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Objectives: The United States (US) FDA, European Surveillance of Veterinary Antimicrobial Consumption
(ESVAQ), Public Health Agency of Canada (PHAC) and World Organisation for Animal Health (OIE) established
methodologies that characterize antimicrobial sales for use in food animals by adjusting the sales by animal bio-
mass. Our aim was to review and compare these methodologies on US-specific data.

Methods: Annual antimicrobial sales for cattle, swine, chickens and turkeys in the USA between 2016 and 2018
were adjusted by the FDA, ESVAC, PHAC and OIE methodologies. To better understand the advantages and dis-
advantages of the four methodologies, their biomass denominators were compared regarding the level of detail
accounted for in the estimated US livestock biomass, their ability to observe temporal trends in animal biomass
within a country and practicality in biomass estimation for comparing antimicrobial sales across countries.

Results: The four methodologies resulted in substantially different estimates of biomass-adjusted antimicrobial
sales for use in US food animals. The 2018 estimates were the highest with the ESVAC methodology (314.7 mg
of active antimicrobial ingredient/kg of animal biomass), followed by PHAC (191.5 mg/kg), FDA (127.6 mg/kg)
and OIE (111.5 mg/kg). The animal weight parameters used in each methodology had the most impact on the
biomass-adjusted sales estimates.

Conclusions: In regard to the estimation of the animal biomass, no methodology was found to be perfect; how-
ever, the FDA methodology had the best resolution in characterizing the US livestock biomass while the OIE
methodology was best for biomass estimation for global monitoring of antimicrobial sales for use in food

animals.

Introduction

Antimicrobial resistance is a global health crisis. While emergence
and spread of antimicrobial resistance is a complex multicausal
evolutionary phenomenon, antimicrobial use in food animals
is a contributor to this crisis and a potential source of
antimicrobial-resistant infections in humans.?* Current evi-
dence shows that antimicrobial-resistant organisms can be
transferred from food animals to humans through direct con-
tact,*> the food chain®® and the environment,'®!! and shared
between food animals and humans.*? ¢ The expanding human
population is becoming more reliant on animals for food, which
induces large-scale intensive farming operations and expands
antimicrobial use in food animals. This adds to the ongoing
problem of overuse and inappropriate use of antimicrobials
in food animals and increases the health risks in humans from
resistant organisms.*’~*?

In response to the global public health crisis of antimicrobial re-
sistance, several countries have introduced restrictions on the use
of antimicrobials in food animals. For example, use of veterinary
antimicrobials for growth promotion was outlawed, prohibited or
voluntarily withdrawn in the EU, Canada and the USA.?%7%?
Currently, antimicrobials are only approved for use in food animals
to treat, control and prevent disease in these countries (and mem-
ber countries of the EU).

In addition to the restrictions in the use of antimicrobials, moni-
toring antimicrobial use in animals also supports the fight against
antimicrobial resistance.”® Monitoring antimicrobial use can be
used to assess whether the regulations aimed at antimicrobial
use are successful, help determine whether there is an excessive
use of antimicrobials, guide future policies, provide a general
understanding of veterinary antimicrobial use over time and, most
importantly, help study the association between antimicrobial use
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and antimicrobial resistance.?**® However, monitoring of the
actual antimicrobial use in animals is challenging in terms of the
required resources and infrastructure.?” Because antimicrobial
sales data at the level of pharmaceutical companies and whole-
salers are easier to obtain, they are frequently used for surveil-
lance.?”19:28-30 syrveillance systems based on antimicrobial sales
data have been considered essential for data retrieval on a global
scale and inter-country comparison and as an initial step to gain
knowledge on antimicrobial volumes in livestock husbandry or in
the veterinary sector.3%3! However, it is important to emphasize
that the sales data are not indicative of how antimicrobial drugs
were actually used in animals (e.g. for what indications, doses or
durations); consequently, management of antimicrobial resist-
ance and antimicrobial stewardship efforts cannot be informed by
the sales data alone.***? Sales data are affected by the compos-
ition of the population under study, and they do not reflect import-
ant aspects of the actual antimicrobial use, such as the availability
of different drugs, with different potencies, for different diseases
and species.”®3* Thus, the sales data can be used for assessing the
amounts of antimicrobials introduced into the marketplace each
year but there are limitations in what conclusions can be drawn if
the data are used to make comparisons between countries, animal
species, or antimicrobial drug classes.*?

Organizations such as the FDA, European Surveillance of
Veterinary Antimicrobial Consumption (ESVAC) of the EMA, Public
Health Agency of Canada (PHAC) and World Organisation for
Animal Health (OIE) established surveillance systems for veterin-
ary sales of antimicrobials.**” In general, these surveillance sys-
tems document national or regional antimicrobial sales by dividing
the quantity of active ingredient (i.e. the chemical that prevents
microbial growth or destroys microorganisms) sold by the size of
the animal population potentially requiring the drugs (animal bio-
mass). For example, it has been proposed that an animal biomass
that is specific to the US domestic livestock populations and animal
drug approvals would: (i) allow for the most appropriate represen-
tation of antimicrobial sales data relative to food animal biomass
in the USA,; (ii) adjust antimicrobial sales data to allow for addition-
al trend analysis beyond the analysis of antimicrobial sales data
alone; and (i) allow the FDA to better interpret trends in anti-
microbial sales data relative to US livestock populations.>®> The
above-mentioned organizations share the same goal: to monitor
antimicrobial sales by controlling for animal demographics.
However, the methodologies to achieve that goal differ in terms of
underlying assumptions or in the estimation of the animal popula-
tion that may be subject to antimicrobial treatment.?6-2838-41
It is not well understood whether these differences among
methodologies could lead to meaningfully different estimates in
animal biomass or conclusions, or even misinterpretations, and if
any of the methodologies hold any advantages over each other.

