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This systematic review and network meta-analysis aimed to estimate the relative efficacy of dry cow antimicrobial therapies, registered in Canada and/or the United States, to cure existing intramammary infections (IMI) in dairy cattle. The controlled trials examining all-cause cures of existing IMI present at dry-off were eligible. Five databases and four conference proceeding platforms were searched. The risk of bias at the level of the outcome was assessed using the Cochrane 2.0 risk of bias instrument (Cochrane, Denmark), and the overall confidence in the findings from the network meta-analysis was assessed using the Confidence in Network Meta-Analysis (CINeMA) platform. Of 3,743 articles screened for eligibility by the two independent reviewers, 58 trials were included in the Bayesian network meta-analysis for the all-cause cure of existing IMI from dry-off to calving. No antimicrobial treatment (non-active control) was associated with a decreased risk of a cure compared with all other currently labeled antimicrobials in Canada and the United States; however, lack of replication trials for some antimicrobial products created large credibility intervals and, therefore, we were unable to identify meaningful comparisons between the products. Poor reporting of trial features, heterogeneity in outcome measurements, and high risk of bias in some domains further contributed to this inability to compare antimicrobials. Continued improvement in the reporting of animal trials is required to make recommendations for antimicrobial products on the basis of efficacy.

Systematic Review Registration: https://atrium.lib.uoguelph.ca/xmlui/bitstream/handle/10214/16236/Protocol_NMA_efficacy_dryoff_antibiotics_cure_IMI.pdf?sequence=3&isAllowed=y.

Keywords: dairy cow, dry cow, antibiotic, subclinical mastitis (SCM), network meta-analysis (NMA)


INTRODUCTION

Intramammary infections (IMI) that are left untreated during the dry period can develop into clinical mastitis (CM) in the subsequent lactation (Pantoja et al., 2009; Bhutto et al., 2011), which affects production and milk quality. The importance of curing and preventing IMI during the dry period has led to the development of indications, such as the Pan-European agreement on dry cow therapy (2017), which states that only animals likely to be infected should receive dry cow antimicrobial therapy, although herds at high-risk for infections should be considered for the treatment with antimicrobials in addition to internal teat sealant products (Bradley et al., 2018). However, the WHO and the Canadian Veterinary Medical Association recommend reducing the use of antimicrobials of importance to human health in livestock production animals (Canadian Veterinary Medical Association, 2017; World Health Organization, 2017).

Given competing guidelines, the evaluation of comparative efficacies of dry cow antimicrobial therapy options is important when selecting an antibiotic. The use of non-efficacious antimicrobials contributes to use without benefit to animal health or welfare. To gather the highest level of evidence for the efficacy of antimicrobials to cure existing IMI in a field setting, a systematic review methodology can be used to synthesize data from controlled trials (Sargeant and O'Connor, 2014). The addition of a network meta-analysis allows the comparison of all dry cow antimicrobial products, which compares the products beyond the traditional pairwise meta-analysis of two interventions (Li et al., 2011). Network meta-analyses have the added benefit of providing direct comparisons of interventions within the controlled trials and indirect comparisons of interventions across the trials that share a common comparison group (e.g., non-active control) (Li et al., 2011). When enough evidence is available, network meta-analyses provide a rigorous synthesis of all available treatments to aid in clinical decision-making.

Pairwise meta-analyses have compared the efficacy of antimicrobials for the prevention of new IMI (Robert et al., 2006; Halasa et al., 2009b) and cure of existing IMI (Halasa et al., 2009a), examined blanket vs. selective dry cow therapy (Winder et al., 2019e), examined non-antimicrobial products for cure and prevention of IMI (Rabiee and Lean, 2013; Dufour et al., 2019), and prevention of IMI in heifers (Naqvi et al., 2018). Network meta-analyses have been used to investigate antimicrobials to prevent new IMI and CM in the early lactation period (Winder et al., 2019b), the treatment of CM in lactating cattle (Winder et al., 2019c; Nobrega et al., 2020), and the use of teat sealants to prevent IMI and CM (Winder et al., 2019d). The objective of this systematic review and network meta-analysis was to investigate the comparative efficacy of dry cow antimicrobial therapy, registered in Canada and/or the United States, to cure existing IMI in dairy cattle, which till today has not been summarized using network meta-analytic approaches. Producers and veterinarians can use efficacy information to inform dry cow treatment decisions. For example, where indicated as less or equally efficacious, the antimicrobials deemed important for human health can be avoided.



MATERIALS AND METHODS


Protocol and Registration

A review protocol was created a priori and can be accessed online1. Manuscript preparation followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses extension for Network Meta-Analyses (PRISMA-NMA) reporting guidelines (Hutton et al., 2015; RRID:SCR_018721).



