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Abstract: Background: There are still no detailed data about the burden of bacterial antimicrobial
resistance (AMR) in urinary tract infections (UTI). Concrete knowledge of global and regional
bacterial AMR data is crucial for developing informed programs and policies to control bacterial
AMR and for prudent use of antibiotics to optimize antibiotic therapy in patients with UTI. This study
aimed to provide comprehensive global and regional estimates for the AMR burden of UTI in 2019.
Methods: Data were obtained from the Global Burden of Diseases, Injuries, and Risk Factors Study
(GBD), including death, disability-adjusted life-years (DALYs), year lived with disability (YLD), and
years of life lost (YLL) for bacterial AMR in UTI for 7 GBD super-regions, 21 regions, 14 pathogens,
13 antibiotic classes, and 66 pathogen-antibiotic combinations in 2019. The estimates were based on
two counterfactual scenarios: drug-susceptible infection and no infection. Results: Globally, there
were 64.89 thousand deaths (95% uncertainty interval [UI]: 45.86-93.35) attributed to and 0.26 million
deaths (95% UI: 0.18-0.36) associated with bacterial AMR in UTI in 2019. Among regions, the all-age
death rates were higher in southern Latin America, tropical Latin America, and Europe and lower
in sub-Saharan Africa. Escherichia coli and Klebsiella pneumoniae accounted for more than 50% of
deaths attributable to and associated with AMR, and resistance was high among multiple types
of antibiotic class, including fluoroquinolones, carbapenems, and third-generation cephalosporins.
There were 2 pathogen-drug combinations that caused more than 6000 resistance-attributable deaths:
third-generation cephalosporin-resistant Escherichia coli and fluoroquinolone-resistant Escherichia
coli. Conclusions: AMR in UTI is an unignorable health problem, both for the management of
urology disease and for global antibiotic resistance. Special tailored strategies, including enhanced
surveillance and rational use of antibiotics, should be developed for different regions according to
the region-specific pathogen-antibiotic situations and resources.

Keywords: antimicrobial resistance; urinary tract infection; antibiotic; pathogen

1. Introduction

Bacterial antimicrobial resistance (AMR) is a major threat to human health and well-
being worldwide that requires global and urgent action to address [1,2]. It causes an
enormous and additional burden for patients reflected in extended hospital stays, increased
payments, and even needless deaths [3]. The Global Burden of Diseases, Injuries, and Risk
Factors Study (GBD) estimated that the number of deaths attributed to bacterial AMR in
2019 reached 1.27 million, which is much larger than the global HIV deaths and malaria
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deaths and ranks only behind COVID-19 and tuberculosis in terms of infection-related
deaths [4,5]. In clinical practice, high rates of resistance to antibiotics, which are often
used to treat bacterial infections including urinary tract infections, sepsis, and sexually
transmitted infections, have been observed globally [2].

Urinary tract infections (UTI) are among the most common bacterial infections leading to
clinic visits and can cause serious sequelae, such as renal damage and urosepsis [6-8]. In 2019,
the global incident cases of UTI were 0.4 billion, an increase of 60.40% from 1990 [9]. Consistent
with the rapid increase in the UTI burden, the ominously rising burden of bacterial AMR in UTI
has also been observed. Comprehensively estimating the burden of resistance is of paramount
importance in tackling AMR, and there exists extensive literature estimating the burden. For
example, a study analyzing data from the Global Prevalence of Infections in Urology (GPIU)
study from 2003 to 2010 reported that all antibiotics except imipenem had resistance rates of
more than 10% to the total bacterial spectrum [10]. Another study using GPIU data from Asia
found that from 2004 to 2013, cephalosporins (34.4%) and fluoroquinolones (24.1%) were the
most frequently used antibiotics for UTI, and fluoroquinolone (ciprofloxacin 54.9%, levofloxacin
39.0%) and cephalosporin (42%) resistance were relatively high [11]. A retrospective cohort
study from 2013 to 2018 in the US revealed that triple resistance to carbapenems occurred in 1 in
8 patients hospitalized with complicated UTI [12]. These studies provide valuable information
about the burden of bacterial AMR in UTI in different countries and regions. However, the
results varied substantially across studies and were insufficient for direct comparison among
different areas or pathogens. There is still a lack of comprehensive information about the global,
location-specific, and pathogen-specific burden of bacterial AMR in UTI.

