=2) were excluded.
Patients who received initial active therapy other than azithromycin
were included in the study, provided it was stopped prior to starting azith-
romycin monotherapy.

All 25 patients recruited to the study received the recommended dos-
ing of 20 mg/kg once daily?® oral or IV azithromycin for treatment of en-
teric fever for a total duration of 7 days. The route of drug administration
(oral or IV) was determined by the treating physician based on the clinical
condition of the patient. Dosing adjustments were made according to the
following weight bands: patients weighing <60 kg received 1000 mg of
azithromycin; those weighing 60-70 kg received 1250 mg; while those
weighing >70 kg received 1500 mg.

Five serial blood samples were collected on Day 2 after the start of oral
or IV azithromycin at intervals of 30 min before the azithromycin dose
(trough), and at 2, 5, 12 and 24 h after the azithromycin dose. Blood sam-
ples were collected using K,EDTA-coated blood collection tubes. Plasma
was separated immediately and stored at —80°C until analysis. Plasma
concentrations of azithromycin were estimated using a validated
LC-MS/MS assay. To 100 pL of patient plasma, 25 pL of roxithromycin (in-
ternal standard) and 200 pL of 5% ammonium hydroxide (NH,OH) were
added. They were vortex mixed for 1 min and subsequently 1.5 mL of
ethyl acetate was added. The mixture was centrifuged at 13000 rpm
for 5 min and 1400 pL of supernatant was evaporated and reconstituted
with 200 pL of 30% methanol. Ten microlitres of the extracted solution
was injected into the UPLC system and the analytes were separated using
a Luna 5 pm PFP column of diameter 50x 2.0 mm. The standards and
internal quality controls were prepared from pooled human plasma
samples. The calibration curve was linear and was in the range of 0.01-
2 mg/L. The low, medium and high quality controls were 0.04, 0.5 and
1.5 mgl/L, respectively.

Multiple reaction monitoring (MRM) of the ions, 749.6 - 158.4 and
837.7—-158.3 for azithromycin and roxithromycin, respectively, were
used for quantification. Non-compartmental analysis was performed by
manual curve stripping. AUC was determined using the trapezoid meth-
od. The study outcomes assessed were fever clearance time (FCT), clinical
cure, clinical failure, microbiological failure, relapse, complications and PK
parameters of azithromycin. Follow-up blood cultures were done after
completion of 7 days of antibiotic therapy.

Definitions

Crmax Was defined as the maximum (or peak) serum concentration that
azithromycin achieved in plasma after it was administered and before
the administration of a second dose.?®

MIC was defined as the lowest concentration of an antibacterial agent
which, under strictly controlled in vitro conditions, completely prevented
visible growth of the test strain of an organism.?” MIC was determined for
all S. Typhi and S. Paratyphi isolates by means of ETEST.

AUC,4/MIC was defined as the AUC over 24 h divided by the MIC.2®

FCT was defined as from the start of appropriate antibiotic therapy to
the first instance when the oral temperature dropped below 37.5°C and
remained below this level continuously for 48 h.

Clinical cure was defined as complete and sustained resolution of fe-
ver and other clinical symptoms and signs. Clinical failure was defined as
the persistence of fever for >6 days.

Microbiological failure was defined as isolation of S. Typhi or
S. Paratyphi from blood or bone marrow cultures in patients who had
been on treatment for enteric fever for >7 days. Relapse was defined
as recurrence of clinical symptoms and signs compatible with enteric fe-
ver within 6 weeks after completion of a course of antibiotics for this

20of7



Azithromycin levels and clinical outcomes in typhoid

JAR

disease, after having had complete resolution of symptoms and signs
during the same treatment episode.

