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Biofilm Production by Uropathogens in Postmenopausal
Women with Recurrent and Isolated Urinary Tract Infection
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Objectives: The aims of this study were to assess the in vitro biofilm-
producing capabilities of uropathogens grown from a postmenopausal
urogynecologic population with isolated and recurrent urinary tract infec-
tion (UTI) and to determine whether the biofilm-producing bacterial phe-
notype was associated with recurrent infection.
Methods: This was an institutional review board–approved cross-
sectional analysis within a large academic referral center. Uropathogens
were cultured from postmenopausal women with either isolated or recur-
rent acute UTI and then screened for in vitro biofilm formation using crys-
tal violet microtiter assays. Demographic and clinical variables, including
pelvic floor symptoms and surgical history were collected and analyzed.
A multivariate model was developed to determine whether recurrent UTI
was independently associated with biofilm production.
Results: Eighty-nine women were included: 67.4%White, 25.8% Black,
3.4% Asian, and 1.1% Hispanic with a mean age of 72 ± 10.5 years.
Ninety-five uropathogen strains were isolated. Most uropathogens produced
biofilm (n = 53, 55.8%). Uropathogens from women with recurrent UTI
were significantly more likely to produce biofilm (70%) than uropathogens
collected from women with isolated UTI (38.6%, P = 0.0033). Adjusting
for age, prior pelvic reconstructive surgery, and body mass index, recurrent
UTI bacteria were more likely to produce biofilm, compared with isolated
UTI (odds ratio, 5.37; 95% confidence interval, 2.0–14.4; P = 0.001).
Conclusions: In this cohort of postmenopausal urogynecology patients,
in vitro biofilm formation was more frequently observed in uropathogens
isolated from women with recurrent UTI compared with women with iso-
latedUTI. Further study is needed to assess the role of biofilms in recurrent
UTIs in postmenopausal women.
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D iagnosing and treating urinary tract infection (UTI) is com-
mon, with approximately 50–70% of women reporting a

UTI at some point in their lives. Approximately 20–30% of
women will go on to develop recurrent UTI.1 The total healthcare
costs of UTIs have been estimated to be $2.3 billion annually.2 Re-
current UTI can be defined as 3 or more culture-proven UTIs in
12 months, or 2 or more UTIs in 6 months.3 Recurrent infections
are more common in postmenopausal women,4 with an estimated
incidence of 10–15%.5 These recurrences can either be reinfec-
tions by different microorganisms or relapses of the same previ-
ously treated microorganism.2,6 When patients continue to de-
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velop recurrent UTI despite prophylaxis, escalating antibiotic
treatments risk further resistance.6

There is a need to further our understanding of the patho-
physiology of recurrent UTI in postmenopausal women to dis-
cover novel preventive and treatment strategies. Multiple bacterial
virulence factors are not addressed by traditional antibiotics and
may contribute to recurrent infection.

Bacterial biofilms are one such bacterial defense mechanism
that can be further studied. Biofilms are aggregated communities
of bacteria attached to a surface and surrounded by a polysaccha-
ride matrix. They have been characterized in a variety of infec-
tions, including the skin, bone, respiratory tract, and implanted
devices.7–10 Biofilms are also found inside host cells forming an
intracellular polysaccharide matrix.11 Biofilm-associated bacteria
can be difficult to treat and have been shown to be significantly
more resistant to antibiotics than free-floating planktonic bacteria
due to the biofilm limiting diffusion of antibiotics and allowing for
easier exchange of bacterial genetic material. Bacteria can also become
dormant in a biofilm and survive treatment, subsequently reactivating
and rebuilding the population.9 Biofilm-associated bacteria are
more likely to play a role in persistent or relapsing infection and
surviving bacteria more likely to be multidrug resistant.8

The role of biofilm in common UTI is less understood and
has been best characterized in catheter-associated infection. No
studies have yet demonstrated the existence of extracellular
biofilms in the bladder in the absence of a foreign body. There
has, however, been study into intracellular bacterial communities
in Escherichia coli, which form organized biofilm-like states
within superficial urothelial cells.12,13 However, prior studies have
shown that E coli and Klebsiella pneumoniae both produce
biofilms in vitro,10 and mouse models have suggested that E coli
can lie dormant within the bladder and later proliferate into an-
other infection.14,15 Gaining a further understanding of this
uropathogen virulence factor may be key to understanding
recurrent UTI.