Concrete knowledge of regional antibiotic resistance data is crucial for developing
informed and location-specific programs and policies to control bacterial AMR and for
prudent use of antibiotics to optimize antibiotic therapy in patients with UTL In this
study, using data obtained from the updated GBD study, we comprehensively present the
global, regional, pathogen-specific, and pathogen-antibiotic combination-specific burden of
bacterial AMR in UTL

2. Materials and Methods
2.1. UTI Definition

In GBD 2019, UTI was defined as kidney infection that can lead to systemic symptoms
such as fever and weakness and can cause discomfort and difficulty with daily activities,
including nephritis, cystitis, and urethritis. The ICD-10 codes for UTI are N10, N10.0, N10.9,
N11, N11.0, N11.1, N11.8, N11.9, N12, N12.0, N12.9, N13.6, N15, N15.1, N15.8, N15.9, N16,
N16.0-N16.5, N16.8, N30, N30.0-N30.3, N30.8-N30.9, N34, N34.0-N34-3, and N39.0 [9,13].

2.2. Data Source

Data analyzed in this study were obtained from the GBD study [4], which compre-
hensively analyzed the death and disability-adjusted life-years (DALYs) attributable to
and associated with bacterial AMR for 12 major infectious syndromes (such as blood-
stream infections, peritoneal and intra-abdominal infections, urinary tract infections, and
pyelonephritis), 23 pathogens (such as Escherichia coli, staphylococcus aureus, and Klebsiella
pneumoniae), 18 antibiotic classes (such as carbapenems, aminoglycosides, and fluoro-
quinolones), and 88 pathogen-drug combinations in 204 countries and territories in 2019.

Data about AMR were obtained from a variety of sources, including multiple causes
of death and vital registration records, hospital discharges, microbiology lab results from
hospitals, pharmaceutical sales, and national and multi-national surveillance networks.
Through data processing and mapping, and intermediate cause and infectious syndrome
hierarchy mapping, a total of 471 million personal records or isolates covering 7585 study-
location-years collected were used to construct statistical models.
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2.3. Statistical Analysis

The models were constructed through ten steps to estimate the impact of AMR in
all regions, including places without data. The details of the methodology of the GBD
study can be found in previous studies [4,13]. As it is difficult to determine whether the
drug resistance was a direct or indirect cause of death or loss of DALYs, estimates were
made based on two counterfactual scenarios: drug-susceptible infection and no infection.
For the drug-susceptible infection scenario, all drug-resistant infections were replaced by
drug-sensitive infections, and deaths and DALYs directly attributable to the drug resistance
were estimated. For the no infection scenario, all drug-resistant infections were replaced
by no infection, and deaths and DALY associated with resistant infection were estimated.
Through this approach, the study calculated the burdens directly and indirectly caused
by AMR and addressed the problem of to what extent would drug-resistant infections be
replaced by susceptible infections or by no infection.

In this study, we present detailed global, super-regional, and regional estimates for
bacterial AMR in UTI for both genders and all ages in 2019 based on the 14 pathogens,
13 antibiotic classes, and 66 pathogen-antibiotic combinations (the list of GBD location
hierarchy was shown in Table S1).

3. Results
3.1. Global and Regional Burden of Bacterial AMR in UTI

Globally, 64.89 thousand deaths (95% uncertainty interval [UI]: 45.86-93.35) with a death
rate of 0.84 per 100,000 (95% UI: 0.59-1.22) were directly attributed to and 0.26 million deaths
(95% ULI: 0.18-0.36) with a death rate of 3.31 per 100,000 (95% UI: 2.36—4.70) were associated
with bacterial AMR in 2019. The estimated counts and rates of DALYs were 1.44 million (95%
UL 1.02-2.10) and 18.60 per 100,000 (95% UL 13.17-27.16), respectively, that were attributed to
resistance and 5.61 million (95% UI: 4.08-7.99) and 72.48 per 100,000 (95% UI: 52.75-103.28),
respectively, that were associated with resistance. In the 7 GBD super-regions, South Asia
had the highest death counts (20.07 thousand [95% UI: 14.56-27.12] attributed to resistance
and 72.12 million [95% UL 53.06-96.02] associated with resistance). However, Central Europe,
eastern Europe, and central Asia had the highest death rates (1.45 per 100,000 [95% UL 0.96-2.23]
attributed to resistance and 5.72 per 100,000 [95% UI: 3.84-8.59] associated with resistance).
Similarly, South Asia had the highest DALY counts, and Central Europe, eastern Europe, and
central Asia had the highest DALY rates (Table 1).

