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ABSTRACT

Introduction: Azithromycin exhibits significant pharmacokinetic variability. Thus, dosage
optimization is crucial for optimal therapeutic outcomes. This systematic review aims to analyze
the population pharmacokinetics (PopPK) of azithromycin and identify key covariates influencing
its pharmacokinetics.

Methods: A systematic search was conducted in PubMed, Scopus, and ScienceDirect databases.
Azithromycin PopPK studies conducted using a nonlinear mixed-effects approach in humans were
included. Studies published in non-English or non-Thai languages were excluded. Moreover,
studies with insufficient information, review articles, or registered protocols were also excluded.
The reporting quality of the included studies was assessed using adapted guidelines from a
previously published framework. Data on study designs, population characteristics, pharmacokinetic
parameters, and influential predictors were summarized. Forest plots were used to determine the
influence of covariates on azithromycin pharmacokinetics.

Results: Fifteen studies were included. The volume of distribution (V,) and the clearance in
preterm newborns were approximately 68%-94% and 87%-100% lower than those of adults and
children. Pregnant women had approximately 85% higher V.. Patients with alanine aminotransferase
>40U/L had about 24% lower clearance. Azithromycin clearance slightly decreased with advancing
age. There is limited data on the relationship between azithromycin exposure and safety outcomes.
Finally, most models were not externally evaluated.

Conclusions: Significant predictors for azithromycin pharmacokinetics were identified in this
review. However, the limited external validation of most models restricts their clinical utility.
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Further research is necessary to confirm the models’ external validity.

PROSPERO Registration: CRD42024609484.

1. Introduction

Azithromycin, an azalide antibiotic in the macrolide class,
has activity against both gram-negative and gram-positive
organisms. Its antibiotic efficacy encompasses respiratory,
urogenital, cutaneous, ocular, and several other bacterial
illnesses. Moreover, it exerts beneficial efficacy in chronic
inflammatory conditions including bronchiolitis obliter-
ans and rosacea [1]. Azithromycin exhibits antibacterial
activity through its binding to the 50S ribosomal sub-
unit, leading to the inhibition of bacterial protein

synthesis [2]. In addition to antibacterial activity, the
drug also displays antimalarial action against Plasmodium
falciparum [3] and Plasmodium vivax [4]. As for the safety
profile, in contrast to other medications in the macrolide
class that carry a risk of cardiac QT prolongation, this
occurrence has been documented in a small number of
patients after azithromycin treatment [5]. However, there
has been evidence of a higher risk of QT prolongation in
those who are more vulnerable to negative cardiac con-
sequences [6].
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Azithromycin is incompletely absorbed with oral bio-
availability of approximately 37% following a single
500-mg dose, with time to maximum concentration
(Tay) ranging from 2 to 2.6h [7]. It has a large volume
of distribution with high intracellular concentrations [1].
Azithromycin is bound to alpha- and beta-globulins,
but not to albumin, and the binding is concentration
dependent, ranging from 12% at concentration 0.5pg/
mL and 50% at concentration 0.02 pg/mL [8]. The drug
is rarely metabolized and does not interact with CYP
enzymes [9], but is subject to biliary excretion [10],
with >50% in an unchanged form [11]. While only 4.5%
and 12.2% of the drug are excreted unchanged in the
urine after an oral and intravenous 500mg dosage,
respectively. It demonstrates superior pharmacokinetic
properties over erythromycin with greater and
longer-lasting tissue concentrations, resulting in a lon-
ger half-life and a once-daily dosing schedule [12]. In
addition, it substantially accumulates in phagocytes,
leading to high concentrations at the infection site
[13,14]. Depending on the infection type, different dos-
ages of azithromycin are recommended for adults. For
mild to moderate respiratory tract infections, 500mg of
azithromycin taken orally on the first day and 250mg
once daily on days 2 through 5 are advised [15]. While
for community-acquired pneumonia (CAP), an intrave-
nous dose of 500mg once daily combined with
beta-lactam antibiotics is recommended [15]. In paedi-
atric patients aged >28days, the recommended dose is
5-12mg/kg/day and 10mg/kg/day for oral and intrave-
nous administration, respectively [15]. Due to its
time-dependent killing with prolonged persistent
effects, AUC,,/MIC is used as a pharmacokinetic—phar-
macodynamic (PK/PD) target for azithromycin, and the
ratio of >25 is associated with successful bacterial erad-
ication for highly susceptible lung pathogens (MICy, <
0.125 pug/mL) like erythromycin-susceptible Streptococcus
pneumoniae [9,16]. This ratio can be easily achieved
with the usual recommended dosage. However, for
azithromycin-resistant pathogens with higher MIC val-
ues, achieving this target ratio can be challenging [16].