The objective of this study was to assess the biofilm produc-
ing capability of uropathogens grown from postmenopausal
women with isolated and recurrent UTIs. We hypothesized that
biofilm production would be more prevalent in uropathogens im-
plicated in recurrent UTI, compared with isolated UTI.
MATERIALS AND METHODS
This was a cross-sectional analysis within the division of fe-

male pelvic medicine and reconstructive surgery at a large tertiary
academic referral center. Institutional review board approval was
obtained through Emory University (IRB 109477). All urine cul-
tures ordered by female pelvic medicine and reconstructive sur-
gery physicians were screened. For each positive culture
(≥100,000 CFU/mL), the study team performed chart review to
confirm eligibility for enrollment (Fig. 1). Enrolled participants
were women 50 years or older who met the clinical definition of
menopause that reported UTI symptoms (dysuria, suprapubic
pain, and increased frequency, urgency, or urinary incontinence
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FIGURE 1. Flow diagram of participant enrollment parameters. UTI, urinary tract infection.
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above baseline). Recurrent UTI was defined as 2 or more culture-
proven UTIswithin the past 6 months, and isolated UTI defined as
no culture-proven UTI within the past 6 months. To avoid con-
founding by women predisposed to recurrent infection, we ex-
cluded those with immune compromise, active nephrolithiasis,
prior history of urinary tract congenital abnormalities, presence
of genital fistulae, current catheterization of the urinary tract, his-
tory of spina bifida or spinal cord trauma, interstitial cystitis, cur-
rent malignancy, unexplained vaginal bleeding, or history of pel-
vic irradiation. Data collected included pelvic floor symptoms, ex-
amination findings, demographics, medical comorbidities, pelvic
floor medical and surgical treatments, and vaginal estrogen use.

Sample sizewas calculated a priori using previously published
data, which showed that 42–74% of uropathogenic E coli strains
causing cystitis or pyelonephritis (all comers) were in vitro bio-
film producers.9,10,16 Assuming a conservative prevalence of
biofilm-producing uropathogenic E coli of 42% in urine samples
and detecting a 30% difference in biofilm production between
these 2 groups with an α value less than 0.05 and 80% power for
2 independent groups (isolated vs recurrent UTI) with a dichoto-
mous endpoint (biofilm vs no biofilm), 84 participants were to be
recruited, 42 in each group. If a participant initially categorized as
having an isolated UTI was noted to have a subsequent UTI after
enrollment, they were recategorized into the recurrent UTI group.

The hospital microbiology laboratory performed standard
culture on urine specimens, including speciation and sensitivity
analysis. Isolates were biobanked by freezing in tryptic soy broth
containing 15% glycerol immediately upon isolation and stored
at −80°C. For biofilm screening, biobanked specimens were
plated on tryptic soy agar with minimum passage, cultured in
Luria broth (LB) overnight, and standardized to a liquid concen-
tration of 0.05 optical density (600 nm). Culture was then trans-
ferred to 96-well plates in 8 � 125-μL aliquots. Sterile LB media
2 www.fpmrs.net
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was plated into separate wells for comparison. Plates were incu-
bated at 34°C for 24 hours.

Biofilm was then quantified using crystal violet (CV) microti-
ter assays.17 The liquid culture and media were gently removed
from all wells with care to preserve biofilm architecture and the re-
maining biofilm fixed in a 60°C oven for 1 hour. All wells were
then stained with CV for 20minutes, rinsed of excess dye in awater
bath, and then allowed to dry overnight. The crystal violet–stained
biofilm within the wells was then eluted with 33% acetic acid, di-
luted 10-fold in PBS media, and the absorbance read at 595 nm.

The entire experimental process was repeated on each speci-
men on the same day to ensure consistency of results. Higher degree
of CV staining and absorbance infers higher biofilm mass. A speci-
men was noted to be “biofilm positive” if the average CVabsorbance
of the strain was greater than 4 times the CVabsorbance of the sterile
media control. Stain artifact outlier wells (from incomplete CVwash-
ing) were excluded if absorbancewas 2 or greater standard deviations
above the mean absorbance. A participant whose culture grew 2 iso-
lates was deemed to have a “biofilm-producing phenotype” if 1 or
both individual isolates produced biofilm. Commercially available
biofilm-producing uropathogens strains (E coli CFT073, J96,
53503) were used as controls (ATCC, Manassas, Va).

