Drug Design, Development and Therapy Dlovepress
Taylor & Francis Group

REVIEW

Significant Predictors of Azithromycin in
Population Pharmacokinetic Analysis:
A Systematic Review

Runcong Zhang'%*, Yuebin Fang®*, Yinhui Wang'?, Jing Fan'?, Weiming Yin''%, Weibin Fan'?,
Yuetian Yu2‘4’5, Bin Lin(®"%*

'Department of Pharmacy, Changxing People’s Hospital, Changxing, Zhejiang, People’s Republic of China; 2Key Laboratory of Intelligent Pharmacy and
Individualized Therapy of Huzhou, Changxing, Zhejiang, People’s Republic of China; 3Department of General Practice, Changxing People’s Hospital,
Changxing, Zhejiang, People’s Republic of China; *Key Laboratory of Multiple Organ Failure (Zhejiang University), Ministry of Education, Hangzhou,
Zhejiang, People’s Republic of China; *Department of Critical Care Medicine, Renji Hospital, School of Medicine, Shanghai Jiao Tong University,
Shanghai, People’s Republic of China

*These authors contributed equally to this work
Correspondence: Bin Lin, Department of Pharmacy, Changxing People’s Hospital, Changxing, Zhejiang, 313100, People’s Republic of China,

Tel/Fax +86-572-6267652, Email Ib_wzmc@ |26.com; Yuetian Yu, Department of Critical Care Medicine, Renji Hospital, School of Medicine, Shanghai
Jiao Tong University, Shanghai, 200127, People’s Republic of China, Tel/Fax +86-1381822701 |, Email fishyyt@sina.com

Abstract: Azithromycin is widely used to treat infections caused by susceptible bacteria and is the first-line treatment for mycoplasma
pneumonia in pediatric patients. However, in clinical practice, large between-patient variability has been observed. Several population
pharmacokinetic studies have been conducted to identify covariates and guide individualized therapy. This study evaluated published
population pharmacokinetic studies and explored the significant covariates. The PubMed, Embase, and Web of science databases were
systematically searched from their inception to 30 May 2024. Information on study design, characteristics, and final model parameters
was extracted and compared. Time—concentration curves and forest plots were used to examine pharmacokinetic characteristics and
identify covariates, respectively. Fifteen population pharmacokinetic studies were included in the review: three involved preterm
neonates, two involved children, two involved pregnant/non-pregnant women, and eight involved adults. The median apparent
clearance value was higher for adults (1.66 L/h/kg) than for children (1.28 L/h/kg) and preterm neonates (0.187 L/h/kg). For all
populations, body weight significantly influenced the apparent clearance and distribution volume. In children, age and liver function
influenced azithromycin clearance; whereas for women, clearance was reduced by 38% in case of pregnancy, non-African descent, and
oral contraceptive use. Azithromycin was shown to distribute across plasma, tissues, and cells, with notable concentration differences.
The azithromycin dose regimen is determined based on body weight. However, for children and women, additional predictors should
be considered for individualized therapy. Further azithromycin population studies of the dose—exposure-response relationship are
needed to achieve accurate dose adjustments.
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Introduction

Azithromycin (AZM), a second-generation macrolide antibiotic, is an erythromycin synthetic intermediate derivative
with a 15-membered lactone ring azalide parent structure. It was developed by Pfizer and then approved by the Food and
Drug Administration (FDA) for marketing in 1991." As a broad-spectrum antimicrobial, AZM is extensively used
worldwide for the treatment of acute bacterial exacerbations of chronic bronchitis, community-acquired pneumonia,
acute otitis media, acute bacterial sinusitis, and uncomplicated skin and skin structure infections.?> Recent clinical
studies have demonstrated its beneficial effects in chronic obstructive pulmonary disease,*® non-cystic fibrosis
bronchiectasis,”® and malaria.” " According to the latest World Health Organization (WHO) data, azithromycin ranks
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among the most frequently prescribed antibiotics globally.' Between 2020 and 2022, outpatient prescriptions for
azithromycin in the United States increased annually, reaching 34.9 million prescriptions in 2022."?

Similar to other macrolide antibiotics, AZM inhibits bacterial protein synthesis by binding to and interfering with the
assembly of the 50S large ribosomal subunit and growth of the nascent polypeptide chain.'*'® It also shows moderate
activity against the malaria parasite Plasmodium spp., with delayed killing achieved via the apicoplast.'” Other activities
of AZM include anti-inflammatory and immunomodulatory effects exerted through multiple pathways and mechanisms.'

In adults, the oral administration of 500 mg AZM results in low bioavailability (17-37%), with peak plasma
concentrations (0.2-0.4 mg/L) reached within 2—4 h.'®!? Higher peak concentrations (1.14 + 0.14 mg/L) are obtained
after intravenous administration. Plasma protein binding decreases from 51% to 7% when plasma AZM concentrations
increase from 0.02 mg/L to 2 mg/L, with a volume of distribution (Vg) of the drug of approximately 30 L/kg.>*® The
rapid blood-to-tissue distribution of AZM results in concentrations in plasma that are significantly lower than those in
blood, and in high concentrations in target tissues. The plasma half-life of AZM is approximately 70 h for oral and
50 h for intravenous formulations.'*' This pharmacokinetic characteristic of AZM accounts for the rapid achievement of
the desired drug exposure with less frequent administration. On the other hand, the longer half-life of AZM means that
patients receiving treatment have a longer duration of subinhibitory concentrations and are more susceptible to devel-
oping resistance once the administered dose fails to kill the target pathogen in its entirety.”> AZM is mainly eliminated
unchanged in the feces via biliary excretion, with only about 6% (oral dose) to 11% (24 h after the first intravenous dose)
recovered unchanged in the urine.'*%°

The pharmacokinetics (PK) of AZM vary considerably among different populations. Previous studies have shown
overexposure in preterm infants (~ 3.2-fold) compared with older children (aged 0.5-2 years)*-** but inadequate
exposure in pregnant women.”> Overexposure increases the risk of adverse reactions and interactions whereas inadequate
exposure increases the risk of drug resistance, such that drug concentrations should be carefully determined.*® It is
therefore critical to identify the factors that influence interindividual PK variability and to adjust the dose accordingly.

