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Abstract

Background: In the era of problems with resistant bacteria strains, pharmacokinetic (PK)
modelling offers ways to optimise antibiotic therapy and minimise the risk of resistance
development. This bibliometric study aimed to investigate trends in PK modelling stu-
dies. The goal was to provide researchers with comprehensive insight and identify future
needs.
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Methods: We used Bibliometrix, VOSviewer, and CiteSpace to analyse Web of Science
articles on antibiotic PK modelling from 1983 to March 2023.

Results: We analysed 968 papers following the inclusion criteria and built a keywords
co-occurrence map and timeline. The average annual growth rate of subject-related
publications was 35.56% between 1983 and 2022, maintaining a continuous upward
trend. Roberts J.A,, Lipman J., and Wallis S.C. are the three most productive and im-
pactful authors (82, 57, 34 articles, and h-index of 30, 25, 15, respectively). The United
States leads in this field of research (29.13% of papers). The most relevant affiliations are
the University of Queensland, Royal Brisbane and Women's Hospital, and Monash Uni-
versity. The top three most productive and impactful journals are Antimicrobial Agents
and Chemotherapy, Journal of Antimicrobial Chemotherapy, and International Journal
of Antimicrobial Agents (181, 83, 47 articles and h-index of 42, 30, 18, respectively). Most
articles by keyword clustered on meropenem, vancomycin, and amikacin. Moreover,
therapeutic drug monitoring, resistance, antibiotic dosing, target attainment, the in-
tensive care unit, and paediatrics are the most trending aspects.

Conclusions: Given the results of this study, we expect to see a steady increase in inter-

est in exploiting the potential of PK modelling for optimising antibiotic therapy. CORRESPONDING AUTHOR:

Arkadiusz Adamiszak, Department of Clinical Pharmacy
and Biopharmacy, Poznan University of Medical
Sciences, Poland,

e-mail: arkadiusz.adamiszak@student.ump.edu.pl

Key words: bibliometrics, PK modelling, pharmacometrics, antibiotic therapy,
bacterial resistance, Monte Carlo simulations.

Antimicrobials are essential medicines needed tions, especially infants and children, and patients

for a basic healthcare system. However, develop-
ing antimicrobial resistance threatens the effective
use of many antimicrobials, causing a severe global
challenge [1, 2]. To overcome this, modern statistics
and pharmacokinetics concepts are used to estab-
lish more directed dosing for a particular problem
(given the patient and disease) [3]. Such a pharma-
cokinetic (PK) approach is included in the European
Medicines Agency (EMA) guidelines for evaluating
medicinal products, and it can also serve as a guide-
line for performing basic research involving phase IV
clinical trials [4]. The spread of antibiotic resistance,
as well as the insufficient knowledge about individ-
ualised, proper dosages in various patient popula-

with organ failure, such as the intensive care unit
population, prompts the search for rational and ef-
fective methods of optimising pharmacotherapy
and selecting factors contributing to the increased
resistance to treatment [3, 5]. In the case of anti-
infective therapy, implementing PK principles
makes it possible to determine the optimal dosing
regimens of antimicrobials, which may lead to de-
creased bacterial resistance [6-8].

Validated PK models can be used to calculate
antibiotic doses through Monte Carlo simulations
that integrate pharmacokinetics, pharmacody-
namics and microbiological data [9]. Simulation
data enable us to predict the percentage of pa-
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tients achieving PK/pharmacodynamic (PD) targets
of antibiotic treatment for different dose regimes
[10]. This type of Monte Carlo simulation is called
the probability of target attainment (PTA). The cu-
mulative fraction of response (CFR) method could
be used to determine empirical therapy. CFR used
expected population PTA values, data about mi-
croorganisms, and characteristic dosing schedules
based on the population distribution of minimum
inhibitory concentrations (MICs). It allows the prob-
ability of antibacterial therapy regimen success to
be calculated in the absence of a specific MIC value
[11]. This approach makes it possible to develop
safe and effective antibiotic dosing, minimising the
risk of subtherapeutic concentrations and conse-
quently reducing the chance of inducing bacterial
resistance [11, 12].