In this study, we adjusted the annual US-specific antimicrobial
sales for the biomass of the major food-producing species
between 2016 and 2018 using the biomass methodologies
established by the FDA, ESVAC, PHAC and OIE. Our objective was to
review the four methodologies and compare their estimates.
Additionally, we compared strengths and weaknesses of biomass
estimation by the four methodologies in terms of the level of detail
(resolution) accounted for in the US livestock biomass, ability to ob-
serve temporal trends in animal biomass within a country (to allow
better interpretation of trends in antimicrobial sales in the country)

and practicality in biomass estimation for comparing veterinary
antimicrobial sales across countries.

Materials and methods

Data sources

To complete this study, three types of data were collected: (i) US-specific
annual antimicrobial sales for a food-producing animal species, as well as
(i) annual population and (i) annual average weight of the animal species
that is under the risk of antimicrobial exposure. The sources, values and
usage of the data we collected varied based on the application of each bio-
mass methodology (i.e. FDA, ESVAC, PHAC and OIE). Details about the bio-
mass methodologies were obtained from the publications and reports
prepared by the FDA, ESVAC, PHAC and OIE and used for estimation of their
respective biomass denominators (biomass denominators were calculated
based on population and weight data for all methodologies). 34374245

Data on US-specific antimicrobial sales were obtained from the FDA’s
2018 Summary Report on Antimicrobials Sold or Distributed for Use in
Food-Producing Animals’, which contains information about the antimicro-
bials approved for use in US food-producing animals and reports the total
quantity of those drugs that entered the market in 2018.%¢ In the FDA’s re-
port, annual sales values are expressed in kilograms (kg), summarized by
antimicrobial drug class and the major food-producing species (i.e. cattle,
swine, chickens and turkeys). Antimicrobial drugs are further grouped by
their medical importance (i.e. ‘medically important’ and ‘not-medically im-
portant’), based on their use in human medicine.*” Annual sales and distri-
bution information for two previous reporting years (2016 and 2017) are
also included in the 2018 report (Tables S1-S3, available as Supplementary
data at JAC Online).

For all methodologies (FDA, ESVAC, PHAC and OIE), estimations of the
annual livestock population and annual average weight relied mostly on
three United States Department of Agriculture (USDA) sources: the National
Agricultural Statistics Service (NASS),*8-°6 the Economic Research Service
(ERS),>” and Foreign Agricultural Service (FAS).>® For data unavailable in
these sources, e.g. for estimating annual average weights for animals living
longer than a year, we used USDA Animal and Plant Health Inspection
Service (APHIS) and non-USDA sources [i.e. Bovine Alliance on Management
and Nutrition (BAMN) and Iowa State University Extension and
Outreach].>*"%1 In the ESVAC and PHAC methodologies, annual average
weights have previously been defined and standardized for each animal
species to be used in their respective (member) countries. However, similar
standardized weights do not exist for the USA; therefore, the standardized
weights defined in the original ESVAC and PHAC protocols were used for US-
specific calculations.>*3® For the OIE methodology, we used the datasets
defined by the OIE to collect the US-specific population and weight data:
the OIE World Animal Health Information System (WAHIS) and the United
Nations Food and Agriculture Organization Statistics (FAOSTAT).®#53 Details
about the data and sources for the four methodologies are provided in the
Supplementary data grouped by methods (data for the FDA, ESVAC, PHAC
and OIE are shown in Tables S4-S6, Tables S7 and S8, Tables S9 and S10,
and Tables S11-S18, respectively). The biomass denominators of the four
methodologies were reviewed and compared, and their differences and
similarities were summarized graphically (Figure 1).

Biomass denominators

A biomass denominator is typically defined as the product of the annual
population size of a given food-producing animal species and the annual
average weight of an individual animal of the species. It represents the
annual weight of the animal population potentially being treated with
antimicrobial drugs. The US-specific animal biomasses for the major
food-producing animal species were calculated by the FDA, ESVAC, PHAC
and OIE methodologies for 2016, 2017 and 2018 (Tables S4-S18).
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Figure 1. Comparison of biomass denominators in the FDA, ESVAC, PHAC and OIE methodologies. ‘Livingstock’ are defined here as animals raised lon-
ger than one calendar year, which in the biomass methodologies applies to beef cattle, dairy cattle and swine.

The methodologies and their application to the US data are explained in the
following paragraphs.

The biomass denominator of the FDA methodology, called the
‘Target Animal Biomass’ (TAB), is defined as the product of the annual
population size and ‘average weight at slaughter’ for each animal
species (Equation 1).