Population pharmacokinetics (PPK) describe the typical PK of the target population and identify factors that
contribute to the variability. In recent years, PPK has been increasingly integrated into clinical practice. Compared to
post-treatment interventions with empirical therapy and therapeutic drug monitoring, Bayesian forecasting and Monte
Carlo simulation based on PPK have enabled dose individualization and dose adjustment, both at the beginning of and
during treatment.?”-**

At present, several PPK studies of AZM have been conducted in different populations to identify covariates that
significantly affect the drug’s PK; however, there is still no systematic review summarizing and analyzing PPK model
data for AZM. In the following, we provide a review of published PPK studies and identify the significant covariates
affecting AZM PK. Our analysis can serve as the basis for the rational use of AZM and highlights the knowledge gaps

needing further research.

Methods

Search Strategy
The PubMed, Web of Science, and Embase databases were searched systematically for PPK studies of AZM, from their
inception to 30 May 2024, according to the principles of the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) statement.”” The following search terms were employed: “Azythromycin”, “Sumamed”, “Toraseptol”,
“Vinzam”, “CP-62993”, “CP 629937, “CP62993”, ‘Zithromax”, “Azitrocin”, “Azadose”, “Ultreon”, “Zitromax”,
“Azithromycin Dihydrate”, “Dihydrate, Azithromycin”, “Azithromycin Monohydrate”, “Monohydrate Azithromycin”,
“Goxal”, or “Zentavion” and “population pharmacokinetic*” “pharmacokinetic model*” “nonlinear mixed effect model”,
“NONMEM”, “WINNONMIX”, “P-PHARM”, “MWPHARM?”, “nlmixed”, “NLME”, and “MONOLIX.” The search
strategy is described in Table S1.

All studies identified from databases and other sources were screened to assess their eligibility. A study was
considered eligible if it met the following criteria: the study population was human; AZM was the study drug, regardless
of its formulation; and a non-linear mixed-effect modeling approach was adopted. A study was excluded if it met the
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following criteria: review article or use of modeling data from the literature; published in a language other than English;
and insufficient information on modeling to allow model reproduction. Two independent authors screened the titles and
abstracts, as well as the full text, of each article to determine their eligibility. Discrepancies were resolved by a third
senior investigator.

Data Extraction

The following information was extracted from all included articles using a standardized data collection method: study
design, including type of study, number of patients and observations, sampling design, dose regimens, research period,
and the country where the study was conducted; characteristics of the study population, including sex, weight, age, and
race; bioanalytical methods, including type of instrument, lower limit of quantification (LLQ), and methods for
determining concentrations below the LLQ; and information on the PPK model, including the data analysis software
and algorithm, the structural model, parameter estimates, covariates, between-subject variability (BSV), residual unex-
plained variability (RUV), model evaluation, and model applications.

Study Quality
To assess the quality of the included studies scientifically and systematically, detailed criteria were developed based on the

clinical PK and population PK-pharmacodynamics (PD) guidelines for writing and evaluating,**-!

as shown in Table S2.
There were five main evaluation criteria (title/abstract, background, methods, results, and discussion/conclusion), with a total
of 35 items. An included study that conformed with the content of an item was assigned 1 point (otherwise 0 points).

Compliance was used to evaluate the quality of each identified PPK study. The compliance rate was calculated using Eq. (1):

Compliance (%) = (sum of items reports/sum of all items) x 100% @)

Study Comparisons

Data on the characteristics of each study, including design, population characteristics, and PPK model information, were
put into standard tabular format for analysis and comparison. Based on the information from the PPK models of the
included studies, Monte Carlo simulations were used to draft time—concentration curves, with visual predictive distribu-
tion (VPD) plots used to explore differences in PK profiles among the different study populations.’**> Based on the
assumption that the predictive distribution of the simulated PK profiles of AZM sufficiently represented the features of
each model and its original data,* simulated concentration—time curves were compared with the corresponding literature
concentration distributions to assess the accuracy of the results.

The concentration—time profiles of preterm neonates (0.85 kg, postmenstrual age 26 weeks), children (20 kg, 6 years),
pregnant women (60 kg, 27 years), non-pregnant women (55 kg, 27 years), and adults (70 kg, 40 years) were plotted
according to the established PPK model and the cohorts in each study. Preterm neonates and children received 10 mg
AZM/kg; pregnant/non-pregnant women and other adults received 500 mg. Except for the group of pregnant and non-
pregnant women, a steady-state drug concentration was assumed for all patients, and all were modeled as male. Monte
Carlo simulations were conducted using NONMEM (version 7.5; ICON Development Solutions, Ellicott City, MD,
USA). R software (version 4.3.3; www.r-project.org) was employed for visualization.

Clearance (CL) is one of the most important PK parameters in patients treated with antibacterial drugs, as it
significantly influences drug exposure and individualized dosing. Therefore, the effects of the covariates on the CL in
each study were summarized and are presented as forest plots, generated using the “forestplot” add-on package in
R (version 3.1.3; https://gforge.se/packages/).