Eligibility Criteria

The controlled trials with naturally occurring diseases and published in English were eligible. The trial must have examined dairy cattle with an IMI at the cessation of lactation, defined by laboratory confirmation of one or more pathogens or a somatic cell count (SCC) cut point. The eligible interventions were antimicrobial dry cow treatment intervention with a comparison to an antimicrobial treatment, non-antimicrobial treatment method, or non-active comparator. At least one of the following outcomes had to be reported: all-cause cure of existing IMI from dry-off to calving; incidence of clinical mastitis over the first 30 days in milk (DIM) in cows with an IMI at the cessation of lactation; or total antimicrobial use over the first 30 DIM in cows with an IMI at the cessation of lactation. There were no date or study location restrictions.

There was no restriction on the eligible antimicrobial products included in the systematic review or network meta-analysis; however, the reporting of comparative efficacy and risk of bias in the overall network was limited to the treatment protocols labeled for use in Canada and the United States in 2019, as outlined by the Compendium for Veterinary Products, the Canada and United States versions (Animalytix, 2020a,b). The products containing the same compounds, but administered via a different route or dose, were also eligible for inclusion in comparative efficacy reporting and risk of bias analysis.



Information Sources

The database search was conducted on June 14, 2019: Medline (via Ovid SP), CAB Abstracts (via CAB Interface), Science Citation Index (via Web of Science), Conference Proceedings Citation Index—Science (via Web of Science), and Agricola (via Proquest). The following conference proceedings were hand-searched from 1997 to 2019 for papers ≥500 words: Proceedings of the American Association of Bovine Practitioners, World Association for Buiatrics, National Mastitis Council Conference Proceedings, and IDF Mastitis Conference Proceedings. The Freedom of Information New Animal Drug Approvals (NADA) summaries from the Food and Drug Administration (FDA) website (US Food and Drug Administration, 2019) were searched by drug use (dry cow therapy). Contact with study authors was not conducted.



Search

The search string for Science Citation Index (via Web of Science) is provided in Table 1. The search results were downloaded into EndNote2 (EndNote X7, Clarivate Analytics, Philadelphia; RRID:SCR_014001) and deduplicated. The references were then uploaded into DistillerSR3 (Evidence Partners Inc., Ottawa, ON, Canada), and further deduplicated.


Table 1. Search strategy to identify the relevant articles for the network meta-analysis assessing the relative efficacy of antimicrobial treatment protocols to cure existing intramammary infections (IMI) during the dry period in dairy cattle, conducted on June 14, 2019, in Science Citation Index (Web of Science).
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Study Selection

Study selection, data extraction, and assessment of the risk of bias were performed in DistillerSR. The title and abstract screening pretest involved four reviewers screening 100 articles. Two reviewers independently screened each title and abstract using three primary screening questions: (1) Is the title or abstract available in English?; (2) Is a primary research study described in the title or abstract?; and (3) Are dry-off antimicrobial treatments in dairy cattle with an existing IMI described within the title or abstract? A response of “no” from two reviewers to any of the above questions resulted in exclusion. The full-text screening pre-test used 10 full-text articles. Six secondary screening questions were applied: (1) Is the study available in English?; (2) Is this a primary research study?; (3) Are dry-off antimicrobial treatments in dairy cattle with an existing IMI reported within the article?; (4) Is an eligible comparison group reported within the article?; (5) Are one or more of the following outcomes reported in the article: cure of existing IMI from dry-off to calving, the incidence of CM in the first 30 DIM in cows with an existing IMI at the cessation of lactation, or metrics for total antimicrobial use in the first 30 DIM in cows with an existing IMI at the cessation of lactation?; and (6) Is the study a controlled trial with natural disease exposure? An answer of “no” by two reviewers resulted in exclusion. The conflicts were resolved by mediation with a third reviewer where needed.



Data Collection Process

Data extraction was conducted in DistillerSR. The forms were pre-tested using four references. Data extraction from the relevant studies was conducted independently two times, and a third reviewer was consulted if consensus could not be reached.



Data Items
 
Study Characteristics

Study-level data included the year of publication, year of study conduct, country, the number of herds enrolled in the study, herd setting (commercial or research), breed, lactation number, and inclusion criteria at herd- and cow-level.



Population

To be eligible for a cure, the cows must have been diagnosed with an existing IMI at the cessation of lactation. Bacteriologic culture of one or more pathogens or any SCC cut point (e.g., cows with SCC >200,000 cells/ml were considered infected) were acceptable definitions, and details surrounding definitions were collected.



Intervention and Comparators

Intervention and comparator data included allocation level for the intervention (quarter or cow), number of study units enrolled, antimicrobial or non-antimicrobial products administered, route and frequency of administration, dose, and any concurrent treatments.