Bibliometric research provides a relatively quick,
quantitative analysis of the available literature
[13, 14]. It is a method used to examine medical lite-
rature, allowing the identification of current trends and
new directions in a particular area of medicine [14].
By analysing all publications fulfilling the inclusion
criteria simultaneously, the bibliometric analysis
provides a comprehensive view of an issue, making
it more objective [13]. Despite its widespread use in
the medical sciences, to our knowledge, this is one
of the first, if not the first, bibliometric analyses fo-
cusing on the PK modelling of antibiotics.

Our study aimed to evaluate and summarise
previous PK modelling studies of antibiotics con-
ducted between 1983 and March 2023. Our com-
prehensive investigation, including authors’ scien-
tific backgrounds, affiliations, countries, journals,
keywords, co-citations, and individual publications,
will allow future researchers to more easily identify
the gap in previous research and notice the poten-
tial of PK modelling.

METHODS
Search methodology and database

We used the Web of Science (WoS) subscription
from Clarivate Analytics to search for publications
relating to antibiotic PK modelling in March 2023.
We initially identified 1,276 relevant articles using
this query: TS = ((“PK modeling” OR “PK modelling”
OR “pharmacokinetic* modeling” OR “pharmacoki-
netic* modelling” OR “pharmacokinetic* model*” OR
“PK model*” OR “population* pharmacokinetic*” OR
“population* PK") AND antibiotic*)

Then, using the available WoS filters, we nar-
rowed the search to English-language articles, ex-
cluding proceeding papers, early access papers, and
book chapters, identifying 968 publications from
1983 to March 2023. We detected no duplicates.

Data extraction

Due to the risk of retrospectively adding articles
to WoS, we performed the data extraction process in
one sitting. We obtained complete publication data
with cited references. Given the restriction allowing
up to 500 records to be downloaded simultane-
ously, we extracted two files, which we manually
combined into one. According to the requirements
of the respective programs, we chose the “plain text
file” format for Bibliometrix (R library version 4.1.2,
K-Synth Srl, University of Naples Federico Il, Naples,
Italy) [15] and CiteSpace (version 6. 1.R6, Chaomei
Chen) [16], and the “tab delimited” format for VOS-
viewer (version 1.6.18, Nees Jan van Eck and Ludo
Waltman, Leiden University, Leiden, the Nether-
lands) [17]. We used the Microsoft 365 Excel aca-
demic licence (Microsoft, Redmond, Washington,
USA) to summarise the bibliometric data obtained.

Data analysis

We used Bibliometrix [15] and Microsoft 365 Excel
to analyse and report: publication frequencies, coun-
try, organisation, journal, and author data, h-index,
citations, and authors’keyword occurrence. The coun-
try was attributed according to correspondence au-
thor affiliation. We used authors’keywords, originally
provided with the manuscript, to eliminate bias re-
lated to their automatic assignment by the WoS data-
base.VOSviewer[17] allowed us to assess and visual-
ise keyword co-occurrence (54 of the 1,410 keywords
met the threshold set as at least ten keyword occur-
rences). In turn, we analysed reference co-citations us-
ing CiteSpace[16]. Using a scale factor equal to 25 and
a timeframe from January 2000 to December 2022,
the software qualified 870 records with a centrality
of 925 nodes and 3,479 links.

RESULTS
Publications about antibiotic PK modelling
Following the inclusion and exclusion criteria,
we selected 968 articles for bibliometric analysis.
The citation count for all articles was 22,240 (20,115
without self-citations), while the average citation per
publication was 22.98.The overall h-index was 65. Data
about the ten top-cited articles are shown in Table 1.
The articles analysed were published between
1983 and 2023, and the average annual growth rate,
excluding the incomplete year 2023, was 35.56%.
The three most productive years were 2019, 2021,
and 2022, with 102, 95, and 87 papers, respectively.
A detailed distribution is shown in Figure 1.

