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ABSTRACT

Introduction: Gram-negative bacteria (GNB)
have become prominent across healthcare and
community settings due to factors including
lack of effective infection control and preven-
tion (ICP) and antimicrobial stewardship pro-
grams (ASPs), GNB developing antimicrobial
resistance (AMR), and difficulty treating infec-
tions. This review summarizes available

literature on healthcare-associated infections
(HAIs) in Middle Eastern pediatric patients.
Methods: Literature searches were performed
with PubMed and Embase databases. Articles
not reporting data on GNB, HAIs, pediatric
patients, and countries of interest were
excluded.
Results: The searches resulted in 220 publica-
tions, of which 49 met the inclusion criteria and
1 additional study was identified manually.
Among 19 studies across Egypt reporting GNB
prevalence among pediatric patients, Klebsiella
species/K. pneumoniae and Escherichia coli were
typically the most common GNB infections;
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among studies reporting carbapenem resistance
and multidrug resistance (MDR), rates reached
86% and 100%, respectively. Similarly, in Saudi
Arabia, Klebsiella spp./K. pneumoniae and E. coli
were the GNB most consistently associated with
infections, and carbapenem resistance (up to
100%) and MDR (up to 75%) were frequently
observed. In other Gulf Cooperation Council
countries, including Kuwait, Oman, and Qatar,
carbapenem resistance and MDR were also
commonly reported. In Jordan and Lebanon,
E. coli and Klebsiella spp./K. pneumoniae were the
most common GNB isolates, and AMR rates
reached 100%.
Discussion: This review indicated the preva-
lence of GNB-causing HAIs among pediatric
patients in Middle Eastern countries, with
studies varying in reporting GNB and
AMR. Most publications reported antimicrobial
susceptibility of isolated GNB strains, with
high prevalence of extended-spectrum
beta-lactamase-producing K. pneumoniae and
E. coli isolates. A review of ASPs highlighted the
lack of data available in the region.
Conclusions: Enhanced implementation of
ICP, ASPs, and AMR surveillance is necessary to
better understand the widespread burden of
antimicrobial-resistant GNB and to better
manage GNB-associated HAIs across Middle
Eastern countries.

Keywords: Antimicrobial resistance; Multidrug
resistance; Gram-negative bacteria; Healthcare-
associated infections; Middle East; Pediatrics

Key Summary Points

Review of available data related to
healthcare-associated Gram-negative
bacteria (GNB) indicated that GNB are
major causes of healthcare-associated
infections among Middle Eastern pediatric
patients.

Klebsiella spp./K. pneumoniae and
Escherichia coli were the most common
causes of infections in Egypt and Gulf
Cooperation Council countries, where
high multidrug resistance was reported in
some studies.

Publications from Jordan and Lebanon
most commonly reported E. coli and
Klebsiella spp./K. pneumoniae infections,
with antimicrobial resistance (AMR) rates
of up to 100%.

Increased adoption of antimicrobial
stewardship practices and AMR
surveillance programs is needed to better
understand the prominent healthcare-
associated GNB infections across Middle
Eastern countries.

INTRODUCTION

Gram-negative bacteria (GNB) have become
prevalent in causing disease across community
and healthcare settings around the world [1, 2].
Antibiotic misuse, lack of effective infection
control measures, and the ability of GNB to
develop antimicrobial resistance (AMR) through
a range of mechanisms are major factors
underlying this rise in prominence [3, 4].
Development of antibiotic resistance among
GNB is associated with poorer clinical outcomes
and increased health costs, presenting a global
public health threat [1]. Compared with Gram-
positive bacteria, the distinctive outer mem-
brane of GNB makes them more resistant to
antibiotics, resulting in significant morbidity
and mortality [4]. This greater resistance to
antibiotics is highlighted by the 2017 World
Health Organization global priority pathogens
list, which includes 12 groups of pathogens in
three priority categories (critical, high, med-
ium); among the Gram-negative pathogens,
carbapenem-resistant Acinetobacter baumannii,
carbapenem-resistant Pseudomonas aeruginosa,
and carbapenem-resistant extended-spectrum
beta-lactamase (ESBL)–producing Enterobac-
terales, formerly Enterobacteriaceae, are classified
as critical pathogens [4, 5].

GNB are often common causes of healthcare-
associated infections (HAIs), such as pneumo-
nia, urinary tract infections (UTIs), wound and
surgical site infections, intra-abdominal infec-
tions, bloodstream infections (BSIs), and
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meningitis [1, 6, 7]. Patients in pediatric and
neonatal intensive care units (PICUs and
NICUs) are particularly vulnerable to HAIs
because of their immature immune systems,
presence of multiple comorbidities, and cross-
infection from frequent close contact with care
team members [8]. Of paramount concern, HAIs
are associated with an array of adverse out-
comes, including prolonged hospital stays, dis-
abling long-term sequelae, excess mortality,
additional increases in AMR, and high financial
burdens for healthcare systems and patients [9].

In Middle Eastern countries, multidrug-
resistant (MDR) pathogens are particularly
problematic because of the presence of several
predisposing elements: inappropriate use of
antibiotics in humans and animals; absent or
inadequate infection control measures; and
significant, ongoing population movement [2].
In line with these factors, available surveillance
data show broad dissemination of ESBL and
carbapenemase-producing GNB in Middle East-
ern hospitals. In tandem with the growing
prevalence of MDR GNB, effective treatment
options are dwindling. Subsequently, knowl-
edge of resistance patterns among the com-
monly isolated Gram-negative pathogens in the
local setting and consideration of individual
patient characteristics are critical for making
informed antimicrobial treatment decisions [1].

Characterizing the epidemiology of Gram-
negative pathogens is thus important, both to
assess the prevalence of MDR and to extend
knowledge of the mechanisms being used to
develop resistance [3]; however, because of
inadequate surveillance programs, data
describing GNB infections and their associated
MDR patterns are often limited and disjointed.
Therefore, this literature review was undertaken
to consolidate and summarize the available data
related to HAIs due to GNB among pediatric
patients (\18 years of age) across Middle East-
ern countries, including the prevalence and
incidence of pediatric infections due to GNB of
concern in Middle Eastern countries and
antibiotic susceptibility profiles and MDR rates
of these GNB. Additionally, the review aimed to
describe epidemiologic trends by age, country/
region, and hospital setting [e.g., intensive care
unit (ICU), NICU, and PICU] as well as the

relationship of GNB to outcomes in the pedi-
atric population, such as mortality, infectious
complications, and length of hospital stay.

