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"If we knew what it was we were doing,
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ABSTRACT

Urinary tract infection (UTI) in infants is associated with kidney damage.
Recommendations on investigations to identify patients at risk of recurrent
UTlIs and kidney related morbidity vary considerably. The objectives of this
thesis were to evaluate current management of infants with their first UTI,
including adherence to the Swedish pediatric UTI guidelines, and to investigate
predictive clinical and genetic markers of UTI associated kidney damage.

Infants <1 year presenting with a first episode of UTI were included in a
nationwide prospective study with one year follow-up. Patient characteristics,
laboratory results and findings on imaging of the kidneys and urinary tract were
described (Paper I). Performed investigations were related to guideline
recommendations for adherence studies (Paper II). In a subgroup, blood
sample DNA was used for genetic association analysis of permanent kidney
damage identified by renal scintigraphy (Paper I1I). Anatomical abnormalities
and kidney damage were identified in line with previous prevalence estimates
at the expense of a high number of investigations. Diagnostic work-up and
treatment were largely performed according to guidelines while adherence to
recommended imaging was lower. A genetic profile could segregate infants
with permanent kidney damage from those without persistent damage.

In conclusion, diagnostic and therapeutic management of infants with UTI is
satisfying but the burden of radiation from imaging is high in relation to
findings. A genetic susceptibility partly explains why some infants with kidney
infection have persistent kidney defects while others heal without damage.
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SAMMANFATTNING PA SVENSKA

Urinvéagsinfektion (UVI) dr en av de vanligaste bakteriella infektionerna i
aldersgruppen 0-1 &r och ar ofta forknippad med infektion i en njure. En UVI
kan orsaka en bestdende njurskada och ibland ar den kopplad till anatomiska
avvikelser 1 urinvidgarna. Darfor gors ofta en efterfoljande utredning med
rontgen eller annan bilddiagnostik for att identifiera barn med risk for nya
infektioner och for framtida sjuklighet till f6ljd av njurskada. Tillforlitliga
riskmarkorer saknas dock och det rader delade meningar om vilka utredningar
som bor goras. Svenska och internationella vardriktlinjer for UVI finns men
rekommendationer skiljer sig avseende diagnostik, behandling och utredning.

Denna avhandling beskriver hur spddbarn med sin forsta UVI handldggs i
Sverige dér 29 barnkliniker har rapporterat uppgifter om 1357 barn. Diagnostik
skedde till 6verviagande del enligt riktlinjerna dar en viktig del ar att sdkra ett
urinprov for bakterieodling. Antibiotikaresistensen hos E. coli, den vanligaste
UVI-bakterien, har fortsatt att 6ka den senaste 20-arsperioden vilket ar ett
problem da det finns f antibiotika for smé barn. Aven behandling skedde till
storsta del enligt riktlinjerna. Utrymme finns dock for minskad intravends
behandling pa sjukhus och 6kad behandling i 6ppenvérd. I den uppfoljande
bilddiagnostiken identifierades barn med kvarstiende njurskada i ungefdr
forvintad frekvens. Trots minskad utredningsintensitet jamfort med 1990-talet
var utredningsbdrdan alltjimt hog och ménga barn med friska njurar utsattes
for strdlning i onddan. Av 836 barn som genomgick minst en njurskintigrafi
pavisades njurskada i 126 fall. Foljsamheten till rekommenderad bild-
diagnostik var lagre, sdrskilt pA mindre sjukhus, och orsakades oftare av
Overdriven utredning 4n av att man avstatt fran rekommenderad undersékning.
De icke rekommenderade undersdkningarna visade séllan ndgot avvikande.

I en delstudie pa en mindre grupp jaémfordes ett stort antal gener pa barn med
njurskada efter UVI mot barn som inte fick njurskada. Férekomst av varianter
i vissa gener hos barn med njurskada visade sig kunna sérskilja grupperna,
talande for en genetisk bendgenhet for njurskada kopplad till UVI.

Slutsatser &r att spadbarn med UVI skots med stor noggrannhet pé landets
barnkliniker avseende diagnostik och behandling. De svenska vardriktlinjerna
bor dock ses over, fraimst vad géller rekommenderad bilddiagnostik for att
minska utredningsboérdan. Det finns behov av nya riskmarkorer for njurskada
dar genetiska forklaringsmodeller kan bidra till sokandet efter sddana.

vi
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1 INTRODUCTION

It is not a coincidence that urinary tract infections (UTIs) became the subject
of my PhD project. My principal supervisor during my residency had an
interest in pediatric nephrology and, from start of my training, introduced me
to the principles of managing UTIs in young children. At that time, in the mid-
1990s, all children less than two years of age who were diagnosed with a febrile
UTI at our hospital were meticulously investigated with renal and bladder
ultrasonography (RBUS), voiding cystourethrography (VCUG) and
urography. Renal scintigraphy was about to be introduced to children at that
time. They were then followed up in clinic at regular intervals with repeated
urine cultures to monitor if bacteria reappeared. If backflow of urine from the
bladder to the kidneys, vesicoureteral reflux (VUR), was detected, the child
was prescribed long term prophylactic antibiotic treatment and a new VCUG
planned for in a year or so to see if the reflux had resolved or diminished. For
the doctor, this was very standardized and easy to perform and I learned how
to motivate families to go through these procedures by explaining that new
infections could harm the kidneys further, increasing the risk of future health
problems like hypertension and chronic kidney failure.

Much research has been done since then and over the years recommendations
on how to diagnose, treat and follow up children with UTI have changed.
However, still no uniform internationally accepted guidance on how to best
manage young children with UTI exists and personally, I have had more
dubious thoughts about how to care for these children nowadays than in the
beginning of my career. This led me to inquire among nephrology colleagues
at Queen Silvia Children's Hospital in Gothenburg if there were any suitable
UTI research projects for an ageing pediatrician to indulge in. There weren’t
but Per Brandstrom and Sverker Hansson, who later became my supervisors,
inspired me to think about and conceptualize a new project including an
evaluation of the Swedish clinical UTI guidelines. This was then expanded to
become a joint venture with a research group in Lund with expertise in genetic
and molecular research on bacteria, inflammation and UTI, using high end
laboratory technology which made the project even more exciting. Thus, the
research plans for me and my colleague PhD student Therese Rosenblad were
born.

This thesis focuses on evaluating current management of UTIs in infants,
including adherence to guideline recommendations, burden of investigations
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and the yield of undertaken imaging of the kidneys and urinary tract. It also
aims to address the influence of clinical and genetic characteristics on UTI
related kidney damage.

1.1 HISTORICAL PERSPECTIVE

Literature from the previous century describes the association of febrile UTIs
in children and severe nephropathy leading to progressive renal impairment
and end stage renal disease [1, 2]. These children often had recurrent UTIs and
a history of missed or late diagnosed infections. This is likely still an issue in
developing countries related to socio-economic factors and limited access to
healthcare although reliable research studies are scarce [3].Thanks to pioneer
work by Jan Winberg, Jean Smellie, Ulf Jodal and others during the 1960s to
1980s the spotlight was focused on recognizing and treating UTIs in children
at an early stage which dramatically improved the management of childhood
UTIL. Furthermore, extensive imaging of the kidneys and urinary tract was
recommended as follow-up to look for anomalies and in particular VUR. The
presence of VUR was for many years considered the leading cause of UTIs
and subsequent scarring of the kidneys. It was thought that curing the reflux
would prevent further damage to the kidneys which inspired urologists to
develop new surgical techniques that became regularly used to treat VUR.
Another approach was to treat children with VUR with long term prophylactic
antibiotics to prevent new infections and additional renal scarring. In the
International Reflux study, children with dilating VUR (VUR grade 3-5) were
randomized to either surgical correction or continuous antibiotic treatment and
compared for renal growth and new renal scars. The study concluded that no
significant difference between the groups could be seen at 5 and 10 years
follow-up [4]. However, renal scarring can develop after UTIs in the absence
of VUR [5]. Moreover, the kidney damage seen in children with VUR in many
cases preceded the UTI and was, in fact, of congenital origin [6, 7]. This
insight, and the improved attention to early recognition and treatment of UTTs,
making severe kidney damage due to UTI a rare phenomenon in children, has
changed the strategy of follow-up after UTIs with focus on decreasing the
burden of radiation and unnecessary procedures.

1.2 EPIDEMIOLOGY

UTIs are more prevalent in boys the first 4—6 months of life but after that age
it is more common in girls, depicted in Figure 1.
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Figure 1 Age distribution of 1111 boys and 1198 girls 0-2 years of age at first UTL
Reprinted from Pediatric Clinics of North America 69(6). Brandstrém P, Hansson S.
Urinary tract infection in children, 10991114, (2022) with permission from Elsevier

Uncircumcised boys are more likely to be affected than circumcised [8]. The
high incidence of UTI during infancy coincides with a vulnerable phase in life
when symptoms of bacterial infections are unspecific and can easily be missed
or mistaken for more benign conditions if not properly investigated for the
possibility of UTI. Particularly in newborns, bacteria causing UTI as well as
other bacterial infections, can evade the immature immune system and cause
sepsis and meningitis despite few preceding signs of serious infection [9, 10].
Older infants may have a variable disease course ranging from mild self-
limiting illness to a life-threatening condition.

UTIs can be classified in three different categories or levels: upper UTI/acute
pyelonephritis (APN), lower UTI/cystitis and asymptomatic bacteriuria (ABU)
[11, 12]. In upper UTI, the infection affects the kidney and causes parenchymal
inflammation. The leading symptom in infants is fever, sometimes
accompanied with irritability, vomiting and poor feeding. In cystitis, the
infection is restricted to the bladder and urethra causing dysuria and pain of the
bladder. These symptoms, of course, are difficult to interpret in preverbal
children. In ABU, the bladder is colonized by bacteria causing foul-smelling
urine but no symptoms or harm. A meta-analysis estimated the prevalence of
ABU in boys <1 year to be 0.66% but only 0.08% in boys >1 year [13]. In
contrast, the prevalence of ABU in girls <2 years of age was 0.22% but was
higher after this age, 0.52% in this study. The highest prevalence of ABU
during childhood is thought to be in uncircumcised boys during early infancy:
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1.6% in boys <2 months [14]. Pyelonephritis is the predominating UTI in
infants while cystitis is rarely diagnosed in this age group. In addition to having
the potential to cause acute serious infections and being a nuisance for the
child, pyelonephritis has been associated with kidney injury [15]. This has been
the main focus of research in childhood UTI since the 1950s. This thesis
focuses on UTI in infants <1 year motivated by the high incidence in this age
group and by a long tradition in Sweden to manage these patients in specialist
pediatric care which facilitates clinical research.

1.3 BACTERIOLOGY AND PATHOGENESIS

The pathogenesis of UTI is complex. Bacteria from the intestinal tract can enter
the urinary tract through the urethra to the bladder and then ascend to the
kidneys via the ureters. Less commonly, they can invade the kidneys directly
through the blood stream. The predominating bacteria causing UTI in young
children is E. coli with a prevalence of about 90% in population-based studies
but lower in children with complicated UTIs [16-19]. Other bacteria causing
UTI, as Klebsiella, Enterobacter, Proteus, Enterococcus and Pseudomonas
species, hereafter named non-E. coli, are associated with a higher risk of
anomalies of the kidneys and urinary tract [20-22]. A European survey among
pediatric nephrologists in 10 countries studied positive urine cultures from
children under 24 months of age from hospital-patients and outpatients
between 2010 and 2012 [23]. The survey confirmed that E. coli was the most
common bacterium, however, in cultures sampled in 10 of 16 hospitals and in
6 of 15 outpatient clinics, E. coli was isolated in less than 50%. Most centers
participating in this survey were referral hospitals for pediatric nephrology
patients which certainly inferred a selection bias but the study emphasizes the
importance of being aware of a more varied bacterial spectrum causing UTIs
in certain populations.

Among E. coli, some strains possess important virulence factors that can
facilitate their invasive properties while other E. coli will settle in the bladder
and cause no harm to the host [13, 24]. Important virulence factors among
uropathogenic E. coli (UPEC) include type 1 pili and adhesion molecules, such
as FimH, for adhering to the uroepithelium, P-fimbriae for ascending the
urinary tract, toxin secretion that disrupts the mucosal barrier, iron uptake
ability for survival and mechanisms to evade the host’s immune response by
entering epithelial cells and producing intracellular bacterial communities or
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biofilm-like structures [25-29]. The host,

on the other hand, has defense

mechanisms to protect the urinary tract from infection, illustrated in Figure 2.
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Figure 2 Protective host factors: 1 Urine flow, 2 antiadherence factors (e.g.

THP=Tamm-Horsfall protein), 3 antimicrobial factors,

4 cell-exfoliation, 5

production of chemokines and cytokines, 6 neutrophils. Chromek M, Brauner A. J Mol
Med. 2008;86:36—47. With permission from Springer Nature.

To further complicate the understanding of the evolution of UTI, it has been
shown that the UPEC genome can mutate and adapt to the defense mechanisms
met in the new environment in the host by losing or gaining genetic material

[30, 31].

Other important properties of bacteria, crucial for the treatment of patients with
UTIL, are different resistance mechanisms to antibiotics. In a global perspective,
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this is an increasing problem with high resistance rates in E. coli and other
uropathogens to commonly available antibiotics, particularly in developing
countries. In a meta-analysis of antimicrobial resistance in children 05 years
with UTI caused by E. coli, the resistance rate to trimethoprim-
sulfamethoxazole in OECD (Organization for Economic Cooperation and
Development) countries was 30% and in non-OECD countries 71%. The
corresponding figures for amoxicillin-clavulanic acid were 10% and 72%,
respectively [32]. Resistance patterns in Sweden and neighboring countries are
still more favorable but extended spectrum beta-lactamase production (ESBL)
is continually increasing, although from a low level [33-35]. Hence, due to
antimicrobial resistance, the use of broad-spectrum antibiotics is often
required, known to drive resistance even further. Increasing antimicrobial
resistance is also a concern for the choice of first line antibiotics used for
empirical treatment of UTIs as delayed effective treatment might imply a
higher risk of kidney damage.

1.4 PREDISPOSING FACTORS OF UTI
1.4.1 CONGENITAL ANOMALIES

Infants with congenital anomalies of the kidneys and urinary tract (CAKUT)
have an increased risk of UTI during early life [12, 36, 37]. Ureteropelvic
junction obstruction, ureteric stenosis and posterior urethral valves will
obstruct the normal flow of urine which facilitates for bacteria to persist and
multiply proximal to the obstruction, sometimes causing complicated
infections refractory to antibiotic treatment and the need of surgical drainage.
Likewise, an ectopic ureter terminating distal to the bladder can be the cause
of UTIs ascending to the kidney. With improved ultrasonography technique
and antenatal screening programs it has become more common to identify
major organ abnormalities in the fetus, sometimes even leading to
interventions in utero. However, not all anomalies in the urinary tract are
detected on antenatal screening and a UTI can be the presenting symptom of
CAKUT identified on imaging performed as a consequence of the UTL.

VESICOURETERAL REFLUX

As mentioned above, VUR is a major predisposing factor for upper UTIs and
is associated with recurrent UTIs [38, 39]. The prevalence of VUR in the
population is not known but has been estimated at 1-2% [40]. This, however,
has been questioned by several researchers and in infants, is likely to be much
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higher [41, 42]. Moreover, the grade of reflux, defined by the grading system
(Figure 3) proposed by Lebowitz et al. is of importance for the risk of UTIs
[43]. Dilating VUR, where the flow of urine from the bladder reaches up to the
kidney with increasing dilatation of the ureter and renal pelvis for each grade,
has a higher risk of APN, increasing with VUR grade [44]. VUR, however, has
a high chance of spontaneous resolution, in particular the lower grades [45]. In
a population based Swedish study on 2309 children <2 years presenting with
their first UTI, 1953 children were examined by VCUG of whom 30% had
VUR [46]. The rate of dilating VUR among those who were examined by
VCUG in this study was 18% in girls and 13% in boys. Spontaneous resolution
or regression to non-dilating VUR (grade 1-2) was seen in more than 50% of
the children, more often in boys than in girls, within a follow-up period of 4—
6 years [44]. In this study, girls also had a higher frequency of recurrent febrile
UTIs (54%) compared to boys (33%). This, in combination with the higher
persistence rate of VUR, could make girls more vulnerable for new infections
ascending to the kidneys.

Kidney—_ ( _ (" N
Renal ————
pelvis
Ureter
Bladder

\

\

Grade | Grade |1 Grade Il Grade IV Grade V

Figure 3 International classification of vesicoureteral reflux. Reproduced with
permission from Montini G, Tullus K. N Engl J Med. 2011;365(3), Copyright
Massachusetts Medical Society.

1.4.2 BOWEL AND BLADDER DYSFUNCTION

Bowel and bladder dysfunction has been shown to increase the risk of recurrent
UTIs in older children [38, 47-49]. Dysfunctional bladder emptying is also
associated with renal damage and persistent VUR [50]. Whether UTIs are
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associated with abnormal bladder function also in infants is not entirely clear.
In a study by Sjostrom et al., infants with dilating VUR were examined with
videocystometry at a mean age of 6 months and repeated at 20 and 40 months
[51]. The majority of these infants had pyelonephritis as presenting symptom
and half of them experienced a recurrent UTI during the follow-up period. At
6 months, the urodynamic pattern couldn’t be distinguished from the normal
pattern in infants of that age but at 20 months, the pattern was abnormal with
primarily increased bladder capacity and residual volume. High residual
volume at the 6-month investigation was a predictor of dilated bladder
dysfunction at the 20 months follow-up. Abnormal bladder emptying is usually
not evident for caregivers of infants and non-toilet trained children but for the
doctor, asking about bowel function may be helpful since also infants can have
constipation interfering with bladder emptying.

1.4.3 GENETIC SUSCEPTIBILITY

In recent years, it has become increasingly evident that a genetic predisposition
plays an important role for UTI susceptibility. Family pedigree studies have
shown that APN was significantly more common in relatives to children who
had been treated for APN compared to family members of control subjects
[52]. The interactions between the invading bacteria and the defense
mechanisms of the host are central in the pathogenesis of UTI and for the
severity of infection. The immune response that is triggered by bacterial
invasion includes the production of chemokines by epithelial cells in the
urinary tract, enhancing recruitment of neutrophils [53]. Toll like receptors
(TLRs) play a crucial role in the recognition of uropathogenic bacteria and the
initiation of innate immune response. TLR4 signaling triggered by bacterial
recognition and upregulation of chemokines and receptors like CXCLS8 (IL-8)
and CXCRI, elicits a strong innate immune response with massive neutrophil
recruitment that will contribute to bacterial clearance [54, 55]. Variations and
polymorphisms in the coding genes for these important players in immune
activation will affect the susceptibility and the course of the infection.
Depending on how genetic variations affect the signaling pathways, innate
immune dysregulation can either inhibit immune activation, favoring a state of
ABU, or elicit an exaggerated immune response with destructive inflammation
[56]. Polymorphisms in genes regulating transcription factors as the IRF3-
IRF7 complex has been shown to dramatically alter the regulation of the innate
immune response [57]. In murine models, knock-out mice with absence of
functional IRF3-signaling developed severe urosepsis and kidney pathology
with abscess formation and tissue damage during UPEC infection [58]. IRF3
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promoter sequence variations affecting IRF3 expression was also linked to
APN susceptibility in humans followed-up about 30 years after their first UTI
in childhood [58]. Thus, it is apparent that APN susceptibility is not only
influenced by anatomical abnormalities and bacterial virulence factors but also
by genetic predisposition in the host.

Furthermore, inheritance patterns of VUR indicate that genetic components are
important also for this condition which, in turn, is predisposing for UTI. The
prevalence of VUR has been estimated at around 30% in siblings to patients
with VUR and 35% in offspring to parents with VUR [59, 60]. Many of these
children, however, will have low grade VUR with a high chance of resolution
and most of them will not be affected by a UTL. There is growing evidence that
embryonic developmental disturbances of the urinary tract, including VUR,
have a genetic background [61-63]. Although many candidate genes associated
with VUR have been investigated, no single gene locus has been identified and
most researchers have concluded that VUR is a genetically heterogenous
condition possibly influenced by environmental factors [40, 64, 65].