In studies with similar population characteristics, common continuous covariates were adjusted to the same range for
the purpose of comparison (eg, weight). For continuous covariates appearing in only one study, the reported range was
used. For binary covariates such as pregnancy, values of 0 and 1 were used. The reference values of CL were normalized
to the median covariate values in each study. The effect of the identified covariates on CL in each study was expressed as
the percentage of the range of the calculated CL divided by the reference value.”> CL was considered clinically
significant if < 80% or > 125%.%*

Drug Design, Development and Therapy 2025:19 heeps: 5711


https://www.dovepress.com/article/supplementary_file/519597/519597%20Revised%20Tables%20S1-S4.docx
http://www.r-project.org
https://gforge.se/packages/

Zhang et al

Results

Study ldentification

From the 434 studies initially identified in PubMed (319), Embase (6), and the Web of Science (109), 20 were eligible for full-
text screening; the others were duplicates or unrelated to PPK. Four studies were then excluded because they used data from
other reference models, and another was excluded due to missing PPK parameters. Thus, 15 studies were finally included in
this systematic review. The PRISMA flow diagram illustrates the screening and organization of the studies (Figure 1).

Study Quality

Except for three articles with compliance rates below 70%, all of the studies had rates above 70%, with a median of
77.1% (range: 65.7-88.6%). The low coincidence rate of several studies was due to the lack of relevant items, such as
items on PK data, methods for handling missing data, and methods used for base model evaluation. The quality analysis
of the included studies of AZM PPK is shown in Table S3.

Identification of studies via databases and registers
e\
Records removed before screening:
5 Records identified from: Duplicate records removed (n =49)
'§ Pubmed (n = 319) | Records marked as ineligible by
’3'3 Embase (n = 6) automation tools (n = 0)
§ Web of Science (n = 109) Records removed for other reasons
(n=0)
p— v Records excluded:
Irrelevant studies (n = 174)
Records screened > In vitro/ animal studies (n = 78)
(n =385) Non-PPK studies (n = 36)
Review studies (n = 38)
v Clinical trials (n = 39)
Reports sought for retrieval )
= Reports not retrieved (n = 0)
= (n=20)
[
L
(%]
»n
\4
Reports excluded:
Reports assessed for eligibility Use reference’s population model (n
—>
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Missing PPK parameters (n = 1)
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'
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3 (n=15)
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Figure | PRISMA flow diagram used to identify azithromycin (AZM) population pharmacokinetics studies.
Notes: PRISMA figure adapted from Liberati A, Altman D, Tetzlaff ], et al. The PRISMA statement for reporting systematic reviews and meta-analyses of studies that evaluate
health care interventions: explanation and elaboration. Journal of clinical epidemiology. 2009;62(10). Creative Commons.>®
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Study Comparisons
General Characteristics
Of'the 15 included studies, 8 were conducted in adult populations. Six of those studies were performed in healthy patients, and

three studies only enrolled males.’®** Two studies explored the PK profiles of AZM in pregnant/non-pregnant women.>>"*?

23,4445

The other five studies were conducted in preterm neonates born at approximately 26 weeks and in children 1-12 years of

4047 A sparse sampling strategy was employed in three studies,’’*'***® and intensive sampling in

age
nine, **-2336-38:3942444548 o1y Zheng et al*® employed a combination of sparse- and intensive sampling. In one study, the
sampling strategy was not reported.*’ With the exception of the study of Wu et al,*' in which AZM was administered as
eyedrops and the samples consisted of tears, in all studies blood samples were collected after oral or intravenous drug

administration. The characteristics of the included studies are detailed in Table 1.

Population Pharmacokinetic Studies

Seventeen PPK models were developed in the 15 studies, as Salman et al* and Fischer et al** developed separate PPK models
for pregnant and non-pregnant women. NONMEM and first-order conditional estimation with interaction (FOCE-I) were the
most commonly used software and algorithm, respectively.*’ A two-compartment or three-compartment model with first-
order absorption and elimination kinetics was used to describe the AZM PPK profiles in 13 of the 15 studies (86.7%); in the
others, one-compartment*’ and four-compartment®® models were used. The modeling strategies and final parameters of the
included studies are presented in Table 2.

In the VPD plots, virtual patients were categorized into two groups (plasma and non-plasma concentration groups)
according to the compartment concentration and corresponding dosing regimen. The plasma concentration group was
divided into five subgroups based on age, body weight, and dosing regimen; the non-plasma concentration group
included whole-blood, polymorphonuclear cells (PMNs), peripheral blood mononuclear cells (PBMCs), muscle inter-
stitial space fluid (ISF) and subcutis ISF, as shown in Figures 2 and 3. Virtual patients included preterm infants, children,
pregnant women, and adults, and the dosing regimen was divided into two modalities. Details on the groups of virtual
patients are provided in Table 3. With the exceptions of the pregnancy and non-pregnancy groups, all patients receiving
AZM monotherapy were defined as males, and the drug was assumed to have reached a steady-state concentration.

AZM plasma exposure varied widely among the different age groups, with peak concentrations of approximately
5 mg/L in preterm neonates and 2 mg/L in children. Similar concentration—time profiles were achieved in the pregnancy/
non-pregnancy groups and adult group of each study when the administered dose was the same. The concentration of
AZM in non-plasma compartments differed substantially across different tissues and cells, whereas in whole blood it was
similar to that in plasma. Non-plasma concentration—time profiles indicated that the AZM concentrations in PMNs and
PBMCs were thousands of times higher than those in plasma, while the concentrations in muscle ISF and subcutis ISF
were substantially lower than in plasma. In the included studies, when AZM was administered at therapeutic doses, its
CL varied significantly across different populations. The CL/kg estimated in the three studies of preterm neonates was
0.187, 0.217, and 0.156 (L/h/kg), respectively; in the two studies in children, it was 1.27 and 1.29 (L/h/kg), respectively,
with higher values estimated in pregnant/non-pregnant woman and in adults (median of 1.66 L/h/kg).

All of the studies, except those of Dumitrescu et al*® and Chotsiri et al,** identified potential covariates with respect to the
between-subject variability (BSV) of AZM PK by forward inclusion and backward elimination. However, three studies®>**!
failed to identify significant covariates. The covariates of CL and V, that were investigated and retained in the final model are
summarized in online Table S4. The covariates identified for CL included weight, age, pregnancy, lean body weight, alanine
aminotransferase (ALT), and co-administered medication. The effect of each covariate on CL is presented in the forest plot
(Figure 4).