Among the 21 GBD regions, southern Latin America (1.91 per 100,000 [95% UI: 1.38-2.53]
attributed to resistance and 7.86 per 100,000 [95% UI: 5.76-9.96] associated with resistance),
and tropical Latin America (1.74 per 100,000 [95% UI: 1.27-2.22] attributed to resistance and
7.47 per 100,000 [95% UI: 5.46-9.18] associated with resistance) were the two regions with the
highest death rates, for the rates both attributable to resistance and associated with resistance.
Then, the ranking is followed by three European regions (eastern Europe, western Europe,
Central Europe). The regions of sub-Saharan Africa, including southern sub-Saharan Africa,
western sub-Saharan Africa, eastern sub-Saharan Africa, and central sub-Saharan Africa, had
the lowest death rates (Figure 1A). In terms of DALY rates, the four sub-Saharan Africa regions
also had the lowest rates. However, the three regions with the highest DALY rates changed to
eastern Europe, tropical Latin America, and Central Asia (Figure S1).
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Table 1. Deaths, DALYs, YLDs, and YLLs (in counts and all-age rates) associated with and attributable to bacterial AMR in UTI, globally and by GBD super-region,

2019.
Associated with Resistance Attributable to Resistance
Deaths DALYs YLDs YLLs Deaths DALYs YLDs YLLs
Counts, thousands
5607.970 167.469 5440.501 1438.848 1405.336
Global 255.802 (182.553-363.908) (4081.637-7991.093) (100.767-256.144) (3910.668-7813.322) 64.887 (45.859-94.345) (1020.287-2101.201) 33512 (19.367-52.959) (992.093-2061.045)
Central Europe,
. 516.223 503.457 130.323 127.789
eastern t]i;llr%:;and 23.891 (16.045-35.879) (358717 757.066) 12.766 (7.650-19.945) (345365 745.746) 6.048 (4.001-9.321) (58630, 190.693) 2,534 (1.442-4.126) (36.405. 193.407)
o 732.320 707.059 168.975 164402
High income 53.856 (41.957-69.587) (56,670 998.742) 25.261 (15.378-37.566) (527,611, 971.935) 12,361 (9.453-16.619) (125217 240.207) 4573 (2.729-7.012) (120670 234.943)
Latin America and 614.994 589.975 148.274 143.494
Caribbean 31.191 (24.059-40.852) (470.752-822.682) 25.018 (15.092-38.827) (448.038-793.591) 7:498 (5.584-10.170) (110.323-204.156) 4.780 (2.789-7.585) (105.170-199.304)
North Africa and 243.098 230.645
A ica & 10.056 (5.100-17.225) 00105 420128 12,452 (7.259-20.035) 11 0%6-414670) 2.710 (1.365-4.784) 65.167 (32.552-117.214) 2.623 (1.455-4.473) 62.544 (29.914-114.777)
. 1953.222 1894.653 540.202 527.667
South Asia 72.124 (53.057-96.020) (1487740 282 502) 58.569 (33.299-92.863) (1426.096.2456.039) 20.067 (14.564-27.121) (396373 723.421) 12.534 (6.778-20.872) (385,550, 706.749)
Southeast Asia, east 1177.714 1160.687 298.833 295.434
Asia, and Oceania 53.400 (30.379-88.532) (689.684-1939.853) 17.028 (9.800-27.123) (676.277-1915.141) 13.529 (7.563-22.868) (170.977-499.896) 3.399 (1.815-5.750) (168.241-495.854)
370.421 354.036