METHODS

This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors.

PubMed and Embase database searches were
conducted on 19 October 2021, using the search
terms [(Egypt OR Lebanon OR Iraq OR Jordan
OR Saudi Arabia OR KSA OR Kuwait OR UAE OR
United Arab Emirates OR Qatar OR Bahrain OR
Oman) AND (prevalence OR epidemiology OR
surveillance OR incidence) AND (enterobacte-
riaceae OR budviciaceae OR erwiniaceae OR
hafniaceae OR morganellaceae OR pectobacte-
riaceae OR yersiniaceae OR citrobacter OR
edwardsiella OR enterobacter OR hafnia OR
kluyvera OR morganella OR pantoea OR proteus
OR providencia OR raoultella OR serratia OR
yersinia OR kingella OR elizabethkingia OR
chryseobacter* OR acinetobacter OR campy-
lobacter OR enterobacteria* OR ‘‘escherichia
coli’’ OR ‘‘e coli’’ OR ‘‘e. coli’’ OR haemophilus
influenzae OR klebsiella OR pseudomonas OR
salmonell* OR shigell*) AND (hospital* OR
nosocom* OR inpatient OR in-patient OR (surg*
AND infect*))]. The PubMed search was limited
to English-language articles published during
the preceding 10 years that were indexed for the
0- to 18-year age group; review articles were
excluded. The Embase search was limited to
articles, articles in press, conference abstracts,
and letters in the Embase database, with publi-
cation years 2011–2021 and including any age
group from newborn (0–1 month) through to
adolescent (13–17 years). Publications returned
by the searches were reviewed by the authors to
identify articles reporting original data related
to GNB infections; articles that did not report
data specific to GNB, hospital-acquired infec-
tions, pediatric age groups, and the countries of
interest were excluded. In addition to the arti-
cles identified by database literature searching,
articles identified by hand searches could also
be included.
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RESULTS

In total, 220 unique publications were retrieved
by the PubMed and Embase database searches,
of which 49 described studies that met criteria
for inclusion in the review: 18 studies set in
Egypt (including 1 study set in both Egypt and
Saudi Arabia), 27 studies set in Gulf Coopera-
tion Council (GCC) countries, and 4 studies set
in Levant countries (Figs. 1 and 2). An addi-
tional study set in Egypt was provided from
author files. Details of the studies including the
study period, type of infection, prevalence or

incidence of infections, number of isolates, type
of GNB pathogens, and AMR percentages are
listed in Supplementary Tables S1–S4.

Egypt

A total of 19 of the publications included in the
review described studies set in Egypt (including
1 study set across Egypt and Saudi Arabia): 18
articles were identified by the database litera-
ture searches [8, 10–26] and an additional arti-
cle was provided from author files [27]
(Supplementary Table S1). Studies were

Fig. 1 Flow chart summarizing the publications identified by database searching and author hand searches and the
subsequent selection of studies for inclusion in the review. GCC Gulf Cooperation Council
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classified according to patient setting: NICUs
(n = 9) [8, 10–17], PICUs (n = 3) [18, 19, 27],
patients of mixed age (n = 3) [20–22], and spe-
cial populations (n = 4) [23–26]. Across all set-
tings in studies that reported the prevalence of
GNB pathogens, Klebsiella spp./K. pneumoniae
(up to 96% of GNB) and Escherichia coli (up to
53% of GNB) were frequently among the most
common Gram-negative isolates [8, 10–16, 18,
19, 23–25]. AMR was assessed in 17 studies
[10–14, 16–27], including 6 that assessed car-
bapenem resistance [11, 12, 17, 19, 20, 25], with
rates as high as 86% for the latter being reported
[25]. Seven studies assessed MDR pathogens,
with rates ranging from 0–100% across all GNB
isolates [13, 14, 16, 18, 19, 24, 25].

Studies Set in NICUs
Among the 9 studies from Egypt set in NICUs
(Supplementary Table S1) [8, 10–17], late-onset
sepsis (LOS) was the focus of 5 studies [10–14].
GNB were prominent, accounting for 93% of
nosocomial LOS episodes in preterm neonates
[10] and 45–69% of confirmed LOS cases in
neonates [11–14]. Klebsiella spp./K. pneumoniae
were the most prominent GNB in LOS. Where
frequency was reported among all pathogens,
Klebsiella spp. caused between 20% and 59% of
LOS cases [10, 11, 14]. Where frequency was
reported among GNB pathogens, K. pneumoniae
isolates accounted for 36% of GNB LOS cases
[12].

Carbapenem resistance was common among
GNB isolates, ranging from about 30–70%
[13, 14]. Among 23 K. pneumoniae isolates [22

Fig. 2 Publications identified by database searches and
included in the review. n-Values represent the number of
publications selected for each country included in the

search string. *Includes 1 paper identified from author files.
UAE United Arab Emirates
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from LOS and 1 from early-onset sepsis (EOS)],
44% were resistant to imipenem and 57% to
meropenem, and 52% harbored both blaOXA-48

and blaNDM-1 genes [11]. Among 158 GNB iso-
lates from LOS, 58 (37%) were carbapenem
resistant [12]; neonates with carbapenem-resis-
tant GNB infections had significantly higher
rates of mortality and infectious complications
and significantly longer durations of mechani-
cal ventilation and hospital stay. Two studies
reported susceptibility in combined EOS (ap-
proximately 35%) and LOS isolates (approxi-
mately 65%). Susceptibility to imipenem and
meropenem ranged from 38–80% across GNB
species in one study [13], and resistance to
imipenem was 30% among all GNB isolates in
the other study [14].

Three studies in NICUs assessed all HAIs in
admitted neonates [8, 15, 16]. Overall, HAI rates
ranged from 7.4/1000 patient-days to 17.5/1000
patient-days. In the 3 studies, HAIs were pre-
dominantly BSIs (41–91% of all HAIs) and pneu-
monia (8–53% of all HAIs) [8, 15, 16]. Among
HAIs, GNB prevalence ranged from 54–73%.
Klebsiella spp. was the most commonly isolated
GNB, accounting for 42–65% of GNB isolates.
Although none of the three NICU articles repor-
ted specific antibiotic susceptibility data, one
study indicated that no MDR GNB isolates were
detected [16]. One study focused on A. baumannii
HAIs in neonates [17]. Among 124 neonatal cases,
73% were caused by carbapenem-resistant
A. baumannii (CRAB) isolates. Mechanical venti-
lation and previous carbapenem or aminogly-
coside use were independent risk factors for CRAB
infections and for mortality. Among all A. bau-
mannii isolates, 76–100% were resistant to the
other tested antibiotics, with the exception of
tigecycline (10–12% resistant).

