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ABSTRACT

There is ongoing debate regarding whether criti-
cally important antimicrobials (CIA) should be used 
to treat infections in food-producing animals. In this 
systematic review, we determined whether CIA and 
non-CIA have comparable efficacy to treat nonsevere 
bovine clinical mastitis caused by the most commonly 
reported bacteria that cause mastitis worldwide. We 
screened CAB Abstracts, Web of Science, MEDLINE, 
Scopus, and PubMed for original epidemiological stud-
ies that assessed pathogen-specific bacteriological cure 
rates of antimicrobials used to treat nonsevere clinical 
mastitis in lactating dairy cows. Network models were 
fit using risk ratios of bacteriological cure as outcome. 
A total of 30 studies met inclusion criteria. Compari-
sons of cure rates demonstrated that CIA and non-CIA 
had comparable efficacy for treatment of nonsevere 
clinical mastitis in dairy cattle. Additionally, for cows 
with nonsevere clinical mastitis caused by Escherichia 
coli and Klebsiella spp., bacteriological cure rates were 
comparable for treated versus untreated cows; there-
fore, there was no evidence to justify treatment of these 
cases with CIA. Our findings supported that CIA in 
general are not necessary for treating nonsevere clini-
cal mastitis in dairy cattle, the disease that accounts 
for the majority of antimicrobial usage in dairy herds 
worldwide. Furthermore, our findings support initia-
tives to reduce or eliminate use of CIA in dairy herds.
Key words: critically important antimicrobial, dairy 
cow, mastitis, treatment

INTRODUCTION

Antimicrobial resistance is one of the most impor-
tant global threats to human and animal health. It is 
estimated that without urgent action, we are heading 
toward a postantibiotic era where 10 million deaths 
per year globally will be attributable to antimicrobial 
resistance (O’Neill, 2016). It is recognized that antimi-
crobial use contributes to emergence of antimicrobial 
resistance (Chantziaras et al., 2014); therefore, antimi-
crobial use should be refined. The World Health Orga-
nization (WHO) has promulgated a set of strategies to 
combat antimicrobial resistance, including reduction of 
antimicrobial use in food-producing animals.

The WHO classifies antimicrobials into categories 
based on availability of alternatives and risk of antimi-
crobial resistance–emergence due to nonhuman antimi-
crobial use (WHO, 2016). Critically important antimi-
crobials (CIA) are those used to treat specific diseases 
in humans, including infections acquired from nonhu-
man sources. The use of CIA in food-producing animals 
may be associated with increased risk of nontreatable 
human infections (Dutil et al., 2010). Hence, there is 
an ongoing debate on whether these antimicrobials 
should be used to treat infections in food-producing 
animals (Collignon, 2013). In the absence of definitive 
answers, several countries have directed substantial ef-
forts to control overall use of CIA in food-producing 
animals, either by promoting antimicrobial steward-
ship or by restricting their use (Dupont et al., 2017). 
Ideally, alternatives of comparable or superior efficacy 
should be available as part of any stewardship initia-
tive to reduce use of CIA in food-producing animals. 
Such alternatives would allow for effective treatment of 
bacterial infections that negatively affect animal health 
and welfare, while minimizing their effect on efficacy of 
CIA for human medicine.
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It is unclear whether CIA are indispensable for treat-
ing infections in food-producing animals; an evidence-
based assessment would rely on comparisons of efficacy 
of CIA versus non-CIA. Mastitis accounts for most 
antimicrobial usage, including CIA, in dairy cattle (No-
brega et al., 2017). Despite numerous randomized clini-
cal trials comparing efficacy of various antimicrobials 
for treating mastitis (Schukken et al., 2013), approxi-
mately all studies assessed only 1 or 2 antimicrobial 
treatment protocols or antimicrobial classes, thereby 
falling short to assess the need of CIA to treat mastitis. 
However, network meta-analysis, a natural extension of 
meta-analysis (Tonin et al., 2017), efficiently handles 
multiple treatment protocols and facilitates comparison 
of results from multiple trials in a single analysis by 
integrating direct and indirect evidence (e.g., indirect 
comparison of distinct interventions compared with a 
same control condition in separate studies).

In this systematic review, we assessed whether CIA 
and non-CIA have comparable efficacy to treat nonse-
vere bovine clinical mastitis (CM) caused by the most 
commonly isolated bacterial pathogens worldwide. We 
used a set of networks to analyze literature reporting on 
bacteriological cure rates of antimicrobials used to treat 
lactating dairy cows with nonsevere CM.

MATERIALS AND METHODS

Eligibility Criteria

This systematic review was conducted in accordance 
with the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) network meta-
analysis reporting standards (Hutton et al., 2015). We 
did not publish the following review protocol before 
conducting the study. Epidemiological studies (observa-
tional or experimental) that assessed pathogen-specific 
bacteriological cure rates of antimicrobials for treating 
nonsevere CM in lactating dairy cows were eligible for 
inclusion. Nonsevere CM was defined as signs of inflam-
mation in the mammary gland or altered milk secretion 
with no signs of systemic involvement. The CM cases 
without any mention of location and severity of inflam-
mation signs were considered nonsevere because that is 
the most common presentation of CM in dairy herds 
(Swinkels et al., 2013b; Kalmus et al., 2014). Interven-
tion was defined as administration of antimicrobials, 
either systemically or locally (intramammarily). We 
required inclusion of a comparator group defined as fol-
lows: (1) animals with nonsevere CM caused by same 
pathogen or pathogen group and (2) animals under a 
different antimicrobial treatment protocol (e.g., differ-
ent molecule, dose, route of administration, or days 