Although azithromycin use is widespread, its phar-
macokinetic variability among various populations
remains a subject of significant interest, with studies
highlighting inter-individual differences influenced by
factors such as age, weight, ethnicity, disease state,
and laboratory values [17-20]. Understanding the
pharmacokinetics of azithromycin across populations is
essential for optimizing therapy, particularly in vulner-
able populations such as children, pregnant women,
and those with comorbid conditions. For example,
preterm newborns may have lower clearance per
bodyweight than children and may require close

monitoring than children when receiving treatment
with  azithromycin.  Population  pharmacokinetics
(PopPK) is a method used to characterize pharmacoki-
netic behaviour of drugs across diverse populations,
identifying patient-specific factors that may influence
drug exposure and response. Furthermore, individual-
ization of dosage regimens can be achieved by an
integration of Bayesian estimation [21,22]. Given this,
the objectives of this systematic review are to (1) pro-
vide a thorough overview of the PopPK of azithromy-
cin, (2) pinpoint the important covariates affecting
azithromycin's pharmacokinetics, and (3) identify gaps
of knowledge for future research areas.

2. Methods
2.1. Study identification

We conducted thorough search of three databases
including PubMed, Scopus, and ScienceDirect from the
time of their inception until November 2024 using the
following search terms: (‘azithromycin’ OR ‘Zithromax’
OR ‘CP-62993') AND (‘population pharmacokinet* OR
‘pharmacokinetic model’ OR ‘nonlinear mixed effect’
OR ‘'NONMEM'’ OR ‘NLME’ OR ‘monolix” OR ‘WINNONMIX’
OR ‘P-PHARM’ OR ‘nlmixed’ OR ‘Pmetrics’ OR ‘USC PACK’).
The reference list screen was used to find further stud-
ies. The obtained articles were kept in a citation man-
ager (EndNote 20, Thomson Reuters, New York, NY,
USA). Following the title and abstract screen, which was
carried out independently by JM and TJ, the irrelevant
articles were eliminated. Then, the same reviewers
screened and selected full-text articles using the follow-
ing inclusion criteria: (1) population pharmacokinetic
studies conducted in humans receiving treatment with
azithromycin and (2) investigations using a non-linear
mixed-effects approach. Exclusion criteria included (1)
studies published in languages other than English or
Thai, (2) studies with inadequate details on the model
development process or those with insufficient pharma-
cokinetic parameters and their variability, and (3) review
articles or registered protocols. Any discordance was
settled by consensus among all authors. This review
was registered in PROSPERO with the registration num-
ber CRD42024609484. The Preferred Reporting Items
for Systematic Reviews and Meta-analyses (PRISMA)
standard version 2020 was adhered to in this review [23].

2.2. Assessment of reporting quality

The reporting quality of the included studies was
assessed using a checklist adapted from the guidelines
proposed by Kanji et al. [24], Jamsen et al. [25], Abdel



Jalil et al. [26] and Dartoris et al. [27], which was con-
ducted by JM and TJ. The checklist covers 37 items,
involving 7 domains. The percentage of compliance
with the guidelines and report rate was calculated and
presented in Table S1. The non-applicable items were
excluded before calculating the compliance rate. The
equation used for calculating the compliance rate was
as follows:

sum of items reported
sum of allitems

x100%

Compliance rate (%) =

2.3. Data extraction and study comparison

The data were independently extracted by JM and TJ
using the predesigned data abstraction form produced
by JM. The following information was extracted: (1)
subject’s characteristics as well as laboratory values, (2)
pharmacokinetic data including dosage regimens, sam-
pling strategy, and bioanalysis, (3) methodology of
model development encompassing structural, statisti-
cal and covariate model, and (4) model qualification.
For the sampling strategy, when there were more than
six samples per patient, it was classified as intensive
sampling; otherwise, the strategy was classified as
sparse sampling. As for the model qualification, it was
categorized as basic and advanced internal and exter-
nal evaluations [28].

