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STRESZCZENIE

Zakazenia tozyska naczyniowego (BSI, ang. bloodstream infections) sg istotnym
problemem zdrowotnym, szczegdlnie w kontek$cie pacjentow w stanach krytycznych.
Szacuje si¢, ze globalnie wystepuje okoto 30 milionéw przypadkéw BSI rocznie,
skutkujacych okoto 6 milionami zgondéw. Zakazenia te moga wynika¢ z infekcji
miejscowych lub obecnosci cewnikdéw naczyniowych, a komplikacje moga prowadzi¢ do
sepsy 1 wstrzasu septycznego, z wysoka $miertelno$ciag wynoszaca od 25% do 80%.
Pandemia COVID-19 znaczaco wplyneta na stuzbe zdrowia, zwigkszajac liczbe zakazen
szpitalnych ze wzgledu na duza liczbg hospitalizacji, naduzywanie antybiotykow i
nieprzestrzeganie procedur kontroli zakazen. Leczenie infekcji wywotanych przez
drobnoustroje  wielolekooporne wymaga czesto stosowania kombinacji  kilku
antybiotykow. Zastosowanie metod biologii molekularnej w diagnostyce BSI moze
przyspieszy¢ wdrozenie odpowiedniej terapii. Stosowanie testow molekularnych jest
uzasadnione, gdy wyniki sg szybko implementowane w ramach programu zarzadzania
antybiotykami.

Celem pracy byta analiza zmian w epidemiologii zakazen lozyska naczyniowego
wywotanych przez pandemi¢ COVID-19, z uwzglednieniem problemu narastajacej
opornosci drobnoustrojow na antybiotyki oraz mozliwych korzysci wynikajacych z
zastosowania metod molekularnych w diagnostyce tych zakazen. Dodatkowym
przedmiotem przeprowadzonych badan byta ocena skutecznos$ci in vitro cefiderokolu,
erawacykliny,  tigecykliny, plazomycyny, fosfomycyny oraz  skojarzenia
ceftazydym/awibaktam z aztreonamem wobec izolatéw klinicznych Klebsiella
pneumoniae wytwarzajacych karbapenemaze typu NDM.

Material i metody. W badaniach uwzglgdniono 4289 pacjentow
hospitalizowanych w 4. Wojskowym Szpitalu Klinicznym we Wroctawiu w latach 2018-
2022, analizujac retrospektywnie ich dane demograficzne, wyniki badan
mikrobiologicznych i1 biochemicznych. Badano takze lekowrazliwo§¢ 60 izolatow
Klebsiella pneumoniae NDM, stosujac r6zne metody oceny wrazliwosci, w tym paski z
gradientem st¢zen, mikrorozcienczenia w agarze oraz metod¢ ,strip-stacking”
umozliwiajaca oceng skuteczno$ci dziatania skojarzenia dwoch antybiotykow. W trzecim
badaniu analizowano 118 pacjentow pod katem diagnostyki zakazen lozyska
naczyniowego za pomocg hodowli krwi i testow molekularnych BIOFIRE BCID?2,
wykrywajacych 33 patogeny oraz geny opornosci na antybiotyki. Przeprowadzono

analiz¢ wskaznikow zapadalnosci na zakazenia, $miertelnosci wérdd pacjentow oraz



decyzji terapeutycznych podejmowanych przez lekarzy, zgodnie z rekomendacjami
Szpitalnej Polityki Antybiotykowej. Wyniki trzech prac analizowano przy pomocy
programu Statistica 13.3 i odpowiednich testow statystycznych.

Wyniki z przeprowadzonych badan wskazuja na wzrost zapadalnosci na
zakazenia tozyska naczyniowego w czasie pandemii COVID-19, zwtaszcza u pacjentow
zarazonych wirusem SARS-CoV-2, oraz na czgstsze wystgpowanie drobnoustrojow
opornych na antybiotyki w tej grupie chorych. Liczba przypadkéw wymagajacych
diagnostyki zakazen tozyska naczyniowego wzrosta o 34%, a dodatnig hodowle krwi
uzyskano u 20% pacjentow w poréwnaniu do 16% przed pandemia. Zapadalnos¢ na
bakteryjne zakazenia fozyska naczyniowego wzrosta z 1,13 do 2,05 przypadkéw na 1000
osobodni, a $miertelno$¢ w okresie pandemii byta wyzsza (47% vs. 42%), szczeg6lnie u
pacjentow z COVID-19 (59%). Analiza etiologii zakazen wykazata czgstsze
wystepowanie gronkowcoOw koagulazo- ujemnych, Enterococcus spp oraz wyzszy
odsetek MRSA u pacjentow z COVID-19 (49% vs. 26%). Klebsiella pneumoniae NDM
stanowity 16% izolowanych pateczek Gram-ujemnych u pacjentow z COVID-19.
Pacjenci z COVID-19 mieli nizsze poziomy prokalcytoniny w poréwnaniu do pacjentow
bez infekcji wirusowej. Badane izolaty kliniczne Klebsiella pneumoniae NDM wykazaty
100% wrazliwo$¢ in vitro na cefiderokol, erawacykling oraz tygecykling, ale tylko 78%
na plazomycyne. Pordwnanie wrazliwos$ci na fosfomycyne oznaczonej metoda paskow z
gradientem st¢zen oraz komercyjnego testu AD Fosfomycin, wykazalo rozbieznosci w
uzyskanych wynikach (68% vs 83% szczepow wrazliwych). Zastosowanie kombinacji
ceftazydym/awibaktam 1 aztreonam, z wykorzystaniem metody ,,strip-stacking”
wykazato 100% wrazliwo$¢ in vitro wsrdd testowanych szczepow. W badaniach
molekularnych analizowano retrospektywnie wyniki pacjentow hospitalizowanych w
latach 2021-2022. Najczgstszymi czynnikami etiologicznymi BSI byty Staphylococcus
aureus (37%) 1 Escherichia coli (21%). Wykryto, ze 66% szczepow S. aureus bylo
wrazliwych na metycyling (MSSA), a 26% Gram-ujemnych pateczek produkowato
ESBL, z czego 4 mialy geny odpowiedzialne za metalo-B-laktamazy. Wyniki badan
molekularnych byly w 100% zgodne z wynikiem hodowli oraz identyfikacji i
antybiogramu wykonanego metoda fenotypowa. Sredni czas uzyskania wyniku badania
molekularnego wynosit 10 godzin, w poréwnaniu do 52 godzin dla rutynowej hodowli
krwi. Btedne decyzje terapeutyczne podejmowana najczesciej w przypadku wykrycia S.
aureus MSSA (64,5%).



Podsumowanie. Przeprowadzona analiza wykazala wzrost zapadalno$ci na
zakazenia tozyska naczyniowego w okresie pandemii COVID-19, zwlaszcza wérdd
pacjentéw zakazonych wirusem SARS-CoV-2. Zaobserwowano rowniez znaczacy
wzrost wystgpowania drobnoustrojow opornych na antybiotyki, w tym szczeg6lnie K.
pneumoniae  NDM. Badania in vitro wykazaly dobra skuteczno$¢ cefiderokolu,
erawacykliny, tygecykliny oraz skojarzenia ceftazydym/awibaktam z aztreonamem.
Metody molekularne wykorzystywane w diagnostyce zakazen lozyska naczyniowego
umozliwiajg szybsze podjecie optymalnych decyzji terapeutycznych, co jest kluczowe
dla skutecznej antybiotykoterapii. W praktyce jednak wyniki testéw PCR czesto nie sg
poprawnie interpretowane, a optymalizacja antybiotykoterapii nastgpuje dopiero po

uzyskaniu klasycznego wyniku badania mikrobiologicznego.
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ABSTRACT

Bloodstream infections (BSI) are a significant health concern, particularly for
critically ill patients. Globally, it is estimated that there are approximately 30 million BSI
cases annually, resulting in around 6 million deaths. These infections can stem from local
infections or the presence of vascular catheters, and complications can lead to sepsis and
septic shock, with a high mortality rate ranging from 25% to 80%. The COVID-19
pandemic has significantly impacted healthcare systems, increasing the incidence of
hospital-acquired infections due to the high number of hospitalizations, misuse of
antibiotics, and non-compliance with infection control procedures. Treating infections
caused by multidrug-resistant microorganisms often requires the use of combination
antibiotic therapies. The application of molecular biology methods in the diagnosis of
BSI can expedite the implementation of appropriate therapy. The use of molecular tests
is justified when the results are quickly implemented as part of an antibiotic stewardship
program.

Objective: The aim of this study was to analyze changes in the epidemiology of
bloodstream infections caused by the COVID-19 pandemic, considering the growing
issue of antibiotic resistance, and the potential benefits of using molecular methods in
diagnosing these infections. Additionally, the study assessed the in vitro efficacy of
cefiderocol, eravacycline, tigecycline, plazomicin, fosfomycin, and the combination of
ceftazidime/avibactam with aztreonam against clinical isolates of Klebsiella pneumoniae
producing NDM-type carbapenemase.

Materials and Methods: The study included 4289 patients hospitalized at the 4th
Military Clinical Hospital in Wroctaw between 2018 and 2022. Demographic data,
microbiological and biochemical test results were retrospectively analyzed. The
susceptibility of 60 K. pneumoniae NDM isolates was tested using various methods,
including gradient strip tests, agar microdilution, and the "strip-stacking" method to
assess the efficacy of two antibiotic combinations. In a third study, 118 patients were
analyzed for BSI diagnostics using blood cultures and BIOFIRE BCID2 molecular tests,
which detect 33 pathogens and antibiotic resistance genes. Incidence rates of infections,
patient mortality, and therapeutic decisions made by physicians, in accordance with the
Hospital Antibiotic Policy recommendations, were analyzed. The results of the three
studies were analyzed using Statistica 13.3 software and appropriate statistical tests.

Results: The studies indicated an increase in the incidence of bloodstream

infections during the COVID-19 pandemic, particularly among SARS-CoV-2 infected
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patients, and a higher occurrence of antibiotic-resistant microorganisms in this patient
group. The number of cases requiring BSI diagnostics increased by 34%, and positive
blood cultures were obtained in 20% of patients compared to 16% before the pandemic.
The incidence of bacterial bloodstream infections rose from 1.13 to 2.05 cases per 1000
patient-days, and mortality during the pandemic was higher (47% vs. 42%), especially
among COVID-19 patients (59%). The analysis of infection etiology showed a higher
prevalence of coagulase-negative staphylococci, Enterococcus spp., and a higher
percentage of MRSA among COVID-19 patients (49% vs. 26%). K. pneumoniae NDM
constituted 16% of isolated Gram-negative rods in COVID-19 patients. COVID-19
patients had lower procalcitonin levels compared to patients without viral infection. The
clinical isolates of K. pneumoniae NDM showed 100% in vitro susceptibility to
cefiderocol, eravacycline, and tigecycline, but only 78% to plazomicin. Comparison of
fosfomycin susceptibility using gradient strip tests and the commercial AD Fosfomycin
test showed discrepancies (68% vs 83% susceptible strains). The combination of
ceftazidime/avibactam and aztreonam using the "strip-stacking" method showed 100% in
vitro susceptibility among tested strains. Molecular studies retrospectively analyzed the
results of patients hospitalized between 2021 and 2022. The most common BSI pathogens
were Staphylococcus aureus (37%) and Escherichia coli (21%). It was found that 66% of
S. aureus strains were methicillin-susceptible (MSSA), and 26% of Gram-negative rods
produced ESBL, with 4 carrying genes responsible for metallo-8-lactamases. The results
of molecular tests were 100% consistent with blood culture, identification, and
phenotypic antibiogram results. The average time to obtain molecular test results was 10
hours, compared to 52 hours for routine blood cultures. Incorrect therapeutic decisions
were most often made in the case of MSSA S. aureus detection (64.5%).

Conclusion: The analysis showed an increased incidence of bloodstream
infections during the COVID-19 pandemic, especially among SARS-CoV-2 infected
patients. There was also a significant rise in the occurrence of antibiotic-resistant
microorganisms, particularly K. pneumoniae NDM. In vitro studies demonstrated good
efficacy of cefiderocol, eravacycline, tigecycline, and the combination of
ceftazidime/avibactam with aztreonam. Molecular methods used in the diagnosis of
bloodstream infections enable faster therapeutic decision-making, which is crucial for
effective antibiotic therapy. However, in practice, PCR test results are often not correctly
interpreted, and optimization of antibiotic therapy occurs only after obtaining classical

microbiological test results.
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1. Wprowadzenie

Zakazenia tozyska naczyniowego (BSI, ang. bloodstream infections) sg jedng z
glownych przyczyn zachorowalno$ci oraz $miertelnosci pacjentow, szczegdlnie tych w
stanie krytycznym [1]. Szacuje sig¢, ze rocznie na §wiecie dochodzi do 30 milionéw BSI i
blisko 6 miliondw zgonéw w wyniku tych zakazen [2, 3]. W Polsce, z powodu braku
oficjalnego raportowania, liczba zakazen tozyska naczyniowego, oceniana jest na
podstawie danych europejskich i moze wynosi¢ co najmniej 50 000 przypadkdéw rocznie
[4, 5]. Zakazenie krwi, moze by¢ wtérnym nastepstwem infekcji miejscowej w obrebie
np. uktadu moczowego, oddechowego badz tez skory i tkanek migkkich. Moze tez mie¢
charakter pierwotny zwigzany z obecnos$cig cewnika naczyniowego [6]. Obecno$é¢
drobnoustrojow we krwi (bakteriemia) w okre§lonych sytuacjach moze, na skutek
niekontrolowanej reakcji ukladu immunologicznego, prowadzi¢ do rozwoju sepsy czy
wstrzasu septycznego, obarczonego znacznie wigkszg $miertelnoscia, wynikajaca z
dysfunkcji narzadowej w przebiegu zakazenia. W zalezno$ci od czynnika etiologicznego,
ktéry wywotat infekcje, jego zjadliwosci oraz opornosci na antybiotyki, a takze od
kondycji chorego, $§miertelno$¢ w bakteriemii, sepsie czy wstrzasie septycznym waha si¢
w zakresie 25-80% [7]. Wspotczynnik zgondéw spowodowanych sepsa jest w Polsce
wyzszy od wspolczynnika zgonow dla choréb nowotworowych uktadu oddechowego czy
zawalu serca (63,6/100 000 oséb vs. 58,6/100 000 0séb 149,4/100 000 osob) [4, 5]. Ponad
50% BSI wywolywana jest przez bakterie Gram-dodatnie. Do gtéwnych czynnikow
etiologicznych naleza gronkowce koagulazo-ujemne (CoNS), Staphylococcus aureus czy
Enterococcus spp. Z drugiej strony, co najmniej 30% zakazen lozyska naczyniowego
spowodowanych jest przez drobnoustroje Gram-ujemne, a infekcje te, dodatkowo
obarczone s3 wigksza $miertelnoscia (15-29%), zwigzang z powszechnym
wystepowaniem opornosci na antybiotyki wsrdd tej grupy drobnoustrojow [2, 8].

Pandemia COVID-19 miala ogromny wptyw na stuzb¢ zdrowia na catym $wiecie.
Szpitale 1 placowki opieki medycznej zmagaty si¢ z nadzwyczajnym przecigzeniem,
zarowno z powodu wigkszej liczby hospitalizacji, wynikajacej z leczenia pacjentow
zakazonych wirusem SARS-CoV-2, jak i z powodu ograniczen w §wiadczeniu opieki
zdrowotnej w innych obszarach. Niedobor i nadmierne obcigzenie personelu oraz
problemy z dostgpnoscia srodkow ochrony osobistej, przy bardzo wysokim wskazniku
hospitalizacji, spowodowaty gwattowne rozprzestrzenianie si¢ zakazen szpitalnych w
jednostkach  shuzby zdrowia. Jednoczesne naduzywanie antybiotykéw oraz

nieprzestrzeganie procedur kontroli zakazen, skutkowalo wzrostem wystgpowania
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zakazen wywotanych przez drobnoustroje wielolekooporne takie jakie Staphylococcus
aureus MRSA (ang. methicillin resistant Staphylococcus aureus), czy szczepy pateczek
Gram-ujemnych opornych na karbapenemy. Nieracjonalna antybiotykoterapia oraz
stosowanie subterapeutycznych dawek lekéw powodowato selekcj¢ szczepdw opornych
[9-12]. Duza metaanaliza, obejmujaca 362 976 pacjentéw hospitalizowanych w latach
2019-2021, przeprowadzona w 2023 roku, wykazata, ze 72,3 % pacjentow zakazonych
wirusem SARS-CoV-2 otrzymywata antybiotyk, nawet przy braku udokumentowane;j
koinfekcji bakteryjnej. Ponad 60 % wtérnych zakazen bakteryjnych u tych chorych, byta
spowodowana przez drobnoustroje oporne na antybiotyki, w szczegdlnosci
Stenotrophomonas spp, Acinetobacter spp oporne na karbapenemy, czy Klebsiella spp
niewrazliwe na kolistyng¢ lub karbapenemy [13, 14]. Pacjenci krytycznie chorzy,
hospitalizowani w oddziatach intensywnej terapii, byli zdecydowanie bardziej podatni na
wtorne zakazenia bakteryjne. Czgsto§¢ wystepowania zakazen tozyska naczyniowego
byla znacznie wyzsza u pacjentow z COVID-19, niz w przypadku pacjentow leczonych
z innych przyczyn, niz infekcja wirusem SARS-CoV-2. W przegladzie systematycznym
opublikowanym w 2021 roku, wykazano, ze zapadalno$¢ na BSI u pacjentow z COVID-
19 wynosita 7,3%, przy czym chorzy wymagajacy hospitalizacji w oddzialach
intensywnej terapii, 4-krotnie cze$ciej rozwijali BSI, a zapadalno$¢ wsrdd tej grupy
siggata blisko 30%. Wsrod pacjentow leczonych z przyczyn innych niz infekcja wirusem
SARS-CoV-2, zakazenia tozyska naczyniowego wystepowaly w niecatych 3%
przypadkow [11].

Co raz glosniej méwi si¢ o problemie narastajacej antybiotykoodpornosci jako o
tzw. ,,cichej pandemii”, a oporno$¢ drobnoustrojow na antybiotyki zostata uznana przez
Swiatowa Organizacje Zdrowia za jeden z obecnie 10 najwazniejszych globalnych
zagrozen dla zdrowia publicznego [15, 16, 17]. Szacuje si¢, ze w 2050 roku, w zwigzku
z zakazeniami wywotanymi przez drobnoustroje wielolekooporne, na §wiecie bedzie si¢
notowa¢ ok 10 milionow zgondw rocznie. Ludzie beda umierali czesciej z powodu
infekcji niz z powodu cukrzycy czy chorob nowotworowych [18]. Leczenie zakazen,
ktérych czynnikiem etiologicznym sg bakterie oporne na rutynowo stosowane
antybiotyki, stwarza konieczno$¢ si¢gania przez klinicystow po niekonwencjonalne
schematy terapeutyczne, obejmujace skojarzenia dwoch lub nawet trzech S$rodkow
przeciwdrobnoustrojowych. W niedawno opublikowanych rekomendacjach IDSA (ang.
Infectious Diseases Society of America) oraz ESCMID (ang. European Society of

Clinical Microbiology and Infectious Diseases), dotyczacych m.in. leczenia zakazen
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wywotanych przez pateczki Enterobacterales oporne na karbapenemy, oprocz
zaproponowania w terapii nowo zarejestrowanych lekow, takich jak plazomycyna,
erawacyklina czy cefiderokol, zwrocono rowniez uwage na mozliwo$¢ uzyskania sukcesu
terapeutycznego po zastosowaniu skojarzenia aztreonamu z ceftazydymem i
awibaktamem [19, 20]. Technika umozliwiajaca ustalenie skumulowanej warto$ci
minimalnego st¢zenia hamujacego (MIC, ang. minimum inhibitory concentration) dla
potaczenia dwoch antybiotykow jest metoda ,,strip-stacking”, nie jest to jednak procedura
powszechnie stosowana w laboratoriach mikrobiologicznych. Pomimo braku rutynowego
oznaczania wrazliwos$ci na skojarzenie tych dwdch antybiotykow, potaczenie to, biorac
pod uwage bezpieczenstwo, koszty oraz szerokie wskazania do stosowania, wydaje si¢
by¢ lekiem pierwszego rzutu w leczeniu zakazen o etiologii Enterobacterales
produkujacych karbapenemazy klasy B (metalo-B-laktamazy) [21]. W kwietniu 2024
roku Europejska Agencja Lekow (EMA, ang. European Medicines Agency)
zarejestrowata nowe pofaczenie aztreonamu z awibaktamem, w leczeniu zakazen
wywotanych przez Gram-ujemne pateczki wytwarzajace metalo-B-laktamazy, co daje
nadziej¢ na przetom w skutecznym leczeniu zakazen wywolanych m. in przez szczepy
Klebsiella pneumoniae NDM (ang. New Delhi metallo-B-lactamse).

Wysoka $miertelno§¢ w przebiegu zakazen lozyska naczyniowego, przy
jednoczesnie realnej mozliwosci wystgpienia drobnoustroju wielolekoopornego jako
czynnika etiologicznego, sktania klinicystow do si¢gania po metody z zakresu biologii
molekularnej, ktérych gtowna zaleta jest przyspieszenie czasu koniecznego do uzyskania
wyniku [22]. Niemniej jednak rutynowa hodowla drobnoustrojow z krwi w dalszym ciagu
pozostaje ,ztotym standardem” w diagnostyce BSI. Kluczowym elementem
zwigkszajacym szanse pacjenta na przezycie jest szybkie wdrozenie odpowiedniej terapii
antybiotykowej, a bledne decyzje terapeutyczne wigza si¢ z S5-krotnym zmniejszeniem
przezywalnosci wsrod pacjentow z sepsa. W dobie stale narastajacej opornosci
drobnoustrojéw, racjonalne zatem wydaje si¢ by¢ stosowanie szerokospektralnej
antybiotykoterapii empirycznej, ktdora z jednej strony ma zagwarantowac sukces
terapeutyczny, ale z drugiej- niesie konsekwencje takie jak: biegunki poantybiotykowe o
etiologii C. difficile czy selekcja szczepow opornych [23]. W zaleznosci od posiadanych
przez laboratorium mikrobiologiczne analizatorow, czas od momentu uzyskania
dodatniej hodowli krwi do identyfikacji oraz oznaczenia lekoopornosci drobnoustroju
stanowigcego czynnik etiologiczny, moze wynosi¢ od 48 do 168 godzin. Wdrozenie do

schematu diagnostycznego zakazen tozyska naczyniowego metod z zakresu biologii
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molekularnej umozliwia znaczne skrocenie czasu potrzebnego na podjecie optymalnych
decyzji terapeutycznych. Testy molekularne przydatne w diagnostyce BSI, ze wzgledu
na rodzaj stosowanego materialu, mozna podzieli¢ na te wykonywane z dodatniej
hodowli krwi lub te, w ktorych do badania wykorzystywana jest krew pelna pacjenta.
Metody oparte na analizie wykonywanej z krwi pelnej dodatkowo przyspieszaja
diagnostyke, poniewaz nie wymagaja wczesniejszej inkubacji krwi w systemach
automatycznych [24]. Systemy wykorzystujace do badania dodatnig hodowle krwi oparte
sa najczesciej o metody multiplex PCR, ktore pozwalaja na jednoczasowe wykrywanie
wielu gatunkow drobnoustrojow oraz genéw oporno$ci. Poprawna interpretacja wynikow
badan PCR wymaga wiedzy z zakresu bakteryjnych genéw warunkujacych oporno$¢ na
antybiotyki, a takze mozliwosci wystgpienia opornosci wynikajacej z innych
mechanizmow niz te wykrywane w tescie (np. efflux) [25, 26]. Jako jeden z przyktadow,
w ktorym zalezno$¢ pomiedzy wystgpowaniem gendw opornosci a opornoscig
fenotypowa jest jednoznaczna 1 silnie udokumentowana, mozna wymienié
metycylinoopornos¢ S. aureus. Gronkowcowa kaseta chromosomalna mec (SCCmec,
ang. staphylococcocal cassette chromosome mec) niosaca gen mecA/C wbudowuje si¢ w
okreslonym regionie genomu S. aureus, jej prawidtowa insercja prowadzi do powstania
regionu MREJ (potaczenia na prawym krancu SCCmec). Jednoczesna detekcja S. aureus,
mecA/C oraz MREJ zapewnia swoistg identyfikacj¢ szczepu gronkowca ztocistego
opornego na metycyling. Z drugiej strony, niewykrycie tych determinant opornosci,
stanowigcych podstawowy mechanizm warunkujacy metycyliooporno$¢, pozwala nam
na stwierdzenie szczepu MSSA (ang. methicillin sensitive Staphylococcus aureus) [26].
Protokot postepowania z pacjentem, u ktdérego rozpoznano bakteriemi¢ o etiologii S.
aureus, jasno okresla schematy postepowania terapeutycznego, w zaleznosci od tego czy
wykryto szczep MSSA, czy MRSA. Lekiem 2z wyboru w przypadku
metycylinowrazliwych izolatéw S. aureus jest kloksacylina, podawana w dawce 2g iv co
6 godzin. Przeprowadzone badania wykazaly, Ze stosowanie wankomycyny w
zakazeniach MSSA wigze si¢ ze zmniejszong skutecznos$cig i rownoczesnie moze
zwigksza¢ $miertelnos¢ wsrod pacjentow [27, 28]. Wiele publikacji wskazuje jednak na
fakt, ze stosowanie kosztownych testow molekularnych moze przynie§¢ wymierne
korzys$ci, w tym finansowe, tylko wtedy, kiedy wyniki te beda konsultowane w ramach
zespolu ds. szpitalnej polityki antybiotykowej (ASP; ang. antimicrobial stewardship
program), a wlasciwe decyzje terapeutyczne beda szybko implementowane w praktyce

klinicznej [29].
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2. Cele pracy

Celem niniejszej rozprawy doktorskiej byta analiza zmian w epidemiologii
zakazen tozyska naczyniowego wywotanych przez pandemi¢ COVID-19, =z
uwzglednieniem problemu narastajacej opornosci drobnoustrojéw na antybiotyki oraz
mozliwych korzysci wynikajacych z zastosowania metod molekularnych w diagnostyce
tych zakazen.

W pierwszej pracy wchodzacej w sktad przedmiotowej rozprawy dokonano
szczegOlowej analizy wynikow badan mikrobiologicznych oraz analitycznych pacjentow
hospitalizowanych przed, jak i w trakcie trwania pandemii COVID-19. Celem pracy byta
ocena, czy wsrod pacjentdw z aktywna, badz niedawno przebyta infekcjg wirusem SARS-
CoV-2, zakazenia lozyska naczyniowego spowodowane byly przez inne czynniki
etiologiczne niz w przypadku pacjentéw hospitalizowanych przed pandemia, a takze, czy
drobnoustroje te charakteryzowaly si¢ zwigkszong opornoscig na antybiotyki stosowane
w terapii. Drugorzedowym celem pracy byta ocena wplywu zakazenia wirusem SARS-
CoV-2 na obraz morfologii krwi oraz na poziom parametrow zapalnych takich jak biatko
C-reaktywne czy prokalcytonina, oraz proba ewaluacji przydatnosci tych wskaznikow w
predykcji wystapienia wtornej infekcji bakteryjnej w przebiegu zakazenia wirusowego.