Publication countries
The United States of America (USA) was the
most productive country, with 282 publications



Antibiotics pharmacokinetic modelling: bibliometric analysis

TABLE 1. Most globally cited papers about antibiotic pharmacokinetic modelling
Paper DOI TC TCperyear | Normalised TC
[32] Forrest A, et al., 1993, Antimicrob. Agents Chemother. 10.1128/AAC.37.5.1073 899 29.00 7.29
[39] Preston SL, et al., 1998, JAMA 10.1001/jama.279.2.125 499 19.19 7.38
[40] Gilks WR, et al., 1995, J. R. Stat. Soc. C-Appl. 10.2307/2986138 368 12.69 2.82
[30] Tsuji BT, et al., 2019, Pharmacotherapy 10.1002/phar.2209 368 73.60 26.21
[33] Goncalves-Pereira J, et al,, 2011, Crit. Care 10.1186/cc10441 255 19.62 5.44
[41] Ambrose PG, et al., 2001, Antimicrob. Agents Chemother. | 10.1128/AAC.45.10.2793-2797.2001 246 10.70 2.99
[26] Roberts JA, et al., 2009, J. Antimicrob. Chemother. 10.1093/jac/dkp139 242 16.13 5.14
[42] Mouton, JW, et al., 1994, Antimicrob. Agents Chemother. 10.1128/AAC.38.5.931 230 7.67 3.58
[34] Shekar K, et al., 2012, J. (rit. Care 10.1016/j.jcrc.2012.02.013 188 15.67 3.62
[43] Pai MP, et al., 2007, Pharmacotherapy 10.1592/phco.27.8.1081 186 10.94 4.28
DOl — document object identifier, TC — total citations
representing 29.13% of all identified articles. 120
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The USA research centres published most fre-
quently in collaboration with other foreign cen-
tres (265 publications), among other countries. In
second and third place were Australia and France,
with 198 and 117 articles, respectively. The most
extensive collaboration between the two countries
was between the USA and Australia; they published
49 manuscripts in cooperation. This was followed
by the Australian-French and USA-German collabo-
rations, with 29 and 21 publications, respectively.
A graphical representation of the observed partner-
ships is shown in Figure 4.

Publication journals

Out of 253 different journals, Antimicrobial Agents
and Chemotherapy, with 181 published papers
(18.70%), an impact factor of 5.938, and 9.3 CiteScore
points, was the most productive journal, followed
by the Journal of Antimicrobial Chemotherapy with
83 articles (8.57%), an impact factor of 5.758, and
9.4 CiteScore points, and International Journal
of Antimicrobial Agents with 47 manuscripts (4.86%),
an impact factor of 15.441, and 16.1 CiteScore points.
The top three journals identified collectively pub-
lished almost one-third (32.13%) of all articles on
antibiotic PK modelling. A summary of the involve-
ment of the ten most productive journals is shown
in Figure 5.

FIGURE 1. Number of publications on antibiotic pharmacokinetic modelling by year
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FIGURE 2. Ten most productive countries with average article citations

Publication authors

The ten most productive of the 4553 authors col-
lectively published 345 of the 968 articles related
to PK modelling of antibiotics, representing 35.64%
of the papers (Figure 6). The author with the high-
est number of publications (82) was Roberts, who
achieved an h-index of 30 and an average article
citation count of 35.82. In second place was Lipman
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with 57 papers, an h-index of 25, and an average
of 37.54 article citations, followed by Wallis with
34 papers, an h-index of 15, and 27.38 article cita-
tions on average.

Publications affiliations

The University of Queensland in Australia
achieved the highest number of affiliations in
159 publications on antibiotic PK modelling.
The second result of 120 articles was obtained
by the Royal Brisbane and Women'’s Hospital, fol-
lowed by Monash University with 116 papers. To
illustrate the difference between the top three and
the other units, the next two places were occupied
by the Medical University of Vienna and the Univer-
sity of Florida, with an equal number of 37 articles.
Additionally, we analysed the links between coun-
tries, affiliations, and keywords to present the im-
pact of each institution on developing specific sub-
fields in antibiotic PK modelling (Figure 7).

Co-cited references analysis

For the co-citation analysis, 870 references from
2000 to 2022 were identified and classified into
15 clusters according to keywords. The created
timeline of the cluster map was characterised by
a modularity (Q) of 0.8008, demonstrating a high
degree of freedom in the distribution of the set el-
ements. In turn, the high Silhouette score of 0.9112
(N =< -1; 1 >) represents the high consistency
of the data present in the individual clusters.
The newest clusters, #1, #18, #0, and #22, focused on
target achievement, new antibiotic dosing, therapeu-
tic drug monitoring, breakpoint, and central nervous
system infection (Figure 8). The labels of the different
clusters with their size, Silhouette score, average year,
and different categorisations are shown in Table 2.
Both sources (Figure 8 and Table 2) allow an assess-
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FIGURE 6. Average citation per article, number of articles, and h-index for top ten
productive authors in antibiotic pharmacokinetic modeling

ment of the interest in the specific topic of PK model-
ling, including different antibiotics by year. The top
10 strongest citation bursts between 2000 and 2022
affecting the development of PK modelling of anti-
biotics [8, 18-26] are shown in Figure 9.
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FIGURE 8. Timeline of the co-citation network presents 15 individual clusters by
authors’keywords