1.5 RENAL SCARRING
1.5.1 PATHOGENESIS

A major concern in young children with APN is the risk of developing
permanent damage of the affected kidney. Numerous investigations have
shown that new parenchymal defects can evolve following an episode of APN
[2, 66-68]. Experimental animal studies and studies in children presenting with
APN have shown that areas of inflammation identified by acute renal cortical
scintigraphy in some individuals resolve completely at follow-up but in some
develop into permanently scarred tissue at the site of the acute infection [5, 69,
70]. The frequency of permanent kidney damage identified by 99mTc-
dimercaptosuccinic acid scintigraphy (DMSA) following the first UTI in
young children is reported in several studies to be around 10-26%, but in some
populations as high as 49% [66, 71-73]. Furthermore, several studies have
shown that recurrent UTTIs are associated with new renal damage, particularly
in girls [74-78]. However, many of the studies reporting the prevalence of
kidney damage detected on investigations performed after an initial UTI
cannot differentiate between acquired renal scarring caused by the infection
and preexisting kidney defects of congenital origin. Since renal scintigraphy is
rarely performed in healthy children, unless prenatal ultrasound screening or
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imaging of the kidneys for other reason have shown anomalies, the prevalence
of congenital kidney damage is not known.

High grade VUR is associated with congenital kidney abnormalities including
hypoplasia but also with focal dysplasia [40, 60]. The exact pathogenetic
mechanisms behind reflux associated dysplasia are not fully understood but
the phenomenon of congenital focal dysplasia has an important clinical
implication. While dysplasia is a histopathological diagnosis, focal uptake
defects on DMSA scintigraphy caused by infection can be indistinguishable
from the picture seen in focal dysplasia, making many clinical studies difficult
to interpret [74, 79, 80]. Moreover, there is a gender difference with boys more
often being identified with high grade VUR and congenital kidney
abnormalities during early infancy while girls have a stronger tendency to
acquired kidney damage following UTIs later in childhood [6, 72, 75].
Nevertheless, pyelonephritis can result in new kidney scarring regardless of
VUR or preexisting kidney defects and should therefore be promptly
diagnosed and treated [81].

1.5.2 GENETIC INFLUENCE

It is reasonable to believe that the severity of infection and extent of
inflammation in the acute infection is decisive for the evolution of renal
scarring following APN. Yet, in most individuals, the inflammation subsides
without apparent residual injury, while others develop persistent scarring and
sometimes experience progression over time [68]. The genetic influence on the
scarring process following APN has been studied but is far from completely
understood. Furthermore, the interplay between congenital and acquired
scarring makes genetic studies on patient cohorts with heterogeneous
phenotypes complex and difficult to interpret [82]. Specifically, genes
involved in the inflammatory response, tissue repair, and fibrosis, such as
TLR4, angiotensin-converting enzyme (ACE) and transforming growth factor-
beta 1 (TGF-B1), have been suggested to play important roles in the scarring
process [83-87]. Children with variations in TLR4 signaling have an increased
risk of severe UTIs and prolonged inflammation, which could enhance the risk
of renal scarring [88]. Insertion/deletion polymorphisms that influence ACE
activity have been linked to increased risk of kidney damage and fibrosis,
thought to be mediated by vasoconstriction and increased intraglomerular
pressure inducing glomerular sclerosis [89]. TGF-B1 regulates tissue repair and
plays a central role in promoting extracellular matrix deposition, such as
collagens, activating myofibroblasts which contribute to fibrosis [87]. None of
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the regulating genes alone has been shown to explain the development of renal
scarring after UTI but it is plausible that an individual genetic profile has an
influence on the susceptibility of scarring.

In a recent study, a cohort of children in Singapore and a subset of infants from
the Swedish infant UTI study were investigated regarding the molecular and
genetic basis of disease severity in APN [90]. Gene expression analysis
showed an immune imbalance with hyper-activation of innate immunity, in
particular neutrophil degranulation pathway genes, and attenuation of the
adaptive immune system in children with renal involvement on DMSA
scintigraphy in the acute phase of infection. Furthermore, deoxyribonucleic
acid (DNA) analysis showed distinct genetic profiles separating children with
renal involvement on acute DMSA scans from children with febrile UTIs
without DMSA abnormalities. When comparing gene expression profiles with
outcome on follow-up DMSA scans, genes regulated in the acute phase, were
not associated with renal scarring, nor was there evidence of a persisting hyper-
inflammatory response in patients who developed renal scarring [90].
However, DNA analysis identified gene profiles specifically associated with
renal scarring that could discriminate children with permanent kidney damage
from those with resolved defects on the late DMSA scan with a near 100%
accuracy. The DNA profile associated with acute renal involvement differed
from the profile linked to renal scarring and there was no evidence that the
most elevated acute response parameters predicted renal scarring. These
findings suggest that there are other mechanisms than exaggerated acute
inflammation or lasting inflammation that influence the evolution of scarring
after pyelonephritis. It is also possible that genetic predisposition and
environmental factors interact and could affect multiple processes as
embryonic development of the urinary tract, immune response in the acute
phase of infection and tissue repair [83]. Further research in this field is
essential as many aspects of genetic influence on renal scarring are still
unexplored. Identifying children with high-risk genetic profiles could help in
the early detection of those at risk for scarring, allowing for more targeted
interventions and follow-up to improve long-term kidney health. The different
components affecting renal scarring are illustrated in Figure 4.
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Figure 4 lllustration of components affecting UTlI-related renal scarring. Reproduced
with permission from Montini G, Tullus K. N Engl J Med. 2011;365(3), Copyright
Massachusetts Medical Society.

1.5.3 CONSEQUENCES OF UTI AND SCARRING

In the short term, the consequences of a UTI are mostly related to the clinical
condition and age of the child at infection. Children presenting with signs of
sepsis, dehydration, vomiting or other symptoms of severe infection need
inpatient care with close surveillance, intravenous fluid and antibiotic therapy
and monitoring with repeated blood sampling. Potential serious complications
include fluid and electrolyte disturbances, bacteremia and meningitis,
particularly in the very young infants [9, 91-93]. Children who are
unresponsive to antibiotic treatment with continuing fever should be evaluated
for obstruction in the urinary tract and might need acute surgical drainage
although these children are few [94, 95]. The majority of children with UTI,
however, are in good clinical condition and respond to antibiotic treatment
within a few days [95].

The pathogenetic mechanisms potentially inducing progressive damage in
scarred or hypoplastic kidneys is a slow process thought to be caused by

12



Magnus Lindén

hyperfiltration in overloaded remaining nephrons accompanied by structural
lesions, a theory supported by experimental studies by Brenner et al. [96]. This
process continues for decades making long-term consequences of kidney
injury in infancy difficult to explore. Acknowledging that APN is sometimes
followed by permanent kidney damage and that congenital kidney damage is
sometimes identified on investigations conducted as part of a UTI work-up,
this can have implications for kidney health later in life. The main concerns
have been impaired kidney function, hypertension and complications during
pregnancy [12]. There are few long-term investigations addressing these
important issues and some reflect the outcome in children treated for UTI in a
different era when missed infections or delayed treatment was more common
than nowadays. Furthermore, renal scarring diagnosed by urography does not
equate to scarring seen on DMSA scintigraphy which will detect also minor
defects.

A Swedish study by Wennerstrom et al. on children diagnosed with renal
scarring by urography after their first UTI in the 1970s and followed up 16-26
years later concluded that the kidney function was generally well preserved but
children with bilateral scarring had a worse prognosis and among those with
unilateral scarring, a significant deterioration in function of the affected kidney
was seen [97]. Another Swedish cohort comparing females with and without
renal scarring following their first childhood UTI was studied at a median age
of 27 years by Martinell et al. and again at 41 years by Gebéack et al. [98, 99].
These studies also confirmed that kidney function, even in those with severe
scarring, generally was well maintained but women with bilateral kidney
damage had a significant decrease in glomerular filtration rate from 93 to 81
mL/min/1.73 m? between the two timepoints of follow-up. A large Israeli
registry study investigating 1.5 million persons examined for military service
found a risk of 1.4% for end stage kidney disease (ESKD) among those with a
history of pyelonephritis compared to 0.2% in those without pyelonephritis and
that renal scarring and decreased kidney function at enrolment were predictors
of worse outcome [100]. The authors emphasized that ESKD only represents
a small fraction of chronic kidney disease, suggesting that children with
pyelonephritis could benefit from evaluation of kidney scarring.

In the cohort followed by Wennerstom et al., no increased risk of hypertension
was seen when compared to matched controls without renal scarring, [101]
whereas women with renal scarring in the Martinell and Gebéck cohort had an
increased risk of hypertension (38%) compared to those without scarring
(14%) at the later follow-up [102]. A literature review by Toffolo et al. on
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clinical consequences following childhood UTI summarized that the risk of
hypertension later in life is low and usually associated with kidney damage at
start [103].

The risk of complications during pregnancy is increased in women with
pronounced renal scarring and decreased kidney function or poor blood
pressure control [104, 105]. However, the risks are low in women with minor
or moderate scarring with preserved kidney function and normal blood
pressure, comprising the majority of women in these cohorts. This was also the
conclusion in the review by Toffolo et al. [103]. On the other hand, a meta-
analysis of reports and case series estimating the risk of pregnancy-related
morbidity in women with reflux related nephropathy found a tenfold increased
risk of hypertensive disorders including late maternal preeclampsia [106].

To summarize, most authors agree that the risk for serious sequelae caused by
acquired kidney scarring following UTI is low in countries with advanced
healthcare, although it is important to identify signs of chronic kidney disease
in order to prevent further disease progression in this patient group.

1.6 MANAGEMENT OF UTI IN INFANTS
1.6.1 DIAGNOSIS

Important questions to include when evaluating young children with a
suspicion of UTI are antenatally diagnosed kidney abnormalities, a family
history of VUR or kidney disease, constipation and poor urine flow. In the
preverbal child, symptoms like dysuria and loin pain are not expressed. In
infants, the presenting symptom of UTIs is usually fever without localized
symptoms or signs. The physical examination should include inspection of the
genitals and back to look for overt malformations and palpation of the abdomen
to identify an enlarged bladder or abdominal mass. However, the history and
physical examination in infants usually only provide clues indicating the
possibility of a UTI and the diagnosis relies heavily on laboratory
investigations.

Definitions of UTI and required diagnostic procedures for a UTI diagnosis vary
between different authors and guidelines. All guidelines discourage the use of
nappy pads or perineal plastic bags as urine collection method for culture due
to a high contamination risk of up to 50-60% [107]. Most guidelines accept
urine collection by clean-catch as an approved method acknowledging a
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contamination risk of 16-26% [108, 109]. The National Institute for Health and
Care Excellence (NICE) guidelines, however, accept the use of nappy pads if
clean-catch is not possible while the American Academy of Pediatrics (AAP)
guidelines require urine sampling by suprapubic aspiration (SPA) or catheter
to establish a diagnosis of UTI [110, 111]. Blood culture and urine sampling
by SPA or catheter are often motivated for children in poor clinical condition
where the initiation of antibiotics is urgent and intravenous therapy is
warranted.

The presence of leukocytes in urine, pyuria, is supportive of UTI, but
unspecific, and is not uncommon in febrile infections other than UTI [112].
Pyuria can also be present in other inflammatory conditions in the kidneys than
infection. Pyuria is usually assessed by urine dipstick tests for leukocyte
esterase (U-Le) in Swedish pediatric services. The sensitivity and specificity
for a U-Le test to identify bacteriuria is estimated at 83% and 78% respectively
[113]. Urine dipsticks have been shown to be an adequate screening test for
UTTI also in the very young infants [114, 115]. The urine nitrite test has a
specificity of close to 100% for the presence of bacteria but the sensitivity is
low at about 25-50% in children, making it useful to diagnose bacteriuria when
the test is positive but less useful as a screening tool for UTI [111, 113, 116].

Different guidelines propose divergent thresholds for bacterial colony counts
necessary for a UTI diagnosis. The AAP guidelines are the most rigorous,
requiring both a positive leukocyte test and the presence of at least 5x10*
colony forming units (CFU)/mL of a single uropathogenic bacterium in urine
collected by SPA or catheter [111]. Different cut-off levels of colony numbers
for different urine sampling methods are proposed in various guidelines but
these are based on contamination risks rather than biological circumstances
making such requirements unsuitable for diagnostic decision-making in
clinical practice [117]. Several studies have challenged the requirement of a
high bacterial number needed for a diagnosis of UTI, particularly in infants
who empty the bladder at random intervals, thus impeding the assessment of
bladder incubation time [18, 118, 119]. The requirement of pyuria for
establishing a UTI diagnosis has also been disputed and notably, the absence
of leukocytes is associated with UTIs caused by non-E. coli bacteria [17, 120,
121]. When diagnosing a UTI, the clinician must also be aware of the
possibility of a child having ABU presenting with fever caused by another
infection, usually virus.
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Inflammatory markers in blood are used to help differentiating between upper
and lower UTI but are non-specific and have a limited role in the diagnostic
process. A Cochrane review on this matter concluded that a low C-reactive
protein (CRP), <20 mg/dL, is helpful in ruling out pyelonephritis while
procalcitonin seems to be a better marker for identifying pyelonephritis [122].
CRP has also been studied as a risk factor in prediction models to identify
children with increased risk of permanent kidney damage [20, 72, 123]. Plasma
creatinine is not a diagnostic marker of UTI but can be useful for identifying
children with severe infection, concurrent significant dehydration, or
preexisting renal impairment suggesting a more meticulous management.

1.6.2 TREATMENT

The local antibiotic sensitivity patterns of common bacteria, in particular for
E. coli, should be considered in the initial empiric treatment of UTIs. Most
guidelines recommend 7—10 days of antibiotic treatment for febrile UTIs and
point out that clinical improvement is usually seen within 2—3 days. Initial
intravenous antibiotic treatment is often recommended for the youngest
infants, below two months of age, due to an increased risk of sepsis and
meningitis in this age group and a higher probability of undiagnosed
malformations in the urinary tract. If clinical improvement after a few days of
parenteral treatment is seen as expected and the antibiogram report shows
sensitivity to an appropriate oral alternative, the course can generally be
completed by the oral route. It has been proposed that children aged one month
or more in good clinical condition and able to retain oral medication can be
treated with empiric oral antibiotics from start and that this is equally safe and
effective as initial intravenous treatment [124-126].

Antibiotic treatment should be initiated without delay, preferably within 72
hours from the onset of fever, after collecting urine for culture when
pyelonephritis is suspected. Several studies have shown that the risk of renal
scarring increases when effective therapy is delayed [127-129]. Other
investigators, however, could not find an association between delayed
treatment and renal scarring [ 130, 131]. Nonetheless, early initiation of therapy
will relieve symptoms of infection and shorten the time of malady for the child.

The value of prophylactic antibiotic treatment is more controversial and
conclusions from clinical studies are conflicting. A Cochrane review from
2019 concluded that continuous antibiotic prophylaxis (CAP) may reduce the
risk of recurrent UTIs but the benefit seems small [132]. This review also
pointed out an increased risk of antimicrobial resistance with the use of CAP.
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Another comprehensive review found insufficient evidence of prophylaxis to
prevent new kidney scarring in children with any grade of VUR and does not
recommend a routine use of CAP [133]. The Swedish Reflux Trial, however,
showed a significant protective effect on new scarring in girls with VUR grade
3—4 when comparing CAP to a surveillance group [75].

1.6.3 IMAGING
ULTRASONOGRAPHY

Recommendations on imaging after a first episode of UTI in infants and young
children vary considerably among international guidelines. Most guidelines
recommend RBUS examinations in all infants with febrile UTIs to identify
major anatomical abnormalities of the kidneys and urinary tract.
Ultrasonography has the advantages of being easily available, relatively
inexpensive, non-invasive and causes no radiation exposure to the child. RBUS
has a reasonable ability to detect significant renal hypoplasia, obstructive
uropathies, kidney abscesses, duplication of the collecting system and bladder
anomalies [134]. It is also useful for acute imaging in children who fail to
improve on antibiotic treatment to identify conditions that might require
surgical drainage. RBUS, however, has poor ability to predict renal
parenchymal damage [135, 136], and a normal kidney on ultrasonography does
not exclude high grade VUR [71, 137, 138]. The utility of a routine RBUS
examination after the first UTI has been questioned due to a lack of evidence
showing that the detection of structural abnormalities will alter the
management or lead to long-term benefits for the patient [135, 139]. A recent
systematic review concluded that 1 in 4 to 5 children examined with RBUS
after the first UTI will have an abnormality detected and only 1 in 32 will have
an abnormality that changes the clinical management [94]. This, however, is
contradicted by other researchers illustrating the lack of solid evidence [140].
In particular, the utility of routine RBUS investigation in children with a first
UTI has been challenged since many abnormalities are detected on prenatal
ultrasonography [141]. Furthermore, concerns regarding overdiagnosis of
minor abnormalities leading to unnecessary investigations have been raised
[142].

VCUG

The major relevance of VCUG is to detect VUR and classify VUR grade. It is
also used to diagnose posterior urethral valves in boys and can identify, for
example, ureteroceles and bladder anomalies. Most guidelines recommend
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VCUG only in infants and young children considered at increased risk of
having significant abnormalities in the urinary tract. These risk factors vary
between guidelines. The AAP guidelines recommend VCUG in children 2-24
months if RBUS reveals hydronephrosis or other major abnormalities and in
the event of recurrent febrile UTIs while the NICE guidelines propose VCUG
for infants younger than 6 months with atypical UTI (i.e. poor urine flow,
sepsis, non- E. coli infection) or recurrent UTIs and to be considered for
children up to 3 years of age with atypical UTI [110, 111]. The Italian
guidelines suggest VCUG for children 2-36 months of age with first time UTI
caused by non-E. coli bacteria or with recurrent febrile UTIs and provide a list
of abnormalities on RBUS, other than isolated dilatation of the renal pelvis,
that should warrant imaging with VCUG [143]. Important drawbacks of a
VCUG are that it is invasive and unpleasant for the child, commonly requires
sedation, impose radiation and has a risk of inducing an infection. Moreover,
with the limited benefits of surgical procedures and prophylactic antibiotic
treatment to prevent further kidney damage, VUR management has changed
and the rationale for identifying VUR has diminished [144]. The dynamic
nature of reflux and interobserver variability among radiologists in the grading
of VUR must also be considered when making clinical decisions on VCUG
findings.

DMSA SCINTIGRAPHY

DMSA scintigraphy is the gold standard for detecting acute kidney
involvement in UTIs and, if performed 4—-6 months or more after the UTI, for
identifying residual kidney defects [144, 145]. The timing of the scan in
relation to the UTI is crucial for the interpretation of the result since some
uptake defects will change and resolve over time. Differentiating between
defects related to acute inflammation, preexisting defects and acquired scarring
is difficult and sometimes impossible [146-148]. An acute DMSA scan can be
helpful in febrile children with ambiguous signs of UTI or when a confirmative
UTI diagnose is impossible due to the administration of antibiotics before
collecting urine for culture. A late DMSA scan, performed to identify children
with permanent bilateral kidney defects or severe unilateral scarring, can be
useful for deciding on whom to offer long term follow-up while the value of
detecting mild and moderate defects is more questionable. However, the
precise risk of long term morbidity related to degree of kidney damage on
DMSA scintigraphy is not known. Figure 5 shows examples of different grades
of unilateral damage.
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Figure 5 Example of grades of kidney damage on DMSA scintigraphy. With permission
from Swerkersson S. (2016). Urinary tract infection in small children: aspects of
bacteriology, vesicoureteral reflux and renal damage. PhD thesis. University of
Gothenburg.