TAB; (kg) = population; of a food producing animal species (head) (1)
xaverage weight at slaughter (kg)

The ESVAC and PHAC denominators (called the ‘Population Correction Unit’;
PCUgy and PCUcan, respectively) were calculated by multiplying the annual
population size of an animal species by the average animal weight at the
time of antimicrobial treatment, referred to as the ‘standard weight at
treatment’ (Equation 2).>“*® Both methodologies use standard, pre-
defined values for animal weight, with ESVAC using their values represent-
ing the characteristics of EU and European Economic Area (EEA) countries,
and with PHAC using their values to represent characteristics of the animal
production in Canada. Another difference between the two methodologies
is that the PHAC estimation includes biomass of beef cows raised longer
than one calendar year (animals raised longer that one calendar year are
thereafter referred to as ‘livingstock’ and are defined below), which is not
included in the ESVAC method, because the population of non-dairy living-
stock cows was deemed negligible in EU and EEA countries at the time the
ESVAC method was established. Livingstock beef cows are included in
PCUcan, as they are considered to be a significant cattle subpopulation in
Canada.*®

PCUEU’ or PCUCAN’ (kg)
= population; of a food producing animal species (head) — (2)
x standard weight at treatment (kg)

The FDA, ESVAC and PHAC methodologies calculate animal biomass as a
function of slaughtered and livingstock animals, as well as imported and
exported animals (Equation 3):

Biomass of an animal species (kg) = ZBiomass
i

= Biomassslaughtered + BiomassLivr’ngstock
+ Biomassexport — Biomassimport

where Biomass can be either TAB, PCUgy or PCUcan and i is either
Slaughtered, Livingstock, Export or Import. For a given species, biomass of
all animals raised less than a year was accounted for by Biomasssiaughtered,
while Biomass;jyingstack Was used to account for the annual biomass esti-
mate of animals that are raised longer than one calendar year in the USA.
These animals include livingstock beef cattle (i.e. all beef cows that have
calved—again, these are not included in PCUg, but included in TAB and
PCUcan), livingstock dairy cattle (i.e. all dairy cows that have calved—these
are included in TAB, PCUgy and PCUcan) and livingstock swine (i.e. all hogs
and pigs kept for breeding, including boars—these are included in TAB,
PCUgy and PCUcan). For livingstock beef and dairy cows, the January Cattle
Inventory report from USDA NASS was used as a source of information
about the animal population size as it provides the national estimates for
the previous year in the USA.>%>! For livingstock swine, the December Hogs
and Pigs Inventory from USDA NASS was used for national estimates of the
population size of the current year.>2-> Biomassyjyingstack Was not applicable
to chickens and turkeys in these methodologies, since these animals are
typically slaughtered within a year from hatching. Biomassgxpo: Was added
to the total biomass denominator and represented the animals exported
from the USA, as exported animals are according to the FDA, ESVAC and
PHAC assumed to be treated with antimicrobials marketed in the USA.
According to these methodologies, it was also assumed that the animals
are treated with antimicrobials prior to being imported into the USA; there-
fore, Biomassymport, Which represented the biomass of animals imported
into the USA, was subtracted from the total biomass denominator.

The OIE denominator, called the ‘Animal Biomass’, was calculated as
the total weight of the food animal species present in the USA in a year.
Contrary to the use of data on live weights of animals in the FDA, ESVAC and
PHAC denominators (i.e. weight at slaughter or weight at treatment), the
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OIE uses data on carcass weights along with the number of slaughtered
animals provided by FAOSTAT. Accordingly, first, an average carcass weight
was calculated for each species.“> Average carcass weight was then con-
verted to the ‘average weight at slaughter’ (which is in the OIE method-
ology referred to as the ‘live weight’) by dividing it with a conversion
coefficient specific to each species (Equation 4):5*

Average carcass weight (kg)

Average weight at slaughter (kg) = Conversion coefficient (k)

Total carcass weight of the animal species slaughtered (kg) (4)
Number of animals of the species slaughtered (heads)
Conversion coefficient (k)

Next, for chickens and turkeys, the animal biomass was calculated by
multiplying the calculated weight at slaughter by the number of slaugh-
tered animals, while cattle and swine biomasses were calculated by
multiplying weight at slaughter by the census population provided by
WAHIS Interface (Equation 5):

Animal biomass by OIE methodology (kg) = (5)
population (head) x average weight at slaughter (kg)

In the OIE methodology, additional factors are used for swine and cattle to
better represent their animal biomasses. Specifically, the cattle biomass
includes factors for age and production classes (calves, younglings and
adult cattle). For the swine biomass, an additional swine population was
included by applying a factor to the census population to account for sows
raised for more than a year for breeding purpose. In the OIE biomass meth-
odology, imported and exported animals are accounted only for cattle but
not for other major food species.

All biomass estimates were expressed in kg (ie. 1kg=1 TAB=1
PCUgy=1 PCUcan=1 Animal Biomass). For a methodology, the total bio-
mass was calculated by pooling the species-specific biomass estimates
including the biomasses of cattle, swine, chickens and turkeys.