—

univ queensland-

australia

pharmacokinetics

= china™ - %
france = _ ;—-4:-
==5P3IN

W s
=3§:.:;"§!ﬂ ngdom-= /"_'-;—’r{—-:

ERnetherlands™—

o’ T-ne'r?:ipenem—
= r % _plperamllln—
_;,/ ’ ’;‘?{f,‘monte cad\gmulatlon—

~ e vancomwln-—
-

—— =3

FIGURE 7. Three-field plot (10 items per plot) presenting highly impactful countries (left side), affiliations (middle), and keywords (right side)

133



Arkadiusz Adamiszak, Alicja Bartkowska-Sniatkowska, Edmund Grzeskowiak, Agnieszka Bienert

Apn1s anuad-nynw
‘synaupjodewseyd disabjeue abueyd xnaupjodewseyd

ad1peid [edtulp
‘Juaned |1 ‘onaupodewseyd disabjeue ‘Apnys anuad-nnw ‘Adessyl bnip
| Adesayy brup ‘uoneuabAxo aueiquiaw [easodiodeiixa buiidaI ‘dbueyd

‘ainjiey d13nadesay} ‘uoneuabAxo sueiquiaw [eaodiodex] J13upjodewseyd ‘ainjiey dinadesay) ‘uoeuabAxo sueiquisw [ealodiodeix] 6007 996°0 Sl oL#
sisAjetponiw buisn ‘uanied |1 ‘buisop 9jdiynwi ‘winisIaiul ANssi
WINLIISIAUL NSSI ‘W|yolq [eld}deq !p1jozaul| punoqun | [3pouw d13aupjodeweyd ‘wiyolq [eualdeq
‘uorajul 1euy A10jeardsal ‘ela djweukpodewneyd ‘abesop dnoiqnuy ‘e19 djweufpodewseyd ‘uondajul 1deiy Liorelidsal ‘abesop dnnoiqnuy 1007 0660 SL 64
Paau a1n)ny ‘33e3s JUALIND ‘AInsodxd
131udNW aAdsold upiwejudb ‘siskjeue anieueNb ‘UoIRPUIWILI0IAI BuISOP JuLIN) |
fouapuya upfwoduena ‘jesodoid Jnadelayy |esodoud d3nadesayy ‘upAwoduea uoisnjui-snonupuod ‘uoiejndodgns
‘upAwoduen uoisnjui-snonuiuod ‘uoiejndodgns Jusned [epads juaned |epads ‘jspow didupjodew.eyd ‘bunoyuow bnip dnadessy) ¥10T 9£6°0 SL o#
jualied |1 {uo11eIIUDUO ANSSI] 1OS [erIsIAul ‘ewse|d
UOIIRIIUIIUOD PIjOZaUI| ‘Y Npe 359q0 wauadosaw ‘[eu [ed1ulp ‘e-spuatied asagouou | buisop dijoigrue ‘duepinb
‘uepinb anisuayaidwod ‘yuaned asagouou uaned 3saqQ AAIsuaya1dwiod ‘Juaned |1 ‘uaned asaqo ‘sonnaupjodrewseyd uoinendod 5107 0€6°0 Yad [#
X3pul SNONUIU0) ‘ulel3s Jue)sisal-upexopoidp ‘syiweufporewseyd
aInsodxa suojouinboionyy ‘asuodsal [eLeqRUE ‘UPeX00A3| ‘s3s0p bul | xapul snonunuod ‘ainsodxa auojouinboionyy
{|9pow UOIIBJUI 0J1IA XIPUI SNONULUO0) ‘apjuownaud sn»0203dails ‘suodsal [eLa)RGIIUER {[SpOW UOIIRJUI 01IA “apjuownaud sn3020)dalls 6661 0860 ¥l o#