Outcomes

The authors had to provide case definitions for the all-cause cure of IMI (e.g., bacteriologic culture, SCC cut point, California Mastitis Test) and for clinical mastitis (e.g., visual assessment, udder palpation). All-cause cure data included any of the following outcomes: major pathogen cure, minor pathogen cure, all pathogen cure, Streptococci and Staphylococci cure, or a combination of these definitions. If only species-specific, general Gram-negative or Gram-positive cures were reported without all-cause cure also reported, these trials were excluded. We prioritized which outcomes were extracted as follows: adjusted summary effect size [adjusted odds ratios (OR) or relative risks (RR)] for dichotomous outcomes or adjusted mean differences for continuous outcomes (proportion differences), unadjusted summary effect estimates, and arm-level risk data. The methods of controlling for non-independence of observations were extracted when reported.




Risk of Bias Within Individual Studies

Risk of bias was assessed at the outcome level for the cure of existing IMI in dairy cattle at dry-off using the Cochrane Risk of Bias 2.0 instrument (Cochrane, Denmark) (Higgins et al., 2016), with the assessment questions modified as described in Winder et al. (2019b). The risk of bias was assessed independently two times, with disagreement resolved by consensus and mediation by a third reviewer where needed.



Summary Measures

Outcome data were analyzed on the log OR scale. For reporting, the log OR were back-transformed to the RR using the baseline risk from the model data assuming the baseline prior distribution was approximately normal. The posterior mean and standard deviation (SD) of the baseline risk mean were −0.57393 and 0.17353. The posterior mean and SD of the baseline risk SD were 0.92931 and 0.13260.



Data Manipulation Prior to Analysis

An a priori plan to merge the treatment groups was not considered in the protocol; however, a great deal of heterogeneity exists in the antimicrobial compounds and dosing in the literature. A previous network meta-analysis indicated creating a unique treatment regimen for each product and dose would have led to a sparse network (Winder et al., 2019b). Therefore, a post-hoc decision was made to merge several treatments based on biological and clinical relevancy. The antimicrobial products were considered separately, except for penicillin-aminoglycosides, which were combined based on the published guidance (World Organisation for Animal Health, 2007). Different dosages of the same route and duration of use for an antimicrobial product were combined. Extended therapy treatment protocols (antimicrobial products used more than once at dry-off) remained separate from the single-therapy treatments. All non-antimicrobial products (aside from teat sealants), such as vitamins and minerals, were merged due to their relative unimportance in the cure of IMI during the dry period (Mullen et al., 2014). The active antimicrobial products were combined with their antimicrobial and teat sealant combinations (e.g., cloxacillin was combined with cloxacillin-teat-seal of the same dose) as the teat sealants are only approved for use in the prevention of IMI (Animalytix, 2020a,b), and were not considered influential on the cure. The antimicrobial products are further referred to as treatment protocols to encompass these groupings.



Network Meta-Analysis
 
Planned Methods of Analysis and Implementation

A Bayesian network meta-analysis was conducted for the outcome of all-cause cure of existing IMI as previously described (Dias et al., 2011; O'Connor et al., 2013; Hu et al., 2020) that includes assessment of the geometry of the network (Salanti et al., 2008). Vague priors [i.e., N (0, 10,000)] were used for all basic parameters (Hu et al., 2020). For this model, weakly informative priors for variance, such as σ ~ U (0,2) and σ ~ U (0,5) were assessed (Dias et al., 2011; Hu et al., 2020). The analysis suggested similar results using both priors, thus σ ~ U (0,2) was kept in the model.

Markov Chain Monte Carlo (MCMC) simulation was implemented in Just Another Gibbs Sampler (JAGS) software (version 4.3.0) (Plummer et al., 2019) to generate all posterior summaries. The statistical analyses were performed using R software (version 3.6.0; R Core Team, Austria; Planting of a Tree) in a Catalina OS system (R Core Team, 2019). The model was fit by calling JAGS from R through the RJAGS package (Plummer et al., 2019; RRID:SCR_017573). Three chains of 10,000 iterations were simulated and convergence was assessed through the visualization of basic parameters in a history plot. Five thousand “burn-in” iterations were run then discarded, and the inference was based on a further 10,000 iterations. Model output included all possible pairwise comparisons of the log OR for the all-cause cure of existing IMI for the assessment of consistency, relative risks, and mean treatment ranks.



Assessment of Model Fit and Consistency

Model fit was assessed using the method proposed by Dias et al. (2010). Assessing the consistency involved comparing direct and indirect evidence for each treatment comparison that contained direct evidence within the network, as previously described (Dias et al., 2010; Hu et al., 2020).