The radiation dose of a DMSA scan is approximately 0.7—1 mSv and it requires
intravenous access and sometimes sedation [149]. It is also a relatively
expensive and time-consuming procedure and the availability of a nuclear
medicine service might be a limiting factor for its use. Opinions on the purpose
and value of DMSA scintigraphy as part of the follow-up after a first UTI are
divergent. Several guidelines propose to perform a late DMSA scan in selected
patients, such as children with high grade VUR, atypical infection, recurrent
febrile UTIs, decreased renal function or other imaging indicating major
kidney abnormalities [95, 110, 134, 143, 150, 151]. In contrast, DMSA
scintigraphy is not considered as part of the evaluation of children with first
time UTI in the AAP guidelines.

1.7 UTI GUIDELINES

There are several published pediatric UTI guidelines around the world but so
far, no universal recommendations on the management and follow-up have
been accepted [95, 110, 111, 143, 152]. Differences exist in recommended
diagnostic evaluation, treatment, as well as follow-up investigations indicating
some missing evidence for best practice, but disparities can also partly be
explained by differences in healthcare systems and populations. The Swedish
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guidelines were launched via the Swedish Society for Pediatric Nephrology
website in 2013 and were published in 2021 along with a mini review
comparing them to Canadian, American and European guidelines [153]. After
this review, several updated and additional guidelines have been published [95,
134, 150, 151, 154]. Common for all guidelines published during the past two
decades is the ambition to ease the burden of invasive procedures for children
with UTI and restrict imaging with ionizing radiation. This was also a major
purpose when the Swedish guidelines were introduced along with the aim to
harmonize UTI management in the country [153].

THE SWEDISH UTI GUIDELINES

The Swedish UTI guidelines for children <2 years of age propose that urine
for culture is collected by clean-catch technique, catheter or SPA (preferred
method in infants <1 year), when a UTI is suspected. Recommended laboratory
tests are urine dipstick tests for nitrite and U-Le and blood tests for CRP and
creatinine, both used for risk assessment. A positive U-Le test is supportive but
not designative of UTI while a negative test makes UTI less likely. No specific
limit for bacterial numbers in urine culture is stated for a diagnose of UTI.

Empiric antibiotic treatment with intravenous cefotaxime is recommended for
children in poor general condition or unable to tolerate oral medication. An
aminoglycoside can be added in severely ill patients. Oral empiric treatment
with a third-generation cephalosporine is recommended for children in good
clinical condition. This may be switched to trimethoprim-sulfamethoxazole
when the antibiotic susceptibility report is received. Indications for
prophylactic antibiotic treatment is also provided in the guidelines. The main
diagnostic and treatment recommendations are listed in Table 1.
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Table 1 Summary of diagnostic and treatment recommendations in the Swedish UTI
guidelines for children <2 years of age.

Guideline recommendations

Diagnostic Record body temperature
evaluation
Urine dipstick test for leukocytes and nitrite

Urine culture

Urine collection by SPA. catheter or clean catch

Plasma CRP for risk stratification
Plasma creatinine for risk stratification
Treatment Blood culture if intravenous antibiotics are planed

Intravenous cefotaxime in critically ill children or
unable to retain oral fluid (empiric treatment)

Oral 3% generation cephalosporine in
well-appearing children (empiric treatment)

Oral trimethoprim/sulfamethoxazole
option after bacterial sensitivity report

Antimicrobial prophylaxis indications:

-VUR grade 3-5

-recurrent febrile UTIs

-to be considered if dilatation on RBUS while awaiting VCUG

The imaging guideline for children <2 years of age recommends RBUS
examination in all patients with UTI. The algorithm for further imaging
represents a top-down approach using DMSA scintigraphy to identify renal
involvement in the acute phase of infection in a selected group of patients
considered at increased risk of severe infection or having anomalies of the
urinary tract, shown in Figure 6. The risk factors include CRP >70 mg/L, non-
E. coli infection and decreased renal function. VCUG is restricted to those with
dilatation of the renal pelvis on RBUS or when a DMSA scan shows a relative
function <45%. In children without risk factors but who experience a recurrent
febrile UTI, an early DMSA scan is recommended in the same manner. A
follow-up DMSA scan 6—12 months after the UTI is recommended to patients
with moderate or severe defects on the initial scan and to patients with dilating
VUR to identify permanent kidney damage.
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Figure 6 Swedish UTI guideline algorithm depicting imaging recommendations for
children <2 years of age. Brandstrém P, Lindén M. Acta Paediatr. 2021,110(6). Open

access.

This imaging strategy is based on studies showing that children with a normal
DMSA scan are unlikely to have dilating VUR, thus making the investigation
by VCUG unnecessary [155, 156]. This has also been confirmed by others
[157, 158]. However, other investigators have found that this strategy could
miss about a third of children with dilating VUR [159, 160].
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The Swedish guidelines also include an alternative imaging algorithm for
centers with limited access to DMSA scintigraphy which recommends only a
late DMSA scan in children with risk factors. This algorithm reflects a bottom-
up approach where children with risk factors first are investigated with VCUG
to identify dilating VUR.

1.8 ADHERENCE TO GUIDELINES

Clinical practice guidelines can be defined as “systematically developed
statements to assist practitioner and patient decisions about appropriate health
care for specific clinical circumstances” [161]. In order to optimize health
outcome and add value for the patient, guidelines have to be based on scientific
evidence or at least firmly established clinical experience. Furthermore, the
guidelines have to be implemented thoroughly in the health care systems they
are intended to support in order to achieve a reasonable level of adherence to
the recommendations among practitioners. At worst, however, clinical
guidelines can cause more harm than good since solid scientific evidence is
often lacking and expert opinions can be ineffective or even harmful [162].
Moreover, the generalizability of actions and interventions that have proved to
be useful in research settings may be poor when it comes to implementation in
every day clinical practice. The barriers of implementation of clinical
guidelines are numerous and include financial issues, lack of learning culture,
lack of skills, complexity of the guidelines, organizational resistance and lack
of motivation among practitioners [163-165]. Some proposed strategies to
overcome these barriers of implementation are educational meetings, training
programs, repeated reminders, keeping the guidelines simple and providing
easy access [164, 166]. However, there are no universal strategies for a
successful implementation, thus it is important to audit practice patterns and
adherence to recommendations after the implementation of clinical guidelines
to evaluate their effectiveness [166, 167].

There are relatively few published studies on adherence to pediatric UTI
guidelines and most of these have shown significant shortcomings. A Dutch
single center study evaluating adherence to diagnostic recommendations for
UTI before and after the implementation of a UTI guideline showed significant
improvement after the implementation, yet the adherence rate was only 46.7%
after the introduction of the guidelines [167]. In an American survey, with
mainly pediatricians among responders, regarding which urine collection
method to use for diagnosis of UTI in non-toilet trained children <2 years of
age, 28% answered that they preferred bag specimens, contrary to the AAP
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recommendations [168]. An Italian survey among 121 emergency units
showed that almost 80% of the units used perineal bag specimens for urine
culture in children <3 years of age which is not recommended in their
guidelines [169]. In a large study in the USA on children <2 years of age
treated for UTI, 32% did not have urinalysis or urine culture performed before
initiating treatment, and a retrospective study in the UK showed that only 28%
of children <3 years of age with unexplained fever had a urine sample tested
according to guideline recommendations [170, 171]. In the latter study,
adherence to performing renal investigations on children with confirmed UTI
in accordance with the NICE guidelines was only 45%.

Similarly, adherence to guideline recommendations on imaging work-up
following first time UTI studied at a teaching hospital in the USA showed an
adherence rate of 61% [172]. In the aforementioned Italian survey, 60% of the
units answered that they routinely performed RBUS after a first episode of
febrile UTI according to the guidelines [169]. These studies indicate poor
adherence to UTI guidelines in several aspects, however, there are no
established optimal levels of adherence and the recommendations are not
intended to be used as mandatory instructions. Recommendations that are
evidence based on a group level may be inappropriate for the individual patient
motivating non-adherence in some circumstances [162]. Furthermore,
patients’ preferences and needs must be considered in shared decision-making
on the management and these might interfere with guideline recommendations.

The Swedish pediatric UTI guidelines were introduced in 2013 and adopted at
all pediatric hospitals in the country with only one hospital applying minor
adaptions of the guidelines. Neither management of UTIs nor adherence to the
guidelines have been studied and evaluated after the implementation. Several
international UTI guidelines have been published or updated after 2013, of
which the majority have further reduced imaging recommendations after the
first UTI compared to the Swedish guidelines. Therefore, it has become
essential to audit current UTI management and adherence to the guidelines in
Sweden. We have chosen to do this in infants <1 year of age as these patients
are almost exclusively managed in pediatric specialist care. In the evaluation
of current management of UTIs, a quality assurance project on UTIs in children
<2 years of age in the mid-1990s was available for comparison [46].
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2 AIMS

The overall aim of this thesis was to evaluate current management of infants
with their first UTI, adherence to the Swedish UTI guidelines, and to
investigate predictive clinical and genetic markers of permanent kidney
damage associated with UTI.

Specific aims
Paper |

To evaluate current management of first time UTIs in infants by investigating
the basis of diagnosis, bacterial findings and antimicrobial resistance, choice
of empiric antibiotic treatment, use of antimicrobial prophylaxis and
performed renal imaging during follow-up. Additional aims were to determine
the detection rates of dilating VUR and permanent kidney damage in current
practice and compare these with corresponding rates in previous studies.

Paper Il

To evaluate adherence to the Swedish pediatric UTI guidelines in a population-
based cohort of infants presenting with their first UTI with respect to key
recommendations on diagnostic procedures, treatment and imaging. Secondary
aims were to compare outcome on VCUG and renal scintigraphy performed
according to recommendations with findings on imaging performed without
guideline indication and to identify predictors of non-adherence.

Paper lll

To identify genetic host factors associated with renal scarring defined by
persisting kidney defects on DMSA scintigraphy 6 months or more after the
first febrile UTI in infants. Additional aims were to assess genetic markers
predisposing to dilating VUR and recurrent UTIs.
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3 PATIENTS AND METHODS

3.1 PATIENT RECRUITEMENT

In a broad population based collaborating project between clinicians and
scientists, we aimed at recruiting a large cohort suitable for both clinical and
molecular studies on UTI. With the foundation of an existing nationwide
collaborating network of pediatricians and members of the Swedish pediatric
nephrology association we invited all pediatric hospital departments in Sweden
to participate in patient recruitment for studies on infants with a first episode
of UTL Of 33 invited centers, 29 accepted participation covering all
geographic areas of the country. A local collaborating investigator was
appointed at each center. They attended meetings with the principal
investigators and a coordinating study nurse on two occasions before study
start to discuss the study protocol and coordinate uniform management in the
inclusion process and data reporting within the study. This group also met on
several occasions during the inclusion period to discuss issues that arose on the
way.

Participating centers:

Boras, Eskilstuna, Falun, Gévle, Géteborg.
Halmstad, Helsingborg, Hudiksvall,
Jonkoping, Kalmar, Karlskrona, Karlstad,
Kristianstad, Lulea, Lund/Malmo, Skévde,
Solleftea, Stockholm/Karolinska sjukhuset,
Stockholm/Sachsska Barnsjukhuset,
Sundsvall, Trollhdttan, Umea, Uppsala,
Visby. Vistervik, Visteras, Vixjo, Orebro
and Ostersund.
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3.2 PATIENT SELECTION

Infants below one year of age were enrolled in the study at pediatric hospitals
and emergency units when antibiotic treatment for a suspected first episode of
UTI was initiated. No other predetermined diagnostic criteria were required for
inclusion, however, specific inclusion criteria were applied in the different
studies as described below. Exclusion criteria were previous UTIs,
myelomeningocele, overt urogenital malformations and ongoing bladder
catheter therapy. If the initial clinical diagnosis of UTI was abandoned, the
case was excluded. The nationwide inclusion was conducted from March 20,
2017 to September 30, 2019, comprising a cohort of 1357 infants studied in
Paper I and Paper II. As part of a sub-study on genetic and molecular aspects
of UTI, the three principal investigating centers, Goteborg, Halmstad and
Malmé/Lund, continued patient recruitment until February 28, 2021, adding
57 infants eligible for inclusion in the study reported in Paper III.

In Paper I 1306 infants with UTI and growth of a single pathogen in urine
culture were included independent of urine sampling method and bacterial
numbers. Fifty-one infants with a clinical diagnosis of UTI but in whom the
urine culture was missing, negative or showed mixed growth were analyzed
separately for comparison with the study group. In Paper II, describing
adherence to the clinical UTI guidelines, all 1357 infants in the nationwide
cohort were included. A flow diagram of the nationwide inclusion process and
study populations in Paper I and Paper II is shown in Figure 7.

In Paper II1, additional inclusion criteria were applied including temperature
>38.0°C at the acute infection and a positive urine culture defined as any
growth in urine from suprapubic aspiration, >10,000 CFU/mL in catheterized
urine or >100,000 CFU/mL in a clean catch specimen. Furthermore, a blood
sample for DNA analysis was required. These criteria were fulfilled in 1087
infants.
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Figure 7 Flow diagram of study populations in Paper I and Paper 1.

3.3 METHODS

In a survey before starting patient recruitment, the local investigators were
asked about whether their center applied the national Swedish guidelines in the
management of children with UTI or if other guidelines or local routines were
used. They were instructed to continue their usual practice in the management
of individuals included in the study. At inclusion, the caretakers were asked
about consent to reporting pseudonymized clinical and laboratory data to a
database and a separate consent for drawing a blood sample for DNA
extraction and genetic analyses.

DATA COLLECTION

A case report form (CRF) was used to report clinical and laboratory data,
antibiotic treatment and findings on any imaging of the kidneys and urinary
tract. At inclusion, a first report was filed including data on maximum recorded
temperature during the acute phase of infection, duration of fever (days) prior
to treatment, circumcision status in boys, urine collection method, initial in- or
outpatient care, initial empiric antibiotic treatment, administration mode,
duration of treatment (days), and any change in antibiotic treatment.
Furthermore, laboratory data at diagnosis were reported including maximum
plasma CRP, plasma creatinine, urine dipstick tests for U-Le and nitrite,
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bacterial species in urine cultures, number of colony forming units and any
resistance to relevant antibiotics reported on the antibiogram. Findings on
imaging of the kidneys and urinary tract by RBUS, VCUG, DMSA
scintigraphy and 99mTc-mercaptoacetyltriglycine (MAG3) renography
performed as part of initial investigations were also reported on the first CRF.
The reports were compiled by the local investigator at each center and sent to
the principal study center in Gothenburg.

One year after the initial UTI, a second report was completed by the local
investigator with follow-up data including information on the use and duration
of prophylactic antibiotics, recurrence of febrile UTIs and surgical
interventions. Any additional imaging of the kidneys and urinary tract
performed after the initial investigations were also registered in the second
report. All CRFs were reviewed by the study nurse and, if questions arose,
discussed with the investigator before data was transferred to the computer
database.

LABORATORY TESTS

Urine dipstick tests, plasma CRP and creatinine were analyzed at the local
laboratories. The U-Le dipstick test was graded 0—4 and pyuria defined as >1+,
corresponding to >15 cells/uL. Urine cultures and antibiotic susceptibility
testing were performed by the local microbiology laboratories and the bacterial
numbers in urine culture reported in intervals of <10,000, 10,000 to <100,000
and >100,000 CFU/mL.

In Paper 111, heparinized peripheral blood was used for DNA extraction by
the QIAamp DNA Blood mini kit and exome genotyping was performed by
[llumina Infinium Exome bead chip technology.

IMAGING

Imaging investigations were performed at the local hospitals and assessed by
radiologists at each center. Information in the radiology reports was transferred
to the CRFs by the local investigators.

Renal and bladder ultrasonography

The purpose of ultrasound examination of the kidneys and urinary tract was
mainly to identify major malformations and specifically to look for dilatation
of the renal pelvis and/or ureters. The CRF included a check box for dilatation,
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yes or no, and the anteroposterior diameter (APD) of the renal pelvis for right
and left side, respectively. Other important findings were optional to report in
a free text box on the CRF. Due to poor reporting of the APD, only absence or
presence of dilatation was used in the analysis in Paper I-II.

Voiding cystourethrography

VCUG was conducted in selected patients, mainly infants with dilatation on
RBUS or abnormalities identified on renal scintigraphy. The main purpose of
a VCUG was to identify infants with VUR but also to diagnose posterior
urethral valves in boys and anomalies of the bladder or collecting systems.
VUR was graded 1-5 as proposed by the study group of the International
Reflux Study in Children [43]. The maximum VUR grade was used in infants
who underwent more than one VCUG during the study period. When bilateral
VUR was detected, the side with the highest grade was used to characterize the
patient. Other findings, such as urethral valves and duplicated collecting
systems, were reported in free text.

Renal scintigraphy

DMSA scans were performed in patients with risk factors according to the
Swedish UTI guidelines or on decision by the managing pediatrician. The
performance and interpretation of DMSA scans at the participating hospitals
were based on recommendations in the European Association of Nuclear
Medicine guidelines [145]. In the acute phase of the UTI, DMSA scans were
performed to detect kidney involvement of the infection and/or preexisting
congenital anomalies of the kidneys. A follow-up scan performed six months
or more after the index UTI was used to identify permanent kidney damage.
The scans were assessed for uptake defects in the kidneys and for relative split
function between the right and left sides. DMSA scans were defined as
abnormal when a focal uptake defect was observed or when the relative
function of a kidney was below 45%. In cases with bilateral uptake defects, the
kidney with the lowest relative function was used to characterize the patient.
Infants without abnormalities on a first DMSA scan and with no recurrence of
febrile UTI were assumed to have normal kidneys during the follow-up period
[71].

In Paper I and Paper I1, some infants underwent a MAG3 scan instead of a
DMSA scan and these were assessed using the same criteria as described
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above, aware of the inferior image resolution on MAG3 and performance in
detecting focal defects.

STUDY DESIGN

In Paper I, we described patient characteristics of the study population and the
management of infants with their first UTI, at diagnosis and during the
following year. The basis of diagnosis was described by presenting results
from blood and urine tests, urine sampling methods, bacterial species and
colony counts in urine cultures. Treatment management was depicted by the
choice of initial empiric antibiotic treatment, administration mode, any change
of antibiotics, treatment length and the use of prophylactic antibiotics. Findings
on imaging of the urinary tract performed at initial investigations and during
the follow-up period were presented and compared with data from previous
studies. Recurrent febrile UTIs and any surgical interventions during follow-
up were also reported. Group comparisons were performed between boys and
girls, age groups, and for E. coli vs. non-E.coli infections. In a separate
analysis, 51 infants without confirmative urine culture were compared to the
study group.

In Paper I1, adherence to guideline recommendations were analyzed in three
domains: diagnostic evaluation, treatment and imaging. Dichotomous
variables for each of the studied recommendations were created and defined as
either adherent or non-adherent. Overall adherence rates to the diagnostic and
imaging domains were calculated and defined as fulfillment of all underlying
criteria in the respective domain. The variables used in the assessment of the
diagnostic and treatment domains are listed in Table 2.
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Table 2 Key guideline recommendations for diagnostic evaluation and treatment used
to assess adherence in these domains.

Domain Guideline recommendations
Diagnostic Body temperature recorded
evaluation

Correcturine sampling method (SPA, catheter or clean catch)
Urine dipstick test performed for U-Le and U-nitrite

Urine culture performed

CRP performed

Creatinine performed

Treatment Use of recommended antibiotics for initial empiric treatment:
= Cefotaxime for intravenously freated patients
= Third-generation oral cephalosporine for orally treated

Antimicrobial prophylaxis in accordance with guideline recommendations:

= VUR grade 3-5

= Recurrent febrile UTI

= To be considered in infants with dilatation on RBUS while awaiting VCUG

For the imaging domain, adherence to the recommendations in the four initial
pathways of the guideline imaging algorithm were studied. Two additional
recommendations downstream in the imaging algorithm were also analyzed
but not included in the overall adherence in this domain, see Figure 8.

