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ABSTRACT Multidrug-resistant (MDR) Pseudomonas aeruginosa infections are associ-
ated with poor patient outcomes due to complex co-resistance patterns. We described
common co-resistance patterns, clinical characteristics, and associated outcomes in
patients admitted with an MDR P. aeruginosa. This national, multicenter, retrospective
cohort study within the Veterans Affairs included adults hospitalized with a MDR
P. aeruginosa infection (January 2015-December 2020) per Centers for Disease Control
definition. Clinical outcomes were compared among those with differing MDR P. aeru-
ginosa co-resistance: resistant to carbapenems and extended-spectrum cephalosporins
and piperacillin-tazobactam (CARB/ESC/PT) versus without CARB/ESC/PT resistance; re-
sistant to carbapenems and extended-spectrum cephalosporins and fluoroquinolone
(CARB/ESC/FQ) versus without CARB/ESC/FQ resistance. We included 3,763 hospitalized
patients. Co-resistance to CARB/ESC/PT was observed in 42.7%, and to CARB/ESC/FQ
in 40.7%. The lowest co-resistance rates were observed with ceftolozane-tazobactam
(6.2%, n = 6/97; 12.5%, n = 10/80, respectively) and ceftazidime-avibactam (5.2%,
n =5/97; 12.5%, n = 10/80, respectively). Overall, 14.2% of patients died during hospi-
talization, 59.7% had an extended length of stay, and 14.9% had reinfection with hos-
pitalization. Outcomes were similar between patients with MDR P. aeruginosa strains
with and without co-resistance to CARB/ESC/PT and CARB/ESC/FQ. Among a national
cohort of patients hospitalized with MDR P. aeruginosa infections, co-resistance to
three classes of standard of care antibiotics, such as carbapenem, extended-spectrum
cephalosporins, and piperacillin-tazobactam or fluoroquinolones, exceeded 40% in our
study population, posing great concerns for selecting appropriate empirical therapy.
Clinical outcomes were poor for all patients, regardless of different co-resistance pat-
terns. New treatment options are needed for hospitalized patients with suspected or
confirmed MDR P. aeruginosa infections.

IMPORTANCE We studied antibiotic co-resistance patterns in a national group of
hospitalized patients with infections due to multidrug-resistant (MDR) Pseudomonas
aeruginosa, a type of bacteria that resists treatment to at least three classes of anti-
biotics. Co-resistance to antibiotic classes most typically used for treatment was
common, which makes selecting appropriate antibiotics to successfully treat the
infections difficult. Outcomes, including death, were poor for all patients in our
study, regardless of the different patterns of co-resistance to common antibiotic
classes. New antibiotics are needed to help treat hospitalized patients with MDR
P. aeruginosa infections.
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seudomonas aeruginosa infections are associated with high mortality, prolonged

hospital stays, and increased health care costs (1). The poor clinical outcomes asso-
ciated with these infections are mainly due to their multidrug-resistant (MDR) nature,
limiting effective antibiotic treatment options (1). P. aeruginosa has the remarkable
ability to evade the effects of many commonly used antibiotics such as carbapenems,
cefepime, piperacillin-tazobactam, and fluoroquinolones (2, 3). Often, these multiple
resistance mechanisms co-occur, conferring MDR P. aeruginosa strains, which often
have complex co-resistance patterns (4). Up to 25% of clinical P. aeruginosa isolates
worldwide are MDR (5). Our previous research has demonstrated high rates of P. aeru-
ginosa across the national Veterans Affairs (VA) Healthcare System (6). Among over
20,000 clinical P. aeruginosa isolates collected from inpatient settings, 24% were resistant
to at least one of the following antibiotic classes: carbapenems, extended-spectrum
cephalosporins, piperacillin-tazobactam, or fluoroquinolones. The prevalence of MDR
P. aeruginosa in inpatient settings was 22%.

P. aeruginosa resistance is already well defined, and mortality is highest among
patients infected with MDR P. aeruginosa strains. We, therefore, set out to determine
co-resistance patterns among MDR P. aeruginosa, and subsequent patient outcomes.
Co-resistance has previously been defined as antibiotic resistance in a subset of iso-
lates already resistant to other antibiotics and provides a different means for evaluat-
ing MDR organisms, and ultimately identifying novel empirical treatment options (7).
Evaluating co-resistance sheds light on the challenges clinicians face when multiple
classes of antibiotics are no longer treatment options. Despite the clinical importance
of MDR P. aeruginosa, few studies offer comprehensive evaluations of co-resistance to
commonly used antibiotics among hospitalized patients with MDR P. aeruginosa infec-
tions (7). This study examined antibiotic co-resistance among hospitalized patients
with MDR P. aeruginosa infections and assessed the demographics, comorbidities, clini-
cal characteristics, and outcomes of the study population. We then explored the
impact of common co-resistance patterns on clinical outcomes.