Druga praca bedaca czes$cig cyklu byla efektem wynikow otrzymanych w
pierwszym badaniu. Zanotowany wzrost czgsto$ci wystepowania  SzZCzepoOw
wielolekoopornych powoduje konieczno$¢ stosowania nowych antybiotykéw, a takze
wdrazania  terapii  skojarzonej  dwoch  lub  nawet  trzech  $rodkow
przeciwdrobnoustrojowych. Celem tej czgsci byta ocena wrazliwos$ci in vitro izolatow
klinicznych ~ Klebsiella  pneumoniae  NDM  pochodzacych od  pacjentow
hospitalizowanych w trakcie pandemii COVID-19 na nowe antybiotyki oraz skojarzenia
lekéw zaproponowane w schematach terapeutycznych. Celem drugorzgdowym byto
porownanie dwoch metod oznaczenia wrazliwosci na fosfomycyne, w tym metody
referencyjnej mikrorozcienczen w agarze.

W trzeciej pracy stanowiagcej czg¢$¢ niniejszej rozprawy przedstawiono wyniki
badan, bedacych préba oceny interpretacji wynikow testow molekularnych
wykorzystywanych w diagnostyce zakazen tozyska naczyniowego. Analizie poddano
decyzje terapeutyczne podejmowane przez lekarzy klinicystoéw na podstawie wynikow
badan PCR. Gléwnym celem badania bylo sprawdzenie czy ewentualna zmiana
empirycznej terapii antybiotykowej byta adekwatna do wynikow otrzymanych w ramach

molekularnej diagnostyki zakazen tlozyska naczyniowego. Dodatkowo dokonano
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poréwnania wynikéw otrzymanych w teScie PCR z konwencjonalng hodowla
drobnoustrojoéw, a takze obliczono réznice w czasie uzyskania rezultatow badania w

zaleznos$ci od zastosowanej metody.

18



3. Metodyka badan
3.1. Publikacja P1
3.1.1. Charakterystyka grup badanych

Do badania zakwalifikowano tacznie 4289 pacjentdw hospitalizowanych w latach
2018-2022 w 4. Wojskowym Szpitalu Klinicznym we Wroctawiu, u ktérych w ramach
rutynowej diagnostyki mikrobiologicznej wykonano posiew krwi. Wyodrebniono dwie
gléwne grupy badane. Do grupy ,,preCOVID-19” wlaczono pacjentéw leczonych w
okresie 24 miesigcy przed wybuchem pandemii wirusa SARS-CoV-2, tj. do maja 2020
roku. W grupie ,,COVID-19” znalezli si¢ chorzy hospitalizowani podczas trwania
pandemii, przy czym w obrgbie grupy wydzielono dwie podgrupy w zaleznosci od tego,
czy pobyt pacjenta w szpitalu zwigzany byt z aktualnym badZz niedawno przebytym
zakazeniem wirusem SARS-CoV-2, czy tez hospitalizacja wynikata z innych przyczyn.

Badanie zostato przeprowadzone zgodnie z zasadami Deklaracji Helsinskiej 1
uzyskato pozytywna opini¢ Komisji Bioetycznej przy Wojskowej Izbie Lekarskiej (Nr
194/22).
3.1.2. Procedury mikrobiologiczne w analizowanym okresie

W latach 2018-2022 w 4. Wojskowym Szpitalu Klinicznym we Wroclawiu
rutynowy posiew krwi wykonywany byl przy uzyciu automatycznego systemu do
hodowli krwi BacT/ALERT 3D (bioM¢érieux, Francja). Stosowano 5-dniowy protokot
inkubacji, z wykorzystaniem dedykowanych podtozy hodowlanych BacT/ALERT FN
Plus oraz BacT/ALERT FA Plus (bioMérieux, Francja). Po uzyskaniu z analizatora
informacji o dodatniej hodowli, probke krwi inokulowano na podtoza stale Columbia
Agar, Agar czekoladowy, MacConkey Agar (bioMérieux, Francja) oraz wykonywano
preparat barwiony metodg Grama. Identyfikacj¢ oraz lekowrazliwos¢ drobnoustroju
oceniano z zastosowaniem systemu VITEK 2 (bioMérieux, Francja).
3.1.3. Retrospektywna analiza danych

Analizie szczegdtowej poddano zaréwno dane demograficzne pacjentdow takie
jak: pte¢, wiek, czynniki ryzyka, choroby wspotistniejace, jak 1 wyniki badan
mikrobiologicznych, biochemicznych oraz morfologii krwi. Baza danych, zebrana na
podstawie analizy historii chordb pacjentow z systemu elektronicznej dokumentacji
medycznej] (AMMS) oraz wynikéw badan mikrobiologicznych z Laboratoryjnego
Systemu Informatycznego, zawierala oprocz danych demograficznych réwniez
wyizolowany w posiewie krwi czynnik etiologiczny zakazenia, lekowrazliwo$§¢

drobnoustroju oraz informacje o wykrytych mechanizmach opornosci na antybiotyki.
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Sposrdd parametrow analitycznych analizowano poziom biatka C-reaktywnego (CRP,
ang. C- reactive protein), prokalcytoniny (PCT, ang. procalcytonin), mleczanéw (LAC,
ang. lactate) oraz liczbe bialych krwinek w tym neutrofili. Ocenie poddano réwniez
wskaznik zapadalno$ci na zakazenia tozyska naczyniowego w obu grupach badanych
oraz $miertelno$¢ wsrdd pacjentow.
3.1.4. Analiza statystyczna

Analize statystyczng przeprowadzono, wykorzystujac testy Mann-Whitney'ego
(dla dwoch zmiennych numerycznych), Kruskala-Wallisa (dla trzech zmiennych
numerycznych) oraz Chi-kwadrat Pearsona (dla zmiennych kategorycznych) z poziomem
istotnosci ustalonym na 0,05. Do analizy uzyto programu Statistica 13.3 (TIBCO
Software Inc., 2017).
3.2. Publikacja P2
3.2.1. Charakterystyka drobnoustrojow

W badaniu oceniano wrazliwo$¢ na antybiotyki 60. izolatow klinicznych K.
pneumoniae produkujacych karbapenemaze klasy B typu NDM (New Delhi). Szczepy
pochodzily od pacjentéw hospitalizowanych w 4. Wojskowym Szpitalu Klinicznym we
Wroctawiu w latach 2019-2022, i izolowane byly z zakazen tozyska naczyniowego,
uktadu moczowego oraz dolnych drég oddechowych. Identyfikacja gatunkowa
drobnoustrojow zostata potwierdzona metoda spektrometrii mas MALDI-TOF przy
uzyciu analizatora VITEK MS (bioMérieux, Francja). Oznaczenie typu wytwarzanej
karbapenemazy wykonano z zastosowaniem komercyjnego testu
immunochromatograficznego RESIST-5 O.0.K.N.V (CorisBioConcept, Belgia).

Badanie zostato przeprowadzone zgodnie z zasadami Deklaracji Helsinskiej 1
uzyskato pozytywna opini¢ Komisji Bioetycznej przy Dolnoslaskiej Izbie Lekarskiej (Nr
2/BNR/2023).
3.2.2. Ocena lekowrazliwosci badanych szczepow bakteryjnych

Interpretacji uzyskanych wynikow lekowrazliwosci drobnoustrojéw dokonano
zgodnie z rekomendacjami Europejskiego Komitetu ds. Oznaczania Lekowrazliwo$ci
(EUCAST, ang. European Committee on Antimicrobial Susceptibility Testing), Instytutu
Norm Klinicznych i Laboratoryjnych (CLSI, ang. Clinical and Laboratory Standards
Institute) lub Agencji ds. Zywnosci i Lekoéw (FDA, ang. Food and Drug Administration),

w zaleznosci od dostepnosci wytycznych dla danego antybiotyku.
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3.2.2.1. Metoda z uzyciem paskow z gradientem stezen

Oznaczenie wrazliwosci badanych szczepow K. pneumoniae NDM na
cefiderokol, erawacykling, tigecykling, plazomycyne, fosfomycyng,
ceftazydym/awibaktam oraz aztreonam wykonano przy uzyciu paskow z gradientem
stezen MIC Test Strip MTS™ (Liofilchem, Wiochy) na podtozu Mueller Hinton Agar
(bioM¢érieux, Francja) zainokulowanym zawiesing bakteryjna o gestosci 0,5 McFarlanda.
Podloza inkubowano przez 16-20 h w warunkach tlenowych, w temperaturze 35°C.
Szczep wzorcowy Escherichia coli ATCC 25922 zostat uzyty w kontroli jakoSci.
3.2.2.2. Metoda mikrorozcienczeh w agarze

Metoda referencyjng oznaczenia wrazliwosci drobnoustrojow na fosfomycyne
jest metoda mikrorozcienczen w agarze, w tym celu zastosowano test komercyjny AD
Fosfomycin 0.25-256 (Liofilchem, Wtochy). Odpowiednio przygotowane rozcienczenie
(1:10) wyjsciowej zawiesiny bakteryjnej o gestosci 0,5 McFarlanda inokulowano na 12-
dotkowa plytke, zawierajacy szereg rozcienczen fosfomycyny w agarze w zakresie 0,25-
256 pg/ml. Ptytki inkubowano, zgodnie z zaleceniami producenta, w temperaturze 35°C,
w warunkach tlenowych, przez 16-20 h. Jako warto§¢ MIC uznawano warto$¢ stezenia
fosfomycyny, przy ktorym nie zaobserwowano zlewnego wzrostu bakteryjnego. Kontrole
jakos$ci oznaczenia wykonano z zastosowaniem szczepu referencyjnego Escherichia coli
ATCC 25922.
3.2.2.3. Metoda bezposredniego nakladania paskow z gradientem stezen (,,strip-
stacking”) wg. Khan i wsp. [21]

Na zaszczepione zawiesing bakteryjng badanego szczepu o gestosci 0,5
McFarlanda, podloze Mueler Hinton Agar (bioMérieux, Francja), nakladano pasek z
gradientem stezen pierwszego z testowanych antybiotykow (aztreonam) i pozostawiano
w temperaturze pokojowej przez 10 minut. Po tym czasie, usuwano pierwszy pasek, i w
doktadnie to samo miejsce, naktadano pasek z gradientem st¢zen drugiego z testowanych
antybiotykow (ceftazydym/awibaktam). Nastepnie ponownie naniesiono na plytke pasek
z aztreonamem w celu umozliwienia odczytu wartosci MIC dla aztreonamu po 16-18
godzinnej inkubacji, w warunkach tlenowych, w temperaturze 35°C.

3.2.3. Analiza statystyczna

Do oceny normalno$¢ rozktadu danych, zastosowano test Shapiro-Wilka.
Nieparametryczny test Kruskala-Wallisa (z testem post-hoc Dunna) zostal uzyty do
porownania ze sobg roznych grup. Dodatkowo, w celu porownania wynikow oznaczenia

wrazliwosci na fosfomycyne metoda paskow z gradientem stezen w odniesieniu do
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metody referencyjnej mikrorozcienczen w agarze, zastosowano test U Manna-Whitneya.
We wszystkich testach statystycznych warto$¢ p mniejsza niz 0,05 byta uznawana za
istotnos¢ statystyczng. W obliczeniach statystycznych wykorzystano program Statistica
13.3 (TIBCO Software Inc., 2017).

3.3. Publikacja P3

3.3.1. Charakterystyka grupy badanej

Grupe badang stanowito 118 pacjentow hospitalizowanych w latach 2021-2022 w
4. Wojskowym Szpitalu Klinicznym we Wroctawiu, u ktorych w ramach diagnostyki
zakazen lozyska naczyniowego, oprocz rutynowej hodowli krwi, wykorzystano metody
z zakresu biologii molekularnej. Kryteria wiaczenia byly nastepujace: wiek powyzej 18
lat, pierwszy epizod dodatniej hodowli krwi podczas hospitalizacji, brak konsultacji
wyniku badania PCR z Zespotem ds. Szpitalnej Polityki Antybiotykowej (SPA). Jesli
dodatnia hodowla krwi byla posiewem kontrolnym lub §mier¢ pacjenta nastgpita przed
uzyskaniem wynikéw identyfikacji 1 lekowrazliwosci czynnika etiologicznego
odpowiedzialnego za zakazenie krwi, to sytuacje te, stanowity kryterium wytaczenia z
badania.

Badanie zostato przeprowadzone zgodnie z zasadami Deklaracji Helsinskiej 1
uzyskato pozytywna opini¢ Komisji Bioetycznej przy Wojskowej Izbie Lekarskiej (Nr
240/22).

3.3.2. Procedury mikrobiologiczne w analizowanym okresie

Rutynowa hodowla krwi wykonywana byla przy uzyciu automatycznego systemu
do posiewu krwi BacT/ALERT 3D (bioM¢érieux, Francja). Stosowano 5-dniowy protokot
inkubacji, z wykorzystaniem dedykowanych podtozy hodowlanych BacT/ALERT FN
Plus oraz BacT/ALERT FA Plus (bioMérieux, Francja). Po uzyskaniu z analizatora
informacji o dodatniej hodowli, probke krwi inokulowano na podloza statle Columbia
Agar, Agar czekoladowy, MacConkey Agar (bioMérieux, Francja) oraz wykonywano
preparat barwiony metoda Grama. Identyfikacje gatunkowg oraz lekowrazliwos¢
drobnoustroju oceniano z zastosowaniem systemu VITEK 2 (bioMérieux, Francja).

Test multiplex PCR BIOFIRE BCID2 (Blood Culture Identyfication Panel 2)
(bioM¢érieux, Francja) umozliwia wykrycie 33 patogenéw odpowiedzialnych za
zakazenia lozyska naczyniowego bezposrednio z dodatniej hodowli krwi. W badaniu
wykrywanych jest 11 gatunkéw bakterii Gram-dodatnich (Enterococcus faecalis,
Enterococcus faecium, Listeria monocytogenes, Staphylococcus spp., Staphylococcus

aureus, Staphylococcus epidermidis, Staphylococcus lugdunensis, Streptococcus spp.,
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Streptococcus agalactiae, Streptococcus pneumoniae, Streptococcus pyogenes), 15
gatunkow bakterii Gram-ujemnych (Acinetobacter calcoaceticus-baumannii complex,
Bacteroides fragilis, Enterobacterales, Enterobacter cloacae complex, Escherichia coli,
Klebsiella aerogenes, Klebsiella oxytoca, Klebsiella pneumoniae group, Proteus spp.,
Salmonella spp., Serratia marcescens, Haemophilus influenzae, Neisseria meningitidis,
Pseudomonas aeruginosa, Stenotrophomonas maltophilia) oraz 7 gatunkow grzybow
drozdzopodobnych (Candida albicans, Candida auris, Candida glabrata, Candida
krusei, Candida parapsilosis, Candida tropicalis, Cryptococcus neoformans/gattii).
Dodatkowo w tescie oznaczane s3g geny warunkujace opornos¢ drobnoustrojéw na
antybiotyki m.in. gen mecA/C odpowiadajacy za metycylinoopornos¢ wsrod
gronkowcow, gen blactx-m odpowiedzialny za oporno$¢ na szerokie spektrum
cefalosporyn (ESBL), gen vanA/B niosacy oporno$¢ na wankomycyne u enterokokow,
czy geny umozlwiajace pateczkom Gram-ujemnym produkcj¢ karbapenemaz typu NDM,
KPC, VIM, IMP, OXA-48.
3.3.3. Retrospektywna analiza testow molekularnych

Wyniki testéw molekularnych pacjentéw zakwalifikowanych do badania,
analizowane byly pod katem wykrytego czynnika etiologicznego oraz ewentualnych
gendw warunkujacych oporno$§¢ na antybiotyki. Dodatkowo oceniono zgodno$é
rezultatéw panelu BCID2 z wynikami identyfikacji i1 lekowrazliwosci pochodzacymi z
konwencjonalnej hodowli krwi, stanowigcej ,,ztoty standard” w diagnostyce zakazen
tozyska naczyniowego. Odnotowywano réwniez czas, od momentu uzyskania dodatniej
hodowli krwi w systemie automatycznym, do otrzymania wynikow badan, zaréwno dla
metod molekularnych jak 1 rutynowych, obejmujacych identyfikacj¢ oraz oznaczenie
lekowrazliwo$ci wyhodowanych drobnoustrojow.
3.3.4. Retrospektywna analiza podjetych decyzji terapeutycznych

Poprawno$¢ decyzji terapeutycznych, podejmowanych przez lekarzy klinicystow
po otrzymaniu wynikow testu BCID2, oceniana byta w oparciu o rekomendacje leczenia
zakazen tozyska naczyniowego funkcjonujace w 4. Wojskowym Szpitalu Klinicznym we
Wroctawiu, obejmujace zardwno stosowanie terapii empirycznej, jak i celowanej w
leczeniu tych zakazen. Rekomendacje stanowig element Szpitalnej Polityki
Antybiotykowej (SPA) i powstaly na bazie krajowych wytycznych dotyczacych leczenia
zakazen szpitalnych, szpitalnej listy antybiotykoéw, a takze jako wynik analizy lokalnej
sytuacji epidemiologicznej szpitala, na podstawie map mikrobiologicznych. Dane na

temat stosowanej terapii antybiotykowej (empirycznej i celowanej) pochodzity z historii
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choroby pacjenta prowadzonej w ramach elektronicznej dokumentacji medycznej
(AMMS). Jako btedne decyzje terapeutyczne kwalifikowane byly sytuacje, w ktoérych
m.in. nie dokonano deeskalacji stosowanej terapii empirycznej, w przypadku wykrycia
szczepu bez gendow opornosci na antybiotyki, czy tez w przypadku drobnoustroju, ktéry
posiadal genetyczne markery opornosci, a mimo to nie eskalowano terapii do
antybiotykow o szerszym spektrum aktywnosci. W przypadku wykrycia Staphylococcus
aureus bez genéw mecA/C + MREJ, warunkujacych metycylinooporno$é, prawidtowa
decyzja terapeutyczng, zgodnie z zaleceniami Narodowego Programu Ochrony
Antybiotykow, dotyczacymi postgpowania z pacjentem, u ktorego stwierdzono
bakteriemig o etiologii Staphylococcus aureus, byto wtaczenie kloksacyliny.
3.3.5. Analiza statystyczna

Do przeprowadzenia analiz statystycznych zastosowano test Chi-kwadrat lub test
doktadny Fishera, w zaleznosci od spehlienia zatozen. W przypadkach, gdy liczba
kategorii byta duza w stosunku do catkowitej liczby obserwacji, co skutkowato wieloma
kategoriami z bardzo malg liczbg przypadkéw, nie stosowano zadnego testu. Przyjeto
takie podejscie ze wzgledu na ryzyko niewystarczajacej mocy statystycznej dostepnych
testow do wykrycia réznic oraz potencjalny wplyw na wiarygodno$¢ wynikéw analizy.
W obliczeniach statystycznych wykorzystano program Statistica 13.3 (TIBCO Software
Inc., 2017).
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4. Wyniki

W 4. Wojskowym Szpitalu Klinicznym we Wroctawiu w czasie pandemii
COVID-19 tj. w okresie od czerwca 2020 r. do lipca 2022 r. hospitalizowanych byto o
ok. 10 000 mniej pacjentéw niz w okresie poprzedzajacym, przy czym liczba osobodni
byta poréwnywalna. Nastapit blisko 34-procentowy wzrost liczby chorych, u ktérych w
trakcie hospitalizacji pojawity si¢ wskazania do diagnostyki zakazen lozyska
naczyniowego i wykonano posiew krwi. Dodatkowo, dodatnig hodowle krwi uzyskano
u 20% pacjentow hospitalizowanych w okresie pandemicznym, w poréwnaniu do 16%
poddanych leczeniu w latach poprzednich. Zapadalno$¢ na bakteryjne zakazenia tozyska
naczyniowego wzrosta zatem z 1,13 do 2,05 przypadkéw na 1000 osobodni pomiedzy
jednym a drugim analizowanym okresem. Smiertelno$é¢ w okresie pandemii COVID-19
byta statystycznie wyzsza (47% vs. 42%), zwlaszcza wérdd pacjentdw hospitalizowanych
z powodu infekcji wirusem SARS-CoV-2 (59%). Dodatkowo w dobie pandemii cze¢sciej
leczeni byli chorzy, u ktorych stwierdzano czynniki ryzyka takie jak: cukrzyca czy
przewlekte choroby nerek. Szczegdlowa analiza dotyczaca etiologii zakazen lozyska
naczyniowego, wykazala istotne réznice, w przypadku czgstosci wystepowania BSI
powodowanych przez gronkowce koagulazo- ujemne, w tym Staphylococcus
epidermidis. Statystycznie czg$ciej stanowily one czynnik etiologiczny zakazen u
chorych hospitalizowanych z powodu infekcji wirusem SARS-CoV-2 (p=0,023).
Wykazano réwniez wigkszy odsetek Enterococcus spp u pacjentow z COVID-19, ale
réznice te nie byly istotne statystycznie. Zwrocono uwage na znamienne réznice w
proporcji Staphylococcus aureus MRSA do MSSA. Odestek izolacji Staphylococcus
aureus MRSA w przypadku dwoch analizowanych grup (preCOVID-19 i COVID-19)
byt taki sam 1 wynosit 34%. Natomiast w obrgbie pacjentdw hospitalizowanych podczas
pandemii proporcja ta ulegta zmianie. U chorych hospitalizowanych z powodu COVID-
19 oraz tych z infekcja w wywiadzie, odestek MRSA wynosit 49% w poréwnaniu do
pacjentdw leczonych z innych przyczyn, u ktotrych MRSA stanowito 26% wszystkich
BSI wywotanych przez Staphylococcus aureus (p=0,009). Podobna sytuacja miata
miejsce w przypadku analizy czgstosci wystepowania Klebsiella pneumoniae NDM
wséréd wszystkich izolowanych paleczek Gram-ujemnych. Tutaj rdéznice istotne
statystycznie wykazano zarowno pomi¢dzy grupami preCOVID-19 1 COVID-19 ( 1% vs.
7%, p=0,017) oraz w obre¢bie okresu pandemicznego, w ktdérym u pacjentéw z COVID-
19 Klebsiella pneumoniae NDM stanowily 16% wszystkich pateczek Gram-ujemnych, w

przeciwnienstwie do 2% u pozostatych chorych (p<0,001). Nie stwierdzono istotnych
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statystycznie roznic w czestoSci wystepowania Gram- ujemnych pateczek
wytwarzajacych B-laktamazy o rozszerzonym spektrum substratowym (ESBL), oraz
pateczek niefermentujacych, takich jak Acinetobacter baumannii, Pseudomonas
aeruginosa czy Stenotrophomonas maltophila. Spo$rod analizowanych w obu grupach
parametroOw zapalnych, istotne statystycznie roznice zostaly wykazane w poziomie
prokalcytoniny (PCT). Pacjenci z zakazeniem tozyska naczyniowego, hospitalizowani z
powodu infekcji wirusem SARS-CoV-2, w badaniach laboratoryjnych osiagali nizsze
poziomy PCT w poréwnaniu do chorych bez COVID-19 (p<0,001). Pozostale parametry
zapalne (WBC, NTR, CRP, LAC) byly poréwnywalne w obu rozpatrywanych grupach.
W zaleznosci od czynnika etiologicznego, wykazano istotne statystycznie roznice,
dotyczace poziomu prokalcytoniny oraz mleczandéw. W zakazeniach powodowanych
przez Enterobacterales obserwowano wyzsze wartosci tych parametrow. Podobne
wyniki otrzymano, gdy analizie poddano wszystkie pateczki Gram- ujemne, zaréwno
Enterobacterales jak 1 pateczki niefermentujace Pseudomonas, Acinetobacter. Poziom
prokalcytoniny byl nizszy u pacjentow z zakazeniem wirusem SARS-CoV-2, niz u
pacjentéw bez infekcji wirusowej, zaré6wno w przypadku zakazenia lozyska
naczyniowego powodowanego przez drobnoustroje Gram-ujemne jak i Gram- dodatnie
[Publikacja P1].

Izolaty kliniczne Klebsiella pneumoniae NDM pochodzace od pacjentow
hospitalizowanych w 4. Wojskowym Szpitalu Klinicznym we Wroctawiu w latach 2019-
2022, czyli rowniez z okresu pandemii COVID-19, byly w nastgpnym kroku uzyte do
zbadania wrazliwosci in vitro na wybrane antybiotyki zaproponowane w schematach
terapeutycznych. Sposrod testowanych antybiotykoéw, najwyzsza wrazliwos$¢ (100%)
zaobserwowano dla cefiderokolu, erawacykliny (interpretowanej zgodnie z EUCAST)
oraz tygecykliny. Tylko 78% testowanych szczepdéw byto wrazliwych na plazomycyng.
W badaniu uzyto dwdoch metod do okreslania wrazliwos$ci na fosfomycyne. Dla metody
opartej na paskach gradientowych wrazliwo$¢ testowanych szczepow wynosita 68%, w
poréwnaniu do 83% przy uzyciu komercyjnego testu AD Fosfomycin 0.25-256,
wykorzystujacego referencyjna metod¢ mikrorozcienczen w agarze. Badane szczepy
Klebsiella pneumoniae produkujace NDM wykazaty 100% opornos¢ na ceftazydym z
awibaktamem i 92% oporno$¢ na aztreonam, gdy leki te byly testowane indywidualnie.
Zastosowanie metody ,,strip-stacking” do okres$lenia skumulowanej wrazliwosci na
ceftazydym/awibaktam i aztreonam wykazato 100% wrazliwo$¢ in vitro na t¢ kombinacje

wsrdd testowanych szczepow. Analiza statystyczna pozwolita na poréwnanie wartosci
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MIC dla testowanych antybiotykow w trzech grupach szczepdw izolowanych z zakazen
tozyska naczyniowego, dolnych dréog oddechowych oraz uktadu moczowego.
Statystycznie istotnie nizsze wartosci MIC dla cefiderokolu uzyskano w przypadku
szczepow izolowanych z zakazen dolnych drég oddechowych (p=0,002). Dla izolatow
pochodzacych z zakazen ukladu moczowego, uzyskano statystycznie nizsze wartosci
MIC dla kombinacji aztreonamu z ceftazydymem/awibaktamem (p=0,004) oraz dla MIC
fosfomycyny oznaczonej metoda referencyjng (p=0,014) [Publikacja P2].