Statistical analysis was performed using JMP Pro Statistical
Analysis Software (Version 15.2.1, SAS Institute, Inc). Descriptive
statistics were presented as mean (±SD) for continuous variables
and percent or proportion for categorical values. Demographic fre-
quencies were calculated for the isolated and recurrent UTI groups.
Continuous variables were compared using Student t tests, whereas
categorical variables were compared usingχ2 analysis or Fisher ex-
act test as appropriate. In some cases, 2-group comparisons of con-
tinuous variables were made using Wilcoxon rank sum tests to pro-
tect against violations of normality assumptions.When appropriate,
relationships between independent variables were assessed with
© 2021 American Urogynecologic Society. All rights reserved.
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Pearson or Spearman rank correlation coefficients for continuous
and categorical variables, respectively. Univariate analysis was
performed to determine the association between demographics
and clinical risk factors to recurrent UTI and biofilm production
separately. A multivariate model was developed to determine
whether a diagnosis of recurrent UTI was independently associ-
ated with a biofilm phenotype. This model was developed
adjusting for factors that were determined a priori to be related
to developing recurrent UTIs as well as those factors found to
be associated with either biofilm production or recurrent UTI in
the univariate analysis (P ≤ 0.2). A P value less than 0.05 was
considered statistically significant for the primary outcome.

RESULTS
A total of 89 participants with acute UTI were included dur-

ing the study period, and 95 distinct uropathogens were isolated,
45 fromwomenwith isolated UTI and 50 fromwomen with recur-
rent UTI. The higher number of collected specimens reflects the
TABLE 1. Participant Characteristics

All Participants (N =

Age, y 72 ± 10.5
Race/ethnicity
White 60 (67.4)
Black 23 (25.8)
Hispanic 1 (1.1)
Asian 3 (3.4)
Other 2 (2.3)

Parity 2.0 (2.0–2.0)
Medical comorbidities
Hypertension 58 (65.2)
Diabetes 29 (32.6)
Obesity 42 (47.2)
Body mass index‡ 30.1 ± 7.2

Surgical history
Prior pelvic reconstructive surgery for prolapse 26 (29.2)
Pelvic mesh 17 (19.1)
Midurethral sling 15 (16.9)
Sacrocolpopexy 1 (1.1)
Vaginal mesh for prolapse 3 (3.4)
Detrusor chemodenervation 4 (4.5)
Urethral bulking 5 (5.6)

Pelvic floor conditions
Stress incontinence 48 (53.9)
Urge incontinence 73 (82.0)
Sexually active 26 (29.2)
Fecal incontinence 9 (10.1)
Vaginal estrogen 45 (50.6)
Cystocele (stage 2+) 33 (37.1)
Post void residual > 100 mL 16 (18.0)
Current pessary 17 (19.1)

Bold data indicates statistically significance.

Data reported as n (%) or mean ± standard deviation. P values calculated fr

*Students t test.

†Median (interquartile range).

‡Body mass index is calculated as weight in kilograms divided by height in

UTI, urinary tract infection.
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fact that 6 cultures grewgreater than 100,00CFU/mLof 2 distinct iso-
lates. During the course of recruitment, 5 participants who were
initially categorized as having isolated infection developed recur-
rence, and, thus, additional participants were recruited to meet
minimum sample size for adequate power. Participant characteris-
tics are listed in Table 1. Of note, women with recurrent UTI were
more likely to have undergone prior pelvic reconstructive surgery
for prolapse (38.3% vs 19.0%, respectively, P = 0.046). There
were no statistically significant differences in vaginal estrogen
use, elevated postvoid residual volume, or other surgical history,
medical comorbidities, or pelvic floor conditions between groups.

The highest proportion of uropathogens collected were E
coli (57, 60%), followed by K pneumoniae (22, 23.2%) and Proteus
mirabilis (7, 7.4%). Additional species were collected in smaller
numbers (Table 2, Fig. 2). The distribution of bacterial species
in this study was consistent with the prevalence of bacteria iso-
lated from urine cultures of women older than 50 years within
our hospital system during the same time (Fig. 2). Most
89) Isolated UTI (n = 42) Recurrent UTI (n = 47) P

69.9 ± 10.1 74.1 ± 10.6 0.054*
0.311

26 (61.9) 34 (72.3)
11 (26.2) 12 (25.5)
1 (2.4) 0 (0)
2 (4.8) 1 (2.1)
2 (4.8) 0 (0)

2.0 (2.0–2.0) 2.0 (2.0–2.0) 0.647†

23 (54.8) 35 (74.5) 0.051
12 (28.6) 17 (36.2) 0.445
22 (52.4) 20 (42.6) 0.760
31.2 ± 7.7 29.2 ± 6.7 0.202*