Biomass-adjusted sales

Unadjusted antimicrobial sales (i.e. antimicrobial sales for use in
cattle, swine, chickens and turkeys reported by the FDA) for a year
were adjusted by the total animal biomass (including the biomass of
cattle, swine, chickens and turkeys) estimated by the FDA, ESVAC, PHAC
and OIE methodologies. Similarly, species-specific annual antimicrobial
sales (i.e. unadjusted antimicrobial sales for use in each of the
major food-producing species) were adjusted by the corresponding
species-specific biomass denominator for the year. Biomass-adjusted
antimicrobial sales were expressed in milligrams (mg) of an active anti-
microbial ingredient per kg of animal biomass. For each methodology,
antimicrobial sales were grouped by animal species, medical import-
ance and antimicrobial drug class, and adjusted by the methodology
specific animal biomass estimate. When presenting results, the
availability of the FDA’s US-specific national (unadjusted) antimicrobial
sales data and existing approaches to the presentation of results for
respective methodologies done by the FDA,*> PHAC,*® ESVAC?* and/or
OIE>’ were followed and then the same approach to the presentation of
results was applied across all methodologies to assure consistency
and comparability among methods. The same calculations were con-
ducted for years 2016, 2017 and 2018.

Data analysis

Percent change was used as a metric to compare annual trends between
sales and biomass data, using the following equation (Equation 6):

Percent change = [(Sales for year 2 - Sales for year 1)/Sales for year 1] x 100
(6)

Biomass denominators of the four methodologies were qualitatively com-
pared according to three criteria: (i) the level of detail (resolution)
accounted for in the estimated US livestock biomass; (ii) ability to track tem-
poral trends in animal biomass in a country (for interpretation of trends in
antimicrobial sales in the country); and (iii) practicality in biomass estima-
tion for comparing antimicrobial sales among different countries. These
comparisons were aided by the application of seven sub-criteria adapted
from Collineau et al. 26 (2017), and described in Table 1. The sub-criteria
were Granularity (G), Comprehensiveness (C), Accuracy (A), Standardized
parameters (Sp), Data uniformity (Du), Stability in population (So) and
Stability in weights (Sw); each methodology was scored 1 (best) to 4 (worst)
for the seven sub-criteria. The sub-criteria G, C and A were used for evaluat-
ing the biomass denominators in terms of the level of detail accounted for
in the estimated US animal biomass; sub-criteria Sp and Du were used for
evaluating the practicality in estimation of animal biomass for comparing
adjusted antimicrobial sales across countries; and sub-criteria So and Sw
were used to evaluate the biomass denominators’ ability to track temporal
trends in animal biomass in a country.

Data sources and assumptions underlying the four methodologies are
detailed in the Supplementary data. Excel spreadsheets were used for or-
ganization of data inputs and calculations; the spreadsheets are available
at https://github.com/IvanekLab/Biomass-Methodologies-USA.

Results

Biomass-adjusted sales by the FDA methodology

Between 2016 and 2018, the FDA’s TAB for the major food-
producing animal species (cattle, swine, chickens and turkeys)
grew by 4.3%, from 85.0 billion kg to 88.7 billion kg. At the species
level, swine, chickens and cattle biomasses increased by 5.7%,
4.5% and 4.1%, respectively, while turkey biomass decreased by
1.5% (Figure 2). During the same period, unadjusted antimicrobial
sales for the major food-producing animal species decreased by
17.0%, from 13.6 million kg in 2016 to 11.3 million kg in 2018, as
reported by the FDA (Tables S1-S3; unadjusted antimicrobial sales
represent the sum of medically important and not-medically im-
portant antimicrobial sales). The reduction in unadjusted anti-
microbial sales reflects a major drop of 21.7% in antimicrobial
sales observed in 2017 following the full implementation of
Guidance For Industry (GFI) #209 and #213 and the changes to
the Veterinary Feed Directive (VFD), which moved to eliminate the
use of medically important drugs for production purposes
(i.e. growth promotion and feed efficiency) while allowing their ad-
ministration for prevention, control and treatment of diseases
under the supervision of licensed veterinarians only.?>>® A year
after the implementation of the GFIs and the changes to the
VFD, in 2018, an increase of 6.1% was observed in the unadjusted
antimicrobial sales compared with 2017. As the GFIs and the VFD
affected medically important antimicrobial sales, a much larger
decrease (33.9%) was observed in the unadjusted sales of medic-
ally important antimicrobials in 2017 compared with 2016
(Figure 3). However, the decrease was short lasting, as about
a 9.3% increase in the unadjusted sales was reported between
2017 and 2018.

Of 11.3 million kg of unadjusted antimicrobial sales for use in
major food-producing animal species in the USA in 2018, about
half were for use in cattle (52%), and the remaining antimicrobials
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Table 1. Criteria and sub-criteria applied to evaluate the utility of biomass denominators in the FDA, ESVAC, PHAC and OIE methodologies