Results

In our study, 25 cases with blood culture-positive uncomplicated
enteric fever were included. S. Typhi accounted for 92% (n=23)
of cases while 2 (8%) cases had S. Paratyphi. The median
(IQR, range) duration of illness was 10 (5-21, 2-45) days.
Azithromycin therapy was started within 24-48 h after the blood
culture flagged positive for enteric fever. Ten (40%) patients re-
ceived IV azithromycin while 15 (60%) received oral therapy
only. The median (IQR, range) dose of azithromycin that patients
received was 1000 mg (1000-1250, 1000-1500) mg. Five (20%)
patients received active therapy prior to azithromycin monother-
apy for a median (IQR, range) duration of 3 (2-3, 2-4) days. Three
(12%) patients received ceftriaxone and 2 (8%) patients received
co-trimoxazole as prior active therapy, all of which were suscep-
tible in vitro (Table 1). Median (IQR, range) MIC of azithromycin
was 4 (4-6, 3-12) mg/L (Table 1). For S. Typhi, the azithromycin
MIC ranged from 3 to 8 mg/L, with the MICso and MICyg at 4
and 8 mg/L, respectively. In contrast, the azithromycin MICs for
the two S. Paratyphi isolates were 6 and 12 mg/L.

Table 1. Demographic, clinical and microbiological characteristics of
patients with uncomplicated enteric fever treated with azithromycin

Variable Values (N=25)
Age (years), median (range) 24 (15-56)
Male sex, n (%) 15 (60.0)
Patients from urban area, n (%) 22 (88.0)
Days of illness, median (IQR) 10 (5-21.0)
Diarrhoea, n (%) 14 (56.0)
Vomiting, n (%) 10 (40.0)
Abdominal pain, n (%) 7 (28.0)
Admission temp (°C), median (range) 102.5 (100-105)
Hepatomegaly, n (%) 3(12.0)
Splenomegaly, n (%) 5(20.0)
S. Typhi, n (%) 23 (92.0)
S. Paratyphi A, n (%) 2 (8.0)
MDR“ isolate, n (%) 1 (4.0)
Ciprofloxacin intermediate, n (%) 23 (92.0)
Chloramphenicol susceptible, n (%) 24 (96.0)
Co-trimoxazole susceptible, n (%) 24 (96.0)
Ceftriaxone susceptible, n (%) 25 (100.0)
Azithromycin susceptible, n (%) 25 (100.0)
Azithromycin MIC (mg/L), median (IQR, range) 4 (4-6,3-12)
Azithromycin dose (mg), median (IQR, range) 1000 (1000~
1250,
1000-1500)
LOS (days), median (IQR, range) 7 (5.5-12, 4-16)
Fever clearance time, FCT (days), median (IQR, range) 3 (2-3, 2-5)
Clinical failure, n (%) 0 (0)
Microbiological failure, n (%) 0(0)
Complicated disease, n (%) 4 (16.0)
Relapse, n (%) 0 (0)

AMDR, resistant to chloramphenicol, ampicillin and co-trimoxazole.

The median (IQR, range) FCT was 3 (2-3, 2-5) days, and the
median (IQR, range) length of hospital stay (LOS) was 7 (5.5-
12, 4-16) days. Four (16%) patients developed complications;
two (8%) patients developed encephalopathy and two (8%) pa-
tients had gastrointestinal bleeding. Treatment was successful
in all 25 patients, with no clinical or microbiological failure, re-
lapse or disease-related mortality (Table 1).

PK of azithromycin in typhoid fever

The azithromycin plasma concentration levels over a 24 h time
period are displayed in Figure 1. The mean (+SD) azithromycin
plasma concentration ranges during the specified sampling
times were as follows: trough, 0.24 +0.19 mg/L; 2 h after azithro-
mycin, 1.24+0.98 mg/L; 5h, 0.64+0.51 mg/L; 12h, 0.31+
0.16 mg/L; and 24 h, 0.37+0.30 mg/L.

The mean Cnax attained by azithromycin was 1.38 mg/L. One
patient had a trough plasma concentration below the level of de-
tection and the maximum concentration attained was 3.64 mg/L.
Azithromycin mean half-life was 28.2 h. The mean plasma Crngyx/
MIC and AUC,,/MIC for azithromycin were 0.29+0.22 and 2.64
+1.64, respectively (Table 2). There was poor inverse correlation
(Pearson’s product moment correlation=-0.2) between plasma
AUC,,/MIC ratio and fever clearance (P=0.32; 95% CI, —0.44 to
0.15) (Figure 2).