W osobnym badaniu przeprowadzono retrospektywng analiz¢ wynikéw badan
molekularnych oraz mikrobiologicznych pochodzacych od pacjentow hospitalizowanych
w 4. Wojskowym Szpitalu Klinicznym we Wroctawiu w latach 2021-2022, w kontekscie
poprawnosci decyzji terapeutycznych podejmowanych przez lekarzy klinicystow. Grupa
badana utworzona na potrzeby tego badania, cz¢sciowo pokrywala si¢ z grupg COVID-
19 wymieniong w publikacji P1. Struktura gatunkowa izolowanych drobnoustrojéw byta
podobna jak w pierwszym badaniu i wykazata, Ze najczestszym czynnikiem
etiologicznym BSI wérdd analizowanych pacjentéw byt Staphylococcus aureus (37%)
oraz Escherichia coli (21%). W przypadku S. aureus, 66% szczepoé6w byto wrazliwych na
metycylinge (MSSA), natomiast sposrod 47 izolatow pateczek Gram- ujemnych,
mechanizm ESBL wykryto u 11 szczepow (26%) z czego 4 posiadaty rdwniez geny
odpowiedzialne za produkcj¢ metalo-B-laktamazy klasy B (NDM). Wszystkie wykryte
markery oporno$ci na antybiotyki pokrywaly si¢ z fenotypowa lekowrazliwoscia
wyhodowanych drobnoustrojow. Rutynowa hodowla, prowadzona réwnolegle z
badaniem molekularnym wykazata takze stuprocentowa zgodnos$¢ w zakresie wykrytych
gatunkow drobnoustrojow. W przypadku wykrycia metoda molekularng gronkowca
zlocistego we krwi badanego pacjenta ponad polowa podejmowanych decyzji
terapeutycznych po uzyskaniu wyniku byta btedna. Odsetek ten byt wyzszy (64,5%) jesli
czynnikiem etiologicznym BSI byl Staphylococcus aureus MSSA, w pordwnaniu do 25%
btednych decyzji w przypadku wykrycia szczepu MRSA. Leczenie stosowane po
otrzymaniu wyniku badania PCR bylo na ogét prawidtowe, jesli czynnikiem
etiologicznym byly Gram- ujemne pateczki takie jak Escherichia coli czy Klebsiella
pneumoniae (odpowiednio 63 i 67% prawidtowych decyzji terapeutycznych). W sytuacji
wykrycia genow warunkujacych wystgpienie opornosci na cefalosporyny o szerokim
spektrum (ESBL) czy karbapenemy, réwniez czesciej dokonywano optymalnej zmiany
stosowanego leczenia przeciwdrobnoustrojowego. Zakazenia tozyska o etiologii

Enterococcus stanowity tacznie ok. 16% (Enterococcus faecalis 12%, Enterococcus
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faecium 7%). Korzystniejszy wynik obserwacji wzgledem podjetej strategii leczenia
wykazano w przypadku izolacji Enterococcus faecium. U trzech wiaczonych do badania
pacjentow w badaniu molekularnym wykryto obecno$¢ grzyboéw drozdzopodobnych
(Candida albicans). Wszyscy ci pacjenci otrzymali leczenie przeciwgrzybicze
bezposrednio po otrzymaniu wyniku badania PCR. Sredni czas do otrzymania wyniku
badania molekularnego od momentu stwierdzenia dodatniej hodowli krwi w systemie
automatycznym wynosit 10 h, w pordwnaniu do 52 h potrzebnych na uzyskanie
rezultatow rutynowego posiewu krwi obejmujacego identyfikacje oraz lekowrazliwos¢

drobnoustroju [Publikacja P3].
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S. Podsumowanie

Swiatowa Organizacja Zdrowia oglosita w maju 2024 roku, zaktualizowang liste
patogendéw bakteryjnych stanowiacych szczegolne zagrozenie (BPPL, ang. bacterial
priority pathogens list). Do grupy drobnoustrojéw o priorytecie krytycznym
zakwalifikowano Enterobacterales oporne na karbapenemy oraz cefalosporyny trzeciej
generacji, Acinetobacter baumannii oporne na karbapenemy, a takze szczepy
Mycobacterium tuberculosis oporne na rifampicyng. Patogeny te, stanowig powazne
zagrozenie dla zdrowia publicznego, ze wzgledu na bardzo ograniczone opcje
terapeutyczne, wysoka $miertelno$¢ powodowanych zakazen oraz duza zachorowalnos¢.
Raport wskazuje na potrzebe globalnego mapowania drobnoustrojéw wielolekoopornych
1 cigglego monitorowania ich wptywu na sytuacje zdrowotng spoleczenstwa. BPPL 2024
informuje o konieczno$ci podjecia interwencji w zakresie globalnego dostgpu do srodkow
umozliwiajacych zapobieganie, diagnozowanie oraz skuteczne leczenie zakazen.
Problemy opisane przez WHO w raporcie z 2024 roku dostrzegalne sa rowniez w Polsce,
zwlaszcza w okresie postpandemicznym [30].

Niniejszy cykl badan naukowych stanowi probe kompleksowej oceny lokalnej
sytuacji epidemiologicznej oraz mozliwosci diagnostycznych, zarowno w zakresie
technik molekularnych, jak i niekonwencjonalnych metod oznaczania lekowrazliwosci.
Przeprowadzone analizy wpisuja si¢ w bogatag literatur¢ naukowa poswigcong
zakazeniom tozyska naczyniowego w dobie pandemii COVID-19. Liczne opracowania
wykazaly wzrost czgstosci wystgpowania drobnoustrojow wielolekoopornych u
pacjentéw zakazonych wirusem SARS-CoV-2, szczegdlnie tych hospitalizowanych w
oddziatach intensywnej terapii. Wtérne zakazenia bakteryjne wywotane przez K.
pneumoniae NDM dotyczyty, w zaleznos$ci od osrodka, od 0,35% do nawet 53% chorych
1 obejmowaly najczgéciej zakazenia tozyska naczyniowego oraz dolnych drog
oddechowych. Pacjenci hospitalizowani z powodu COVID-19 byli predysponowani do
wystapienia tych zakazen ze wzgledu na wentylacj¢ mechaniczng oraz niedostateczng
opieke nad zatozonymi liniami centralnymi, wynikajaca z nieprzestrzegania procedur
zapobiegania zakazeniom szpitalnym w tym okresie. Badania przeprowadzone przez
Pasquini i wsp. wykazaly ponad siedmiokrotnie wyzsza czesto$¢ izolacji MRSA z
zakazen tozyska naczyniowego u pacjentoéw z COVID-19 w poréwnaniu z pacjentami
leczonymi z powodu innych chorob [31]. Wyniki te odpowiadaja réwniez rezultatom
pierwszej pracy wchodzacej w sklad cyklu, w ktérej zauwazono statystycznie istotny

wzrost izolacji MRSA u pacjentow z BSI i COVID-19 (p=0,009). Gromadzenie danych
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o epidemiologii zakazen ma kluczowe znaczenie dla skutecznego monitorowania i
kontroli rozprzestrzeniania si¢ patogendow, co pozwala na szybkie wprowadzenie
odpowiednich ~ $rodkow  zapobiegawczych.  Ponadto, szczegdlowe  analizy
epidemiologiczne umozliwiaja identyfikacj¢ trendow w  antybiotykoopornos$ci
drobnoustrojow, co wspiera racjonalne podejmowanie decyzji terapeutycznych i
optymalizacje leczenia pacjentéw. Dzigki doktadnej analizie lokalnej epidemiologii
zakazen, dystrybucji drobnoustrojéw alarmowych, a w przypadku K. pneumoniae NDM,
rowniez wrazliwo$¢ in vitro na nowe opcje terapeutyczne, mozliwe bedzie lepsze
ukierunkowanie terapii empirycznej stosowanej w szpitalu. Wlasciwie dobrane i
zwalidowane testy diagnostyczne sa podstawg prawidlowej diagnostyki laboratoryjne;j,
zapewniajac uzyskanie wiarygodnych wynikéw lekowrazliwosci drobnoustrojow, co jest
kluczowe dla skutecznego leczenia infekcji 1 zarzadzania szpitalng polityka
antybiotykowa. Przeprowadzone badanie poréwnawcze wykazato rozbieznosci w
uzyskanych wynikach wrazliwosci na fosfomycyne zaleznie od zastosowanej metody, co
potwierdza, Ze oznaczenie wrazliwosci drobnoustrojow na fosfomycyng¢ nalezy
wykonywac¢ przy uzyciu metody referencyjnej mikrorozcienczen w agarze. Skojarzona
terapia antybiotykowa jest czgsto konieczna w leczeniu zakazen wywotanych przez
drobnoustroje wielolekooporne, dlatego tez istotne jest, aby w warunkach
laboratoryjnych mozliwe byto implementowanie metod umozliwiajacych okreslenie
efektywnosci przeciwdrobnoustrojowej lekéw stosowanych w skojarzeniu. Metoda
,strip-stacking” jest stosunkowo prostym testem, ktéry moze by¢ wykonany w
wigkszosci laboratoriow mikrobiologicznych, niemniej jednak brak jest odgérnych
rekomendacji  dotyczacych badania skojarzenia skutecznosci dzialania dwoéch
antybiotykow. Testy molekularne powoli staja si¢ standardowym elementem calego
procesu diagnostycznego, dzigki mozliwosci wykrycia gendéw warunkujacych opornos¢,
pozwalaja na szybkie ukierunkowanie terapii antybiotykowej. Przeprowadzona analiza
wskazuje jednak na silng potrzebe udziatu w podejmowaniu decyzji terapeutycznych,
ekspertow z zakresu mikrobiologii oraz racjonalnej antybiotykoterapii. Wnioski te s3
spdjne z innymi doniesieniami naukowymi oceniajacymi wptyw metod molekularnych
na diagnostyke oraz leczenie zakazen tozyska naczyniowego [8, 22, 26, 32, 33].
Wspolpraca z doswiadczonymi mikrobiologami pozwala na precyzyjng identyfikacje
patogendw oraz ich profili lekowrazliwos$ci, co jest kluczowe dla wyboru najbardziej
efektywnych $rodkéw terapeutycznych. Dzigki ich wiedzy mozliwe jest unikniecie

nieodpowiedniego stosowania antybiotykow, ktore mogloby prowadzi¢ do wzrostu
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opornosci drobnoustrojow. Ponadto, eksperci w dziedzinie racjonalnej antybiotykoterapii
moga doradza¢é w zakresie optymalizacji schematéw leczenia, monitorowania
skuteczno$ci terapii oraz modyfikowania jej w odpowiedzi na zmieniajace si¢ wzorce
oporno$ci. Takie interdyscyplinarne podejscie zapewnia kompleksowe i1 skuteczne
leczenie zakazen, minimalizujac ryzyko powiktan i selekcji szczepéw opornych, co jest
szczeg6lnie istotne w kontek$cie globalnych problemoéw zwigzanych z narastaniem
lekoopornosci drobnoustrojéw. Dalszy kierunek badan powinien zaktada¢ oceng wpltywu
technik PCR na $miertelno$¢ wsrdd pacjentow z zakazeniem tozyska naczyniowego, czas
hospitalizacji oraz wystgpowanie powiktan takich jak uszkodzenie nerek czy biegunka
poantybiotykowa o etiologii C. difficile.

Rosngca liczba pacjentow wymagajacych hospitalizacji, w tym z powodu zakazen
bakteryjnych wywolanych przez szczepy wielolekoporne, przy jednoczesnym braku
skutecznej antybiotykoterapii, bedzie w przysztosci stanowi¢ jedno z gtdéwnych wyzwan
dla zdrowia publicznego. Drobnoustroje takie jak: MRSA, paleczki Enterobacterales
produkujace karbapenemazy czy szczepy Acinetobacter baumannii oporne na
karbapenemy staja si¢ coraz bardziej powszechne i1 trudne do zwalczenia. Zakazenia
powodowane przez te patogeny czgsto prowadza do dlugotrwalych hospitalizacji,
zwigkszajac ryzyko dalszego ich rozprzestrzeniania si¢ w srodowisku szpitalnym. Brak
skutecznych terapii antybiotykowych sprawia, ze leczenie staje si¢ bardziej
skomplikowane, kosztowne i obarczone ryzykiem niepowodzenia terapeutycznego, co
moze prowadzi¢ do wyzszej $miertelnosci i wigkszej liczby powiktan. Ponadto, rozwoj
nowych antybiotykow nie nadaza za szybkim tempem pojawiania si¢ opornosci, co
podkresla potrzebe inwestowania w badania nad nowymi lekami. Wprowadzenie
rygorystycznych programdéw monitorowania zakazen i opornosci na antybiotyki na
poziomie lokalnym, krajowym i globalnym jest niezbedne, aby szybko identyfikowac¢ i
reagowac na pojawiajace si¢ zagrozenia. Wdrazanie nowych metod diagnostycznych,
ktére pozwola na szybkie i precyzyjne identyfikowanie patogendéw oraz ich profili
lekowrazliwo$ci moze zapewni¢ odpowiednie i skuteczne leczenie juz na wczesnym
etapie infekcji. Tylko dzigki skoordynowanym dziataniom, taczacym badania naukowe,
polityke zdrowotna 1 edukacje, mozliwe bedzie skuteczne przeciwdzialanie
narastajagcemu problemowi wielolekoopornych zakazen i ochrong¢ zdrowia publicznego

w przysztosci.
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6. Whnioski

e Zakazenia ‘tozyska naczyniowego najczgsciej powodowane s3 przez
Staphylococcus aureus oraz pateczki Enterobacterales takie jak Escherichia coli
i Klebsiella pneumoniae [Publikacja P1 i P3]

e Podczas pandemii COVID-19 zapadalnos$¢ na zakazenia tozyska naczyniowego
byta wyzsza, a wsrod pacjentdéw zarazonych wirusem SARS-CoV-2 czesciej
obserowano wystepowanie drobnoustrojow opornych na antybiotyki [Publikacja
P1]

e Poziom parametréw zapalnych takich jak prokalcytonina wydaje si¢ mieé
ograniczong przydatno$¢ w predykcji wystgpienia infekcji bakteryjnej w
przebiegu zakazenia wirusem SARS-CoV-2 [Publikacja P1]

e Cefiderokol, erawacyklina oraz tygecyklina wykazyty najwigkszg skutecznos¢ w
badaniu in vitro wobec szczepoéw Klebsiella pneumoniae NDM [Publikacja P2]

e Wrazliwosci badanych drobnoustrojow na fosfomycyn¢ réznita si¢ w zaleznosci
od zastosowanej metody oznaczenia, wigkszy odsetek szepéw opornych
zaobserowowano w przypadku uzycia paskow z gradientem st¢zen [Publikacja
P2]

e Dzigki metodzie ,,strip-stacking”, mozliwe jest, w warunkach laboratoryjnych,
okreslenie efektywnosci przeciwdrobmoustrojowej lekéw stosowanych w
skojarzeniu [Publikacja P2]

e Metody molekularne wykorzystywane w diagnostyce zakazen lozyska
naczyniowego umozliwiaja szybsze podjgcie  optymalnych  decyzji
terapeutycznych [Publikacja P3]

e Uzyskanie wymiernych korzy$ci z wdrozenia metod molekularnych do
diagnostyki zakazen lozyska naczyniowego, mozliwe jest jedynie przy
prawidlowe;j ich interpretacji [Publikacja P3]

¢ Globalny problem narastania lekoopornosci powoduje konieczno$¢ si¢gania przez
klinicystoéw po nowe opcje terapeutyczne oraz sktania ich do stosowania metod
molekularnych umozliwjacych wczeéniejsza optymalizacj¢ leczenia [Publikacje

P1, P2 i P3]

32



7. Literatura

[1] Kaye KS, Marchaim D, Chen TY, Baures T, Anderson DJ, Choi Y, Sloane R,
Schmader KE. Effect of nosocomial bloodstream infections on mortality, length of stay,
and hospital costs in older adults. J Am Geriatr Soc. 2014 Feb;62(2):306-11. doi:
10.1111/5gs.12634.

[2] Wisplinghoff H, Bischoff T, Tallent SM, Seifert H, Wenzel RP, Edmond MB.
Nosocomial bloodstream infections in US hospitals: analysis of 24,179 cases from a
prospective nationwide surveillance study. Clin Infect Dis. 2004 Aug 1;39(3):309-17.
doi: 10.1086/421946.

[3] Fleischmann C, Scherag A, Adhikari NK, Hartog CS, Tsaganos T, Schlattmann P,
Angus DC, Reinhart K; International Forum of Acute Care Trialists. Assessment of
Global Incidence and Mortality of Hospital-treated Sepsis. Current Estimates and
Limitations. Am J Respir Crit Care Med. 2016 Feb 1;193(3):259-72. doi: 10.1164/rccm.
[4] Kiibler A, Adamik B, Ciszewicz-Adamiczka B, Ostrowska E. Severe sepsis in
intensive care units in Poland--a point prevalence study in 2012 and 2013. Anaesthesiol
Intensive Ther. 2015;47(4):315-9. doi: 10.5603/AIT.2015.0047.

[5] Kiibler A, Adamik B, Durek G, Mayzner-Zawadzka E, Gaszynski W, Karpel E,
Duszynska W. Results of the severe sepsis registry in intensive care units in Poland from
2003-2009. Anaesthesiol Intensive Ther. 2015;47(1):7-13. doi: 10.5603/AIT.2015.0002.
[6] Timsit JF, Ruppé E, Barbier F, Tabah A, Bassetti M. Bloodstream infections in
critically ill patients: an expert statement. Intensive Care Med. 2020 Feb;46(2):266-284.
doi: 10.1007/s00134-020-05950-6.

[7] Evans L, Rhodes A, Alhazzani W, Antonelli M, Coopersmith CM, et al. Surviving
sepsis campaign: international guidelines for management of sepsis and septic shock
2021. Intensive Care Med. 2021 Nov;47(11):1181-1247. doi: 10.1007/s00134-021-
06506-y.

[8] Dunbar SA, Gardner C, Das S. Diagnosis and Management of Bloodstream Infections
With Rapid, Multiplexed Molecular Assays. Front Cell Infect Microbiol. 2022 Mar
16;12:859935. doi: 10.3389/fcimb.2022.859935.

[9] Buetti N, Ruckly S, de Montmollin E, Reignier J, Terzi N, Cohen Y, Siami S, Dupuis
C, Timsit JF. COVID-19 increased the risk of ICU-acquired bloodstream infections: a
case-cohort study from the multicentric OUTCOMEREA network. Intensive Care Med.
2021 Feb;47(2):180-187. doi: 10.1007/s00134-021-06346-w.

33



[10] Giannitsioti E, Louka C, Mamali V, Kousouli E, Velentza L, et al. Bloodstream
Infections in a COVID-19 Non-ICU Department: Microbial Epidemiology, Resistance
Profiles and Comparative Analysis of Risk Factors and Patients' Outcome.
Microorganisms. 2022 Jun 29;10(7):1314. doi: 10.3390/microorganisms10071314.

[11] Ippolito M, Simone B, Filisina C, Catalanotto FR, Catalisano G, Marino C, Misseri
G, Giarratano A, Cortegiani A. Bloodstream Infections in Hospitalized Patients with
COVID-19: A Systematic Review and Meta-Analysis. Microorganisms. 2021 Sep
23;9(10):2016. doi: 10.3390/microorganisms9102016.

[12] Massart N, Maxime V, Fillatre P, Razazi K, Ferré A, et al; COVID ICU Bacteremia
Study Group on behalf of the COVID-ICU Investigators. Characteristics and prognosis
of bloodstream infection in patients with COVID-19 admitted in the ICU: an ancillary
study of the COVID-ICU study. Ann Intensive Care. 2021 Dec 24;11(1):183. doi:
10.1186/s13613-021-00971-w.

[13] Langford BJ, So M, Simeonova M, Leung V, Lo J, et al. Antimicrobial resistance in
patients with COVID-19: a systematic review and meta-analysis. Lancet Microbe. 2023
Mar;4(3):e179-e191. doi: 10.1016/S2666-5247(22)00355-X.

[14] Micheli G, Sangiorgi F, Catania F, Chiuchiarelli M, Frondizi F, Taddei E, Murri R.
The Hidden Cost of COVID-19: Focus on Antimicrobial Resistance in Bloodstream
Infections. Microorganisms. 2023 May 16;11(5):1299. doi:
10.3390/microorganisms11051299.

[15] Calvo-Villamafian A, San Millan A, Carrilero L. Tackling AMR from a
multidisciplinary perspective: a primer from education and psychology. Int Microbiol.
2023 Jan;26(1):1-9. doi: 10.1007/s10123-022-00278-1.

[16] Mahoney AR, Saface MM, Wuest WM, Furst AL. The silent pandemic: Emergent
antibiotic resistances following the global response to SARS-CoV-2. iScience. 2021 Apr
23;24(4):102304. doi: 10.1016/5.1s¢1.2021.102304.

[17] Rehman S. A parallel and silent emerging pandemic: Antimicrobial resistance
(AMR) amid COVID-19 pandemic. J Infect Public Health. 2023 Apr;16(4):611-617. doi:
10.1016/j.jiph.2023.02.021.

[18] Catalano A, Tacopetta D, Ceramella J, Pellegrino M, Giuzio F, Marra M, Rosano C,
Saturnino C, Sinicropi MS, Aquaro S. Antibiotic-Resistant ESKAPE Pathogens and
COVID-19: The Pandemic beyond the Pandemic. Viruses. 2023 Aug 30;15(9):1843. doi:
10.3390/v15091843. PMID: 37766250, PMCID: PMC10537211.

34



[19] Tamma PD, Aitken SL, Bonomo RA, Mathers AJ, van Duin D, Clancy CJ. Infectious
Diseases Society of America 2023 Guidance on the Treatment of Antimicrobial Resistant
Gram-Negative Infections. Clin Infect Dis. 2023 Jul 18:ciad428. doi:
10.1093/cid/ciad428.

[20] Paul M, Carrara E, Retamar P, Tangdén T, Bitterman R, et al. European Society of
Clinical Microbiology and Infectious Diseases (ESCMID) guidelines for the treatment of
infections caused by multidrug-resistant Gram-negative bacilli (endorsed by European
society of intensive care medicine). Clin Microbiol Infect. 2022 Apr;28(4):521-547. doi:
10.1016/5.cmi.2021.11.025.

[21] Khan A, Erickson SG, Pettaway C, Arias CA, Miller WR, Bhatti MM. Evaluation of
Susceptibility Testing Methods for Aztreonam and Ceftazidime-Avibactam Combination
Therapy on Extensively Drug-Resistant Gram-Negative Organisms. Antimicrob Agents
Chemother. 2021 Oct 18;65(11):¢0084621. doi: 10.1128/AAC.00846-21.

[22] Senok A, Dabal LA, Alfaresi M, Habous M, Celiloglu H, et al. Clinical Impact of
the BIOFIRE Blood Culture Identification 2 Panel in Adult Patients with Bloodstream
Infection: A Multicentre Observational Study in the United Arab Emirates. Diagnostics
(Basel). 2023 Jul 21;13(14):2433. doi: 10.3390/diagnostics13142433.

[23] Kumar A, Ellis P, Arabi Y, Roberts D, Light B, Parrillo JE, Dodek P, Wood G,
Kumar A, Simon D, Peters C, Ahsan M, Chateau D; Cooperative Antimicrobial Therapy
of Septic Shock Database Research Group. Initiation of inappropriate antimicrobial
therapy results in a fivefold reduction of survival in human septic shock. Chest. 2009
Nov;136(5):1237-1248. doi: 10.1378/chest.09-0087.

[24] Samuel L. Direct Detection of Pathogens in Bloodstream During Sepsis: Are We
There Yet? J Appl Lab Med. 2019 Jan;3(4):631-642. doi: 10.1373/jalm.2018.028274.
[25] Caméléna F, Péan de Ponfilly G, Pailhoriés H, Bonzon L, Alanio A, et al. Multicenter
Evaluation of the FilmArray Blood Culture Identification 2 Panel for Pathogen Detection
in Bloodstream Infections. Microbiol Spectr. 2023 Feb 14;11(1):e0254722. doi:
10.1128/spectrum.02547-22.

[26] Peri AM, Ling W, Furuya-Kanamori L, Harris PNA, Paterson DL. Performance of
BioFire Blood Culture Identification 2 Panel (BCID2) for the detection of bloodstream
pathogens and their associated resistance markers: a systematic review and meta-analysis
of diagnostic test accuracy studies. BMC Infect Dis. 2022 Oct 20;22(1):794. doi:
10.1186/s12879-022-07772-x.

35



[27] Holland TL, Arnold C, Fowler VG Jr. Clinical management of Staphylococcus
aureus bacteremia: a review. JAMA. 2014 Oct 1;312(13):1330-41. doi:
10.1001/jama.2014.9743.

[28] Kim SH, Kim KH, Kim HB, Kim NJ, Kim EC, Oh MD, Choe KW. Outcome of
vancomycin treatment in patients with methicillin-susceptible Staphylococcus aureus
bacteremia.  Antimicrob = Agents Chemother. 2008 Jan;52(1):192-7.  doi:
10.1128/AAC.00700-07.

[29] Banerjee R, Teng CB, Cunningham SA, Thde SM, Steckelberg JM, Moriarty JP, Shah
ND, Mandrekar JN, Patel R. Randomized Trial of Rapid Multiplex Polymerase Chain
Reaction-Based Blood Culture Identification and Susceptibility Testing. Clin Infect Dis.
2015 Oct 1;61(7):1071-80. doi: 10.1093/cid/civ447.

[30] WHO Bacterial Priority Pathogens List, 2024: bacterial pathogens of public health
importance to guide research, development and startegies to preven and control
antimicrobial resistance. Geneva: World Health Organization; 2024. Licence: CC BY-
NC-SA 3.0 IGO

[31] Pasquini Z, Barocci I, Brescini L, Candelaresi B, Castelletti S, et al. Bloodstream
infections in the COVID-19 era: results from an Italian multi-centre study. Int J Infect
Dis. 2021 Oct;111:31-36. doi: 10.1016/5.1jid.2021.07.065.

[32] Vineeth VK, Nambi PS, Gopalakrishnan R, Sethuraman N, Ramanathan Y, et al.
Clinical Utility of Blood Culture Identification 2 Panel in Flagged Blood Culture Samples
from the Intensive Care Unit of a Tertiary Care Hospital. Indian J Crit Care Med. 2024
May;28(5):461-466. doi: 10.5005/jp-journals-10071-247009.

[33] Kim KJ, Yun SG, Cho Y, Lee CK, Nam MH. Rapid Direct Identification of
Microbial Pathogens and Antimicrobial Resistance Genes in Positive Blood Cultures
Using a Fully Automated Multiplex PCR Assay. J Korean Med Sci. 2024 May
6;39(17):e157. doi: 10.3346/jkms.2024.39.e157.