RESULTS

Overall, 3,763 hospitalized patients with MDR P. aeruginosa infection were identified
over the study period. The most common sources of infection were urine (41.4%) and
respiratory (31.8%). Demographics, comorbidities, and clinical characteristics of the
study population are shown in Table 1. Patients were older (mean age 69.4 years),
males (97.8%), with a high comorbidity burden (median Charlson score 4), and more
than half (51.6%) spent time in intensive care during the hospitalization. Healthcare
exposures in the 90 days prior to admission were common, with 47.4% having a previ-
ous hospital stay, 18.1% intensive care stay, and 7.0% nursing home stay. Antibiotic
exposures in the 90 days before admission were also common, with 63.1% exposed to
antibiotics previously. Almost a quarter (22.8%) of patients had a prior P. aeruginosa
culture 90 days before admission.

Resistance and co-resistance. Resistance and co-resistance rates are shown in
Fig. 1 and by culture source in Table S1 in the supplemental material. Individual resist-
ance to commonly used antibiotics was high among MDR P. aeruginosa index isolates,
including carbapenems (72.3%, n = 2,600/3,596), extended-spectrum cephalosporins
(80.9%, n = 3,028/3,742), piperacillin-tazobactam (76.7%, n = 2,681/3,496), and fluroqui-
nolones (82.7%, n = 3,082/3,726). Ceftolozane-tazobactam (8.3%, n = 8/97) and ceftazi-
dime-avibactam (15.0%, n = 12/80) resistance rates were low, however few index MDR
P. aeruginosa isolates were tested for susceptibility to these agents.

Co-resistance to carbapenems and extended-spectrum cephalosporins with piperacillin-
tazobactam (CARB/ESC/PT) was 42.7% (n = 1,419/3,320) and with fluoroquinolones (CARB/
ESC/FQ) was 40.7% (n = 1,446/3,550). Lower rates of co-resistances were observed with the
addition of aminoglycoside resistance to each of these patterns of co-resistance (17.7%
CARB/ESC/PT, n = 585/3,307; and 22.1% CARB/ESC/FQ, n = 783/3,53). The lowest rates of co-
resistance were observed with the addition of ceftolozane-tazobactam (6.2% CARB/ESC/PT,

