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Abstract
Veterinary medicinal products (VMPs) require, as part of the European Union (EU) authorization process, consideration of both risks and benefits. Uses of VMPs have multiple risks (e.g., risks to the animal being treated, to the person administering the VMP) including risks to the environment. Environmental risks are not directly comparable to therapeutic benefits; there is no standardized approach to compare both environmental risks and therapeutic benefits. We have developed three methods for communicating and comparing therapeutic benefits and environmental risks for the benefit-risk assessment that supports the EU authorization process. Two of these methods support independent product evaluation (i.e., a summative classification and a visual scoring matrix classification); the other supports a comparative evaluation between alternative products (i.e., a comparative classification). The methods and the challenges to implementing a benefit-risk assessment including environmental risk are presented herein; how these concepts would work in current policy is discussed. Adaptability to scientific and policy development is considered. This work is an initial step in the development of a standardized methodology for integrated decision-making for VMPs. 
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1.	Introduction
Large amounts of veterinary medicinal products (VMPs) are applied in agriculture to prevent and treat diseases. In 2004 VMP usage in 25 European countries was estimated to be 6051 tonnes of active compounds in meat producing animals (Kools et al. 2008). European policies regulate VMPs to ensure product availability for disease management and maintenance of animal and human health and welfare, while minimizing risks. While these substances have benefits to animal and humans (e.g., through the prevention of zoonotic diseases) and to the economy, they also create a potential for environmental exposure and consequent risk. 
Post-application VMPs can reach the environment through a variety of pathways. Depending on the livestock system (i.e., aquaculture, intensively-reared, or pasture), different routes of entry (e.g., through manure or wash off) can result in environmental exposure (VICH 2004). Exposure pathways are both direct (e.g., topical application wash off) and indirect (e.g., excretion and subsequent spreading of dung and urine) (Boxall et al. 2003). Environmental monitoring has detected a range of active ingredients used in VMPs across the globe (Boxall et al. 2004; Sarmah et al. 2006; Obimakinde et al. 2017). 
The anticipated exposure of the natural environment to VMPs has led to a number of investigations to understand the environmental risks of these substances. Toxic effects have been shown for a range of VMPs in both aquatic and terrestrial organisms (Boxall et al. 2004; Lumaret et al. 2012; Pan and Chu 2016; Obimakinde et al. 2017) and biomagnification of VMPs is also a possibility (Obimakinde et al. 2017). Further, there is increasing concern and evidence for the selection and dissemination of antimicrobial resistance in the natural environment from the use of antimicrobial compounds as VMPs (Kemper 2008; Marshall and Levy 2011). If environmental risks are not avoided impacts can occur and damages can be costly.
While there are a large number of studies reporting the potential adverse impacts of VMPs on the environment, we have identified on two case studies where an attempt has been made to link predicted or observed VMP impacts in the natural environment to economic costs. In the first case, diclofenac, a non-steroidal anti-inflammatory drug, applied to cattle in India caused a 99% decrease in Indian Vulture populations (Green et al. 2004, 2007). This decline of the vulture populations increased the food available to dog populations; therefore, dog populations grew as did rabid dog bites. Estimated medical expenses from rabid dog bites of US$34 billion were thought to have been incurred over the 14 years of the vulture population decline (Markandya et al. 2008). The second example is ivermectin, a parasiticide, whose use is thought to pose an unacceptable risks to aquatic and terrestrial biota (Liebig et al. 2010). Of specific terrestrial concern for this compound is the dung beetle. Ivermectin is excreted in dung at concentrations that are toxic to dung beetles (Floate et al. 2005). Depletion of dung beetle populations has potential for knock-on effects to predator species and affects dung degradation (Floate et al. 2005). Food availability is increased when dung degrades and grass is no longer fouled. Dung degradation supports nitrogen volatilization and the availability of nitrogen for plants. The ecosystem services provided by dung beetles from dung degradation was estimated by Losey and Vaughan (2006) at US$38 million per year in the United States. Toxic effects to dung beetles have potential to result in the loss of valuable ecosystem services.
Avoidance of costly environmental damage from VMPs is supported through the market authorisation process for new products. Authorization authorities within Europe are responsible for the evaluation of VMPs seeking access to the market. The decision as to whether to authorize a VMP or not will require that the benefits of the VMP are weighed up against the risks in a Benefit Risk Assessment. Considering that risk cannot be fully eliminated the benefit-risk assessment is a balance between benefit and risk trade-offs. Environmental risks can therefore be considered acceptable given a VMPs benefit. However, the current guidelines on VMP benefit-risk are not clear on how this trade-off should be evaluated (CVMP 2009). 
Integrating environmental risk and benefits data for VMPs in decision-making will support VMP use when the benefits are greater than the risks. At present, environmental risks are not comparable to therapeutic benefits. There is no standardized approach or method to compare both environmental risks and therapeutic benefits. Here, after providing background information on the current regulatory process, we describe three methods that could be applied to incorporate environmental risk into the benefit-risk assessment of VMPs, specifically methods that can be applied using data mainly generated for market authorization assessments. We also broadly discuss implementing benefit-risk methodologies in the current legislative framework and possible future directions.
2.	Background