36



OSWIADCZENIA AUTOROW

37



Wroclaw, 31.05.2024

dr hab. n. farm Urszula Nawrot
Katedra i Zaklad Mikrobiologii Farmaceutycznej i Parazytologii
Uniwersytet Medyczny im. Piastéw Slaskich we Wroclawiu

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze moj wklad w powstanie publikacji:

e Slabisz N, Dudek-Wicher R, Lesnik P, Majda J, Kujawa K, Nawrot U. Impact of the
COVID-19 Pandemic on the Epidemiology of Bloodstream Infections in Hospitalized
Patients-Experience from a 4th Military Clinical Hospital in Poland. J Clin Med. 2023
Sep 13;12(18):5942. doi: 10.3390/jcm12185942. PMID: 37762882; PMCID:
PMC10531964.

polegal na udziale w opracowaniu koncepcji badaf, konsultacji wynikéw, nadzorowaniu
projektu, pozyskaniu finansowania oraz na wspéludziale w przygotowaniu oraz recenzji szkicu
manuskryptu.

e Slabisz N, Lesnik P, Janc J, Fidut M, Bartoszewicz M, Dudek-Wicher R, Nawrot U.
Evaluation of the in vitrosusceptibility of clinical isolates of NDM-producing Klebsiella
pnewmoniae to new antibiotics included in a treatment regimen for infections. Front

Microbiol. 2024 Apr 5;15:1331628. doi: 10.3389/fmicb.2024.1331628. PMID:
38646622; PMCID: PMC11027895.

polegal na udziale w opracowaniu koncepcji badan, konsultacji wynikéw, nadzorowaniu
projektu, pozyskaniu finansowania oraz na wspéludziale w przygotowaniu oraz recenzji szkicu
manuskryptu.

e Slabisz N, Lesnik P, Zybura-Wszota K, Dudek-Wicher R, Nawrot U, Majda J. Assessing
the Interpretation of Molecular Test Results in the Diagnosis of Bloodstream Infections.

Diagnostics (Basel). 2024 Apr 27;14(9):915. doi: 10.3390/diagnostics14090915. PMID:
38732329; PMCID: PMC11083173.

polegal na udziale w opracowaniu koncepcji badan, konsultacji wynikéw, nadzorowaniu

projektu, pozyskaniu finansowania oraz na wspéludziale w przygotowaniu oraz recenzji szkicu
manuskryptu.

Jednoczesnie wyrazam zgode, aby wyzZej wymicnione publikacje zostaly przedstawione w formie
monotematycznego cyklu stanowigcego rozprawe doktorskg mgr Natalii Slabisz.

Uniwersytel Medyczny we Wroclawiu
ICATEDRA | ZAKLAD MIKROBIOLOGI
FARMACEUTYCZNEJ | PARAZYTOLOGI
adiunkl

‘ d{\é Urszula Nawrol

oo

L i,

podpis wspélautora



Wroclaw, 31.05.2024

dr n. farm Ruth Dudek Wicher
Katedra i Zaklad Mikrobiologii Farmaceutycznej i Parazytologii
Uniwersytet Medyczny im. Piastéw Slaskich we Wroclawiu

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze méj wklad w powstanie publikacii:

* Slabisz N. Dudek-Wicher R, Lesnik P, Majda J, Kujawa K. Nawrot U. Impact of the
COVID-19 Pandemic on the Epidemiology of Bloodstream Infections in Hospitalized
Patients-Experience from a 4th Military Clinical Hospital in Poland. J Clin Med. 2023
Sep  13;12(18):5942. doi: 10.3390/jcm12185942. PMID: 37762882; PMCID:
PMC10531964.

polegal na udziale walidacji wynikéw, pozyskaniu finansowania oraz na wspoludziale w
przygotowaniu oraz recenzji szkicu manuskryptu.

¢ Slabisz N. Lesnik P, Janc J, Fidut M, Bartoszewicz M, Dudek-Wicher R, Nawrot U.
Evaluation of the in vitrosusceptibility of clinical isolates of NDM-producing Klebsiella
prieumoniae to new antibiotics included in a treatment regimen for infections. Front
Microbiol. 2024 Apr 5;15:1331628. doi: 10.3389/fmicb.2024.1331628. PMID:
38646622; PMCID: PMC11027895.

polegal na udziale walidacji wynikéw, pozyskaniu finansowania oraz na wspoludziale w
przygotowaniu oraz recenzji szkicu manuskryptu.

e Slabisz N. Lesnik P, Zybura-Wszola K, Dudek-Wicher R, Nawrot U, Majda J. Assessing
the Interpretation of Molecular Test Results in the Diagnosis of Bloodstream Infections.
Diagnostics (Basel). 2024 Apr 27;14(9):915. doi: 10.3390/diagnostics14090915. PMID:
38732329; PMCID: PMC11083173.

polegal na udziale walidacji wynikow. pozyskaniu finansowania oraz na wspéludziale w
przygotowaniu oraz recenzji szkicu manuskryptu.

Jednoczesnie wyrazam zgode. aby wyzej wymienione publikacje zostaly przedstawione w formie
monotematy cznego cyklu stanowigcego rozprawe doktorska mgr Natalii Slabisz.

Uniwersytet AMedyciny we Wroclawiu
WATEDRA | JAKLAD MIKROBIOLOGN

dr . jarm Ruth Dudsd Wicher

podpis wspélautora

Uniwersytel Medyczny we Wroclawi
KATEDRA | ZAKLAD MJKROBIOLag(;‘H

FARMACEU pZNEJ | PARAZYTOLOG|

fiynkt . |
UIA VN,

ceeemmmm————————- -  —

podpis promotora



Prof. dr hab. n. med. Marzenna Bartoszewicz

Wroclaw, 03.06.2024

Katedra i Zaklad Mikrobiologii Farmaceutycznej i Parazytologii

Uniwersytet Medyczny im. Piastow S'Iqskich we Wroclawiu

Oswiadczam, ze méj wkiad w powstanie publikacji:

OSWIADCZENIE WSPOLAUTORA

Slabisz N. Leénik P, Janc J. Fidut M, Bartoszewicz M, Dudek-Wicher R. Nawrot U.
Evaluation of the in vitrosusceptibility of clinical isolates of NDM-producing Klebsiella
pneumoniae 10 new antibiotics included in a t
Microbiol. 2024 Apr 5:15:1331628. doi:
38646622 PMCID: PMC11027895.

reatment regimen for infections. Front
10.3389/fmicb.2024.1331628. PMID:

polegal na nadzorowaniu projektu. pozyskaniu finansowania oraz na wspoludziale w

przygotowaniu oraz recenzji szkicu manuskryptu.

Jednoczesnie wyrazam zgode, aby wyZej wymieniona publikacja zostala przedstawiona w formie
monotematycznego cyklu stanowigcego rozprawg doktorska mgr Natalii Slabisz.

swersylel Medyczny we Wrodaw'.
K%?D%TZAKLAD MIKROBIOLOG!!
FARMACEUTYCZNE! | PARAZYT LGB
k

frogfnil
prol. dr hab M ﬁ%ﬁn Banoszewicz

padpis wspdlautora

wwersylel Medyczny Wroclawiu
KUA%ED )dl D MIKROBIOLOGII
FARMAGE ¢d TOLOGH




Wroclaw, 31.05.2024

dr n. med. Patrycja Le$nik
Katedra i Zakiad Mikrobiologii

Uniwersytet Medyczny im. Piastéw Slaskich we Wroclawiu

OSWIADCZENIE WSPOLAUTORA

Oswiadezam, ze méj wkiad w powstanie publikacji:

o Stlabisz N, Dudek-Wicher R, Les$nik P, Majda J, Kujawa K, Nawrot U. Impact ot: the
COVID-19 Pandemic on the Epidemiology of Bloodstream Infections in Hospitalized
Patients-Experience from a 4th Military Clinical Hospital in Poland. J Clin Med. 2023

Sep 13;12(18):5942. doi: 10.3390/jcm12185942. PMID: 37762882; PMCID:
PMC10531964.

polegal na udziale w opracowaniu koncepcji i metodologii badan, pozyskiwaniu danych,
konsultacji wynikéw oraz na wspéludziale w przygotowaniu szkicu manuskryptu.

e Stabisz N, Lesnik P, Janc J, Fidut M, Bartoszewicz M, Dudek-Wicher R, Nawrot U.
Evaluation of the in vitrosusceptibility of clinical isolates of NDM-producing Klebsiella
pneumoniae to new antibiotics included in a treatment regimen for infections. Front

Microbiol. 2024 Apr 5;15:1331628. doi: 10.3389/fmicb.2024.1331628. PMID:
38646622; PMCID: PMC11027895.

polegal na udziale w opracowaniu koncepcji i metodologii badas, pozyskiwaniu danych,
konsultacji wynikéw oraz na wspétudziale w przygotowaniu szkicu manuskryptu.

e Stlabisz N, Lesénik P, Zybura-Wszota K, Dudek-Wicher R, Nawrot U, Majda J. Assessing
the Interpretation of Molecular Test Results in the Diagnosis of Bloodstream Infections.

Diagnostics (Basel). 2024 Apr 27;14(9):915. doi: 10.3390/diagnostics14090915. PMID:
38732329; PMCID: PMC11083173.

polegal na udziale w opracowaniu koncepcji i metodologii badan, pozyskiwaniu danych,
konsultacji wynikéw oraz na wspéludziale w przygotowaniu szkicu manuskryptu.

Jednoczeénie wyrazam zgodg, aby wyzej wymienione publikacje zostaly przedstawione w formie
monotematycznego cyklu stanowigcego rozprawg doktorskg mgr Natalii Stabisz.

VS e N4

podpis wspélautora

Pogiﬁg\ bromomra
dr hab. Urszula Nawrol



Wroclaw, 03.06.2024

dr n med. Jarosltaw Janc

Oddzial Anestezjologii i Intensywnej Terapii

SPZOZ Ministerstwa Spraw Wewngtrznych i Administrac)i
we Wroclawiu

OSWIADCZENIE WSPOLAUTORA

Os$windczam, ze m6j wkiad w powstanie publikacji:

e Slabisz N. Leénik P. Janc J, Fidut M, Bartoszewicz M. Dudek-Wicher R, Nawrot U.
Evaluation of the in vitrosusceptibility of clinical isolates of NDM-producing Kiebsiella
pneumoniae 1o new antibiotics included in a treaiment regimen for infections. Front
Microbiol. 2024 Apr 5;15:1331628. doi: 10.3389/fmicb.2024.1331628. PMID:

38646622, PMCID: PMC11027895.

polegal na udziale w opracowaniu koncepcji badan, zbieraniu danych, konsultacji wynikow oraz
na wspéludziale w przygotowaniu szkicu manuskryptu.

Jednoczesnie wyrazam zgodg, aby wy2ej wymieniona publikacja zostala przedstawiona w
formie monolematycznego cyklu stanowigcego rozprawg dokiorska mgr Natalii Slabisz.




Wroclaw, 01.06.2024

mgr Katarzyna Zybura-Wszola
Zaklad Diagnostyki Laboratoryjnej
4 Waojskowy Szpital Kliniczny we Wroclawiu

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze méj wklad w powstanie publikacji:

e Slabisz N, Lesnik P, Zybura-Wszota K, Dudek-Wicher R, Nawrot U, Majda J. Assessing
the Interpretation of Molecular Test Results in the Diagnosis of Bloodstream Infections.
Diagnostics (Basel). 2024 Apr 27;14(9):915. doi: 10.3390/diagnostics14090915. PMID:
38732329; PMCID: PMC11083173.

polegal na udziale w opracowaniu koncepcji i metodologii badan, zbieraniu danych oraz na
wsp6tudziale w przygotowaniu szkicu manuskryptu.

Jednoczesnie wyrazam zgode, aby wyzej wymieniona publikacja zostala przedstawiona w formie
monotematycznego cyklu stanowigcego rozpraw¢ doktorskg mgr Natalii Stabisz.

Htaurd - Pada 452‘0('

podpis wspolautora

Uniwersyjél Medyczny wejWrodlawiu
KATE | ZAKLAD MIK LOGII

FARMA( &iﬂ‘«ﬁé 1P TOLOGIl

V drhab. %%Molora




Wroclaw, 01.06.2024

dr n. med. Jacek Majda
Zaklad Diagnostyki Laboratoryjnej
4 Wojskowy Szpital Kliniczny we Wroclawiu

OSWIADCZENIE WSPOLAUTORA

Oéwiadczam, ze m6j wklad w powstanie publikacji:
¢ Slabisz N, Dudek-Wicher R, Leénik P, Majda J, Kujawa K, Nawrot U. Impact of the
COVID-19 Pandemic on the Epidemiology of Bloodstream Infections in Hospitalized

Patients-Experience from a 4th Military Clinical Hospital in Poland. J Clin Med. 2023
Sep 13;12(18):5942. doi: 10.3390/cm12185942. PMID: 37762882, PMCID:

PMC10531964.
polegal na udziale w opracowaniu koncepcji i metodologii badan, nadzorowaniu projektu oraz na
wspbludziale w przygotowaniu szkicu manuskryptu.
e Siabisz N, Leénik P, Zybura-Wszota K, Dudek-Wicher R, Nawrot U, Majda J. Assessing

the Interpretation of Molecular Test Results in the Diagnosis of Bloodstream Infections.
Diagnostics (Basel). 2024 Apr 27,14(9):915. doi: 10.3390/diagnostics14090915. PMID:

38732329; PMCID: PMC11083173.

polegal na udziale w opracowaniu koncepcji i metodologii badan, nadzorowaniu projektu,
pozyskaniu finansowania oraz na wspbludziale w przygotowaniu szkicu manuskryptu.

Jednoczesnie wyrazam zgodg, aby wyzej wymienione publikacje zostaly przedstawione w formie
monotematycznego cyklu stanowigcego rozprawg doktorska mgr Natalii Stabisz.

e

podpis mfdfmdara

v po:fgs promolora
dr hab, Urszula Nawrol




Wroclaw, 03.06.2024

lek Milosz Fidut

Klinika Kardiologii

Kliniczny Oddzial Intensywnej Terapii Kardiologicznej
4 Wojskowy Szpital Kliniczny we Wroclawiu

OSWIADCZENIE WSPOLAUTORA

Oséwiadczam, ze méj wklad w powstanie publikacji:

e Stabisz N, Lesnik P, Janc J, Fidut M, Bartoszewicz M, Dudek-Wicher R, Nawrot U.
Evaluation of the in vitrosusceptibility of clinical isolates of NDM-producing Klebsiella
preumoniae to new antibiotics included in a treatment regimen for infections. Front
Microbiol. 2024 Apr 5;15:1331628. doi: 10.3389/fmicb.2024.1331628. PMID:

38646622; PMCID: PMC11027895.

polegat na udziale w opracowaniu koncepcji badan, zbieraniu danych oraz na wspéludziale w
przygotowaniu szkicu manuskryptu.

Jednoczeénie wyrazam zgodg, aby wyzej wymieniona publikacja zostala przedstawiona w formic
monotematycznego cyklu stanowigcego rozprawg doktorskg mgr Natalii Stabisz.

Mo 208

podpis wspdlauiora

-._....-.-.' i
] I T t
podpis p}amarun?m '

d!l_- & ;___,\ml




Wroctaw, 01.06.2024

dr hab. Krzysztof Kujawa
Centrum Analiz Statystycznych )
Uniwersytet Medyczny im. Piastéw Slaskich we Wroctawiu

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze mdj wkiad w powstanie publikacji:

e Stabisz N, Dudek-Wicher R, Leénik P, Majda J, Kujawa K, Nawrot U. Impact of the
COVID-19 Pandemic on the Epidemiology of Bloodstream Infections in Hospitalized
Patients-Experience from a 4th Military Clinical Hospital in Poland. J Clin Med. 2023
Sep 13;12(18):5942. doi: 10.3390/jcm12185942. PMID: 37762882, PMCID:
PMC10531964.

polegat na udziale w statystycznym opracowaniu danych.

Jednoczeénie wyrazam zgodeg, aby wyzej wymieniona publikacja zostata przedstawiona w formie
monotematycznego cyklu stanowigcego rozprawe doktorskg mgr Natalii Stabisz.

f(nu;a/}o-?— Ky ot o

podpis wspélautora

Uniwrersytet Medyczny we Wroclaw(
KATEDRA | ZAKLAD MIKRDBIOLa Gull
FARMACEUTYCZNEJ | PARAZYRGLOGI

adiunkt  \

[ (rh(
dr hab. Lﬂa@mmiln}f&)i}\

o]




DOROBEK NAUKOWY

47



Natalia Slabisz

WYKAZ PUBLIKACJI

1.

Publikacje w czasopismach naukowych

1.1. Publikacje w czasopismie z IF

Lp.

Opis bibliograficzny

IF

Punkty

Stabisz Natalia, Dudek-Wicher Ruth, Lesnik Patrycja, Majda Jacek, Kujawa Krzysztof, Nawrot
Urszula: Impact of the COVID-19 pandemic on the epidemiology of bloodstream infections in

hospitalized patients—experience from a 4th Military Clinical Hospital in Poland, Journal of
Clinical Medicine, 2023, vol. 12, nr 18, art.5942 [16 s.], DOI:10.3390/jcm12185942

3,9%

140

Janc Jarostaw, Stabisz Natalia, WozZniak Anna, tysenko Lidia, Chabowski Mariusz, Le$nik
Patrycja: Infection with the multidrug-resistant Klebsiella pneumoniae New Delhi metallo-B-

lactamase strain in patients with COVID-19: Nec Hercules contra plures?, Frontiers in cellular and
infection microbiology, 2024, vol. 14, art.1297312 [12 s.], DOI:10.3389/fcimb.2024.1297312

5,7*

100

Stabisz Natalia*, Leénik Patrycja, Zybura-Wszota Katarzyna, Dudek-Wicher Ruth, Nawrot
Urszula, Majda Jacek: Assessing the interpretation of molecular test results in the diagnosis of
bloodstream infections, Diagnostics, 2024, vol. 14, nr 9, art.915 [11 s.],
DOI:10.3390/diagnostics 14090915

3,6*

70

Stabisz Natalia*, Lesnik Patrycja, Janc Jarostaw, Fidut Mitosz, Bartoszewicz Marzenna, Dudek-
Wicher Ruth, Nawrot Urszula: Evaluation of the in vitro susceptibility of clinical isolates of NDM-
producing Klebsiella pneumoniae to new antibiotics included in a treatment regimen for infections,
Frontiers in Microbiology, 2024, vol. 15, art.1331628 [10 s.], DOI:10.3389/fmicb.2024.1331628

5,2%

100

Wozniak Anna, Janc Jarostaw, Lysenko Lidia, Lesnik Patrycja, Stabisz Natalia, Oleksy-
Wawrzyniak Monika, Uchmanowicz Izabella: How to defeat multidrug-resistant bacteria in
intensive care units. A lesson from the COVID-19 pandemic. prevention, reservoirs, and
implications for clinical practice, International Journal of Medical Sciences, 2024, vol. 21, nr 3, s.
530-539, DOI:10.7150/ijms.88519

3,6*

70

1.2. Publikacje w czasopiSmie bez IF

*IF 2022

Lp.

Opis bibliograficzny

Punkty

Slabisz Natalia: Metody molekularne przydatne w diagnostyce zakazen tozyska naczyniowego. Forum

Zakazen, 2022, vol. 13, nr 3, s. 105-110. DOI: dx.doi.org/10.15374/FZ2022012

Impact Factor: 22,0

Punkty ministerialne: 485,0

Dominika
Sidorska

OSOBA SPORZADZAJACA: PAULINA OBUCHOWICZ
DZIAt BIBLIOGRAFII | BIBLIOMETRII BG UMW

Signed by /
Podpisano przez:

Date / Data:
2024-06-03 15:37




PUBLIKACJE WCHODZACE W SKLEAD CYKLU STANOWIACEGO
ROZPRAWE DOKTORSKA

49



PUBLIKACJA P1

50



Journal of

%

Clinical Medicine

Article

Impact of the COVID-19 Pandemic on the Epidemiology of
Bloodstream Infections in Hospitalized Patients—Experience
from a 4th Military Clinical Hospital in Poland

Natalia Stabisz 1, Ruth Dudek-Wicher 2*(, Patrycja Leénik 30, Jacek Majda 1%, Krzysztof Kujawa *

and Urszula Nawrot 2

check for
updates

Citation: Stabisz, N.; Dudek-Wicher,
R.; Lesnik, P.; Majda, J.; Kujawa, K.;
Nawrot, U. Impact of the COVID-19
Pandemic on the Epidemiology of
Bloodstream Infections in
Hospitalized Patients—Experience
from a 4th Military Clinical Hospital
in Poland. J. Clin. Med. 2023, 12, 5942.
https://doi.org/10.3390/
jem12185942

Academic Editor: Emanuele Pontali

Received: 2 August 2023
Revised: 5 September 2023
Accepted: 11 September 2023
Published: 13 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Laboratory Diagnostic, 4th Military Clinical Hospital in Wroclaw, 53-114 Wroclaw, Poland;
nataliaslabisz@gmail.com (N.S.); jmajda@4wsk.pl (J.M.)

Department of Pharmaceutical Microbiology and Parasitology, Faculty of Pharmacy, Wroclaw Medical
University, 50-367 Wroclaw, Poland; urszula.nawrot@umw.edu.pl

Clinical Department of Anesthesiology and Intensive Care, 4th Military Clinical Hospital in Wroclaw,
53-114 Wroclaw, Poland; patrycja.lesnik@gmail.com

Statistical Analysis Centre, Wroclaw Medical University, 50-368 Wroclaw, Poland;

krzysztof kujawa@umw.edu.pl

Correspondence: r.dudek.wicher@gmail.com

Abstract: Bloodstream infections (BSIs) are associated with high mortality and inappropriate or
delayed antimicrobial therapy. The purpose of this study was to investigate the impact of the
COVID-19 pandemic on the epidemiology of BSIs in hospitalized patients. The research aimed
to compare the incidence of BSIs and blood culture results in patients hospitalized before and
during the COVID-19 pandemic. Methods: Retrospective and prospective data were collected
from blood cultures obtained from 4289 patients hospitalized between June 2018 and July 2022.
Two groups of patients were distinguished: those with BSIs admitted during the pre-COVID-19
period and those admitted during the COVID-19 surge. Demographic and clinical data, blood
cytology, and biochemistry results were analyzed, and the usefulness of PCT was assessed in patients
with COVID-19. Results: The study showed a significant increase in the incidence of BSIs during the
pandemic compared to the pre-COVID-19 period. Positive blood cultures were obtained in 20% of
patients hospitalized during the pandemic (vs. 16% in the pre-COVID-19 period). The incidence of
BSIs increased from 1.13 to 2.05 cases per 1000 patient days during COVID-19, and blood culture
contamination was more frequently observed. The mortality rate was higher for patients hospitalized
during the COVID-19 pandemic. An increased frequency of MDRO isolation was observed in the
COVID-19 period. Conclusions: The incidence of BSIs increased and the mortality rate was higher in
the COVID-19 period compared to the pre-COVID-19 period. The study showed limited usefulness of
procalcitonin in patients with COVID-19, likely due to the administered immunosuppressive therapy.

Keywords: SARS-CoV-2; COVID-19; bloodstream infection; nosocomial infection; MDRO

1. Introduction

Bloodstream infections (BSIs) are one of the leading causes of morbidity and mortal-
ity, especially in critically ill patients. Regardless of whether the infection is community-
or hospital-acquired, it complicates hospital stays, is associated with prolonged hospi-
talization ranging from 2 to 32 days, and is associated with increased costs attributed
to BSI [1]. Bacteremia affects nearly 20% of ICU patients and has been associated with
negative outcomes as a major contributor to in-hospital mortality. BSIs are defined by the
presence of pathogenic microorganisms in the bloodstream, confirmed by one or more
positive blood cultures. Primary BSIs occur without any defined nidus of infection, while
secondary BSIs are the result of an infection caused by the same pathogen in another
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anatomical region, e.g., a urinary tract infection with subsequent bacteremia [2]. The diag-
nosis of BSI can be complicated due to blood culture contamination. The most common
contaminants in blood cultures are coagulase-negative staphylococci (CoNS), which, on
the other hand, are the most important cause of BSIs in patients with implanted devices
and indwelling catheters (CLABSI—central line-associated BSI). Conversely, the next most
frequent bacteria, Corynebacterium spp. and Propionibacterium spp., almost always represent
contamination [3,4]. Blood cultures are commonly collected when patients have signs of
bacteremia or sepsis and should be taken as soon as possible before the administration
of antibiotics [5]. Detailed rules for the management of patients with suspected sepsis or
septic shock are described in the Surviving Sepsis Campaign (SSC) guidelines [6].

The pandemic of SARS-CoV-2 infection at the beginning of 2020 has severely hit many
countries in the world, causing the deaths of more than six million people worldwide by
the end of 2022. In the 2020-2022 period, COVID-19 has become one of the main challenges
for public healthcare, mainly due to the large number of patients requiring intensive care.
Pneumonia outbreaks caused by SARS-CoV-2 can be complicated by secondary bacterial
or fungal infections, which are more frequent, especially in critically ill patients treated
in the ICU (31.5%) than in standard medical COVID-19 wards (9%) [7—10]. The overlap
of clinical manifestations of viral and bacterial infections makes diagnosis very difficult,
and consequently, the percentage of bacterial superinfections in COVID can be higher
than presumed.

BSIs are another common complication in patients with severe COVID-19, with limited
data available, and most studies have been conducted in critically ill patients in the ICU.
It has been shown that a total of 7% of hospitalized COVID-19 patients may develop
BSIs, with a mortality rate of about 40% [9]. COVID-19 patients are three times more
likely to develop BSI compared to patients hospitalized for other reasons than SARS-CoV-2
infection [7]. As shown by several studies, the highest increase in incidence during the surge
of COVID-19 was observed for Acinetobacter baumannii, carbapenem-resistant Klebsiella
pneumoniae, Pseudomonas aeruginosa, methicillin-resistant Staphylococcus aureus (MRSA),
and Enterococcus [11-14]. A high proportion of multi-drug-resistant organisms causing
BSIs in patients with COVID-19 suggests that the overuse of antibiotics plays a major role
in the selection of bacterial strains resistant to pharmacological treatment. In addition,
reported statistical data were certainly influenced by healthcare service crises related to
the implications of the COVID-19 pandemic, e.g., absences of medical staff, difficulties in
implementation of infection prevention and control programs in hospitals, screening for
the carriage of resistant pathogens, and isolation and cohorting of patients [8,9,15,16].

The aim of this study was to try to answer the question of how much the COVID-19
pandemic has affected the incidence of BSIs in patients hospitalized at the 4th Military
Clinical Hospital in Wroclaw, Poland. To reach this goal, we compared the incidence of
BSIs and blood culture results in patients hospitalized two years before and two years
during the COVID-19 pandemic. In addition, the usefulness of CRP and PCT in diagnosing
secondary BSI infections in the course of COVID-19 was assessed.