The effects of covariates on pharmacokinetic param-
eters, in particular, clearance was compared across
studies and displayed as a forest plot using the
approach proposed by Mao et al. [21] and Han et al.
[22]. Each study’s median covariate values were used
to normalize the clearance reference values. The per-
centage of the estimated clearance range divided by
the clearance reference value was used to express the
impact of the identified covariates on clearance in
each study. A change in clearance was deemed clini-
cally relevant when it departs from the 80% to 125%
range, a criterion used in bioequivalence study. A for-
est plot representing a change in clearance was con-
ducted using Microsoft® Excel (version 16.95).

3. Results
3.1. Study identification

A total of 296 records were identified through the
database search. Forty-eight duplicates were removed,
leaving 248 records to be screened. Of these, 217
records were excluded as not relevant during the title
and abstract screen, and an additional seven studies
were removed as non-population pharmacokinetic
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studies. Ultimately, 24 full-text articles were assessed
for eligibility, and 15 of them were included in this
systematic review. A PRISMA flow diagram of study
identification is presented in Figure 1.

3.2. Quality of reporting

Most studies demonstrated a high compliance rate
with the median value of 82.6%. The three most fre-
quently unreported items were storage conditions
(n=8), statistical criteria for including covariates to the
models (n=7), and methods for covariates inclusion
(n=6). Moreover, most studies published prior to 2014
did not disclose conflicts of interest. A detailed assess-
ment of each study’s reporting quality is presented in
Table S1.

3.3. Study characteristics

Population pharmacokinetics of azithromycin were con-
ducted in various populations including healthy volun-
teers [20,29-33], pregnant and non-pregnant women
with malarial infection [18] and other infections, for
example, respiratory tract infection, skin infection [19],
African postpartum women [34], Japanese patients with
respiratory tract infection [35], mechanically ventilated
preterm newborns [36], preterm newborns at risk of
Ureaplasma respiratory colonization [37] and paediatric
patients with various kinds of infection [17,38,39]. In
the majority of studies, azithromycin was orally admin-
istered, with only four studies utilizing data from intra-
venous infusion [36-39] and one study using data from
subjects receiving azithromycin eye drop [33]. Intensive
sampling was employed in most studies [18,20, 29-34],
while five studies used sparse sampling [19, 36-39],
and two studies utilized both intensive and sparse data
[17,35]. Most studies aimed to characterize the pharma-
cokinetics of azithromycin and identify potential factors
affecting its pharmacokinetics. Of these, one study
determined the pharmacokinetics of azithromycin trans-
ferred into breast milk in breastfeeding mother [34] and
the other one examined azithromycin pharmacokinetics
in tears, following single-dose topical administration
[33]. Five studies extended the developed model to
assess the pharmacokinetic-pharmacodynamic relation-
ships [20,33, 35,38,39]. Table 1 provides specific detailed
characteristics on each study.

3.4. Population pharmacokinetic analyses

Most studies reported absorption kinetics of azithro-
mycin as a first-order rate, except for two studies in
which mixed zero- and first-order absorption was
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Figure 1. A PRISMA flow diagram of the study identification.

employed, with the duration of zero-order absorption
of approximately 1.55h [18,34]. The estimated absorp-
tion rate constant (k,) ranged from 0.25 to 1.59h7,
with no significant predictors for this parameter.
Moreover, an absorption lag time of approximately
0.457-1.45h was observed in three studies [30,31,35].

In terms of distribution, azithromycin pharmacoki-
netics was characterized as a three-compartment
model in most studies (n=7) [17-20,31, 32,34], fol-
lowed by a two-compartment model in six studies
[29,33, 35-38]. While a one-compartment [39] and a
four-compartment model [32] were used to describe
azithromycin distribution in each of the study. One
study [31] incorporated specific tissue distribution such
as intracellular fluid of muscle, subcutaneous adipose
tissue, lung, and alveolar into the model. The volumes
of distribution of azithromycin in healthy and infected
adults and children ranged from 54.1 to 244.5L/kg.