|_1} P3]|043U0 paZIWOpUei {830} dARIedWOd ‘SH1p3upjodewleyd
uIp|IY 3)1qa4 ‘Juaned dnnaqelp punoqun :A136ans sofew bujobiapun ‘uoisnyui snonuruod | Juanyed snagep
‘uone1iauad anssiy {1333unjoA 3 npe Ayyjeay ‘aiemyos buisoq ‘ualp|Iyd [ ‘a1emyos buisop ‘sanaupjodeweyd uoriejndod uaned ||| 2107 1060 (4 G
ejep d33upjodewueyd Adeiayy uoneuiquod uixAwAjod ‘abesop q uixAwAjod
ainsodxa bnup ybiy abesop q uixAwAjod Biuelsisal ‘adue)sisal uixAwA|od 11031 15| ‘lluueWINe J3)RGOIAUIE | UoK}RINW
uixAwAjod yiosai ise| ‘q uixAwAjod ‘yuupwinpq 4a330qojaupy J13uab 13y |edixopeled ‘ainsodxa bnup ybiy ‘Juaned |1 ‘q uixAwAjod €107 8160 €€ v#
[enpisal buigny ‘eyep aduej|1dAins ueipeued ‘uaned
9dAy Juasayip buiaizdas ‘Juawde|dal ewneyy ‘ABojoisfydoyyed bupjul) ‘buisop d13oiqiiue | uoisnjul PapUIXa “Hun
[euas ‘ewse|d uewny ‘saipnis d1aupjodeweyd ‘Malaal d1ewd)sAS aled aaisudul ‘sonaupjodewleyd uonendod ‘malaal d1pewalsAs ‘uaned )| 0L0z 8680 v o
juaned npe 3s3qo ‘sy1aupjodew.eyd seauljuou
‘ue)sisal anehau-wesb ‘weiboid eweldo {133unjon
SJ119upjodeWIRyd JRIUIUOU ‘3DURSISII IAlRDIU Ayeay | Juaryed Jun a1ed SAISUIIUL HUN BIBD DAISUIIUI “JUWULIR)IR
-welb ‘weiboid eweido ‘Adesayy ouidws 4aaunjon Ayyjeay 19bie) d1weufporewleyd ‘sonaupjodewseyd uorejndod ‘uaied ||| 9007 L¥6°0 9¢ W
noiqrue wepel-g
‘|o0301d Apnis sp1y 1edxa ‘yuaned aied aaisualul duelpad
d1pul dlweufpodewseyd ‘31dwes pabuaneds buisn :uawom yueubaid | yuawureyie 1abiey {ppow
‘a)1s 1abue) ‘uaip|iy (11 ‘yuated ynpe |1 ‘uaned ||| dnaupodeweyd uaiyed ynpe |1 ‘ualpjiyd ||t ‘>uduNodeweyd uone|ndod 810t 1680 8¢ L#
Apn1s ouna dese ‘|ey jed1ulp ‘uaned J1bojo1ewaey ‘3insodxa anssiy
uoisnjul pabuojoid ‘Apnis di33upjodew.eyd {Apnis [euolieaIasqo ‘uoisnjul papuajxa | bunioyiuow bnap d1nadesay) {apow diaunjodeweyd
aAadsoid ‘3d11deid [ed1UI BUIINOI {UoISNyUI SNONUIIUO) ‘uoisnyul snonuiuod ‘syp3upjodewneyd uonendod uaned || 9107 6170

(477) onea pooyijayi|-boj pue (jS7) Buixapul duLWaS Judle| 0} BulpiodIe PIUORUIW SWLIR) do) YIM SI3MsnpP G| ESE%ESE 3y Jo ameesm 7119v1L

34



Antibiotics pharmacokinetic modelling: bibliometric analysis

TABLE 2. Cont.