Imaging domain
- - - o -

-RBUS ::.I.;.v. A RALS el or -RBUS mr.'.:z of MIBEING RBUS m':n: or milssing

VCUG performed Mg Mo risk faciors =N rigk ERCioR oF

- Seint pedfarmed | OF Risk factor presern QR | -peciusrend LT OR | MEsng = Adharent
.-:;ir:!:;:ll'in 30 days » Seint parformed I-l:. ::\:Tvrln.r-'nn-'p or

= Mo furthar imaging

] ak —
| Mone of the above criteria fulfiled | = | Non-adherent
- ."'_
RBL!S nommal REUS norma
<Initial scint abrormal <nftial scind nommal
=NCUG poriormed = No VOUG perlormed

Figure 8 Model of the guideline algorithm, used to calculate overall adherence to the
imaging domain by adherence to any one of four initial pathways. Arrows represent
the recommended action if the above conditions are fulfilled.
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To compare findings on imaging performed according to recommendations
with imaging performed without guideline recommendation, we analyzed the
frequency of dilating VUR on VCUGs and proportion of kidney damage
detected by scintigraphy. The variables used to study predictors of non-
adherence were gender, age at infection, outpatient management only and
hospital category (university or county hospital).

In Paper III, APN was defined as focal uptake defects on DMSA scans
performed within seven days from the UTI diagnosis. In this paper, the term
renal scarring (RS) was used to define kidney damage detected on DMSA
scans performed >6 months from the UTI episode as described above.

To study genetic susceptibility factors associated with RS, we performed gene
association analyses comparing (1) infants with RS to infants with resolved
APN at the follow-up DMSA scan and (2) infants with RS to infants with
febrile UTT but no kidney involvement on the acute scan. The secondary aims,
to explore genetic factors associated with dilating VUR and recurrent febrile
UTIs, were assessed by gene association analyses comparing infants with (3)
no VUR or VUR grade 1-2 to VUR grade 3-5 and (4) recurrent UTIs to no
recurrencies.

STATISTICAL ANALYSIS

In all papers, quantitative variables were presented using means and standard
deviations for normally distributed variables and medians and interquartile
range (IQR) for skewed variables. Categorical variables were presented with
frequency and percent. In comparison between groups, the Fisher’s exact test
was used for dichotomous variables, the Chi2-test for non-ordered categorical
variables and Mantel Haenszel Chi2-test for ordered categorical variables. For
continuous variables with normal distribution, a two-sample t-test was used in
comparison between groups and a Mann-Whitney U-test for skewed
continuous variables.

In Paper 1, risk factors for recurrent UTI were assessed using univariable and
multivariable logistic regression. Univariable logistic regression was also used
in Paper II when analyzing predictors of non-adherence to guideline
recommendations. In these analyses, odds ratios (OR) with 95% CI and
associated p-values were presented. All tests were 2-tailed and p-values <0.05
were considered statistically significant.
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In Paper III, the Kruskal-Wallis test was used for continuous or ordered
categorical variables in comparison between more than two groups.

Gene association analysis for group comparisons was performed using allelic
frequency test and OR calculations. For each single nucleotide polymorphism
(SNP), OR-values and p-values were calculated using Fisher’s exact test and
variants with p-values <0.01 were considered significant. The SNP with the
lowest p-value for each gene was selected as the representative SNP for this
gene. Heatmaps were generated for visualization of the genes with a
representative SNP with p-value <0.005. Samples from each patient group
were clustered-based on DMSA results (positive vs. negative), VUR status (no
VUR/non-dilating VUR vs. dilating VUR) or UTI recurrence status (yes vs.
no), respectively. Heatmaps were visualized by ordering the SNPs by
increasing OR values in the columns with the highest OR on top. Principal
component analysis (PCA) plots were used to show clusters of samples based
on their similarity, illustrating the genetic closeness within a patient group and
differences between the groups.

Ingenuity pathway analysis (IPA), with genes from the IPA Knowledge
database as background reference, was used to explore presumably affected
cell signaling pathways, major regulators and disease and toxicity functions
associated with genes with significant SNPs. As a control, allele frequency in
our study population was compared to the estimated prevalence of the SNPs in
the general Swedish population retrieved from the SweGen database.
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4 RESULTS

4.1 PAPER |

Patient characteristics were in line with previous population-based studies
indicating a representative study group. Of 1306 infants, 601(46%) were boys
with a median age of 2.7 months and 705 (54%) were girls with a median age
of 5.6 months. The age and gender distributions are shown in Figure 9.
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Figure 9 Age and gender distribution of 1306 infants at the time of their first UTI.

DIAGNOSIS

In the diagnostic evaluation, urine sampling was performed by clean catch
technique in 92.5% of the cases, SPA in 5%, catheter in 1.6% and perineal
collecting bags in less than 1%. The spectrum of bacterial species in urine
cultures was in accordance with previous studies with £. coli in 90% of the
isolates. Non-E. coli infections had lower rates of pyuria and positive U-nitrite
compared to E. coli and were associated with lower CRP, higher rates of
elevated creatinine and abnormalities on RBUS.

Resistance rates in E. coli isolates to commonly available antibiotics for oral

treatment of UTT in this age group were for trimethoprim 22%, amoxicillin 8%
and ceftibuten 2%. ESBL was seen in 4% of the isolates.
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TREATMENT

Intravenous antibiotic treatment was initiated in 37% of the infants and of
these, cefotaxime was used in 97% for empiric treatment. The proportion of
initial oral antibiotic treatment differed widely between centers; 82% and 84%
of patients at the two largest centers and 54% (range 0-90%) in remaining
centers. Among infants treated with oral antibiotics from start, ceftibuten or
cefixime was prescribed to 87% while trimethoprim-sulfamethoxazole was
used in 9% and amoxicillin-clavulanic acid in 1%. A change of antibiotic due
to antimicrobial resistance was made in 2% of the cases. Among infants <3
months of age, 4% had a fever duration of 4 days or more before treatment was
initiated while this was reported in 36% of infants 6— <12 months. There was
no association between permanent kidney damage and fever duration prior to
treatment, nor was there a difference in the rate of permanent kidney damage
between infants with initial intravenous treatment and those with oral treatment
from start.

IMAGING

RBUS was performed in 1300 of 1306 infants and revealed dilatation of the
collecting system in 14% of the patients, more often in boys (19%) than in girls
(9%). Other abnormalities and malformations of the kidneys were identified in
31 infants.

VCUG, performed in 390 (30%) of the infants, identified VUR in 147 (38%);
VUR grade 1-2 in 37 (9%) and VUR grade 3-5 in 110 (28%). Notably, seven
of 23 infants (30%) with VUR grade 5 had no dilation on RBUS. Posterior
urethral valves were found in seven infants.

DMSA scintigraphy was performed in 774 infants and a MAG3 scan in 62. At
least one additional nuclear scan was performed in 213 infants during follow-
up. Permanent kidney damage six months or more after the initial UTI was
evaluated in 648 infants of which 126 (19%) were abnormal, representing a
minimum rate of 10% in the total study population. Young age was associated
with more severe kidney defects: 20 of 23 infants with relative function <30%
were below 6 months of age at the time of infection. Boys had more severe
kidney damage than girls (Figure 10).
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Figure 10 Relative function of the most affected kidney in 126 infants with permanent
kidney damage. Bilateral damage was seen in 5 cases. Adapted from Lindén M,
Rosenblad T et al. Pediatr Nephrol. 2024,39(11):3251-3262. Open access.

FOLLOW-UP

Eighteen percent of the infants experienced at least one recurrent febrile UTI
during follow-up. Female gender and dilatation on RBUS were identified as
independent risk factors for recurrence. Long-term (>2 months) antimicrobial
prophylaxis was prescribed to 16% of the study group. Surgical interventions
by urologists were reported in 60 patients.

INFLUENCE OF AGE

The study population was dichotomized in two groups: 140 infants <1 month
and 1166 infants >1 month of age, to compare the influence of age. The
younger group differed from the older with a marked preponderance of boys,
less fever, lower rate of pyuria, higher rate of non-E. coli infection, higher
creatinine and a higher rate of dilation on RBUS. Furthermore, 72% of infants
in the younger group were initially treated intravenously compared to 35% in
the older age group. A comparison between these age groups are shown in
Table 3.
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Table 3 Clinical, laboratory and imaging findings in 140 infants <l month compared
to 1166 infants >1 month of age.

<1 month n=140 21 month n=1166 p-value

Male (%) 112 (80.0%) 489 (41.9%) <0.001
Temperature 238°C 120/138 (87.0%) 1070/1132 (95.5%) 0.002
Urine sampling method

Clean catch 106 (82.8%) 1044 (93.6%)

SPA 15 (11.7%) 47 (4.2%)

Catheter 3 (2.3%) 17 (1.5%)

Bag 4 (3.1%) 7 (0.6%)

n=128 n=1115
Nitrite positive 58/139 (41.7%) 441/1156 (38.1%) 0.408
U-Le positive (21+) 130 (92.9%) 1133/1157 (97.9%) 0.002
Non-E. coli 22 (15.7%) 115 (9.9%) 0.040
Bacterial count 2100,000 CFU/mL ~ 119/138 (86.2%) 939/1163 (80.7%) 0.133
CRP (mg/mL) median (IQR) 59.5 (24-102) 63 (28-110) 0.236
n=1154

Creatinine >30 pmol/L 34/137 (24.8%) 45/1119 (4.0%) <0.001
Intravenous antibiotics 101 (72.1%) 405/1165 (34.8%) <0.001
Dilatation on RBUS 30 (21.4%) 150/1160 (12.9%) <0.001
VUR grade 3-5 17/57 (29.8%) 93/333 (27.9%) 0.752
Abnormal scintigraphy 6 months 18/84 (21.4%) 108/564 (19.1%) 0.658

after initial UTI

INFANTS WITHOUT CONFIRMATIVE URINE CULTURE

Twenty-five infants with negative urine cultures were, nevertheless, managed
as UTI. These were severely ill and in most cases were given antibiotics before
the urine culture was performed. They had a higher rate of positive U-nitrite
(50%) compared to the study population (39%), indicating a high probability
of bacteriuria. The culture negative group were younger, had a higher rate of
elevated creatinine and dilatation on RBUS compared to the group with
confirmed bacterial growth. Four of these infants underwent surgical
interventions during follow-up. No significant differences were seen between
the study population and 26 infants with missing urine culture or mixed
bacterial growth yet managed as UTIs.
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4.2 PAPER I
DIAGNOSTIC EVALUATION

Overall adherence to diagnostic recommendations was 86.1%. Urine sampling
methods were applied in accordance with the guidelines in 99.0% of patients
although SPA, which is recommended as the preferred method in infants <1
year, was performed in only 5%. Adherence rates to the other diagnostic
recommendations, recording body temperature, urine dipstick tests for U-Le
and U-nitrite, urine culture, plasma CRP and creatinine, were all above 96%.

TREATMENT

Adherence to initial empiric treatment with recommended antibiotics was
96.5% for infants initially treated intravenously and was 87.7% for infants
initially treated with oral antibiotics. Trimethoprim-sulfamethoxazole was
used as empiric treatment in 9.1% of infants with initial oral treatment, contrary
to the recommendation to use this only when antibiotic susceptibility had been
reported. Long term prophylactic antibiotics, used in 255 infants during
follow-up, was initiated in accordance with guideline recommendations in
96.1% of these.

IMAGING

RBUS was performed in all but six infants (99.6%) as recommended by the
guidelines. Six centers announced the use of an alternative imaging algorithm
to the main guideline algorithm. Hence, 47 infants were excluded, leaving
1310 infants for further analysis in the imaging domain. Adherence rates to the
four initial pathways of the imaging algorithm are shown in Figure 11. The
recommendation to perform DMSA scintigraphy within one month from the
first UTI in infants with risk factors but no dilatation on RBUS had the lowest
adherence rate in this this domain, 47.4%, and was lower in county hospitals,
41.9%, than in university hospitals, 58.3% (p <0.001). The overall adherence
rate to the imaging recommendations was 64.2%.

39



Urinary tract infection in infants
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Figure 11 Overall adherence rate (64.2%) in the imaging domain and adherence rates
to recommendations in the four initial pathways of the guideline algorithm. Adherence
rates are also shown for two downstream recommendations.

IMAGING WITH AND WITHOUT GUIDELINE RECOMMENDATION

Among 396 infants investigated by VCUG, 178 underwent this procedure
without guideline recommendation. Furthermore, of 492 infants without
guideline indication for a DMSA scan, 107 (21.7%) were still investigated by
renal scintigraphy (104 DMSA scans and 3 MAGS3 scans). Data on permanent
kidney injury 6 months or more after the first UTI was available in 95 of the107
infants who were exposed to scintigraphy without guideline indication. The
outcome of these investigations compared to findings on imaging performed
according to recommendations in the guidelines are presented in Table 4. None
of the kidneys examined without guideline recommendation had permanent
defects with a relative function <40% while this was seen in 39 of 117 (33%)
infants with scarred kidneys that were investigated according to guidelines.

Regardless of whether VCUG was performed with or without guideline
recommendation, VUR grade 3-5 was more prevalent among infants who
experienced a UTI recurrence (30 of 90) than in those without UTI recurrence
(7 of 88, p <0.001).
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Table 4 VUR status (n=396) and findings on renal scintigraphy (n=842) performed
with and without indication according to the UTI guidelines. Scintigraphy data for
evaluation of permanent kidney damage was available in 639 infants. Adapted from
Lindén M et al. Acta Paediatr. 2024. Online ahead of print. Open access.

With guideline Without recommendation
recommendation
VUR grade 3-5 on VCUG 78/218 (35.8%)° 37/178 (20.8%)P
Abnormal first scintigraphy 2821735 (38.4%) 20/107 (18.7%)
Permanent kidney damage 117/544 (21.5%)¢ 5/95 5/95 (5.3%)¢

on renal scintigraphy

319 VUR grade 3 (24%), 35 grade 4 (45%) and 24 grade 5 (31%)

¥ 16 VUR grade 3 (43%), 18 grade 4 (49%) and 3 grade 5 (8%)

¢ 26 discrete (relative functionz45%), 52 moderate (relative function 40-44%), 20 pronounced (relative function 30-39%)
and 19 severe (relative function <30%)

44 discrete and 1 moderate

PREDICTORS OF NON-ADHERENCE

In the analysis of predictors of non-adherence we found that county hospitals
were more likely to be non-adherent to diagnostic recommendations while
non-adherence to treatment recommendations was associated with higher age
and exclusive outpatient management. In the imaging domain, non-adherence
was associated with initial inpatient care and county hospital care. Non-
adherence was more often due to excessive imaging than recommended
imaging being withheld.

41



Urinary tract infection in infants

4.3 PAPER Il

Among 1087 infants eligible for the genetic studies, 624 were investigated with
an initial DMSA scan of whom 201 (32%) showed kidney involvement. Of
these, 129 infants were evaluated with a second DMSA scan >6 months later,
showing RS in 63 (49%) and resolved APN in 66 (51%). Gene association
analysis was carried out in a subset of 137 infants (65 boys and 72 girls) who
had been investigated with an initial DMSA scan. To ascertain that patients
selected for DNA analysis were representative of the group of infants
examined with DMSA scintigraphy, we compared the group that was not
genetically evaluated with the group included in genetic evaluation. No
significant differences were seen in gender distribution, age, maximum
temperature or maximum CRP levels.

Infants evaluated with a follow-up DMSA scan who were also examined by
VCUG (n=104) were analyzed for association of RS and the presence or
absence of dilating VUR (Figure 12A). Similarly, RS in relation to recurrent
UTI or no recurrence among thel29 infants with end-point data on DMSA
scintigraphy is depicted in Figure 12B. As anticipated, due to the selection of
infants subjected to DMSA scan, RS was more prevalent in infants with
dilating VUR and in infants with recurrent UTIs.

A Renal scarring and B Renal scarring and
vesicoureteral reflux UTI recurrences
n=104 n=129
100% 100%
80% 80%
60% 60%
40% 40%
20% 20%
0% 0%
VURO-2 VUR3-5 Rec UTI No UTI rec
mRS MORS ERS MORS

Figure 12 Prevalence of renal scarring in relation to (A) reflux status in 104 infants
investigated with VCUG and (B) UTI recurrence status in 129 infants. Rosenblad T et
al. Pediatr Nephrol. 2024;39(9):2703-2715. Adapted with permission from Springer
Nature.
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GENE ASSOCIATION TO RENAL SCARRING

Exome genotyping was performed in 56 infants who were examined with
DMSA scintigraphy within 7 days from the UTI diagnosis, 32 with APN and
24 without kidney involvement. Among the 32 patients with APN, a heatmap
comparing 7 infants with RS to 25 infants with resolved APN showed a distinct
separation with alternative SNP variants being more prevalent in the RS group.
This group separation was visualized further in a PCA plot (Figure 13).
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Figure 13 Heatmap (left panel) and PCA-plot (vight panel) showing group separation
between 7 infants with renal scarring and 25 infants with resolved APN. Rosenblad T
et al. Pediatr Nephrol. 2024;39(9):2703-2715. Reproduced with permission from
Springer Nature.

Gene association analysis found 582 SNPs significantly more prevalent in RS
compared to resolved APN. Of the 25 most significant variants, 22 were
associated with mitochondrial function, in particular, the mitochondrial
respiratory system. A similar differentiation of the genetic profiles was seen
when comparing infants with RS to infants with no kidney involvement on the
acute DMSA scan. Furthermore, canonical pathway analysis, using IPA,
identified ten signaling pathways associated with polymorphic RS genes with
genes causing mitochondrial dysfunction showing the strongest association.

GENE ASSOCIATION TO VUR

Of 104 infants investigated with both a second DMSA scan and VCUG, 54
infants with no VUR or VUR grade 1-2 and 28 infants with VUR grade 3-5,
were included for genetic evaluation. Similar to the gene association analysis
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in RS, the heatmap and PCA plot from the VUR analysis showed a clear
separation between infants with dilating VUR and infants with no VUR or non-
dilating VUR, illustrated in Figure 14. Gene association analysis found 893
SNPs significantly associated with dilating VUR compared to no or non-
dilating VUR. Of the 50 most significant variants, 22 were related to
mitochondrial function and polymorphisms in genes previously associated
with CAKUT, like GRIPI, were also linked to dilating VUR.
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Figure 14 Heatmap (left panel) and PCA-plot (right panel) showing group separation
between 54 infants with no VUR or VUR grade 1-2 and 28 infants with VUR grade 3—

5. (Reference: see Figure 13).
GENE ASSOCIATION TO UTI RECURRENCE

A gene association analysis comparing 36 infants with recurrent febrile UTI to
77 infants without UTI recurrences identified 814 significant SNPs. This
analysis displayed heterogeneity with no dominant immunity genes. Again,
similar group separations on the heatmap and PCA-plot were seen (Figure 15).
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Figure 15 Heatmap (left panel) and PCA-plot (right panel) showing group separation
between 36 infants with recurrent febrile UTIs and 77 infants without recurrence.

(Reference: see Figure 13).

In a search for shared risk genes we identified 36 common genes significantly
associated with RS, dilating VUR and recurrent UTI. Twenty-three of these
were related to mitochondrial dysfunction, suggesting this as a common risk

factor for these conditions.
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5 DISCUSSION

5.1 PAPER | AND PAPER Il

For the clinical parts of the project, evaluating current management of infant
UTI and adherence to the clinical guidelines, there was no quality registry or
database in Sweden covering children with UTI that could be used to retrieve
relevant data. We chose a prospective method for the studies rather than trying
to identify patients retrospectively and collecting data through hospital records.
Being part of a study setting might have influenced co-workers who included
infants in the study to be more meticulous in the management of patients
resulting in a skewed picture of true UTI management but we believe that the
strengths of a prospective study outweigh this drawback. Furthermore, the
multicenter nationwide participation and large size of the study group was
likely to provide a representative sample of infants with a first episode of UTI.
From expected UTI incidence in infants and demographic data we estimate that
there were about 5000 infants eligible for inclusion during the study period.
Hence, it is possible that there was a selection bias in the inclusion process
although no indications of such have been identified.