Risk of Bias in Overall Network

The confidence in cumulative evidence from the overall network was evaluated using a modification of the Confidence in Network Meta-Analysis (CINeMA) platform (Nikolakopoulou et al., 2020; Papakonstatinou et al., 2020). We assessed the contribution of the risk of bias attributed to the randomization process and the risk of bias attributed to blinding of caregivers on the overall estimates of the network meta-analysis because the trials that fail to report these domains often have exaggerated treatment effects (Moher et al., 1998; Sargeant et al., 2009). The risk of bias due to the randomization process was reported as “no concerns,” “some concerns,” or “major concerns,” following the Cochrane Risk of Bias 2.0 instrument flow diagram (Higgins et al., 2016). The risk of bias due to blinding of the caregivers was assessed as “no concerns” if the caregivers were blind to the treatment allocation, “some concerns” if blinding of the caregivers was not reported, and “major concerns” if the caregivers were not blind to the treatment allocation. The results for blinding of caregivers were presented rather than outcome assessors, as bias due to blinding of outcome assessors was determined to be “low” in all but three trials, as the assessment was typically objective (laboratory diagnosis). In three trials, a part of the IMI diagnosis involved the use of the California Mastitis Test, which was considered subjective, and therefore, bias risk was determined to be “high” as the outcome assessors were not blinded in these studies.

The impact of indirectness on the overall network, which refers to the generalizability of included studies, was not considered an issue for this review due to the eligibility criteria for the trials reflecting commercial settings. The impact of imprecision on the overall network was assessed using below 0.8 or above 1.25 as clinically important effect sizes. The credibility intervals that spanned these values in either or both directions (protective, no effect, or hazardous) could potentially lead to different clinical decisions. Heterogeneity was assessed using an OR of 0.8.

The risk of bias across the studies was not assessed for this review because none of the pairwise comparisons were evaluated in more than 10 trials (Sterne et al., 2000).



Additional Analyses

An additional analysis was conducted to evaluate the network of evidence using only trials published between 1990 and 2019. The eradication programs for Streptococcus agalactiae, a bacterium very susceptible to penicillin products, were implemented in the 1980s and have achieved low levels of this pathogen in dairy herds (Makovec and Ruegg, 2003; Keefe, 2012), such that the penicillin products could have an inflated measure of cure of existing IMI within the network in studies prior to 1990. This analysis was not pre-specified in the protocol, nor did it provide inferences that differed from the full network meta-analysis. Therefore, this analysis (1990 to 2019) is not further discussed, but the results are available online (McMullen et al., 2021). The results from the full analysis (all studies) are presented below.




RESULTS


Study Selection

The flow of studies through the screening process is presented in Figure 1. Following both levels of eligibility screening, an all-cause cure of existing IMI from dry-off to calving was reported in 72 trials. Incidence of CM in the first 30 DIM in cows with an existing IMI was reported in six trials, and a metric for total antimicrobial use in the first 30 DIM in cows with an existing IMI was reported in one trial. Because the incidence of CM and antimicrobial use outcomes were reported in a limited number of trials, these outcomes were not further analyzed or discussed in this manuscript. Cure of Staphylococcus aureus was reported in an additional 27 trials, and cure of Gram-positive bacteria was reported in an additional two trials; these trials were excluded from the analyses because all-cause data were not reported. Following the treatment merging process, 13 trials were removed because the intervention and comparator treatment arms became the same. One trial was removed due to insufficient data available to calculate the variance of the log odds in one of the treatment arms. Therefore, 58 trials from 53 articles were included in the network meta-analysis.
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FIGURE 1. Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) flow diagram of the included studies and trials for the systematic review of dry-off antimicrobials to cure existing intramammary infections (IMI) in dairy cattle (Moher et al., 2009). The search, conducted by the researchers at the University of York, UK provided an update to a search used to identify the articles for a previous systematic review and network meta-analysis (Winder et al., 2019e).




Study Characteristics

The study characteristics for the 58 trials are included in Supplementary Table 1. The trials were conducted in 19 countries, the majority in the United States (n = 19), the United Kingdom (n = 7), or Ireland (n = 7). Most trials were conducted in commercial dairy herds (47/58; 81.0%), followed by research/university herds (4/58; 6.9%), and in both commercial and research/university herds (2/58; 3.5%). The type of study herd was not reported in three trials (5.2%). Twenty-eight trials were published prior to 1990, 28 trials were published in or following 1990, and the year of publication was not reported for two trials. The breed of dairy cattle studied was not reported in over half of the trials (33/58; 56.9%), but of remaining trials, the breed was Holstein cattle (14/58; 24.1%), multiple breeds (7/58; 12.1%), and one study each reporting Sahiwal, Norwegian Red, Lowland Black and White, and Brown Swiss cattle. The number of herds investigated in each trial was reported for 51 trials, the majority of which only included one herd (17/51; 33.3%). The number of herds within a trial ranged from 1 to 288.



Risk of Bias Within Individual Studies—The Cure of IMI From Dry-Off to Calving

The assessment of the within-study risk of bias resulted in all trials deemed to be of “high” risk (26/58; 44.8%) or “some concerns” (32/58; 55.2%).