2. Materials and Methods
2.1. Study Design

The data analysis was started at the end of 2022 and was utterly retrospective. The
results of blood cultures obtained from 4289 patients in the period from June 2018 to July
2022 were collected and analyzed. The subject of the analysis were the results of blood
cultures and biochemical tests performed as part of routine diagnostics at the Department
of Laboratory Diagnostic, 4th Military Clinical Hospital in Wroclaw, a 500-bed medical
center in Wroclaw, Poland. The study protocol was approved by the Bioethics Committee
of the Military Medical Chamber, Poland (approval no. 194/22).
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2.2. Data Collections

Blood samples collected from adult hospitalized patients in the period between June
2018 and July 2022 were included in the study. Two groups of patients were distinguished.
One group included patients with BSIs admitted during so-called “preCOVID-19” (June
2018 to May 2020) and the second group during the SARS-CoV-2 surge called “COVID-19”
(June 2020 to July 2022). The patient’s demographic and clinical data were recorded in the
electronic medical database. There are two IT systems in the hospital that communicate
with each other. The master program is the AMMS system (Asseco Medical Management
Solutions), designed to support medical facilities and generate electronic medical records.
The cooperating system is laboratory software Marcel CENTRUM, which sends the re-
sults of all laboratory tests to the AMMS system. Demographic data such as age, sex,
comorbidities (diabetes, chronic kidney disease, chronic cardiovascular disease, cancer),
overweight (BMI > 25), and information about the patient’s death were obtained from
the AMMS database, considering the medical history. Selected data of blood cytology and
biochemistry (a white blood cell count (WBC; cells x 10%/uL), blood neutrophil count
(NEUTR,; cells x 103/uL), serum lactate level (LAC; mmol/L), serum C-reactive protein
level (CRP; mg/L), and serum procalcitonin level (PCT; ng/mL)) from the same day as the
collection of the first blood sample that resulted in a positive culture were extracted from
the electronic laboratory database.

2.3. Definitions

BSI was defined when at least one positive blood culture for bacteria or fungi was
obtained. For coagulase-negative staphylococci (CoNS) and other common skin residents
(Corynebacterium spp., Cutibacterium spp.), at least two consecutive blood cultures set
positive for the same pathogen were required to define BSI [17]. Staphylococcus aureus,
Streptococcus pneumoniae, Enterobacterales, Pseudomonas aeruginosa, and Candida albicans were
regarded as predictive for true BSI even if grown from a single culture bottle. Multiple
positive blood cultures for the same organism in the same patient were considered one
BSI episode. Contamination was defined as the detection of microbes considered non-
pathogenic and likely to be introduced into the culture during specimen collection in a
single blood culture bottle [3,4].

Patients were assigned to the COVID-19 group when at least one real-time polymerase
chain reaction (PCR) assay positive for SARS-CoV-2 in a respiratory specimen (nasopha-
ryngeal swab) was obtained. Patients treated due to COVID-19 within 6 months prior
to hospital admission were also included in this group. In these cases, data on past in-
fections was taken from the medical history. The patient’s death was defined as a death
during hospitalization.

BSI suspicion and blood cultures. According to the guidelines of the Surviving Sepsis
Campaign [6], in cases of suspicion of sepsis or septic shock, 2-3 blood cultures, collected
in bottles with medium intended for the cultivation of aerobic and anaerobic organisms,
should be secured each time before the administration of the antibiotic. Indications for
blood culture collection include suspected bacterial endocarditis, the presence of a catheter,
and a fever >39.4 °C. In the case of fever >38.3 °C, patient age >65 years, chills, vomiting,
systolic blood pressure drops <90 mmHg, significant leukocytosis, or creatinine increase
>2 mg/dL, blood collection for culture should be performed when a minimum of two of
these factors exist. Then, within one hour of diagnosis, start empiric antibiotic therapy. If a
blood infection of MRSA or MDRO etiology is suspected, e.g., related to previous carriage,
broad-spectrum antibiotic therapy should be used, considering these microorganisms.

2.4. Microbiology Procedure

In accordance with the hospital’s procedure for collecting material for microbiological
tests, two to three sets of blood specimens should be collected from independent venipunc-
ture sites, and, for adult patients, each set (aerobic and anaerobic bottles) should consist
of 20 mL of blood. Blood culture bottles BacT/ALERT FN PLUS and BacT/ALERT FA
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PLUS (bioMérieux, Craponne, France) were incubated in a BacT/ALERT 3D instrument
(bioMérieux, France) at 37 °C for 5 days. After the growth was detected, the positive
blood cultures were Gram-stained and streaked onto Columbia Agar (bioMérieux, France),
Chocolate Agar (bioMérieux, France), MacConkey (bioMérieux, France) and Schaedler
Agar (bioMérieux, France) for incubation in 5% carbon dioxide at 37 °C overnight. The
VITEK-2 automated system (bioMérieux, France) was used for isolate identification and
antimicrobial susceptibility testing. VITEK2 AST-N331 and AST-N332 (AST—antimicrobial
susceptibility testing) panels were used for antibiotic susceptibility testing of Gram-negative
rods, AST-P643, AST-P643, AST-ST01 for Gram-positive cocci, and AST-YS08 for fungi. Phe-
notypic detection of carbapenemases was performed by an immunochromatography test
(RESIST-5 O.0.K.N.V, CorisBioConcept, Gembloux, Belgium). The results of the suscepti-
bility tests were interpreted according to the current criteria of the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) [18]. The analysis of the drug susceptibility
of strains isolated from BSI was limited to a comparison of the prevalence of the most
relevant resistance mechanisms, i.e., MRSA, MRCNS, VRE, KPC, and NDM.

2.5. Statistics

The statistical significance of the differences in demographic data, selected blood
biochemistry results, mortality, and the distribution of causative BSI pathogens between
the patient groups was calculated with the use of the Mann-Whitney test (when two
numerical variables were compared), the Kruskal-Wallis test (three numerical variables
were compared), and Pearson’s Chi-squared test (for categorical variables). When the term
“significant/significantly” is used, it refers to statistical significance at the threshold value
of 0.05). The statistical analysis was performed using Statistica 13.3 (TIBCO, Software Inc.,
Palo Alto, CA, USA, 2017).

3. Results

In the analyzed period at the 4th Military Clinical Hospital in Wroclaw, more than
83,500 patients were hospitalized. Within two years prior to the outbreak of the SARS-CoV-
2 virus pandemic (June 2018 to May 2020—preCOVID-19), the number of hospitalizations
was 46,849, while during the pandemic (June 2020 to July 2022—COVID-19), it decreased
to 36,733. Despite the decline in admissions during COVID-19, the number of individual
hospitalization days in both analyzed periods was comparable—262.174 and 233.447,
respectively (Table 1).

Table 1. General data about hospitalization within the analyzed periods.

preCOVID-19 COVID-19

Number of hospitalizations 46,849 36,733
Patient days, n 262.174 233.447
Number of patients with blood culture performed, n 1836 2452
Number of patients with positive blood culture, n (%) 298 (16) 479 (20)
Number of patients with negative blood culture, n (%) 1297 (71) 1557 (64)
Number of patients with possible contamination in blood culture, n (%) 241 (13) 386 (16)
Incidence (BSI/1000 patient days) 1.13 2.05

Noteworthy, during the COVID-19 pandemic, there was a nearly 34% increase in
the number of patients with indications for blood infection diagnostics. Positive blood
cultures were obtained in 20% of patients hospitalized during the pandemic period com-
pared to 16% treated in preCOVID-19, and the difference is statistically significant (x? test:
df =1, p = 0.005). Comparing the studied periods, the incidence of BSIs increased from
1.13 to 2.05 cases per 1000 patient-days during COVID-19. Also, in this period, blood sam-
ple contamination was observed more frequently (16% vs. 13%, x? test: df = 1, p = 0.016)
(Figure 1).
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pre COVID-19 COVID-19
(JUN 2018 - MAY 2020) (JUN 2020 - JUL 2022)
number of n= 1836 n=2453 hospitalization for COVID-19
blood cultures or history of COVID -19
disease in the last 6 months
n=174
true positive n=298 n =479 {
hospitalization unrelated to
COVID-19
n=1297 n=1557 =305
contaminated n=241 n =386

Figure 1. Blood cultures performed during pre-COVID-19 and COVID-19 periods.

The median age in both groups was 73 years, and the percentage of male sex was
almost 57% (pre-COVID-19) and 60% (COVID-19). Both the differences in age and gender
between the analyzed groups were statistically insignificant (Table 2). In both groups
of patients with BSI, statistically significant differences were observed in the frequency
of certain co-morbidities. During the pandemic, there were fewer patients with chronic
cardiovascular disease (32% vs. 52%) but more with diabetes (31% vs. 24%) and renal
failure (21% vs. 10%) (Table 2). Mortality during the COVID-19 pandemic was higher

compared to previous years, especially in patients hospitalized due to SARS-CoV-2 infection
(47% vs. 42%) (Table 2).

Table 2. Frequency of co-existing diseases and blood biochemistry results in patient groups under
study (A—patients hospitalized for COVID-19 or history of COVID-19 disease in the last 6 months;
B—patient’s hospitalization unrelated to COVID-19; p—statistical significance; the p-value refers

to a comparison of the pre-COVID-19, group A, and group B; “—Chi-squared test; *—Kruskal-
Wallis test).

COVID-19
Patient preCOVID-19 n =479 )
Characteristics n = 298 A B A+B Hix b
n=174 n = 305 n =479
Age, m;s;j;‘ (QR), 73 (63.3-81) 73 (66-81) 74 (64-83) 73 (65-82) 0.611 0.737 K
Males, n (%) 168 (57) 106 (61) 182 (60) 288 (60) 1.078 0583 €
Diabetes, n (%) 71 (24) 62 (36) 87 (29) 149 (31) 7.556 0.023€
Cdﬁzzgézkﬁl}sy 31 (10) 37 (21) 62 (20) 99 (21) 13.965 <0.001 €
Chronic
cardiovascular 155 (52) 54 (31) 97 (32) 151 (32) 32.334 <0.001 €
disease, n (%)
Cancer, n (%) 46 (15) 21 (12) 47 (15) 68 (14) 1.213 0.543 €
Obesity, n (%) 30 (10) 23 (13) 30 (10) 53 (11) 1.520 0.468 €
Death, n (%) 124 (42) 103 (59) 121 (40) 224 (47) 17.644 <0.001 €
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Table 2. Cont.

COVID-19
Patient preCOVID-19 n=479 )
. _ H/x p
Characteristics n =298 A B A+B
n=174 n =305 n =479
WBC [x103/uL], K
median (IOR) 13.5 (9.5-17.8) 13.8 (8.9-21) 133 (8.3-19.9)  13.4 (8.7-20.4) 0.749 0.688
NEUTR [x10%/uL], 11.71 12.4 11.09 11.47 2060 0357 K
median (IQR) (7.56-16.01) (7.93-18.71) (6.41-17.15) (6.85-17.96) ' :
CRP [mg/L], - 159.9 168.1 164.4 K
median (IQR) 163.5(102-228) (108 1-240.9) (108.4-252.5) (107.9-246.3) 1.594 0451
PCT [ng/mL], 5.87 2.35 ~ 3.43 K
median (IQR) (0.88-30.36) (043-1082)  +602(09-2132) e 16 62) 14.613 <0.001
LAC [mmol/L], K
median (IQR) 2.2 (1.5-3.68) 2.1 (1.45-2.85) 2.35 (1.4-4.4) 2.25 (1.4-3.93) 1.848 0.397

Co-morbidities such as cardiovascular disease, cancer, obesity, and chronic kidney
disease were associated with a high risk of death, but in the pre-COVID-19 period, greater
risk was connected with the co-existence of cardiovascular disease, while during the
pandemic, it was connected with the co-existence of kidney failure. In patients hospitalized
in the COVID-19 period, multiple infections were statistically more frequent, and the
isolation of two species of microorganisms was associated with an increased risk of death.
All the listed differences were statistically significant (Table S1).

Among the inflammatory parameters analyzed in both groups, statistically significant
differences were observed in the level of PCT. Patients with BSI that were hospitalized
due to SARS-CoV-2 infection showed lower levels of PCT compared to patients without
COVID-19. The level of other inflammatory parameters (WBC, NEUTR, CRP, and LAC) did
not differ statistically significantly between both groups (Table 2). Additional analysis of the
relationship between the production of inflammatory markers and the etiological agent of
BSI (Mann-Whitney test) showed some statistically significant differences in PCT and LAC
levels (Table S2). Higher values of these parameters were observed in cases of infections
caused by Gram-negative rods, including both Enterobacterales and non-fermenting rods
such as Pseudomonas spp. and Acinetobacter spp. In the case of infections caused by CoNS,
the values of all inflammatory parameters were significantly lower when compared to
infections caused by other etiological factors (p < 0.05) (Table S2). Patients with COVID-19
produced lower levels of PCT than patients without SARS-CoV-2 infection, both in relation
to infections caused by Gram-negative and Gram-positive bacteria (Figure 2).

The distribution of species isolated from blood in the patient groups studied is shown
in Table 3 and Figure 3. Significant differences were observed in the prevalence of CoNS,
including Staphylococcus epidermidis. CoNS-caused BSIs were more frequent in patients
hospitalized during the SARS-CoV-2 pandemic when compared to the pre-COVID period
(17% vs. 11%) and were the highest in the subpopulation of patients hospitalized due
to COVID-19 (19%). There was also a higher percentage of Enterococcus spp.-caused BSIs
in COVID-19 patients, but these differences were not statistically significant (Table 3,
Figure 3). The percentage of MRSA isolation for the two analyzed groups (preCOVID-19
and COVID-19) was the same—34%; however, significant differences in the proportion
of MRSA to methicillin-sensitive S. aureus (MSSA) were noted. Among S. aureus isolated
from patients with COVID-19, nearly half (49%) were MRSA, while among those isolated
from patients treated for reasons other than COVID-19, the percentage of MRSA isolation
was 26% (Table 4, Figure 3). A similar situation occurred in the analysis of the frequency
of BSIs caused by K. pneumoniae NDM (New Delhi metallo-beta-lactamases). Statistically
significant differences were shown both between the preCOVID-19 and COVID-19 groups
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(1% vs. 7%) as well as within the pandemic period, in which the percentage of patients
with COVID-19 and K. pneumoniae NDM-caused BSIs was 16% of all Gram-negative rods,
while in the case of other patients hospitalized, K. pneumoniae NDM-caused BSIs were
responsible for 2% of BSIs (Table 4). There were no statistically significant differences in
the isolation of Gram-negative rods producing extended spectrum (-lactamases (ESBL)

and non-fermenting rods such as A. baumannii, P. aeruginosa, or Stenotrophomonas maltophilia
(Table 3, Figure 3).

A regardless of pathogen B Gram-negative
500.00 500.00
250.00
50.00 75.00
50.00
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o ] .
= .
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g g Se .
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= g 5.00
¢ 3
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PreCOVID COVID-negative COVID-positive T Min-Maks 0 25%75%
Pre-COVID COVID-negative COVID-positive T Min-Maks
C Gram-positive D CoNS
500.00
50.00
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= 3 500
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[ b
&8 . &8
s 300 g
g . g .
3 . 3
= =
g . g
A & 050 »
050 *
0.05 0.05 J‘
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Pre-COVID COVID-negative COVID-positive T Min-Maks PreCOVID COVID-negative COVID-positive T Min-Maks

Figure 2. Procalcitonin (PCT) level in different patient subpopulations. A/COVID-positive pa-
tients with BSI showed a significantly lower level of PCT than patients with BSI and without
SARS-CoV-2 infection, including those hospitalized in pre-COVID-19 (p = 0.0005) and COVID-19
pandemic periods (p = 0.01) (Kruskal-Wallis test) (A). Differences in PCT levels were also significant
when patient groups with/without SARS-CoV2 infection and concomitantly infected with Gram-

negative bacteria (B) (p = 0.03), Gram-positive bacteria (C) (p = 0.028; p = 0.002), or CoNS (p = 0.002)
(D) were analyzed separately.
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Table 3. Species distribution among patients diagnosed with BSI, with or without COVID-19
(A—patients hospitalized for COVID-19 or history of COVID-19 disease in the last 6 months;
B—patient’s hospitalization unrelated to COVID-19; p—statistical significance; the p-value refers to a
comparison of the pre-COVID-19 and COVID-19 (A + B) using the Chi-squared test; NT—not tested).

Number (%) of Isolates *

Species Structure COVID-19 pr*
preCOVID-19 A B A+B
Gram (+) 184 (60.5) 111 (59.4) 178 (56) 289 (57.2) 0.63
Enterococcus faecalis 13 12 16 28 0.44
Enterococcus faecium 13 11 10 21 0.98
Enterococcus gallinarum 0 2 0 2 NT #
Staphylococcus aureus 101 45 87 132 0.07
CoNS * 35 38 51 89 0.023
Staphylococcus epidermidis 20 24 36 60 0.009
Listeria monocytogenes 0 0 1 1 NT #
Streptococcus agalactiae 3 0 1 1
Streptococus dysgalactiae 3 0 1 1
Streptococcus pneumoniae 8 1 4 5 0.56
Streptococcus pyogenes 2 0 0 0
Streptococcus spp. 6 2 7 9
Gram (—) 107 (35.2) 67 (35.8) 128 (40.3) 195 (38.6) 0.90
Enterobacterales 92 (86) 58 (86.6) 112 (87.5) 170 (87.2) 0.399
Escherichia coli 57 26 61 87 0.736
Enterobacter cloacae 5 3 11 14 0.27
Klebsiella pneumoniae 18 22 23 45 0.095
Leclerciaade carboxylata 0 0 1 1 NT #
Morganella morgannii 0 0 5 5 NT #
Proteus mirabilis 10 4 8 12 NT #
Salmonella Enteritidis 0 1 1 2 NT #
Serratia marcescens 2 2 2 4 NT #
Non-fermentative bacilli 15 (14) 9 (13.4) 16 (12.5) 25 (12.8) 0.909
Acinetobacter baumannii 7 6 6 12 0.89
Pseudomonas aeruginosa 8 3 9 12 0.87
Stenotrophomonas maltophilia 0 0 1 1 NT #
Yeast-like fungi 9(3) 8 (4.3) 7(2.2) 15 (3) 0.53
Candida albicans 5 7 3 10 0.686
Candida glabrata 4 1 1 2 NT #
Candida spp. 0 0 3 3 NT #
Anaerobic 4(1.3) 1(0.5) 5 (1.6) 6 (1.2) NT#
Bacteroides spp. 4 0 4 4 NT #
Fusobacterium nucleatum 0 1 0 1 NT #
Veilonella spp. 0 0 1 1 NT #
Total number of isolates 319 196 334 530

* percentages are for subgroups; ** p refers to all tested isolates; * not tested due to a small sample size.
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Figure 3. Cont.
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C. COVID-19 (B) Non- Other Streptococcus spp.
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Candida spp/

204 MSCNS 4%

Figure 3. Distribution of species detected in blood cultures in patients with BSI. (A)—species isolated
during the pre-COVID-19 period. (B)—species isolated during the COVID-19 period from patients
with SARS-CoV-2 infection. (C)—species isolated during the COVID-19 period from patients without
SARS-CoV-2 infection.

Table 4. Distribution of antibiotic-resistant microorganisms in patients diagnosed with BSI, with or
without COVID-19 (A—patients hospitalized for COVID-19 or with a history of COVID-19 disease
in the last 6 months; B—patients hospitalized unrelated to COVID-19). p—statistical significance; the
p-value refers to a comparison between the defined groups using the Chi-squared test.

Number (%) of Isolates p
Pathogen COVID-19 Avs.B preCOVID-19 vs. A + B
preCOVID-19 A B A+B
Gram (+)
MRSA /MSSA + MRSA 34/101 (34) 22/45(49) 23/87(26) 45/132 (34) 0.009 0.945
MRCTE{%?g NS+ 31/35(89) 32/38(84)  38/51(75)  70/89 (79) 0.269 0.201
VRE/VRE + VSE 9/26 (35) 5/25 (20) 4/26 (15) 9/51 (18) 0.665 0.096
Gram (—)
ESBL/Gram (—) 25/107 (23) 15/67 (22)  26/128 (20) 41/195 (21) 0.735 0.638
NDM/Gram (—) 1/107 (0.9) 11/67 (16) 3/128 (2) 14/195 (7) 0.0003 0.017

(X)—% of resistant strains within isolated species. ESBL—Gram-negative rods producing extended-spectrum beta-
lactamases. MSCNS—methicillin-sensitive coagulase-negative Staphylococcus spp.; MRCNS-methicillin-resistant
coagulase-negative Staphylococcus spp.; MSSA—methicillin-sensitive S. aureus. MRSA-methicillin-resistant S. au-
reus; NDM—Gram-negative rods producing New Delhi metallo-f-lactamases; VRE-Vancomycin resistant Entero-
coccus spp.
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4. Discussion

In the four-year observational study, a comparative analysis of BSIs that occurred
during the pre-COVID-19 and COVID-19 periods is presented.

The incidence of BSIs during the pandemic period was higher (2.05/1000 patient days)
compared to pre-COVID-19 phase, which was probably associated with the hospitalization
of a large number of patients suffering from COVID-19. These data are in line with other
literature reports that indicate numerous risk factors predisposing patients infected with
SARS-CoV-2 to secondary infections. The most important are, among others, the deregula-
tion of immune response to viral infection through the cytokine storm (hypercytokinemia)
and the reduced production of IFN-y as a consequence of a decrease in CD4+ lymphocyte to
Th1 subtype differentiation. Further, it has been shown that COVID-19 patients more often
required an extension of hospitalization, including a stay in the intensive care unit (ICU),
and were therefore more likely to acquire a nosocomial infection. Immunosuppressive
therapy such as corticosteroids or interleukin-6 inhibitors used in the course of the disease
is also crucial [16,19].

However, the calculated COVID-19 pandemic period number of BSI incidence (2.05/1000
patient-days) does not reflect the prevalence of infections only among patients hospitalized
due to SARS-CoV-2 infection. This number also includes patients treated for other reasons,
which is one of the limitations of this study. It was not possible to determine the number of
person-days generated only by COVID-19 patients. The literature data about BSI frequency
from the pandemic period often come from intensive care units only, where due to the
severe condition of patients, a significantly higher index (23.56—47) was obtained per
1000 patient-days compared to our observations. The BSI incidence for the normal ward
and ICU overall was close to the results obtained in our study (3.05 vs. 2.05 per 100 patient-
days) [8,16,17,20]. However, the epidemiology of BSIs was similar in both studied groups,
but an increased frequency of MDR (multidrug-resistant) strain isolation was observed in
the case of COVID-19 patients.

Among the factors contributing to the rise in the number of healthcare-associated
infections (HAI) are the transmission of hospital pathogens by medical staff and the abuse of
antibiotics. Subsequent waves of COVID-19 caused an increased inflow of patients to health
care institutions. Medical staff was overwhelmed with work, and staff shortages among
doctors and nurses led to an increase in the number of patients per medical professional.
Frequent rotation of medical staff between departments and even individual units was
observed, which could have a relationship with pathogen circulation. Amid limited supply
and difficult access to personal protective equipment (PPE), it was spared by medical staff.
Paradoxically, PPE such as overalls, glasses, masks, or double gloves, while protecting
against SARS-CoV-2 infection, contributed to the spread of MDR strains. The use of
urinary catheters, central lines, and respirators increased, but concomitant HAI prevention
procedures such as central injection care were neglected. This has led to a particular
increase in the number of central line-associated blood stream infections (CLABSI), which
has been observed in both the United States and Europe [20,21]. In this study, a statistically
significant (p = 0.023) increase in the frequency of CoNS isolation from COVID-19 patients’
blood samples was demonstrated. The limitation of the conducted research may be the
fact that, from the retrospectively analyzed medical documentation, it was not possible to
obtain information on whether, in each case, the isolation of CoNS from blood was univocal
with the qualification of infection as CLABSI. Due to the frequent lack of a comprehensive
diagnosis of CLABSI consisting of simultaneous blood samples collected from the central
injection, peripheral blood, and the tip of the removed central injection, it was not possible
to classify the case as laboratory-confirmed CLABSL

The COVID-19 pandemic has resulted in a significant increase in antibiotic consump-
tion and, thus, in the frequency of hospital infections caused by MDR strains. The initial
concerns about bacterial coinfections, a lack of evidence-based treatment options, and
severe clinical conditions resulted in the inclusion of antibiotic therapy in more than 60%
of patients with COVID-19 [21,22]. A particular rise in antibiotic consumption was noted
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for broad-spectrum antibiotics such as cephalosporins, carbapenems, and aminoglyco-
sides [23].

In our study, a statistically significant increase in the isolation of K. pneumoniae NDM
strains was shown in patients with BSIs hospitalized due to SARS-CoV-2 infection. Among
this group, the proportion of NDM strains accounted for 16% of all isolated Gram-negative
rods. In the case of patients hospitalized for reasons other than COVID-19, this percentage
was 2%.

The reviews concerning the impact of the COVID-19 pandemic on the epidemiol-
ogy of hospital infections and the drug resistance of microorganisms differ significantly
and indicate that the incidence of secondary infections caused by carbapenem-resistant
K. pneumoniae strains in COVID-19 patients is between 0.35 and 53%. The most commonly
observed types of carbapenemases were KPC, OXA-48, and NDM, and infections were
mainly related to pneumonia and BSIs. This is most likely due to mechanical ventilation
and the presence of central lines, together with the neglect of nosocomial infection preven-
tion procedures [22,24,25]. Also, broad meta-analyses confirmed MRSA as an important
etiological factor of secondary infections, including ventilator-associated pneumonia (VAP)
and severe blood infections, in people hospitalized for respiratory failure in the course
of SARS-CoV-2 infection. Significant effects of MRSA coinfection on mortality due to
COVID-19 have also been shown, especially among patients requiring hospitalization in
intensive care units [22,25-27]. In the study conducted in 4 hospitals by Pasquini et al., it
was described as having a more than seven times higher rate of MRSA isolation from BSIs
in COVID-19 patients compared to those treated for other than COVID-19 conditions [16].
This observation corresponds to our results, where a statistically significant increase in
MRSA isolation was noticed for patients with BSIs and COVID-19 (p = 0.009). MRSA was
isolated from all BSI caused by S. aureus, almost twice as often in COVID-19 patients than
non-COVID-19 patients.

Moreover, in this study, we present a high proportion of BSIs caused by Enterococcus
spp. in patients with COVID-19. This is consistent with a retrospective cohort study of
89 patients hospitalized in the Intensive Care Unit for SARS-CoV-2 infection conducted by
Bonazzetti et al. [28]. However, in our study, the statistical significance of Enterococcus spp.
prevalence was not demonstrated, probably due to the much larger number of patients
included in the analysis compared to the abovementioned study. As a possible reason
for the increase in the number of BSIs caused by Enterococcus spp., researchers report the
initial colonization of the respiratory tract of mechanically ventilated patients and then the
occurrence of BSIs as a result of a worsening of the clinical condition [28].