Since one of the objectives with the project was to evaluate current clinical
management, all children who were treated for a clinical diagnosis of UTI were
eligible for inclusion. More specific diagnostic criteria were then applied for
the individual studies. In Paper I, we chose to include 42 infants with growth
of a single uropathogen even though the bacterial count was <10,000 CFU/mL
as the guidelines do not specify a limit for a UTI diagnosis. Some of these
infants might have been falsely classified as UTI due to contaminated urine.
However, they accounted for only 3% of the total study population and apart
from showing a higher rate of non-E. coli isolates they did not differ from
infants with higher colony counts in rate of RBUS dilatation, dilating VUR or
permanent kidney damage. Thus, it is unlikely that these cases with <10,000
CFU/mL have influenced the results. In Paper II, we included all infants
treated for a clinical diagnosis of UTI regardless of bacterial growth as the
objective in this study was to evaluate adherence to guidelines.

A limitation with all the studies was that imaging and laboratory investigations

were assessed and reported at the local hospitals with the risk of individual
variations and errors. A central assessment of VCUGs and DMSA scans would
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have led to a more uniform interpretation but this was hampered by the large
number of investigations.

DIAGNOSTIC EVALUATION

In Paper I, we showed that perineal bags as urine collection method are rarely
used in current practice while clean catch is by far the predominant sampling
method, even among the youngest infants. This was in sharp contrast to
practice in the 1990s when bag samples were used in 43% and SPA in 50% of
infants <1 year treated for UTI [46]. The Swedish UTI guidelines state that
SPA is the preferred urine sampling method in infants <1 year but include the
alternatives of clean catch or catheter. Practitioners obviously prefer a non-
invasive method despite a higher contamination risk which might lead to a false
diagnosis of UTT and unnecessary invasive investigations. The reasons for this
are likely multifactorial. SPA requires trained staff and resources and
preferably, access to an ultrasound devise. Yet, in “real-life” clinical practice,
even with guidance of ultrasound, the success rate of SPA might be as low as
about 50% [173]. Parents preference should also be considered in the
management of infants which further restricts the use of SPA since this method
is painful, more so than catheterization, which has similar challenges and
drawbacks [174, 175]. Urine collection by clean catch, on the other hand, can
be performed with a low contamination risk of 5% if carried out in a
standardized manor and with proper cleaning of the perineum [176-178]. Apart
from the contamination risk, clean catch can be time consuming and thus
impractical in the emergency unit setting and in critically ill patients.
Nevertheless, our study confirmed that clean catch technique is now widely
used and seems to be a functional method for infants in pediatric emergency
hospital use in Sweden. Its place as a recommended urine sampling method in
guidelines is motivated for well appearing infants but maintaining skills among
pediatricians and staff for invasive urine collection is important for patients
with need of urgent care. The risk of over-investigating infants falsely
diagnosed with UTI on clean catch specimens might also counterbalance the
disadvantages of invasive urine sampling if recommendations for imaging are
further reduced.

Adherence to perform urine dipstick tests in the diagnostic evaluation was
excellent, almost 99%. In Paper I, we reported that pyuria was present in 97%
of the infants. This was significantly higher compared to the pyuria rate of 87%
found by Shaikh et al. in a similar age group with UTI posing the question
whether some infants were not included in our study due to the absence of
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pyuria [121]. However, we found a similar pattern of lower prevalence of
pyuria in infants with non-E. coli infection compared to those with E. coli as
in the aforementioned study which is also documented by others [18, 179].
Moreover, we found a distinct correlation with decreasing grade of pyuria with
lower bacterial colony counts. This emphasizes the importance of not
disregarding patients with absent or low grade pyuria when there is a clinical
suspicion of UTL. It also highlights the need of better rapid diagnostic tests for
UTI in children.

The usefulness of defining UTIs by colony counts in urine culture has been
extensively discussed but so far, there is no consensus on this matter and
guidelines differ widely [18, 119, 180, 181]. While it might be important in a
study setting to minimize the risk of including falsely diagnosed UTIs by
requiring a high colony count, this is not necessarily applicable in clinical
practice [117]. Our study did not address this question specifically but the
majority of patients (81%) had colony counts >100,000 CFU/mL and of the
isolates with lower counts, 15.6% were non-E. coli, known to be associated
with a higher risk of urinary tract abnormalities. Disregarding infants with
lower bacterial counts from UTI in the diagnostic evaluation would most likely
have caused some patients with true UTI not receiving proper treatment. This
has to be weighed against the risk of over-treatment and unnecessary
investigations. Again, if recommendations on invasive imaging are further
reduced, over-investigating a few infants with a false diagnosis of UTI based
on low bacterial counts could be preferable to withholding treatment to others
with true infection.

Adherence to perform blood tests for CRP and creatinine in the diagnostic
work-up were satisfactorily high as these tests are used for risk stratification in
the guidelines. As diagnostic markers of UTI, however, these tests are
unspecific and not very useful. CRP is sometimes used in the diagnostic
evaluation to discriminate upper UTI from lower UTI and as a predictor of
serious bacterial infection [182]. Several international guidelines, however, do
not recommend CRP for identifying renal involvement [110, 111, 143].
Procalcitonin has been proposed as better and more specific marker than CRP
for both APN and as risk factor for renal scarring after UTI in children [183,
184]. While CRP is a cheap and readily available test in pediatric emergency
units in Sweden, procalcitonin has been introduced more recently in many
hospitals and was not included in our studies. Low volume capillary blood tests
for procalcitonin with relatively speedy analysis are now available and further
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studies of its performance as a predictor of renal involvement in infants with
UTI would be of interest.

In Paper I, we showed that creatinine was elevated in 15.3% of infants with
non-E. coli infection and in 24.8% of infants <1 month. In the latter group, the
cause of raised creatinine in some infants may have been maternal creatinine
since the median age in this group was only 19 days. Another reason could
have been dehydration related to the infection. We were unable to assess
permanent kidney impairment in these infants as follow-up values of creatinine
were not available but we believe this is unlikely since very few cases of
bilateral kidney scarring and no solitary kidney with prominent abnormality
were seen on scintigraphy. However, in a recent study on children with a
median age of 6 months who were hospitalized for febrile UTI, acute kidney
injury as defined by the creatinine criteria of Kidney Disease: Improving
Global Outcomes (KDIGO), was seen in 14.6% and, if CAKUT was present,
in 30% [185]. Moreover, acute kidney injury was considered a significant
indicator of underlying VUR. Although not useful in the diagnosis of UTI,
creatinine can be valuable in the management of infants with UTI, in particular
in severely ill patients or those not responding promptly to antibiotic treatment
and in the very youngest infants.

TREATMENT

In Paper II, we reported high adherence rates to guideline recommendations
on empiric antibiotic treatment, 87.7% in orally treated and 96.5% in
intravenously treated patients. The Swedish guidelines include only one first
line option for oral use and one for intravenous treatment, both
cephalosporines. In the assessment of bacterial isolates and antibiotic
susceptibility, 3™ generation cephalosporines proved to be very suitable for
empiric treatment with only 2% of E. coli isolates being resistant to ceftibuten.
The paucity of antibiotics for empiric use, however, is problematic, partly due
to a limited access to oral cephalosporines in Sweden and partly because one-
sided use of antibiotics can promote bacteria to become resistant. In Paper I,
we present current resistance rates to relevant oral antibiotics in E. coli. These
data are unique in that they are derived from UTI patients in a population based
study in this particular age group and differ somewhat from compiled data from
microbiology laboratories with unknown clinical context [33]. The resistance
rate to amoxicillin-clavulanic acid was reported at 8% in our study, similar to
that in Norway and Denmark (both 7.2%) where this drug is commonly used
for empiric treatment of children with UTI [34, 35]. Furthermore, amoxicillin-
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clavulanic acid has been shown to be effective in clinical trials and in a
Cochrane analysis on UTI treatment [125, 186]. In addition, the European
Committee on Antibiotic Susceptibility Testing has revised the minimal
inhibitory concentration breakpoints for aminopenicillins in UTI treatment and
states that high dose amoxicillin-clavulanic acid is adequate for treating E. coli.
It should therefore be considered as an alternative empirical treatment option
in an update of the guidelines. Resistance to trimethoprim in E. coli was 22%,
considerably higher than the average resistance rate of 14% reported in
children <2 years of age over a ten-year period 1994-2003 [187]. This supports
the guideline recommendation that trimethoprim-sulfamethoxazole should be
used only after antibiotic susceptibility testing.

Antimicrobial resistance rates in Sweden are favorable in a global perspective
but increasing, and we already encounter children with UTI caused by multi-
resistant bacteria in our practice. Antimicrobial resistance is identified as one
of the current major health threats in the world [188]. It is likely to be a growing
problem also in Sweden, not least in specialized units caring for children with
preexisting anomalies and kidney pathology. With increasing resistance, it is
likely that more UTIs will require intravenous treatment and might lead to an
increase in kidney damage due to delayed or ineffective treatment. Therefore,
itis of great concern that we keep high vigilance in diagnosing UT]Is in children
and continue to monitor local resistance patterns.

In the analysis on influence of age in Paper I, 72.1% of infants <1 month were
treated with intravenous antibiotics compared to 34.8% of older infants. The
Swedish guidelines do not provide any specific recommendations on treatment
of the youngest infants while many international guidelines recommend that
infants <2 months of age are initially treated intravenously. Of 39 infants <1
month treated exclusively with oral antibiotics in our study, 17 were still
initially hospitalized. The reason for this is not known but could have been for
close monitoring or due to failure to establish intravenous access. In a review
article on management of infants aged 0—2 months with UTI, the authors
propose that infants <1 month are hospitalized and treated with intravenous
antibiotics for 2-3 days while awaiting blood culture and that well-appearing
infants 1-2 months can be treated all-orally [189]. Clearly, despite the lack of
guideline recommendations, this age group is managed differently and more
intensively than older infants which deserves to be commented in a future
revision of the guidelines.
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The use of short term antimicrobial prophylaxis (<2 months) had dropped
dramatically to 2% in our cohort compared to 79% in the 1990s while long
term use (>2 months) remained at a similar rate as in the 1990s-study, 16% and
20 % respectively [46]. In the adherence analysis we found that the long term
prescription of prophylaxis was in accordance with guideline indications in
96% of these. The benefits of prophylaxis, however, have been questioned
during the past decades [190-192]. A meta-analysis on children with VUR
showed that patients with long term antibiotic prophylaxis were more likely to
encounter recurrent UTIs with multidrug-resistant bacteria compared to no
treatment or placebo [193]. The authors concluded that one multidrug-resistant
UTI would develop for every 21 prophylaxis treated patients. The Swedish
guidelines recommend antibiotic prophylaxis to all infants with dilating VUR,
for boys until one year of age and for girls during one year from the first UTL
Other major UTI guidelines are more restrictive and do not recommend the
routine use of prophylaxis after the first UTI [110, 111, 143]. In light of this
and the increasing antimicrobial resistance, the Swedish recommendations on
prophylaxis might need to be revised. Waiting to see if any UTI recurrence
occurs could be one option.

IMAGING AND FOLLOW-UP
RBUS

Adherence to performing RBUS examination after the first UTI was close to
100% in our study. We asked for information only on dilatation of the renal
pelvis and the APD while other abnormalities were optional to report in free
text. The APD, unfortunately, was often not reported, forcing us to use only
dilatation as a parameter for analysis of imaging investigations in Paper II.
Pelvicalyceal dilatation is a subjective estimation by the ultrasonographer with
a risk of individual variations. The APD, however, is not a static measurement
but can fluctuate with the natural dynamics of the urinary tract, urine
production and flow of urine. In comparison with a previous Swedish UTI
study on infants applying a standardized RBUS protocol, the rate of dilatation
in our study correlated very well [137]. Yet this does not rule out the possibility
that our adherence estimates of imaging further down in the guideline
algorithm could have been affected.

Most other major guidelines also recommend RBUS in infants after the first
UTI although voices have been raised questioning the value of this
investigation [135]. One suggestion is to perform RBUS only in those with
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non-E. coli infection and those who experience recurrent UTIs [139]. As
previously mentioned, RBUS has limited prediction value for dilating VUR
which also was confirmed in Paper I where 56% of infants with VUR grade
3-5 had no dilatation on RBUS. The other leading argument against routine
RBUS examination, that most infants with significant kidney abnormalities are
detected at prenatal ultrasound screening, is dependent on when and by whom
this screening is performed. In most areas in Sweden, prenatal ultrasound
including organ screening is offered at gestational week 18—19. This may be
different in other parts of the world and, if screening is performed in the third
trimester, chances of detecting anomalies are increased [194]. An example
from our study illustrating this aspect is an infant with no remarks on prenatal
screening but where RBUS following the first UTI revealed a solitary kidney.
Therefore, the local antenatal screening program has to be considered in UTI
guideline recommendations on imaging with RBUS.

In Paper I, we reported 31 (2.4%) kidney anomalies other than dilatation
identified on RBUS performed as a consequence of the first UTI. This is a
minimum figure since these findings were optional to report. An observation
from our study is that there is room for improvement in the RBUS evaluation
by the utrasonographer. Including APD, kidney length and information on
swelling could add important information for the clinician [195, 196].

VcuG

We reported a substantial decrease of VCUG investigations compared to the
1990s which was expected. While only few cases of low grade VUR were
reported, VUR grade 4-5 was identified in 6% of the total study population.
This matches the rate reported in similar cohorts (4-5%) where all children
were examined by VCUG, suggesting that the currently used imaging strategy
is functional in identifying high grade VUR which was a goal with the 2013
guidelines [156, 160]. Yet, 390 of 1306 infants in our study were exposed to
VCUG of which 243 (62%) were normal. Considering the limited benefit of
prophylactic antibiotic treatment for dilating VUR the value of identifying
these infants after their first UTI must be questioned, in particular in light of
the burden carried by the infants without VUR yet exposed to a VCUG [197].

In the adherence study we found 37 infants with VUR grade 3-5 investigated
by VCUG that was not indicated by the guideline imaging algorithm. These
represent about 1/3 of the infants with dilating VUR, indicating that the
algorithm in fact misses to identify a significant proportion of these. There
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might have been alternative reasons for performing a VCUG, such as
abnormalities on RBUS other than dilatation, but these are not included in the
guidelines. Furthermore, 30 of the 37 infants subjected to VCUG without
recommendation had recurrent UTIs which also could have been the reason for
VCUG.

Reported in Paper II, there were 178 infants investigated with VCUG without
guideline indication. The detection rate of dilating VUR was significantly
lower among these compared to those performed with indication. In particular,
among infants without guideline indication and without recurrent UTT only 7
of 88 infants had dilating VUR, none with grade 5. Our data did not provide
information on the reasons for these investigations but clearly, a remarkable
number of patients were unnecessarily exposed to VCUG. Waiting for the
second UTI before considering a VCUG or applying other indications for
VCUG that would reduce the number of investigations should be discussed in
a guideline revision.

DMSA SCINTIGRAPHY

One advantage with performing a DMSA scan shortly after the UTI is that
children with a normal scan can be dismissed from further investigations at an
early stage, reassured that the kidneys are in good health [156]. Compared to
performing VCUG in all infants after the first UTI, this strategy decreases the
number of VCUGs significantly but many children with abnormal early
DMSA scans will not benefit since the majority of findings on the subsequent
VCUG will not change the clinical management [198].

In the 1990s study about half of the patients were investigated with either
urography or DMSA scintigraphy after their first UTI, mainly to identify those
with permanent renal damage. In our study (Paper I), 774 (59%) of the infants
were investigated with at least one DMSA scintigraphy and 180 of these were
exposed to a second DMSA scan to diagnose permanent kidney damage. In
addition, at least 62 MAG3 scans were performed during the study period. This
heavy burden of renal imaging reflects the strategy of a top down imaging
model. The guideline algorithm was designed to detect significant permanent
renal damage, motivating the second DMSA scan in patients with defects on
the initial scan. In this sense, the model is successful with a 10% detection rate
of permanent kidney damage which is roughly in line with the expected rate.
However, the burden of radiation and costs for health services are worrying
and have to be weighed against the benefits. A study comparing the yield,
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radiation dose and costs in different imaging protocols concluded that the top
down approach was superior in detecting dilating VUR and kidney damage but
at a high radiation and financial cost with questionable benefit [199].

In the adherence analysis it was evident that performing a speedy DMSA scan
according to the guideline recommendation was problematic, in particular at
county hospitals where only 41.9% achieved to perform this within the one-
month time limit. Many scans were performed between 1 and 3 months from
the UTI, a time when some acute uptake defects have resolved and some are
still visible but will resolve with time. Thereby, DMSA scans performed in this
time interval are not suited for the intended purpose of the imaging algorithm.

Similar to the VCUGs, many infants (about 8% of the study group) were
investigated with scintigraphy without apparent guideline indication. Again,
credible reasons for this might have been findings on RBUS but the yield of
these investigations was low: only 5 infants with permanent kidney damage
were identified, none with severe kidney defects. In light of these observations,
the utility and benefits of the guideline imaging model must be questioned also
regarding DMSA scintigraphy. Since an acute scan, primarily aimed to identify
renal involvement evidently is difficult to achieve, this imaging strategy seems
less useful in everyday clinical practice. Performing only a late DMSA scan
for detection of kidney damage in selected patients would considerably reduce
the number of scintigraphies. Other guidelines have toned down the benefits
of identifying kidney defects with the argument that few children will develop
complications [110, 143]. The long term risks, however, need to be further
investigated to back up this position with stronger scientific evidence. The risk
of missing significant kidney damage with a more relaxed investigation
strategy in combination with an increasing proportion of UTIs being caused by
resistant bacteria must also be considered.

FOLLOW-UP

At least one recurrent febrile UTI was reported in 18% of our cohort. There are
few large studies reporting UTI recurrence rates and most include also older
children and only children with VUR. An Australian study on children <5 years
of age including children with and without VUR, reported a 12% recurrence
rate within one year from the first UTI [39]. As previously mentioned,
recurrent UTIs are much more prevalent in girls than in boys after one year of
age. We showed that recurrences occurred more frequently in girls (21%) than
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in boys (14%) also in this well-defined group of young infants where dilating
VUR was more prevalent among the boys.

Among 1306 infants, 60 (4.6%) were subjected to surgical interventions by
pediatric urologists. The most common procedure was endoscopic treatment
of VUR, performed in 24 children. The Swedish UTI guidelines give advice
on indications for referral to urologists but the decision to perform an
intervention is made on individual basis in joint consultation with the
caretakers. Therefore, it was not possible to assess adherence to
recommendations on surgical treatment of VUR. The following two most
frequently performed procedures were posterior urethral valve ablation in
seven and pyeloplasty of ureteropelvic junction obstruction in six.

5.2 PAPERII

For the genetic studies, a protocol including strict UTI criteria and time points
for kidney imaging would have been preferred but this would have interfered
with the clinical aims of the project. We therefore reasoned that selecting a
subgroup from the entire cohort by applying relevant criteria for the genetic
studies would be sufficient for this part of the project. We had anticipated a
higher number of DMSA scans being performed within the 7-day time limit
from UTI applied in this study to identify renal involvement in the acute phase
of infection. Moreover, our endeavor to include more patients in this study by
extending the inclusion period at the three principal study sites coincided with
the Covid 19 pandemic which virtually stopped the inclusion process and
substantially reduced the study group eligible for genetic analysis. To
overcome this, we applied a stricter significance threshold to limit the selection
of single nucleotide polymorphisms for gene association. The small sample
size of the study groups in Paper III, however, is a limiting factor making
these studies more of explorative nature.

Infants who underwent DMSA scintigraphy were selected by the guidelines’
risk criteria forming a high-risk group for kidney involvement. Thus, some
infants not investigated by DMSA scintigraphy might have had kidney
involvement but were excluded from the genetic evaluation, which might have
influenced the results of DNA analyses. However, among infants investigated
by DMSA scintigraphy, those selected for DNA analysis did not differ from
those in whom no DNA analysis was performed. The scarring rate of 22%
among infants with kidney involvement on the first DMSA scan and included
in DNA analysis was in accordance with previous studies [66, 67].
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Furthermore, the DMSA investigations were assessed and reported at the local
hospitals. A central reading of the DMSA scans would have added strength, in
particular to the genetic association analysis.