We assessed 13 trials as “high” risk of bias for the randomization process, 42 trials with “some concerns,” and assessed three trials as “low” risk. The word “random” was used to describe allocation in almost half of the trials without details on sequence generation (22/58; 37.9%).

The risk of bias assessment due to deviations from the intended interventions resulted in 39 trials with “some concerns,” 19 trials with “low” risk, and no trials with “high” risk in this domain. Authors from five trials reported blinding of the caregivers (8.6%), and the majority of authors failed to report information for the management of study animals; therefore, deviations from the interventions could not be assessed (31/58; 53.5%). Most treatments were applied once at dry-off, which reduced the risk for deviations from the intended interventions; therefore, none of the trials were assessed as “high” risk bias in this domain.

We assessed five trials as “high” risk of bias due to missing outcome data, 15 as “some concerns,” and 38 as “low” risk of bias. The losses to follow-up were <5% in over half of the trials (30/58; 51.7%). When the losses to follow-up were >5%, the reasons for missing observations that likely affected the outcome (i.e., the cows were removed due to clinical mastitis) were reported in six trials (6/14; 42.9%). Of these six trials, the reasons for missing observations that likely affected the outcome were balanced among the intervention groups in two trials, which resulted in a low risk of bias for these trials. The fifth high risk trial was assessed as having missing outcome data that did not appear to be missing at random, but no information was provided for the loss to follow-up or reasons for missing outcome data.

The risk of bias assessment for measurement of the outcome resulted in a large number of “low” risk of bias trials (55/58; 94.8%), as cure of IMI was most often objectively assessed in the trials (i.e., bacteriologic culture or somatic cell count). The use of the California Mastitis Test as part of diagnosis was considered subjective, and reported in three trials, resulting in a “high” risk of bias (3/58; 5.2%).

The fifth domain, bias in the selection of the reported result, requires an a priori trial protocol to be published and available. A protocol created prior to the trial commencement was not reported in any trial, therefore, all the trials had “some concerns” in this domain.



Results of Individual Studies

Following the merge of treatment arms, a comparison of a non-active control to active treatment was made in about half of the included trials (30/58; 51.7%), of which 19 were two-arm trials and 11 were multi-arm (three or more) trials. Comparison of an active to active treatment was made in the rest of included trials, of which 21 were two-arm trials and seven were multi-arm trials.



Network Meta-Analysis: All-Cause Cure of Existing IMI From Dry-Off to Calving

The full network plot for the all-cause cure of existing IMI is shown in Figure 2. Forty unique treatment protocols from the 58 trials were included in the network, of which 40 were two-arm trials, 12 were three-arm trials, four were four-arm trials, and two were five-arm trials. In addition to non-active control and teat sealant, 31 treatment protocols were administered via intramammary route, six treatment protocols were administered via intramuscular route, and one protocol was a combination of intramammary and intramuscular treatment (Table 2).


[image: Figure 2]
FIGURE 2. Network plot assessing the efficacy of dry cow antimicrobials, non-antimicrobial products, or placebos for the all-cause cure of intramammary infections during the dry period in dairy cattle. This plot contains 58 trials, with the number of treatment comparisons provided in parentheses. Non-active control had the most treatment comparisons (30 arms). Node size represents the number of times each treatment was used. Edge size represents the number of direct comparisons made between the two treatment protocols. The definitions of treatment acronyms are available in Table 2.



Table 2. Description of the treatment arms included in the network meta-analysis assessing the relative efficacy of antimicrobial dry cow products for cure of existing IMI during the dry period, and the corresponding tables and figures.
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Summary of Network Geometry

The list of treatment protocols before and after the merging process is included in Supplementary Table 2. All the treatments were connected within the network. The geometry of the network was visually dominated by non-active control, cloxacillin, and penicillin-aminoglycosides, and the observed network co-occurrence score was 7.9 (95% CI: 7.4–7.8), which indicated a selective pattern of treatments used within the network comparisons (Salanti et al., 2008). The probability of interspecific encounter index was 0.9 indicating a diverse network (Salanti et al., 2008). The convergence of all the basic parameters was reached following 10,000 iterations.



Assessment of Model Fit and Consistency

The residual deviance of the network model was 82.9, and our data were comprised of 84 log OR suggesting no issues with model fit. None of the estimates resulting from the direct comparisons of treatment protocols were inconsistent with the estimates from indirect comparisons; therefore, no trials were removed from further analyses.