Discussion

Azithromycin is the drug of choice for uncomplicated enteric fe-
ver, especially in areas where MDR (resistance to ampicillin, chlor-
amphenicol and co-trimoxazole), XDR (MDR +fluoroquinolone
non-susceptible and ceftriaxone resistant) and fluoroquinolone-
resistant S. Typhi infections are prevalent.?®?° The azithromycin
MICs for S. Typhi are usually in the range 0.25-16 mg/L.>°>* In
our study, all of the isolates had azithromycin MICs ranging
from 3 to 12 mg/L. MIC values were higher for S. Paratyphi than
S. Typhi, as observed in other studies from India*° and other parts
of the world.!

There is scarce PK/PD data on azithromycin in enteric fever.
Serum levels of azithromycin after oral administration are usually
0.04-0.4 mg/L.'° The mean azithromycin plasma concentration
levels in our study were lower than the MIC. The dosing used in
our study was based on the original article comparing gatifloxa-
cin and azithromycin, which used 20 mg/kg as the standard
dose.?” This is different from the dosing strategies followed else-
where in the world where a lower dose is used based on a very
small paediatric trial done prior to the MDR enteric fever
era.*®3’ We followed weight-based dosing, and adjustments
were made for oral therapy received by 60% of the study popula-
tion, which may have resulted in a dose marginally less than
20 mg/kg IV daily. This may have contributed to a lower plasma
concentration, rather than a level >4 times the MIC usually ex-
pected for therapeutic efficacy.?®*® We noted only a marginally
higher mean 24 h azithromycin concentration compared with
trough, suggesting that azithromycin did not achieve a steady
state by Day 2 of azithromycin treatment. Azithromycin has a
slow elimination rate, resulting in longer plasma half-life of up
to 70 h, with a steady state achieved at 14 days and increased
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Figure 1. Azithromycin plasma concentration levels over 24 h time period.

Table 2. PK parameters of azithromycin

Range
Parameter Mean+SD Median  Min Max
AUC,, (mg-h/L) 12.08+6.00 11.5 2.84 2411
MIC (mg/L) 5.24+2.01 4 3 12
AUC,4/MIC 2.64+1.64 219 0.30 6.38
Crnax (Mg/L) 1.38+0.96 1.28 0.19 3.64
Crnax/MIC 0.29+0.22 0.21 0.02 0.91
Elimination rate constant 0.04+0.02 0.04 0.01 0.07
(h?
Half-life (h) 28.19+27.74 17.22 992 12094

Volume of distribution at
terminal phase (L)

1625.88+958.04 1337.53 653.02 4131.21

concentrations in tissues, which may be the reason that we were
unable to demonstrate this. >~

The mean plasma concentration for azithromycin was low,
with low Crax/MIC and AUC/MIC ratios. Hence, the measurable
plasma concentration of azithromycin that clears typhoid fever
remains unknown. Published data indicate that Cq/MIC ratios
exceeding 8 and an AUC,4/MIC value of >100 are required for

Patient 15

Patient 18 —@— Patient 19 —@— Patient 20

Patient 25

successful treatment and prevention of the emergence of resist-
ance in Gram-negative bacterial infections, but this has not been
established for macrolides.*? Macrolide efficacy is determined by
the duration of drug concentration above the MIC, and free ser-
um drug levels above the MIC for at least 40%-50% of the dosing
interval.**>** However, this has been demonstrated only in the
treatment of pneumococcal infections, where the azithromycin
AUC,4/MIC ratio was in the range of 25-35.42