Studies Set in PICUs
Three of the included studies from Egypt were
based in PICUs [18, 19, 27]. GNB were a com-
mon cause of PICU-acquired infections in all
three studies, ranging from 20–83% of total
infections in PICU patients or episodes
[18, 19, 27]. One study reported that PICU-ac-
quired infections occurred in 15.6% of overall
PICU admissions [27]. Among GNB pathogens,
the most common isolates were Klebsiella spp.

(32–37%), Acinetobacter spp. (22–38%), P. aerug-
inosa (0–30%), and E. coli (6–13%) [18, 19, 27].
Two studies reported the prevalence of MDR
among GNB isolates, which ranged from
81–100% [18, 19]. Where reported, GNB sus-
ceptibility was highest to polymyxin (90–100%)
[18]. Susceptibility to carbapenems varied by
pathogen and study, with E. coli being the least
susceptible (0–5%) and Klebsiella spp. (17–20%)
and Acinetobacter spp. (15–43%) showing higher
sensitivity to carbapenems [18, 27].

Studies Set in Hospital Populations of Mixed
Age
Three studies from Egypt described patients of all
ages but reported certain data specific to pediatric
patients [20–22]. In one study, K. pneumoniae
accounted for 56% among patients
aged\10 years who developed HAIs. Among a
total of eight K. pneumoniae isolates from sputum,
urine, and wound samples in patients
aged\18 years, resistance was high to all tested
antibiotics, including ciprofloxacin (75%), ami-
kacin (63%), and carbapenems (75% were resis-
tant to imipenem and/or meropenem).
Genotyping detected the blaOXA-48 gene in three
isolates and blaVIM in two isolates, whereas the
blaKPC gene was not detected [20]. Another study
investigated DA-HAIs in adult ICUs (median age
[range], 56 years [10–93 years]), PICUs (median
age [range], 6 months [1 month to 12 years]), and
a NICU (median age [range], 5 days [1–52 days]),
rates of which were 7.1, 26.8, and 22.8 per 1000
device days, respectively. Among the 72 bacterial
isolates from all age groups (60/72 from VAP),
97% were GNB, most commonly A. baumannii
(36%), K. pneumoniae (29%), and P. aeruginosa
(22%) [21]. A third multicenter study in Egypt
and Saudi Arabia assessed the prevalence of
P. aeruginosa in burn and wound exudate, blood,
urine, endotracheal aspirates from patients with
VAP, and sputum. The percentage of P. aeruginosa
in samples from patients aged 12–20 years was
25% [22].

Studies Set in Special Populations (Pediatric
Patients with Cancer)
Four studies from Egypt assessed GNB HAIs in
pediatric patients with cancer [23–26]. Two
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studies conducted in children’s cancer hospitals
characterized isolates from hospital-acquired
BSI episodes [23, 24]. Among all BSI isolates, the
most common GNB were E. coli (18–28%),
K. pneumoniae (6–12%), and Acinetobacter spp.
(6%). In both studies, high levels of resistance to
fluoroquinolones were observed in E. coli iso-
lates (85–96%). MDR was reported for 21%
among all GNB reported in one study [24].

Another study in a children’s cancer hospital
assessed GNB isolates from various clinical
specimens. Similar to the previous studies,
E. coli (46% of GNB isolates) and Klebsiella spp.
(38% of GNB isolates) were the most commonly
identified bacteria [25]. The rate of MDR was
high in both Enterobacterales (94%) and non-
fermentative isolates (86%). Resistance to C 1
carbapenem was also substantial (66% and 86%,
respectively), with blaOXA-48 and blaNDM being
the most commonly identified genes among
carbapenemase-producing isolates (prevalence
of 53% and 25%, respectively). A study of
patients of all ages with cancer hospitalized in a
tertiary care center found greater genetic vari-
ability and higher susceptibility to antimicro-
bials in A. baumannii isolated from
patients\18 years compared with adults [26].

Gulf Cooperation Council Countries

A total of 27 studies from GCC countries were
included in this review: 12 studies in Saudi
Arabia (including 1 study in hospitals across
Saudi Arabia, Kuwait, and the UAE; Supple-
mentary Table S2) [28–39], 5 in Kuwait [40–44],
3 each in Oman [45–47] and Qatar [48–50], and
4 in the UAE [51–54] (Supplementary Table S3).
No applicable studies conducted in Bahrain
were identified in the literature search. Across
studies set in Saudi Arabia that reported data
related to GNB prevalence, Klebsiella spp./
K. pneumoniae and E. coli were consistently
among the most frequently isolated GNB
pathogens [28, 29, 33, 36, 38, 39]. AMR was
assessed in 12 studies [28–39], including 8 that
looked at carbapenem resistance, reporting rates
as high as 100% [29, 31–36, 38]. Two of the
smaller studies reported that all isolates were
susceptible to carbapenem [34, 38]. Five studies

assessed MDR, with rates ranging from 10–100%
across GNB isolates [32–35, 38]. Among the
other GCC countries, Klebsiella spp./K. pneumo-
niae and E. coli were again the most frequently
reported GNB infections [40, 46, 48, 51–54].
AMR was assessed in 15 studies [40–54],
including 9 that looked at carbapenem resis-
tance, with rates as high as 78%
[41–44, 48, 50, 51, 53], although rates of 100%
susceptibility to carbapenem antibiotics were
also reported across different GNB isolates [53].
Three studies reported MDR, with up to 100%
showing MDR across all bacterial isolates
[40, 44, 50].