In the EU there are four VMP authorization pathways (i.e. centralized, decentralized, national, and mutually recognized) (European Parliament 2004a). For centrally authorized products the European Medicines Agency’s (EMA) Committee for Veterinary Medicinal Products (CVMP) will review applications and advise to authorize or reject authorization (Commission Regulation (EC) No 726/2004 (European Parliament 2004b)). Centrally authorized products have access to the current 28 member states and 3 European Economic Area countries. All 31 countries have their own competent authorities (EMA 2017). Decisions for decentralized, national, and mutually recognized processes will involve the competent authorities of the member state for which applicants are seeking market access (European Parliament 2004a). 
All VMP market authorization processes require that environmental risk be included in the benefit-risk assessment (Directive 2001/82/EC, as amended by Directive 2004/28/EC (European Parliament 2004a)). Consideration of the environmental risks of VMPs in the authorization process was established in 1990 (Directive 90/676/EEC (European Parliament 1990)). Environmental risk assessments (ERAs) generate data on environmental exposure, effects and risks following guidance documents (VICH 2000, 2004; EMA 2008). In the benefit-risk assessment, ERA data and other risk data must be compared to efficacy data and the ethical considerations of animal welfare. The benefit-risk assessment must be favourable for VMP authorization. A VMP market application can have three outcomes: (i) authorization; (ii) authorization with risk mitigation; or, (iii) refusal of authorization (European Parliament 2004a). It is critical that the benefit-risk assessments support decisions so that VMP products are available to adequately treat animals while also not adversely affecting environmental quality. 
Conducting a benefit-risk assessment of VMPs involves a high level of complexity. Benefits and risks (i.e., for the target animal, user, environment, and consumer of animal-derived foodstuff) need to be considered (Figure 1). Additionally, risks specific to the VMP class may also need to be included (e.g., the risk of resistance development). The initial independent evaluation of benefits to the main risks decreases the complexity. For example the user safety assessment could result in a risk and consequent risk mitigation measure (Woodward 2008) similar to the ERA (VICH 2000, 2004, EMA 2008). The independent evaluation of each category will support amalgamation of data into an overall benefit-risk evaluation. Therefore, here we focus on environmental risk and development of methods, which integrate ERA data in a benefit-risk methodology to support authorization decision-making. 
Integrating environmental risk in the benefit-risk assessment does not follow standardized and transparent methodology. For example, guidance from the CVMP does not present a structured approach to comparing environmental risks and VMP benefits (EMA 2009). Expert opinion is highlighted as a key tool. While expert opinion is valuable, it can be inconsistent between experts and less transparent than a standardized methodology. 
In the case that an ERA results in an acceptable risk and adequate benefits, the benefit-risk will be favourable (EMA 2009). The ERA can result in an acceptable risk when results are below defined thresholds. Comparison of ERA data and thresholds is applied in two steps (i.e., Phase I: exposure assessment; and, Phase II: risk assessment). Phase I is conducted by applying a decision tree to evaluate specific aspects of exposure (VICH 2000). For example, VMPs for non-food producing animals are considered to have lower use and be specific for individual treatment, have less environmental concern, and can conclude at Phase I. The exposure calculations measure predicted exposure concentration for soil (PECsoil) or an environmental introduction concentration for water (EICaquatic). Products which do not exceed Phase I criteria (e.g. PEC(soil) ≥ 100 µg/kg; EIC(aquatic) ≥ 1 µg/L) are concluded to have acceptable environmental risk (VICH 2000). Assuming sufficient benefits and acceptable risks from other criteria in Tier I (e.g., consumer safety), the product will then be authorized; otherwise, more rigorous data collection and testing in Tier II will be required (Figure 2). 
Phase II generates hazard, exposure and risk data in a tiered approach. Tier A is more basic and conservative while Tier B is more intensive and realistic. At either Tier A or Tier B the results may be below required risk and hazard thresholds, defined in the VICH guidelines, and the same pathway as Phase I can lead to authorization (Figure 2). If the risk is unacceptable after Phase II Tier B, the benefit-risk evaluation will critically support authorization (Figure 2). The specific data used to support the decision include hazard data, which classify a VMP as a PBT compound (persistent, bioaccumulative, and toxic) or a vPvB (very persistent, very bioaccumulative) based on criteria in EMA (2012a). Additionally, exposure data for groundwater (PECgw) is initially generated in simple conservative models. Refinement with FOCUS models, which support pesticide regulations, is recommended (Montforts 2006; EMA 2008). Finally, the risk quotient (RQ) compares exposure and effects data. The effect is measured by environmental compartment (i.e. aquatic, terrestrial, sediment, and dung), by testing indicator species (e.g., Daphnia and earthworms) to measure which exposure concentrations cause adverse effects (e.g., mortality, changes in growth or reproduction). From these data a predicted no effects concentration (PNEC) is calculated. The risk quotient is calculated by dividing the PEC by the PNEC (i.e. RQ=PEC/PNEC). An acceptable risk is below 1 (RQ<1). In the case of an unacceptable risk, mitigation measures are an option to refine risk (VICH 2000, 20004; EMA 2009). However, available risk mitigation measures for VMPs are not guaranteed to be implemented (Montforts et al. 2004; EMA 2012b; Liebig et al. 2014). 
Establishing favourable/unfavourable benefit-risk require integration of benefits and ERA data. The consideration of benefits focuses on the direct therapeutic benefit for authorization (EMA 2009). In most cases the product is compared to the lowest efficacy level of available products to establish sufficient efficacy (EMA 2009). The exception is the case of ectoparasiticides, which require 80-100% efficacy levels (EMA 1994). Integration in a benefit-risk methods must focus on making benefit and risk data comparable. 
3. 	Benefit-risk method development
A major challenge to incorporating environmental risk into the benefit-risk assessment is the differences in scales for benefits and risks (i.e., the treated animal vs. the environment). Structured methods are therefore needed to better communicate benefits and risks, support decision-makers, and overcome differences in measurements and recipients of the benefits and risks. For example, a VMP may have a high level of efficacy for a disease in sheep but also have a high RQ for daphnia but challenge is how to compare the two endpoints. Consideration of the benefit and risk profile of this example product in a standardized method would support the challenging comparison. Further, because risk mitigation is not assured as noted above, benefit-risk methods should be implemented prior to assignment of risk mitigation measures. 