Mean Ranks and Probability Distribution for the Cure of IMI at Calving

The RR from the network meta-analysis for intramammary dry cow treatments currently labeled for use in Canada or the United States to cure existing IMI are provided in Figure 3. This figure provides a comparison of the risk of experiencing a cure of existing IMI from dry-off to calving when using the row treatment compared with the column treatment, for all the antimicrobial products included in this study. The left-hand section of the figure represents the 95% credibility intervals for each RR, in a mirrored fashion. For example, no antimicrobial treatment (non-active control; NAC) was associated with a decreased risk of experiencing a cure when compared with cloxacillin (Cx) (RR: 0.46, 95% CI: 0.22–0.80), penicillin-aminoglycosides (Pam) (RR: 0.51, 95% CI: 0.26–0.82), and ceftiofur (B) (RR: 0.52, 95% CI: 0.24–0.84), among others.


[image: Figure 3]
FIGURE 3. The relative risk ratios (RR) of currently labeled antimicrobial treatment protocols in Canada and the United States that were assessed in the network for the all-cause cure of existing intramammary infections during the dry period. The right-hand side of the matrix indicates the RR of row treatment compared with the column treatment (i.e., the risk of experiencing a cure with non-active control is 0.46 times the risk of experiencing a cure with cloxacillin). The left-hand side of the matrix indicates the 95% credibility intervals (CI) for each RR. The treatment acronyms are as follows: non-active control (NAC), cloxacillin (Cx), cloxacillin–extended therapy (Cxext), cloxacillin–low dosage (CxL), cloxacillin—high dosage (CxH), non-antimicrobial treatment (NonA), penicillin/aminoglycoside combinations (Pam), penicillin/streptomycin–extended therapy (PSext), ceftiofur (B), cefapyrin (C), penicillin (P), penicillin/novobiocin (PNv), teat sealant (TS) (Table 2).


The mean treatment ranks of the labeled protocols are provided in Figure 4 with corresponding 95% credibility intervals. Cloxacillin-extended therapy (Cxext) had the highest mean rank (mean rank: 8.5, 95% CI: 2.0–21.0), but due to a wide posterior distribution, the differences in all-cause cure of IMI during the dry period could not be established between the antimicrobial therapies.


[image: Figure 4]
FIGURE 4. Forest plot of mean treatment rank for currently labeled antimicrobial treatment protocols in Canada and the United States to cure existing IMI during the dry period. The black squares indicate the mean rank of each treatment and its size reflects the precision (i.e., 1/variance) of the estimate. The values are reported as mean treatment rank with corresponding 95% CI. The number of treatment comparisons is provided in parentheses beside the treatment names. The treatment acronyms are as follows: cloxacillin–extended therapy (Cxext), penicillin/streptomycin–extended therapy (PSext), cloxacillin–low dosage (CxL), cloxacillin–high dosage (CxH), cloxacillin (Cx), penicillin/novobiocin (PNv), ceftiofur (B), cefapyrin (C), penicillin/aminoglycoside combinations (Pam), penicillin (P), non-antimicrobial treatment (NonA), teat sealant (TS), non-active control (NAC) (Table 2).




Risk of Bias in Overall Network

The contribution of trials to the estimates of the relative efficacy of the labeled antimicrobial treatment protocols for the all-cause cure of IMI based on the domain of risk of bias due to the randomization process is presented in Supplementary Figure 1, and the contribution of trials based on blinding of the caregivers in Supplementary Figure 2. Most pairwise comparisons (71/78) had a majority contribution from the trials where there were “some concerns” for bias due to the randomization process, and 7/78 pairwise comparisons had a majority contribution from the trials where there were “major concerns” for bias due to the randomization process. Although there was a “low” risk of bias due to the randomization process in a few trials (3/58), this was not the majority contribution for any pairwise comparisons of the labeled antimicrobial treatment protocols. Most pairwise comparisons had a majority contribution from the trials where authors provided no information for blinding of caregivers (71/78), followed by a small number with a majority contribution from the trials where authors did not blind caregivers (4/78), and a smaller number of trials with a majority contribution where authors reported blinding of caregivers (3/78).




DISCUSSION


Summary of Evidence

Non-active control consistently resulted in relative risks for the cure of IMI <1 when compared with other treatment protocols, indicating each intramammary dry cow treatment currently labeled for use in Canada or the United States performed better than no treatment. The results of this research are consistent with the recommendations from the National Mastitis Council to include dry cow therapy as a component of an effective mastitis control program. Although this review used a novel methodology to assess the comparative efficacy of multiple antimicrobial options for the cure of IMI in dry cows, we were unable to find evidence of differences between the antimicrobial treatments. A low number of comparisons of each antimicrobial product created imprecise effect estimates. Further, poor reporting of trial features resulted in within-study bias that was assessed as “some concerns.” This is reflected in the risk of bias in the overall network where majority contributions of comparisons were majorly assessed as “some concerns.” These concerns with bias for the trials included in the network meta-analysis, as well as with bias in the overall network meta-analysis, would normally lead to a cautious interpretation of effect estimates (Li et al., 2011).