Kingdom of Saudi Arabia

Three of the studies from Saudi Arabia reported
data from NICUs [28–30], two of which inves-
tigated LOS [28, 29]. Among neonates admitted
to a tertiary hospital NICU, the most prevalent
GNB isolates causing LOS were Klebsiella spp.
(18%), P. aeruginosa (10%), E. coli (9%), and
Enterobacter (9%). Antimicrobial susceptibilities
were reported for combined EOS and LOS iso-
lates (EOS, 11%; LOS, 89%). Susceptibility of the
four most common GNB was highest to car-
bapenems (91–100%), piperacillin/tazobactam
(78–100%), and aminoglycosides (62–100%).
Susceptibility of A. baumannii isolates was simi-
lar for aminoglycosides (67%) but lower for the
carbapenems (67%) and piperacillin/tazobac-
tam (50%) [29]. Among neonates admitted to
NICUs in Saudi Arabia, Kuwait, and the UAE,
45% of LOS cases were caused by GNB, with
Klebsiella spp. (23%), E. coli (5%), Acinetobacter
(5%), and Pseudomonas spp. (4%) being most
common. Among these pathogens, Pseu-
domonas was associated with the highest case
fatality rate (51.4%). Across the six GNB families
reported, 0–6.1% of isolates were resistant both
to third-generation cephalosporins and amino-
glycosides [28]. Another study was conducted
during an outbreak of ESBL K. pneumoniae in the
NICU unit [30]. During a 3-month period from
April to July 2008, 3.4% of admitted neonates
developed BSI or pneumonia caused by ESBL
K. pneumoniae and 6.8% of neonates became
colonized, corresponding to an
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infection/colonization incidence of 5.3 per
1000 patient-days. Treatment with vancomycin
was significantly associated with increased risk
of infection/colonization (incidence density
ratio, 4.22; 95% CI 1.47–5.15).

Two studies included only pediatric patients
[31, 32]. During a 1-year period in 2016–2017,
19 patients\ 18 years of age who tested posi-
tive for carbapenem-resistant Enterobacteriaceae
(CRE) infection C 24 h after hospital admission
were compared with matched controls infected
with carbapenem-sensitive Enterobacteriaceae
[31]. Most of the CRE identified were K. pneu-
moniae (47%) and E. coli (32%). Although
antimicrobial susceptibilities were not reported,
prior use of antibiotics and recent exposure to
carbapenem were both significantly more com-
mon in patients with CRE isolates. The other
study focused on Acinetobacter spp. HAIs in
children aged\ 12 years [32]. Among these
patients, 34% were MDR, with MDR Acineto-
bacter more frequently isolated than susceptible
Acinetobacter in VAP, CAUTI, burn wounds, and
soft tissue. MDR Acinetobacter were[ 70%
resistant to all classes of antimicrobials tested
except colistin and tigecycline (0%). In contrast,
the susceptible HAI isolates were\5% resistant
to the tested antimicrobials, whereas the colo-
nizing isolate group varied between 19% and
43% resistant and included a single colistin-re-
sistant isolate.

Five Saudi Arabia studies carried out in a
range of age groups reported some data specific
to pediatric patients [33–37]. Two studies
assessed the prevalence of ESBL-producing GNB
in samples of urine, wound swab, blood, and
sputum [33, 34]. In patients B 19 years of age
treated at a referral hospital, 30% of GNB were
ESBL-producing. Across all age-groups, most
ESBL-producing E. coli and K. pneumoniae iso-
lates were susceptible to carbapenems (C 98%)
and tigecyline (81–100%) [33]. The second
study specifically assessed ESBL-producing
E. coli. Among these isolates from
patients B 18 years of age (43% from HAIs),
100% were MDR [34]. Across age groups, all
ESBL-producing E. coli isolates were susceptible
to carbapenems and all but one were susceptible
to tigecycline. Genotyping revealed a high
prevalence of blaCTX-M (95%) and blaTEM (84%)

genes. A study set in four tertiary care hospitals
isolated 120 Enterobacteriaceae among 864
specimens (mainly urine, blood, pus, and spu-
tum; nosocomial acquisition not confirmed),
which included 12 isolates from pediatric
patients [35]. Among these isolates, two were
carbapenem resistant and one harbored triple-
gene resistance (KPC/NDM-1/OXA-48). A sec-
ond study, which characterized GNB in a range
of specimens from ICU patients in a single
hospital, reported high prevalence of MDR in
GNB isolated from infants and children (73%
and 80%, respectively) [36]. A 6-year study
(2013–2019) carried out in a single hospital
characterized Chryseobacterium/Elizabethkingia
spp. infections and colonizations among
patients of all ages [37]. Over the study period,
27 patients were infected or colonized with
Chryseobacterium/Elizabethkingia spp, 16 of
whom were aged B 12 years. In total, 11 of the
pediatric episodes were identified as infection (8
VAP, 1 CLABSI, 1 septic shock, 1 bacteremia)
and 5 as colonization. Antimicrobial suscepti-
bility was reported for all isolates, with the
highest rates for fluoroquinolones ([70%),
cotrimoxazole (100%), and piperacillin/ta-
zobactam (approximately 81%), and\ 15%
against all other antimicrobials tested.

High-risk pediatric populations were the
focus of two Saudi Arabian studies [38, 39]. The
prevalence of CAUTI in postoperative
patients\14 years of age admitted to a pedi-
atric coronary ICU during a 1-year period was
7%. Among these UTIs, 72% were caused by
GNB, most commonly Klebsiella spp. (38% of
GNB) and E. coli (29% of GNB). Among all
Enterobacterales UTI isolates, 41% were ESBL-
producing and 12% were classified as MDR [38].
Catheter-related BSIs in eight pediatric patients
with tunneled catheters for home parenteral
nutrition were assessed over a 7-year period
[39]. Of the 112 BSI pathogens isolated, the
most common GNB were K. pneumoniae (5.4%)
and E. coli (3.6%).

Kuwait

Among the five studies set in Kuwait, two
reported HAI data from NICU or PICU settings
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[40, 41]. LOS in the neonatal unit of a major
tertiary hospital was analyzed over a 5-year
period (2005–2009) [40]. Overall, 949 LOS
infections were identified, corresponding to an
overall incidence of 16.9 episodes per 1000 live
births. GNB were isolated in 43% of cases, with
the most common isolates being Klebsiella spp.
(44% of GNB), Enterobacter spp. (15%), E. coli
(13%), Acinetobacter spp. (11%), and Pseu-
domonas spp. (9%). Klebsiella spp. was the major
bacterial pathogen isolated from meningitis
(46%) and was also a prominent bloodstream
isolate in neonates with necrotizing enterocol-
itis (21%). There was no difference in case
fatality rates between GNB and overall infec-
tions (11% and 12%, respectively). However, a
higher percentage of Pseudomonas spp. infec-
tions resulted in death (18%). Overall, 13% of
GNB isolates were resistant to both cephalos-
porins and gentamicin. Among individual GNB
pathogens, resistance to both cephalosporins
and gentamicin was highest in E. coli (21%) and
Klebsiella spp. (19%). DA-HAI rates (CLABSI,
CAUTI, and VAP) in two PICUs and one NICU
across two hospitals in Kuwait City were deter-
mined [41]. CLABSI rate in the NICU was 15.3
per 1000 device-days, whereas rates of CAUTI
and VAP across the PICUs and NICU were B 1.4
per 1000 device-days. Although the prevalence
of individual pathogens was not reported, car-
bapenem (imipenem or meropenem) resistance
across GNB isolates from all DA-HAIs in all set-
tings (i.e., ICUs, PICUs, and NICUs) ranged
from 0% in E. coli to 29%, 63%, and 78% in
K. pneumoniae, P. aeruginosa, and A. baumannii,
respectively.