under treatment) or untreated. Animals were consid-
ered untreated if they received no therapy of any kind 
or treated with placebo. Consequently, dairy cows that 
were frequently milked, or that received oxytocin or 
nonsteroidal anti-inflammatory drugs (NSAID) solely, 
were not considered untreated. Furthermore, studies 
evaluating alternative therapies (e.g., frequent milking, 
NSAID, homeopathy) in addition to antimicrobial treat-
ments were excluded in absence of a second group with 
a distinct antimicrobial treatment protocol or an un-
treated group. Studies where antimicrobial treatments 
were performed following antimicrobial susceptibility 
testing were not considered unless there were at least 
2 treatment protocols in same population stratified by 
resistance phenotype status (e.g., cows with CM caused 
by resistant S. aureus under 2 distinct treatment proto-
cols). Bacteriological cure, defined as failure to isolate 
or detect the same species detected before treatment 
onset, was considered as the outcome. It was measured 
at the cow- or quarter-level, outside the withdrawal pe-
riod but within the first month after last treatment day, 
using either single or multiple milk samplings. Thus, 
studies reporting exclusively on clinical cure or other 
metrics of cure (e.g., improvement, any pathogen cure) 
were not considered. Milk samples collected within an 
interval (e.g., 19–41 d) were assumed as collected at 
the window mean (e.g., 30 d for the 19–41-d window). 
Finally, studies only reporting cure rates without any 
mention of etiological agent were not eligible for inclu-
sion.

Search Strategy and Study Selection

We screened CAB Abstracts, Web of Science (all da-
tabases), MEDLINE, Scopus (Elsevier), and PubMed 
on January 30, 2019 for potentially relevant articles. 
We developed a search strategy consisting of relevant 
key words describing the 3 following themes: popula-
tion, intervention, and outcome. The broad themes 
were combined into a single query. Although we did 
not place a limit on publication date and language 
during our initial screening, English, Spanish, Portu-
guese, French, and Italian articles published from 1980 
onwards were considered for full-text reviewing. The 
initial search strategy was designed to be fairly broad. 
Preliminary assessment of returned hits indicated a 
substantial number of studies in species other than 
dairy cattle. Additionally, review articles, case reports, 
and case series where no comparator was used were 
also retained by our initial search strategy. Therefore, 
our search strategy was further refined to exclude re-
view articles and case reports in addition to noncattle 
studies using the Boolean operator “NOT” at title level 
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(Supplemental Text S1, https: / / doi .org/ 10 .3168/ jds 
.2020 -18365). Queries were adapted to database-specific 
terms, as necessary.

Our search strategy was enhanced by screening 
relevant conference proceedings using the following 3 
specialized databases: (1) Searchable Proceedings of 
Animal Conferences (SPAC, 2019), (2) National Mas-
titis Council Proceedings Library (NMC, 2019), and 
(3) International Veterinary Information Service (IVIS, 
2019). The query “mastitis treatment” was used in all 3 
databases, and titles from all hits were reviewed. Addi-
tionally, abstracts from the third International Mastitis 
Seminar (IDF et al., 1995; Tel Aviv, Israel) were manu-
ally reviewed. Finally, reference lists from all articles 
included in this systematic review were reviewed for 
potential inclusion.

Two authors (D. N. and S. A. N.) reviewed all titles 
and abstracts independently. Original research that 
reported on efficacy of antimicrobials to treat dairy 
cows with mastitis during lactation were retained. This 
initial screening was fairly broad to encompass all po-
tentially relevant studies for full-text review. Discrepan-
cies between reviewers were resolved by consulting with 
a third reviewer (H. B.). Agreement between reviewers 
was excellent (κ = 0.92; 95% CI: 0.85–0.99). All full 
texts were retrieved and assessed for eligibility using a 
pre-established screening tool. Epidemiological studies 
that reported on bacteriological cure rates of ≥2 dis-
tinct antimicrobial treatment protocols (or 1 protocol 
and an untreated group) for treating dairy cows with 
CM during lactation were retained, according to previ-
ously stated eligibility criteria.

Data Collection

The same reviewers (D. N. and S. A. N.) extracted 
data independently from individual studies using an 
electronic form in Microsoft Excel (Redmond, WA). 
Variables extracted, when available, were author, year, 
country, study design, CM definition, number of cows 
and quarters with CM, eligibility criteria for animals 
included in the study, bacteria, bacteria identification 
method, antimicrobial treatment, route of administra-
tion, dose, days under treatment, type of supportive 
therapy, time of outcome measurement, level of outcome 
measurement (i.e., cow or quarter), outcome definition, 
and numbers of cases (cows or quarters) and cures per 
treatment protocol. Lastly, authors from studies that 
had missing required information were contacted by e-
mail with regards to availability of data.

For studies in which posttreatment samples were col-
lected on multiple days and cure was assessed individu-
ally for each sampling, results from sampling closest to 
median time of outcome measurement for CM caused 

by the same pathogen were selected for extraction. If 
studies reported nonequivalent cure rates at quarter- 
and cow-level, only the former were retained.

Risk of Bias and Study Quality

The same 2 reviewers independently assessed quality 
and risk of bias in individual experimental studies using 
the Systematic Review Centre for Laboratory Animal 
Experimentation (SYRCLE) tool (Hooijmans et al., 
2014). Risk of bias was classified according to number 
of error sources that each study had failed to address: 
low risk of bias (1–3 sources of error), moderate risk of 
bias (4–6 sources of error), and high risk of bias (7–9 
sources of error). A single experimental study classified 
as having high risk of bias, as well as nonexperimental 
studies, had their effect on final estimates assessed us-
ing sensitivity analysis.