Here we present three benefit-risk methods that have been developed to fit within and enhance the current decision-making process. This was done by first considering the VMP environmental evaluation procedure and data requirements and assessing how these could be used to inform a comparison of benefits against risks. The challenge of incomparable endpoints was then addressed through development of a basic categorization mechanism. Finally, the data requirements were combined in three categorization methods. We describe these steps sequentially. 
Division of benefits and risks into categories was developed to support direct comparisons. Categories, which are, organized into levels of increasing risk and benefit can be directly compared; the higher level indicates a higher benefit or risk. For example, in a 5 level benefit-risk categorization, a level 3 risk will have two combinations of benefits>risks, and benefits<risks as well as one combination where benefits=risks (Figure 3).
VMP products are currently assessed individually based on their benefits and risks, and not compared to other products available on the European market other than for determining efficacy (EMA 2009). We developed three methods for benefit-risk assessment by applying categorization. Two of these methods support the evaluation of a product independently without comparing to other products available for the same indication (i.e., summative classification and a visual scoring matrix); the other supports comparative evaluation of a number of different products with the same indication (i.e., comparative classification) (Figure 2). 
We apply example criteria to the benefits and risks to demonstrate the categorization methods. Four criteria for benefits and five environmental risk criteria were selected through discussions of the author group to represent important benefit and risk aspects. The benefit criteria selected for demonstration focus on application of VMPs for prevention and treatment of disease. The definition of VMPs in Directive 2001/82/EC also includes products for restoring, correcting or modifying physiological functions or to support medical diagnosis (European Parliament 2004a). Criteria for the benefits can be adapted to consider products those benefits are not specific to disease (e.g., oestrus synchronization to increase reproduction). The four example benefits criteria are: (i) efficacy; (ii) resistance; (iii) severity; and, (iv) disease distribution. To empathize our focus on the concepts we do not suggest thresholds but briefly discuss quantification options. 
The first benefit criterion is efficacy, which considers how effective the VMP is in its specific treatment. The measurement of efficacy will be dependent on the type of drug and would measure the success rate of the treatment. Second, a resistance criterion could measure the VMPs contribution to prevention of resistance, specifically for antimicrobials and antiparasiticides. Quantification of the contribution of the VMP to the fight against resistance could measure specific tests against resistant strains or consider if the mode of action is different than available products and therefore likely to be effective against strains resistant to other VMPs. Third, a high disease severity, considers the consequences of non-treatment. For this criterion, the highest benefit would be treatments for life-threatening diseases, ranking could be applied to quantify this criteria. Finally, widely distributed considers how many animals will benefit from the VMP.   
Environmental risk categorization applied five criteria: (i) PBT/vPvB; (ii) PECgw; (iii) RQ; (iv) spatial risk; and, (v) temporal risk. The first three (PBT/vPvB, PECgw, and RQ) result from the environmental risk assessment and will be included in a market authorization application. These criteria have established thresholds (i.e. PBT/vPvB in EMA (2012a); RQ<1; PECgw<0.1µg/L). We also introduce a spatial and temporal category, which would capture how widespread the severity of the risks are in time and space and be evaluated for exceedances separately from the ERA risk criteria. Setting the spatial and temporal criteria is further discussed in section 5. 
The example benefit and risk criteria are applied selectively in the different categorization methodologies. Selection of criteria was adapted based on the intended application of the methodology. The three approaches are: a summative categorization, the visual scoring matrix and the comparative categorization (sections 3.1, 3.2, and 3.3, respectively). The selection of which approach to use will depend on the scenario being assessed and preferences of practitioners involved in the benefit-risk process. Our aim in presenting these methods is to demonstrate different approaches to categorization of benefits and risks, not to provide absolute comparisons. The selection of criteria and thresholds will be important for implementation and this is discussed later. 
3.1	Summative categorization method
Summative categorization supports the application of a decision rule (e.g., the benefit level must be equal to or greater than the risk level for authorization). It defines levels of benefits and risks through combinations of threshold exceedances. The method is demonstrated in Table 1 with 5 levels of benefits (left) and risks (right). The highest level (5) is set by exceedance of all criteria. The lowest level (1) is set by all criteria being met. Different combinations of exceedance and non-exceedance define intermediate levels. This first approach is very simple and involves a direct comparison of risk and benefit levels for different endpoints.  The second approach is more complex and provides more information on where the risks and benefits lie and is designed to promote discussion and debate around the authorisation of a VMP.
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Table 1. A summative classification system for treatment benefits (left) and environmental risks (right) of a VMP; thresholds for potential criteria can vary (see text for further details).  Green colors differing in intensity indicate desirable benefits. Red colors differing in intensity indicate degree of exceedances. aPersistent, bioaccumulative, toxic (PBT)/very persistent, very bioaccumulative (vPvB) criteria defined in EMA (2012a); bPredicted exposure concentration for groundwater; cRisk quotient (predicted exposure concentration / predicted no effects concentration).
	BENEFIT
	RISK