8 (19.0) 18 (38.3) 0.046
8 (19.0) 9 (19.2) 0.990
7 (16.7) 8 (17.0) 0.964
1 (2.4) 0 (0) 0.287
1 (2.4) 2 (4.3) 0.621
2 (4.7) 2 (4.3) 0.908
1 (2.4) 4 (8.5) 0.210

23 (54.8) 25 (53.1) 0.882
34 (81.0) 39 (83.0) 0.804
10 (23.8) 16 (34.0) 0.289
3 (7.1) 6 (12.8) 0.378
23 (54.8) 22 (46.8) 0.454
18 (42.9) 15 (31.9) 0.286
7 (16.7) 9 (19.2) 0.761
10 (23.8) 7 (14.9) 0.285

om Pearson χ2 test unless otherwise noted.

meters squared.
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TABLE 2. Uropathogen Characteristics

Species Total Isolated UTI, n (%) Recurrent UTI, n (%) Biofilm Producer, n (%)

Escherichia coli 57 30 (52.6) 27 (47.3) 28 (49.1)
Klebsiella pneumoniae 22 4 (18.2) 18 (81.8) 14 (63.6)
Proteus mirabilis 7 4 (57.1) 3 (42.9) 7 (100)
Morganella morganii 2 1 (50.0) 1 (50.0) 0 (0)
Corynebacterium (nonurealyticum) 2 2 (100) 0 (0) 1 (50)
Citrobacter freundii 1 1 (100) 0 (0) 0 (0)
Klebsiella oxytoca 1 1 (100) 0 (0) 0 (0)
Klebsiella aerogenes 1 0 (0) 1 (100) 1 (100)
Staphylococcus aureus 1 1 (100) 0 (0) 1 (100)
Pseudomonas aeruginosa 1 1 (100) 0 (0) 1 (100)
Total 95 45 50 53

Data reported as n (%), referring to percentage of each pathogen.

UTI, urinary tract infection.
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uropathogens collected produced biofilm (53, 55.8%), including
49.1% of E coli isolates, 63.6% of K pneumoniae isolates, and
100% of P mirabilis isolates.

With regard to our primary outcome measure (Fig. 3),
uropathogens collected from women with recurrent UTI were sig-
nificantly more likely to produce biofilm (33 of 50, 70%) than
uropathogens collected from women with isolated UTI (18 of
45, 38.6%) on univariate analysis (P = 0.0033). After controlling
for the covariates of age, prior pelvic reconstructive surgery, body
mass index, vaginal estrogen use, and postvoid residual vol-
ume, greater than 100mL, biofilm productionwas still significantly
associated with recurrent UTI (odds ratio, 5.37; 95% confidence
interval, 2.0–14.4; P = 0.001). In vitro biofilm production was
comparable in range to that of commercially available biofilm-
producing uropathogens (E coli CFT073, E coli J96, and E coli
53503). Results were consistent between repeated assays.

Secondary analysis of bacterial isolates revealed that K
pneumoniae were significantly more likely to be cultured from
the urine of women with recurrent infection compared with E coli
(81.8% vs 47.3%, respectively, P = 0.0056). In addition, K
pneumoniae isolates were more likely thanE. coli isolates to be re-
sistant to at least 1 antibiotic (72.7% vs 43.9%, P = 0.021). Nota-
bly, resistance to the common outpatient antibiotic nitrofurantoin
was noted more frequently in K pneumonia isolates (72.7%) and
P mirabilis isolates (100%), compared with E coli isolates, all of
which were sensitive (P < 0.001). There was no significant differ-
ence in resistance to other commonly tested antibiotics between
uropathogens (Appendix A, Supplemental Digital Content 1,
http://links.lww.com/FPMRS/A271).

DISCUSSION
Our study found that bacterial isolates collected fromwomen

with recurrent UTI were more likely to produce biofilm in vitro
compared with those collected from women with isolated UTI.
Women with recurrent infection were more likely to have had
prior pelvic reconstructive surgery than those with isolated infec-
tion. In addition, in this study population, K pneumoniae were
more likely to be isolated from women with recurrent UTI and
were more likely to harbor antibiotic resistance, specifically to
nitrofurantoin.