Data Synthesis and Network Meta-Analyses

Prior to analyses, categories of antimicrobial treat-
ment protocols, supportive therapy, and pathogens 
were generated. Antimicrobial treatment protocols 
were grouped using categories defined a priori based 
on the WHO fifth revision of Critically Important 
Antimicrobials for Human Medicine (WHO, 2016) 
and route of administration (systemic and intramam-
mary). The WHO categories included newer generation 
(third, fourth, and fifth) cephalosporins, macrolides, 
quinolones, penicillins (natural), amphenicols, penicil-
lins (anti-staphylococcal), and older generation (first 
and second) cephalosporins. For combinations contain-
ing 1 or more antimicrobial or different classes given 
by different routes, the prioritization category of each 
molecule was initially determined and used thereafter 
to classify protocols as follows: (1) combination con-
taining 1 or more highest-priority antimicrobial class 
or (2) combination containing 1 or more high-priority 
antimicrobial class. In the few trials where antimicrobi-
als were administered by more than 1 route, protocols 
were classified as systemic treatments if 1 or more 
antimicrobial was administered parenterally; their ef-
fect on final estimates was assessed through sensitivity 
analysis, as described. When studies compared effects 
of routes of administration using systemic, intramam-
mary, and both routes of administration concurrently, 
results from individual routes were retained exclusively. 
Finally, because extended therapies are known to af-
fect the probability of bacteriological cure using some 
antimicrobials (Oliver et al., 2004), and a wide range of 
days under treatment with cephalosporins was reported 
(from 1–8), a cut-off of 4 d was used to define an ex-
tended therapy with cephalosporins. For other antimi-

Nobrega et al.: CRITICALLY IMPORTANT ANTIMICROBIALS AND MASTITIS

https://doi.org/10.3168/jds.2020-18365
https://doi.org/10.3168/jds.2020-18365


10588

Journal of Dairy Science Vol. 103 No. 11, 2020

crobial classes, no significant variations were detected 
in terms of days under treatment (Supplemental Table 
S1, https: / / doi .org/ 10 .3168/ jds .2020 -18365).

Despite reported lack of efficacy of nonantimicrobial 
approaches for treating CM (Francoz et al., 2017), use 
of supportive therapy may affect efficacy of antimi-
crobials (Roberson et al., 2004). Within a study, each 
treatment group had its supportive therapy classified 
as: (1) no use of supportive therapy, (2) intramam-
mary anti-inflammatories (e.g., formulation containing 
prednisolone), (3) systemic anti-inflammatories (e.g., 
NSAID), and (4) frequent milking (with or without 
oxytocin administration). For studies reporting cure 
rates from multiple antimicrobial treatment protocols 
where a subset differed on use of supportive therapies 
exclusively, results from groups receiving supportive 
therapy were not considered. To be as comprehensive 
as possible while ensuring a manageable number of 
treatment categories, use of supportive therapy was 
handled through sensitivity analyses in network analy-
ses, as described.

Culture results were classified as undetermined (not 
cultured), Escherichia coli, Klebsiella spp., other coli-
forms (Enterobacter spp., Citrobacter spp., Serratia 
spp., or any combination of these bacteria), unspecified 
coliforms, non-agalactiae streptococci (Streptococcus 
uberis, Streptococcus dysgalactiae, non-agalactiae strep-
tococci, or any combination of these bacteria), non-
aureus staphylococci (coagulase-negative staphylococci, 
Staphylococcus spp. other than Staphylococcus aureus), 
S. agalactiae, S. aureus, no growth, and others (Bacillus 
spp., Pseudomonas spp., Trueperella pyogenes, Nocardia 
spp., yeasts, molds, Prototheca spp., Enterococcus spp., 
Corynebacterium spp., Pasteurella spp., Proteus spp.). 
For any combination of isolates obtained in a single cul-
ture, except those described under coliforms and non-
agalactiae streptococci, results were classified as mixed 
culture. However, for studies reporting individual results 
for each bacterial species, irrespective of presence of a 
second species in culturing, results from mixed cultures 
were grouped into 2 pathogen categories, accordingly. 
Lastly, grouped results excluding those described (e.g., 
major or minor pathogen, gram-positive or negative) 
were classified as combined.

Five network meta-analyses were carried out accord-
ing to the most commonly reported bacteria that cause 
CM worldwide (S. aureus, E. coli, non-aureus staphylo-
cocci, non-agalactiae streptococci, and Klebsiella spp.). 
Analyses were carried out in R version 3.5.2 using the 
“netmeta” package (Rücker et al., 2019). Statistical 
significance was considered at the 5% level.

A study was eligible for inclusion in networks if: (1) it 
reported specific rates of bacteriological cure of nonse-
vere CM caused by aforementioned bacteria, (2) it had 

≥2 categories of antimicrobial treatments per pathogen 
after grouping, and (3) 1 or more of these categories 
was common to >1 study included in the pathogen-
specific network. If a study provided multiple estimates 
within the same grouping (e.g., 2 treatment protocols 
or distinct bacterial species receiving same classifica-
tion), results were first merged accordingly before 
assessment of eligibility for inclusion in networks. For 
within-study pairwise comparisons where no cure was 
reported for both protocols (probability of cure equal to 
0 for 2 protocols within a study), results from the most 
uncommon protocol were dropped from the analyses. 
Studies not eligible for inclusion in any network had 
their results discussed qualitatively.