The 10 studies identifying significant covariates found a significant effect of body weight on AZM CL; in 8 studies
(80%), the range of CL variation was > 20%. In the two studies that examined the effect of age on CL,>”*” the impact
was more clinically significant in children (range: 0.57—1.30) than in adults (range: 0.91-1.16). Zheng et al*® reported
that an ALT > 40 in the pediatric population reduced the CL of AZM by 24%. Fischer et al*’ showed that pregnancy,
non-African heritage, and oral contraceptive use reduced the CL of AZM by up to 38%. The most frequently reported
covariates that influenced AZM V4 were age and body weight.
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Table | Characteristics of Included Studies

Study Country Type of Patient Characteristics Number Number of Sampling Age(years) Mean  SD Weight (kg) Mean £ SD Dosage regimen Bioassay
(Publication (Single/ Study of Observations Schedule Median[Range] Median[Range] [LOQ] (ng/
Year) Multiple Subjects mL)
Centers) (M/F)
Salman et al Papua New Prospective Pregnant patient with malaria 60 NR 1s* PR: PR: Two 2 g doses were given 24 h apart UPLC-MS/MS
(2010)* Guinean (Female) A-Q26.9 + 4.1 A-Q:535 7.1 [2.5]
(Single) A-S:239 £ 5.1 A-S:56.4 £79
NPR: NPR:A-Q:51.4 + 54
A-Q:257 £58 A-P:51.9 £ 49
A-S27 £ 6.5
Zhang et al China Prospective Healthy 160 NR Is® 26.30 = 1.53 65.28 + 5.64 500 mg oral once only LC-MS/MS
(2010)* (Single) (Male) 31
Hassan et al UK Prospective Preterm neonates with ureaplasma 14 72 IS¢ 26 = | weeks 0.855 + 0.276 10 mg/kg intravenous once only LC-MS/MS
(011)% (Single) infection (717) [NR]
Muto et al Japan Prospective Patient with respiratory tract 559 4310 ss¢ 36 [16-90] 60 [30-100] 2 g oral once only HPLC
(o11)*” (Multiple) infections (203/356) [10.4]
Fischer et al USA Prospective Pregnant patient with community- 90 344 HEA: IS¢ HEA: 24 [21-32] HEA: 61 [45-84] 500 mg oral on day | and 250 mg HPLC
(2012)® (Multiple) acquired infections (Female) PR/NPR:SS’ PR: 28 [18-41] PR: 76 [47-178] daily on days 2-5 [10.3]
NPR: 33 [28-49] NPR: 67 [47-112]
Dumitrescu UK Prospective Healthy 12 NR IS8 29 [19-47] 73 [61.1-87.9] 500 mg oral once daily for 3 days LC-MS/MS
etal (Single) (Male) [2]
(2013)*
Viscardi et al USA Prospective Preterm neonates with ureaplasma 13 NR 1s¢ 25.6 + 1.2 weeks 087 +0.116 20 mg/kg intravenous once only LC-MS/MS
(2013)* (Single) infection (1073) [10]
Zhao et al Sub-Saharan Prospective Children patient with malaria; 219 1198 Groupl: SS" NR NR Group |: 30 mg/kg oral once daily LC-MS/MS
(2014)*° Africa; USA Healthy NR Group2: for three days [1o]
(Multiple) Is' Group 2: 500 mg oral once only
Zheng et al USA Prospective Healthy 6 NR Is}; ss~ 29.0 + 9.63 77.68 + 857 500 mg oral once daily NR
(2014)* (Single) (Male) for three days
Sampson et al USA Prospective Healthy 20 735 1s' 48.5[21-63] NR 250 mg or 1000 mg oral once only UPLC-MS/MS
(2014)%® (Single) (12/8) 21
Merchan et al USA Prospective Preterm neonates with ureaplasma 15 NR Is™ 26.2 £ 1.2 weeks 0.856 + 0.202 20 mg/kg intravenous once daily LC-MS/MS
(2015)* (Multiple) respiratory colonization (8/7) for three days [NR]
Zheng et al China Prospective Children with community-acquired 95 140 ss” 6.2 +26 23998 10 mg/kg intravenous once daily LC-MS/MS
(2018)* (Multiple) pneumonia (53/142) 59 [2.1-11.7] 21.5 [11.0-51.0] [10]
Wu et al China Prospective Patient with keratoconjunctivitis 42 84 Ss° 284 + 68 NR Eyedrop (25 mg/2.5 mL) once only LC-MS/MS
(2019)* (Single) (21/21) 26.5 [18—44] [51
Chotsiri et al USA Prospective Healthy 19 NR ISP 35+ 132 832 % 145 500mg or 1000mg or 1500 mg oral LC-MS/MS
(2022)42 (Single) (98/21) once daily for three days [10.4]
Zhang et al China Prospective Children with Community-acquired 148 254 NR 39.5 = 17.6 months 146 £ 3.4 10 mg/kg intravenous once daily UPLC-MS/MS
(2024)% (Single) pneumonia (74174) 39 [9-72] months 14.4 [7.5-24.5] [NR]