Biopharmaceutical characterization; ciprofloxacin moxifloxacin;
carbapenem-resistant acinetobacter baumannii; novel approach;

synergistic carbapenem-aminoglycoside combination

Neonate; cefepirne; arbekacin vancomycin; panipenem;

population pharmacokinetics

Central nervous system infection; cns distribution; neuro care ICU

patient; soft tissue; bacterial central nervous system infection

Breakpoint; daptomycin-treated enterococcal bacteremia;
pharmacodynamic analysis; ill patient; population pharmacokinetics

Biopharmaceutical characterization; synergistic carbapenem-
aminoglycoside combination; novel approach; carbapenem-resistant
acinetobacter baumannii | synergistic carbapenem-aminoglycoside
combination; novel approach; carbapenem-resistant acinetobacter

baumannii; biopharmaceutical characterization

Neonate; population pharmacokinetics; cefepirne; panipenem | cefepime;

neonate; panipenem; population pharmacokinetics

Central nervous system infection; cns distribution; pharmacokinetic
model; neuro care icu patient; soft tissue | bacterial central nervous system

infection; therapeutic drug monitoring; scoping review; soft tissue;

CNS distribution
Pharmacodynamic analysis of daptomycin-treated enterococcal bacteremia:
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Trends in antibiotic PK modelling

We used the authors'keywords to analyse trends
in the PK modelling of antibiotics. Out of a total
of 1,410 keywords, we used 54 that reached at least
ten repetitions to create the co-occurrence map.
Analysing the size and colour of the dots presented
allows one to assess interest in particular issues and
antibiotics over the years (Figure 10). Among them,
the top 5 keywords related to specific populations
were paediatrics, critically ill, intensive care ex ae-
quo with obesity, cystic fibrosis and critical care,
with 23,22, 19, 17 and 15 occurrences, respectively.
Considering the most common antibiotics men-
tioned in the keywords, meropenem ranked first
with 48 occurrences, followed by vancomycin and
piperacillin with 45 and 35, respectively (Figure 11).

Using the authors’ keyword analysis, we ex-
plored the interest in using PK modelling of an-
tibiotics to run Monte Carlo simulations, assess
the need for monitored therapy, and reduce antibi-
otic resistance. These fields’ average annual growth
rates were 66.76%, 59.11%, and 66.77%, respective-
ly. The use of Monte Carlo simulation to develop
the most effective antibiotic dosing regimens has
started to gain popularity since 2006. Interestingly,
machine learning was one of the most frequently
occurring keywords in 2022. One population of par-
ticular interest in recent years has been critically
ill patients (peak interest in 2020), with more in-
depth research related to patients on extracorpo-
real membrane oxygenation (ECMO) and continu-
ous renal replacement therapy (CRRT) a year later.
The graphically presented keyword analysis also
identifies the antibiotics with higher interest levels
in particular years. A list of the top 3 keywords by
year is shown in Figure 12.

DISCUSSION

Increasing bacterial resistance and the slow de-
velopment of new antibiotics have led to a growing
interest in individualising antibiotic therapy [27, 28].
One way to optimise pharmacotherapy is through
population PK models and pharmacokinetic simu-
lations to calculate potentially effective and safe
dosing regimens [3, 29]. Therefore, the increased
interest in using population modelling to limit bac-
terial resistance observed in our study should not
be surprising. Beside analysing current trends in
PK modelling of antibiotics, our bibliometric analy-
sis identifies aspects to which the most attention
has been given in research to date. Furthermore,
based on the data presented, it is straightforward
to indirectly identify areas that have not yet been
sufficiently explored, represent a niche for future
research or require further exploration.
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Top 10 references with the strongest citation bursts

References Year Strength  Begin End 2000-2022
Roberts JA, 2009, GRIT CARE MED, V37, P840, DOI 10.1097/CCM.0b013e3181961bff 2009 8.07 2010 2014 e EEE——
Roberts JA, 2009, J ANTIMICROB CHEMOTH, V64, P142, DOI 10.1093/jac/dkp139 2009 9.54 2011 2014 e O —
Roberts JA, 2010, INT J ANTEMICROB AG, V35, P156, DOI 10.1016/j.ijantimicag.2009.10.008 2010 8.41 2011 2015 e EEEE—
Roberts JA, 2010, INT J ANTIMICROB AG, V36, P332, DOI 10.1016/j.ijantimicag.2010.06.008 2010 7.99 2011 2015 ————
Garonzik SM, 2011, ANTIMICROB AGENTS CH, V55, P3284, DOI 10.1128/AAC.01733-10 2011 11.45 2014 2016 s
Roberts JA, 2014, CLIN INFECT DIS, V58, P1072, DOI 10.1093/cid/ciu027 2014 13.05 2015 2019 e ——
Sandri AM, 2013, CLIN INFECT DIS, V57, P524, DOI 10.1093/cicVcit334 2013 7.69 2015 2018 e —
Roberts JA, 2014, LANCET INFECT DIS, V14, P498, DOI 10.1016/51473-3099(14)70036-2 2014 10.44 2016 2019 T ——
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Over 40 years, we have seen a constant growth
in interest in PK modelling of antibiotics (the av-
erage annual growth rate is 35.56%). Our analysis
shows that 968 articles have been published on this
topic since 1983. The most rapid expansion of pub-
lications dedicated to antibiotic PK models began
in 2012/2013, maintaining a steady increase until
2019. Given the continuing evolution of pharma-