A frequentist approach using generalized linear mod-
els applied using graph theory was used to develop net-
works (Rücker, 2012). All treatment networks analyzed 
were closed, as our eligibility criteria for inclusion of 
a study in networks required common treatment arms 
between studies. Models were fit using risk ratios for 
bacteriological cure as the outcome, and random effects 
to allow for unmeasured, between-study differences. 
Network inconsistency (a measure of agreement between 
direct and indirect evidence comparing the same treat-
ments) was assessed using the Q statistic, a measure of 
discrepancy between the observed risk ratios for a given 
comparison, compared with what is expected based on 
any indirect comparisons (Rücker, 2012). Inconsistency 
was also visually assessed to identify particular stud-
ies or comparisons contributing to the inconsistency 
based on heatmaps generated using a function within 
“netmeta” (Rücker et al., 2019). The proportion of 
indirect to direct evidence was also assessed in each 
model, providing an indication of how many uncom-
mon treatments (present in only a single study) were 
evaluated and combined with confidence intervals (CI) 
to assess strength and validity of the findings. When 
inconsistency was detected, a sensitivity analysis (de-
scribed below) was conducted to determine the effect of 
the study’s contribution to inconsistency on the overall 
model fit. Studies removed from the quantitative net-
work meta-analysis were then described qualitatively. 
Model heterogeneity was assessed using the I2 statistic 
computed with the random-effects model in “netmeta” 
(Rücker et al., 2019), representing the ratio of between-
study variance to within-study variance. A significant 
I2 value indicated that unmeasured study character-
istics contributed to observed differences more than 
the treatments themselves. We evaluated all pairwise 
comparisons of CIA versus each non-CIA using league 
tables. A CIA category was deemed to be different from 
non-CIA if relative risks and respective 95% CI com-
paring bacteriological cure rates between categories did 
not include the null value for each pairwise comparison.
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Sensitivity analyses were used to evaluate effects 
of categories of supportive therapy in our estimates. 
Treatment protocols containing a specific type of sup-
portive therapy were removed 1-at-a-time, 2-at-a-time 
(intramammary anti-inflammatory and frequent milk-
ing exclusively), and all 3 at once. Relative risks and 
respective 95% CI, heterogeneity, and inconsistency 
estimates were compared from a different set of models 
for each pathogen. Choice of models was based on (1) 
consistency of findings when compared with models 
containing only treatment protocols without supportive 
therapy, (2) lowest heterogeneity (using a threshold of 
20 percentage points to infer similarity) and absence 
of statistical significance for inconsistency estimates, 
and (3) highest degree of network completeness (de-
fined as the highest possible number of treatment arms 
or nodes) and studies included while meeting criteria 
1 and 2. Finally, a secondary set of sensitivity analy-
ses was carried out 1-at-a-time on selected models to 
explore potential sources of inconsistencies detected, 
unusual routes of administration, high risk of bias, 
nonexperimental evidence, effects of combined route 
therapies, and pathogen antimicrobial resistance pro-
file. Major findings were robust regardless of presence 
of refrained studies; choice of models was, therefore, 
based on heterogeneity and inconsistency estimates us-
ing same criteria aforementioned. We did not attempt 
any additional meta-regression or subgroup analyses 
for our final models.

A second antimicrobial classification scheme was 
used to assess the robustness of findings from initial 
networks. This secondary assessment was done to en-
sure that very distinct protocols classified as “combina-
tions” in our first assessment did not significantly af-
fect our overall findings, despite low inconsistency and 
heterogeneity values detected in our initial models. In 
this secondary scheme, combinations containing one or 
more antimicrobial were first classified as (1) combina-
tion containing aminoglycosides and (2) combination 
containing anti-staphylococcal penicillins, and analyses 
were carried out as described. A single study comparing 
2 combination protocols that would not fall under the 
prespecified categories (Sol et al., 2000) was excluded 
from this secondary assessment. Because findings were 
robust irrespective of classification scheme, results from 
initial approach were reported exclusively.

Bias assessment at the reporting level was evaluated 
using comparison-adjusted funnel plots (Chaimani and 
Salanti, 2012), where estimated relative risk from ran-
dom-effects model for specific treatment comparisons 
were plotted against their respective standard errors. 
Asymmetry was tested using both Egger’s regression 
test and the Thompson-Sharp regression test, allowing 
for between-study heterogeneity.

RESULTS

Description of Studies

Our search strategy yielded 9,173 records (Figure 1), 
from which 30 studies were retained (Aguilera, 1983; 
Guterbock et al., 1993; Lavy et al., 1995; Wilson et al., 
1996; Shpigel et al., 1997; McDougall, 1998; Pyorala 
and Pyorala, 1998; Roberson, 1998; Sol et al., 2000; 
Hillerton and Kliem, 2002; McDougall, 2003; Taponen 
et al., 2003a,b; Wraight, 2003; Oliver et al., 2004; Rob-
erson et al., 2004; Sérieys et al., 2005; McDougall et 
al., 2007a, b; Bradley and Green, 2009; Schukken et 
al., 2011; Schukken et al., 2013; Swinkels et al., 2013a; 
Kalmus et al., 2014; Swinkels et al., 2014; Truchetti 
et al., 2014; Bryan et al., 2016; Cortinhas et al., 2016; 
Vasquez et al., 2016; Tomazi et al., 2018). Twenty-six 
studies were included in 1 or more network. Reasons 
for noninclusion in any network were as follows: (1) 
flagged as source of inconsistency assessed using the Q 
statistic and visual inspection of heatmaps (Schukken 
et al., 2011), (2) high risk of bias (Aguilera, 1983), and 
(3) absence of ≥2 antimicrobial treatment protocols in 
different categories following treatment classification 
(Lavy et al., 1995; McDougall, 2003).

Out of 30 studies, 25 were randomized clinical tri-
als (Table 1). The majority of studies defined CM by 
using signs of local inflammation and characteristics 
of milk secretion. Total number of cows enrolled per 
study ranged from 23 to 1,462. Most studies (28 of 30) 
reported quarter-level or equivalent cow- and quarter-
level results (e.g., enrollment of single quarter per cow). 
Only 3 studies used molecular diagnostic techniques for 
identification of bacteria that cause CM (McDougall et 
al., 2007a; Schukken et al., 2011; Kalmus et al., 2014).