Notes: *Intensive sampling: 0, 1, 2, 3, 6, 12, 24, 32, 40, 48, and 72 h and on days 4, 5, 7, 10, and 14 post dose.’Intensive sampling: 0, 0.5, I, 1.5, 2, 3,4, 6, 8, 12, 24, 48, 72, 96 and 120 h post dose receiving a single dose.CIntensive sampling:
0-1, 14, 6-8, 24-48, 48-96, and 96—144 h post dose receiving a single dose.dSparse sampling: | and 3 h on day |, between 6 and 12 h on day |, and on day 4 post dose.Intensive sampling: prior to and 0.25, 0.5, 0.75, I, 1.5, 2, 2.5, 3, 4, 6,
8, 12, 24, 48, 72, and 96 h after last dose.fSparse sampling: 10 min to 1.5 h after any dose, 2 to 5 h after any dose, and 24 to 96 h after the last dose.8Intensive sampling: |, 2, 3, 4, 8, 24, 48, and 504 h after the last dose.hSparse sampling:
day0: —| to 0 h; day2: 3 h, 8 h post dose.'Intensive sampling: 0, 0.5, 1, 2, 3, 4, 6, 8, 12, 16, 24, 36, 48, 72 and 96 h post dose.Intensive sampling: 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 6, and 8 h after dosing on days | and 3, as well as at three defined
time points on days 5 and 10.“Sparse sampling: cells were determined at baseline and 2, 6, and 10 h after dosing on days | and 3, as well as at a single time point on days 5 and 10.'Intensive sampling: |, 2, 3,4, 6,9, 12, 16, 24, 48, 96, 144,
240, 336, and 504 h post dose.Intensive sampling: 1-2, 2—4, 6-8, 2548, 49—116, 96 and 120168 h post first dose."Sparse sampling: opportunistic sampling design was chosen to collect pharmacokinetic samples.°Sparse sampling: Tears
were sampled at seven time points: 0.17, 0.5, 2, 4, 8, 12, and 24 h after administration.’Intensive sampling: —| (predose), 2, 6, 23, 26, 30, 47, 49, 50, 51, 52, 53, 54, 56, 58, 60, 72, 96, and 120 h after the first dose.

Abbreviations: M/F, male/female; SD, standard deviation; LOQ, lower limit of quantitation; PR, pregnant; NPR, nonpregnant; HEA, healthy; A-Q, azithromycin coadministration with chloroquine; A-S, azithromycin coadministration with
sulfadoxine pyrimethamine; UPLC-MS/MS, Ultra Performance Liquid Chromatography Tandem Mass Spectrometry; LC-MS/MS, liquid chromatography-tandem mass spectrometry; HPLC, high-performance liquid chromatography; iv,
intravenous injection.
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Table 2 Modeling Strategies and Final Parameters of Included Studies

Study Software / Structural PK/PD Parameters and Formulas cBetween- Residual Unexplained Internal External Model
(Publication Algorithm Model Subject Variability Validation Validation Application
Year) Variability (N = Number of
(%) Samples)

Salman et al NONMEM 3CMT DUR | 1.55 76.9 31.2% Bootstrap NR NR
(2010)* /FOCE-| Ka 0.525 / GOF

VcIF | 384x(WT/70) 99.6 VPC

Vel 330%(WT/70) /

F(PR) | 158x(WT/70)°%7* 28.3

CL/F | 4080%(WT/70) 35.6

VellF | 325%(WT/70)°%7* /

Qi/F | 5040x(WT/70) /

VeolF | 66.4%x(WT/70)°°7° /

Qu/F
Zhang et al NONMEM 2 CMT K, 1.05 83.24 32.96% Jackknife NR NR
(2010)% /NR CL 121-0.0379%(60.43-WT) 14.59 GOF

Ve 1939-0.181 x(AGE-19.03) 0.0l

CL, | 282 29.73

Ve 5650 43.62
Hassan et al NONMEM 2 CMT CL 0.18xWT%7® 23.5 28.7% GOF NR Design
(2011)% /FOCE-I A 0.93 / dosing

Q 1.0 / regimen

A 14.2xWT 14.2
Muto et al NONMEM 2 CMT K, 0.725 110 30% Bootstrap NR NR
(01 1)*” IFOCE-I Thag 0.457 / GOF

CL/F | 103x(WT/70)°*°'7x(AGE/ 34

V. F 45)70-1¢6 43

V,/F 1830%(WT/70)' ®x(AGE/ /

QIF 45) 026 /

4340%(WT/70)
138%(WT/70)°%7%
(Continued)
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Table 2 (Continued).

Study Software / Structural PK/PD Parameters and Formulas cBetween- Residual Unexplained Internal External Model
(Publication Algorithm Model Subject Variability Validation Validation Application
Year) Variability (N = Number of
(%) Samples)

Fischer et al NONMEM 3CMT K, 0.8 / 32% Bootstrap NR NR
(2012)® /FOCE Thag 1.3 / GOF

CL/F | (134+RACEXPRx(-51) 36 VPC

Clp/ | +OCx(-51))x(LBW/50) /

F 401 86

Clpy/ | (120+RACEXPRx(-78)) 114

F 456 60

V.JF 1560 /

Vei/F | 16,100

VpalF
Dumitrescu et al | Phoenix NLME 3 CMT ka 1.06 58 & 24.6% Bootstrap NR NR
(2013)* /FOCE-I Thag 1.25 / £p: 20.8% GOF

Vpl/F | 452 100 VPC

Vu/F | 3001 /

VJF 2785 /

CLF | 115 /

CLy/F | l6.1 /

CLJF | 289 29.5
Viscardi et al NONMEM 2 CMT CL 0.21xWT7® 31 24.5% GOF NR Design
(2013)* /FOCE-| A 1.97xWT 86 VPC dosing

Q 2.1xWTo7? 39 regimen

v, 17.9xWT 39
Zhao et al NONMEM 3CMT K, 0.259 / 40.6% GOF NR NR
(2014)* INR CL/F | 100x(WT/70)°°73 31.3 VPC

V. F 186x(WT/70) 113

Q//F | 180%(WT/70)°°7® /

VoilF | 2890%(WT/70) /

QyF | 106 /

Vool | 2610 /
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Zheng et al NONMEM 3CMT Thag 1.45 17.6 Plasma: GOF NR NR
(2014)% IFOCE-I Ka 0.88 / 0.14% Bootstrap

CLF | 258 29.3 35.2 ng/mL

V/F 160 168.3 MISF:

VelF | 1190 / 0.14%

QF | 207 / 0.51 ng/mL

VeolF | 9721 / SFT:

Q,/F | 10l / 0.34%

Kin 0.16 0.22 Ix107® ng/mL

Koue 0.15 / PML:

Kon 0.56 / 0.23%

Ko 0.05 / X107 ng/mL

DFmise | 0.55 26.9

DFger | 0.25 315

DFpp | 52 0.22
Sampson et al Phoenix NLME 4 CMT Thag 0.41 / Blood: GOF N=44 NR
(2014)* /FOCE-| K, 0.53 41 47% Bootstrap

CLF | 67.3 122 PBMCs: NPDE

VIF 336 51 74% VPC

VofF | 0.62 53 PMN's:

ValF | 2.96 / 64%

Vo4lF | 4597 75

CLiy/ | 90 /

F 0.0091 75

ClLyo/ | 267 /

F 0.026 /

CLis/ | 732 /

F 36.6 114

CLys/

F

CL4/

F

CLy//

F
Merchan et al NONMEM 2 CMT CL 0.15xWT075 58.1 28% GOF NR NR
(2015)* /FOCE-I A 1.88xWT 78.2 VPC

Q 1.79xWTO7® 64.3

v, 13.00xWT 78.1

(Continued)
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Table 2 (Continued).

Study Software / Structural PK/PD Parameters and Formulas cBetween- Residual Unexplained Internal External Model
(Publication Algorithm Model Subject Variability Validation Validation Application
Year) Variability (N = Number of
(%) Samples)
Zheng et al NONMEM 2 CMT CL 27.8X(WT/21.5)°%7*xFyq. 32.1 5.7% GOF N=28 Design
(2018)* /FOCE-I Ve 39.5%(WT/21.5) 84.9 Bootstrap dosing
Q 55.7x(WT/21.5)°°7* 51.6 NPDE regimen
\A 377x(WTJ/21.5) /
Wu et al Phoenix NLME 2 CMT CL 0.219 122 100% Bootstrap NR Design
(2018)* /FOCE-I A 2.86 189 VPC dosing
Q 1.12 95.9 GOF regimen
\A 28.7 85.1
Chotsiri et al NONMEM 3 CMT F | F:21.5 1.94% Bootstrap NR NR
(2022)* INR K, 1.59 /14.9(iov) VPC
CL/F 101 K. 59.4 GOF
Vc/F 451 /51.0 (iov)
Q\/F 80.6 CL/F: 14.8
Ve /F 2510 VJ/F: 49.6
Qu/F 343 Qy/F: 30.1
VpolF 824
Zhang et al Phoenix NLME | CMT CL 1.3%(AGE/39)°% " x(WT/ 6.19 24.31% Bootstrap NR Design
(2024)* /FOCE-ELS \Y 14.4)°073 3.04 VPC dosing
46.8 x (WT/14.4) GOF regimen
Q-Q

Abbreviations: PR, pregnant; WT, body weight (kg); OC, oral contraceptives; LBW, lean body weight (kg); MISF, muscle inter stitialspace fluid; SFT, subcutaneous fat tissue; PML, polymorphonuclear leukocytes; PBMCs, peripheral blood
mononuclear cells; PMNs, polymorphonuclear cells; Fyy., scaling factor applied for patients with impaired hepatic function; iov, inter-occasion variability; €, Residual error to plasma compartment; &, Residual error to blood cell
compartment; CMT, compartment; FOCE, first order conditional estimation; FOCE-, first-order conditional estimation with the interaction; GOF, goodness-of-fit plot; VPC, visual predictive check; NPDE, normalized prediction
distribution errors; Q-Q, quantile-quantile plot; F, relative bioavailability (%); K,, absorption rate constant (L/h); DUR, duration of infusion; T,g, absorption lag time (h); Ki,, rate constant for unbound AZM uptake into tissue ISF or for
unionized AZM in plasma uptake into PML; K, rate constant for the reverse process described for K;,; Ko, and Kqg, Ko, and Ko rate constants, respectively, for nonspecific tissue binding in the tissue/PML.CL, apparent clearance (L/h);
CL/F, apparent clearance after oral administration (L/h); CL,, inter-compartmental clearance to tissue compartment (L/h); CLy, inter-compartmental clearance to blood cell compartment (L/h); CLp,: apparent clearance of the peripheral
compartment | (L/h); CLp//F: apparent clearance of the peripheral compartment | after oral administration (L/h); CLp,: apparent clearance of the peripheral compartment 2 (L/h); CLg,/F, apparent clearance of the peripheral
compartment 2 after oral administration (L/h); CLp3/F, apparent clearance of the peripheral compartment 3 after oral administration (L/h); CL,,/F, apparent clearance of the central to peripheral 2 after oral administration (L/h); CL,3/F,
apparent clearance of the central to peripheral 3 after oral administration (L/h); CL,4/F, apparent clearance of the central to peripheral 4 after oral administration (L/h); CL4,/F, apparent clearance of the peripheral 4 to central after oral
administration (L/h); Q, inter-compartmental (central-peripheral) clearance (L/h); Q/F, inter-compartmental (central-peripheral) clearance after oral administration (L/h); Q,, inter-compartmental (central-peripheral 1) clearance (L/h); Q,
/F, inter-compartmental (central-peripheral 1) clearance after oral administration (L/h); Q,, inter-compartmental (central-peripheral 2) clearance (L/h); Q,/F, inter-compartmental (central-peripheral 2) clearance after oral administration
(L/h); V, apparent volume of distribution (L); V/F, apparent volume of distribution after oral administration (L); V., volume of distribution of the central compartment (L); V/F, volume of distribution of the central compartment after oral
administration (L); V,, volume of distribution of the peripheral compartment (L); V,/F, volume of distribution of the peripheral compartment after oral administration (L); Vi, volume of distribution of the peripheral compartment | (L);
V,1/F, volume of distribution of the peripheral | compartment after oral administration (L); V;,, volume of distribution of the peripheral compartment | (L); V2/F, volume of distribution of the peripheral 2 compartment after oral
administration (L); V,3/F, volume of distribution of the peripheral 3 compartment after oral administration (L); V,4/F, volume of distribution of the peripheral 4 compartment after oral administration (L); V,,./F, intel-compartmental volume
to plasma compartment (L); Vp/F, inter-compartmental volume to blood cell compartment (L); V,/F, inter-compartmental volume to tissue compartment (L).
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(A\) preterm neonates:0.85 kg, 26 weeks