	
	Potential criteria
	 
	Potential criteria

	Levels
	High efficacy
	Contributing to fight against resistance
	High disease severity
	Widely distributed
	Levels
	PBT /vPvBa
	PECgwb
	RQc
	Spatial risk
	Temporal risk

	Level 5 
	Exceeds all criteria
	Level 5 
	Exceeds all criteria

	Level 4
	Exceeds 3 criteria
	Level 4
	Exceeds 1 or 2 criteria
	2 Exceeded

	Level 3 
	Exceeds 2 criteria
	Level 3 
	Exceeds 1 or 2 criteria
	1 Exceeded

	Level 2 
	Exceeds 1 criterion
	Level 2 
	Exceeds 1 criterion
	None Exceeded

	Level 1 
	None Exceeded
	Level 1 
	None Exceeded
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 3.2	Visual scoring matrix
The visual scoring matrix categorizes the entire benefit and risk data sets into levels of increasing severity (i.e. negligible (N) to very high (VH)) (Table 2). Table 2 demonstrates how benefit and risk criteria could be separated into different levels, by assigning specific intervals to each level. Example scores range from 0 to 4 increasing in a geometric series (i.e. scoren = 0.5(2(n-1)), where n = 1, 2, 3, 4) from negligible risk (N) to very high risk (VH). Example benefit criteria focus on disease treatments and include details of the livestock and infection. The demonstration applies percentages to three risk criteria. The percentage of animals successfully treated with normal and resistant strains could be tested (Table 2, efficacy and efficacy against resistant strains, respectively). The severity could measure the number of cases, which result in a severe outcome (e.g., mortality). The demonstration intervals were assigned so that the higher end has a larger interval (i.e., VH = 70%-100%), the intermediate levels a moderate interval (i.e., H, M, L = 20% interval) and the lowest the smallest interval (N = 0 – 10%). The categorization must capture and communicate benefits effectively and for adjusting and defining criteria and intervals expert and veterinarian opinion will be required. 
Risk criteria are from the ERA and have also been divided into intervals specifically for concept demonstration.  Values below the acceptable levels of RQ and PEC values are assigned to the negligible category. For RQ intermediate levels capture changes in the order of magnitude of the RQ. The very high level will capture all values greater than the assigned threshold (e.g., RQ> 103, Table 2). The RQ is subdivided to clearly indicate where risks will be received (i.e. environmental compartment and test organism). If the PEC is below thresholds specified by VICH then this will be assigned to the negligible category. Different intervals for values of the PECgw in µg/L are designated for intermediate categories. The highest category captures exceedances of its specified category. The PBT criteria are separated into categories based on the number of criteria exceeded (Table 2). In this case the negligible category is not defined as the acceptable level. The unacceptable levels are the high and very high levels. 
Scores could be compared if the total matrix score was the same for benefits and risks. However, the primary advantage of the matrix is the visual component, which supports transparent communication to decision makers and flexibility (i.e., a strict decision rule isn’t the basis of the approach). The colour coding of the ERA data clearly and quickly communicates the distribution of benefits and risk across the criteria (Table 2); the calculation of the score is clear from the matrix, which is essential to the scoring system. The scoring system can be used in decision-making but should not be the primary determinant. Coplan et al. (2011) proposed a visual approach to communicate the health benefits and risks of medicines to patients; transparent communication of the data resulted in greatly improved communication and decision-making (Levitan et al. 2011). 
Overall, the increased details communicate specifics of where the benefits and risk will be distributed. The use of the matrix can support discussion and application of decision-maker judgement over specific decision-rules. 
Table 2. Possible benefit matrix (right) and risk matrix (left) for visual comparison and scoring  of VMPs (explained further in text). Thresholds are used as a demonstration of the concept rather than a recommendation. Colors indicate benefit intensity from high (i.e., green) to moderate (i.e., yellow) to low (i.e., red). aVery high; bHigh; cModerate; dLow; eNegligible. 
	 Level
	VHa
	Hb
	Mc
	Ld
	Ne
	 Level
	VH
	H
	M
	L
	N