Most treatment protocols relied on use of 1 or more 
intramammary antimicrobials (Table 2); number of 
treatment protocols within a study ranged from 2 to 7. 
The CIA of high priority were the most frequently used 
antimicrobials. Among non-CIA, protocols using first 
and second generation cephalosporins and anti-staphy-
lococcal penicillins were most often implemented. The 
most frequently studied pathogen was S. aureus (22 
studies), whereas relatively few (n = 8) studies reported 
on bacteriological cure of Klebsiella spp.

Escherichia coli

Fourteen studies reporting on bacteriological cure 
rates of antimicrobials used to treat nonsevere CM 
caused by E. coli were eligible for inclusion in networks. 
From this total, 1 (Schukken et al., 2011) was flagged 
as a potential source of inconsistency and therefore 
excluded (Supplemental Table S1, https: / / doi .org/ 10 
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.3168/ jds .2020 -18365). Nevertheless, findings were con-
sistent, irrespective of inclusion of this study; there was 
no evidence supporting the need of CIA for treating 
nonsevere CM caused by E. coli (Figure 2). No protocol 
including the use of CIA had superior bacteriological 
cure rates of nonsevere E. coli CM than protocols rely-
ing on non-CIA (Supplemental Table S2, https: / / doi 
.org/ 10 .3168/ jds .2020 -18365). Additionally, there was 
no evidence to support use of antimicrobials for treat-
ing nonsevere CM caused by E. coli, as the probability 
of bacteriological cure was similar for treated versus 
untreated cows (Figure 2).

Klebsiella spp.

From the 8 studies reporting on bacteriological cure 
rates of antimicrobials for treating nonsevere CM 
caused by Klebsiella spp., 7 were eligible for inclusion 
in networks. From this total, a single study (Schukken 
et al., 2011) was excluded because it was a significant 

source of heterogeneity and inconsistency (Supplemen-
tal Table S3, https: / / doi .org/ 10 .3168/ jds .2020 -18365). 
There was no evidence supporting the need to use CIA 
for treating nonsevere CM caused by Klebsiella spp. 
(Figure 3, Supplemental Table S4, https: / / doi .org/ 10 
.3168/ jds .2020 -18365), despite inclusion of the poten-
tial source of inconsistency in analysis: no protocol 
including the use of CIA for treatment of nonsevere 
CM caused by Klebsiella spp. resulted in increased 
bacteriological cure compared with protocols including 
non-CIA (Supplemental Table S4). Extended treatment 
with third generation cephalosporins, antimicrobials 
classified as CIA, was not superior to protocols based 
on use of first generation cephalosporins, a non-CIA 
antimicrobial (relative risk = 1.67, 95% CI: 0.87–3.20; 
Supplemental Table S4). In addition, probability of 
bacteriological cure was not lower when no antimicro-
bials were administered (Figure 3), as reported from 
2 trials. Nevertheless, the relatively low sample size of 
studies involved warrants further investigation.
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Non-Aureus Staphylococci

Fifteen studies reported on bacteriological cure rates 
of antimicrobials used to treat nonsevere CM caused 
by non-aureus staphylococci. From this total, 13 were 
eligible for inclusion in networks, wherein relatively 
high heterogeneity values were detected in comparison 
to models for remaining bacterial species (Supplemen-
tal Table S5, https: / / doi .org/ 10 .3168/ jds .2020 -18365). 
For treatment of nonsevere CM caused by non-aureus 
staphylococci, no protocol with use of CIA resulted 
in increased bacteriological cure when compared with 

protocols using non-CIA (Figure 4; Supplemental 
Table S6, https: / / doi .org/ 10 .3168/ jds .2020 -18365). 
Protocols with intramammary administration of third 
or fourth generation cephalosporins, macrolides or 
combinations containing CIA of highest priority, were 
comparable to protocols with intramammary admin-
istration of first or second generation cephalosporins 
for promoting bacteriological cure of nonsevere CM 
caused by non-aureus staphylococci (Figure 4). No 
eligible study reported bacteriological cure rates for 
untreated cows with nonsevere CM caused by non-
aureus staphylococci.

Nobrega et al.: CRITICALLY IMPORTANT ANTIMICROBIALS AND MASTITIS

Figure 2. Forest plot of relative risks (and respective 95% CI) of bacteriological cure of nonsevere bovine clinical mastitis caused by 
Escherichia coli. Untreated cows were considered as the reference group. Marker size is related to number of units (cows or quarters) enrolled 
per treatment category after the World Health Organization categorization of medically important antimicrobials.

Figure 3. Forest plot of relative risks (and respective 95% CI) of bacteriological cure of nonsevere bovine clinical mastitis caused by Klebsiella 
spp. Untreated cows were considered as the reference group. Marker size is related to number of units (cows or quarters) enrolled per treatment 
category after the World Health Organization categorization of medically important antimicrobials.

https://doi.org/10.3168/jds.2020-18365
https://doi.org/10.3168/jds.2020-18365
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Staphylococcus Aureus

From the 22 studies reporting on antimicrobial bac-
teriological cure rates for treatment of nonsevere CM 
caused by S. aureus, 17 were included in our final S. 
aureus network. Sensitivity analysis indicated that S. 
aureus results depended on inclusion of a study classi-
fied as having high risk of bias (Aguilera, 1983), which 
was therefore excluded. Additionally, our selected S. 
aureus model did not include 4 studies with use of 
protocols based on intramammary administration of 
anti-inflammatories due to a marked increase in het-
erogeneity (Supplemental Table S7, https: / / doi .org/ 10 
.3168/ jds .2020 -18365). The bacteriological cure rate of 
nonsevere CM caused by S. aureus was not different 
when comparing CIA versus non-CIA; consequently, no 
CIA category was superior to all non-CIA categories 
(Supplemental Table S8, https: / / doi .org/ 10 .3168/ jds 
.2020 -18365; Figure 5). No study reporting on spon-
taneuous bacteriological cure rates of nonsevere CM 
caused by S. aureus could be included in our networks.