Meropenem
Vancomycin
Piperacillin
Cefepime
Amikacin
Tazobactam
Cefazolin
Ceftriaxone
Gentamicin
Levofloxacin

FIGURE 11. Ten antibiotics most frequently mentioned in keywords

cometrics [3], the limited potential for formulating
new antibiotics, and increasing bacterial resistance
[27, 28], we expect to observe a further rise in work
aimed at the appropriate use of antimicrobial drugs.
An indirect analysis of our findings identified anti-
biotic resistance, pharmacokinetic discrepancies
between populations or treatment failure as some
of the main reasons for the increased interest in PK
modelling of antibiotics.

Taking into consideration the list of the ten most
globally cited papers, and especially the high posi-
tion of a relatively new article by Tsuji et al. [30], it
can be seen that both scientists and clinicians reco-
gnise the need to establish gold standards for anti-
microbial drug dosing in different patient popula-
tions [3, 5, 31]. Furthermore, 4 of the 10 publications
focused on PK and/or antibiotic dosing in critically/
seriously ill patient populations [26, 32-34]. Particu-
lar interest in the intensive care population is due to
the high inter-individual variability in PK parameters
and dynamic changes in the patient’s condition,
which require individualised and optimised drug
dosing [35, 36].
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The USA is a clear powerhouse regarding the
number of published manuscripts and the collabo-
rations undertaken with institutions abroad. Second
in terms of productivity was Australia, which per-
formed better than the USA in terms of the aver-
age number of citations per article (35.94 vs. 27.91).
Among Asian countries, China and Japan were in
the top 10. In comparison, France, Germany, the UK,
the Netherlands, and Belgium achieved higher pro-
ductivity, indicating a high interest in the topic
among European countries. Leaving aside the USA
with its strong lead, the level of interest in PK model-
ling of antibiotics among the top 10 is comparable.
In turn, analysing the map of collaborations, one
observes the spreading cooperation of institutions
worldwide. However, the well-established networks
are mainly between highly developed countries,
whereas bacterial resistance is a global issue [1, 2].
Therefore, we believe new collaboration networks
should be established in the future in which more
countries, including developing countries, could
participate.

As with the USA's significant lead over other
countries, the undisputed leader in the number
of articles published has also been clarified for
journals. In first place was Antimicrobial Agents and
Chemotherapy, with 181 papers published, 2.18
and 3.85 times more than the Journal of Antimicro-
bial Chemotherapy and the International Journal
of Antimicrobial Agents, ranked second and third,
respectively. In contrast, the International Journal
of Antimicrobial Agents is characterised by an al-
most 3-times higher impact factor (15.441 vs. 5.938
and 5.758) and a more than 50% higher CiteScore

Year

(16.1 vs. 9.3 and 9.4) compared to the first two
journals in terms of productivity. In addition to
journals focusing on antimicrobial drugs, the top
10 journals included those on general pharmaco-
logy, clinical pharmacology, and pharmacy. This in-
dicates a multidisciplinary interest in the topic and
facilitates the exchange of scientific information
between different research communities.

According to our analysis, the author with the
most publications was Roberts JA, who achieved
the highest h-index value [30]. Roberts devoted his
scientific work to antibiotic therapy research, mak-
ing him one of the most characteristic figures in this
field of medicine. Meanwhile, the highest average
citation of articles among the top 10 productive
authors was achieved by Nation, who ranked 8" in
terms of the number of published papers.

Contrary to expectations, none of the first three
places in terms of the number of published works
was taken by an affiliate from the USA. Affiliations
of scientific and research units from Australia oc-
cupied the entire podium. The Medical University
of Vienna was in fourth place, followed by the Uni-
versity of Florida (USA). These results suggest signifi-
cant dispersion between the individual institutions
studying the pharmacokinetics of antibiotics in
the USA and the specific interests of selected insti-
tutions in Australia.