	Score 
	4
	2
	1
	0.5
	0
	Score 
	4
	2
	1
	0.5
	0

	 
	Target Animal
	Infection
	 
	PBT
	vP + vB
	P +B + T
	2 of 3
	1 of 3
	Not PBT

	Efficacy
	Livestock species 1
	Species 1
	≥70%
	50%- 69%
	30%-
49%
	10%-29%
	<10%
	RQ
	Compartment
	Organisms
	 
	 
	 
	 
	 

	
	
	Species 2
	
	
	
	
	
	
	Surface water 
	Algae 
	RQ≥ 103
	102≤ RQ <103
	10≤ RQ <102
	1≤ RQ <10
	RQ < 1

	
	Livestock species 2
	Species 3
	
	
	
	
	
	
	
	Daphnia 
	
	
	
	
	

	Efficacy against resistant strains
	Livestock species 1
	Resistant species 1
	≥70%
	50%- 69%
	30%-
49%
	10%-29%
	<10%
	
	
	Fish
	
	
	
	
	

	
	
	Resistant species 2
	
	
	
	
	
	
	Sediment
	Sediment organisms
	
	
	
	
	

	
	Livestock species 2
	Resistant species 3
	
	
	
	
	
	
	Soil
	Plants 
	
	
	
	
	

	Severity
	Livestock species 1
	Species 1
	≥70%
	50%- 69%
	30%-
49%
	10%-29%
	<10%
	
	
	Earthworms 
	
	
	
	
	

	
	
	Species 2
	
	
	
	
	
	
	Dung
	Dung beetles and flies
	
	
	
	
	

	
	Livestock species 2
	Species 3
	
	
	
	
	
	PECgw
	PEC≥5
	1≤ PEC <5
	0.5≤ PEC <1
	0.1≤ PEC<0.5
	PEC< 0.1



3.3	Comparative classification  
A comparative approach is not currently explicitly consistent with the VMP authorization process. However, such an approach would support substitution of VMPs with higher environmental risk for those with lower risk, given that benefit is reasonably maintained. Substitution principles are currently applied to chemical regulation (Swedish Chemicals Agency 2007). 
Comparative categorization focuses on the differences between a product applying for authorization and previously authorized VMPs with the same clinical use. Table 3 demonstrates a 5 level categorization method designed to evaluate changes between the product and the alternative. In this case criteria that relate to the specific treatment will be consistent between the alternatives and, therefore, would not be assessed in this method. 
An example of five levels is provided to determine whether benefits and risks are increasing or decreasing; level 3 is a neutral level with highest risks and benefits at level 5 and lowest at level 1 (Table 3). The comparison of combinations is consistent with Figure 3. Application of this method requires determination of thresholds that constitute a significant change. The output would be a separate benefit and risk level for the authorization of a new product compared to an authorized VMP. A decision-rule could be applied to the levels assigned relative to the trade-offs between products. 
Table 3. Comparative benefit classification (left) considering changes in 2 criteria and comparative risk classification (right) considering changes in 3 criteria to evaluate alternative products for the same treatment (colors differing in intensity indicate undesirable changes (i.e., red) and desirable changes (i.e., green). Thresholds for potential criteria can vary (see text for further details). aPersistent, bioaccumulative, toxic (PBT)/very persistent, very bioaccumulative (vPvB) criteria defined in EMA (2012a); bPredicted exposure concentration for groundwater; cRisk quotient (predicted exposure concentration / predicted no effects concentration).
	BENEFIT
	RISK

	 
	 
	Example criteria
	 
	 
	Example criteria

	Category
	Change in benefit level
	High efficacy
	Contributing to fight against resistance
	Category
	Change in risk level
	PBT/vPvBa
	PECgwb
	RQc