Interestingly, the incidence of clinical mastitis up to 30 DIM in cows with an existing IMI at the cessation of lactation and total antimicrobial use up to 30 DIM in cows with an existing IMI at the cessation of lactation were defined as critical outcomes to inform the antimicrobial dry cow therapy selection process within the present review, yet neither outcome was commonly reported. This suggests that both these outcomes are not considered relevant outcomes by mastitis researchers, or they are difficult to measure. There is a need to develop consistency among researchers in the use of outcomes of critical importance. The Core Outcome Measures in Effectiveness Trials Initiative was launched to guide the development of a set of core outcomes that should, at a minimum, be reported in all the clinical trials of specific topic areas (Kirkham et al., 2019). Currently, no such initiatives exist that are specific to the livestock species, but dairy researchers should consider adopting this approach to identify the core outcome measures that should be used in mastitis-related trials. Kelton et al. (1998) developed recommendations in the reporting of case definitions for clinical disease in dairy cattle, as well as guidelines to calculate and report the incidence rates for disease occurrence. Prior to this report, there was a lack of consistency in the definitions for clinical disease in dairy cattle used by the trialists (Kelton et al., 1998). These recommendations are an example of an early initiative employed to standardize reporting in the trials involving dairy cattle that can be built on further to include a minimum set of outcomes that could be used when investigating clinical diseases in dairy cows. In addition, standardized protocols have been developed by the National Mastitis Council and the International Dairy Federation, such as documents on procedures for collecting milk samples and guidance on the standardized methods for bacteriologic culture (National Mastitis Council, 2004; International Dairy Federation, 2020), that aid in the consistent classification of IMI. These guidance documents have helped to reduce the variability in diagnostic methods for outcome determination. Further, triplicate samples are the gold standard approach to sampling milk for bacteriologic culture (Andersen et al., 2010; Dohoo et al., 2011); however, in the present review, the bacteriologic cultures were performed using a single, duplicate, and triplicate samples. Dohoo et al. (2011) reported the best practices for collecting the milk samples that will be analyzed by bacteriologic culture, but the reporting of milk sampling methodologies continues to vary in dairy trials.

Another interesting finding relates to the definition of all-cause cure data, which varied among the authors—possibly as a result of the large range in the year of publication. For example, the all-cause cure was reported as a combination of Staphylococcal spp. and Streptococcal spp. in some trials, reported as only major pathogen cures in others, and reported as all major and minor pathogens in a few trials. A future approach for analyzing such data would be to evaluate pathogen-specific cures between the antimicrobial treatment protocols, especially with the large body of evidence investigating Staph aureus-infected cows (Nickerson et al., 1999; Østerås et al., 1999; Mendoza et al., 2016). Additionally, different antimicrobial products will be more efficacious against certain pathogens, thus pathogen-specific cure data will help reduce differing pathogen susceptibilities as a source of possible heterogeneity. However, the body of literature reporting cure of existing all-cause bacterial infections in dry cows is much larger than the body of literature reporting cure data for pathogen-specific infections; therefore, a network meta-analysis using pathogen-specific data likely would have led to an increasingly sparse network.

Lack of trial replication, meaning several evaluations of the same outcome for the same intervention, was an additional major limitation of the body of literature available for this topic. In addition to the issues in the reporting of outcomes and the risk period for measurement of these outcomes, lack of trial replication rendered us unable to form a solid foundation of evidence, which is consistent with the previous observations from mastitis network meta-analyses (Sargeant et al., 2019). Although all the treatment protocols were connected within our network, some treatment protocols were only used in one (e.g., gentamicin) or two (e.g., cefquinome) comparisons meaning the evaluation of these products for effectiveness to cure IMI were not well-replicated. Funding for replication of antimicrobial interventions in dairy science, and for developing consistent outcomes, is needed to take advantage of the benefits of network meta-analyses. Additionally, acknowledgment by publishing bodies to accept the literature that may not be novel would be beneficial to increase the body of evidence in the primary literature.



Limitations of the Review

In this study, 268 articles were excluded at full-text screening because they were not published in English, and translation was not a viable option. By using the trials that reported all-cause cure of existing IMI, the pathogen profiles could have differed by country, and thus so could have antimicrobial efficacies. Inclusion of these trials may have resulted in differing evidence on the basis of efficacy for these products to cure existing IMI; however, the inclusion of further relevant trials could have increased the precision of our summary estimates and led to a more meaningful interpretation of the results. Furthermore, the collapse of treatment protocols within our network meta-analysis could have resulted in some treatment protocols appearing more or less efficacious than in reality. However, the lack of available evidence necessitated combining the antimicrobial treatments to provide sufficient replication of interventions for analysis, and the attempt was made not to compromise the clinical relevancy for veterinarians and dairy producers.