While a substantially lower range of 14.9-17.4L/kg was
observed in preterm newborns.

Four studies [35,36, 38,39] evaluated the influence
of body weight on volume of distribution using allo-
metric scaling with an exponent of 1. Salman et al.
[18] reported an approximately 86% increase in vol-
ume of distribution in pregnant women. Given that
azithromycin is lipophilic, a higher volume of distri-
bution in pregnant women, whose lipid content is
higher, is expected [40]. The impact of blood cells,
i.e. white blood cells, platelets, and haemoglobin on
volumes of distribution was also assessed [39], none
of which significantly influenced the volumes of
distribution.

Elimination kinetics were explained with a first-order
rate in all studies. Azithromycin clearance (CL,,) in
preterm newborns, children, and adults ranged from
0.13 to 0.16, 1.16 to 1.27, and 0.96 to 3.69L/h/kg,
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Table 1. Continued.

*>

Samples /
subjects

(total
samples)

Mean weight (kg) £
SD (Median [range])
CQ 1g+AZ05g:

Sampling  Mean age (years) +
82.9+12.2

Sample size (male/

Bioassay

HPLC

Daily dose
0.5g PO x 3 days

(Median [range])
CQ 1g+AZ 0.5¢:

347+£12.2

SD

strategy

female)

70 (55/15)

Type of study

Study site
Thailand

Participant

Study 1D

(1,330)

19

Intensive

Prospective

Healthy volunteers

Chotsiri et al

19 PO x 3 days

2022 [20]

1.5g PO x 3 days

CQ1g+AZ1g:

83.9+15.1

CQ 1g+AZ 1g:
40.2+12.3

CQ 1g+AZ 2g:
77.6+13.8

CQ 1g+AZ 2g:
334+13.2

UPLC-MS/MS

Children with China Prospective 148 (74/74) Sparse (39 [9-72]) months  (14.4[7.5-24.5]) (254) 10mg/kg IV inf OD

Zhang et al

pneumonia

2024 [39]
AZ: azithromycin, BMI: body mass index, CQ: chloroquine, GA: gestational age, HPLC-MS: High-Performance Liquid Chromatography-Mass Spectrometry, IV: intravenous, LC-MS/MS: liquid chromatography-tandem mass

spectrometry, NR: not reported, OD: once daily, PNA: postnatal age, PO: per oral, UPLC-LCMS-MS: Ultra-Performance Liquid Chromatography Coupled with Tandem Mass Spectrometry, SD: standard deviation.

respectively. Weight was the most incorporated covari-
ate for CL,, [17,29, 35-39] and volumes of distribution
[35,36, 38,39], often utilizing an allometric function in
the final models. Age was also a significant predictor
for CL,, [35,39]. The impact of each covariate on CL,,
is illustrated in the forest plot (Figure 2). Investigated
covariates on azithromycin pharmacokinetic parame-
ters are summarized in Table 3.

In terms of statistical models, exponential relation-
ships were used to explain inter-individual variability
in all studies, while residual variability was mostly
described with a proportional relationship [18,19,
30,32, 34-37,39]. The magnitude of inter-individual
variability on the absorption rate constant (k,), azithro-
mycin clearance (CL,,), and central volume of distribu-
tion (V,) was notably wide, ranging from 26.2% to
110%, 3.04% to 122%, and <0.01% to 189%, respec-
tively. Table 2 summarizes software and estimation
methods utilized in model development, covariate—
parameter relationships of the final models, along with
statistical models as well as model assessment. Figure
3 illustrates the typical values of clearance of each
study.

All studies evaluated their models using basic inter-
nal (goodness of fit plots) and advanced internal
approaches, including bootstrap analysis, visual predic-
tive check and Jackknife method. Notably, one study
[38] assessed the model with an external approach
utilizing a dataset comprising 28 subjects.