Criteria Sub-criteria Notation Definition
Level of detail (resolution) accounted for in the Granularity G Number of specific animal production categories
estimated animal biomass (Which biomass considered for each species
estimate provides the highest resolution in the Comprehensiveness C Capacity to collect population data for all
estimated US livestock biomass?) animals of a species
Accuracy A Use of actual treatment weight data per species
Comparability: practicality in biomass estimation Standardized Sp Use of standardized values for estimating
for comparison across countries (Can we esti- parameters animal biomass
mate animal biomass to compare sales across Data uniformity Du Availability of centralized sources for data
countries?) collection
Ability of observing trends in animal biomass with- Stability in population So Size and structure of population at risk of being
in a country (Can we observe trends over time?) treated correct for changes over time
Stability in weights Sw Weight of animals at risk of being treated
correct for changes over time
(a) (b)
400 FDA methodology 100,000 % Change in total bi
2016 | 2017 | 2016
S 90,000 Species to to to
3% T 2017 | 2018 | 2018
= T~ 80,000 Catle | 26 | 15 | 4l
|<£ 300 - Swine 2.6 3.0 5.7
iy o Chickens | 23 22 | 45
2 70,000 2 s Turkeys | 00 | -1.5 | -15
b =) TOTAL 24 1.9 4.3
g 250 60000 =8 %% Chame . 3
= @ 2 © Change in unadjusted sales
» ., o 2016 | 2017 | 2016
B 200 ‘e, 50,000 a Species to to to
® ‘., 3 e 2017 | 2018 | 2018
= 150 R O I 40,000 B 6 Cattle | -186 | 77 | -123
®© SLt e =2 Swine | -32.0 | 153 | -21.6
@ B 30000 &8 Chickens | -21.0 [ -7.0 [ -265
@® ’ (o]
£ 100 s Turkeys 9.4 -2.2 -11.4
o ~ . _ 20,000 TOTAL | -21.7 [ 61 [ -17.0
o St~ ’ % Change in biomass-adjusted
50 sales
10,000 2016 | 2017 | 2016
Species to to to
0 0 2017 | 2018 | 2018
2016 2017 2018 Cattle -20.7 6.1 -15.8
) Swine -33.7 119 | -258
—= Total biomass Chickens | -22.7 | -9.0 | -29.7
C— Unadjusted sales Turkeys -9.4 -0.7 | -10.0
= == Biomass-adjusted sales for cattle TOTAL | -23.6 | 4.1 | -204

* o ¢ ¢ e Biomass-adjusted sales for swine

Biomass-adjusted sales for turkeys

- Biomass-adjusted sales for chickens

Figure 2. Total sales of veterinary antimicrobials between 2016 and 2018. (a) Bars indicate the unadjusted sales and the total biomass. Lines indicate
the biomass-adjusted sales by animal species. The FDA’s biomass adjustment methodology was used to estimate the total biomass and biomass-
adjusted sales. The unit of TAB is kg. (b) Percent change in biomass-adjusted antimicrobial sales, total animal biomass and unadjusted antimicrobial
sales by year and species. Data on unadjusted sales are from the FDA’s 2018 Summary Report on Antimicrobials Sold or Distributed for Use in Food-

Producing Animals’.%®

were sold for swine (25%), chickens (14%) and turkeys (9%) (Table
$3).%¢ Using the FDA’s biomass methodology, the species-specific
TAB in 2018 was 42.2 billion kg for cattle, 26.0 billion kg for chick-
ens, 17.1billion kg for swine and 3.3 billion kg for turkeys (Table
S6). Using unadjusted antimicrobial sales data and the biomass
estimates, the highest biomass-adjusted sales were estimated for

turkeys (302.3 mg/TAB), followed by swine (162.9 mg/TAB), cattle
(139.7 mg/TAB) and chickens (62.4 mg/TAB) (Table S19). Similar to
the species-specific estimates for the FDA methodology,*® Figure 4
shows differences in species-specific unadjusted and biomass-
adjusted sales in 2018. For example, the highest antimicrobial
sales per kg of animal biomass were in turkeys, although the
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(a) (b)
400 FDA methodology 100,000 5 % Change in total biomass
m 2016 | 2017 | 2016
350 — ] 90,000 _5 Species to to to
] \u: 2017 | 2018 | 2018
. 80,000 @ Cattle 2.6 1.5 4.1
— ickens . . .
5 70,000 g2 Turkeys | 0.0 | -15 | -15
E 0 gL TOTAL | 24 | 19 | 43
3 60,000 g § % Change in unadjusted medically
© c = important antimicrobial sales
- 200 T 50000 = = 2016 | 2017 | 2016
o} , c o .
5 ., g9 Species to to to
3. .o. o £ 2017 | 2018 | 2018
® 150 *., 40,000 2.9 Catle | -354 | 80 [ -302
& k. vebed = Swine | -35.4 | 174 | -24.2
@ *Leccc® 30,000 & B Chickens | -47.3 | -17.3 | -56.4
§ 100 o Turkeys | -113 | 0.0 | -11.3
m ~ o} TOTAL -33.9 9.3 -27.7
S o 20,000 £ % Change in biomass-adjusted
50 f N = = = = E medically important antimicrobial
10,000 § sales
. T 2016 | 2017 | 2016
== -ﬁr - —| o Species to to to
0 0 =] 2017 | 2018 | 2018
2016 2017 2018 Catle_| -37.0 | 64 | -33.0
—= Total biomass Swine -37.1 | 140 | -283
1 Unadjusted sales Chickens | -48.5 | -19.0 | -58.3
= = Biomass-adjusted sales for cattle Turkeys -11.4 1.6 -10.0
e ¢ ¢ ¢ ¢ Bjomass-adjusted sales for swine TOTAL -35.4 7.3 | -30.7

— - = Biomass-adjusted sales for chickens
Biomass-adjusted sales for turkeys

Figure 3. Sales of medically important veterinary antimicrobials between 2016 and 2018. (a) Bars indicate the unadjusted medically important
antimicrobial sales and the total biomass. Lines indicate the biomass-adjusted medically important antimicrobial sales by animal species. The
FDA’s biomass adjustment methodology was used to estimate the total biomass and biomass-adjusted medically important antimicrobial sales.
The unit of TAB is kg. (b) Percent change in biomass-adjusted medically important antimicrobial sales, total animal biomass and unadjusted med-
ically important antimicrobial sales by year and species. Data on unadjusted sales are from the FDA’s 2018 Summary Report on Antimicrobials
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unadjusted sales were the lowest for turkeys. Unadjusted anti-
microbial sales for cattle were the highest; however, after the
biomass adjustment, sales per kg of animal biomass for cattle
were behind those for turkeys and swine.