Sub-Saharan Africa

11.303 (6.960-15.950)

(243.293-519.435)

16.385 (8.521-29.816)

(228.904-501.817)

2.677 (1.663-3.798)

87.042 (57.826-122.462)

3.069 (1.531-5.798)

83.974 (55.246-119.396)

ASR rates,
per 100,000

Global
Central Europe,
eastern Europe, and
central Asia
High income
Latin America
and Caribbean
North Africa and
Middle East

South Asia

Southeast Asia, east
Asia, and Oceania
Sub-Saharan Africa

3.310 (2.360—4.700)
5.720 (3.840-8.590)

4.970 (3.870-6.420)
5.340 (4.120-6.990)

1.650 (0.838-2.830)
4,000 (2.940-5.320)

2.470 (1.410-4.100)
1.050 (0.645-1.480)

72.478 (52.752-103.278)

123.580
(85.874-181.236)

67.559 (51.355-91.860)
105.239
(80.556-140.779)

39.936 (20.403-70.661)

108.200
(82.414-140.843)

54.542 (31.941-89.839)
34.355 (22.565-48.176)

2.160 (1.300-3.310)
3.060 (1.830-4.770)

2.330 (1.420-3.470)
4.280 (2.580-6.640)

2.050 (1.190-3.290)
3.240 (1.840-5.140)

0.789 (0.454-1.260)
1.520 (0.790-2.770)

70.314 (50.542-100.980)

120.523
(83.397-178.047)

65.228 (48.674-89.664)
100.958
(76.669-135.801)

37.891 (18.251-68.122)

104.955
(78.996-137.715)

53.754 (31.320-88.694)
32.836 (21.230-46.542)

0.839 (0.593-1.220)
1.450 (0.958-2.230)

1.140 (0.872-1.530)
1.280 (0.955-1.740)

0.445 (0.224-0.786)
1.110 (0.807-1.500)

0.627 (0.350-1.060)
0.248 (0.154-0.352)

18.596 (13.186-27.156)
31.198 (21.220-47.087)

15.588 (11.552-22.160)
25.373 (18.879-34.935)

10.706 (5.350-19.256)
29.925 (21.957-40.019)

13.840 (7.920-23.151)
8.070 (5.360-11.358)

0.433 (0.250-0.684)
0.607 (0.345-0.988)

0.422 (0.252-0.647)
0.818 (0.477-1.300)

0.431 (0.239-0.735)
0.694 (0.375-1.160)

0.157 (0.084-0.266)
0.285 (0.142-0.538)

18.163 (12.822-26.637)
30.592 (20.686—46.300)

15.166 (11.132-21.674)
24.555 (17.997-34.105)

10.275 (4.910-18.856)
29.230 (21.359-39.151)

13.682 (7.790-22.964)
7.790 (5.120-11.074)

DALYs = disability-adjusted life-years. YLD = year lived with disability. YLL = years of life lost. AMR = antimicrobial resistance. GBD = Global Burden of Diseases, Injuries, and Risk
Factors Study. ASR = age standardized rate.
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Figure 1. All-age rate of deaths among 21 GBD regions. (A) All-age count of deaths among
14 pathogens and (B) all-age count of deaths among 13 antibiotic classes (C) attributable to and
associated with bacterial AMR, 2019. AMR = antimicrobial resistance. GBD = Global Burden of
Diseases, Injuries, and Risk Factors Study. 3GC = third-generation cephalosporins. 4GC = fourth-
generation cephalosporins. Anti-pseudomonal = anti-pseudomonal penicillin or beta-lactamase
inhibitors. BL-BLI = (3-lactam or (3-lactamase inhibitors. Resistance to 1+ = resistance to one or more
drugs. TMP-SMX = trimethoprim/sulfamethoxazole. AMR = antimicrobial resistance. Error bars
indicate 95% uncertainty intervals.
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3.2. Pathogen-Specific Burden of Bacterial AMR in UTI

In 2019, Escherichia coli dominated the global AMR-related deaths in UTI, accounting for
about 40%, of which 26.52 thousand [95% UI: 19.79-36.30]) deaths were attributable to AMR
and 101.52 thousand [95% UTI: 80.65-130.29] were related to AMR. Klebsiella pneumoniae was the
second most common pathogen responsible for the AMR-related deaths in UTI, with more than
10% of deaths attributed to AMR (8.33 thousand [95% UI: 5.48-12.47]) and associated with AMR
(27.68 thousand [95% UTI: 19.01-40.31]) (Figure 1B). Similar to the indicator of death number,
Escherichia coli and Klebsiella pneumoniae were the two main pathogens, causing more than half
of DALYs attributed to and associated with AMR (Figure S2).