Non-Agalactiae Streptococci

Twenty-one studies reported on bacteriological cure 
rates of antimicrobials for treating nonsevere CM 
caused by non-agalactiae streptococci, from which 20 
were eligible for inclusion in networks. No study or 
protocol was excluded from networks according to our 
sensitivity analysis (Supplemental Table S9, https: / 
/ doi .org/ 10 .3168/ jds .2020 -18365). No protocol using 
CIA resulted in higher bacteriological cure rates of 
nonsevere CM caused by non-agalactiae streptococci 

compared with protocols using non-CIA (Supple-
mental Table S10, https: / / doi .org/ 10 .3168/ jds .2020 
-18365). Hence, there was no evidence to support need 
of CIA for treating nonsevere CM caused by non-aga-
lactiae streptococci (Supplemental Table S10; Figure 
6). Nevertheless, administration of antimicrobials was 
associated with higher probability of bacteriological 
cure.

Bias Assessments and Network Structures

Nearly half of the studies used protocols for treat-
ment allocation precluding adequate allocation con-
cealment (Table 3). For most studies, distribution of 
potential confounders pre-intervention was similar 
between groups. A potential source of bias common to 
all studies was housing of cows; it was unclear whether 
cows from different intervention groups were housed at 
the same facilities. In general, implementation of blind-
ing at either the performance- or detection-level was 
infrequent. The most common reason for nonblinded 
designs was use of very distinct treatment protocols 
(e.g., 2 vs. 8 d of treatment) in a study. A single study 
was flagged out as a potential source of significant bias 
(Table 3) and had its effect on networks evaluated us-
ing sensitivity analysis. Additionally, we did not detect 
evidence of reporting bias across studies (Supplemen-
tal Figures S1–S5, https: / / doi .org/ 10 .3168/ jds .2020 
-18365). Finally, for all pathogens, network structures 
revealed a high degree of indirectness, low density, and 
limited number of direct comparisons of CIA versus 
non-CIA (Supplemental Figures S6–S10, https: / / doi 
.org/ 10 .3168/ jds .2020 -18365).

Nobrega et al.: CRITICALLY IMPORTANT ANTIMICROBIALS AND MASTITIS

Figure 4. Forest plot of relative risks (and respective 95% CI) of bacteriological cure of nonsevere bovine clinical mastitis caused by non-
aureus staphylococci. Cows receiving intramammary administration of first- or second-generation cephalosporins were considered as the refer-
ence group. Marker size is related to number of units (cows or quarters) enrolled per treatment category after the World Health Organization 
categorization of medically important antimicrobials.

https://doi.org/10.3168/jds.2020-18365
https://doi.org/10.3168/jds.2020-18365
https://doi.org/10.3168/jds.2020-18365
https://doi.org/10.3168/jds.2020-18365
https://doi.org/10.3168/jds.2020-18365
https://doi.org/10.3168/jds.2020-18365
https://doi.org/10.3168/jds.2020-18365
https://doi.org/10.3168/jds.2020-18365
https://doi.org/10.3168/jds.2020-18365
https://doi.org/10.3168/jds.2020-18365
https://doi.org/10.3168/jds.2020-18365
https://doi.org/10.3168/jds.2020-18365
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Qualitative Results

Two of the 4 studies that could not be included in 
the network meta-analyses reported on bacteriologi-
cal cure rates of nonsevere coliform CM (Lavy et al., 
1995; Schukken et al., 2011). A positive effect of CIA 
to treat nonsevere E. coli CM was reported from one 
trial (Schukken et al., 2011), in contrast with other 
sources of evidence (Guterbock et al., 1993; Roberson, 
1998; Roberson et al., 2004). In addition, no difference 
between protocols based on increasing dosages of flor-
fenicol (a non-CIA) for treating CM caused by E. coli 
was reported by the second trial (Lavy et al., 1995). 
In the 2 remaining trials, gram-positive bacteria were 
responsible for the majority of CM. Systemic therapy 
(intra-arterial) with use of high-priority CIA was 
more effective in treating CM caused by either Strep-
tococcus agalactiae or S. aureus than intramammary 
administration of the same antimicrobials (Aguilera, 
1983). Additionally, 2 antimicrobial formulations, both 
containing high-priority CIA, were equally effective to 
treat cows with CM infected mostly by S. aureus, non-
aureus staphylococci, and non-agalactiae streptococci 
(McDougall, 2003).

DISCUSSION

To our knowledge, this is the first systematic review 
comparing efficacy of CIA and non-CIA to treat nonse-

vere CM caused by the most commonly isolated bovine 
mastitis pathogens worldwide. Findings from this study 
are important to inform public strategies aimed to pro-
mote antimicrobial stewardship in veterinary medicine.