September/October 2022 Volume 10 Issue 5 10.1128/spectrum.02336-22 2


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02336-22

Microbiology Spectrum

Co-Resistance MDR Pseudomonas aeruginosa

RUETGIEEY
9|qndadsns |eniur pue ‘abe ‘uolssiwpe bulinp sisoubelp uoid3)ul 1oe1] A1eULIN ‘UOISSIWPE 210J9 SABP 06 Y3 Ul SI110IG1IUR ‘UOISSIWPE JULIND BuLINP JUSWILR3I] JUN 9B SAISUIUI “JUSWIeDI) Suojoulnboionyy Joy paisnipy,
'924Nn0s 21n3nd Aiojelidsal
pue ‘uolssiwpe bulnp sisoubelp uoidajul 1oe1] AIBULIN ‘UOISSIWPE 21090 SABP 06 DY) Ul 21N1|ND bSOUIBNIAD 4 ‘2103 J9SNeYXI|F ‘JUdWIeaI) duojouinbolony ‘sanipigiowod A>ueubijew pue ainjie) 1eay aAlsabuod 1oy paisnipyy
JUsWI1eaJ] 9|q11dadsNs [eniul pue ‘uoldRjuUl palinboe-|eldsoy ‘924nos suln ‘A11d1uylL djuedsiH ‘9be ‘uoissiwpe AJluNWWod ‘Uolssiupe
03 Jo1id sAep 06 2y Ul SO110IGIIUE ‘UOISSIWIPE JULIND BULINP JUSWIESI] HUN 21D SAISUU ‘UOoIssiwpe Buunp sisoubelp 4a3|n pue ‘elwa13das ‘ejuownaud !sa11pIqIOWod 3seasip Jejndsen |esayduad pue ‘aseasip JaAl| ‘9sessip
J1e[n2seA0Igalad ‘aunjie) A1ojesidsal pue J9Ad) JuaLINd Quawieal) uixAwA|jod pue ‘suojouinboiony ‘uiodsojeydad wniidads-papusixs ‘We1deqozel-suezo|0lyad ‘WeldeqiAe-awipize)yad ‘wauadeqied ‘OpisodA|boulwe 1oy paisnipys
JUSW1LaI] 9|q11dAdSNS [el1IUI PUB ‘UOoIIdRJUI palinboe-jendsoy ‘9ol 1ym ‘A11d1UyId diuedsiH ‘uoissiwpe
AlUNWWOD ‘Uoissiwpe 31043q sAep 06 Y1 Ul SO110IgIIUE ‘Uoissiwpe 01 Jolid sAep 06 Y3 Ul 21NN DSOUIBNIAD ‘¢ ‘UOISSILIPE JUSLIND BuLNp JUSWES.) 11UN 318D SAISUSIUI ‘2105 J9SNeYXI|F ‘uoissiwpe Buunp sisoubelp Jad|n pue
eluownaud 3doys pue ‘ainjiey A101elidsal “4aAd) ‘21ed [ed1paw Jo sainpadold [ed16ans Jo uonedidwod Juanind qusawieal) uixAwAjod pue ‘uiodsoleydad wnidads-papualxe ‘We1deqoze)-auezojo)ad ‘dpisodA|boulwe Joj paisnipy,
'uo11d3jul paiinboe-jeidsoy pue ‘92IN0s 31NN 9NSSI1 YOS pue upjs ‘obe ‘UoIsSILPe 1U23J BulINP 1USWI1L3I] 1IUN 1B SAISUIUL ‘9SeISIP JAAI| ‘uoIssiupe buunp sisoubelp
uo[1994ul 1oe1) Aleuln pue ejwad13das {uoldJejul [elpJedoAw pue ainjiey A1oresidsas Juaund ‘Juawieal) uixAwAjod pue ‘uuodsojeydad wniidads-papuslxs ‘Weldeqiae-awipizelyad ‘wauadeqied ‘apisodK|Boulwe Jo) paisnlpys,
JUSWI1EeaJ] 9]q11dadSNS [1IUI PUR ‘UOISSILUPE JU4IND BUlINP JUSWILR3J] LIUN 1B SAISUSIUI ‘9101S JasneyXxI|] ‘uolssiwpe bulinp sisoubelp uoidajul 1oes] Aleulin pue elwadndas ‘san1pigqiowod
Aoueubijew pue ainjie) 1eay aA1saHU0D Hd0ys pue ‘ainjie) A10ielidsal ‘21ed [edIpaw 4o sainpadoid [e2164ns Jo uonedijdwod JuaLnd Juawieas) uixAwAjod pue ‘uodsojeydad wnildads-papualxs ‘apisodk|boulwe Joy paisnipy,
*A11191dasNs J0) P1Sa] BI9M SISSE|D D110Iq1IUR 3S3U] JO JaM3) JO OM] Se sjudiled €17 J10) 9|ge|ieAe 10U e1eq *(UIDEXO|JOAS| ‘Uidexolyoidid) ssuojouinboionyy pue ‘(awipizeyyad 4o swidayad) sutiodsojeydad wnildads-papualxe
‘(wauaduop 1o ‘wauadossw ‘wauadiwi) swauadequed 591106913 BuIMO||0) Y] JO SUO 153 1B Ul Bnup dUO 1sed| 18 01 9|qNdadsNs Pa1sal 1Y) 9SOY) Se PauLYapP 2J9M 9DUR]SISI-0D duojouinboiony pue ‘ulodsojeydad wnioads
-papua1xa ‘wauadeqied INOYLM SuleilS “(UIDeXOJOA3| ‘Uidexo|joidid) ssuojouinboionyy pue ‘(swipizesd Jo swidayad) suiodsojeydad wniidads-papuslxs ‘(wauaduop Jo ‘wausdolsw ‘wauadiwi) swauadeqied :salobared
BuImo||0) 93 JO Yde3 Ul Bnip U0 1se3| 1B 01 JUL)SISD JO D1RIPAWIAIUI PA1S] 1ey] SSOY) Se PAUYSP 3I9M 9DURISISII-0d duojouinboionyy pue ‘uniodsojeydad wnidads-papuaixa ‘wauadeqgied e Yim sulels bsouibniab “d YA
‘Aujiqndadsns 1oy paisal
2J9M S3558|D D110IqIIUR 3S3Y) JO JaM3) 10 OM] se sjuaned g1 104 dqe|ieAe Jou eleq ‘(weldeqozel-uj|jidesadid ‘uljjpesadid) weideqozel-uiidesadid pue ‘(dwipizelyad 1o swidayad) suliodsojeydad wnudads-papualxs ‘(wauaduop
Jo ‘wauadosaw ‘wauadiwi) swauadeagued :sa110631e3 Huimo||o) Y3 JO | 15e3] 1e ul bnup suo 1sea) 1e 0] 9|q11dadsNns Pa1sal 1Y) SSOUL Se PAULSP 219M SDUR]SISII-0D We}deqoze)- esadid pue ‘uodsojeydsd wniidads-papusixs
‘wauadeqied JNOYIIM sulens ‘(weideqozel-uljjpesadid ‘uljjpesadid) weldeqozel-uijidesadid pue ‘(Swipizeyad 1o swidayad) suiodsojeydad wnidads-papualxa ‘(wauaduop Jo ‘wauadossw ‘wauadiwi) swauadeqgued :sali0ba1ed
Buimo(|o) a3 Jo Yoes ul Bnip SUo 1se3)| 1B 01 JUL]SISDI JO D1RIPAWISUI PR1SA] 1BY] SSOY] PAULSP 219M 9OUR]SISII-0D Weldeqozel-uljjpesadid pue ‘uliodsojeydsd winidads-papusixa ‘wauadeqied e Yum suleils bsouibniab “d 4dWg
‘psoutbniab ‘g YQW Yum pardajul syusiied pazijendsoy jo uonejndod uno Huowe paAIasqo sulaiied 3dUr1SISDI UOWWIOD J0) paluasald aie elep awodINQ 'sisA|eue a|qelieAln|nw ul Juedyiubis saledipul pjog,

ab.eydsip Jo UK suo
ulyum uonezijeydsoy
YIM uondajulal
(6S°L-80°L)LE'L (%9°€1) 98¢ (%L 91) Tve y(€1°1-9£°0) €60 (%S 1) €6C (%L€1) S61 (%611) 095 psouibniap ‘d 4aw
uelpaw sy uey
191e216 Ae3s [eudsoy