	Category 5
	Highly increased
	Both higher
	Category 5
	Highly increased
	≥2 criteria increased & none decreased 

	Category 4
	Increased
	1 higher
	Category 4
	Increased
	2 criteria increased & 1 decreased or 
1 criterion increased & 2 without change

	Category 3
	No Change
	No difference
	Category 3
	No Change
	No substantial in any criteria or 
1 criterion increased & 1 decreased  

	Category 2
	Reduced
	1 lower
	Category 2
	Reduced
	2 criteria decreased & 1 increased or 
1 criterion decreased & 2 without change 

	Category 1 
	Highly reduced
	Both lower
	Category 1 
	Highly reduced
	≥2 criteria decreased & none increased



4.	Selection of criteria
The three benefit-risk methodologies presented all require efficacy data and criteria for benefits. The list of benefits from VMP use is extensive (EMA 2009); only a subset is presented in Figure 1.
Ensuring that the benefit-risk assessment adequately represents the benefits can be done through the selection of benefit criteria. For example, an increase in available products is beneficial to contribute to the fight against resistance (Tables 1-3). Additionally, animal welfare could be considered in the benefits by measuring the severity of diseases that are prevented (Tables 1, 2). Finally, the number of animals affected could be measured and used for weighting purposes. The focus of this paper is to present methodologies for the comparisons of VMP benefits and environmental risk. The use of example criteria supports the presentation of developed methodologies. Discussion with regulators and veterinarians could identify benefits criteria. 
All three methods utilize currently required data for environmental risk (i.e., PBT/vPvB, PECgw, RQ). Additional criteria for spatial and temporal risk are included in the summative approach (Table 1). To some extent, spatial risk is already considered. In the authorization process, minor use products are considered those for which the disease occurs infrequently or in a specific geographical area (EMA 2016). A limited market authorization considers a product that will be used infrequently (EMA 2016). However, additional adjustment of environmental risk criteria may also be desirable, as discussed below.
5.	Setting benefit and risk levels
Balancing the benefits and the risks with any of the three methods will require carefully selected thresholds for categories. The current concepts use only illustrative thresholds; setting thresholds extends to the judgement side of the risk assessment. To empathize this we have not specified thresholds where possible (e.g. benefits criteria in the summative categorization). Setting appropriate risk levels is vital; implementing any of the proposed methods will require a shift from a single level for risk to multiple levels. This can be accomplished through combinations of exceedance (e.g., summative classification method; Table 1). Alternatively, increasing thresholds could be applied (e.g., visual scoring matrix; Table 2). In the case of the comparative method, thresholds for a significant change must be selected carefully to emphasize meaningful changes. 
For all three methods, certain cases will need careful consideration. The case where benefit and risk levels are equal will require judgement by decision-makers. Another important case will be risks in the highest level (i.e., level 5: Tables 1 and 3; or VH: Table 2). The highest risk level could be specified as a cut-off point that could not be set aside by any level of benefit. However, if benefits are also at the highest level, more flexibility may be necessary. Flexibility can be applied or restricted by the decision-maker. The use of multiple benefit-risk levels over the current single thresholds better capture the reality of complexity and support an increased understanding and evaluation of both benefits and risk. 
Increased understanding of environmental risk to support benefit and risk assessment requires additional environmental risk criteria, for example consideration of both spatial and temporal risk. Investigation of spatial environmental risk could be conducted with data currently generated in the ERA, for instance considering whether the VMP will be used in an area where it poses an unacceptable risk. PEC values are generated with FOCUS models for different areas in the EU in the Phase II ERA. FOCUS models are adapted from pesticide exposure modelling to generate 10 surface water PECs and 9 groundwater PECs for different areas in the EU (FOCUS 2000, 2011). The combination of the surface water PEC and effects data would create 10 RQs. In the case where some scenarios have more than 1 type of water body, the highest RQ would be conservatively considered. How many FOCUS scenarios exceed the trigger would be a spatial measure of the risk; a threshold could be applied. For example, a threshold could be defined as more than 5 scenarios with a RQ≥1. The application of FOCUS has the benefit that data can be generated for specific scenarios; however, these scenarios do not include those suggested by Schneider et al. (2007) and likely others, relevant for VMPs. Further, the FOCUS results do not consider terrestrial spatial aspects. 
Consideration of the temporal aspect of risk should consider the timing and duration of exposure. Treatments that are continuously applied are more likely to accumulate in the environment. Similarly, for treatments that overlap with a sensitive life stage, the risk will be higher. Therefore, we suggest that products used during the entire year and used during seasons with sensitive life stages require special consideration. Both the temporal and spatial criteria are an opportunity to consider the larger-scale pattern of the fate and exposure data and would require further investigation.
 We currently illustrate environmental risks by focusing on data specifically supported in the VMP guidelines (VICH 2004). However, the ERA can proceed beyond the Phase II Tier B under regulator advice (VICH 2004). Additionally, previous criticism has been made of the usefulness of standard ERA data in decision support (Syberg and Hansen 2016). A specific gap in the ERA testing is a lack of population level investigation. For example, a study by Viaene et al. (2015) demonstrated the importance of interactions within and between populations in chemical exposure testing. 
Further opportunity for setting criteria may involve the linking of environmental science and economics. There is continued interest in ecosystem services and valuing nature (e.g. Losey and Vaughan 2006). Policy has also adapted; for example, within Europe the REACH (Registration, Evaluation, Authorization and Restriction of Chemicals) Regulation has integrated environmental evaluation into the required Socio-Economic Assessment (SEA) (Regulation 1907/2006 (European Parliament 2006)). Adaptation of the ERA to consider the economic implications of risk would increase overall understanding of the relevance of potential risk. 
6.	Benefit-risk methods implementation 
The implementation of any of the three methods will have potential advantages and disadvantages. It is therefore important to understand points of difference and agreement between the proposed methods and current policy and practice. Here we broadly discuss the main features of each proposed method and then expand to the wider context of both policy and scientific development.
For potential implementation there are three important differences between the methodologies (Table 4). The first is an independent versus comparative approach. It is advantageous for implementation that the benefit-risk approach be supported by the current legislative framework. Both the independent methods (i.e., the summative categorization and visual scoring matrix) fit within current legislation. If comparative assessments (e.g., a substitution principle, which encourages development of alternatives for hazardous substances) are implemented in the future, the comparative method would be supported. The second critical difference is whether a formulaic or more judgement-based approach is applied. Both the summative and comparative methods are more supportive of a formulaic approach and use of a decision-rule. Finally, the methods vary in how levels are assigned. The levels are assigned in the summative and comparative methods by comparing criteria to a single threshold or specific level of change, respectively. Alternatively, the visual scoring matrix assigns levels to the criteria. The desirability of any of these main distinctions will depend on the preferences of decision-makers. 
Table 4. A comparison of the three main differences between the three developed methodologies. 
	Summative Categorization
	Visual Scoring Matrix
	Comparative Categorization