Three studies investigated CRE in mixed-age
settings and reported at least some pediatric-
specific data [42–44]. Among Enterobacterales
isolates from patients of all ages across several
Kuwaiti hospitals, 8% were CRE [42]. A total of
21 CRE were positive for blaNDM-1, including
E. coli from a rectal swab of an infant with
pneumonia and K. pneumoniae from a urine
sample of an infant with atypical uremic syn-
drome. Both isolates were susceptible to ami-
kacin, colistin, and tigecycline and resistant to
most of the other antimicrobials tested. In a
study conducted across public hospitals,\ 1%
of Enterobacterales isolates in patients of all ages

were blaOXA-48–positive CRE [43]. The CRE iso-
lates included three from patients aged
2–36 months with isolates obtained from
recurrent UTI (K. pneumoniae), meningitis
(E. coli), and pneumonia (K. pneumoniae). The
K. pneumoniae isolates co-harbored blaSHV gene
(-11 and -1, respectively) and the E. coli isolate
co-harbored blaCTX-M-14 gene. Carbapenem-
nonsusceptible K. pneumoniae isolated from a
central venous pressure tip in a 4-month-old
infant was phenotypically MBL positive and
possessed resistance genes for VIM-4 carbapen-
emase and multiple beta-lactamases (SHV-11,
CTX-M-15, and TEM-1) [44]. Antimicrobial
susceptibility testing (AST) showed susceptibil-
ity only to colistin and tigecycline.

Oman

Of the studies conducted in Oman, one char-
acterized pathogens causing LOS in NICU
patients [45]. During the 8-year study period,
LOS was confirmed in 125 neonates (prevalence
among NICU admissions, 4%), with 42% of
cases caused by GNB. K. pneumoniae was the
most prevalent GNB, causing 17% of all LOS.
The 11 deaths were associated with GNB LOS,
with Klebsiella spp. being most frequently
implicated (7 deaths). Another study assessed
culture isolates from wound infections in hos-
pitalized patients [46]. Among 32 swabs col-
lected from pediatric patients B 19 years of age,
26 isolates were cultured, including 7 GNB
(K. pneumoniae, n = 3; P. aeruginosa, n = 2; and
Stenotrophomonas maltophilia and Pro-
teus mirabilis, n = 1 each). Although AMR data
specific to the pediatric isolates were limited, it
could be deduced that none of the K. pneumo-
niae isolates were ESBL-producing or MDR, the
P. aeruginosa isolates were resistant to several
antibiotics but susceptible to amikacin and
ciprofloxacin, S. maltophilia was susceptible only
to ceftazidime and trimethoprim-sulfonamide,
and P. mirabilis was susceptible to all except
nitrofurantoin.

In a study of 100 patients admitted to a
pediatric cardiac ICU for[48 h, 28% returned
positive bacterial cultures (types/sites not spec-
ified) [47]. Pseudomonas spp., ESBL Klebsiella,
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and Stenotrophomonas were the most common
isolated pathogens.

Qatar

Of the three studies in Qatar, two included
patients of all ages but reported pediatric-
specific data [48, 49]. In hospitalized
patients B 14 years of age with acute bacterial
meningitis caused by community-acquired
infections (CAIs) or HAIs, 33% of cases were due
to GNB [48]. Although the GNB isolates were
not all categorized as HAI and CAI, it could be
determined that HAI isolates included Enter-
obacter aerogenes and P. aeruginosa, and poten-
tially included E. coli, K. pneumoniae,
H. influenzae, and Acinetobacter lwoffii. The
overall prevalence of MDR P. aeruginosa isolates
was 8% (205/2533) among routine specimens
collected from patients of all ages across several
Qatari hospitals [49]. Most MDR isolates (95%)
were hospital acquired, and resistance was
lowest to colistin (3%). Among the 12 isolates
from pediatric patients\14 years of age, 4 were
mucoid MDR P. aeruginosa. A case study report
described a patient of 6 years of age with
hemophagocytic lymphohistiocytosis who was
hospitalized in Doha and later died due to
multiorgan failure associated with highly drug-
resistant bacteria [50]. GNB isolated during later
stages of the disease course included Eliza-
bethkingia meningoseptica and extensively resis-
tant, carbapenemase-producing E. coli [both
from central venous catheters (CVCs)], and
pandrug-resistant K. pneumoniae (from periph-
eral blood). All 3 isolates harbored multiple
beta-lactam resistance genes; several aminogly-
coside, quinolone, and macrolide resistance
genes were also detected in the Enterobacteria.

United Arab Emirates

All included publications from the UAE were
congress abstracts, and thus, provided relatively
limited data specifically related to GNB HAIs
[51–54]. Three of the studies assessed neonatal
sepsis/BSI [51–53]. The most recent study (Jan-
uary 2013 to December 2015) reported the eti-
ology of sepsis in 123 infants (69% LOS, 31%

EOS) [51]. GNB were identified in 29% of cases,
most commonly K. pneumoniae (66% of GNB
cases). Overall, 19% of sepsis was caused by
ESBL K. pneumoniae and E. coli, the majority of
which were sensitive to meropenem. In an ear-
lier study (January 2011 to June 2013) con-
ducted in 51 neonates aged\7 days with
culture-confirmed sepsis (EOS and LOS com-
bined), E. coli accounted for 17% of isolates [52].
A third study carried out before 2012 cultured
bacteria from 5% of submitted neonatal blood
samples (EOS/LOS or HAI not differentiated)
[53]. GNB accounted for 61% of cultured iso-
lates, most commonly E coli, Klebsiella spp., and
Pseudomonas spp. All E. coli and Klebsiella iso-
lates were susceptible to carbapenems and tige-
cycline, and all Pseudomonas isolates were
susceptible to carbapenems, gentamicin, and
amikacin (tigecycline not tested). An additional
UAE study assessed infections in pediatric
patients\13 years of age with leukemia [54].
Among 27 pathogens isolated from 46 patients
during febrile neutropenic episodes, 60% were
GNB, most commonly E. coli (20%, of GNB
isolates), K. pneumoniae (12%), and P. aeruginosa
(12%).