Co-citation analysis identified 15 clusters cate-
gorised by authors'keywords. Thanks to the cluster-
based timeline, we identified the most popular
research areas in the context of antibiotic PK mod-
elling. As expected, most attention was paid to
using models for dosing calculations, developing

137



Arkadiusz Adamiszak, Alicja Bartkowska-Sniatkowska, Edmund Grzeskowiak, Agnieszka Bienert

138

therapeutic drug monitoring, and establishing new
breakpoints for resistant pathogens. On the oc-
casion of the co-citation analysis, we presented
the ten strongest citation bursts. Considering the re-
sults of citation bursts, the above-average interest
in publications on antibiotic PK modelling is about
four years in the near interval from the date of pub-
lication.

Analysing trends using the authors’ keywords
allowed us to identify the antibiotics that have re-
ceived the most attention. As a group, B-lactams
attracted the most significant interest, among
which the largest number of studies focused on
the pharmacokinetics of meropenem. The particu-
lar interest in meropenem is not very surprising, as
it is one of the more commonly used antibiotics in
the hospital setting, characterised by its broad spec-
trum of action and relatively high safety of use [26].
Furthermore, due to the reported high values of vol-
ume of distribution and clearance and the low pro-
tein-bound fraction, high variability of PK parame-
ters is observed between different populations [33].
Also in the top 10 were vancomycin and amikacin.
Both antibiotics have a narrow therapeutic index
and high toxicity, so they are reserved for treating
severe bacterial hospital infections [37]. In addition,
prolonged treatment or high doses can lead to
a sudden deterioration of kidney function, the main
eliminatory organ [37, 38]. Therefore, monitoring
renal clearance, which can decline due to progres-
sive disease and the use of these antibiotics, is one
of the main factors influencing possible dosage
optimisation. Based on this analysis, future authors
may identify antibiotics that may be potentially in-
teresting, but their pharmacokinetics in different
populations are still a knowledge gap. Moreover, us-
ing the keyword analysis, we confirmed the increase
in interest in simulations aimed at dosing antibiotics
that limit the development of bacterial resistance
observed in the co-citation analysis. Increasing in-
terest in combining PK modelling with simulation
is becoming particularly important for populations
with difficult-to-predict changes in patient condi-
tion, which is especially relevant for critically ill in-
tensive care unit patients. This is indicated both by
recent trends indicated using keyword analysis and
published papers related to PK modelling in inten-
sive care. Additionally, considering the most com-
mon keywords in recent years, we have observed
a growing interest in implementing artificial intel-
ligence (Al) and machine learning for PK modelling.

To maximise the accuracy of the analysis, we used
three independent software applications, allowing
us to use a variety of approaches to bibliometric
analysis. We believe that our study’s results will be
a useful starting point for researchers interested in

modelling the PK of antibiotics. The study’s main
limitation arising from the bibliometric analysis is its
time-specific character associated with constantly
updating the available literature. In addition, due to
the risk of errors associated with incomplete data,
we excluded processing papers, letters, books, and
early-access articles, which may have led to omitting
literature relevant to the topic under discussion.

CONCLUSIONS

The relative interest in antibiotic PK modelling
has gradually grown over recent years. A signifi-
cant increase in publications on this topic occurred
in 2012/2013, maintaining an upward trend. Most
studies have focused on meropenem, vancomycin,
and piperacillin, suggesting more research opportu-
nities for other antibiotics. The observed rising focus
on population PK combined with Monte Carlo simu-
lations and the probability of target attainment ap-
proach raises the potential for improving antibiotic
dosing to reduce treatment inefficiencies and bacte-
rial resistance progression. Nevertheless, the need
for gold standards for antibiotic use in specific pa-
tient populations remains a challenge that requires
further research. Future studies should focus on
populations and antibiotics that are less frequently
chosen or so far omitted from consideration. In turn,
the increase of multi-centre international collabo-
ration at the model building and sample collection
stage is a great opportunity to build a model based
on a larger number of varied patients, thereby mini-
mising model uncertainty and increasing the utility
of the data globally. An interesting and promising
idea is the implementation of Al and machine learn-
ing in the process of creating models and simula-
tions. However, the use of Al still requires deeper
investigation.
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