5(00°L-69°0) Z8°0 (%9'£8) TLT'L (%T'79) 668 ,A0L°L-S£0) L60 (%T¥S) 0€0°L (%L'99) 96 (%L£'6S) 9¥T'T 40 y3bua| papuaixy
5(ST°1-080) 0'L (%9°€1) £8C (%¥'Sl) 7Tt p(LEL-¥8°0) LO'L (%S'LL)6lT (%L L1) LST (%T¥l) €E€S Ajjeyow yusnedu)
(1easszul (701°C = N) »(sasse|d (9r¥'L = N) >9>uelsisal (1ensa3un (L06°'L=N) (6L¥'L =N) q92ueISISaI-00 (€9/°€ =N) IV S9W0d1No |esiuld
92UdBPYUOI %G6)  dNI0IqIIUE 3S3Y] JO SUO -0> auojouinboiony 92UIPLUOD %S6) q(sessep dnoiquue  wejdeqozey/ujjjpessdid
‘onjes sppo paisnipy 1sed| je 01 3|qndadsns pue ‘uiodsojeydad ‘ones sppo paisnipy 959} JO BUO )ses| je 0} pue ‘unodsojeydad
sny3) adueasisal wnJads-papualxs 3|qndadsns snyj) adueisisal wnJads-papualxs
-0d suojouinboiony pue ‘wauadeqied yyum uiens -0 wejpeqozey/uijjpesadid  ‘wauadeqied yum uiens
‘usodsojeydad wnJiydads pue ‘uiodsojeydad
-papuaixa ‘wauadeqied wnJ>ads-papuslxa
1NOYUM uiens ‘wauadequed Jnoyum urens

»SUJa11ed 3DUR)SISAI-0D UOWWOD AQ PayYIIRIIS UOIDRJUI DSOUIBNIaD spuowopnasd AW Yum siuaned pazijeydsoy buowe sswodino [ediuld L 319YL

3

10.1128/spectrum.02336-22

September/October 2022 Volume 10 Issue 5


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02336-22

Co-Resistance MDR Pseudomonas aeruginosa

100%
75%
3
[
8
°
g 50%
8 cARBIESTION.
[
25%
5/5! Gl}a'ssés
i +CA +CA
er +CT+@T
0%
1 2 3 4 5

Number of antibiotic resistance classes

Microbiology Spectrum

@ Resistantto 1 or more of 5 antibiotic
classes

@ Resistantto 2 or more of 5 antibiotic
classes

Resistant to 3 (CARB/ESC/PT) or more of 5
antibiotic classes

@ Resistantto 3 (CARB/ESC/FQ) or more of §
antibiotic classes

@ Resistantto 4 or more of 5 antibiotic
classes

@ Resistantto 5 of 5 antibiotic classes

FIG 1 Resistance and co-resistance in MDR Pseudomonas aeruginosa. Bubbles represent percent resistance or co-resistance for the antibiotic
class/classes indicated among multidrug-resistant (MDR, tested either intermediate or resistant to at least one antibiotic in at least three
categories [AMG, CARB, ESC, FQ, PT]) Pseudomonas aeruginosa isolates. Colors represent antibiotic class/classes of resistance. Yellow bubbles
represent co-resistance to CARB/ESC/PT and additional classes (as indicated with the + sign). Green bubbles represent co-resistance to CARB/
ESC/FQ and additional classes (as indicated with the + sign). Size of bubbles represent the number of isolates tested. AMG = aminoglycosides
(amikacin, gentamicin, tobramycin); CA = ceftazidime-avibactam; CARB = carbapenems (imipenem, meropenem, doripenem); CT = ceftolozane-
tazobactam; ESC = extended-spectrum cephalosporins (cefepime, ceftazidime); FQ = fluoroquinolone (ciprofloxacin, levofloxacin); PT =

piperacillin-tazobactam.

n = 6/97; 12.5% CARB/ESC/FQ, n = 10/80) and ceftazidime-avibactam (5.2% CARB/ESC/PT,
n =5/97; 12.5% CARB/ESC/FQ, n = 10/80) to each of these co-resistance patterns. Resistance
to at least 4 and 5 classes were observed in 43.3% (n = 1,618/3,739) and in 18.2% (n = 522/
3,281) of index isolates.