Levant Countries

Four studies from Levant countries were inclu-
ded in the review: two studies conducted in
Jordan [55, 56] and two in Lebanon [57, 58]
(Supplementary Table S4). No studies from Iraq
met the inclusion criteria. Among studies that
reported the prevalence of GNB pathogens,
Klebsiella spp./K. pneumoniae (up to 40% of UTIs
in infants) and E. coli (up to 79% of UTIs in
children\18 years of age) were the most com-
mon GNB-causing infections [56–58]. All four
studies reported AMR, with two reporting car-
bapenem resistance [55–58].

Jordan

Both studies from Jordan were conducted in
NICUs [55, 56]. One study characterized a total
of 68 isolates of pathogens causing sepsis in the
NICU of a hospital in northern Jordan [55].
GNB were isolated from 73% of LOS episodes,
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most commonly A. baumannii (42% of GNB
isolates), K. pneumoniae (36%), and E. coli (8%).
AMR was reported across EOS and LOS isolates.
Among 18 A. baumannii isolates, all were MDR,
17% were susceptible to tigecycline, and 100%
were susceptible to colistin. Among 15 K. pneu-
moniae isolates, 80% were ESBL producing and
13% were KPC producing. All four E. coli isolates
were ESBL producing. Sepsis caused by A. bau-
mannii and KPC-producing K. pneumoniae was
significantly associated with higher mortality
(75% versus 26%, P = 0.001). The other study
investigated UTIs in infants who were admitted
to a single NICU at\ 3 months of age [56].
Overall, 31 out of 1075 infants (3%) had a UTI
during their NICU stay, and 5% developed a
UTI C 7 days after discharge. The most com-
mon pathogens isolated from NICU and ex-
NICU UTIs were K. pneumoniae (41% and 42%,
respectively) and E. coli (31% and 28%, respec-
tively). K. pneumoniae isolates from ex-NICU
UTIs showed a tendency toward higher AMR
compared with K. pneumoniae isolated from
UTIs that developed during the NICU stay
(NICU, 40–82% resistance; ex-NICU, 69–100%
resistance).

Lebanon

In one of the studies from Lebanon, DA-HAIs
were investigated in PICU patients B 20 years of
age in a tertiary care hospital in Beirut [57]. GNB
were isolated from 32 of 59 DA-HAIs: 8 CLABSI
episodes, 8 CAUTI episodes, and 16 VAP epi-
sodes. The most common GNB were K. pneu-
moniae (17% of all DA-HAIs), Pseudomonas spp.
(12%), E. coli (10%), and Enterobacter spp. (7%).
In total, 80% of K. pneumoniae isolates and 67%
of E. coli isolates were ESBL producing, whereas
33% P. aeruginosa isolates were classified as
MDR. Another study conducted in Beirut ana-
lyzed the case files of patients\18 years of age
who were hospitalized with UTIs during
2001–2011 [58]. A total of 675 UTI cases met
inclusion criteria, 79% of which were caused by
E. coli, 8% by Klebsiella spp., 2% by P. aeruginosa,
and 2% by Enterobacter spp. Among the E. coli
and Klebsiella spp. isolates, 16% were ESBL
producing. Over the study period, the

percentage of UTIs caused by ESBL-producing
bacteria increased from 8% (2001) to 25%
(2011). Although healthcare-associated and
community-acquired UTIs were not differenti-
ated, several healthcare-related factors were
significantly more common in patients with
UTIs caused by ESBL-producing pathogens
compared with those with UTIs caused by non-
ESBL E. coli and Klebsiella spp. These factors
included previous hospitalization, previous
surgery, placement of a urinary catheter, place-
ment of a CVC or arterial line, chemotherapy,
and previous antibiotic use. Previous antibiotic
use was also identified as an independent risk
factor for ESBL-producing E. coli and Klebsiella
spp.

DISCUSSION

This literature review was conducted to sum-
marize the available data related to HAI with
GNB among pediatric patients in Middle East-
ern countries. The available data indicate that
GNB are prominent causes of HAIs among
pediatric patients in Middle Eastern countries,
though the prevalence of the different Gram-
negative pathogens and resistance patterns
varied geographically across pediatric patient
populations and institutions.

In total, 13 of the 50 included studies char-
acterized GNB pathogens in neonatal LOS
[10–14, 28, 29, 40, 45, 51–53, 55]. GNB were
prominent LOS pathogens, making up 42–73%
of LOS isolates (from CAI and HAI combined)
across studies [11–14, 28, 29, 40, 45, 55], and
where specifically reported, 93% of HAI LOS
isolates [10]. Most of the studies that assessed
neonatal LOS did not distinguish between HAIs
and CAIs. However, in a study that provided
this information, healthcare-associated LOS
accounted for 68% of confirmed LOS cases [13].
K. pneumoniae/Klebsiella spp. was consistently
the most common GNB isolated from neonatal
LOS, with prevalence varying from 17–58%
among all culture-confirmed LOS cases where
reported [11, 14, 28, 29, 45].