Five studies applied the developed models for dos-
age recommendations. Muto et al. [35] reported that
AUC/MIC > 5h resulted in substantially high bacterio-
logical (95.8%) and clinical success (100%). Hassan
et al. [36] proposed that a dose of 20 mg/kg/day, dou-
ble the standard dose recommended for children,
administered for 3days, is required to achieve plasma
concentrations above the MIC,, for Ureaplasma spp. in
the respiratory tract of preterm newborns. Zheng et al.
[38] used Monte Carlo simulations to optimize dosage
regimens for CAP treatment. Using a target fFAUC/MIC
value of 3h obtained from Hassan et al’s study [36], a
loading dose of 15mg/kg followed by a maintenance
dose of 10mg/kg would result in 50% of paediatric
patients achieving the target PK/PD. Using the same
target fAUC/MIC, Zhang et al. [39] also proposed a
dosing scheme based on Monte Carlo simulation, cat-
egorized by four age and weight groups. A loading
dose ranging from 10mg/kg/day to 15mg/kg/day is
required to achieve the target. Given that azithromycin
has a long elimination half-life [15], a loading dose is
of importance to achieve early target attainment.
Moreover, Wu et al. [33] proposed that the optimal
dosage regimen for azithromycin eyedrops is
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Figure 2. Forest plot of the covariates influencing azithromycin clearance.

twice-daily instillation, based on the MIC thresholds of
2 and 4mg/L, and the target AUC/MIC ratio of 100.

4. Discussion

Population pharmacokinetics combined with Bayesian
estimation has played a crucial role in personalized
drug therapy in recent decades. Additionally, it allows
researchers to investigate possible factors that affect
the pharmacokinetics of drugs. To help individualize
drug dosage, several azithromycin PopPK models have
been created thus far, each having a unique model
structure and important variables. This is the first sys-
tematic review of azithromycin specifically aimed at
summarizing its key pharmacokinetic properties as
well as identifying sources of variability.

From classical pharmacokinetic studies, the absorp-
tion kinetics of azithromycin are classified as both
zero-order [41] and first-order processes [42]. In agree-
ment with this, most population pharmacokinetic
models identified that azithromycin absorption follows
a first-order process with a rapid absorption rate, rang-
ing from 0.25 to 1.59h~'. However, a mixed zero- and
first-order absorption model was identified in two
studies [18,34]. Azithromycin is a weak base, with a
pKa of 8.7 and 9.5 [43], therefore, it is rapidly dissolved
in the stomach, resulting in a saturated solution of the
drug in the stomach [41]. This zero-order process is
hypothesized to represent the gastric emptying time
of the drug into the small intestine.

Animal study [44] indicated that azithromycin is a
substrate for both Multidrug resistance-associated pro-
tein 2 (Mrp2) and P-glycoprotein (P-gp), and these two
drug transporters mediate azithromycin's excretion in
the intestines and biliary system. Co-administration of

azithromycin with drugs that induce or inhibit these
transporters may affect azithromycin bioavailability.
Nonetheless, this issue has not been investigated, and
future studies should be conducted to explore this
potential drug interaction. However, according to the
label, co-administration of azithromycin with nelfinavir
increased the mean area under the concentration-time
curve (AUC,_) and maximum concentration (C,,.,) by
approximately two times and close monitoring for azi-
thromycin side effects is warranted [45]. Moreover, He
et al. [46] have indicated that azithromycin may be
influenced by polymorphisms of the ABCBI1
(ATP-binding cassette B1) gene. However, no studies
have investigated such an effect. This aspect should
also be determined in a future population pharmaco-
kinetic study.

The reported volumes of distribution of azithromy-
cin in healthy and infected adults and children vary
widely, ranging from 54.1 to 244.5L/kg, which reflects
extensive tissue penetration. While preterm newborns
showed a much lower range of 14.9-17.4L/kg, which
could be explained by differences in developmental
physiology and body composition. Compared to adults
and children, newborns have a lower percentage of
body fat and a higher percentage of total body water.
As a result, lipophilic azithromycin may have less tissue
distribution in newborns.

It has been established that azithromycin levels in
breast milk are relatively low and are unlikely to cause
adverse effects in breastfed infants [47]. Nonetheless,
this evidence was based on small numbers of subjects
with only a single breast milk sample. Salman et al.
[34] have reported that even when a single dose is
administered during childbirth, the proportion of
infants whose azithromycin dosage via breastfeeding
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Table 3. Investigated covariates on azithromycin pharmacokinetic parameters.