The highest rate of co-resistance to CARB/ESC/PT was observed from index respira-
tory isolates (48.9%, n = 517/1,057) and CARB/ESC/FQ from urine isolates (48.6%,
n=629/1,468).

Clinical outcomes. Clinical outcomes are shown in Table 2. Overall, 14.2% of
patients with MDR P. aeruginosa infection died during the hospitalization and 14.9%
had reinfection within 1 year of discharge. The median length of stay from culture to
discharge was 11 days (IQR 5-28). Inpatient mortality (17.7% versus 11.5%) and
extended length of stay (66.7% versus 54.2%) were significantly higher among those
infected with MDR P. aeruginosa strains with CARB/ESC/PT co-resistance versus without
CARB/ESC/PT co-resistance. MDR P. aeruginosa reinfection (16.7% versus 13.6%) and

TABLE 2 Definitions of resistance in Pseudomonas aeruginosa

Resistance phenotype Definition

Carbapenem-resistant Any isolate that tested either (I) or (R) to at least 1 of these: imipenem, meropenem, or doripenem
Extended-spectrum cephalosporin-resistant Any isolate that tested (R) to at least 1 of these: cefepime or ceftazidime
Piperacillin-tazobactam-resistant Any isolate that tested (R) to at least 1 of these: piperacillin, piperacillin-tazobactam
Fluoroquinolone-resistant Any isolate that tested (R) to at least 1 of these: ciprofloxacin, levofloxacin
Aminoglycoside-resistant Any isolate that tested (R) to at least 1 of these: amikacin, gentamicin, tobramycin
Multidrug-resistant (MDR) Any isolate that tested either (I) or (R) to at least 1 drug in at least 3 of these categories:

Extended-spectrum cephalosporins (cefepime, ceftazidime)

Fluoroquinolones (ciprofloxacin, levofloxacin)

Aminoglycosides (amikacin, gentamicin, tobramycin)
Carbapenems (imipenem, meropenem, doripenem)
Piperacillin Group (piperacillin, piperacillin-tazobactam)
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extended length of stay (62.2% versus 57.6%) were significantly higher among those
infected with MDR P. aeruginosa strains with CARB/ESC/FQ co-resistance versus with-
out CARB/ESC/FQ co-resistance. However, in multivariable-adjusted analyses, out-
comes were generally similar between patients infected with MDR P. aeruginosa strains
with co-resistance patterns to CARB/ESC/PT and CARB/ESC/FQ versus without these
co-resistance patterns. The odds of MDR P. aeruginosa reinfection were significantly
higher among patients infected with strains with CARB/ESC/FQ co-resistance versus
without CARB/ESC/FQ co-resistance (adjusted odds ratio [OR] 1.31, 95% confidence
interval [CI] 1.08-1.59).

DISCUSSION

Among hospitalized patients with MDR P. geruginosa infection, we identified high
rates of antibiotic co-resistance to carbapenems and extended-spectrum cephalospo-
rins, plus piperacillin-tazobactam resistance or fluroquinolone resistance. By examining
co-resistance, instead of just individual antibiotic resistance rates, our study provides a
more robust evaluation of resistance patterns in MDR P. aeruginosa. It brings further
attention to the limited effective therapy options that clinicians have in their armamen-
tarium to treat these complex infections.

The most commonly recommended agents for the empirical treatment of patients
with suspected or documented MDR P. aeruginosa infections include one of the follow-
ing antipseudomonal beta-lactam backbone agents: meropenem, imipenem, piperacil-
lin-tazobactam, cefepime, and ceftazidime (2, 8-10). However, less than 50% of MDR
P. aeruginosa isolates retain activity against these agents (2). In our study of hospital-
ized patients with MDR P. aeruginosa infections, observed susceptibility to these agents
was even lower than previous reports, with only 27.7% demonstrating susceptibility to
carbapenems, 19.1% to extended-spectrum cephalosporins, and 23.3% to piperacillin-
tazobactam. A more concerning finding of our work was that of patients infected with
MDR P. aeruginosa, almost half (42.7%) were co-resistant to all three antipseudomonal
beta-lactam backbone agents (carbapenems, extended-spectrum cephalosporins, and
piperacillin-tazobactam). Previous work has also shown this concerning co-resistance
pattern is common among MDR P. aeruginosa isolates, with imipenem, cefepime,
piperacillin-tazobactam, and aztreonam co-resistance, and ciprofloxacin demonstrating
susceptibility, being the third most common pattern (11.6%) observed among 750
MDR P. aeruginosa isolates collected at 26 U.S. clinical laboratories between 2015 and
2017 (11).