Across studies in Egypt set in NICUs,
K. pneumoniae accounted for 36% of GNB iso-
lates [12], and carbapenem resistance ranged
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from approximately 30–70% [13, 14]. Similarly,
studies reporting data from PICU settings
reported that Klebsiella spp. was the most com-
monly isolated GNB pathogen (32–37% of
GNB), and up to 43% of GNB pathogens were
susceptible to carbapenems [18, 19, 27]. Fur-
thermore, studies reporting data on pediatric
patients with cancer indicated that E. coli was
the most common GNB isolate [23–25]. Among
neonates admitted to NICUs in Saudi Arabia,
Kuwait, and the UAE, 45% of LOS cases were
caused by GNB, with Klebsiella spp. (23%) being
the most common pathogen, and with 0–6%
of GNB isolates being resistant both to
third-generation cephalosporins and aminogly-
cosides [28]. A study from a PICU in Saudi
Arabia similarly reported K. pneumoniae (47%)
as the most commonly identified pathogen,
followed by E. coli (32%), among the CRE cases
[31]. Several studies assessed all HAIs in NICU or
PICU settings and all observed a high preva-
lence of GNB, which accounted for 54–83% of
infections [8, 15, 16, 19, 27]. Again, Klebsiella
spp. were consistently the most common GNB
isolates, accounting for 32–65% of GNB. GNB
isolates were prominent in device-associated
infections, making up 54% of DA-HAI in a PICU
study; 97% of DA-HAI in a study set across
combined NICU, PICU, and ICU settings; and
72% of CAUTI in pediatric coronary ICU
patients [21, 38, 57]. Frequently isolated GNB
among DA-HAI included Klebsiella spp./
K. pneumoniae, Pseudomonas spp./P. aeruginosa,
E. coli, and A. baumannii [21, 38, 41, 57]. Kleb-
siella spp. still represented the most common
pathogen causing UTIs in this population [38].

Most of the studies included in the literature
review reported on the antimicrobial suscepti-
bility of isolated GNB. ESBL-producing isolates
accounted for 12–30% across all isolates stud-
ied, including up to about 80% of K. pneumoniae
isolates and 100% of E. coli isolates
[19, 33, 38, 51, 55, 57, 58]. Considerable rates of
MDR were reported in some studies
[14, 18, 24, 32, 34, 36, 55], including 100% of
ESBL-producing E. coli isolates from HAIs in
patients B 18 years of age [25, 34] and of 15
episodes of neonatal LOS caused by A. bauman-
nii [55]. Carbapenem resistance was frequently
reported [11, 12, 17, 20, 23, 25, 31, 35], with

rates of up to 86%, including 72–73% of
A. baumannii isolates and up to 75% of K. pneu-
moniae isolates [17, 20, 23]. While considerable
rates of MDR were reported across some studies,
A. baumannii isolates were more prominent in
some instances [36, 55].

Results from this review are broadly similar
to other reviews that also reported high rates of
GNB causing HAIs in PICUs/NICUs, as well as
high rates of MDR [59–61]. A literature review of
bloodstream infections in Chinese neonates
reported that Klebsiella spp. (42%) and E. coli
(35%) were the most commonly isolated GNB
[59]; both of these pathogens were highly
resistant to ampicillin and cefazolin and showed
varying resistance rates to third-generation
cephalosporins. A systematic review of GNB in
PICUs and NICUs in Latin America reported
higher overall infection rates than those in more
developed countries (5–37% versus 6–15%) [61].
Cultures were common in almost all countries for
Klebsiella spp., P. aeruginosa, and E. coli; resistance
rates to third-generation cephalosporins were
64–75%, 23–24%, and 19–40%, respectively.

Although molecular data were relatively
limited, there are notable similarities between
this review and a study conducted in 13 tertiary
care hospitals in Saudi Arabia in 2018, where
K. pneumoniae was the predominant GNB
pathogen among the 440 identified CRE isolates
[62]. The data from the study were not included
in this review article since no pediatric-specific
results were provided. However, similar to the
data reviewed here, blaOXA-48 and blaNDM-1 were
the most commonly identified resistance genes
(84% of isolates harbored C 1 of these genes),
blaVIM was rare (\ 1% of isolates), and blaIMP1

was not identified. In contrast, the study did
not identify blaKPC, whereas this gene was
identified in a small number of pediatric isolates
in two of the studies reviewed here [25, 35].
Although genotyping was infrequently repor-
ted, blaOXA-48 and blaNDM-1 were the most
commonly identified genotypes [25, 35, 62]. For
studies reporting AMR where malignancies may
or may not be identified, it should be noted that
patients with cancer receive empiric broad-
spectrum antibiotics in multiple courses and are
at higher risk of developing AMR [63, 64].
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The global burden of AMR is highest among
low- and middle-income countries (LMICs) [65].
Globally in 2019, E. coli, Staphylococcus aureus,
K. pneumoniae, S. pneumoniae, A. baumannii, and
P. aeruginosa were responsible for 929,000 out of
1.27 million deaths attributable to AMR, as well
as 3.57 million out of 4.95 million deaths
associated with AMR. Of these reported deaths,
the most common pathogens observed in North
Africa and the Middle East were S. aureus fol-
lowed by E. coli. In 2019, the burden across
North Africa and the Middle East was\50
deaths per 100,000 associated with AMR.
Methicillin-resistant S. aureus was shown to
have highest resistance (between 60% and 80%)
in North African/Middle Eastern countries, such
as Iraq and Kuwait.

The clinical impact of carbapenem resistance
has become a public health problem in terms of
increased mortality, longer hospital stays, and
higher costs [66, 67]. The pediatric population is
of particular concern, as it is a naturally vul-
nerable population in which risks of infection
vary depending on immunological maturity,
the presence of comorbidities, and the use of
invasive medical devices. To monitor the spread
and resistance of GNB, the adoption of local
and national surveillance programs across
healthcare facilities to examine the trends and
health and economic outcomes associated
with MDR infections has been advocated.
Antimicrobial stewardship, which refers to the
careful and responsible management of
antimicrobial use, is a vital component of an
integrated health system approach. In a sys-
tematic review of studies that assessed antimi-
crobial stewardship programs (ASPs) in Middle
Eastern countries, all studies that described the
effects of ASPs reported marked improvements
in antimicrobial use, resistance rates, and
patient outcomes [68]. Although the review
showed that the introduction of ASPs was
helping to advance healthcare systems in the
Middle East, it also emphasized the region’s
scarcity of data on ASPs.