Procalcitonin (PCT), a precursor of the hormone calcitonin, is an important inflam-
matory biomarker that is synthesized mainly in response to bacterial infections, reflecting
the extent of the systemic inflammatory response. Bacterial toxins are crucial in the in-
duction of the synthesis of this protein, which is also stimulated by high levels of tumor
necrosis factor (TNF-) and interleukin-6 (IL-6), produced in response to infection [29].
Procalcitonin is considered a useful diagnostic marker, allowing to distinguish bacterial
infection from viral infection and as a prognostic determinant of the severity of infection
and effectiveness of applied antibiotic therapy [30]. Initially, for severely ill patients with
COVID-19, procalcitonin levels were used to assess the probability of secondary bacterial
infection development. Since the standard treatment protocol for COVID-19 patients in
critical condition has been accompanied by immunomodulators such as dexamethasone or
tocilizumab (an IL-6 inhibitor), the usefulness of inflammatory biomarkers in predicting
secondary bacterial infections has been unclear and has required further research.

In a research paper published in Critical Care assessing the impact of immunomodula-
tory therapy on the kinetics of PCT and CRP in COVID-19 patients and their usefulness
in early detection of secondary bacterial infections, it was shown that the value of these
two inflammatory markers was significantly reduced in patients with immunomodulation.
However, dexamethasone therapy caused only a drop in CRP values. In addition, the
occurrence of the so-called “rebound effect” was observed after discontinuation of immuno-
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suppressive therapy, but the further increase of PCT and CRP in the course of secondary
bacterial infections was limited. Therefore, these biomarkers have lost their diagnostic
applicability for detecting secondary infections. Prolonged suppression of both PCT and
CRP levels and no “rebound effect” were observed in patients treated with tocilizumab,
which has a longer half-life compared to dexamethasone. Therefore, it appears that the
strong and long-term anti-inflammatory effects of immunomodulatory drugs can directly
impair the production of PCT and CRP to the extent that they are no longer sufficiently
induced in response to a bacterial infection [31]. In our study, a similar relationship was
shown, but only in the case of levels of PCT. Patients hospitalized for COVID-19 who had
a history of BSIs had significantly lower PCT levels compared to patients hospitalized for
other reasons where immunomodulatory drugs were not applied. An undoubted limitation
of this analysis is the lack of data on the treatment of dexamethasone or tocilizumab in
patients included in the study, as well as the use of levels of inflammatory markers ob-
tained only on the day of blood sample collection for microbiological diagnostics without
observing the kinetics of PCT in subsequent days. In the light of previous literature reports,
we suspect that low PCT values in patients with SARS-CoV-2 infection were due to the
immunosuppressive therapy that was used concomitantly, which became at some point the
standard of care in the case of COVID-19 patients [31].

The analysis in terms of BSI etiology and the level of inflammatory parameters revealed
another important conclusion. BSIs with the etiology of Gram-negative bacteria, including
Enterobacterales but also P. aeruginosa or A. baumannii, have been shown to have significantly
higher PCT values and LAC levels than those observed in cases of Gram-positive-caused
BSIs, regardless of the occurrence of COVID-19 disease. For PCT, this dependence was
also observed when the analysis was limited to patients with COVID-19 only. These
observations are consistent with other scientific outcomes and are the consequence of
differences in inflammatory cascade initiation between Gram-positive and Gram-negative
bacteria. Gram-negative bacteria lipopolysaccharide is the main antigen that activates
neutrophils through TLR-4 receptors, while the lipoic acids of Gram-positive bacteria,
stimulate immune cells by TLR-2 receptors. During an infection caused by Gram-negative
bacteria, the synthesis of proinflammatory cytokines such as TNF-oc and IL-1, IL-6, IL-8, and
IL-10 is also more frequent [32]. In addition, in the case of BSIs caused by Gram-negative
rods, septic shock is much more common, which is the result of a multi-organ dysfunction
caused by a generalized inflammatory reaction. This bacteremia is associated with a
severe course and clinical implications and is characterized by high levels of inflammatory
parameters [33].

In Polish healthcare units, the functioning of the team for the hospital antibiotic
policy is a requirement imposed by the regulation of the Minister of Health of 2010, in
which the head of the healthcare facility is obliged to control, among others, the scope of
assessing the correctness and effectiveness of prophylaxis and antibiotic therapy. Due to
the growing resistance of microorganisms to antibiotics and the need for rational antibiotic
use, guidelines created by Antimicrobial Stewardship (AMS) teams should be based on
local microbiological results.

The AMS in the 4th Military Clinical Hospital in Wroctaw, where the study was carried
out, has been operating for four years. Its task is to create empirical treatment guidelines,
conduct consultations, and help optimize antimicrobial treatment. The AMS’s analysis of
microbiological maps showing the local epidemiological situation from the years before
the COVID-19 pandemic did not show an increased frequency of MDRO isolation. The
consumption of antibiotics, including broad-spectrum antibiotics, also remained similar.
Only the data collected during the COVID-19 pandemic revealed a significant increase,
both in the presence of alarm microbes and in the consumption of antibiotics. The results of
this study are extremely useful in the context of updating the internal guidelines. Initially,
infectious disease specialists, in their recommendations for the treatment of patients with
COVID-19, recommended prophylactic use of third-generation cephalosporins to reduce
the risk of bacterial superinfection in the course of viral disease. These practices directly
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contributed to the increase in the frequency of strains producing ESBL, and the necessity
to use carbapenems in the treatment of infections of this etiology resulted in a sudden
increase in the isolation of carbapenemase-producing microorganisms (CPE). In addition,
the health service’s problems resulting from its overload during the pandemic prevented
proper isolation or cohorting of patients colonized with MDRO, which contributed to the
outbreak of local mono-focal epidemics.

Moreover, based on the results obtained, it is clear that no increase in BSI caused
by VRE strains has been observed in the hospital, nor has a single case of vancomycin-
resistant staphylococci been detected. At the same time, MRSA still accounts for many
blood infections. According to the obtained results, vancomycin is still the drug of choice
for suspected gram-positive infections or empirical antibiotic therapy in septic shock and
sepsis. In addition, due to the results obtained, where a significant increase in BSI caused by
CPE rods was demonstrated, the emphasis on a thorough analysis of the patient’s medical
history and the results of previous cultures, including the results of CPE carrier status, was
increased. The standard of therapeutic management in a patient with a suspected infection
caused by bacteria-producing NDM metallo-beta-lactamase was also established.

Studying the local situation and the etiological factors of BSI, their variability, and
drug susceptibility has positively reduced the use of antibiotics, including carbapenemes,
and has helped AMSs teams update guidelines.

5. Conclusions

In this single-center clinical study focused on BSIs in patients before and during
COVID-19, an increased frequency of BSIs was shown for COVID-19 patients. Moreover,
in this group, a high rate of MDR strain isolation has been described. This was most likely
due to the problems faced by health care units at that time, which concerned shortages
among medical staff, severe working conditions, and a large number of patients admitted to
hospitals. In addition, a significant increase in antibiotic consumption, especially those with
a broad spectrum of activity, contributed to the induction of selection pressure and caused
the rapid spread of MDR species such as NDM or MRSA in the hospital environment. All
these factors, in combination with severe clinical conditions and overlapping secondary
bacterial infections, resulted in increased mortality in the COVID-19 patient population.
Due to the use of immunosuppressive therapy in patients with respiratory failure in the
course of SARS-CoV-2 infection, the diagnostic value of proinflammatory markers such as
PCT in the early detection of secondary bacterial infections may be limited.
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Table S1. Association between occurrence of particular comorbidities, number of pathogens caus-
ing BSI and mortality- comparison between preCOVID-19 and COVID-19 periods. P — statistical
significance; the p-value refers to a comparison of the preCOVID-19, group A, and group B using
Chi-squared test

Number of patients/number of deaths

COVID-19
Patient characteris- preCOVID-19 n=479
tics n=298 A B A+B p
n=174 n=305 n=479
Diabetes 220/172 71 /30 62 /43 87/28 149/71 0.506
Chronic kidney 31/12 37/26 62 /30 99 /56 0.079
disease, n (%)
Chronic cardiovas- 155/77 54 /36 97 /49 151 (85) 0.041
cular disease, n (%)
Cancer, n (%) 46 /21 21 /15 47/24 68 /39 0.057
Obesity, n (%) 30/8 23 /10 30 /11 53 /21 0.044
BSI due to 1 spe- 292/121 (41.4) 161/93 (57.7) 292/114 (39.0)
ces 0.028
BSI due to 2 spe- 6/3 (50%) 14/7 (50) 13/10 (76)
cies
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Table S2. Relation between causative blood-stream pathogen and blood biochemistry results. The
P-value calculated using Mann-Whitney test. Status: 1/0 — pathogen presence/pathogen absence.

Varia- Gram-negative  Enterobacterales = Gram-positive CoNS Candida spp.
ble Median
Median [Q1;,Q3] Median [Q1;Q3] Median [Q1;Q3] Median [Q1;Q3] [Q1;0Q3]
WBC 1 141 [9.0;21.8] 14 [8.7;21.8] 13.2 [9.1;184] 114 [7.8;165] 11.1 [9.0;17.2]
0 13.1 [9.1;18.3] 13.1 [9.1;18.4] 13.8 [9.0;,21.7] 13.8 [9.4;20.1] 13.5 [9.1;19.5]
SR SR 0109 06 o178 ool 0333
NEUTR 1 121 [6.8;18.8] 12.3 [6.8;18.9] 11.3 [74;16.7] 9.5 [5.7;13.0] 10 [7.4;14.9]
0 112 [7.4;16.5] 11.2 [7.4;16.5] 11.8 [7.0,18.7] 121 [74;,179] 11.6 [7.2;174]
P02 026 0543 0000 0349
176.2 [109.8; 175.2 [109.5; 159.7 [103; 136.5 [74.0; 136 [103.3;
CRP 1 242.9] 240.0] 234.7] 181.4] 263.1]
156.3 [103.3; 171.1 [109.8; 169 [111.0; 165 [106.0;
0 234.7] 159.9 [104; 236.0] 242 4] 246.8] 236.6]
BN S 0.5 olet o1 . 0000 0.565
PTC 1 142 [24;42.3] 15.6 [2.6;42.5] 2.3 [0.6;9.9] 0.8 [0.2;3.4] 2.5 [0.5;15.5]
0 22 [0594] 2.3 [0.6;10.5] 12.2 [2.0; 39] 6.1 [1.0,26.4] 4.2 [0.8;20.9]
BN S 000 0000 0000 0000 0334
LAC 1 27 [1.6;53] 29 [1.7;5.6] 21 [1.4;3.3] 1.6 [1.1;2.2] 21 [1.0;11.1]
0 21 [14;34] 21 [14;3.2] 2.7 [1.6;5.2] 24 [1.6;4.1] 22 [1.5;3.9]
P 0.012 0.002 0.024 0.000 0.879
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Background: Due to the growing resistance to routinely used antibiotics, the
search for new antibiotics or their combinations with effective inhibitors against
multidrug-resistant microorganisms is ongoing. In our study, we assessed the in
vitro drug susceptibility of Klebsiella pneumoniae strains producing New Delhi
metallo-B-lactamases (NDM) to antibiotics included in the Infectious Diseases
Society of America (IDSA) and European Society of Clinical Microbiology and
Infectious Diseases (ESCMID) recommendations.

Methods: A total of 60 strains of NDM-producing K. pneumoniae were obtained
from different patients hospitalized at the 4th Military Hospital in Wroclaw
between 2019 and 2022 and subjected to drug susceptibility to selected
antibiotics, including the effects of drug combinations.

Results: Among the tested antibiotics, the highest sensitivity (100%) was
observed for cefiderocol, eravacycline (interpreted according to the European
Committee on Antimicrobial Susceptibility Testing [EUCAST]), and tigecycline.
Sensitivity to intravenous fosfomycin varied depending on the method used.
Using the “strip stacking” method, determining cumulative sensitivity to
ceftazidime/avibactam and aztreonam demonstrated 100% in vitro sensitivity to
this combination among the tested strains.

Conclusion: The in vitro susceptibility assessment demonstrated that, the best
therapeutic option for treating infections caused by carbapenemase-producing
strains seems to be a combination of ceftazidime/avibactam with aztreonam.
Due to the safety of using both drugs, cost effectiveness, and the broadest
indications for use among the tested antibiotics, this therapy should be the
first-line treatment for carbapenemase-producing Enterobacterales infections.
Nevertheless, a comprehensive evaluation of the efficacy of treating infections
caused by NDM-producing K. pneumoniae strains should include not only in
vitro susceptibility assessment but also an analysis of clinical cases.

01 frontiersin.org
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1 Introduction

Recently, a rapid spread of carbapenemase-producing
Enterobacterales (CPE) strains has been observed worldwide,
including in Poland, which represents a severe epidemiological and
therapeutic problem. CPE most often colonizes the gastrointestinal
tract but can also cause urinary tract infections (UTIs), pneumonia,
or blood stream infection. Antimicrobial resistance genes are included
in mobile elements such as plasmids, transposons, and integrons. The
importance of these elements lies in their role in the vertical
transmission of genes from Klebsiella pneumoniae to its descendants,
as well as the horizontal transmission of genes from a specific
K. pneumoniae strain to another (Karampatakis et al., 2023). These
microorganisms spread very quickly in the hospital environment,
primarily through direct contact with another patient who is a carrier
of CPE or through the hands of medical staff. Screening of patients
from risk groups during admission to the hospital, adherence to hand
hygiene procedures by medical staff, and the application of rational
antibiotic therapy in healthcare units, constitute the primary tool in
the fight against spreading of CPE infections (Otter et al., 2020).

Most CPE strains are completely resistance to commonly used
antibiotics, that is why, treating infections caused by these
microorganisms often requires new, unconventional antibiotics or
combination antibiotic therapy based on two or even three drugs.
Unfortunately, in the case of CPE strains, there are often only one or
two therapeutic options left for treatment, and there are also
situations in which the strain is entirely resistant to all known
antibiotics. Therefore, both laboratories and clinicians are forced to
look for combinations of “old” and “new” antibiotics, the combined
action of which may provide a chance for therapeutic success
(Karaiskos et al., 2019; Ontong et al., 2021). Recently registered new
antibiotics such as plazomicin, eravacycline or cefiderocol, may
be an effective remedy in the fight against infections caused by CPE
strains (Castanheira et al., 2020; McCreary et al,, 2021; Zou
etal., 2023).

In 2021, the European Society of Clinical Microbiology and
Infection Diseases (ESCMID) published recommendations containing
proposed treatment regimens for infections caused by third-
generation  cephalosporins-  resistant microorganisms and
Enterobacterales, Pseudomonas aeruginosa, Acinetobacter baumannii
that are resistance to carbapenems (Paul et al., 2022).

In the case of enterobacterial rod-producing metallo-f-
lactamases, in patient with severe infections, it is recommended to use
cefiderocol or combination of aztreonam with ceftazidim/avibactam.
In particular, the synergistic effects of a variety of aztreonam combined
with ceftazidime/avibactam deserves attention. Further, the sensitivity
of CRE-MBL to old antibiotics, including polymyxins, tigecycline, or
fosfomycin IV, has been reported. In each of these cases, the drug
susceptibility of the individual strains should be determined. In 2021
and 2023, similar recommendations were made by the Infectious
Diseases Society of America (IDSA; Tamma et al., 2023).
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The minimum inhibitory concentration (MIC) method is
commonly employed in microbiological diagnostics to determine the
lowest concentration of an antimicrobial agent that effectively inhibits
the growth of a specific microorganism. There are also more
specialized diagnostic tools to assess the interaction of two different
antibiotics. This effect may be synergistic, additive, neutral, or
antagonistic. Choosing this reciprocal relationship between the two
drugs is a crucial therapeutic clue in treating infections caused by
carbapenemase-producing Enterobacterales (Massoni-Cristante et al.,
2003; Avery and Nicolau, 2018; Maraki et al., 2021; Terbtothakun
etal., 2021).

Among carbapenemases such as IMP (active against imipenem;
imipenemase), VIM (Verona integron-encoded metallo-p-lactamase),
KPC (K. pneumoniae carbapenemase), New Delhi metallo-p-
lactamases (NDM), and OXA-48-like, NDM constitutes a critical
medical issue. The effectiveness of almost all f-lactams, including
carbapenems, is compromised by this enzyme, except for aztreonam
and cefiderocol. Given that, there are very few antibiotics available as
therapeutic options. The objective of this study was to assess the
susceptibility of clinical isolates of NDM-producing K. pneumoniae,
recognized as a significant threat to public health and a common
factor in nosocomial infections, to new antibiotics, including drugs
recommended by U.S. Food and Drug Administration (2023), IDSA,
and ESCMID for treatment of nosocomial and complicated infections,
presented in Table 1.

The study aimed to evaluate the sensitivity of K. pneumoniae
NDM isolates obtained from patients with UTI, VAP, and BSI
infections in the 4th Military Hospital of Wroclaw from 2019 to
2022 to new antibiotics included in the IDSA and
ESCMID recommendations.

2 Methods

The study was carried out in the Microbiology Laboratory of the
Laboratory Diagnostics Department of the 4th Military Clinical
Hospital in Wroclaw, based on material obtained in the Clinical
Department of Anesthesiology and Intensive Care and other
departments. K. pneumoniae NDM strains were obtained from
patients’ cultures of clinical materials collected for routine
microbiological tests, which were subjected to drug susceptibility to
selected antibiotics, including the effects of drug combinations.

2.1 Ethics

The study protocol was approved by the Bioethics Committee of
the Lower Silesian Medical Chamber, Poland (approval no. 2/
BNR/2023). Confidentiality and privacy were considered with regard
to personal, laboratory, and clinical data. The study was carried out in
accordance with the guidelines of the Declaration of Helsinki and
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TABLE 1 Antibiotics recommended by FDA, IDSA, and ESCMID for the treatment of CPE infections (U.S. Food and Drug Administration, 2018; Paul et al.,

2022; Tamma et al., 2023).

Antibiotics

Cefiderocol (Fetcroja®)

(siderophore cephalosporin)

Mechanism of action

Cefiderocol binds to extracellular free iron via its siderophore side
chain, allowing active transport into the periplasmic space of Gram-
negative bacteria through siderophore uptake systems.
subsequently binds to penicillin-binding proteins (PBPs), inhibiting
bacterial peptidoglycan cell wall synthesis, which leads to cell lysis
and death.

Indications?®

cUTI caused by susceptible strains of E. coli, K. pneumoniae, P
mirabilis, P. aeruginosa, E. cloacae

HAP, VAP caused by A. baumanii complex, E. coli, E. cloacae
complex, K. pneumoniae, P. aeruginosa, S. marcescens
Bacteriemia

Should be used to treat patients who have limited treatment
options only after consultation with a physician with
appropriate experience in the management of infectious

diseases.

Eravacyclin (Xerava®) (synthetic

fluocycline tetracycline)

The mechanism of action of eravacycline involves the disruption of
bacterial protein synthesis by binding to the 30S ribosomal subunit
thus preventing the incorporation of amino acid residues into

elongating peptide chains.

cIAI caused by E. coli, K. pneumoniae, E. faecalis, E. faecium,

S. aureus, Viridans streptococcus spp.

Plazomicin (Zemdri®)
(semisynthetic aminoglycoside

derived from sisomicin)

plazomicin binds to the 16S rRNA at the aminoacyl-tRNA site
(A-site) of the 30S ribosomal subunit, interfering with protein

translation.

cUTI caused by E. coli, K. pneumoniae, P. mirabilis, E. cloacae
Active against Enterobacterales resistant to p-lactams and
other classes of antibacterials

May cause nephrotoxicity, ototoxicity and neuromuscular

blockade.

Aztreonam (Cayston®)

(monobactam f-lactam)

Aztreonam is a bactericidal agent that acts by inhibition of bacterial

cell wall synthesis.

UTI (complicated and uncomplicated)

Cystic fibrosis

Lower respiratory tract infections (pneumoniae, bronchitis)
Skin infections

IAI

Gynecologic infections

Systematic infection: severe or life-threatening.

Ceftazidim/avibactam (Zavicefta®) The bactericidal action of ceftazidime is mediated through binding cUTI
(cephalosporin combined with to essential penicillin-binding proteins (PBPs). Avibactam is a non- cIAI
non-f-lactam p-lactamase P lactam B-lactamase inhibitor that inactivates some f-lactamases HAP
inhibitor) and protects ceftazidime from degradation by certain p-lactamases. VAP
Fosfomycin IV (InfectoFos®) Fosfomycin IV inhibits the enzyme phosphoenolpyruvate cUTI
(phosphonic acid) transferase, which catalyzes the formation of n-acetylmuramic acid Endocarditis®
from n-acetyl aminoglucose and phosphoenolpyruvate. HAP, VAP®
N-acetylmuramic acid is required for the buildup of peptidoglycan, cSSI®
an essential component of the bacterial cell wall. Osteomyelitis®
cIAD®
meningitis®
Tigecycline (derivative of Tigecycline, a glycylcycline, inhibits protein translation in bacteria cSSI
Minocycline) by binding to the 30S ribosomal subunit and blocking entry of cIAI
amino-acyl tRNA molecules into the A site of the ribosome. This CAP

prevents the incorporation of amino acid residues into elongating

peptide chains.

“FDA, approved; "EMA, approved (available in Europe, Australia and Canada). cUTI, complicated urinary tract infection; HAP, hospital-acquired pneumonia; VAP, ventilatory-associated
pneumonia; cIAI, complicated intra-abdominal infection; UTI, urinary tract infection; IAI, complicated intra-abdominal infection; cSSI, complicated surgical site infection; CAP, community-

acquired pneumonia.

Good Clinical Practice. Written informed consent was obtained from
all participants prior to the study.

2.2 Microorganisms

A total of 60 strains of NDM-producing K. pneumoniae were
obtained from different patients hospitalized in the 4th Military
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Hospital in Wroclaw between 2019 and 2022 and used for the
study: 20 strains originating from bloodstream infections, 20

strains isolated from urinary tract infections, and 20 strains from

lower respiratory tract specimens (BAL- bronchoalveolar lavage,

tracheal aspirates). The bacterial strains all originated from

different patients. In the case of infection with the same bacterial

for testing.

03

strain across multiple systems, only a single isolate was used
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2.3 ldentification

All K. pneumoniae strains were identified using the VITEK MS
system (bioMérieux, France), according to the manufacturer’s
instructions. The confidence interval for identification of all
K. pneumoniae strains was 99.9%. Escherichia coli ATCC 8739 was
used as the quality control strain.

2.4 Carbapenemase detection

Phenotypic detection of carbapenemases was performed using the
immunochromatography test RESIST-5 O.0.K.N.V (CorisBioConcept,
Belgium). This kit aims to detect and identify carbapenemases from a
bacterial colony. Lateral-flow tests are based on membrane technology
with colloidal gold nanoparticles. Quality control of this method was
performed using the reference strain E. coli ATCC 25922.

2.5 Susceptibility testing

2.5.1 Gradient strip-based method

MIC Test Strip MTS™ (Liofilchem, Italy) is a quantitative method
for in vitro susceptibility testing. MIC is the minimum inhibitory
concentration of an antibiotic that inhibits the growth of bacteria
under standardized in vitro conditions. MTS™ consists of special
porous paper impregnated with a pre-defined concentration gradient
of an antimicrobial agent, used to determine the minimum inhibitory
concentration (MIC) in pg/mL of antimicrobial agents against
bacteria. MTS™ strip tests were performed on Mueller Hinton Agar
(bioMérieux, France). Liofilchem™ MTS™ Fosfomycin includes
glucose-6-phosphate. The results were read after 16-20h incubation
at 35°C in ambient air. Escherichia coli ATCC 25922 was used as the
quality control strain.

2.5.2 Agar dilution method (reference method)
Agar dilution is considered the best method for fosfomycin

susceptibility testing, as recommended by CLSI and EUCAST

standards. AD Fosfomycin 0.25-256 (Liofilchem, Italy) is a 12-well

10.3389/fmicb.2024.1331628

panel containing the antibiotic incorporated into an agar medium in
different concentrations (11 two-fold dilutions, growth control). The
tested microorganism was first isolated on a suitable non-selective
culture medium- Columbia Agar (bioMérieux, France). The
standardized suspension of a density of 0.5 McFarland was
subsequently diluted 1:10 in saline, and 2 pL of the inoculum solution
was inoculated into each well (final inoculum concentration should
be approximately 10 CFU per spot). Test setups were incubated at
35°C for 16-20h in ambient air. According to EUCAST, the MIC was
recorded at the minimum concentration where there was
non-confluent growth. Single colonies, pinpoint colonies, and a thin
film of growth were ignored. Quality control of AD Fosfomycin
0.25-256 (Liofilchem, Italy) was performed using the E. coli ATCC
25922 strain (Croughs et al., 2022).

2.5.3 Gradient strip-stacking method

Susceptibility testing of the aztreonam plus ceftazidime/avibactam
combination was performed on MH agar (bioMérieux, France) using
the MIC Test Strip MTS™ (Liofilchem, Italy). Aztreonam (AZT)
strips were placed on culture-inoculated agar surfaces and allowed to
diffuse for 10 min. After 10 min, the aztreonam strips were removed,
and the ceftazidime/aztreonam (CAZ/AVI) strips were placed at the
same location. The aztreonam strips were then placed over the
ceftazidime/avibactam strips to help read the MIC values of aztreonam
after 16-18h of incubation in ambient air (Khan et al., 2021;
Bakthavatchalam et al., 2022). The cumulative MIC was interpreted
against the Clinical and Laboratory Standards Institute (CLSI) criteria
for aztreonam (Clinical and Laboratory Standards Institute, 2018).

2.5.4 Interpretation of the results

MIC breakpoints for selected antibiotics according to the
European Committee on Antimicrobial Susceptibility Testing
(EUCAST), Clinical and Laboratory Standards Institute (CLSI) and
FDA are shown in Table 2.

2.5.5 Quality control

Escherichia coli ATCC 25922 strain was used for gradient strip-
based method quality control according to the recommendations
of EUCAST.

TABLE 2 MIC breakpoints for selected antibiotics according to EUCAST, CLSI and FDA (Clinical and Laboratory Standards Institute, 2018; European
Committee on Antimicrobial Susceptibility Testing, 2023; U.S. Food and Drug Administration, 2023).

Antibiotic Interpretative criteria MIC breakpoints (mg/L)
Cefiderocol (CDR) EUCAST 2 2
Eravacycline (ERV) EUCAST (ECOFF) 2 2
FDA 0.5 0.5
Tigecycline (TIG) EUCAST (ECOFF) 2 2
FDA 2 8(2)
Plazomycin (PLZ) CLSI 2 8(>)
Fosfomycin iv (FOS) EUCAST 32 32
Ceftazidime/avibactam (CAZ/AVI) EUCAST 8 8
Aztreonam (AZT) EUCAST 1 4
Ceftazidime/avibactam +aztreonam (CAZ/AVI+AZT) CLSI 4 16
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2.5.6 Statistics

In this study, the statistical analyses were conducted using the
STATISTICA 13 (TIBCO Software Inc. Palo Alto, United States)
software package. To assess the normality of the data distribution, the
Shapiro-Wilk test was employed. For the comparison between
different groups, the non-parametric, Kruskal-Wallis test was used
(with Dunn’s post-hoc test). Additionally, to compare the results of
FOS (MTS™) with FOS (AD FOSF®) as the reference method, the
Mann-Whitney U-test was applied. In all statistical tests, a p <0.05
was considered to indicate statistical significance.