GENE ASSOCIATION ANALYSIS

The clear separation of infants with renal scarring from those with resolved
APN seen in the DNA association analysis indicate a genetic susceptibility for
scarring. This is further supported by the finding of a similar group separation
by genetic profile when comparing the scarring group with infants who did not
have kidney involvement on the initial DMSA scan. Interestingly, the gene
profile linked to renal scarring was dominated by genes involved in
mitochondrial function which, to our knowledge, has not previously been
reported in UTl-related kidney injury. Mitochondrial dysfunction and
mitochondrial DNA mutations, however, have been linked to both acute
kidney injury and several chronic kidney diseases such as tubulopathies and
focal segmental glomerulosclerosis [200, 201]. Mitochondria are essential for
cell function by being the main generator of chemical energy needed to drive
virtually all biochemical processes in the cell. Inheritance of mitochondrial
genes and the biological consequences of mitochondrial gene variants are
complex and make environmental factors crucial in the phenotype
manifestations of mitochondrial dysfunction [201, 202]. The kidney is a
mitochondria rich and energy-dependent organ and therefore sensitive to
disturbances in energy production. Mitochondrial dysfunction not only may
induce cell injury but also can play a role in tissue repair, thus potentially
inhibiting the healing of an acute insult [203]. It is therefore intriguing to
hypothesize that the polymorphisms in mitochondrial genes, found to be
associated with renal scarring in our study, may play an important role in the
scarring process.

A similar genetic profile that clearly discriminated children with renal scarring
from those with resolved APN in a cohort from Singapore further supports the
hypothesis of genetic scarring susceptibility [90]. It would be interesting to
compare the most significant gene variants in this cohort with the Swedish
cohort to identify shared gene polymorphisms and, in particular those involved
in mitochondrial function.

Group separation was also demonstrated when comparing infants with no VUR

or VUR grade 1-2 to VUR grade 3—5 by gene association analysis. Again, a
mitochondrial gene profile was linked to dilating VUR although the most
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significant gene variants were not identical to those in the renal scarring group.
Since renal scarring is associated with the presence of dilating VUR, it is
possible that these conditions, to some extent, have a common genetic
background. However, in contrast to the results in our study, no association
was seen between VUR status and genetic profile in the previously mentioned
Singapore cohort [90].

The heterogeneity of gene associations with renal scarring in our study and in
previous studies makes the prospect of a simple gene test for risk assessment
of scarring after pyelonephritis still distant. However, the novel association
with mitochondrial function might add to our understanding of genetic
susceptibility and the molecular mechanisms of renal scarring. The search for
better prediction markers of UTI related kidney injury must go on since a
clinically useful marker would significantly change the investigation strategy
with less burden for infants with UTL
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6 CONCLUSION

The studies on management show a notable shift over time in urine collection
method used for bacterial culture with clean catch now being the predominant
method while SPA is rarely used. There is no indication in the reported clinical
data that this has entailed a worrying number of false UTI diagnoses due to
contamination. Adherence to the diagnostic procedures recommended in the
Swedish UTI guidelines is overall very high, although non-adherence is more
common in county hospitals compared to university hospitals.

The spectrum of causative bacteria in infants is consistent with previous studies
with E. coli accounting for 90% of UTIs. The resistance pattern in E. coli
isolates is yet advantageous in an international perspective but the trend with
increasing resistance to trimethoprim continues, now reaching 22%, which
confirms the policy of not using it for empiric treatment of UTIs. The resistance
rate for amoxicillin-clavulanic acid in E. coli is more favorable, 8%, suggesting
this as an option for empiric treatment of UTIs in children to moderate the
current one-sided use of cephalosporines.

Adherence to treatment recommendations is satisfactory at about 90%
although lower in outpatient care compared to inpatient care, most likely
reflecting a limited availability of oral cephalosporines during the study period.
There is also a considerable discrepancy between university hospitals and
county hospitals in initial oral treatment with room for county hospitals to use
this more often, especially in older infants. On the other hand, infants <1 month
of age differ in several ways from older infants with a male predominance, less
pyuria, higher prevalence of non-E. coli infection, elevated creatinine and
kidney abnormalities on RBUS, motivating special consideration of this age
group in future guidelines.

Dilating VUR and permanent kidney damage are identified in expected
frequency in routine clinical practice using the current model of investigating
only a selected group of infants after their first UTI if risk factors are present.
However, the burden of imaging investigations is still high, implying
discomfort and ionizing radiation to a considerable number of otherwise
healthy children as well as workload and financial stress to health care services.
Furthermore, obvious difficulties in performing an early DMSA scan as
recommended after the first UTI, in particular at county hospitals, challenges
the usefulness of the current guideline algorithm for imaging. Non-adherence
to imaging recommendations is commonly due to excessive imaging with low
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yield of significant findings that would alter the management or follow-up.
This needs to be addressed in an update of the guidelines.

There is growing evidence that renal scarring is genetically influenced shown
by the ability of a genetic profile to clearly separate infants with renal scarring
after UTIs from those with resolved APN. In particular, variations in genes
affecting mitochondrial function seem to play an important role in the
susceptibility of UTI associated kidney injury. Since mitochondrial gene
mutations and mitochondrial dysfunction has been linked to other kidney
diseases, this opens for new intriguing questions regarding the pathogenesis of
renal scarring in children with UTI. Although not currently applicable for risk
stratification in clinical practice, this novel finding can be valuable in the
search for better prediction markers of renal scarring needed for a more
individual and targeted assessment of children with UTIL.
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7 FUTURE PERSPECTIVES

The wide discrepancy among guidelines and experts on how to diagnose, treat
and follow-up UTIs in young children highlights the need of better diagnostic
and prognostic tools for clinical practice. Blood or urine biomarkers that could
discriminate UTIs from other febrile infections and separate APN from UTI
without kidney involvement would be of great benefit in the diagnostic
assessment. In particular, if this was a point of care test (POCT), it would be
helpful in preventing unnecessary antibiotic treatment and imaging. As
mentioned, procalcitonin has shown promising abilities in diagnosing APN
and predicting renal scarring but would need to be validated further, especially
in infants. A urine biomarker would be even better. Neutrophil gelatinase-
associated lipocalin (NGAL) has been pointed out as a potential marker for
clinical use in the near future [204]. A rapid POCT for urine NGAL is already
available.

Furthermore, the genetic approach for risk assessment of severe infection or
renal scarring, as described in this thesis, will for sure continue to be explored.
Hopefully, future genetic studies will contribute to the development of new
markers to be used as prognostic tools in clinic.

Traditional urine culture is slow and labor intensive making quicker methods
for the identification of bacteria called for. Several new techniques are being
developed such as polymerase chain reaction gene chips, ELISA assays and
antibody-based tests [205, 206]. A new innovative point of care digital format
assay using an ultra-quick culture technique is being tested for rapid detection
of five of the most common uropathogens [207].

Few new antibiotics have been developed the past two decades and focus is
now on other methods to combat the expanding problem with multi-resistant
bacteria. Some examples of experimental techniques are synthetic or modified
antimicrobial peptides, antibacterial antibodies to block bacterial virulence
factors, oligonucleotides that can penetrate into bacteria to inhibit bacterial
ribonucleic acid translation and bacteriophage virus therapy for lysis of
bacteria [208]. Vaccines might be another option. As pointed out in this thesis,
antimicrobial resistance is already a major global health issue which needs to
be counteracted promptly to prevent us from being pushed back to a situation
similar to that in the pre-antibiotic era.
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Imaging techniques are continuously being improved, including the reduction
of radiation. Ultrasound has the potential to provide more information than is
reported routinely today but has the disadvantage of being user dependent
which limits this potential in everyday clinical practice. Magnetic resonance
imaging (MRI) is an appealing alternative imaging modality since it causes no
radiation exposure and can produce detailed anatomical images of the kidneys
and urinary tract. Functional imaging is being developed but not ready to
replace DMSA scintigraphy. Drawbacks with MRI are that it is relatively
expensive, time consuming and often needs sedation of young children which
currently limits its use.

While waiting for some of these new methods to be further developed and
implemented in clinical care, it is time to update and rewrite the Swedish UTI
guidelines. Two of the papers in this thesis will hopefully be useful as part in
this work. The Swedish Pediatric Society has recently requested that the
Choosing wisely campaign is considered when developing clinical guidelines.
This campaign aims at reducing unnecessary tests and procedures of doubtful
or no benefit for the patient, minimize harmful interventions and managing
health care resources wisely [209, 210]. In this regard, we have identified some
issues with the current guidelines that should be addressed, in particular the
burden of imaging and radiation.

A possible way to further reduce the number of VCUGs is to perform this only
in children with abnormalities on RBUS (which need to be defined), non-E.
coli infection or if a febrile UTI recurrence occurs. Moreover, early
scintigraphy could be limited to children with poor response to treatment, if
surgical interventions are considered or if other reasons for detecting or ruling
out APN are present. Using DMSA scintigraphy for the detection of kidney
damage by a late scan only in children with RBUS abnormalities or when a
VCUG has shown dilating VUR would significantly reduce the number of
investigations and radiation burden in the initial evaluation. However, RBUS
has low sensitivity for predicting kidney damage on late DMSA scans, thus
this strategy would miss to identify a significant proportion of children with
renal scarring [211, 212]. Adding non-E. coli infection or raised procalcitonin
as additional indication for scintigraphy would increase the sensitivity but this
needs to be further evaluated and balanced against the number of scintigraphies
this would imply on children with normal kidneys.

Lastly, it is crucial that we bring the high awareness for UTIs with us into the
future. For this purpose, the unique and tight network of pediatric nephrologists
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and general pediatricians with interest in nephrology that has been built up over
half a century in Sweden, is a good platform to keep building on.

62



Magnus Lindén

ACKNOWLEDGEMENT

So many people have been involved in the project which in the end made this
thesis possible that I cannot mention everybody by name. I therefore start with
extending my sincere thanks to all co-workers, friends and family that have
supported me during this process and a special cordial thanks to the children
and caregivers that participated in the study. To take in all the information
about a research study and consent to participation in an emergency setting
when your baby is febrile and ill is truly praiseworthy. Thank you!

Per Brandstrom, my principal supervisor. You are always exceptionally
supportive, sympathetic, considerate and encouraging despite being constantly
overloaded with work. Expert on positive feedback. Thank you for taking on
the challenge to guide an ageing pediatrician through this lengthy process and
believing in me all the way.

Sverker Hansson, my co-supervisor. Your experience and enthusiasm for
research has been a great inspiration and your cunning rhetorical questions
have taught me to be more accurate and meticulous when expressing myself in
a scientific context. Your memory of numbers and contents in previous
publications never stops to impress.

Ines Ambite and Catharina Svanborg, my co-supervisors in Lund. Getting a
glimpse of the world of genetics and molecular biology has opened a new
dimension of UTI and infectious diseases to me, far more complicated than I
imagined. Thank you for being patient with my ignorant questions on genetics.

Therese Rosenblad. My PhD student companion from start to the very end of
this project. You finished before me but I’'m not bitter! It has been a pleasure
and a great support to have someone like you to cooperate with and to share
moments of joy and despair with. I hope to do more work together with you.

Co-workers at the participating centers all around Sweden. Thank you for
devoting your precious time to this project. Without you, the studies would
have been impossible to perform. A special thanks to Karin Rosenborg who
contributed with an outstanding number of infants and co-authored Paper 1.

Tina Linnér, our tireless research nurse. Thanks for all your efforts to complete
the data collection from study centers and for your work with the data base.

63



Urinary tract infection in infants

Dear colleagues and friends at the Pediatric department in Halland. Your
commitment to patient enrolment, twenty-four seven, during stressful duty in
the emergency department with pieces of “patient-inclusion-candy” as the only
reward is admirable. A special thanks to Karin who carried a major part of the
burden of relieving me from my clinical duties during this project, I hope to
pay you back one day. Thanks also to my helpful co-workers in the nephrology
and rheumatology teams, Madde, Elin, Jenny, Anna, Eva, Anna Karin and
Lena for managing patients and team duties during my absence. My bosses,
Josefine and Maria: Thank you for your support and letting me realize my PhD
project.

Region Halland FoU and So6dra sjukvardsregionen, for all financial support.

Anders and Mats. Thanks for pulling me away from the computer keyboard for
a physical training session or a social lunch when I most needed a break.

To all friends whom I have paid too little attention to during the final work
with the thesis: I am longing for being more sociable again.

My siblings, Johan, Staffan and Anna. I believe you only have vague and
distorted memories of how it was to write up the thesis but it is reassuring to
know that the stress and feeling of incompetence will fade away with time.

My mother Stina and late father Hans. You gave me the opportunity and
freedom to practice my imaginative and explorative personality from early age
which I believe is the foundation of my curiosity, still today at mature age. I
could not have wished for better parents.

Adam, Albin and Hanna. You bring genuine meaning to life and I am
immensely proud of you and your partners Emy, Astrid and Adam. You are all
in the beginning of your careers and lives as grown-ups and I hope to spend
much more time with you in the future despite geographical distance. Loving
thanks to Hanna for creating the cover picture.

Annika, my love. Thank you for putting up with me during the last phase of
the PhD project. You helped with proof reading and solving issues in the
writing process. You have been my unpaid mental therapist in moments of
frustration and you saved the stupid computer from being thrown out of the
window a few times. I am forever grateful for your understanding and support.

64



Magnus Lindén

REFERENCES

10.

11.

12.

Hodson CJ, Edwards D. Chronic pyelonephritis and vesico-ureteric
reflux. Clin Radiol 1960; 11: p. 219-31.

Smellie JM, Ransley PG, Normand IC, Prescod N, Edwards D.
Development of new renal scars: a collaborative study. Br Med J (Clin
Res Ed) 1985; 290(6486): p. 1957-60.

Hari P, Singla IK, Mantan M, Kanitkar M, Batra B, Bagga A. Chronic
renal failure in children. Indian Pediatr 2003; 40(11): p. 1035-42.
Jodal U, Smellie JM, Lax H, Hoyer PF. Ten-year results of randomized
treatment of children with severe vesicoureteral reflux. Final report of
the International Reflux Study in Children. Pediatric Nephrology
2006; 21(6): p. 785-792.

Rushton HG, Majd M, Jantausch B, Wiedermann BL, Belman AB.
Renal Scarring Following Reflux and Nonreflux Pyelonephritis in
Children: Evaluation with 99mTechnetium-Dimercaptosuccinic Acid
Scintigraphy. The Journal of Urology 1992; 147(5): p. 1327-1332.
Yeung CK, Godley ML, Dhillon HK, Gordon I, Duffy PG, Ransley
PG. The characteristics of primary vesico-ureteric reflux in male and
female infants with pre-natal hydronephrosis. British Journal of
Urology 1997; 80(2): p. 319-327.

Mattoo TK. Vesicoureteral reflux and reflux nephropathy. Adv
Chronic Kidney Dis 2011; 18(5): p. 348-54.

Singh-Grewal D, Macdessi J, Craig J. Circumcision for the prevention
of urinary tract infection in boys: a systematic review of randomised
trials and observational studies. Archives of Disease in Childhood
2005; 90(8): p. 853-858.

Newman TB, Bernzweig JA, Takayama JI, Finch SA, Wasserman RC,
Pantell RH. Urine Testing and Urinary Tract Infections in Febrile
Infants Seen in Office Settings: The Pediatric Research in Olffice
Settings' Febrile Infant Study. Archives of Pediatrics & Adolescent
Medicine 2002; 156(1): p. 44-54.

Averbuch D, Nir-Paz R, Tenenbaum A, et al. Factors Associated With
Bacteremia in Young Infants With Urinary Tract Infection. The
Pediatric Infectious Disease Journal 2014; 33(6).

Hansson S, Martinell J, Stokland E, Jodal U. The natural history of
bacteriuria in childhood. Infect Dis Clin North Am 1997; 11(3): p.
499-512.

Tullus K, Shaikh N. Urinary tract infections in children. The Lancet
2020; 395(10237): p. 1659-1668.

65



Urinary tract infection in infants

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Shaikh N, Osio VA, Wessel CB, Jeong JH. Prevalence of
Asymptomatic Bacteriuria in Children: A Meta-Analysis. J Pediatr
2020; 217: p. 110-117 e4.

Wettergren B, Jodal U, Jonasson G. Epidemiology of bacteriuria
during the first year of life. Acta Paediatr Scand 1985; 74(6): p. 925-
33.

Montini G, Tullus K, Hewitt 1. Febrile urinary tract infections in
children. The New England journal of medicine 2011; 365(3): p. 239-
250.

Chakupurakal R, Ahmed M, Sobithadevi DN, Chinnappan S,
Reynolds T. Urinary tract pathogens and resistance pattern. Journal
of Clinical Pathology 2010; 63(7): p. 652-654.

Nadeem S, Manuel MM, Oke OK, et al. Association of Pyuria with
Uropathogens in Young Children. The Journal of Pediatrics 2022; 245:
p- 208-212.e2.

Swerkersson S, Jodal U, Ahrén C, Sixt R, Stokland E, Hansson S.
Urinary tract infection in infants: the significance of low bacterial
count. Pediatric Nephrology 2016; 31(2): p. 239-245.

Shaikh N, Hoberman A, Keren R, et al. Predictors of Antimicrobial
Resistance among Pathogens Causing Urinary Tract Infection in
Children. J Pediatr 2016; 171: p. 116-21.

Shaikh N, Craig JC, Rovers MM, et al. Identification of Children and
Adolescents at Risk for Renal Scarring After a First Urinary Tract
Infection: A Meta-analysis With Individual Patient Data. JAMA
Pediatrics 2014; 168(10): p. 893-900.

Tullus K. Fifteen-minute consultation: Why and how do children get
urinary tract infections? Archives of disease in childhood - Education
&amp; practice edition 2019; 104(5): p. 244-247.

Breinbjerg A, Jorgensen CS, Frekizr J, Tullus K, Kamperis K, Rittig
S. Risk factors for kidney scarring and vesicoureteral reflux in 421
children after their first acute pyelonephritis, and appraisal of
international guidelines. Pediatric Nephrology 2021; 36(9): p. 2777-
2787.

Alberici 1, Bayazit AK, Drozdz D, et al. Pathogens causing urinary
tract infections in infants: a European overview by the ESCAPE study
group. European Journal of Pediatrics 2015; 174(6): p. 783-790.
Cheng CH, Tsau YK, Kuo CY, Su LH, Lin TY. Comparison of
extended virulence genotypes for bacteria isolated from pediatric
patients with urosepsis, acute pyelonephritis, and acute lobar
nephronia. Pediatr Infect Dis J 2010; 29(8): p. 736-40.

66



Magnus Lindén

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Kallenius G, Svenson SB, Mollby R, Hultberg H, Winberg J, Roberts
JA. P-fimbriae of pyelonephritogenic escherichia coli: Significance
for reflux and renal scarring — A hypothesis. Infection 1983; 11(1):
p. 73-76.

Wullt B, Bergsten G, Connell H, et al. P fimbriae enhance the early
establishment of Escherichia coli in the human urinary tract.
Molecular Microbiology 2000; 38(3): p. 456-464.

Kaper JB, Nataro JP, Mobley HLT. Pathogenic Escherichia coli.
Nature Reviews Microbiology 2004; 2(2): p. 123-140.

Croxen MA, Finlay BB. Molecular mechanisms of Escherichia coli
pathogenicity. Nature Reviews Microbiology 2010; 8(1): p. 26-38.
Billips BK, Forrestal SG, Rycyk MT, Johnson JR, Klumpp DIJ,
Schaeffer AJ. Modulation of host innate immune response in the
bladder by uropathogenic Escherichia coli. Infect Immun 2007;
75(11): p. 5353-60.

Zdziarski J, Brzuszkiewicz E, Wullt B, et al. Host imprints on
bacterial genomes--rapid, divergent evolution in individual patients.
PLoS pathogens 2010; 6(8): p. €1001078-e1001078.

Dobrindt U, Wullt B, Svanborg C. Asymtomatic Bacteriuria as a
Model to Study the Coevolution of Hosts and Bacteria. Pathogens
2016; 5(1): p. 21.