Fluoroquinolones or aminoglycosides may be used as empirical therapy in combina-
tion with one or more of the antipseudomonal beta-lactam backbone agents when MDR
P. aeruginosa is suspected (2, 10, 12). We also observed high co-resistance to carbape-
nems, extended-spectrum cephalosporins, and fluoroquinolones (40.7%). In addition, we
observed co-resistance to carbapenems, extended-spectrum cephalosporins, piperacil-
lin-tazobactam, and fluoroquinolones in 29.3%, leaving very few effective treatment
options in patients infected with MDR P. aeruginosa strains co-resistant to these agents.
In previous work, imipenem, cefepime, piperacillin-tazobactam, ciprofloxacin, and
aztreonam resistance was the most common pattern (27.9%) observed among 750 MDR
P. aeruginosa isolates (11). We observed lower individual antimicrobial resistance and co-
resistance rates with aminoglycosides. These findings are supported by previous work
which found that amikacin retained the highest percent susceptibility (96%) among
MDR P. aeruginosa isolates from 26 clinical laboratories in the United States (11). Another
previous multicenter retrospective study of 205 patients with MDR P. ageruginosa infec-
tions observed high aminoglycoside susceptibility rates (78.6% amikacin, 57.7% gentami-
cin, and 74.3% tobramycin) (13). Despite retaining activity, the role of aminoglycosides in
the treatment of MDR P. aeruginosa infections remains limited due to toxicity and infe-
rior efficacy and effectiveness as monotherapy (14-16).

Treatment decisions become increasingly complicated for MDR P. aeruginosa co-resistant
to several antibiotic classes, leading to delays in the initiation of susceptible therapies and
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the need for other less commonly used antibiotic treatments or the use of antibiotic treat-
ments with known toxicities or poor safety profiles (1). Our study found that patients
infected with MDR P. aeruginosa strains with CARB/ESC/PT and CARB/ESC/FQ co-resistance
patterns generally had similar outcomes compared to those without these co-resistance
patterns. This is the first work to compare outcomes between patients infected with MDR
P. aeruginosa strains with and without specific co-resistance patterns. Previous work has
generally focused on comparing outcomes among those with MDR P. geruginosa strains
and those with multidrug-susceptible strains (1). These previous studies have demonstrated
significant increases in morbidity, mortality, surgical interventions, length of hospital stay,
chronic care for treatment of infection, and treatment costs in patients with infections due
to drug-resistant versus drug-susceptible P. geruginosa strains (17-21). For example, one
study found a significantly higher crude mortality rate in patients with MDR P. aeruginosa
infections compared with multidrug-susceptible P. aeruginosa (54.5% vs 16.2%; P < 0.05) in
univariate analysis, however the impact of MDR was not evaluated in multivariable analysis
(22). In contrast to these findings, outcomes were generally similar between those infected
with and without specific co-resistance patterns. However, MDR P. aeruginosa reinfection
was significantly higher among those infected with strains demonstrating CARB/ESC/FQ co-
resistance. Previous work has shown that most recurrent episodes of P. aeruginosa pneumo-
nia in ventilated patients occur due to persistence of strains present in a prior infection
rather than reinfection to a new one (23). In addition, prompt initiation of appropriate anti-
biotic therapy is a fundamental principle in treating serious infections due to MDR P. aerugi-
nosa (2). Delays in appropriate therapy may contribute to infection and treatment failure
persistence (1). Therefore, our finding may be related to delay in time to appropriate ther-
apy, persistence of infection, and/or treatment failure among patients infected with CARB/
ESC/FQ co-resistant strains of MDR P. aeruginosa.

Because of complex co-resistance patterns to older antipseudomonal antibiotics,
newer agents with activity against MDR P. aeruginosa, such as ceftazidime-avibactam
and ceftolozane-tazobactam, are increasingly being used for the treatment of serious
infections (2). While few patients in our study had infections with MDR P. aeruginosa
isolates that were tested for susceptibility to these agents, we did observe low rates
(=15%) of individual resistance and co-resistance to ceftazidime-avibactam and ceftolo-
zane-tazobactam. Our study may have important implications for antimicrobial stewardship
programs that are weighing empirical use of newer versus older antipseudomonal agents,
namely, meropenem, imipenem, piperacillin-tazobactam, cefepime, and ceftazidime (24). It
may be important to initiate therapy with newer agents in patients with known risk factors
for MDR P. aeruginosa, such as previous infection or colonization with P. aeruginosa, 1CU
stays, and previous health care and antibiotic exposure, which were prevalent among our
study population (18, 25, 26). Future studies are needed to identify patient populations that
would benefit clinically from empirical or earlier initiation of newer antipseudomonal antibi-
otics compared to older combination therapies.

The limitations of our study are as follows. Antimicrobial susceptibility testing
across the VA Healthcare System is not uniform and the methodology used to test sus-
ceptibility at each site may differ. Isolates that did not have reported MICs were ana-
lyzed using the laboratory’s interpretation, which may or may not reflect the most up-
to-date breakpoints and definitions. Further, we may have overestimated antibiotic
resistance by including isolates that are intermediate into our resistance category.
However, this aligns with the phenotypic definition of MDR P. aeruginosa used by the
Centers for Disease Control (27). Moreover, different laboratories may have different
antibiotics selected for routine susceptibility testing, leading to different denominators
based on which antibiotics were tested for susceptibility. Few isolates were tested for
susceptibility to newer agents including, ceftazidime-avibactam and ceftolozane-tazo-
bactam. There are other newer antipseudomonal agents, including cefiderocol, imipe-
nem/relebactam, and meropenem-vaborbactam, that were even more recently
approved than ceftazidime-avibactam and ceftolozane-tazobactam and not included
in our study. Another limitation is that we did not assess clinical symptoms and could
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not discern between colonization versus true clinical MDR P. aeruginosa infection.
However, our definition of infection did require antipseudomonal treatment in addi-
tion to a positive culture. We measured all-cause mortality as cause of death was not
available. Finally, the generalizability of our study which included a mostly older male
Veteran population to the general population is limited.