3 Results

Among the tested antibiotics, the highest sensitivity (100%) was
observed for cefiderocol, eravacycline (interpreted according to
EUCAST), and tigecycline. Only 78% of tested strains were
susceptibility to plazomycin. Two methods for determining
susceptibility to fosfomycin were used in this study. For the gradient
strip-based method, susceptibility of tested strains was 68%, compared
to 83% using the commercial test AD Fosfomycin 0.25-256
(Liofilchem, Italy) in which the reference method was employed
(Figure 1).

The studied NDM-producing K. pneumoniae strains showed
100% resistance to ceftazidime with avibactam and 92% resistance to
aztreonam when these drugs were tested individually (Table 3;
Figure 2; Supplementary Table S1). Using the “strip stacking” method
to determine the cumulative sensitivity to ceftazidime/avibactam and
aztreonam demonstrated 100% in vitro sensitivity to this combination
among the tested strains (Figure 2).

The statistical analysis compared the MIC values for the tested
antibiotics in the three groups of strains (strains originating from
bloodstream infections, strains isolated from urinary tract infections,
and 20 strains from lower respiratory tract specimens; bronchoalveolar
lavage [BAL], tracheal aspirates). Statistically significant lower MIC
values for cefiderocol were obtained in the case of strains isolated from
lower respiratory tract infections (p=0.002). MIC values for the
combination of aztreonam with ceftazidime/avibactam were lower for
isolates originating from urinary tract infections (p=0.004). The last
group in which statistical significance was demonstrated, is the MIC
value for fosfomycin for K. pneumoniae NDM isolated from urine
samples, determined by the reference method (p=0.014; Table 4).

4 Discussion

The COVID-19 pandemic witnessed a notable rise in the
prevalence of multidrug-resistant strains, especially within the
Enterobacterales family. An earlier investigation examined bacterial
bloodstream infections in patients hospitalized before and during the
COVID-19 pandemic (Stabisz et al., 2023) demonstrated a statistically
significant increase in the frequency of BSIs caused by
NDM-producing K. pneumoniae. A report by the European Centre for
Disease Prevention and Control (ECDC) published in 2022 (World
Health Organization, 2022) on the epidemiological situation in
European countries from 2016 to 2020 confirmed the presence of a
growing antimicrobial resistance problem among microorganisms,
including carbapenem-resistant strains of K. pneumoniae. The number
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of unique cases of CPE strains in Poland from 2019 to 2021, confirmed
by the National Reference Center for Antimicrobial Susceptibility
Testing of Microorganisms, increased from 2064 to 4,172. In 2019,
1,527 cases of NDM strains were confirmed. In 2021, this number
increased to 3,036. These isolates originated only from infection cases
and not from intestinal carriages (Hryniewicz et al., 2022). Due to the
growing number of patients colonized with CPE strains, not only in
the gastrointestinal tract but also in the urinary tract, it is necessary to
establish guidelines for empirical treatment and drug susceptibility
assessment in patients with suspected MDR strains, including
CPE. Single-focal epidemics were frequently observed during the
COVID-19 pandemic in the hospital as well as in the post-pandemic
period. Patients with rectal colonization of NDM K. pneumoniae had
a higher risk of bacteriemia than those with KPC K. pneumoniae
(Pereira et al., 2023).

Our study analyzed the in vitro activity of new antibiotics
recommended in the IDSA and ESCMID guidelines for treating CPE
strains. Currently, the broadest registered antibiotics indicated for the
treatment of the source of infection are fosfomycin IV, aztreonam, and
ceftazidime in combination with avibactam. Plazomicin and
eravacycline have narrow indications for use, with the former
registered for the treatment of complicated urinary tract infections
and the latter for complicated infections within the abdominal cavity.
Cefiderocol, a new broad-spectrum cephalosporin, is also an attractive
alternative. Our study assessed the drug susceptibility of 60 strains of
NDM-producing K. pneumoniae. Due to the high toxicity of colistin
and increasing resistance, new antibiotics are useful alternatives in
treating infections.

Our study demonstrated the highest sensitivity of 100% for
cefiderocol, eravacycline, tigecycline, and a combination of
ceftazidime/avibactam with aztreonam. When B-lactamase inhibitors
(BLI) are combined with known B-lactams, they demonstrate excellent
activity against MBLs. Avibactam forms a stable and hydrolysis-
resistant complex with the B-lactamase molecule, causing inhibition
of B-lactamases of classes A, B, and partially D (according to Ambler’s
classification), including p-lactamases with a highly extended
spectrum of activity (KPC and OXA- 38), as well as the chromosomal
cephalosporinase AmpC (Behzadi et al., 2020). Due to the narrow
indications for using eravacycline, ceftazidime/avibactam and
aztreonam are the drugs of choice for bacteremia or pneumonia
(Zhanel et al., 2016; Falcone et al., 2021; Sanz Herrero, 2022; Brauncajs
et al., 2023). In July 2023, Mark G. Wise reported data on the
evaluation of the in vitro activity of aztreonam/avibactam, a new
antibiotic, against Enterobacterales isolates. In total, 24,937 isolates
from 27 countries were assessed. Aztreonam/avibactam inhibited
99.1% of CRE isolates (European Committee on Antimicrobial
Susceptibility Testing, 2023). The study demonstrated 100%
effectiveness of ceftazidime/avibactam in combination with
aztreonam. The advantage of this combination of antibiotics is their
synergism of action and the ease of determining drug susceptibility
using the “strip-stacking” method. The results of this study suggest
that most clinical laboratories, using routinely applied methods, can
perform the sensitivity determination for combinations of two drugs.

“Strip-stacking” method is relatively easy to perform, fast and
shows high correlation with the reference method of microdilution in
broth (Khan et al., 2021). In our study, all isolates were sensitive to
cefiderocol, but one exhibited borderline susceptibility (MIC=2 pg/
mL). In the latest update of the IDSA guidance, cefiderocol and CAZ/
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within the resistance category of a given antibiotic.

AVI plus AZT are recommended antibiotic for
NDM-producing Enterobacterales with (Tamma et al., 2023).
In the Phase III, open-label study (CREDIBLE-CR), an elevated

all-cause mortality rate was demonstrated in patients treated with

treating
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cefiderocol for infections caused by carbapenem-resistant Gram-
negative bacilli compared to patients treated with the best available
therapy, which was based on colistin (34% vs. 18%; Bassetti et al.,
2021). Mortality difference was recorded for infections of Acinetobacter
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TABLE 3 Number of susceptible isolates, MIC range, MIC 50, MIC 90 (ng/ml) values of the tested antibiotics.

Antibiotic No of sensitive strains (%) MIC range [ug/ MIC50 MIC90
ml]

CDR 60 (100) 0.16-2 0.19 0.5
ERV (EUCAST) 60 (100) 0.094-2 038 1
ERV (FDA) 44(73) 0.094-0.5 0.38 0.5
PLZ 47 (78) 0.38-1 0.75 0.75
TIG 60 (100) 025-1.5 0.5 15
FOS (MTS™): 41 (68) 4-32 24 32
FOS (AD FOSF*)® 50 (83) 4-32 16 32
CAZ/AVI 0(0) - - -
AZT 15 (25) 0.094-0.75 0.38 0.5
CAZ/AVI+AZT 60 (100) 0.94-1 0.19 0.5

The interpretation criteria or the susceptibility testing method used are given in brackets. ‘Determination by the gradient strip method. "Determination by the reference microdilution method

in agar using a commercial test AD Fosfomycin 0.25-256 (Liofilchem, Italy).

FIGURE 2

A comparison of susceptibility testing for fosfomycin with (A) gradient-strip based method (MIC Test Strip MTS™, Liofilchem, Italy) and with

(B) reference agar dilution method (AD Fosfomycin 0.25-256, Liofilchem, Italy). In the case of the reference method, the interpretation of the MIC
value for the tested strain is straightforward (MIC = 16), whereas the presence of micro and macro colonies within the inhibition zone, when using a
gradient strip method, can pose challenges in determining the correct MIC value.

spp. and Pseudomonas aeruginosa, and there was no difference in
patients with no Acinetobacter spp. infection. In light of this evidence,
the use of cefiderocol appears to be uncertain compared to therapy
based on the combination of CAZ/AVI and AZT. There are still
lacking od the clinical data, that would enable the analysis for
comparing the effectiveness of treatment between both
therapeutic regimens.

Eravacyclin was approved in 2014 by the US FDA and the
European Medicines Agency (EMA) to treat complicated intra-
abdominal infections (Thakare et al., 2018; Scott, 2019). In Zou et al.
(2023) demonstrated the antibacterial activity of eravacycline against
CRE. In the study group, 48 strains of E. coli were carriers of the NDM
gene, and two were KPC. The sensitivity to eravacyclin in this group
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was 92% (Zou et al, 2023). The susceptibility of the tested
NDM-producing K. pneumoniae strains to eravacycline varied
depending on the interpretation criteria applied. The FDA’s
breakpoints are more stringent than those of EUCAST, where
epidemiological cut-off values (ECOFF) have been proposed. Based
on EUCAST, 100% of the tested strains showed susceptibility to
eravacycline. By contrast, when interpreting the results according to
FDA criteria, only 73% of the strains could be classified as susceptible
to eravacycline.

Irrespective of the interpretation criteria, 100% sensitivity to
tigecycline has been demonstrated. In the case of the EUCAST criteria,
due to the lack of a breakpoint for K. pneumoniae, it was necessary to
use the ECOFF value for interpretation, which is the same as the MIC
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TABLE 4 Inter-group comparison of assessed variables (MIC value).

10.3389/fmicb.2024.1331628

Antibiotic Group | “B" (n=20) Group Il “U” (n=20) Group Il “P" (n = 20) p value*
Me Q1 Q3 Me Q1 Q3 Me Q1 Q3
CDR 025 0.19 0.25 025 0.19 0.50 0.19° 0.09 0.19 0.002
ERAV 0.38 038 0.44 0.50 038 1 0.50 038 0.75 0.09
PLZ 0.63 0.50 0.88 0.75 0.75 1 0.75 0.50 128.50 036
TIG 0.50 0.44 0.75 0.75 0.63 1 0.50 0.50 0.88 0.06
FOS (MTS™)* 32 24 256 32 16 256 24 24 32 047
FOS (AD FOSE*)" 32 16 64 8 8 24 16 8 32 0.014
CAZ/AVI+AZT 025 0.16 0.25 0.13¢ 0.13 0.19 025 0.19 025 0.004

Group I “B, strains isolated from blood; Group II “U”;, strains isolated from urine; Group III “P”, strains isolated from bronchoalveolar lavage/tracheal aspirate; Me, median; Q1, first quartile;
Q3, third quartile. *Kruskal-Wallis test. ‘Determination by the gradient strip method. "Determination by the reference microdilution method in agar using a commercial test AD Fosfomycin
0.25-256 (Liofilchem, Italy). “Statistically significantly lower result compared to group I (post-hoc test). “The statistically significant lowest result compared to the other two groups (post-hoc

test). Bold values indicate statistically significant values.

adopted by the FDA. However, tigecycline is a bacteriostatic antibiotic
with the primary indication for intra-abdominal, skin, and soft tissue
infections. High doses are required for nosocomial pneumonia, with an
increased risk of toxicity, according to the latest information from the
FDA (FDA Drug Safety Communication, 2017).

FDA approved in 2018 plazomicin, which is an aminoglycoside.
Plazomicin is registered for the treatment of infections such as: urinary
tract infections, including pyelonephritis, bloodstream infections (BSI),
and ventilator-associated pneumonia (VAP; Clark and Burgess, 2020).
Plazomicin has a registration for two indications: complicated urinary
tract infections in a phase 2 trial and EPIC trial and severe infections
caused by CRE (BSI, hospital-acquired pneumonia, and VAP) in the
CARE trial (Wagenlehner et al., 2019). Plazomicin received FDA
approval with a black box warning for potential aminoglycoside class
effects, including nephrotoxicity, ototoxicity, neuromuscular blockade,
and risks during pregnancy (U.S. Food and Drug Administration,
2018). The balance between side effects and the benefits of antibiotic
therapy with plazomicin underscores the drugs safety in comparison to
traditional aminoglycosides. The reported renal toxicity is comparable
to that induced by meropenem. While 3% of patients treated with
plazomicin experienced renal function impairment, the renal damage
associated with plazomicin is reversible. In a study, approximately 80%
of patients demonstrated complete renal function at the discharge visit
following treatment (Alfieri et al., 2022). In our study, we had 78%
susceptibility to plazomicin.

Patients with severe infections caused by carbapenem-resistant
Enterobacterales who are susceptible to polymyxins, aminoglycosides,
tigecycline, or fosfomycin can use intravenous fosfomycin for
combined therapy, as suggested by ESCMID guidelines, or if
antibiotics combined with f- lactam inhibitors are not avalible (Paul
et al.,, 2022). This study demonstrated differences in intravenous
fosfomycin sensitivity depending on the applied determination
method, with 83% sensitivity for the reference method. These data
align with reports from the global SENTRY surveillance program,
where an 82.6% sensitivity to fosfomycin was shown among
K. pneumoniae and E. coli strains producing carbapenemases (Flamm
etal, 2019). In a study by Banerjee et al. (2017), the sensitivity among
NDM strains was 92.9%, although it dates back to 2017 and utilized
the disk diffusion method. Studies conducted in Poland between 2011
and 2020 revealed a lower sensitivity among carbapenemase-positive
strains (55%; Maczynska et al., 2021).
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The critical factor in categorizing a strain into a specific
sensitivity category is choosing the appropriate determination
method. According to the recommendations, the quantitative agar
dilution method is considered the reference method (European
Committee on Antimicrobial Susceptibility Testing, 2023). Its
advantages include ease of interpretation and high repeatability of
the results. However, challenges lie in the time-consuming
preparation of substrates, the potential for inaccurate drug dilution,
and antibiotic inactivation due to high temperatures. Performing
the determination using automated systems (BD Phoenix) or
E-tests with a gradient diffusion method can result in distortion.
One of the reasons for in the absence of comprehensive data on the
level of resistance of strains to intravenous fosfomycin in relation
to the local epidemiological situation, is the necessity for a simple
and reliable method (Kowalska-Krochmal et al., 2022). Commercial
kits (AD Fosfomycin 0.25-256, Liofilchem, Italy) significantly
facilitate interpretation and leave no doubt about the sensitivity or
resistance of the tested strain (Figure 2). In this study, a commercial
test (AD Fosfomycin 0.25-256, Liofilchem, Italy) caused a change
in the sensitivity category from resistant to sensitive for 12 strains.
This undoubtedly resulted from the difficulty of interpreting the
determination using the gradient diffusion method, in which
numerous growth increments in the zone of inhibition make it
impossible to read the MIC value unambiguously and instead lead
to its overestimation. Therefore, using a commercial test is
advantageous for fosfomycin, enabling its more frequent
consideration in treating CPE infections. Statistically lower MIC
values for fosfomycin obtained using the reference method confirm
the necessity of employing the agar microdilution method to avoid
false results. Similar findings have been presented in other literature
reports (Croughs et al., 2022; Pereira et al., 2023).

4.1 Limitations of the study

The study was conducted in a single center and was based on in
vitro evidence of antimicrobial activity, meaning that the effects of
application on humans were not determined. The reported effects have
not been confirmed in humans, and the number of cases and
specimens is not representative of the entire population, which
indicates the need for further studies.

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1331628
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Stabisz et al.

5 Conclusion

The best therapeutic option for treating infections caused by
carbapenemase-producing strains seems to be a combination of
ceftazidime/avibactam with aztreonam. Due to the safety of using
both drugs, cost effectiveness, and the broadest indications for use
among the tested antibiotics, this therapy should be the first-line
treatment for CPE infections. The second option, with 100% sensitivity
of the tested strains, is cefiderocol, but it remains expensive with
limited availability. Despite its high in vitro sensitivity, eravacycline
has limited use due to narrow indications and is restricted only to
complicated intra-abdominal infections. The finding of fosfomycin-
resistant NDM-positive K. pneumoniae confirms the need to perform
drug susceptibility testing using the reference agar microdilution
method before implementing intravenous fosfomycin therapy.
Nevertheless, a comprehensive evaluation of the efficacy of treating
infections caused by NDM-producing K. pneumoniae strains should
include not only in vitro susceptibility assessment but also an analysis
of clinical cases.
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Supplementary Table 1.

Strain CDR ERAV PLZ TIG FOS (MTS™) | AD FOSF 0.25-256 CAZ/AVI AZT (izféig:ﬁlng)
No. MIC |EUCAST | MIC | EUCAST | FDA | MIC | CLSI| MIC | EUCAST | MIC | EUCAST |MIC| EUCAST |MIC | EUCAST | MIC | EUCAST | MIC CLSI
1B 0.25 S 0.38 S S 1075 S 0.38 S 16 S 8 S 256 R 256 R 0.25 S
2B 0.016 S 0.38 S S 1075 S 0.38 S 16 S 16 S 256 R 0.25 S 0.25 S
3B 0.19 S 0.094 S S 10.75 S 0.5 S 24 S 8 S 256 R 256 R 0.125 S
4B 0.19 S 0.38 S S 0.5 S 0.5 S 256 R 16 S 256 R 256 R 0.125 S
5B 0.25 S 0.38 S S 0.5 S 0.5 S 24 S 32 S 256 R 256 R 0.25 S
6B 0.19 S 0.38 S S 0.5 S 0.5 S 48 R 8 S 256 R 256 R 0.25 S
7B 0.38 S 0.5 S S 0.5 S 0.75 S 256 R 256 R 256 R 256 R 0.5 S
8B 0.19 S 0.38 S S 1038] S 0.5 S 32 S 32 S 256 R 256 R 0.38 S
9B 0.25 S 0.38 S S 1075 S 0.5 S 16 S 16 S 256 R 256 R 0.25 S
10B 0.38 S 1.5 S - 256 R 1.5 S 256 R 64 R 256 R 0.75 S 1.0 S
11B 0.25 S 1 S - 256 R 1 S 64 R 32 S 256 R 0.5 S 0.19 S
12B 0.25 S 0.25 S S 0.5 S 0.38 S 32 S 32 S 256 R 256 R 0.125 S
13B 0.25 S 0.25 S S 1038] S 0.38 S 24 S 16 S 256 R 256 R 0.19 S
14B 0.25 S 0.25 S S 1038] S 0.5 S 24 S 16 S 256 R 256 R 0.125 S
15B 0.38 S 0.75 S - 1075 S 0.75 S 256 R 128 R 256 R 256 R 0.75 S
16B 0.25 S 0.38 S S | 256 R 0.38 S 48 R 32 S 256 R 0.5 S 0.25 S
17B 0.19 S 0.38 S S 0.5 S 0.5 S 256 R 64 R 256 R 256 R 0.25 S
18B 0.19 S 0.38 S S 0.5 S 0.5 S 32 S 128 R 256 R 256 R 0.125 S
19B 0.25 S 0.38 S S 1 S 0.75 S 16 S 64 R 256 R 256 R 0.19 S
20B 0.5 S 1 S - 256 R 1.5 S 256 R 32 S 256 R 0.5 S 0.25 S
1U 0.25 S 0.5 S S 0.5 S 0.75 S 32 S 8 S 256 R 256 R 0.125 S
2U 0.25 S 0.38 S S 0.5 S 0.75 S 32 S 8 S 256 R 256 R 0.125 S
3U 0.19 S 0.38 S S 1038] S 0.75 S 32 S 8 S 256 R 256 R 0.125 S
4U 0.19 S 0.5 S S 10.75 S 0.5 S 24 S 8 S 256 R 256 R 0.094 S
S5U 0.19 S 1.0 S - 1075 S 0.5 S 256 R 32 S 256 R 256 R 0.19 S
6U 0.38 S 1.0 S 0.75 S 1 S 32 S 8 S 256 R 256 R 0.125 S
7U 0.25 S 0.75 S - 1075 S 0.75 S 256 R 16 S 256 R 256 R 0.125 S
8U 2 S 0.38 S S 10.75 S 0.5 S 16 S 4 S 256 R 256 R 0.094 S
9U 0.5 S 1.0 S - 256 R 1.5 S 256 R 32 S 256 R 256 R 0.38 S
10U 0.125 S 1 S - 256 R 1.5 S 256 R 64 S 256 R 256 R 0.5 S
110 0.38 S 0.38 S S 10.75 S 0.75 S 16 S 8 S 256 R 256 R 0.19 S
120 0.75 S 0.094 S S 10.75 S 0.25 S 16 S 8 S 256 R 0.19 S 0.125 S
130 0.125 S 0.5 S S 10.75 S 0.75 S 32 S 8 S 256 R 256 R 0.125 S
14U 0.5 S 2 S - 256 R 1.5 S 16 S 16 S 256 R 0.25 S 0.19 S
15U 0.125 S 0.38 S S 10.75 S 0.75 S 16 S 16 S 256 R 0.19 S 0.125 S




16U 0.25 S 0.5 S S 1 S 0.75 S 24 S 8 S 256 R 0.19 S 0.094 S
170 1.0 S 0.5 S S 1 S 1 S 256 R 256 R 256 R 256 R 0.25 S
18U 0.19 S 0.38 S S 10.75 S 0.75 S 24 S 8 S 256 R 256 R 0.125 S
190 0.5 S 0.094 S S 0.5 S 0.25 S 16 S 8 S 256 R 0.094 S 0.125 S
20U 0.25 S 1 S - 256 R 1.5 S 256 R 32 S 256 R 256 R 0.125 S
1P 0.25 S 0.5 S S | 256 R 0.5 S 256 R 256 R 256 R 256 R 0.125 S
2P 0.25 S 0.5 S S 0.5 S 0.75 S 24 S 16 S 256 R 256 R 0.094 S
3P 0.19 S 0.38 S S 0.5 S 0.5 S 24 S 16 S 256 R 256 R 0.094 S
4P 0.19 S 0.38 S S 0.5 S 0.5 S 24 S 16 S 256 R 256 R 0.25 S
5P 0.19 S 0.5 S S 10.75 S 1 S 32 S 16 S 256 R 256 R 0.25 S
6P 0.125 S 0.38 S S 0.5 S 0.38 S 24 S 16 S 256 R 256 R 0.25 S
7P 0.19 S 0.38 S S 1075 S 0.5 S 24 S 32 S 256 R 256 R 0.25 S
8P 0.5 S 2 S - 256 R 1 S 256 R 32 S 256 R 0.38 S 0.5 S
9P 0.19 S 0.38 S S 0.5 S 0.5 S 32 S 16 S 256 R 256 R 0.19 S
10P 0.19 S 1 S - 0.5 S 0.5 S 48 R 16 S 256 R 256 R 0.19 S
11P 0.19 S 0.38 S S 0.5 S 0.5 S 256 R 256 R 256 R 256 R 0.38 S
12P 0.19 S 0.38 S S 0.5 S 0.5 S 32 S 8 S 256 R 256 R 0.25 S
13P 0.25 S 1 S - 256 R 1.5 S 32 S 32 S 256 R 0.5 S 0.5 S
14P 0.094 S 1 S - 256 R 1.5 S 32 S 32 S 256 R 0.38 S 0.25 S
15P 0.125 S 1.5 S - 256 R 1.5 S 24 S 32 S 256 R 0.5 S 0.5 S
16P 0.094 S 0.5 S S 10.75 S 0.75 S 24 S 8 S 256 R 0.19 S 0.125 S
17P 0.094 S 0.38 S S 10.75 S 0.75 S 4 S 8 S 256 R 256 R 0.25 S
18P 0.094 S 0.38 S S 1 S 0.5 S 12 S 8 S 256 R 256 R 0.25 S
19P 0.094 S 0.5 S S 10.75 S 0.5 S 6 S 8 S 256 R 256 R 0.19 S
20P 0.094 S 0.5 S S 0.5 S 0.5 S 16 S 8 S 256 R 256 R 0.19 S

* Strain identifier composed of a sequential number and a material symbol, with 'B' for blood, "U' for urine, and 'P' for bronchoalveolar lavage fluid/tracheal aspirate.
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Abstract: A retrospective study at the 4th Military Clinical Hospital in Wroclaw, Poland, assessed PCR
testing alongside blood cultures to guide antimicrobial therapy decisions in hospitalized patients,
to determine how much time the results of the molecular tests preceded conventional methods.
Among 118 patients, Staphylococcus aureus (37%) and Escherichia coli (21%) were the most common
bloodstream infection agents. Blood cultures utilized the BacT/ALERT 3D system, and molecular
diagnostics were conducted using the FilmArray platform with the BIOFIRE BCID2 panel. Methicillin
susceptibility was observed in 66% of S. aureus strains, while 26% of Gram-negative bacilli exhibited
an ESBL phenotype. Therapeutic decisions based on molecular test results were often incorrect for
S. aureus infections, particularly MSSA (64.5%), but generally accurate for Gram-negative bacilli. The
median times from positive blood culture to BCID2 and pathogen identification/susceptibility were
10 h and 52 h, respectively. Molecular diagnostics facilitated faster initiation of appropriate antibiotic
therapy, highlighting the need to educate medical staff on proper interpretation. Consulting within
an antimicrobial stewardship program (ASP) could enhance the benefits of implementing molecular
methods in bloodstream infection diagnostics.