This study is novel in that it demonstrated in vitro
uropathogen biofilm production from bacterial isolates derived
from postmenopausal women with UTIs. It is also notable for
4 www.fpmrs.net
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screening for biofilm production in all collected isolates as op-
posed to focusing on a single uropathogen. This approach imparts
a more clinically accurate snapshot of the prevalence of biofilm in
a urogynecologic population. The rates of uropathogen biofilm
production were similar to prior basic science studies, which
assessed more heterogeneous populations9,10,16,18 including Soto
et al10 (2006), which demonstrated that in vitro biofilm production
was significantly more frequent among uropathogenic E coli
strains, which caused relapsing infection. Our results differ from
the recently published study by Whelan et al19 (2020), which
screened for biofilm production in uropathogenic E coli of both
women and men using similar laboratory techniques. This study
reported higher rates of biofilm production (81%–93.6%), and
no difference in biofilm production between strains collected from
patients with recurrent versus nonrecurrent UTIs. However, the
nonrecurrent UTI group was notably “unspecified,” and the clini-
cal phenotype was not defined.

The strengths of this study include awell-defined, racially di-
verse population of postmenopausal women with uncomplicated
UTI. We imparted strict inclusion and exclusion criteria to more
explicitly characterize the clinical phenotype of our study popula-
tion. The study was prospective, and appropriately powered to de-
tect a difference in primary outcome. We also used validation
studies to ensure the accuracy of our biofilm assays, allowing
comparison of our results to other studies. There was consistency
of results with repeated testing.

There were several limitations to this study. Because urine
cultures were included after culture processing, there was a mix
of clean-catch and catheterized specimens. However, contamina-
tion is not believed to be an issue because of the inclusion criteria
requiring standard urine culture with greater than 100,000 CFU/
mL, the criterion standard for UTI diagnosis. We did not specifi-
cally assess whether participants had been exposed to antibiotics
before recruitment. Another limitation of this study is that LB
was used in place of urine to ensure standard media concentra-
tions. The composition of LB is different than human urine and,
thus, in vivo biofilm formation may differ. Althoughmost bacteria
can produce biofilm under specific conditions, not all can form
biofilm under the identical in vitro conditions. More generally,
the use of in vitro methods to assess biofilm production is debat-
able but provides a simple reproducible technique.20 We used the
most commonly used microtiter plate assay technique to evaluate
biofilm formation. However, some differences in the media, time,
and temperature of incubation between studies can potentially
© 2021 American Urogynecologic Society. All rights reserved.
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FIGURE 2. Distribution of bacterial species (A) in our study sample and (B) in the local population (summary of urine culture pathogens
collected from women older than 50 years at our institution, 2019–2021).
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lead to variations in the results, making comparison difficult. Be-
cause biofilms are highly regulated by environmental factors, the
biobanking process may have influenced the phenotype of the
specimens. However, we made a conscious effort to avoid evolu-
tionary changes by freezing from the initial isolation plate and
avoiding multiple passes. Urine samples were collected sequen-
tially when inclusion criteria were met; however, patients were
not prospectively followed. Because of this limitation, combined
with the fact that bacterial genotyping was not performed, we
could not definitively state whether a participant’s recurrent infec-
tionwas due to the same bacteria repopulating (relapse) or a differ-
ent organism reinfecting the bladder. Finally, because of regional
variations in uropathogen prevalence and resistance patterns, our
results may not be generalizable to other populations.
© 2021 American Urogynecologic Society. All rights reserved.
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Although this study was unable to show causation, it does
highlight that biofilm production may play a role as a bacterial de-
fense mechanism involved in recurrent postmenopausal UTI.
There is ample room for future research, including correlation of
biofilm production with uropathogen genotyping, interplay of
biofilm production with other virulence factors such as intracellu-
lar bacterial reservoirs, persister cells, and quorum-sensing. Fi-
nally, in vivo studies are needed to determine whether biofilm is
formed extracellularly in the absence of a foreign body.

In conclusion, this cohort of postmenopausal urogynecology
patients demonstrated that in vitro biofilm formation was more
frequently observed in uropathogens isolated from women with
recurrent UTI compared with women with isolated UTI. E coli,
K pneumoniae, and P mirabilis were the most commonly
www.fpmrs.net 5
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FIGURE 3. Biofilm production occurred more frequently in uropathogens isolated from women with recurrent UTI, compared those from
isolated UTI, P = 0.0033. UTI, urinary tract infection.
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isolated uropathogens, with K pneumoniae significantly associ-
ated with recurrent infection and nitrofurantoin resistance. Re-
sults suggest that biofilm production may be one bacterial de-
fense mechanism involved in UTI recurrence among postmeno-
pausal women. Further study is important to identify novel
therapeutic targets for the prevention and treatment of recurrent
UTIs in this population.
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