Conclusion. Among a national cohort of patients hospitalized with MDR P. aeruginosa
infections, co-resistance to three classes of standard of care antibiotics, such as carbape-
nem, extended-spectrum cephalosporins, and piperacillin-tazobactam or fluoroquinolones,
exceeded 40% in our study population, posing great concerns for selecting appropriate
empirical therapy. Clinical outcomes were poor for all patients, regardless of different co-
resistance patterns. New treatment options are needed for hospitalized patients with sus-
pected or confirmed MDR P. aeruginosa infections.

MATERIALS AND METHODS

This national, multicenter, retrospective cohort study was conducted among patients receiving care
in the VA Healthcare System. We used data from national VA data sets, including inpatient admissions,
inpatient and outpatient care, diagnoses, procedures, vital status, microbiology, and pharmacy. The
study was approved by the Institutional Review Board (IRB) and the Research and Development (R&D)
Committee of the Providence Veterans Affairs Medical Center prior to initiation. This research was con-
ducted with a waiver of informed consent from the Providence VA Medical Center IRB.

Patients were included if they were 18 years of age or older and hospitalized in a VA medical center
with an MDR P. aeruginosa infection between 1 Jan. 2015 and 31 Dec. 2020. MDR P. aeruginosa infection
was defined as a positive MDR P. aeruginosa culture from any source and administration of at least one
antipseudomonal treatment (piperacillin-tazobactam, piperacillin, cefepime, ceftazidime, imipenem, dor-
ipenem, meropenem, ciprofloxacin, levofloxacin, gentamicin, tobramycin, amikacin, aztreonam, colistin,
polymyxin B, ceftolozane-tazobactam, and ceftazidime-avibactam) during admission. Per the Centers for
Disease Control phenotype analytical definitions for classifying antibiotic resistance categories (Table 3),
MDR P. aeruginosa was defined as a P. aeruginosa isolate that demonstrated intermediate (I) or resistant
(R) antimicrobial susceptibility to at least one antibiotic in at least three of the following drug classes:
aminoglycosides (amikacin, gentamicin, tobramycin), carbapenems (imipenem, meropenem, doripenem),
extended-spectrum cephalosporins (cefepime, ceftazidime), fluoroquinolones (ciprofloxacin, levofloxacin),
and piperacillin-tazobactam (piperacillin, piperacillin-tazobactam) (27). For patients with multiple MDR
P. aeruginosa infection admissions during the study period, only the first was included.

The first MDR P. aeruginosa culture collected during the admission was used to identify the index
P. aeruginosa isolate. If the patient had multiple MDR P. aeruginosa cultures collected on the same day from
different culture sources, then the culture from the most sterile source (cerebrospinal fluid > blood > bone
and joint > catheter tip > intraabdominal > respiratory > skin and soft tissue > urine > other > unknown)
was selected as the index isolate.

Resistance and co-resistance. Individual antimicrobial resistance and co-resistance to multiple
classes of antibiotics of the index MDR P. aeruginosa isolate were evaluated. The following five classes of
antibiotics were assessed for resistance and co-resistance: aminoglycosides, carbapenems, extended-
spectrum cephalosporins, fluoroquinolones, and piperacillin-tazobactam. Resistance and co-resistance
to ceftolozane-tazobactam and ceftazidime-avibactam were also evaluated. Resistance and co-resistance
rates were stratified by culture source. MICs were used to determine susceptibility results based on
Clinical and Laboratory Standards Institute breakpoints for susceptibility where available. Interpretations
of the clinical laboratory performing the testing were used where MICs were unavailable. Resistance was
defined as nonsusceptibility (I or R) for this study (27).

Demographics, comorbidities, and clinical characteristics. Demographics, comorbidities, and clini-
cal characteristics were described among our cohort of hospitalized patients with MDR P. aeruginosa infec-
tion. Current medical problems and comorbidities were identified using the International Classification of
Diseases, Ninth or Tenth Revision (ICD-9 or ICD-10) diagnosis and procedure codes during the admission.
Previous P. aeruginosa cultures, health care exposures, and antibiotic exposures were evaluated 90 days
before admission.