In tandem with AMR surveillance programs
and ICP practices, antimicrobial stewardship
has the complementary aims of optimizing
antimicrobial use and controlling AMR [69]. For
instance, the common use of antibiotic drugs

without a prescription highlights the impor-
tance of ASPs in the hospital and community
settings. Antibiotic dispensing without a pre-
scription poses a threat to public health as it
leads to excessive antibiotic consumption. In a
review of antimicrobial control at country,
hospital, and program levels in Asia Pacific,
more than half of survey respondents from
India, the Philippines, Saudi Arabia, Sri Lanka,
Taiwan, Thailand, and Vietnam reported the
ability to obtain antibiotics without a prescrip-
tion [70]. Across the Middle East, prevalence of
antibiotic misuse by self-medication was repor-
ted as high as 85% in Syria [71]. Similar rates of
antibiotic self-medication were also reported for
Lebanon (32–42%), Jordan (32–62%), Iran (up
to 58%), United Arab Emirates (56%), Tunisia
(20%), Yemen (60%), and Sudan (74% including
misuse of either antibiotics or antimalarials).
The roles of healthcare professionals, and their
responsibilities to engage in effective communi-
cation and continuing education, are thus essen-
tial to promote the appropriate use of
antimicrobials. The importance of relevant train-
ing and clear guidelines regarding the manage-
ment of MDR bacteria was highlighted in a study
that surveyed Saudi Arabia hospital healthcare
workers. Overall, only 56% of the survey partici-
pants recognized carbapenem was highly recom-
mended for treating infection related to ESBL-
producing bacteria, 39% recognized the institu-
tion had a written policy regarding ESBL spread,
and 43% agreed that ESBL-producing bacteria
require isolation in the hospital [72].

A lack of sufficient data in some countries
may cause gaps in the knowledge pertaining to
GNB infections and AMR among pediatric
patients in the Middle East. The gap may be
more prevalent in low- and low-to-middle-in-
come countries, where the number of labora-
tories capable of evaluating AMR is limited due
to cost, infrastructure, or other considerations
[73]. Limited data availability may also be
attributable to inaccurate laboratory assess-
ments of community-acquired antimicrobial-
resistant infections, where analyses were per-
formed without accurate clinical details or at
inappropriate timing after collection of blood
cultures [73]. Further complicating the issue,
obtaining accurate data may be affected by
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trends in GNB and AMR constantly changing
over time; a study conducted in Istanbul, Tur-
key, assessing data from 2012 through 2015
highlighted the notable change in AMR pat-
terns among GNB isolates over only a 4-year
period, emphasizing the need for timely regio-
nal surveillance data to inform effective infec-
tion control measures [74]. Therefore, sustained
national and local surveillance efforts are
required to track resistance in different settings
over time, detect new resistance types, and
reveal the underlying determinants of resis-
tance in different microorganisms. Moreover,
gaps in policy between evidence-based guideli-
nes and regional clinical surveillance to moni-
tor changes in AMR patterns have also been
identified [73]. The gaps in knowledge identi-
fied herein may help guide future investigators
in planning and carrying out research studies.

Another consideration to note is that some
countries in the region are facing issues with
immigrants, poverty, and poor living condi-
tions. These issues greatly facilitate the dissem-
ination of resistance in all environments. For
instance, the impact on AMR rates from expa-
triate workers in GCC countries is highlighted
by a 2-year study conducted in Kuwait evaluat-
ing antibiotic resistance among food handlers,
where a majority of workers (86%) were non-
Arab [75]. Moreover, countries with war-wounded
civilians such as Syria and Iraq have become a
major source of MDR bacteria that have spread
not only to neighboring countries, but also
globally [76, 77]. The protracted Syrian conflict
has led to one of the largest global refugee crises,
with 5.6 million refugees mainly fleeing to
neighboring countries such as Turkey, Lebanon,
and Jordan [78]. Evidence from countries affected
by military conflict has shown that conflict pro-
motes inappropriate surveillance of antimicrobial
use and resistance, which therefore encourages
conditions for AMR to develop within refugees
and spread throughout host countries [78]. For
instance, high rates of AMR have been detected in
Syrian refugees, and drug-resistant M. tuberculosis
was isolated from a refugee in Lebanon [78].
Furthermore, carriage of potential pathogens and
AMR was identified in Syrian asylum seekers in
Italy, whereas high prevalence of methicillin-re-
sistant S. aureus was found among refugees in

Finland [78]. Similar evidence was reported in
Lebanon, where MDR bacteria were isolated from
wastewater in Syrian refugee camps, with 53% of
E. coli isolates testing positive for resistant genes
[78].

This literature review has several limitations.
More than half (31/50) of the included studies
were from Saudi Arabia or Egypt; only 3 or fewer
studies per country were included from Oman,
Qatar, Lebanon, and Jordan; and no studies
from Iraq or Bahrain were identified that met
the inclusion criteria. Some Middle Eastern
countries were not included because of con-
cerns over data availability and robustness in
those countries. Other limitations include the
heterogeneity of data due to variable study
designs; lack of standardized AST, analyzing,
and reporting; small sample sizes in many of the
studies reviewed; and many studies lacking rel-
evant information such as minimum inhibitory
concentrations. However, in studies where AST
was performed according to corresponding
international standards, the rate of resistance
was substantial. In addition, many lab-based
surveillance systems are not linked to patient
diagnoses or outcomes, and there are frequent
shortages of diagnostics and reagents. Some of
the reports discussed herein reflected data from
a single center, while others reported data from
multicenter or multiregional studies. Addition-
ally, the included studies used widely variable
definitions related to HAIs, AMR, and early-onset
versus late-onset period infections. In general,
data collected from single-center studies are more
likely to report elevated resistance rates than
network studies. In some studies, HAIs were
defined as infections first identified C 24 h after
hospital admission [31], whereas a timeframe
of C 48 h after admission was used in others
[8, 10, 14, 16], with infections manifesting C 48 h
after admission or within 30 days after discharge
being the more widely accepted standard [79].
Furthermore, several of the included articles did
not specifically define HAIs. Additionally, the
definition of MDR also varied considerably
among the included studies, with resistance to
C 1, C 2, or C 3 antimicrobial classes being used
to define MDR [13, 14, 38]. Finally, many of the
studies that assessed neonatal LOS did not dif-
ferentiate between HAIs and CAIs. Although a
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study that provided this information reported a
prevalence of 68% for hospital-acquired LOS
among confirmed LOS cases [13], this percentage
could vary considerably among studies.

CONCLUSIONS

Despite the lack of representation of some
countries, our review of the literature indicates
that AMR GNB are a prominent cause of pedi-
atric HAIs in the Middle East, highlighting an
urgent need for increased adoption of infection
control practices and ASPs across pediatric
healthcare settings. Furthermore, the awareness
of prevalence and resistant patterns is essential
for guideline development to minimize the risk
of MDR GNB infections in pediatric patients.
The information presented in this review and
our proposed solutions to address knowledge
gaps, including sustained national and local
surveillance efforts, may help guide future
investigators in planning studies appropriately.
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