Keywords: molecular diagnostic; bloodstream infections; sepsis; antimicrobial stewardship
program; antibiotics

1. Introduction

Systemic infections in the form of bacteremia, sepsis, or septic shock are associated
with high mortality rates, ranging from 25-80%. It is estimated that there are approxi-
mately 30 million cases of bloodstream infections (BSIs) and approximately 6 million deaths
worldwide, every year [1,2]. According to European data, 1.2 million BSIs are registered an-
nually [3]. It should be highlighted that these statistics may be significantly underestimated,
due to the frequent lack of official reporting of cases. Due to the lack of official reporting,
the number of sepsis cases in Poland does not reflect the actual situation and is assessed
based only on epidemiological data from other European countries [4,5]. The prognosis and
the course of the disease depend on many factors. The patient’s age and comorbidities will
constitute risk factors for a severe course of the infection, as will the virulence or antibiotic
resistance of the microorganism itself [6]. Gram (+) bacteria cause more than 50% of all
BSI cases; the main etiological factors include coagulase-negative staphylococci (CoNS),
Staphylococcus aureus, and Enterococcus spp. [1]. On the other hand, at least 30% of BSIs are
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caused by Gram (—) microorganisms. These infections are associated with higher mortality
rates (15-29%) related to the occurrence of antibiotic resistance [6]. The key element that
increases the patient’s chances of survival is the quick implementation of appropriate an-
tibiotic therapy. Incorrect therapeutic decisions are associated with a five-fold reduction in
survival among patients with sepsis. In the era of constantly increasing microbial resistance,
it seems rational to use broad-spectrum empirical antibiotic therapy, which, on the one
hand, guarantees therapeutic success but, on the other hand, has consequences such as
post-antibiotic diarrhea of Clostridioides difficile etiology or resistant strain selection [7-9].
Swift identification of the causative pathogens and potential resistance markers in blood
cultures is essential for administering optimal therapy promptly, thereby enhancing patient
survival. Research indicates that any delay in providing appropriate antimicrobial therapy,
whether due to prolonged time for pathogen identification or antimicrobial resistance, leads
to heightened mortality rates [10]. Conventional culture of microorganisms from blood
using automatic systems remains the gold standard for diagnosing BSIs. However, the
main disadvantage of this method is the long waiting time for the final result. Depend-
ing on the analyzers owned by the microbiological laboratory, the time from obtaining
a positive blood culture to the identification and determination of drug resistance in the
microorganism constituting the etiological agent may range from 48-168 h [9,11]. The cur-
rent IDSA (Infectious Diseases Society of America) guidelines advocate for incorporating
rapid diagnostic testing into a comprehensive antimicrobial stewardship program (ASP).
Implementing molecular biology methods into the diagnostic scheme of BSIs significantly
reduces the time needed to make optimal therapeutic decisions [12]. According to the
Shah et al. study, the median time to molecular test results was 21 h from a positive blood
culture. The time to pathogen identification using MALDI-ToF, but not directly from the
blood culture, was 42 h. Susceptibility was performed using Vitek2 (bioMérieux, Marcy
I’Etoile, France), and the median time to result was 49 h [13].

Systems using a positive blood culture for testing are often based on multiplex PCR
(polymerase chain reaction) methods, which allow for the simultaneous detection of many
species of microorganisms and resistance genes. The BCID2 (Blood Culture Identifica-
tion Panel 2) (bioMérieux, Marcy 1’Etoile, France) septic panel enables the detection of
33 pathogens (26 species/genera of bacteria, seven species of yeast-like fungi) associ-
ated with BSIs, as well as the detection of ten antibiotic resistance genes, determining,
among others, production of carbapenemases, extended-spectrum (3-lactamases (ESBL),
or methicillin resistance in staphylococci [14-16]. The meta-analysis conducted by Peri
et al. assessing the BCID2 performance for pathogen identification and resistance markers
detection, compared to culture methods, remains the gold standard in diagnosing BSIs.
The combined specificity of the assay was outstanding (>97%) across most investigated
target subgroups. Additionally, the combined sensitivity was notably high for the primary
determinants of bloodstream infection, including Enterobacterales (98.2%), S. aureus (96.0%),
Streptococcus spp. (96.7%), P. aeruginosa (92.7%), and E. faecalis (92.3%), as well as blactx-m
(94.9%), carbapenemases (94.9%), and mecA/C and MRE]J (93.9%). The potential incon-
sistency between genotypic and phenotypic resistance is a limitation of the BCID test’s
applications. Situations can arise where, despite the presence of a resistance gene, it may
not be expressed, resulting in the strain being phenotypically susceptible to a particular
antibiotic. Conversely, the strain’s resistance may stem from different resistance genes than
those detected in the BCID2 panel. However, there are situations in which obtaining a spe-
cific result should not raise doubts regarding further therapeutic decisions. An example of
this could be the detection of mecA/C + MRE] in Staphylococcus aureus, where the association
between the presence of the resistance gene and phenotypic resistance is clear and very
well documented [16]. Therefore, many publications indicate that expensive molecular
tests can bring tangible benefits, including financial ones, only when these results will
be consulted within the team for the hospital antibiotic policy program and appropriate
therapeutic decisions will be quickly implemented. The correct interpretation of PCR test
results requires knowledge of bacterial genes that determine antibiotic resistance and the
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possibility of resistance resulting from mechanisms other than those genetically encoded.
An essential role in the team for hospital antibiotic policy is played by a clinical microbiolo-
gist who, having the appropriate knowledge, can correctly assess the obtained result and
communicate their interpretation to clinical teams [9,12,17,18].

The study aimed to assess the ability to interpret the results of PCR tests performed
on positive blood cultures, based on therapeutic decisions made by clinicians, and the
potential impact of antibiotic therapy management.

2. Materials and Methods
2.1. Study Design

The results of PCR tests from positive blood cultures and the disease history of adult
patients hospitalized in 2021-2022 at the 4th Military Clinical Hospital, a 500-bed medical
center in Wroclaw, Poland, were retrospectively assessed. The inclusion criteria were: age
above 18 years, first episode of positive blood culture during hospitalization, and absence of
consultation regarding the molecular test results within the hospital antimicrobial stewardship.
The exclusion criteria were: positive blood culture was a control culture, patient’s demise
before the identification, and antibiotic susceptibility test results from routine blood culture.
The study’s retrospective nature will allow for the evaluation of molecular test interpretation
assessments in relation to studies conducted in subsequent years. Such a comparison will enable
an evaluation of the effectiveness of the molecular methods training conducted in the meantime
for the diagnosis of bloodstream infections. Among patients enrolled in the study, blood culture
was performed as part of routine microbiological diagnostics, and then, after obtaining a positive
culture using automatic systems, the study was extended to include molecular diagnostics.
Information on the empirical antibiotic therapy used and its possible changes after obtaining the
PCR test result was obtained from the patient’s medical history in the electronic medical records
(EMR) system. All analyzed results were not consulted within the hospital’s antimicrobial
stewardship, and their interpretation and further therapeutic decisions were made only by the
attending physician.

2.2. Blood Culture

Blood culture was performed in an automated BacT/ALERT 3D instrument system
(bioMérieux, Marcy I'Etoile, France) at 37 °C as part of a 5-day incubation protocol. The pa-
tient’s blood was inoculated into culture media containing an antibiotic inactivator dedicated
to the BacT/ALERT system (BacT/ALERT FN PLUS, BacT/ALERT FA PLUS (bioMérieux,
Marcy I’Etoile, France). The positive blood cultures were Gram-stained, then streaked onto
Columbia Agar (bioMérieux, Marcy I'Etoile, France), Chocolate agar (bioMérieux, Marcy
I’Etoile, France), and MacConkey (bioMérieux, Marcy 1'Etoile, France) for overnight incu-
bation in 5% carbon dioxide at 37 °C. The VITEK-2 automated system (bioMérieux, Marcy
I'’Etoile, France) was used for isolates identification and antimicrobial susceptibility testing.

2.3. Pathogen Identification and Susceptibility Testing

The identification and susceptibility testing of microorganisms cultured from the blood
cultures were performed using the Vitek2 system (bioMérieux, Marcy 1'Etoile, France). The
VITEK2 AST-N331 and AST-N332 panels were employed for testing the antibiotic susceptibility
of Gram-negative bacilli, while AST-P643, AST-P644, and AST-ST01 were utilized for Gram-
positive cocci. Additionally, AST-YS08 was utilized for fungi. The detection of carbapenemases
was conducted using an immunochromatography test (RESIST-5 O.0.K.N.V, CorisBioConcept,
Gembloux, Belgium). Susceptibility test results were interpreted based on the current criteria
established by the European Committee on Antimicrobial Susceptibility Testing (EUCAST) [19].

2.4. Molecular Test

A molecular study was conducted on the FilmArray platform (bioMérieux, Marcy I'Etoile,
France), using the BIOFIRE Blood Culture Identification Panel 2 (BCID2) (bioMérieux, Marcy
I’Etoile, France) by the manufacturer’s instructions provided in the leaflet. A positive blood
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culture from the BacT/ALERT 3D system was used for the study. The BCID2 panel is a
multiplexed nucleic acid test designed to detect and identify 33 targets associated with BSlIs,
including 11 Gram-positive bacteria (Enterococcus faecalis, Enterococcus faecium, Listeria mono-
cytogenes, Staphylococcus spp., Staphylococcus aureus, Staphylococcus epidermidis, Staphylococcus
lugdunensis, Streptococcus spp., Streptococcus agalactiae, Streptococcus pneumoniae, Streptococcus
pyogenes), 15 Gram-negative bacteria (Acinetobacter calcoaceticus-baumannii complex, Bacteroides
fragilis, Enterobacterales, Enterobacter cloacae complex, Escherichia coli, Klebsiella aerogenes, Kleb-
siella oxytoca, Klebsiella pneumoniae group, Proteus spp., Salmonella spp., Serratia marcescens,
Haemophilus influenzae, Neisseria meningitidis, Pseudomonas aeruginosa, Stenotrophomonas mal-
tophilia) and seven yeast species (Candida albicans, Candida auris, Candida glabrata, Candida
krusei, Candida parapsilosis, Candida tropicalis, Cryptococcus neoformans/gattii). The BCID2 panel
includes tests designed for the targeted identification of various genetic markers associated
with resistance to multiple antibiotic classes present in specific Gram-positive (mecA/C, mecA/C,
and MRE], and vanA/B) or Gram-negative bacteria (CTX-M, IMP, KPC, mcr-1, NDM, OXA-48,
and VIM). Reports on antimicrobial resistance (AMR) genes are only provided if a relevant
bacterium is detected. Table 1 summarizes the resistance markers possible to detect using the
BICD2 panel, along with the expected resistance phenotype.

Table 1. Resistance markers possible to detect with the BCID2 test.

Gram-Positive Resistance Markers

Gene Resistance Phenotype

vanA/B Marker for vancomycin-resistant Enterococcus (VRE).

mecA/C is a marker for methicillin resistance in non-S. aureus
Staphylococci (MRCoNS) but reported only in Staphylococcus
epidermidis and Staphylococcus lugdunensis.

MRE] is only evaluated in Staphylococcus aureus and when detected
with mecA/C, is specific for MRSA.

mecA/C
mecA/C + MRE]

Gram-Negative Resistance Markers

Gene Resistance Phenotype

The marker for the most common extended spectrum $-lactamase
(ESBL) frequently identified in gram-negative pathogens, especially
Escherichia coli and Klebsiella spp., is outlined. ESBLs are enzymes
capable of hydrolyzing extended-spectrum cephalosporins (e.g.,
ceftriaxone, cefepime) and piperacillin/tazobactam.

It is important to note that a negative result does not necessarily
exclude the presence of other ESBL enzymes or alternative
beta-lactamases.

CTX-M (bluCTX_M)

KPC (b]aKpc)
NDM (blanpm), VIM (blayiy), IMP

(blamvp)
OXA-48 like (blaOXA,48,like)

mcr-1 Marker for colistin resistance

Markers for carbapenemases producing Gram-negative bacilli.

2.5. Assessment of Therapeutic Decisions

At the 4th Military Clinical Hospital in Wroctaw, Poland, there is an antimicrobial steward-
ship team responsible for hospital antibiotic policy which issued recommendations regarding
empirical and targeted therapy for bloodstream infections, based on national recommenda-
tions regarding the hospital’s antibiotic list [20], treatment of nosocomial infections [21], and
the local epidemiological situation developed from microbiological maps and cumulative
antibiograms. Based on these recommendations, a retrospective assessment was made of the
correctness of therapeutic decisions made by attending physicians after receiving BCID2 test
results. Table 2 details possible BCID2 results, and the preferred therapeutic decisions made
depending on the species/resistance marker detected by the molecular test. After obtaining
the molecular test result, the therapeutic decisions were considered correct if the treatment
applied matched the data in Table 2. Incorrect therapeutic decisions included, for example,
failure to de-escalate empirical therapy from carbapenem to third-generation cephalosporin
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in the case of detecting Gram-negative bacilli without resistance genes, and vice versa in the
case of detecting the blactxm gene, where the incorrect decision was the failure to escalate
therapy to carbapenem. If Staphylococcus aureus without the mecA/C + MRE] gene has been
detected in the BCID2 test, only cloxacillin was considered a valid therapeutic decision, except
for patients with a history of penicillin allergy.

Table 2. Preferred therapeutic decisions based on possible BCID?2 test results.

Microorganism Possible BCID2 Result Preferred Therapy
not detected ampicillin
Enterococcus faecalis vanA/B
detected ampicillin
not detected vancomycin
Enterococcus faecium vanA/B
detected linezolide
not detected cloxacillin
Staphylococcus aureus mecA/C + MREJ
detected vancomycin
not detected cloxacillin
CoNS mecA/C -
detected vancomycin
Streptococcus pneumoniae - III generation cephalosporin
Listeria monocytogenes - ampicillin
Streptococcus pyogenes - penicillin
Streptococcus agalactine - penicillin
not detected cefepime
CTX-M
detected meropenem
ggterobactemles orders only KPC detected ceftazidime/avibactam
Enterobacter cloacae complex IMP detected
Klebsiella (Enterobacter) aerogenes - . .
Serratia m(arcescens ) g NDM detected colistin + aminoglycoside
VIM detected
OXA-48 detected ceftazidime/avibactam
not detected IIT generation cephalosporin
CTX-M
detected meropenem
Escherichia coli
Klebsiella pneumoniae group KPC detected ceftazidime/avibactam
Kilebsiella oxytoca IMP detected
Proteus spp.
Salmonella spp. NDM detected colistin + aminoglycoside
VIM detected
OXA-48 detected ceftazidime/avibactam

Acinetobacter baumannii

B colistin + meropenem

Pseudomonas aeruginosa

- ceftazidime

Stenotrophomonas malthophilia

- trimethoprim/sulfamethoxazole

Bacteroides fragilis

- metronidazole

Haemophilus influenzae

- IIT generation cephalosporin

Neisseria meningitidis

- III generation cephalosporin

Candida spp.

echinocandin

alternative: fluconazole as an initial therapy in
- selected patients who are not critically ill, and

who are considered unlikely to have a

fluconazole-resistant Candida species

Cryptococcus neoformans

- amphotericin B, fluconazole

CoNS—coagulase-negative staphylococci.

2.6. Statistics

The Chi-square test or Fisher’s exact test was used to conduct statistical analyses,
depending on the fulfillment of assumptions. In cases where the number of categories
was large relative to the total number of observations, resulting in many categories having
very few cases, no test was applied. Adopting such an approach was due to the risk of
insufficient statistical power of each available test to detect differences and the potential
impact on the credibility of the analysis results.
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2.7. Ethics

The study protocol was approved by the Bioethics Committee of the Military Medical
Chamber (resolution no. 240/22). The study was carried out according to the guidelines of
the Declaration of Helsinki and good clinical practice.

3. Results

A total of 118 patients (45 women, 73 men) with a median age of 76 years were enrolled
in the study. Patients were hospitalized in observation, surgical, and intensive care units.
The most examined patients were treated in the Department of Internal Medicine (Figure 1).

Internal Medicine

13 (11%)
Cardiolo
9 (8%) 8y

N 1

7 (6%) eurology

57 (48%)
Surgery
32 (27%) Intensive Care Unit

Figure 1. Hospital wards where the examined patients were hospitalized.

The species structure of isolated microorganisms showed that the most common
etiological agents of BSIs in the studied group/population were Staphylococcus aureus (37%)
and Escherichia coli (21%) (Figure 2).

I
-
w

21%

Figure 2. Species structure of isolated microorganisms.

In the case of S. aureus, 66% of the strains were sensitive to methicillin (MSSA), while among
47 isolates of Gram (—) bacilli, the ESBL mechanism was detected in 11 strains (26%), three of
which also had genes responsible for producing New Delhi metallo-B-lactamases (NDM). All
detected antibiotic resistance markers coincided with the phenotypic drugs susceptibility to the
cultured microorganisms. Routine culture, conducted in parallel with molecular testing, also
showed 100% consistency in the detected microbial species. In detecting Staphylococcus aureus in
the blood of the examined patient using the molecular method, more than half of the therapeutic
decisions made after obtaining the results were incorrect. This percentage was statistically higher
(64.5%) if the etiological agent of the BSI was MSSA, compared to 25% of incorrect decisions
in detecting the MRSA strain (p = 0.01). After receiving the PCR test result, the treatment was
generally correct if the etiological factor was Gram (—) bacilli, such as Escherichia coli or Klebsiella
pneumoniae (63 and 67% of correct therapeutic decisions, respectively). In the group where Gram
(—) bacilli were the etiological factor of the BSI, statistical significance could not be demonstrated
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regarding the correctness of therapeutic decision, depending on whether antibiotic resistance
genes were detected or not (p > 0.05). Bloodstream infections caused by Enterococcus spp.
accounted for approximately 16% (Enterococcus faecalis, 9%; Enterococcus faecium, 6%). A more
favorable analysis result from the treatment strategy undertaken was demonstrated in the case
of the isolation of E. faecium. Streptococcus pneumoniae was the etiological factor of the BSI in only
four patients. In three patients included in the study, the presence of yeast-like fungi (Candida
albicans) was detected in the molecular test, so all these patients received antifungal treatment
immediately after obtaining the PCR test result. Statistical analysis for Gram (+) microorganisms,
other than Staphylococcus aureus, was not possible due to a small sample size. The molecular
test results have triggered a change in the previously implemented empirical treatment in
54 patients (46%). The antibiotic therapy was corrected after obtaining the final blood culture
report, including identifying the microorganism and its drug susceptibility, in 28 patients (24%).
Median time from positive blood culture to BCID2 and pathogen identification/susceptibility
was 10 h (Q1-Q3, 8-12 h) and 52 h (Q1-Q3, 38-60 h), respectively.

The detailed compilation of detected microorganisms, their resistance mechanisms,
and therapeutic decisions is presented in Table 3.

Table 3. Analysis of isolated microorganisms and therapeutic decisions made after obtaining the
molecular test result. A. Change of empiric therapy after obtaining molecular test results. B. Change
of empiric therapy after obtaining the culture results.

Therapeutic Decision

Number of Cases A B Mofef:]i;;: ?l"teasitnli{ltlegults
" 1 (%) 1 (%) p Value
Correct Incorrect
n (%) n (%)
S. aureus 47 23(49) 16(34) 23(49) 24(51) -
MSSA 31 15(48) 14(45) 11(35.5) 20(64.5)
MRSA 16 11(69) 2(12,5) 12(75) 4(25) 0.1
E. coli 27 6(22) 2(7) 17(63) 10(37) -
CTX-M (+) 3 1(33) 1(33) 2(67) 1(33)
No resistance gene detected 24 5(21) 1(4) 15(62.5) 9(37.5) 088
K. pneumoniae 9 4(44) 1(11) 6(67) 3(33) -
CTX-M (+) 4 2(50) 1(25) 3(75) 1(25)
CTX-M (+) NDM (+) 3 1(33) 0 2(67) 1(33) 0.83
No resistance gene detected 2 1(50) 0 1(50) 1(50)
P. aeruginosa 3 2(67) 0 0 3(100) -
Proteus spp. 2 1(50) 0 1(50) 1(50) -
Salmonella spp. 1 0 0 1(100) 0 -
S. marcescens 1 1(100) 0 0 1(100) -
Gram (—) bacilli 43 37(86) 19(44) 25(58) 18(42) -
CTX-M (+) 7 3(43) 2(29) 5(71) 2(29)
CTX-M (+) NDM (+) 3 1(33) 0 2(67) 1(33) 0.68
No resistance gene detected 33 10(30) 1(3) 18(55) 15(45)
E. faecalis 12 9(75) 5(42) 7(58) 5(42) -
E. faecium 7 5(71) 4(57) 5(71) 2(29) -
S. epidermidis 5 1(20) _
MRCNS 5 4(80) e — 3(60) 2(40)
S. pneumoniae 4 0 1(25) 3(75) 1(25) -
C. albicans 3 3(100) 1(33) 3(100) 0 -
L. monocytogenes 2 1(50) 0 1(50) 1(50) -
S. agalactiae 1 0 0 0 1(100) -
Streptococcus spp. 1 0 0 1(100) 0 -

MSSA, methicillin-sensitive Staphylococcus aureus; MRSA, methicillin-resistance Staphylococcus aureus; CTX-M,
extended-spectrum B-lactamases (ESBL); NDM, New Delhi metallo-(3-lactamases; MRCNS, methicillin-resistant
coagulase-negative staphylococci.
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4. Discussion

Molecular methods are increasingly becoming an element of routine microbiologi-
cal diagnostics and have recently revolutionized the approach to managing bloodstream
infections. Automation has simplified the PCR procedure, making advanced molecular
biology techniques readily available for obtaining standardized results quickly. However,
the interpretation of a test performed using the PCR method requires knowledge of the
molecular patterns determining the occurrence of bacterial resistance to specific antibi-
otics [6,9,14,15,22]. Staphylococcal resistance to methicillin is acquired primarily through
the mecA gene, which encodes a penicillin-binding protein (PBP2a). The mecA gene is
transferred to the staphylococcal chromosomal cassette mec (SCCmec). The SCCmec cas-
sette integrates into a specific region of the Staphylococcus spp. genome, which leads to the
formation of MRE] (SCCmec right-end junction). Molecular determination of the area of
this junction enables the identification of S. aureus MRSA. At the same time, the absence of
the mecA/C gene will be synonymous with the occurrence of the MSSA phenotype [23,24].
In the case of S. aureus-caused BSIs, molecular testing may bring tangible results in the
context of faster implementation of targeted antibiotic therapy and earlier abandonment of
broad-spectrum empirical treatment.

This is particularly significant due to the high frequency of bloodstream infections
(BSIs) caused by Staphylococcus aureus in this study. Similar results were obtained in a
previous study regarding the etiology of bloodstream infections before and during the
COVID-19 pandemic, where S. aureus was also the most common etiological agent of
BSIs [25]. MSSA accounted for 66% of all detected Staphylococcus aureus and was simul-
taneously the most common etiological factor of BSIs in this study; however, clinicians
often made incorrect interpretations of the obtained result and made inappropriate ther-
apeutic decisions when this microorganism was detected. In a situation where, on one
hand, we have very strong evidence indicating the presence of MSSA phenotype in the
absence of mecA/C gene detection and, on the other hand, clear treatment guidelines for
infections caused by methicillin-sensitive Staphylococcus aureus, the incorrect interpretation
of molecular test results seems concerning. This may be due to the need for knowledge
of the molecular basis of methicillin resistance in staphylococci. Additionally, it has been
shown that it is much more difficult for doctors to decide on the de-escalation of broad-
spectrum empirical therapy because of the fear of limiting antibiotic therapy to cloxacillin,
i.e., antistaphylococcal penicillin, which should be the treatment of choice in the case of
MSSA infections [26]. In cases where the mecA/C gene associated with the MRSA phenotype
was detected, statistically clinicians less frequently made incorrect therapeutic decisions
compared to with MSSA (25% vs. 64.5%; p = 0.01). On the one hand, this may be due to
a more suggestive molecular test result prompting the physician to suspect an infection
caused by a methicillin-resistant strain. On the other hand, it may also be attributed to the
ease of making the decision to escalate antibiotic therapy, compared to its de-escalation.
Half of the incorrect therapeutic decisions made regarding MSSA in this study were due
to continuing empirically-initiated ceftriaxone therapy. In the case of five patients, em-
pirical treatment with vancomycin was continued, and de-escalation to cloxacillin was
only performed after receiving the susceptibility test results. A multicenter, retrospective
study published in 2023, which analyzed 223 patients with MSSA bacteremia, of which
37 (16.6%) were treated with ceftriaxone, showed that such therapy was associated with a
higher risk of treatment failure within 90 days compared to cefazolin or antistaphylococcal
penicillin (cloxacillin) [27]. In turn, using glycopeptides to treat infections caused by MSSA
is less effective and may even increase mortality [26,28]. The study performed by McDanel
et al. showed that in patients with MSSA bloodstream infection, continuation of empirical
treatment with vancomycin resulted in increased mortality compared to patients who
received targeted beta-lactam antibiotic therapy [29]. The studies conducted by Wong
et al. also confirmed these findings and demonstrated that empirical use of vancomycin in
suspected Staphylococcus aureus infections is appropriate and does not increase mortality,
provided that targeted therapy with cloxacillin or cefazolin is initiated within three days of
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identifying the MSSA strain [30]. Considering the potential nephrotoxicity and reduced
effectiveness of vancomycin against MSSA strains, it seems justified to reserve its use for
the treatment of infections caused by MRSA [31].

When genes causing resistance to broad-spectrum cephalosporins (ESBL) or carbapen-
ems were detected, optimal changes in antimicrobial treatment were more often made than
when a strain without resistance mechanisms was detected. The most common mistake in
the case of Gram (—) bacilli was the escalation of empirical therapy, and switching from
ceftriaxone to piperacillin with tazobactam or meropenem in the absence of detection of
genes responsible for multidrug resistance. This observation also confirms that doctors,
in their daily clinical practice, make decisions about escalation rather than de-escalation
of antibiotic therapy more easily. Infections of Enterococcus spp. etiology are also those
in which the species of the detected microorganism strongly determines the appropriate
antibiotic therapy. The treatment of choice for E. faecalis is ampicillin, while the isolation of
E. faecium requires vancomycin [32]. In our study, more correct therapeutic decisions were
observed if the etiological factor of placental infection was E. faecium than E. faecalis (71%
vs. 58%). As with other microorganisms, the decision to de-escalate therapy to ampicillin
was more difficult for the clinician, due to fear of treatment failure.

This analysis indicates a significant need for the possibility of consulting PCR test
results within the hospital antimicrobial stewardship. At the same time, it emphasizes
that only the correct interpretation of the obtained result can contribute to the limitation of
broad-spectrum antibiotic use in therapy, which often causes post-antibiotic complications,
such as diarrhea caused by C. difficile, and leads to the selection of resistant strains [9]. A
study conducted in 2015 by Banerjee et al. showed that measurable benefits from using
molecular methods in the diagnosis of BSIs could only be guaranteed by combining them
with a hospital antibiotic policy program (ASP). The timing of de-escalation of empiric
therapy was strongly dependent on the outcome of the consultation within the ASP. In the
group of patients for which antibiotic therapy was intervened, de-escalation occurred on
average 20 h (6-36 h) after obtaining a positive blood culture, compared to 39 h (19-56 h) in
the control group (without the use of molecular methods), and 36 h (22-61 h) in the group
in which the PCR test results were not consulted by the ASP [33].

5. Conclusions

In the era of constantly increasing microbial resistance, molecular diagnostic methods
enabling earlier implementation of optimal therapeutic decisions should be used, in parallel
with classic cultures, followed by identification and antibiogram of the microorganism
constituting the etiological factor of the infection. Considering the frequency of bloodstream
infections (BSIs) caused by Staphylococcus aureus, the 100% concordance of molecular test
results with routine microbial culture, and the results of this observation, the conclusion
should be drawn that only correct and conscious interpretation of molecular tests can have
a measurable impact on the protection of antibiotics and the improvement of treatment
effects. Due to the high rate of incorrect interpretations of molecular test results in this
study, it seems that only consultation within an antimicrobial stewardship program enables
full use of the potential of these tests. Additionally, it is necessary to continuously educate
medical staff on the mechanisms that determine bacterial resistance to antibiotics and the
principles of their rational use.
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