Figure 5 shows the species-specific unadjusted and biomass-
adjusted medically important antimicrobial sales for 2018
estimated using the FDA methodology (Tables S1 and S20). Of the
5.8 million kg of medically important antimicrobials sales (un-
adjusted), cattle (44%) and swine (41%) accounted for the most,
while sales for turkeys (12%) and chickens (4%) were lower.
Figure 5 also illustrates that biomass-adjusted sales of medically
important antimicrobials were the highest for turkeys (201.5
mg/TAB) and swine (138.7mg/TAB), followed by cattle (59.7
mg/TAB) and chickens (8.5 mg/TAB). Thus, ranking of medically im-
portant antimicrobial sales for cattle and turkeys changed after
adjustment by biomass. For both the unadjusted and biomass-
adjusted sales, the second highest sales were for swine and the
lowest sales were for chickens. Unadjusted and biomass-adjusted
sales for not-medically important antimicrobials are shown in
Figure S1.%7 Again, the biomass-adjusted sales were the highest in
turkeys for not-medically important antimicrobials.

The FDA’s biomass adjustment methodology was also applied
to sales of certain classes of antimicrobials when details of species-
and drug-specific sales were available in the FDA’s annual report.*®
Thus, biomass adjustment for the major food-producing animal
species (cattle, swine, chickens and turkeys) was conducted for
aminoglycosides, macrolides and tetracyclines (Figures S2, S3 and
S4). According to the FDA report, tetracyclines, which represent the
largest volume of sales in 2018 (3.9 million kg) following iono-
phores, were intended for use mostly in swine (1.9 million kg, 48%
of the total tetracycline [unadjusted] sales). When the sales were
adjusted for animal biomass, the tetracycline sales per kg of ani-
mal biomass were also the highest for swine (111.2 mg/TAB). For
cephalosporin, lincosamide, penicillin and sulfa sales, the biomass

) 46

adjustment could be conducted for certain animal species only
(Figures S5-S8).

Regarding temporal trends, biomass-adjusted sales were
reduced by 20.4% for the total antimicrobial sales for the major
food-producing species (127.6 mg/TAB) and 30.7% for medically
important antimicrobial sales (65.3 mg/TAB) in 2018, compared
with 2016. Figure 2 shows the change in the unadjusted antimicro-
bial sales, animal biomass and biomass-adjusted sales for the
major food-producing animals (cattle, swine, chickens and tur-
keys) between 2016 and 2018. Figure 3 shows the same data for
medically important antimicrobials.

Comparison of the FDA, ESVAC, PHAC and OIE
methodologies

Biomass estimates by the FDA, ESVAC, PHAC and OIE methodolo-
gies varied due to the differences in how they estimate animal
population size and parametrize animal weights. Figure 1 summa-
rizes the main differences among the methodologies. In general,
animal population size is estimated similarly for all four methodol-
ogies: they all include the number of slaughtered and livingstock
animalsin a year, and all, except for the OIE methodology, account
for the number of traded animals for all species (OIE accounts only
for cattle that are imported/exported). Significant differences were
identified among animal weight parameters used by the four
methodologies. In the OIE and FDA methodologies, weight param-
eters used for animal species include year-specific values that ac-
count for year-to-year changes in animal weights; however,
standard average weights are used for all animals in the ESVAC
and PHAC methodologies (i.e. the same weight parameters are
used over time), thus annual changes in weights were not able to
be observed. The OIE methodology starts with average carcass
weights and converts them to average weights at slaughter for all
animals. On the other hand, weight parameter of the FDA method-
ology (average weight at slaughter) defines the weight of

833


https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkab441#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkab441#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkab441#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkab441#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkab441#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkab441#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkab441#supplementary-data

Bulut and Ivanek

slaughtered and traded animals using weights of animals at
slaughter reported in the USDA databases. Living animal weights
in the FDA methodology were adopted from non-USDA sources to
calculate the biomass for livingstock animals, since ‘average
weight at slaughter’ was not available in USDA-based sources (see
the Supplementary data for details of the data sources and weight
parameters for each animal category). Compared with FDA and
OIE, the ESVAC and PHAC methodologies use weight at treatment
for all animals.