Similar to the AMR burden proportion of pathogens on the global level, Escherichia coli
and Klebsiella pneumoniae ranked first and second among almost all 21 GBD regions in terms
of the fractions of AMR deaths caused by 14 pathogens (Figure 2). However, in Australasia
and high-income North America, the bacteria with the second-highest proportion of death
attributable to AMR was Enterococcus faecalis, while in Oceania, the bacteria with the
second-highest proportion of death, either attributable to resistance or associated with
resistance, was Acinetobacter baumannii. The shares of AMR burden caused by the same
pathogen differed substantially across GBD super-regions. For the share of AMR deaths
caused by Escherichia coli, it ranged from the highest in Australasia (53.00% of deaths
attributable to resistance and 54.27% of deaths associated with resistance) to the lowest in
North Africa and Middle East (30.88% of deaths attributable to resistance and 30.62% of
deaths associated with resistance) (Figure 2). For the indicator of DALY, Escherichia coli and
Klebsiella pneumoniae were also the two major pathogens responsible for the AMR-related
deaths in almost all 21 GBD regions (Figure S3).

o X Fraction(%)
Escherichia coli 4087 4063 4180 3843 3281 3934 3641 3837 4085 3088 3125 4121 39.78 4017 3362 3835 4085

Klebsiella pneumoniae | 1284 14.04 931 1331 1324 16.77 1151 1123 1321 17.98 12.09 -- 13.98 1059 12.80 12.70 14.48 1447 1431 1290 1130

Acinetobacter baumannii --- 971 930 -- 1271 ---- 12.96 14.05 - 9.63 - 12.04 --
63 o3 (4w 6z 1% 091 730 (41 119 o7 12 641 51 6% 63 611 5% 49
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Figure 2. Fraction of deaths attributable to (A) and associated with (B) bacterial AMR among 21 GBD
regions and 14 pathogens, 2019. AMR = antimicrobial resistance. GBD = Global Burden of Diseases,

Injuries, and Risk Factors Study.

3.3. Antibiotic-Specific Burden of Bacterial AMR in UTI

Globally, four antibiotic classes were each responsible for more than 100 thousand
deaths associated with AMR: fluoroquinolones (169.15 thousand [95% UI: 119.64-240.75]),
third-generation cephalosporins (113.06 thousand [95% UI: 78.60-163.97]), aminopeni-
cillin (107.72 thousand [95% UI: 84.82-139.29]), and B-lactam or (-lactamase inhibitors
(104.54 thousand [95% UI: 76.74-144.36]). For deaths attributed to AMR, fluoroquinolones
(21.12 thousand [95% UI: 14.14-31.53]) were still responsible for the most deaths in 2019,
followed by carbapenems (21.12 thousand [95% UI: 14.14-31.53]) and third-generation
cephalosporins (10.98 thousand [95% UI: 6.15-18.12]) (Figure 1C). The DALYs caused by 13

antibiotic classes were shown in Figure S4.

Globally and in almost all 21 GBD regions, fluoroquinolones, carbapenems, and
third-generation cephalosporins were the top three leading antibiotics attributed to AMR
(Figure 3), but there were also a few exceptions. For instance, in Australasia, the second-
ranked antibiotic class was 3-lactam or 3-lactamase inhibitors. For deaths associated with
AMR, fluoroquinolones, third-generation cephalosporins, aminopenicillin, 3-lactam or
B-lactamase inhibitors, and trimethoprim/sulfamethoxazole were the top five antibiotics
causing deaths. In Australasia and Western Europe, aminopenicillin ranked first, and in
eastern and southern Sub-Saharan Africa, trimethoprim/sulfamethoxazole ranked first.
The percentages of AMR burden caused by the same antibiotic class also differed substan-
tially across GBD super-regions. For example, the percentages of AMR death caused by
fluoroquinolones ranged from the highest in South Asia (35.44% of deaths attributable to
resistance and 22.92% of deaths associated with resistance) to the lowest in Australasia
(21.78% of deaths attributable to resistance and 14.43% of deaths associated with resistance)
(Figure 3). The major antibiotic classes causing DALYs attributed to and associated with