AZ Blood Liver Renal  Concurrent
Study ID Age Body size Race Gender dose glucose CBC function function medication Other
Salman et al GA - - - N Hb - - - Fundal height,
2010 [18] pregnancy
status*, malarial
status, treatment
type (AZ+CQ,
AZ+SP)
Zhang et al GA* WT* - - - - Hb, platelet, ALT BUN, SCr -
2010 [29] WBC
Muto et al i WT* Vv v - - - - - - -
2011[35]
Hassan et al - WT* - - - - - - - - -
2011 [36]
Fischer et al  GA, mother - V* - V - - - Crcl N Fasting state, study
2012 [19] age site, pregnancy
status*, oral
contraceptive¥,
type of infection,
hepatic and renal
impairment
Dumitrescu NR NR NR NR NR NR NR NR NR NR NR
et al
2013 [30]
Sampson NR NR NR NR NR NR NR NR NR NR NR
et al
2014 [32]
Zhao et al J WT*, HT, v v v - - AST, ALT, adl - Study type (1 or 2)
2014 [17] BSA, bilirubin,
BMI, albumin
IDW,
LBW
Zheng et al NR NR NR NR NR NR NR NR NR NR NR
2014 [31]
Merchan GA WT* BSA, - v - - - - - - -
et al HT
2015 [37]
Salman et al GA, maternal Infant - - - - - - - - -
2016 [34] age birth
weight
Zheng et al v WT*, HT - v - - - AST, ALT*  BUN, SCr - -
2018 [38]
Wu et al v - - v - - - - - - Intraocular pressure,
2019 [33] tear secretion
Chotsiri et al v HT v v - - - - - - Treatment arm
2022 [20]
Zhang et al V* WT* - v - - WBC, ALT SCr -
2024 [39] platelets,
Hb

ALT: alanine aminotransferase, AST: aspartate aminotransferase, AZ: azithromycin, BMI: body mass index, BSA: body surface area, BUN: blood urea nitrogen,
CBC: complete blood count, CQ: chloroquine, CrCl: creatinine clearance, GA: gestational age, Hb: haemoglobin, HT: height, IDW: ideal body weight, LBW:
lean body weight, NR: not reported, SCr: serum creatinine, SP: sulphadoxine-pyrimethamine, WBC: white blood cell, WT: weight.

Covariates marked in bold with asterisks (*) indicate statistically significant effects.

Figure 3. The typical clearance values of each study.
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exceeds the recommended 10% safety limit may be
rather high. However, the risk of infantile hypertrophic
pyloric stenosis remains to be further investigated in a
large clinical trial.

Preterm newborns [36,37] had approximately 87.4%-
100% lower CL,, per kilogram body weight than chil-
dren [38,39], ranging from 0.13 to 0.16 and 1.16 to
1.27L/h/kg, respectively. This could be due to their
immature or inadequate biliary excretion routes, the
primary route of azithromycin elimination [10], which
may fully mature within the first year of life [48].
According to the lower CL,, in preterm newborns, close
monitoring for signs of toxicity, such as the potential
for proarrhythmic or gastrointestinal symptoms, is war-
ranted, especially when administering high doses.

Excluding notably high CL,, value of 3.69L/h/kg by
Zheng et al's study [31], the CL,, in healthy and
infected adults and children ranged from 0.96 to
2.25L/h/kg. The substantially high CL,, in Zheng'’s
study was obtained from a fixed literature value, rather
than being derived as a population-estimated parame-
ter, which may not capture the true CL,, value and
could introduce bias. Moreover, studies containing
pregnant women had slightly higher CL,, with the val-
ues of 1.91 [19] and 2.25L/h/kg [18]. Pregnant women
may experience several physiological changes, such as
increased cardiac output [49], resulting in enhanced
hepatic perfusion, and in turn higher metabolic and
biliary clearance. Nonetheless, the impact of pregnancy
on CL,; is not conclusive from the population pharma-
cokinetic studies, as Salman et al. [18] did not observe
a significant effect of pregnancy on CL,,. It should be
noted that only 29 pregnant women were included in
this study; thus, future research with a larger sample
size is advised to confirm the results. Fischer et al. [19]
found a 38% lower CL,, in non-African American preg-
nant women, but no significant effect of pregnancy on
CL,, was observed in African American pregnant
women. These ethnic differences may have partly con-
tributed to different P-gp expressions [50], which may
affect the biliary excretion of azithromycin. The same
magnitude of effect (38% lower CL,,) was observed in
women receiving oral contraceptives. These findings
suggested that a lower dosage regimen in non-African
American women during pregnancy or those receiving
oral contraceptives may be warranted to achieve the
same exposure. Even though, based on the forest plot
(Figure 2), such an impact is deemed of clinical rele-
vance, an azithromycin pharmacodynamic study during
pregnancy is recommended to provide definitive guid-
ance for dosage adjustment.