Clinical outcomes. Clinical outcomes evaluated included inpatient mortality (defined as death due
to any cause from hospital admission to discharge), extended length of stay (defined as length of hospi-
tal stay from culture collection greater than the median), and reinfection with hospitalization (defined as
a subsequent admission with an MDR P. aeruginosa culture and antipseudomonal treatment within
1 year of discharge). For patients that died during the admission, the date of death was considered the
end of the hospital stay. An extended length of stay has previously been defined as a length of stay
greater than the typical length of stay of the population (28). We assessed reinfection with hospitaliza-
tion up to 1 year of discharge, as previous work has shown that further episodes of P. aeruginosa typi-
cally occur within several months to years of the initial episode (29).

Statistical analysis. Descriptive statistics in the form of counts and percentages were used for
describing resistance and co-resistance rates. Resistance and co-resistance rates were calculated among
patients with index MDR P. aeruginosa isolates that were tested for susceptibility to that specific antibiotic/
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TABLE 3 Demographics, comorbidities, clinical characteristics, and outcomes of hospitalized

patients with MDR Pseudomonas aeruginosa infection

N (3,763 unique

Demographics patients)
Age (yr), mean (SD) 69.4 (12.0)
Male 3,680 (97.8%)
White 2,537 (67.4%)
Black 951 (25.3%)
Asian 19 (0.5%)
Hispanic 320 (8.5%)
Married 1,766 (46.9%)
Admission source

Home/community 3,092 (82.2%)

Long-term care 389 (10.3%)

Another hospital
Other/unknown

Intensive care unit during current admission
Charlson score, Median (interquartile range)
Elixhauser score, Median (interquartile range)

Current medical problems
Respiratory failure
Fever of unknown origin
Acute renal failure
Shock
Complications of surgical procedures or medical care

Comorbidities during admission
Myocardial infarction
Congestive heart failure
Peripheral vascular disease
Cerebrovascular disease
Dementia
Chronic pulmonary disease
Liver disease
Diabetes
Malignancy

Healthcare exposures in the 90 days prior to admission
Hospitalization
Nursing home
Intensive care

Antibiotics in the 90 days prior to admission
P. aeruginosa culture in the 90 days prior to admission
Hospital-acquired infection®

Infection diagnoses during admission®
Bacterial infection of an unspecified site
Skin and subcutaneous infection
Ulcers
Intraabdominal infection
Urinary tract infection
Osteomyelitis
Chronic osteomyelitis
Pneumonia
Septicemia

Initial susceptible treatment®

161 (4.3%)
121 (3.2%)

1,942 (51.6%)
4 (2-6)
5(4-7)

1,815 (48.2%)
576 (15.3%)
1,531 (40.7%)
829 (22.0%)
1,209 (32.1%)

382 (10.2%)
1,199 (31.9%)
720 (19.1%)
659 (17.5%)
494 (13.1%)
1,620 (43.1%)
341 (9.1%)
1,741(46.3%)
675 (17.9%)

1,784 (47.4%)
264 (7.0%)
682 (18.1%)

2,374 (63.1%)
859 (22.8%)
472 (12.5%)

2,587 (68.8%)
674 (17.9%)
1,755 (46.6%)
421 (11.2%)
2,107 (56.0%)
726 (19.3%)
439 (11.7%)
1,676 (44.5%)
1,924 (51.1%)

1,259 (33.5%)

9Hospital-acquired infection was defined as a culture taken >2 days after admission and no previous

P. aeruginosa culture in the 90 days prior to admission.

bInfection diagnoses during admission are not mutually exclusive. Patients may have had more than one

infection diagnosis during the admission.

<Initial susceptible treatment was defined as receipt of at least one susceptible antibiotic treatment within 48 h

of the index culture date.
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class or co-resistance pattern; hence the denominator changes for different individual antimicrobial resist-
ance and co-resistance patterns.

To determine whether clinical outcomes vary between patients with differing MDR P. aeruginosa re-
sistance patterns, we built six logistic regression models to compare clinical outcomes (dependent vari-
able: inpatient mortality, extended length of stay, and reinfection with hospitalization) among patients
with and without two common resistance patterns identified in our study population (independent vari-
ables of interest). The first resistance pattern assessed was MDR P. aeruginosa strains with and without
co-resistance to carbapenems and extended-spectrum cephalosporins and piperacillin-tazobactam (with
CARB/ESC/PT resistance versus susceptible to CARB, ESC, and/or PT). The second resistance pattern
assessed was MDR P. aeruginosa strains with and without co-resistance to carbapenems and extended-
spectrum cephalosporins and fluoroquinolones (with CARB/ESC/FQ resistance versus susceptible to
CARB, ESC, and/or FQ). Confounders significantly associated with co-resistance and clinical outcomes
were controlled for in the adjusted logistic regression models (other independent variables included in
models which are listed in the footnote of Table 2). Backwards, automatic, stepwise, unconditional logis-
tic regression (initial selection P value < 0.1, retained in model P value < 0.05) was used to calculate
adjusted ORs and 95% Cls. Analyses were completed with SAS (Version 9.2).

Data availability. The study data may be made available upon reasonable request and approval by
the Department of Veterans Affairs.
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