Hassan et al. (2011) ® Viscardi et al. (2013) “ Merchan et al. (2015)“
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Figure 2 Concentration—time profiles of AZM in (A) preterm neonates, (B) children, (C) pregnant women, (D) non-pregnant women, and (E) adults in the retrieved
studies. The solid line represents the median of the simulated concentration—time profiles, and the light shadows are the 1090 percentiles of those profiles. All patients
were assumed to be male except for those in the pregnancy/non-pregnancy group. Preterm neonates and children received AZM intravenous monotherapy at a dose of
10 mg/kg while pregnant/non-pregnant women and other adults received oral AZM monotherapy at a dose of 500 mg.
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Figure 3 Non-plasma concentration—time profiles of AZM in adults according to the retrieved studies. The solid line represents the median of the simulated concentration—
time profile, and the light shadows are the 10%-90% percentiles of those profiles. All patients were assumed to be male and received AZM monotherapy at a dose of 500 mg.
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12 24 36 48

Zheng et al. (2014) ©

Subcutis ISF

Abbreviations: PMNs, polymorphonuclear cells; PBMCs, peripheral blood mononuclear cells; ISF, interstitial space fluid.

All studies used exponential models to describe BSV. The median (range) BSV was as follows: CL, 31.15%
(6.19-122.00%) (n = 14); V4, 84.90% (0.01-189.00%) (n = 13); and K,, 59.40% (41.00-110.00%) (n = 5). The residual
unexplained variability (RUV) described by the proportional models typically ranged from 1.94% to 74.00%, with

substantial differences between the various compartment models.

Table 3 Charcateristics of Virtual Patients and Dosing Regimens

Group Subgroup Weight (kg) | Age (Years) | Dosing Regiment
Plasma concentration Preterm neonates 0.85 26 weeks 10 mg/kg once
Children 20 6 10 mg/kg once
Pregnant women 60 27 500 mg once
Non-pregnant women 55 27 500 mg once
Adults 70 40 500 mg once
Other concentration Adults 70 40 500 mg once

5720
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Hassan et al. (2011) * r

Viscardi et al. (2013) * Preterm neonates

(0.6-1.2) [kg]

Children
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Zheng et al. (2018) *
Zhang et al. (2024) ¥ Weight n

Zhang et al. (2010) *
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Muto et al. (2011) | (40-100) [kg]
Zhao et al. (2014) *® |
25 Pregnant women
Salman et al. (2010) . | (45-90) [kg]
Fischer et al. (2012) * LBW |
Children
Zhang et al. (2024) ¥ (2-156) [months]
Age | Adult
Muto et al. (2011) ¥ | (18-80) [years]
Fischer et al. (2012) © Pregnant (Y/N) |
Zheng et al. (2018) * ALT<=40 [U/L] (Y/IN)
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Fischer et al. (2012) ©® (YIN) |
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Fischer et al. (2012) “° oral contraceptives (Y/N) |
| | UL | | |
0 05 08 1 125 2 25

Figure 4 Effects of covariates for the apparent clearance (CL) of AZM. The horizontal bars represent the effect of covariates on the CL according to each study. The typical
CL in each study was considered to be |. The x-axis refers to the effect of each identified covariate on CL, expressed as the ratio of the value of CL in the range of each
covariate and the typical value of CL. The shaded area ranges from 0.8 to 1.25. N, no; Y, yes.

The internal evaluation methods for the models in the examined studies primarily included goodness-of-fit (GOF)
plots, visual predictive checks, normalized prediction distribution error (NPDE), quantile-quantile (Q—Q) plots, and
bootstrap. Each study employed at least one of these methods to assess the accuracy and robustness of the final model.
Additionally, two studies demonstrated strong predictive performance of the final model through external validation
using independent datasets.

. . 23.41,44,46,47
Five studies™ " "™

performed model-based simulations in adults, but another study*' did not give the corre-
sponding simulated dose. In the studies of preterm neonates by Hassan et al*> and Viscardi et al,** a dosage regimen of
20 mg AZM/kg/d x 3 days was found to be sufficient to maintain AZM plasma levels above the minimum inhibitory
concentration required to inhibit the growth of 50% bacteria (MICs,) (1 mg/L). For children, Zheng et al*® recommended
dose adjustments based on liver function as follows: for ALT < 40, a loading dose of 15 mg/kg/d and a maintenance dose
of 10 mg/kg/d; and for ALT > 40, a 15% reduction in the AZM dose. Zhang et al*’ recommended dose adjustments

according to age and body weight.

Discussion
AZM, a second-generation macrolide antimicrobial drug, is used in the treatment of infections and is the first-line drug
for mycoplasma pneumonia in pediatric patients. The dose—exposure-response relationship of AZM has been intensively
investigated with the aim of achieving individualized therapy. However, although several PPK studies have been
published, the sources of PK variability were unclear. This review is the first to summarize currently available PPK
studies of the covariates that significantly influence AZM exposure.

We performed a systematic initial screening of literature across three major medical databases in accordance with
predefined search strategies. The preliminary results underwent secondary screening based on inclusion/exclusion

Drug Design, Development and Therapy 2025:19 heeps: 5721
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criteria, and the remaining studies were included after quality assessment (Table S3, Compliance >60%). The screening
and quality assessment processes ensured the validity and rigor of the included literature, establishing a solid foundation
for the subsequent review analysis. Furthermore, this methodology enhances the quality of evidence and strengthens the
reliability of the findings.