Bryce A, Hay AD, Lane IF, Thornton HV, Wootton M, Costelloe C.
Global prevalence of antibiotic resistance in paediatric urinary tract
infections caused by Escherichia coli and association with routine use
of antibiotics in primary care: systematic review and meta-analysis.
Bmj 2016; 352: p. 1939.

Aspevall O, Obeid R, Jagdmann J, Nilsson O, Pringle M. Sales of
antibiotics and occurrence of antibiotic resistance in Sweden. 2024
Jan 27, 2025;  Available from:  https:/strama.se/wp-
content/uploads/2024/06/swedres-svarm-2023.pdf.

Thaulow CM, Lindemann PC, Klingenberg C. Antibiotic resistance in
paediatric UTIs in Norway. Tidsskr Nor Laegeforen 2021; 141(10).
Salomonsson P, von Linstow M-L, Knudsen JD, et al. Best oral
empirical treatment for pyelonephritis in children: Do we need to
differentiate between age and gender? Infectious Diseases 2016;
48(10): p. 721-725.

Rodriguez MM. Congenital Anomalies of the Kidney and the Urinary
Tract (CAKUT). Fetal and Pediatric Pathology 2014; 33(5-6): p. 293-
320.

Herthelius M. Antenatally detected urinary tract dilatation: long-term
outcome. Pediatric Nephrology 2023; 38(10): p. 3221-3227.

67



Urinary tract infection in infants

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Keren R, Shaikh N, Pohl H, et al. Risk Factors for Recurrent Urinary
Tract Infection and Renal Scarring. Pediatrics 2015; 136(1): p. el3-
e2l.

Panaretto K, Craig J, Knight J, Howman-Giles R, Sureshkumar P, Roy
L. Risk factors for recurrent urinary tract infection in preschool
children. J Paediatr Child Health 1999; 35(5): p. 454-9.

Puri P, Friedmacher F, Farrugia M-K, Sharma S, Esposito C, Mattoo
TK. Primary vesicoureteral reflux. Nature Reviews Disease Primers
2024; 10(1): p. 75.

Sargent MA. Opinion. Pediatric Radiology 2000; 30(9): p. 587-593.
Tullus K. Vesicoureteric reflux in children. The Lancet 2015;
385(9965): p. 371-379.

Lebowitz RL, Olbing H, Parkkulainen KV, Smellie JM, Tamminen-
Mobius TE. International system of radiographic grading of
vesicoureteric reflux. International Reflux Study in Children. Pediatr
Radiol 1985; 15(2): p. 105-9.

Esbjorner E, Hansson S, Jakobsson B, Association obotSPN.
Management of children with dilating vesico-ureteric reflux in
Sweden. Acta Paediatrica 2004; 93(1): p. 37-42.

Silva JM, Santos Diniz JS, Marino VS, et al. Clinical course of 735
children and adolescents with primary vesicoureteral reflux. Pediatr
Nephrol 2006; 21(7): p. 981-8.

Hansson S, Bollgren I, Esbjorner E, Jakobsson B, Mérild S, On behalf
of the Swedish Pediatric Nephrology Association. Urinary tract
infections in children below two years of age: a quality assurance
project in Sweden. Acta Paediatrica 1999; 88(3): p. 270-274.

Shaikh N, Hoberman A, Keren R, et al. Recurrent Urinary Tract
Infections in Children With Bladder and Bowel Dysfunction. Pediatrics
2016; 137(1).

Lorenzo AJ, Rickard M, Santos JD. The role of bladder function in the
pathogenesis and treatment of urinary tract infections in toilet-trained
children. Pediatric Nephrology 2020; 35(8): p. 1395-1408.

Sjostrom S, Sillén U, Bachelard M, et al. Bladder/bowel dysfunction
in pre-school children following febrile urinary tract infection in
infancy. Pediatric Nephrology 2021; 36(6): p. 1489-1497.

Sillén U, Brandstrom P, Jodal U, et al. The Swedish Reflux Trial in
Children: V. Bladder Dysfunction. The Journal of Urology 2010;
184(1): p. 298-304.

Sjostrom S, Bachelard M, Sixt R, Sillén U. Change of Urodynamic
Patterns in Infants With Dilating Vesicoureteral Reflux: 3-Year
Followup. The Journal of Urology 2009; 182(5): p. 2446-2454.

68



Magnus Lindén

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Lundstedt A-C, Leijonhufvud I, Ragnarsdottir B, Karpman D,
Andersson B, Svanborg C. Inherited Susceptibility to Acute
Pyelonephritis: A Family Study of Urinary Tract Infection. The
Journal of Infectious Diseases 2007; 195(8): p. 1227-1234.

Chromek M, Brauner A. Antimicrobial mechanisms of the urinary
tract. Journal of Molecular Medicine 2008; 86(1): p. 37-47.
Ragnarsdottir B, Fischer H, Godaly G, et al. TLR- and CXCRI-
dependent innate immunity: insights into the genetics of urinary tract
infections. European Journal of Clinical Investigation 2008; 38(s2): p.
12-20.

Ambite I, Butler D, Wan MLY, et al. Molecular determinants of
disease severity in urinary tract infection. Nat Rev Urol 2021; 18(8):
p. 468-486.

Godaly G, Ambite I, Svanborg C. Innate immunity and genetic
determinants of urinary tract infection susceptibility. Current Opinion
in Infectious Diseases 2015; 28(1): p. 88-96.

Ragnarsdottir B, Lutay N, Gronberg-Hernandez J, Koéves B, Svanborg
C. Genetics of innate immunity and UTI susceptibility. Nature Reviews
Urology 2011; 8(8): p. 449-468.

Fischer H, Lutay N, Ragnarsdottir B, et al. Pathogen Specific, IRF3-
Dependent Signaling and Innate Resistance to Human Kidney
Infection. PLOS Pathogens 2010; 6(9): p. e1001109.

Connolly LP, Treves ST, Connolly SA, et al. Vesicoureteral Reflux in
Children: Incidence and Severity in Siblings. The Journal of Urology
1997; 157(6): p. 2287-2290.

Skoog SJ, Peters CA, Arant BS, et al. Pediatric Vesicoureteral Reflux
Guidelines Panel Summary Report: Clinical Practice Guidelines for
Screening Siblings of Children With Vesicoureteral Reflux and
Neonates/Infants With Prenatal Hydronephrosis. The Journal of
Urology 2010; 184(3): p. 1145-1151.

Murer L, Benetti E, Artifoni L. Embryology and genetics of primary
vesico-ureteric reflux and associated renal dysplasia. Pediatric
Nephrology 2007; 22(6): p. 788-797.

Uetani N, Bouchard M. Plumbing in the embryo: developmental
defects of the urinary tracts. Clinical Genetics 2009; 75(4): p. 307-
317.

van Eerde AM, Duran K, van Riel E, et al. Genes in the Ureteric
Budding Pathway: Association Study on Vesico-Ureteral Reflux
Patients. PLOS ONE 2012; 7(4): p. e31327.

Nino F, Ilari M, Noviello C, et al. Genetics of Vesicoureteral Reflux.
Curr Genomics 2016; 17(1): p. 70-9.

69



Urinary tract infection in infants

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Lange-Sperandio B, Anders HJ, Stehr M, Chevalier RL, Klaus R.
Congenital Anomalies of the Kidney and Urinary Tract: A Continuum
of Care. Semin Nephrol 2023: p. 151433.

Shaikh N, Ewing AL, Bhatnagar S, Hoberman A. Risk of Renal
Scarring in Children With a First Urinary Tract Infection: A
Systematic Review. Pediatrics 2010; 126(6): p. 1084-1091.

Lee YJ, Lee JH, Park YS. Risk Factors for Renal Scar Formation in
Infants With First Episode of Acute Pyelonephritis: A Prospective
Clinical Study. The Journal of Urology 2012; 187(3): p. 1032-1036.
Swerkersson S, Jodal U, Sixt R, Stokland E, Hansson S. Urinary tract
infection in small children: the evolution of renal damage over time.
Pediatric Nephrology 2017; 32(10): p. 1907-1913.

Majd M, Rushton HG. Renal cortical scintigraphy in the diagnosis of
acute pyelonephritis. Seminars in Nuclear Medicine 1992; 22(2): p.
98-111.

Risdon RA, Godley ML, Parkhouse HF, Gordon I, Ransley PG. Renal
Pathology and the 99mTc-DMSA Image During the Evolution of the
Early Pyelonephritic Scar: An Experimental Study. The Journal of
Urology 1994; 151(3): p. 767-773.

Hoberman A, Charron M, Hickey RW, Baskin M, Kearney DH, Wald
ER. Imaging Studies after a First Febrile Urinary Tract Infection in
Young Children. New England Journal of Medicine 2003; 348(3): p.
195-202.

Swerkersson S, Jodal U, Sixt R, Stokland E, Hansson S. Relationship
among vesicoureteral reflux, urinary tract infection and renal damage
in children. The Journal of urology 2007; 178(2): p. 647-1.

Faust WC, Diaz M, Pohl HG. Incidence of Post-Pyelonephritic Renal
Scarring: A Meta-Analysis of the Dimercapto-Succinic Acid
Literature. The Journal of Urology 2009; 181(1): p. 290-298.
Wennerstrom M, Hansson S, Jodal U, Stokland E. Primary and
acquired renal scarring in boys and girls with urinary tract infection.
The Journal of Pediatrics 2000; 136(1): p. 30-34.

Brandstrom P, Nevéus T, Sixt R, Stokland E, Jodal U, Hansson S. The
Swedish Reflux Trial in Children: IV. Renal Damage. The Journal of
Urology 2010; 184(1): p. 292-297.

Kosmeri C, Kalaitzidis R, Siomou E. An update on renal scarring after
urinary tract infection in children: what are the risk factors? Journal
of Pediatric Urology 2019; 15(6): p. 598-603.

Shaikh N, Haralam MA, Kurs-Lasky M, Hoberman A. Association of
Renal Scarring With Number of Febrile Urinary Tract Infections in
Children. JAMA Pediatrics 2019; 173(10): p. 949-952.

70



Magnus Lindén

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Su D, Zhuo Z, Zhang J, Zhan Z, Huang H. Risk factors for new renal
scarring in children with vesicoureteral reflux receiving continuous
antibiotic prophylaxis. Sci Rep 2024; 14(1): p. 1784.

Patterson LT, Strife CF. Acquired versus congenital renal scarring
after childhood urinary tract infection. The Journal of Pediatrics 2000;
136(1): p. 2-4.

Peters C, Rushton HG. Vesicoureteral Reflux Associated Renal
Damage: Congenital Reflux Nephropathy and Acquired Renal
Scarring. The Journal of Urology 2010; 184(1): p. 265-273.
Hellerstein S. Long-term consequences of urinary tract infections.
Current opinion in pediatrics 2000; 12(2): p. 125-128.

Hains DS, Schwaderer AL. Genetic Variations in Vesicoureteral
Reflux Sequelae. Pathogens 2016; 5(1): p. 14.

Zaffanello M, Tardivo S, Cataldi L, Fanos V, Biban P, Malerba G.
Genetic susceptibility to renal scar formation after urinary tract
infection: a systematic review and meta-analysis of candidate gene
polymorphisms. Pediatric Nephrology 2011; 26(7): p. 1017-1029.
Akil 1, Ozkinay F, Onay H, Canda E, Gumuser G, Kavukcu S.
Assessment of Toll-like receptor-4 gene polymorphism on
pyelonephritis  and renal scar. International Journal of
Immunogenetics 2012; 39(4): p. 303-307.

Cho S, Lee S. ACE gene polymorphism and renal scar in children with
acute pyelonephritis. Pediatric Nephrology 2002; 17(7): p. 491-495.
Haszon I, Friedman AL, Papp F, et al. ACE gene polymorphism and
renal scarring in primary vesicoureteric reflux. Pediatric Nephrology
2002; 17(12): p. 1027-1031.

Cotton SA, Gbadegesin RA, Williams S, Brenchley PEC, Webb NJA.
Role of TGF-f1 in renal parenchymal scarring following childhood
urinary tract infection. Kidney International 2002; 61(1): p. 61-67.
Svanborg C. Urinary tract infections in children: microbial virulence
versus host susceptibility. Adv Exp Med Biol 2013; 764: p. 205-10.
Yoshida H, Kon V, Ichikawa 1. Polymorphisms of the renin-
angiotensin system genes in progressive renal diseases. Kidney Int
1996; 50(3): p. 732-44.

Ambite I, Chao SM, Rosenblad T, et al. Molecular analysis of acute
pyelonephritis—excessive innate and attenuated adaptive immunity.
Life Science Alliance 2025; 8(3): p. €202402926.

Tebruegge M, Pantazidou A, Clifford V, et al. The Age-Related Risk
of Co-Existing Meningitis in Children with Urinary Tract Infection.
PLOS ONE 2011; 6(11): p. €26576.

Craig JC, Hodson EM. Treatment of acute pyelonephritis in children.
BMJ 2004; 328(7433): p. 179.

71



Urinary tract infection in infants

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Elliver M, Norrman J, Orfanos 1. Low adherence to a new guideline
Jfor managing febrile infants <59 days. Frontiers in Pediatrics 2024;
12.

Yang S, Gill PJ, Anwar MR, et al. Kidney Ultrasonography After First
Febrile Urinary Tract Infection in Children: A Systematic Review and
Meta-analysis. JAMA Pediatrics 2023; 177(8): p. 764-773.

‘t Hoen LA, Bogaert G, Radmayr C, et al. Update of the EAU/ESPU
guidelines on urinary tract infections in children. Journal of Pediatric
Urology 2021; 17(2): p. 200-207.

Hostetter TH, Olson JL, Rennke HG, Venkatachalam MA, Brenner
BM. Hyperfiltration in remnant nephrons: a potentially adverse
response to renal ablation. American Journal of Physiology-Renal
Physiology 1981; 241(1): p. F85-F93.

Wennerstrom M, Hansson S, Jodal U, Sixt R, Stokland E. Renal
Function 16 to 26 Years After the First Urinary Tract Infection in
Childhood. Archives of Pediatrics & Adolescent Medicine 2000;
154(4): p. 339-345.

Martinell J, Lidin-Janson G, Jagenburg R, Siverstsson R, Claesson I,
Jodal U. Girls prone to urinary infections followed into adulthood.
Indices of renal disease. Pediatric Nephrology 1996; 10(2): p. 139-
142.

Gebéck C, Hansson S, Martinell J, Sandberg T, Sixt R, Jodal U. Renal
function in adult women with urinary tract infection in childhood.
Pediatr Nephrol 2015; 30(9): p. 1493-9.

Pleniceanu O, Twig G, Tzur D, et al. Acute pyelonephritis in children
and the risk of end-stage kidney disease. Journal of Nephrology 2021;
34(5): p. 1757-1765.

Wennerstrom M, Hansson S, Hedner T, Himmelmann A, Jodal U.
Ambulatory blood pressure 16-26 years after the first urinary tract
infection in childhood. Journal of hypertension 2000; 18(4): p. 485-
491.

Gebick C, Hansson S, Himmelmann A, Sandberg T, Sixt R, Jodal U.
Twenty-four-hour ambulatory blood pressure in adult women with
urinary tract infection in childhood. Journal of Hypertension 2014;
32(8): p. 1658-1664.

Toffolo A, Ammenti A, Montini G. Long-term clinical consequences
of wurinary tract infections during childhood: a review. Acta
Paediatrica 2012; 101(10): p. 1018-1031.

Jungers P, Houillier P, Chauveau D, et al. Pregnancy in women with
reflux nephropathy. Kidney International 1996; 50(2): p. 593-599.

72



Magnus Lindén

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Gebick C, Hansson S, Martinell J, Milsom I, Sandberg T, Jodal U.
Obstetrical outcome in women with urinary tract infections in
childhood. Acta Obstetricia et Gynecologica Scandinavica 2016;
95(4): p. 452-457.

Attini R, Kooij I, Montersino B, et al. Reflux nephropathy and the risk
of preeclampsia and of other adverse pregnancy-related outcomes: a
systematic review and meta-analysis of case series and reports in the
new millennium. Journal of Nephrology 2018; 31(6): p. 833-846.
Kaufman J, Temple-Smith M, Sanci L. Urinary tract infections in
children: an overview of diagnosis and management. BMJ Paediatr
Open 2019; 3(1): p. e000487.

Tosif S, Baker A, Oakley E, Donath S, Babl FE. Contamination rates
of different urine collection methods for the diagnosis of urinary tract
infections in young children: An observational cohort study. Journal
of Paediatrics and Child Health 2012; 48(8): p. 659-664.

Labrosse M, Levy A, Autmizguine J, Gravel J. Evaluation of a New
Strategy for Clean-Catch Urine in Infants. Pediatrics 2016; 138(3).
Urinary tract infection in under 16s: diagnosis and management.
London: National Institute for Health and Care Excellence (NICE);
2022 Jul 27; (NICE Guideline, No. 224.). Available from:
https://www.ncbi.nlm.nih.gov/books/NBK588844/. Accessed Jan 26,
2025.

Roberts KB, Subcommittee on Urinary Tract Infection Steering
Committee on Quality Improvement and Management. Urinary Tract
Infection: Clinical Practice Guideline for the Diagnosis and
Management of the Initial UTI in Febrile Infants and Children 2 to 24
Months. Pediatrics 2011; 128(3): p. 595-610.

Brandstrom P, Hansson S. Urinary Tract Infection in Children.
Pediatric Clinics of North America 2022; 69(6): p. 1099-1114.
Williams GJ, Macaskill P, Chan SF, Turner RM, Hodson E, Craig JC.
Absolute and relative accuracy of rapid urine tests for urinary tract
infection in children: a meta-analysis. The Lancet Infectious Diseases
2010; 10(4): p. 240-250.

Glissmeyer EW, Korgenski EK, Wilkes J, et al. Dipstick Screening for
Urinary Tract Infection in Febrile Infants. Pediatrics 2014; 133(5): p.
ell2l-el127.

Velasco R, Benito H, Mozun R, et al. Using a urine dipstick to identify
a positive urine culture in young febrile infants is as effective as in
older patients. Acta Paediatrica 2015; 104(1): p. e39-e44.

Coulthard MG. Using urine nitrite sticks to test for urinary tract
infection in children aged <2 years: a meta-analysis. Pediatric
Nephrology 2019; 34(7): p. 1283-1288.

73



Urinary tract infection in infants

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Tullus K. Difficulties in diagnosing urinary tract infections in small
children. Pediatric Nephrology 2011; 26(11): p. 1923-1926.
Kanellopoulos TA, Vassilakos PJ, Kantzis M, Ellina A, Kolonitsiou F,
Papanastasiou DA. Low bacterial count urinary tract infections in
infants and young children. European Journal of Pediatrics 2005;
164(6): p. 355-361.

Khoury L, Schnapp Z, Konopnicki M. Improving Management: Novel
Guidelines for Diagnosing Urinary Tract Infection in Infants. The
Pediatric Infectious Disease Journal 2024; 43(7): p. 609-613.

Unsal H, Kaman A, Tanir G. Relationship between urinalysis findings
and responsible pathogens in children with urinary tract infections.
Journal of Pediatric Urology 2019; 15(6): p. 606.e1-606.¢6.

Shaikh N, Shope TR, Hoberman A, Vigliotti A, Kurs-Lasky M, Martin
IM. Association Between Uropathogen and Pyuria. Pediatrics 2016;
138(1): p. e20160087.

Shaikh KJ, Osio VA, Leeflang MMG, Shaikh N. Procalcitonin, C-
reactive protein, and erythrocyte sedimentation rate for the diagnosis
of acute pyelonephritis in children. Cochrane Database of Systematic
Reviews 2020(9).

Preda I, Jodal U, Sixt R, Stokland E, Hansson S. Imaging Strategy for
Infants With Urinary Tract Infection: A New Algorithm. Journal of
Urology 2011; 185(3): p. 1046-1052.

Hoberman A, Wald ER, Hickey RW, et al. Oral Versus Initial
Intravenous Therapy for Urinary Tract Infections in Young Febrile
Children. Pediatrics 1999; 104(1): p. 79-86.