	Independent evaluation
	Independent evaluation
	Comparative evaluation

	Formulaic
	Judgement-based
	Formulaic

	Combinations of single criteria create levels
	Multiple thresholds create levels within criteria
	Magnitude of change in criteria creates levels


VMP ERA requirements define single thresholds for all current criteria (i.e., PBT/vPvB in EMA (2012a); RQ<1; PECgw<0.1µg/L in EMA (2009)). Values below these thresholds are required for all criteria in a favourable benefit-risk assessment (EMA 2009). The summative categorization method would only fulfil all thresholds for risks ranked in level 1 (i.e., the lowest risks). In the comparative method, exceedance of current thresholds would depend on the risk level of the alternative. Finally, for the visual scoring matrix, RQ and PECgw criteria in the negligible risk category and PBT in the moderate, low or negligible categories would meet the current thresholds. Therefore, each method would potentially allow authorizations made with environmental risks higher than currently considered acceptable, if benefits are higher than risks.  
Environmental risks higher than thresholds can be lowered to acceptable levels by applying risk mitigation measures (EMA 2009). However, as previously noted, available risk mitigation measures are not reliably implemented for VMPs. Therefore, application of risk mitigation measures may lead to underestimation of environmental risk and a lack of transparency. Conducting the benefit-risk prior to assignment of mitigation measures would create more transparency regarding the environmental risk accepted for a product. Increased transparency could also be used to justify risk mitigation measures when they are implemented, and potentially strengthen risk communication and risk mitigation measure uptake. All of the three proposed methods would increase this transparency and help to avoid authorizations with higher risks than benefits. Increased transparency would have the advantage of supporting consistent decision-making across a diverse group of European decision-makers. 
The greatest advantage from implementing any of the three methods will be for cases where an environmental risk is indicated in a Phase II assessment (Figure 2). Previous experience with authorizations suggests 10% of VMPs products may fall into this category (Küster and Adler 2014). The remaining cases where environmental risk is below the acceptable level still require a benefit-risk assessment (EMA 2009). In all assessments the methods would support standardized communication of the acceptable environmental risk level and sufficient benefits level. The benefit-risk evaluations are also required post-authorization, (e.g., renewal after 5 years on the market) (EMA 2009). The proposed methods are clear structures into which updated data can be entered for post-authorization benefit-risk assessments. However, environmental monitoring data for pharmaceuticals are limited (Küster and Adler 2014; Acuña et al. 2015).   
The problem of different recipients of benefits (i.e., animal and farmer) and risks (e.g., to the animal, to the wider environment) is challenging.  Balancing is an important role of regulation. In the case of VMPs, the benefits are not only profits for farmers but also animal health and welfare as well as human health (e.g., prevention of zoonotic diseases). Further, it is a legal requirement that reasonable actions be applied to alleviate unnecessary pain and suffering of livestock (Article 3 of Directive 98/58/EC (European Parliament 1998)). The other case where welfare is a significant benefit is the case of human medicinal products. For human medicines an ERA is required but environmental risks do not constitute grounds for refusal of the authorization (Directive 2001/83/EC (European Parliament 2001)). VMPs are a unique case in which regulators must explicitly consider both the ethics of benefits and the environmental risks. 
7.	Adaptability of the three methods 
Variability between classes of VMPs can be incorporated into benefit and risk levels. The benefits of drugs will differ depending on the treatment (e.g., disease treatment, zootechnical benefit). For example, different classifications may include or exclude resistance criteria (e.g., antibiotics and nonsteroidal anti-inflammatory drugs, respectively) (Table 1). The methods could also be adapted in the case that ERAs are adjusted for specific pharmaceutical classes as has been previously recommended (Brandt et al. 2015). 