All studies conducted in adult patients treated with oral AZM showed similar concentration—time profiles for patients
with the same demographic characteristics. The large differences in PK between children and adults could be attributed to
the fact that adults are administered AZM orally, whereas in children it is administered intravenously, which results in
higher exposure.”?* Preterm neonates were more highly exposed than children injected with the same dose of AZM. As
AZM is mostly eliminated by the biliary route, bile secretion in adults is approximately 600 mL/day, whereas no real data
are available for children and preterm infants, but it is clear that they are significantly lower than adult levels.>® Preterm
neonates producing less bile than term infants due to the weaker development of the gallbladder in preterm neonates than
term infants.”*' This may be one of the reasons for the above pharmacokinetic differences. In addition, a sequential
increase in Vy/kg in preterm infants, children, and adults can lead to this phenomenon.

Body weight was the most significant covariate affecting the PK of AZM in patients. In 10 studies,*>°-¢37-39-43-47
total CL increased with increasing body weight, with 9 of those studies indicating a considerable change (> 20%).
Therefore, the AZM dose should be adjusted according to body weight in both lean and obese patients to ensure efficacy
and safety.

Muto et al*” and Zhang et al*” included age as a significant covariate affecting the CL of AZM. In Muto et al’s study,
the impact of age on CL was between 0.8 and 1.25 (Figure 4) and thus of no clinical significance. The contrasting
findings of Zhang et al’s study may be related to its inclusion only of children 1-6 years of age. In this age range, as the
gallbladder grows and develops in children, there is a subsequent increase in bile production, which leads to changes in
the CL of AZM.’*>* Zheng et al*® identified ALT as a significant covariate affecting AZM PK in children, such that
impaired liver function could reduce the biliary secretion of AZM into bile, thereby increasing the plasma concentration.
Existing studies fail to adequately address both adolescent (10—19 years) and elderly patients (>65 years) populations,
creating an evidence gap that demands targeted research to quantify age-dependent effects.

Fischer et al*® reported racial variability in the effect of pregnancy on AZM PK. In Asian, Caucasian, Hispanic, and
Pacific Islander women, AZM CL/F and CLp_p,/F were 38.05% and 65.00% lower, respectively, than in women who
were not pregnant and not using oral contraceptives.*’ This may reflect the significant increase in estrogen levels during
pregnancy, which increases AZM bioavailability and decreases hepatobiliary excretion.™ >’ In African-American
populations, Fischer et al** and Salman et al*® showed no effect of pregnancy on AZM CL. The only significant
relationship identified by Salman et al in their PPK analysis was between pregnancy and V/F,>> with the latter being
86% higher, attributable to the increase in plasma volume during pregnancy.’® Thus, in clinical practice, the effects of
race and pregnancy need to be considered in determining the dose of AZM.

The coadministration of oral contraceptives in nonpregnant women also influenced the AZM CL/F, producing
a decrease comparable to that occurring during pregnancy in women of non-African American ancestry.*> This

phenomenon has been described for other drugs®”®°

and is most likely related to the fact that the main ingredient in
contraceptives is estrogen. Other studies have shown that the co-administration of AZM with chloroquine has no
significant effect on its PK.

Three studies>4%48

reported differences in AZM concentrations across different compartments. Concentration in
PMNs and PBMCs were 1,000 times higher than in plasma, whereas those in subcutis ISF and muscle ISF were only
a few tenths of the plasma concentration. After multiple doses, AZM accumulates in acidic cell compartments (PMNs
and PBMCs), with its subsequent slow release being responsible for its long terminal half-life®' but also contributing to
increased drug resistance. Due to the long half-life of AZM, if the pathogen is not eradicated and cleared within a short
period, it remains exposed to sub-therapeutic concentrations for an extended duration, which significantly increases the
risk of resistance development. Zheng et al*’ recommended that oral AZM for the prevention and treatment of skin and
skin structure infections should be prescribed with caution. In the treatment of other infections, timely dose adjustments

are necessary to rapidly eradicate the pathogen, or AZM should be combined with other antimicrobial agents.
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This review included one population PK/PD study.*” A previous study suggested that a clinical exposure—efficacy
relationship of AZM could be characterized using the area under the curve AUC/MIC as a population PK/PD index.%? In
the population PK/PD study, the percentage of bacteriological and clinical success was much higher in patients with an
AUC/MIC > 5 than in those with an AUC/MIC < 5, and a negative association was determined between the AZM AUC
and the incidence of diarrhea.>” Additional prospective population PK/PD studies are needed to develop a comprehensive
perspective on the dose—exposure—response relationship. Due to the widespread use of AZM in pediatric populations,
PK/PD studies using AUC/MIC as a pharmacodynamic index are more urgent. In addition, the concentration of AZM
should not be limited to blood the concentration, but should also include the concentration in target tissues, and such
studies can effectively promote the individualization of AZM treatment in pediatric populations.

Limitations

Our systematic review had the following limitations: (1) The inclusion of only English language literature may have
missed some of the high quality non-English language literature and would have resulted in some statistical differences in
terms of geography and ethnicity; (2) the population PK/PD model was not examined in, it was only briefly considered in
the Results and Discussion sections; (3) comparing pharmacokinetic models using standardized virtual populations with
identical covariates across age groups may obscure inherent population characteristics in each original model.

Conclusions

Our review of published PPK studies of AZM showed that the PK of AZM differs between adult and pediatric patients,
with a lower CL in preterm neonates and children. Our results support the dosing of AZM according to body weight, but
the effects of age and liver function in children, as well as pregnancy, race, and contraceptive effects in women, should
also be considered. AZM dose—exposure—response determination through additional studies will facilitate individualized
therapy and reduce drug resistance.
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