The authors recognize the lack of external validity of our conclusions for dairy producers and veterinarians outside of Canada and the United States. However, the exclusion of antimicrobial products from countries other than Canada and the United States was done in the presentation of results; therefore, we know from the inclusion of all products in the network meta-analysis that the lack of replication trials for several antimicrobial products extends beyond Canada and the United States. Thus, the inferences likely would not have changed if all the products on a worldwide scale were included in the reporting of this network meta-analysis.

In addition, the limitations in precision of effect estimates of individual trials resulted in several pairwise comparisons within our network meta-analysis with “major concerns” for bias due to imprecision. Continued improvement in methodological reporting and replication of controlled trials in dairy science is needed to better inform cure decisions. Poor reporting is an issue that is recognized across the trials in dairy cattle science (Winder et al., 2019a), which can be mitigated using reporting guidelines, such as the Reporting Guidelines for Randomized Controlled Trials for Livestock and Food Safety (REFLECT) statement (O'Connor et al., 2010; Sargeant et al., 2010). Reporting of the key trial features has improved since the publication of REFLECT, which increases the transparency of trial methodologies (Moura et al., 2019). Therefore, the use of reporting guidelines should be mandatory for journal publication.




CONCLUSION

Antimicrobials most often reported in the trials evaluating the treatment of existing IMI during the dry period were cloxacillin, penicillin-aminoglycosides, and cefapyrin products. Non-active control was the most common comparator group. Although 58 trials were included in this analysis, the low number of trials contributing to each direct comparison created wide credibility intervals, which rendered us unable to comfortably differentiate the efficacy based on the ranked order of products. The consensus statements regarding a minimum set of required outcomes that should be reported in trials investigating the efficacy of antimicrobial products to improve udder health are needed and should be referenced in future dairy research. Further, trial replication evaluating antimicrobial treatments is required to avoid disparate network meta-analyses and form a solid evidence base for clinical decision-making. These major limitations of the body of evidence included in this network meta-analysis prevented us from evaluating the dry cow antimicrobial products on their basis of effectiveness to cure IMI during the dry period.
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#4 AND #3

TS = (“drying off” OR “chy off” OR “dried off” OR “dry up” OR “drying up” OR “died up” OR *drying period"” OR “chy period*” OR dry udder” OR
“dly teat"” OR “pre-partum” OR “prepartum” OR (("end” OR finish" OR stop" OR ceas’) NEAR/3 lactat’) OR nonlactat® OR “non-lactat*” OR
postlactat’ OR “post-lactat™” OR postmik® OR “post-milk*” OR “involution” OR “steadly state”)

#2 OR #1

TS = (ayrshire* OR "brown swiss™” OR “busa” OR *busas” OR canadienne OR dexter’ OR “dutch belted"” OR *estonian red"” OR fleckvieh® OR
friesian* OR girolando* OR guernsey* OR holstein* OR ilawarra OR “irish moilec™” OR jersey* OR “meuse rhine issel*” OR montbeliarde* OR
normande® OR “norwegian red*” OR “red poll” OR “red polis” OR shorthorn* OR “short horn*”)

TS = (“cow” OR “cows” OR “cattle” OR heifer* OR “dairy” OR “milking” OR bovine* OR “bovinae” OR buiatric’)
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Non-active control
IMM® cloxacilin (therapeutic dosage)

IMM cloxacilin—extended therapy (given at two or three times.
during dry period)

IMM cloxacilin—low dosage
IMM cloxacillin—high dosage
IMM cortisone/neomycin/chiorobutanol

IMM non-antimicrobial treatment (includes holistic, vitamin and
mineral products)

IMM penicilin/aminoglycoside combinations (OIE list)>
IMM penicilin/streptomycin—extended therapy
IMM penicilin/chioramphenicol/sulfa

IMM oxacillin

IMM ceftiofur

IMM cephalonium

IMM cefapyrin

IMM cefradine —extended therapy

IMM cefalexin/neomycin

IMM cefquinome

IMM cefazolin

IMM cloxacilin/ampicilin

IMM dicioxacilin

IMM enrofloxacin

IMM erythromycin

IMM gentamicin

IMM oxytetracycline/neomycin

IMM novobiocin

IMM penicilin

IMM penicilin/novobiocin

IMM pencilin/neomycin—extended therapy
IMM spiramycin

IMM spiramycin/neomycin

IMM timicosin

IMM ciprofloxacin

IMM oxacillin, IM® enrofloxacin

IM enrofloxacin/levamisole—extended therapy
IM levarnisole

IM enrofloxacin—extended therapy

IM enrofloxacin

IM incomycin/spiramycin

IM enrofloxacin/vitamin E/selenium

Teat sealant (various trade names)

“Treatment amns of curently labeled antimicrobials for use in Canada and the
United States to cure IMI in dairy cattle at cry-off (Animalytix, 2020a.b).

3IMM, intramammary route of administration.

bOIE list of Antimicrobials of Veterinary Importance (World Organisation for Animal Health,

2007).

©IM, intramuscular route of administration.
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