AMR were similar to those for the death index (Figure S5).
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Figure 3. Fractions of deaths attributable to (A) and associated with (B) bacterial AMR among
21 GBD regions and 13 antibiotic classes, 2019. 3GC = third-generation cephalosporins. 4GC = fourth-
generation cephalosporins. Anti-pseudomonal = anti-pseudomonal penicillin or beta-lactamase
inhibitors. BL-BLI = 3-lactam or 3-lactamase inhibitors. Resistance to 1+ = resistance to one or more
drugs. TMP-SMX = trimethoprim/sulfamethoxazole. AMR = antimicrobial resistance. GBD = Global
Burden of Diseases, Injuries, and Risk Factors Study.

3.4. Pathogen-Antibiotic Specific Burden of Bacterial AMR in UTI

Among the 66 combinations, the resistance-attributable death caused by 2 pathogen-
drug combinations exceeded 6000 in 2019 globally: third-generation cephalosporin-resistant
Escherichia coli (6909 deaths) and fluoroquinolone-resistant Escherichia coli (6871 deaths). Four
pathogen-drug combinations each caused between 3000 and 6000 resistance-attributable
deaths: carbapenem-resistant Escherichia coli (3617 deaths), trimethoprim /sulfamethoxazole
-resistant Escherichia coli (3453 deaths), fluoroquinolone-resistant other enterococci (3294 deaths),
and fluoroquinolone-resistant Enterococcus faecium (3004 deaths) (Figure 4). For the combina-
tion of third-generation cephalosporin-resistant Escherichia coli, it caused the most deaths in
South Asia (2296 deaths) among 21 GBD regions, and for the combination of fluoroquinolone-
resistant Escherichia coli, it caused the most deaths in South Asia (2296 deaths) and East Asia
(1054 deaths) among 21 GBD regions (Table S2).
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Figure 4. All-age count of deaths attributable to bacterial AMR globally among 13 antibiotic classes and 14 pathogens, 2019. The deaths associated with resistance are
not shown due to the very high levels of correlation for resistance patterns between some drugs. 3GC = third-generation cephalosporins. 4GC = fourth-generation
cephalosporins. Anti-pseudomonal = anti-pseudomonal penicillin or beta-lactamase inhibitors. BL-BLI = 3-lactam or 3-lactamase inhibitors. NA = not applicable.
Resistance to 1+ = resistance to one or more drugs. TMP-SMX = trimethoprim/sulfamethoxazole. AMR = antimicrobial resistance. Error bars indicate 95%

uncertainty intervals.
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4. Discussion

Globally, 64.89 thousand deaths from AMR in UTI would be prevented if all drug-
resistant UTIs were replaced by susceptible infections, and 0.26 million deaths from AMR
in UTT would be avoided if all drug-resistant UTIs were replaced by non-infections in 2019.
Based on the counterfactual scenario of susceptive infections, the number of deaths caused
by AMR in UTI was almost the same as the sum of deaths caused by testicular cancer,
urolithiasis, and other uncommon urology diseases in 2019 [13]. Based on the counterfactual
scenario of non-infection, AMR in UTI was the fourth most infectious syndrome leading
to AMR-related cause of death globally, just behind lower respiratory infections and all
related infections in the thorax, bloodstream infections, and peritoneal and intra-abdominal
infections [4]. Additionally, the disease burden of UTI is increasing [9], and antibiotics
are usually recommended for the treatment of UTI [14-16] and as prophylactics, such as
during prostate biopsy [17] and urological surgery [18]. Considering these facts, AMR
in UTI is a health problem that cannot be ignored, both for the management of urology
disease and for global antibiotic resistance. Compared with studies which reported AMR
in UTI in selected countries or regions [10-12], this study provided global, location-specific,
pathogen-specific, and antibiotic-specific AMR-related burdens. The estimates presented in
this study can be compared directly among different regions, pathogens, and antibiotics,
providing valuable information for the management of AMR in urology.