There is an urgent need to restrict and control use 
of antimicrobials in livestock due to potential adverse 
effects on human health (Tang et al., 2017). Veterinar-
ians and farmers should choose antimicrobial agents 
based on a combination of factors including efficacy 
for treating specific pathogens and potential emergence 
of antimicrobial resistance following therapy. Although 
prevalence of antimicrobial resistance in dairy herds 
has not increased in the last 4 decades (Oliver and Mu-
rinda, 2012), use of CIA in food-producing animals has 
come under scrutiny in recent years (Apostolakos and 
Piccirillo, 2018) because of potential negative effects on 
human and environmental health. Veterinarians should 
choose non-CIA of comparable or superior efficacy for 
treating infections in animals as part of any antimicro-
bial stewardship program. We concluded that CIA and 
non-CIA have comparable efficacy to treat nonsevere 
CM in dairy cattle caused by the most commonly iso-
lated pathogens that cause mastitis worldwide. Hence, 
assuming all other variables that affect safety, choice, 
and use of antimicrobials are held equal, no adverse 
effects in terms of animal health and welfare should be 
expected by ceasing use of CIA for treating nonsevere 
CM in herds where no clinical need for CIA had been 
established (Turner et al., 2018).

Nobrega et al.: CRITICALLY IMPORTANT ANTIMICROBIALS AND MASTITIS

Figure 5. Forest plot of relative risks (and respective 95% CI) of bacteriological cure of nonsevere bovine clinical mastitis caused by 
Staphylococcus aureus. Cows receiving intramammary administration of first- or second-generation cephalosporins were considered as the refer-
ence group. Marker size is related to number of units (cows or quarters) enrolled per treatment category after the World Health Organization 
categorization of medically important antimicrobials.



10598

Journal of Dairy Science Vol. 103 No. 11, 2020

Spontaneous cure of intramammary infections and 
CM caused by gram-positive bacteria is unlikely (Hil-
lerton and Kliem, 2002; Roy et al., 2009); however, 
the same is not true for CM caused by gram-negative 
bacteria (Fairbrother et al., 2015). Our findings sug-
gest that antimicrobial treatment is not necessary for 
nonsevere cases of CM caused by E. coli and Klebsi-
ella spp. Whereas our findings were in agreement 
with previous studies on bacteriological cure rates 
of nonsevere CM caused by E. coli (Roberson et al., 
2004; Ruegg, 2018; Fuenzalida and Ruegg, 2019), re-
cent evidence demonstrates that antimicrobial therapy 
of nonsevere CM caused by Klebsiella pneumoniae is 
associated with higher bacteriological cure rates of 
treated cows (Fuenzalida and Ruegg, 2019). Unfortu-
nately, included studies reporting bacteriological cure 
rates for nonsevere CM caused by Klebsiella spp. had 
a relatively low sample size, limiting our power to as-
sess the need of antimicrobials for treating CM caused 
by this important pathogen. Nevertheless, irrespective 
of bacteriological cure, most cows with nonsevere CM 
caused by coliforms are clinically cured within 1 wk 
of onset of CM, regardless of treatment. In addition, 
there are no differences in terms of mastitis recurrence, 
apparent culling rates, and voluntary dry-off between 
treated and nontreated quarters affected by coliforms 
(Fuenzalida and Ruegg, 2019), suggesting that empiri-
cal antimicrobial treatment of nonsevere CM caused by 
coliforms using CIA is irresponsible. In that regard, use 

of culture-based, selective treatment programs where 
antimicrobials are not used for cases of mastitis caused 
by gram-negative bacteria can be a valuable alterna-
tive. Nonetheless, although our findings supported use 
of selective treatment of CM, we must emphasize that 
our main objective was to contrast CIA versus non-CIA 
for treatment of nonsevere CM.

The WHO list of CIA was developed with regard to 
the importance of antimicrobials in human medicine; 
cost was not a primary factor for classifying an an-
timicrobial as critically important. This classification 
scheme informs decision-making, particularly strategies 
for antimicrobial administration in food-producing 
animals (Collignon et al., 2016). In veterinary epidemi-
ology, decision-making should factor in expected eco-
nomical outcomes (James, 2005); costs of interventions 
are expected to directly affect dynamics of animal dis-
eases. Restrictions of antimicrobial use in dairy cattle 
could increase milk price, decreasing gross revenue for 
dairy farmers as well as affecting markets (Lhermie et 
al., 2018). A framework for tackling antimicrobial resis-
tance not only relies on reducing overall antimicrobial 
consumption, but also on ensuring that the most effec-
tive narrow-spectrum antimicrobial is used when neces-
sary (Om et al., 2016). Our findings support policies 
to reduce or eliminate use of CIA in dairy herds. Yet, 
despite a palpable sense of urgency due to alarming an-
timicrobial resistance rates worldwide, we must stress 
that phasing out use of CIA to treat CM will depend on 

Nobrega et al.: CRITICALLY IMPORTANT ANTIMICROBIALS AND MASTITIS

Figure 6. Forest plot of relative risks (and respective 95% CI) of bacteriological cure of nonsevere bovine clinical mastitis caused by non-
agalactiae streptococci. Cows receiving intramammary administration of first- or second-generation cephalosporins were considered as the refer-
ence group. Marker size is related to number of units (cows or quarters) enrolled per treatment category after the World Health Organization 
categorization of medically important antimicrobials.
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other factors, for example, whether alternatives dem-
onstrate efficacy in cases of intramammary infections 
caused by bacteria resistant to non-CIA. Additionally, 
despite comparable efficacy, economic factors such as 
costs of specific antimicrobials, duration of milk with-
drawal, duration of therapy and route of administration 
must also be included in the equation when selecting 
an antimicrobial for mastitis treatment. Therefore, our 
findings should be used as an important part of a dis-
cussion for implementing strategies to manage CM in 
dairy herds that align with international recommenda-
tions for combating antimicrobial resistance.