Montini G, Toffolo A, Zucchetta P, et al. Antibiotic treatment for
pyelonephritis in children: multicentre randomised controlled non-
inferiority trial. BMJ 2007; 335(7616): p. 386.

Strohmeier Y, Hodson EM, Willis NS, Webster AC, Craig JC.
Antibiotics for acute pyelonephritis in children. Cochrane Database of
Systematic Reviews 2014(7).

Oh MM, Kim JW, Park MG, Kim JJ, Yoo KH, Moon DG. The impact
of therapeutic delay time on acute scintigraphic lesion and ultimate
scar formation in children with first febrile UTI. European Journal of
Pediatrics 2012; 171(3): p. 565-570.

Karavanaki KA, Soldatou A, Koufadaki AM, Tsentidis C, Haliotis FA,
Stefanidis CJ. Delayed treatment of the first febrile urinary tract
infection in early childhood increased the risk of renal scarring. Acta
Paediatrica 2017; 106(1): p. 149-154.

Shaikh N, Mattoo TK, Keren R, et al. Early Antibiotic Treatment for
Pediatric Febrile Urinary Tract Infection and Renal Scarring. JAMA
Pediatrics 2016; 170(9): p. 848-854.

74



Magnus Lindén

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Doganis D, Siafas K, Mavrikou M, et al. Does Early Treatment of
Urinary Tract Infection Prevent Renal Damage? Pediatrics 2007;
120(4): p. €922-¢928.

Hewitt IK, Zucchetta P, Rigon L, et al. Farly Treatment of Acute
Pyelonephritis in Children Fails to Reduce Renal Scarring: Data
From the Italian Renal Infection Study Trials. Pediatrics 2008; 122(3):
p. 486-490.

Williams G, Craig JC. Long-term antibiotics for preventing recurrent
urinary tract infection in children. Cochrane Database of Systematic
Reviews 2019(4).

Autore G, Bernardi L, Ghidini F, et al. Antibiotic Prophylaxis for the
Prevention of Urinary Tract Infections in Children: Guideline and
Recommendations from the Emilia-Romagna Pediatric Urinary Tract
Infections (UTI-Ped-ER) Study Group. Antibiotics (Basel) 2023;
12(6).

Yang SS, Tsai J-D, Kanematsu A, Han C-H. Asian guidelines for
urinary tract infection in children. Journal of Infection and
Chemotherapy 2021; 27(11): p. 1543-1554.

Montini G, Zucchetta P, Tomasi L, et al. Value of Imaging Studies
After a First Febrile Urinary Tract Infection in Young Children: Data
From Italian Renal Infection Study 1. Pediatrics 2009; 123(2): p. €239-
€246.

Miiller L, Preda I, Jacobsson B, et al. Ultrasonography as predictor of
permanent renal damage in infants with urinary tract infection. Acta
Paediatr 2009; 98(7): p. 1156-61.

Preda I, Jodal U, Sixt R, Stokland E, Hansson S. Value of Ultrasound
in Evaluation of Infants With First Urinary Tract Infection. Journal of
Urology 2010; 183(5): p. 1984-1988.

Nelson CP, Johnson EK, Logvinenko T, Chow JS. Ultrasound as a
Screening Test for Genitourinary Anomalies in Children With UTL
Pediatrics 2014; 133(3): p. €394-e403.

Pennesi M, Amoroso S, Pennesi G, et al. Is ultrasonography
mandatory in all children at their first febrile urinary tract infection?
Pediatric Nephrology 2021; 36(7): p. 1809-1816.

Mola G, Wenger TR, Salomonsson P, et al. Selective imaging
modalities after first pyelonephritis failed to identify significant
urological anomalies, despite normal antenatal ultrasounds. Acta
Paediatrica 2017; 106(7): p. 1176-1183.

Hewitt IK, Montini G. Re-evaluating the use of ultrasound to
investigate first febrile urinary tract infections in childhood. Acta
Paediatrica 2017; 106(11): p. 1727-1728.

75



Urinary tract infection in infants

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Coon ER, Quinonez RA, Moyer VA, Schroeder AR. Overdiagnosis:
How Our Compulsion for Diagnosis May Be Harming Children.
Pediatrics 2014; 134(5): p. 1013-1023.

Ammenti A, Alberici I, Brugnara M, et al. Updated Italian
recommendations for the diagnosis, treatment and follow-up of the
first febrile urinary tract infection in young children. Acta Paediatrica
2020; 109(2): p. 236-247.

Mattoo TK, Shaikh N, Nelson CP. Contemporary Management of
Urinary Tract Infection in Children. Pediatrics 2021; 147(2).

Vali R, Armstrong IS, Bar-Sever Z, et al. SNMMI procedure
standard/EANM practice guideline on pediatric [99mTc]Tc-DMSA
renal cortical scintigraphy: an update. Clinical and Translational
Imaging 2022; 10(2): p. 173-184.

Clarke SEM, Smellie JM, Prescod N, Gurney S, West DJ. Technetium-
99m-DMSA Studies in Pediatric Urinary Tract Infection. Journal of
Nuclear Medicine 1996; 37(5): p. 823-828.

Stokland E, Hellstrdm M, Jacobsson B, Jodal U, Lundgren P, Sixt R.
Early 99mTc dimercaptosuccinic acid (DMSA) scintigraphy in
symptomatic first-time urinary tract infection. Acta Paediatrica 1996;
85(4): p. 430-436.

Ditchfield MR, Summerville D, Grimwood K, et al. Time course of
transient cortical scintigraphic defects associated with acute
pyelonephritis. Pediatric Radiology 2002; 32(12): p. 849-852.

Smith T, Evans K, Lythgoe MF, Anderson PJ, Gordon 1. Radiation
Dosimetry of Technetium-99m-DMSA in Children. Journal of Nuclear
Medicine 1996; 37(8): p. 1336-1342.

Gonzalez Rodriguez JD, Fraga Rodriguez GM, Garcia Vera CJ, et al.
Update of the Spanish clinical practice guideline for urinary tract
infection in infants and children. Summary of recommendations for
diagnosis, treatment and follow-up. Anales de Pediatria (English
Edition) 2024; 101(2): p. 132-144.

Hari P, Meena J, Kumar M, et al. Evidence-based clinical practice
guideline for management of urinary tract infection and primary
vesicoureteric reflux. Pediatric Nephrology 2024; 39(5): p. 1639-
1668.

Robinson JL, Finlay JC, Lang ME, Bortolussi R. Urinary tract
infections in infants and children: Diagnosis and management.
Paediatr Child Health 2014; 19(6): p. 315-25.

Brandstrom P, Lindén M. How Swedish guidelines on urinary tract
infections in children compare to Canadian, American and European
guidelines. Acta Paediatrica 2021; 110(6): p. 1759-1771.

76



Magnus Lindén

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Buettcher M, Trueck J, Niederer-Loher A, et al. Swiss consensus
recommendations on urinary tract infections in children. European
Journal of Pediatrics 2021; 180(3): p. 663-674.

Hansson S, Dhamey M, Sigstrom O, et al. Dimercapto-succinic acid
scintigraphy instead of voiding cystourethrography for infants with
urinary tract infection. J Urol 2004; 172(3): p. 1071-1074.

Preda I, Jodal U, Sixt R, Stokland E, Hansson S. Normal
Dimercaptosuccinic ~ Acid  Scintigraphy ~ Makes Voiding
Cystourethrography Unnecessary after Urinary Tract Infection. The
Journal of Pediatrics 2007; 151(6): p. 581-584.¢el.

Sheu J-N, Wu K-H, Chen S-M, Tsai J-D, Chao Y-H, Lue K-H. Acute
99mTc DMSA Scan Predicts Dilating Vesicoureteral Reflux in Young
Children With a First Febrile Urinary Tract Infection: A Population-
Based Cohort Study. Clinical Nuclear Medicine 2013; 38(3): p. 163-
168.

Yang W, Jiao Q, Wang H, Chen W, Yao H. Is technetium-99m
dimercaptosuccinic acid renal scintigraphy available for predicting
vesicoureteral reflux in children with first febrile urinary tract
infection under the age of 24 months? Nuclear Medicine
Communications 2022; 43(11): p. 1128-1135.

Fouzas S, Krikelli E, Vassilakos P, Gkentzi D, Papanastasiou DA,
Salakos C. DMSA Scan for Revealing Vesicoureteral Reflux in Young
Children With Urinary Tract Infection. Pediatrics 2010; 126(3): p.
e513-e519.

Shaikh N, Hoberman A, Rockette HE, Kurs-Lasky M. Identifying
Children with Vesicoureteral Reflux: A Comparison of 2 Approaches.
Journal of Urology 2012; 188(5): p. 1895-1899.

Clinical Practice Guidelines: Directions for a New Program, ed. MJ
Field and Lohr KN. 1990, Washington (DC): National Academies
Press (US).

Woolf SH, Grol R, Hutchinson A, Eccles M, Grimshaw J. Potential
benefits, limitations, and harms of clinical guidelines. BMJ 1999;
318(7182): p. 527-530.

Feder G, Eccles M, Grol R, Griffiths C, Grimshaw J. Using clinical
guidelines. BMJ 1999; 318(7185): p. 728-730.

Fischer F, Lange K, Klose K, Greiner W, Kraemer A. Barriers and
Strategies in  Guideline Implementation—A Scoping Review.
Healthcare 2016; 4(3): p. 36.

Santesson AHE, Holmberg R, Béckstrom M, Gustafsson P, Perrin S,
Jarbin H. Multilevel barriers to guideline implementation: a
nationwide multi-professional cross-sectional study within child and
adolescent psychiatry. Child and Adolescent Psychiatry and Mental
Health 2024; 18(1): p. 115.

77



Urinary tract infection in infants

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Pereira VC, Silva SN, Carvalho VKS, Zanghelini F, Barreto JOM.
Strategies for the implementation of clinical practice guidelines in
public health: an overview of systematic reviews. Health Research
Policy and Systems 2022; 20(1): p. 13.

Geurts DHF, Vos W, Moll HA, Oostenbrink R. Impact analysis of an
evidence-based guideline on diagnosis of urinary tract infection in
infants and young children with unexplained fever. European Journal
of Pediatrics 2014; 173(4): p. 463-468.

Selekman RE, Allen IE, Copp HL. Determinants of practice patterns
in pediatric UTI management. Journal of Pediatric Urology 2016;
12(5): p. 308.e1-308.¢6.

Cenzato F, Milani GP, Amigoni A, et al. Diagnosis and management
of urinary tract infections in children aged 2 months to 3 years in the
Italian emergency units: the ItaUTI study. European Journal of
Pediatrics 2022; 181(7): p. 2663-2671.

Copp HL, Yiee JH, Smith A, Hanley J, Saigal CS, Project obotUDiA.
Use of Urine Testing in Qutpatients Treated for Urinary Tract
Infection. Pediatrics 2013; 132(3): p. 437-444.

Platt C, Larcombe J, Dudley J, et al. Implementation of NICE guidance
on urinary tract infections in children in primary and secondary care.
Acta Paediatrica 2015; 104(6): p. 630-637.

Shah L, Mandlik N, Kumar P, Andaya S, Patamasucon P. Adherence
to AAP Practice Guidelines for Urinary Tract Infections at Our
Teaching Institution. Clinical Pediatrics 2008; 47(9): p. 861-864.
Buntsma D, Stock A, Bevan C, Babl FE. Success rate of BladderScan-
assisted suprapubic aspiration. Emergency Medicine Australasia
2012; 24(6): p. 647-651.

Kozer E, Rosenbloom E, Goldman D, Lavy G, Rosenfeld N, Goldman
M. Pain in Infants Who Are Younger Than 2 Months During
Suprapubic Aspiration and Transurethral Bladder Catheterization: A
Randomized, Controlled Study. Pediatrics 2006; 118(1): p. e51-e56.
El-Naggar W, Yiu A, Mohamed A, et al. Comparison of Pain During
Two Methods of Urine Collection in Preterm Infants. Pediatrics 2010;
125(6): p. 1224-1229.

Ramage 1J, Chapman JP, Hollman AS, Elabassi M, McColl JH, Beattie
TJ. Accuracy of clean-catch urine collection in infancy. The Journal
of Pediatrics 1999; 135(6): p. 765-767.

Herreros ML, Tagarro A, Garcia-Pose A, Sanchez A, Canete A, Gili
P. Accuracy of a new clean-catch technique for diagnosis of urinary
tract infection in infants younger than 90 days of age. Paediatrics &
Child Health 2015; 20(6): p. €30-¢32.

78



Magnus Lindén

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Guri A, Hurvitz Florenthal M, Scheier E, Mahlab-Guri K, Balla U.
Contamination rates of different methods of urine culture collection in
children: A retrospective cohort study. Journal of Paediatrics and
Child Health 2021; 57(8): p. 1281-1287.

Lasry MS, Goldman M, Paret M, Bahat H. Urinary tract infections in
young infants with a normal urine dipstick. Acta Paediatrica 2024;
113(9): p. 2134-2139.

Koskimies O. Diagnostic accuracy of urinary tract infection and
subsequent develpment of renal scars. The Journal of Pediatrics 1995;
126(1): p. 157-158.

Hansson S, Brandstrom P, Jodal U, Larsson P. Low bacterial counts
in infants with urinary tract infection. The Journal of Pediatrics 1998;
132(1): p. 180-182.

Dorney K, Bachur RG. Febrile infant update. Current Opinion in
Pediatrics 2017; 29(3): p. 280-285.

Pecile P, Miorin E, Romanello C, et al. Procalcitonin: A Marker of
Severity of Acute Pyelonephritis Among Children. Pediatrics 2004;
114(2): p. €249-e254.

Leroy S, Fernandez-Lopez A, Nikfar R, et al. Association of
Procalcitonin With Acute Pyelonephritis and Renal Scars in Pediatric
UTI. Pediatrics 2013; 131(5): p. 870-879.

Marzuillo P, Guarino S, Alfiero S, et al. Acute kidney injury in children
hospitalised for febrile urinary tract infection. Acta Paediatrica 2024;
113(7): p. 1711-1719.

Hodson EM, Willis NS, Craig JC. Antibiotics for acute pyelonephritis
in children. Cochrane Database of Systematic Reviews 2007(4).
Swerkersson S, Jodal U, Ahrén C, Hansson S. Urinary tract infection
in small outpatient children: the influence of age and gender on
resistance to oral antimicrobials. European Journal of Pediatrics 2014;
173(8): p. 1075-1081.

Okeke IN, de Kraker MEA, Van Boeckel TP, et al. The scope of the
antimicrobial resistance challenge. The Lancet 2024; 403(10442): p.
2426-2438.

Chang PW, Wang ME, Schroeder AR. Diagnosis and Management of
UTI in Febrile Infants Age 0—2 Months: Applicability of the AAP
Guideline. Journal of Hospital Medicine 2020; 15(3): p. 176-180.
Pennesi M, Travan L, Peratoner L, et al. Is Antibiotic Prophylaxis in
Children With Vesicoureteral Reflux Effective in Preventing
Pyelonephritis and Renal Scars? A Randomized, Controlled Trial.
Pediatrics 2008; 121(6): p. €1489-¢1494.

Morello W, Baskin E, Jankauskiene A, et al. Antibiotic Prophylaxis in
Infants with Grade II1, 1V, or V Vesicoureteral Reflux. New England
Journal of Medicine 2023; 389(11): p. 987-997.

79



Urinary tract infection in infants

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

Hewitt IK, Pennesi M, Morello W, Ronfani L, Montini G. Antibiotic
Prophylaxis for Urinary Tract Infection—Related Renal Scarring: A
Systematic Review. Pediatrics 2017; 139(5): p. €20163145.

Selekman RE, Shapiro DJ, Boscardin J, et al. Uropathogen Resistance
and Antibiotic Prophylaxis: A Meta-analysis. Pediatrics 2018; 142(1):
p.€20180119.

Ficara A, Syngelaki A, Hammami A, Akolekar R, Nicolaides KH.
Value of routine ultrasound examination at 35—37 weeks' gestation in
diagnosis of fetal abnormalities. Ultrasound in Obstetrics &
Gynecology 2020; 55(1): p. 75-80.

Simrén Y, Stokland E, Lagerstrand KM, Valdimarsson S, Hansson S.
Ultrasound is an effective and noninvasive method of evaluating renal
swelling in infants with their first urinary tract infection. Acta
Paediatrica 2017; 106(11): p. 1868-1874.

Simrén Y, Valdimarsson S, Stokland E, Lagerstrand KM, Sixt R,
Hansson S. Renal swelling indicates renal damage in infants with their
first urinary tract infection. Acta Paediatrica 2018; 107(11): p. 2004-
2010.

Hewitt 1, Montini G. Vesicoureteral reflux is it important to find?
Pediatric Nephrology 2021; 36(4): p. 1011-1017.

Shaikh N, Spingarn RB, Hum SW. Dimercaptosuccinic acid scan or
ultrasound in screening for vesicoureteral reflux among children with
urinary tract infections. Cochrane Database of Systematic Reviews
2016(7).

La Scola C, De Mutiis C, Hewitt IK, et al. Different Guidelines for
Imaging After First UTI in Febrile Infants: Yield, Cost, and Radiation.
Pediatrics 2013; 131(3): p. €665-e671.

Che R, Yuan Y, Huang S, Zhang A. Mitochondrial dysfunction in the
pathophysiology of renal diseases. American Journal of Physiology-
Renal Physiology 2014; 306(4): p. F367-F378.

Govers LP, Toka HR, Hariri A, Walsh SB, Bockenhauer D.
Mitochondrial DNA mutations in renal disease: an overview. Pediatric
Nephrology 2021; 36(1): p. 9-17.

Feng J, Chen Z, Liang W, Wei Z, Ding G. Roles of Mitochondrial DNA
Damage in Kidney Diseases: A New Biomarker. International Journal
of Molecular Sciences 2022; 23(23): p. 15166.

Yao C, Li Z, Sun K, Zhang Y, Shou S, Jin H. Mitochondrial
dysfunction in acute kidney injury. Ren Fail 2024; 46(2): p. 2393262.
Mattoo TK, Spencer JD. Biomarkers for urinary tract infection:
present and future perspectives. Pediatric Nephrology 2024; 39(10):
p. 2833-2844.

80



Magnus Lindén

205.

206.

207.

208.

209.

210.

211.

212.

Liu Q, Jin X, Cheng J, Zhou H, Zhang Y, Dai Y. Advances in the
application of molecular diagnostic techniques for the detection of
infectious disease pathogens (Review). Mol Med Rep 2023; 27(5): p.
104.

Sujith S, Solomon AP, Rayappan JBB. Comprehensive insights into
UTlIs: from pathophysiology to precision diagnosis and management.
Frontiers in Cellular and Infection Microbiology 2024; 14.

Iseri E, Nilsson S, Belkum Av, Wijngaart Wvd, Ozenci V.
Performance of an innovative culture-based digital dipstick for
detection of bacteriuria. Microbiology Spectrum 2024; 12(1): p.
e03613-23.

MacNair CR, Rutherford ST, Tan M-W. Alternative therapeutic
strategies to treat antibiotic-resistant pathogens. Nature Reviews
Microbiology 2024; 22(5): p. 262-275.

Cassel CK, Guest JA. Choosing Wisely: Helping Physicians and
Patients Make Smart Decisions About Their Care. JAMA 2012;
307(17): p. 1801-1802.

Wolfson D, Santa J, Slass L. Engaging Physicians and Consumers in
Conversations About Treatment Overuse and Waste: A Short History
of the Choosing Wisely Campaign. Academic Medicine 2014; 89(7):
p- 990-995.

Bush NC, Keays M, Adams C, et al. Renal damage detected by DMSA,
despite normal renal ultrasound, in children with febrile UTI. Journal
of Pediatric Urology 2015; 11(3): p. 126.e1-126.e7.

Rushton HG. Commentary to 'Renal damage detected by DMSA
despite normal renal ultrasound in children with febrile UTI'. J Pediatr
Urol 2015; 11(3): p. 129-30.

81