A decision rule could be implemented with agreed benefit and risk classification. Both the summative and comparative methods would support a more structured decision-rule approach. The applied decision rule could follow the example in Figure 3, where a benefit equal to the risk or a level higher is required for authorization. Alternatively, higher levels of risk may need two levels of benefits to satisfy decision-makers and address uncertainty. Consideration of uncertainty is vital in interpreting ecotoxicological data (Breitholtz et al. 2006); thus, more conservative approaches may be favoured. 
Flexibility in benefit-risk assessment is key to adapt the ERA component. Scientific work develops and improves the scientific methods for ERA (Werner and Hitzfeld 2012). Additionally, experience evaluating ERAs for VMPs has developed since becoming a regulatory requirement (Koschorreck et al. 2002; Küster and Alder 2014). Adaptability will be critical for a benefit-risk assessment to integrate emerging scientific knowledge and regulatory experience. For example, pharmaceutical mixtures in the environment will likely be more toxic than single compounds (Backhaus 2016). Consideration of the environmental effects of multiple VMP compounds is limited to the case of combination products, which have 2 or more active ingredients (EMA 2006). The ERA of single compound products does not currently consider mixture toxicity (VICH 2000, 2004; EMA 2008).  Further, pharmaceuticals are likely to occur within the environment with other compounds. The individual evaluation and separation of chemicals (e.g., VMPs and pesticides) has been questioned for human mixture risk assessment (Evans et al. 2015). Effective consideration of mixtures may require data from different chemical regulation sectors (Backhaus 2016). Adaptation of decision-support systems in all regulations is a future challenge and opportunity for any benefit-risk assessment. 
8. 	Conclusion
The development and testing of benefit-risk methods for VMPs with focus on assessing benefits and environmental risks is novel work that requires further investigation. This paper proposes three methods to examine ERA data in a benefit-risk assessment. We have developed two of these methods to support independent benefit-risk comparison. Classifications could either support a formulaic approach focused on a decision rule (i.e. the summative classification) or a flexible approach based on decision-maker judgement (i.e. the visual scoring matrix). Both approaches would be supported by current legislation. 
Future development of regulation to consider substitutes would be supported by the final method, the comparative classification. Data beyond current ERA requirements are suggested in the classification to support more realistic evaluations. All three methods have potential to support a large and diverse group of decision-makers. The flexibility, adaptability, and transparency of each approach are the main strengths of implementing any of the methods. 
Adaptability will ensure that the methods can evolve with scientific knowledge and regulatory experience to address emerging challenges. Further work with regulators and veterinarians could define benefit and risk categories and decision rules for comparisons. Regulator input would also identify the most suitable method for the VMP market authorization procedure. 
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Figure 1. Schematic of a subset of benefits and the main risks from the VMP benefit-risk recommendation (EMA 2009).
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Figure 2. Overview of how environmental risk assessment data from Phase I and II feed into the benefit-risk assessment (BRA) and inform the final authorization decision. Flow illustrates how the three benefit-risk methods (see text) will fit into the authorization process. a Persistent, bioaccumulative, toxic (PBT)/very persistent, very bioaccumulative (vPvB) criteria defined in EMA (2012a). PEC: Predicted exposure concentration, EIC: Environmental introduction concentration, PECgw: groundwater PEC, RQ: risk quotient (exposure/effect), RMM: risk mitigation measures.
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Figure 3. Subset of possible combinations for a level 3 risk in a categorization method with 5 levels of risks and benefits to support authorization decisions for VMPs. Black line connects scenario with the same risks and benefits (i.e., authorization dependent on decision rule). Red lines connect example scenarios with higher risks than benefits (i.e., no authorization); green lines connect example scenarios with higher benefits than risks (i.e., authorization). 
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