Body weight was the most commonly identified
covariate on CL,, using allometric scaling with the

exponent of 0.75, except for Zhang et al's study [29]
and Muto et al’s study [35], in which a linear and a
power relationship were utilized, respectively. The
impact of weight on CL,, was consistent across all
studies, indicating that higher body weight corre-
sponds to increased CL,,. This relationship may be
explained by the correlation between body weight
and the size of elimination organs.

The impacts of age on CL,, differ between paediat-
rics and adults. Muto et al. [35] reported a decrease in
CL,; with advancing age. Given that elimination organs
deteriorate with age, this effect is to be expected.
Nonetheless, such an effect corresponds to only a 4%
decrease in CL,, for a 20-year increase in patient age
over the range of 16-90years, which may not be of
clinical importance, and dosage modification may not
be warranted. This clinical implication is confirmed by
our forest plot (Figure 2), as the impact of age in
Muto’s study lies within 80%-125% interval. Supporting
these findings, the package insert [45] indicated that
the pharmacokinetic parameters of azithromycin in
elderly men were comparable to those observed in
young adults. In elderly women, despite a higher max-
imum concentration, no significant accumulation of
azithromycin was observed. It should be noted that
elderly individuals may be more sensitive to
QT-prolongation. Zhang et al. [39] observed a rise in
CL,, with age among children <6years, and this corre-
sponds to approximately a 4% increase in CL,, for a
1-year increase in patient age, which could be rational-
ized by developmental alterations in biliary drug excre-
tion observed in children [39,51].

Given that azithromycin is mainly excreted into the
bile, it is logical to explore the influence of impaired
liver function on CL,,. Such an impact has been exam-
ined in four studies [17,29, 38,39]; however, only one
study observed a significant reduction in CL,, of
approximately 24% in patients with alanine amino-
transferase (ALT) levels exceeding 40U/L [38]. The lack
of a significant effect of ALT on CL,, observed in other
studies could be attributed to the limited representa-
tion of subjects with elevated ALT levels. Even though
the forest plot (Figure 2) indicated a clinically signifi-
cant impact of elevated ALT levels on CL,, no dosage
adjustments are recommended for patients with
Child-Pugh Class A to C [15]. Thus, the decrease in
CL,; in patients with elevated ALT levels may not war-
rant dosage reduction. Additionally, none of the labo-
ratory values representing renal function had a
significant influence on CL,, [17,19, 29,38,39]. In agree-
ment with this, <15% of the azithromycin is eliminated
by the kidneys. Therefore, no dosage adjustment is
advised in subjects with renal impairment [45].



Population pharmacokinetic studies did not identify
significant impact of sex on azithromycin disposition
[17,20, 33,35, 37-39]. Consistent with these findings,
dosage modification based on gender is not recom-
mended [45].

It has been recommended that the PK/PD target
of azithromycin could be monitored using AUC,,/MIC
[15], and the target value depends on types of patho-
gen. Some studies proposed dosage regimens based
on simulations for paediatric patients [38,39] and for
azithromycin eyedrops [33]. So far, no simulation-based
dose recommendations were conducted in adults
and infants. This knowledge gap warrants further
studies. It is worth mentioning that variability in MIC
distributions may significantly influence dosing rec-
ommendations. This underscores the importance of
regional-specific MIC to be used in Monte Carlo
simulations.