There is not enough evidence to support exclusive 
use of supportive therapy (e.g., frequent milking and 
homeopathy) for treating nonsevere CM in dairy cattle 
(Morin et al., 1998; Francoz et al., 2017). Use of support-
ive therapy might even be detrimental to udder health 
(Roberson et al., 2004). We handled use of supportive 
therapy in 3 ways: (1) by performing a set of sensitivity 
analysis, (2) by excluding studies where treatment pro-
tocols differed exclusively on use of supportive therapy, 
and (3) by extracting data from groups not receiving 
supportive therapy in studies reporting individualized 
cure rates for ≥ 2 antimicrobials, with and without sup-
portive therapy. For all pathogens except for S. aureus, 
findings and model estimates were comparable, despite 
inclusion of protocols with use of supportive therapy. 
Surprisingly, for S. aureus, exclusion of protocols with 
use of intramammary anti-inflammatories resulted in a 
sharp decrease in heterogeneity estimates, suggesting 
that efficacy of a subset of antimicrobials depended on 
intramammary administration of anti-inflammatories. 
It was suggested that bacterins administered in con-
junction with pirlimycin might increase probability 
of bacteriological cure for cows with intramammary 
infections caused by S. aureus (Luby and Middleton, 
2005), potentially due to reduced inflammation result-
ing from a focused immune response. Similarly, reduced 
inflammation due to intramammary administration of 
anti-inflammatories could potentially affect the overall 
probability of cure, resulting in increased heterogeneity 
estimates as detected in our networks.

The goal of antimicrobial therapy is to enhance bac-
terial clearance; efficacy of products used to treat CM is 
initially evaluated using estimates of bacteriologic cure 
rates (Ruegg, 2018). We excluded studies that did not 
report bacteriological cure rates; our choice of outcome 
relied on a balance between number of eligible studies 
and heterogeneity. Ideally, one would use an elaborate 
metric of cure based on lack of clinical signs and elimi-
nation of causative pathogen (e.g., complete cure). Yet, 
adoption of such a metric would inevitably lead to ex-
clusion of a majority of studies, as this information was 
not available. Alternatively, a large increase in number 

of eligible studies can be achieved by inclusion of stud-
ies reporting clinical cure. Nonetheless, as mastitis cure 
rates depend on the causal pathogens (Vasquez et al., 
2016), the information provided by clinical cure in ab-
sence of bacteriological culturing is potentially a source 
of heterogeneity when evaluating effects of antimicrobi-
als. If, for instance, treatment assignment depended on 
underlying causal bacteria in studies reporting exclu-
sively on clinical cure, there would have been increased 
heterogeneity or inconsistency in our networks. Such 
discrepancy could arise, for example, from distinct 
pathogen-specific incidence rates that are commonly 
reported from countries (Oliveira et al., 2013; 2015).

Some limitations of this study must be acknowl-
edged. First, non-agalactiae streptococci and non-
aureus staphylococci are diverse groups. Antimicrobial 
efficacy depends on the causal pathogen, and it is un-
clear whether efficacy of a specific antimicrobial will 
be similar for CM cases caused by different pathogens 
(e.g., S. uberis versus S. dysgalactiae or S. chromogenes 
versus S. epidermidis). Similarly, in the absence of mo-
lecular identification techniques such as MALDI-TOF, 
non-aureus staphylococci were typically only identi-
fied at the group level when based on culture alone. 
Without differentiating non-aureus staphylococci spe-
cies, it is difficult to distinguish between a failure to 
cure and a successful cure followed by a new IMI by 
another non-aureus staphylococci species. Additionally, 
network meta-analyses inevitably depend on some de-
gree of grouping. Although we tested 2 antimicrobial 
categorization schemes, a wide variety of antimicrobial 
treatment protocols receive the same WHO categori-
zation. Nevertheless, the relatively low heterogeneity 
and nonsignificant inconsistency estimates were reas-
suring; not only was the between-study variance for 
same comparison in a species relatively low, but direct 
and indirect sources of evidence were in overall agree-
ment. Second, despite nonsignificant inconsistency 
estimates, the majority of evidence from networks was 
indirect and should be interpreted accordingly. Of note, 
the limited number of studies and elevated number of 
treatment protocols resulted in low-density networks, 
which was expected due to diversity of treatment pro-
tocols for CM available worldwide. Additionally, low 
heterogeneity detected in the networks was mostly a 
consequence of lack of common treatment arms across 
studies. In this scenario, the assumption of transitivity 
(no systematic differences among comparisons of same 
treatments) becomes crucial (Salanti et al., 2014). 
Third, for CM cases caused by Klebsiella spp., and for 
specific antimicrobial categories (e.g., amphenicols, an-
ti-staphylococcal penicillins), low sample size reduced 
our probability of detecting meaningful associations; 
absence of statistical significance at 5% level in this 
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case could have been due to lack of statistical power. 
Moreover, our study ignored the concept of margin of 
noninferiority. For bacteriological cure rates differing 
within a pre-established value, its adoption would en-
sure that antimicrobials from separate categories were 
deemed noninferior to each other in terms of overall 
efficacy, despite presence of statistical significance. 
Finally, findings were specific for the current scenario 
in terms of antimicrobial alternatives for treating CM; 
development of new antimicrobials, formulations, or 
treatment protocols was not captured by our models. 
Similarly, CIA and non-CIA included in our analysis 
did not encompass all possible antimicrobial molecules 
and classes from these categories. Therefore, we do 
not recommend extrapolation of our findings to nonin-
cluded antimicrobials or treatment protocols.

CONCLUSIONS

Our findings support that antimicrobial treatment 
does not improve the outcome for nonsevere CM 
caused by E. coli. Additionally, CIA and non-CIA had 
comparable efficacy for treating nonsevere CM caused 
by the 5 most prevalent mastitis-causing pathogens or 
group of pathogens worldwide (S. aureus, non-aureus 
staphylococci, non-agalactiae streptococci, E. coli, and 
Klebsiella spp.). Findings from this study support pub-
lic strategies that promote responsible antimicrobial 
stewardship in veterinary medicine.
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