The 2018 US-specific estimates of the animal biomass by the
FDA, ESVAC, PHAC and OIE methodologies are shown in Figure 6.
Accordingly, the total estimated biomass for the major food-
producing animal species was the lowest when the ESVAC meth-
odology was used (36.0 billion kg). One of the reasons for that was
that the FDA, PHAC and OIE methodologies account for livingstock
beef cows, which are not included in the biomass of the ESVAC
methodology. As a result, 31.8 million livingstock beef cows
slaughtered in 2018 were not included in the biomass estimation
by the ESVAC methodology. As a result, the cattle-specific biomass
estimate was 15.8 billion kg by the ESVAC methodology, while the
PHAC, FDA and OIE estimates were 37.3, 42.2 and 52.8 billion kg,
respectively. If the livingstock beef cattle were included in the
ESVAC methodology, the cattle biomass would increase by
13.5 billion kg, resulting in 29.3 billion kg for cattle-specific PCUgy
(under the assumption that the weight at treatment for livingstock
and slaughtered beef cows is the same).

In general, biomass estimates by the OIE (101.5 billion kg) and
FDA methodologies (88.7 billion kg) were higher than by the ESVAC
(36.0billion kg) and PHAC (59.1 billion kg) methodologies. That is
because the weights at slaughter were used for the FDA and OIE
estimations, which were almost always higher than the weight at
treatment that was used in the ESVAC and PHAC approaches
(Figure 6). Table 2 shows weights used for slaughtered animals for
each of the four methodologies, since slaughtered animals were
the main contributor to the animal population in the USA (i.e. con-
sidering the major food-producing animals only: cattle, swine,
chickens and turkeys), and they largely explain the difference in
biomass estimates among the methodologies. For example, the
estimated cattle-specific biomass was the highest by the OIE
methodology, because OIE used the highest weight for slaugh-
tered (adult) cattle (772 kg). Weights used for slaughtered swine
and turkeys in the ESVAC and PHAC were about half of the weights
used by the FDA and OIE; therefore, the estimated biomasses for
swine and turkeys were about twice as much for the FDA and OIE
than for the ESVAC and PHAC methodologies. Similarly, the weight
of a slaughtered chicken was about three times more in the OIE
and FDA compared with the ESVAC and PHAC methodologies,
which resulted in biomass estimates for the FDA and OIE that were
about three times of the ESVAC's and PHAC’s (Figure 6).

The differences among the US-specific biomass-adjusted sales
estimated by the FDA, ESVAC, PHAC and OIE methodologies for
2018 are illustrated in Figure 7. Because the estimations were
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Figure 6. Total animal biomass in the USA in 2018 estimated by the FDA, ESVAC, PHAC and OIE methodologies

Table 2. Comparison of animal weight parameters among the FDA, ESVAC, PHAC and OIE methodologies for 2018 biomass estimations of slaugh-

tered animals

FDA (average weight

ESVAC (standard weight
at treatment, kg)

PHAC (standard weight
at treatment, kg)

OIE (average weight
at slaughter, kg)

Species at slaughter, kq)
Slaughtered (adult) cattle 612
Slaughtered swine 128
Slaughtered chickens 2.8
Slaughtered turkeys 14.1

425 600 772

65 65 123
1 1.2 31
6.5 6.5 16.1
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conducted for the USA, the unadjusted antimicrobial sales were
the same for all four methods, i.e. 11.3 million kg that was sold for
use in cattle, swine, chickens and turkeys in 2018, as reported by
the FDA. Because the biomass denominators for the major food-
producing species were the highest for the OIE (101.5 billion kg)
and FDA (88.7billion kg) methodologies, the corresponding
biomass-adjusted sales by these methodologies were the lowest
(OIE=111.5mg antimicrobial/kg animal and FDA=127.6 mg/kg).
The highest adjusted sales estimate was for the ESVAC method-
ology (314.7mg/kg), which was followed by the PHAC (191.5
mg/kg). Figure 8 shows the results of the qualitative comparison
among the biomass denominators of the four methodologies as to
whether they are able to account for population details in the esti-
mation of the US animal biomass, allow observing trends in animal
biomass over time and are practical for biomass estimation for
comparison of adjusted sales among different countries; scores for
underlying sub-criteria and explanations of the scores are shown
in Table S21. Accordingly, the FDA’s biomass estimate was judged
as the one providing the highest resolution (level of detail) in the
estimated biomass of the US livestock, while the OIE’s biomass es-
timate was considered the most suitable for cross-country com-
parisons of antimicrobial sales (comparability). Biomass estimates
of the FDA and OIE methodologies were both deemed the most
useful for observing trends in biomass estimates within a country
over time. Biomass-adjusted medically important antimicrobial
sales estimated by each methodology for 2018 are illustrated in
Figure S9. Trends of the estimates between 2016 and 2018 are
depicted for each methodology in Table S20.

Discussion

In this study, we reviewed and compared the FDA, ESVAC, PHAC
and OIE biomass adjustment methodologies by using them in the
estimation of biomass-adjusted antimicrobial sales for cattle,
swine, chickens and turkeys between 2016 and 2018 in the USA.