The all-age death rates of AMR in UTI were high in some areas of Latin America and
Europe and lowest in areas of sub-Saharan Africa. These findings differ from the results in
terms of the AMR burden for all infectious syndromes, in which the highest death rates
occurred in the four sub-Saharan Africa areas [4]. The burden of bacterial AMR in UTI in a
region was consistent with the burden of UTI in the corresponding region [9]. Additionally,
socioeconomic level, such as infrastructure construction and government supervision,
might influence AMR [19]. For example, in addition to the relatively low UTI burden [9],
the other reasons for the lowest bacterial AMR burden in UTI in sub-Saharan African might
include the scarcity of laboratory infrastructure resulting in the lack of adequate quality
of data [20] and insufficient government regulations resulting in the easy acquisition of
antibiotics without prescription [21] or counterfeited medications [22]. As the patterns
and drivers of bacterial AMR differ among regions, local data provide useful information
for policy-making, and special tailored strategies should be developed considering local
socioeconomic factors.

Escherichia coli and Klebsiella pneumoniae dominated the deaths attributed to and as-
sociated with AMR in UTL This result was consistent with the results reported in other
studies [10,19,20]. When considering the antibiotic classes of drug, fluoroquinolones, car-
bapenems, third-generation cephalosporins, aminopenicillin, 3-lactam or (-lactamase
inhibitors, and trimethoprim /sulfamethoxazole were the most common antibiotics caus-
ing death. However, different from the consistency of major pathogens in most regions
worldwide, the variation in leading antibiotics causing death was great among different
regions, although fluoroquinolones were the major antibiotic class in most regions. For
instance, in terms of deaths attributable to AMR, the second-ranked antibiotic class in
Australasia was f3-lactam or (3-lactamase inhibitors, and the third-ranked antibiotic class
was trimethoprim/sulfamethoxazole in four sub-Saharan Africa areas (central, eastern,
southern, and western). This discrepancy may be caused by variations in the availabil-
ity and affordability of different antibiotics in regions with different levels of economic
development [23]. Moreover, other factors such as the awareness and knowledge of appro-
priate use of antimicrobials, government regulation, and sanitation and hygiene might also
influence the use and resistance of antibiotics in one region [2].

The regional data about bacteria-antibiotic combinations causing AMR-attributed
deaths is helpful for figuring out the most serious category of AMR in UTI and for selecting
appropriate treatments in that region. For example, in South Asia and East Asia, third-
generation cephalosporin-resistant Escherichia coli and fluoroquinolone-resistant Escherichia
coli are the two combinations causing the most deaths from UTI. Targeting measures should
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be employed to treat UTI caused by Escherichia coli using appropriate antibiotics. Note-
worthily, Klebsiella pneumoniae was the second-leading urinary pathogen responsible for
AMR-related deaths, yet the number of deaths caused by Klebsiella pneumoniae in combina-
tion with any antibiotic class was not high among all 66 bacteria-antibiotic combinations. In
2017, the WHO published a priority list of antibiotic-resistant pathogens that pose the great-
est threat to human health to help in prioritizing the research and development of new and
effective antibiotic treatments [24]. Among the six bacteria-antibiotic combinations which
caused more than 3000 AMR attributed deaths estimated in this study, only carbapenem-
resistant Escherichia coli and third-generation cephalosporin-resistant Escherichia coli were
included in the list, and these two combinations were identified with a critical priority,
which is the highest priority in the list. However, fluoroquinolone-resistant Escherichia coli,
the second-leading pathogen-antibiotic combination causing AMR-attributed death, was
not included. Some countries also issued bacteria priority lists, such as the USA [25] and
Canada [26]. These lists included some different bacteria as they were developed based on
global or national public health priorities, but they were effective in increasing scientific,
political, and public awareness of antibiotic resistance. To our knowledge, as this study is
the first to report AMR-related burden in urology, the estimates presented by this study can
provide valuable information for prioritizing pathogen-antibiotic combinations in urology.