Regarding safety, it was discovered that exposure to
azithromycin ~ was  inversely  correlated  with
treatment-related diarrhoea [35]. Further, Chotsiri et al.
[20] demonstrated that azithromycin did not exacer-
bate the concentration-dependent prolongation of the
PR, QRS, corrected J-T (JTc) and corrected Q-T (QTc)
intervals induced by chloroquine. However, this study
was conducted with 70 healthy volunteers. The risk of
developing QT prolongation may be different in
high-risk groups such as patients using drugs known
to prolong the QT interval, or patients with history of
QT prolongation [45]. In these high-risk groups, azith-
romycin use should be avoided.

This review is subject to certain limitations, notably
the inability to perform meta-analyses of pharmacoki-
netic parameters or meta-modelling, which results
from the significant heterogeneity across the popula-
tions used to develop models and the lack of access
to raw data. Further, relevant information published in
other languages was excluded from our study since
we solely retrieved English-language literature. Though
our finding is not deemed to be affected by the
absence of such data, given the English-language
studies were high-quality and representative.

5. Conclusion

Significant predictors for azithromycin pharmacokinet-
ics were identified in this review. Moreover, this review
emphasizes that newborns have significantly lower
CL,, per bodyweight than children and adults, which
may be related to their underdeveloped or inadequate
biliary excretion routes. Additionally, children require a
loading dose of azithromycin to achieve the ideal tar-
get AUC/MIC. Nevertheless, comparable studies
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evaluating the requirement for a loading dose in adults
have not yet been carried out. Finally, most studies did
not perform external validation of their models, and
this should be undertaken before using these models
in clinical practice.

6. Expert opinion

This systematic review is mainly focused on summariz-
ing the factors influencing azithromycin pharmacoki-
netic variability in various populations. It was identified
that age and body weight are significant predictors for
CL,,. This indicates that personalized dosage regimens
may be required, particularly in children for whom
weight-based dosing is recommended.

Further, though the impact of advancing age on
CL,, is not deemed of clinical importance in the
elderly, as only 6.5% reduction in CL,, is observed in
patients aged 90years compared to 60years [35], such
an impact is important in children aged <6years.
Based on Monte Carlo simulations, it is recommended
that in order to accomplish early target achievement,
a loading dosage categorized by age and body weight
of azithromycin is required [38]. Nonetheless,
model-based dosage recommendations have never
been reported for adults or infants. Moreover, those
reported for preterm newborns were specific for
Ureaplasma infection [36,37]. Dosage recommenda-
tions based on model-based simulations should be
further conducted for these populations and for other
types of infection.

A difference in CL,, among African and non-African
pregnant women was reported [19]. Nonetheless, the
impact of ethnic differences in other populations, such
as adult and paediatric patients, remains poorly
defined. This issue warrants further investigation.

Impaired liver function (ALT levels >40U/L) resulted in
a decrease in CL,, of approximately 24% in paediatric
patients [38]. However, the results of such an impact are
controversial among studies, indicating that dosage
adjustments might not be based primarily on this finding.
Additionally, the influence of elevated liver enzyme has
never been investigated in elderly populations, who are
susceptible to experiencing this phenomenon due to
underlying diseases or concomitant medications. Thus, it
is recommended that future studies should give special
attention to the impacts of hepatic impairment in the
elderly. Further, animal study [44] showed that azithromy-
cin is a substrate for both Mrp2 and P-gp transporters
that mediate excretion of azithromycin in the intestines
and biliary system. Therefore, drug interaction may exist
when azithromycin is co-administered with compounds
that induce or inhibit these two transporters. Nonetheless,
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this has never been explored. Future studies should inves-
tigate the impacts of drug interactions involving
azithromycin.

The clinical applicability of most models is limited by
the lack of external validation. Hence, it is advised that
these models be evaluated using external datasets
derived from the target population prior to implementa-
tion in clinical practice. Further, though some
simulation-based dosage recommendations are available,
little is known about the relationship between exposure
and safety outcomes, with only one study identified that
diarrhoea associated with azithromycin treatment was
shown to be inversely correlated with azithromycin expo-
sure [35]. This underscores the need for further evidence
in this area to better characterize the relationships
between exposure and safety outcomes of azithromycin.
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