In our study there were no clinical or microbiological failures,
relapses or disease-related mortality. The median (IQR, range)
FCT was 3 (2-3, 2-5) days, and the median (IQR, range) LOS was
7(5.5-12, 4-16) days. At present, even for antibiotics concentrat-
ing intracellularly, we continue to use AUC/MIC as a surrogate PK/
PD parameter for efficacy; however, whether this is optimal re-
mains unclear. In vivo studies for tigecycline reveal that despite
low plasma levels, high concentration in PMNLs occurs.*> Similar
PK/PD assessments for other antimicrobials have shown that
even though free-drug exposure in the plasma is below the MIC,
fAUC/MIC may be a PD parameter that correlates with efficacy,
e.g. tigecycline against both Escherichia coli and Klebsiella pneu-
moniae.*® We were unable to measure intracellular concentra-
tions of azithromycin and we were unable to categorically
demonstrate if FAUC/MIC correlated with efficacy. The extracellu-
lar bacteraemia in enteric fever contributing to symptoms in
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Figure 2. Correlation between azithromycin PK/PD parameters and FCT.

patients®® seems to be effectively controlled by azithromycin,
suggesting that antimicrobial benefits probably occur in the extra-
cellular milieu despite low demonstrable plasma levels.

The low plasma levels of azithromycin, coupled with sporad-
ic reports of azithromycin resistance globally are a cause for
concern. Genomic epidemiology studies*’ have shown inde-
pendent acquisition of plasmids and homoplastic mutations
conferring antimicrobial resistance occurring repeatedly in
multiple lineages of S. Typhi, predominantly arising in South
Asia before spreading to other regions. Azithromycin resistance
mutations are detected at low prevalence in Southeast Asiq,
with sequenced isolates containing a mutation exclusively in

Table 3. Azithromycin resistance mechanisms in S. Typhi and S. Paratyphi
A seen in the acrB gene in Southeast Asia

Gene mutation MIC (mg/L) Country Reference
R717QIL 32-64 Bangladesh Hooda et al.*’
R717L >256 Nepal Duy et al.*®
R717Q >16 India Carey et al.??
R717Q 12 (increasing MIC range) Pakistan  Igbal et al.>*
R717Q/IL R717Q: 32;R717L: 16  Singapore  Octavia et al.3®

acrB, a gene encoding a component of the AcrAB efflux pump
(Table 3).23487>2

In our study, we noted a number of limitations. Five (20%)
study patients received active therapy prior to azithromycin
monotherapy for a median (IQR, range) duration of 3 (2-3,
2-4) days and this may have marginally affected the measured
clinical outcomes. An inverse relationship between azithromycin
AUC/MIC and fever clearance was observed, i.e. a high Cnax and
AUC,,/MIC correlated with shorter time to fever clearance
(Figure 2); this was not statistically significant, probably due to
small sample size and estimation of azithromycin concentrations
performed early in the treatment period for a drug with a long
half-life and wide tissue distribution. The MIC cut-offs for our
study were determined using the ETEST, and it is well known
that the elution of the antibiotic from the gradient strip may
lead to double zones and trailing edges, which can result in vari-
ability of interpretation.® This could have also influenced the va-
lues of azithromycin AUC,4/MIC and Cinax/MIC. Another limitation
of our study is that all S. Typhiisolates were susceptible (i.e. MIC <
16 mg/L), hence, itis unclear if outcomes would have differed with
resistant isolates. Fifteen patients in our study received oral azith-
romycin and 10 received an IV formulation; however, there was
no demonstrable difference in plasma levels. Literature reveals
that due to its stability at low pH, azithromycin has an oral bio-
availability of 37%,>* with low peak plasma concentrations.

Overall, it was heartening to note that despite relatively low
concentrations of azithromycin extracellularly, we were unable
to demonstrate clinical or microbiological failure.

To conclude, azithromycin was effective in treating patients
with susceptible enteric fever infections. The extracellular azith-
romycin plasma levels were lower than the MIC, but there were
no treatment failures. Further larger clinical trials are needed to
correlate intracellular azithromycin concentrations with thera-
peutic efficacy and establish optimal azithromycin plasma level
as a determinant of clinical outcomes in typhoid fever. The trad-
itional paradigm of achieving plasma concentration of an anti-
biotic at least four times the MIC for the infecting isolate seems
flawed when considering antibiotics concentrating intracellular-
ly, as was seen here with azithromycin.
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