To tackle the challenge of bacterial AMR, global actions have been taken such as the
Global Action Plan on AMR [27] and the One Health Global Leaders Group on AMR [28].
The burden of AMR in UTI is the result of a series of factors, such as the high incidence
of UTI, the extensive and inappropriate use of antibiotics, the scarcity of laboratory in-
frastructure, and health and economic development levels. Therefore, it is obvious that
the development and implementation of locational or national measures and policies are
of great importance. Considering the vast consensus about the adoption of empirical
antibiotic treatment for UTI, antibiotic resistance surveillance is essential for informing
and monitoring the impacts of local, national, and global strategies to optimize the use
of these drugs [29]. There have been substantial national and international efforts aimed
at strengthening AMR surveillance, including the Global Antimicrobial Resistance and
Use Surveillance System (GLASS) [30] and the Central Asian and European Surveillance
of Antimicrobial Resistance (CAESAR) [31]. However, surveillance activities in low- and
middle-income countries have been relatively slow paced [32]. Meanwhile, laboratory
capacity in these regions, including the capacity for laboratory data management, need to
be improved [32,33].

Another important aspect of controlling antibiotic resistance in UTI is the rational
use of antibiotics. Antibiotic treatment is the basic component for UTI therapy [15] and
is frequently performed empirically [34]. In empirical treatment, the bacteria might not
be sensitive to the antibiotic administered, resulting in treatment failure, and in some
cases, physicians tend to prescribe broad spectrum and ‘last resort” antibiotics to minimize
treatment failure, which in turn increases the probability of antibiotic resistance. For
example, a cross-sectional study conducted in nursing homes in the USA found that half
of the antibiotic prescriptions for a suspected UTI in residents without catheters occurred
with no documented signs or symptoms of a UTI [35]. However, the guideline did not
recommend treating asymptomatic bacteriuria in elderly institutionalized patients [15]. In
addition to antibiotic treatment, nonantibiotic prevention and treatment options, such as
probiotics, nonsteroidal anti-inflammatory drugs, and immunotherapy, can be included in
the therapeutic strategy to reduce the likelihood of AMR.

Several limitations should be acknowledged. First, although GBD collaborations made
extensive efforts to obtain data from multiple sources, data about AMR are sparse in some
low-income and middle-income countries. To tackle this problem, several methodological
assumptions were made by researchers, and the fits of modeled estimates with available
data were validated. Second, as there exists a discrepancy in the diagnostic standards,
detection methods, and supervision systems among different regions and countries, the
quality of the data for different sources is uneven. Third, data on the UTI-related AMR
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burden of different age groups, genders, and infection sites are unavailable. UTIs such
as lower urinary tract infections often occur in elders and females, data on the burden
of UTI-related AMR in these high-risk populations at different infection sites can help in
taking measures to control antibiotic resistance.

5. Conclusions

Bacterial AMR in UTI is a health problem that cannot be overlooked in urology,
especially in southern Latin America, tropical Latin America and Europe. Escherichia
coli and Klebsiella pneumoniae play the dominant roles in AMR, and resistance is high
among multiple classes of antibiotic including fluoroquinolones, carbapenems, and third-
generation cephalosporins. Special tailored strategies including enhanced surveillance
and rational use of antibiotics should be developed for different regions according to the
region-specific pathogen-antibiotic situations and resources.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jem11102817/s1. Table S1: List of GBD location hierarchy by
region. Table S2: All-age count of deaths attributable to bacterial AMR among 13 antibiotic classes
and 14 pathogens for 21 GBD regions. Figure S1: All-age rate of DALYs attributable to and associated
with bacterial AMR among 21 GBD regions, 2019. Figure S2: All-age count of DALY attributable to
and associated with bacterial AMR globally among 14 pathogens, 2019. Figure S3: Fraction of DALY
attributable to (A) and associated with (B) bacterial AMR among 21 GBD regions and 14 pathogens,
2019. Figure S4: All-age count of DALYs attributable to and associated with bacterial AMR globally
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