We observed an overall reduction in the total antimicrobial
sales (including unadjusted and biomass-adjusted sales) in 2017,
which was followed with an increase in 2018. The decline in 2017
is attributed to the implementation of the GFIs and the changes to
the VFD, which resulted in considerable reductions in sales of med-
ically important antimicrobials. A similar trend in antimicrobial
sales was observed in many European countries during the period
when antimicrobials used for growth promotion were phased out
(late 1990s and early 2000s), where an increase was observed in
the national sales of veterinary antimicrobials for therapeutic
purposes.®’ %% Specifically, unadjusted or total sales of medically
important antimicrobials in Europe were increased for use in swine
and cattle populations.”®’* Interestingly, a similar increasing trend
in the unadjusted sales of medically important antimicrobials was
observed for the US swine and cattle populations in 2018, which is
the year following the implementation of the GFIs and the
changes to the VFD (the percent change in unadjusted sales of
medically important antimicrobials was +17.4% for swine and
+8.0% for cattle in 2018 compared with 2017; Figure 3b). It would
be of interest to determine in future research whether this increase
in the US antimicrobial sales (unadjusted) may have been at least
partially explained by an increased disease burden requiring anti-
microbial therapy, similar to the European experience.

In early 2000s and after, following the ban of using antimicro-
bials for growth promotion, the animal production levels in several
European countries remained the same, or they increased (for
chickens, turkeys and cattle),®®’#’3 though there was a temporary
decrease in the weaner swine population in Denmark and
Sweden.”*’* In contrast, the US population of the major animal
species, except turkeys, continued to increase following the imple-
mentation of the GFIs and the changes to the VFD. The population
of turkeys decreased during that time; however, this trend seems
to be independent from the GFIs and the VFD, as the population
had been decreasing already in the previous years (Table S4).
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Figure 8. Comparison of the FDA, ESVAC, PHAC and OIE biomass methodologies by three criteria. The criteria are the level of detail (resolution)
accounted for in the estimated US livestock biomass, comparability in terms of practicality in estimating animal biomass for comparison of antimicro-
bial sales across countries and the ability to observe temporal trends in animal biomass. Sub-criteria for each criterion were scored 1 (best) to 4
(worst) and scores are indicated in parentheses. Definitions of sub-criteria are provided in Table 1. The overall level of suitability of a methodology, i.e.
good, neutral or bad, for a criterion is indicated by white, light grey and dark grey, respectively.
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It has been recognized that antimicrobial sales data can be
used to assess trends and broad shifts in the amounts of antimi-
crobials sold for use in animals annually.>? In our study, between
2016 and 2018, the cattle-specific unadjusted total and medically
important antimicrobial sales were the highest compared with
sales of remaining major food animals; however, when the bio-
mass adjustment was applied, the highest sales of total and med-
ically important antimicrobials were for turkeys. As demonstrated,
biomass-adjusted sales and unadjusted sales led to different types
of insights into antimicrobial sales for use in the US food animal
production. Similar to what has been suggested by the Pew
Charitable Trusts (2019), compared with the FDA’s (unadjusted)
national sales data, the biomass-adjusted sales accounted for the
variations in the size and composition of the animal populations,
and consequently provided a different view into the sales data
that better reflects the populations under study.”® However,
whether antimicrobial sales data are adjusted by biomass or un-
adjusted, they provide no information about the amount of antimi-
crobials actually used or whether the use was judicious. For
example, in our study, the biomass-adjusted sales estimates were
the highest for turkeys (across all four methodologies). However, in
reality, much of the antimicrobials sold for use in turkeys are
administered to control diseases with high incidence rates’> "8
due to lack of approved efficacious drugs or use of antimicrobials
with low potency (i.e. use of high molecular weight antimicrobials
or use of higher grams administered per regimen),”>’%7879 thus
inflating the volume of the sales. This demonstrates how using the
antimicrobial sales data alone could be misleading in interpreting
the actual antimicrobial use in a population and should be
discouraged.

The choice of animal weight parameters in the calculation of
the biomass denominator has a profound effect on the adjusted
sales estimates. The weight parameters used in all methodologies
were limited in representing the actual animal weights, because
they are not accounting for the fact that different diseases affect
an animal species at different ages, and different antibiotics are
used for these different diseases. In our study, biomass-adjusted
sales estimated by the OIE and FDA methodologies were lower
than the estimates by the ESVAC and PHAC. That is mainly because
the OIE and FDA methodologies use weight at slaughter parame-
ters, which were almost always higher than the weight at treat-
ment used by the PHAC and ESVAC methodologies.>*” Using
weight at slaughter for an animal overestimates the weight of the
total animal population that is exposed to antimicrobials, as anti-
microbial treatments are most likely administrated at an earlier
time in the animal’s life.?® Therefore, weight of an animal at the
time it would most likely be treated with antimicrobials, or weight
at treatment used by the ESVAC and PHAC methodologies, is likely
more appropriate for estimating the total animal biomass. From
this perspective, the ESVAC’s and PHAC’s choice for weight at treat-
ment seems advantageous compared with the OIE’s and FDA’s
weights; however, it is important to emphasize that the ESVAC’s
and PHAC's weights represent animal population in their respective
countries, and they could not be adopted by the FDA methodology
to represent the US animal population due to the differences in the
animal agriculture industry between the countries. In addition, the
use of the exact same standard values for weights year-to-year
does not account for the potential variations in weight for an ani-
mal population over time or regionally, which might be affected by

many factors such as differences in husbandry practices®®#* or

even global disruption of food systems such as during the Corona
Virus Disease 2019 (COVID-19) pandemic.®? In contrast, FDA’s and
OIE’s weights at slaughter are estimated annually, which allows
one to observe changes in animal weights for any potential reason.
Overall, it might be a valuable future direction for the FDA method-
ology to use the best of both worlds—a combination of the weight
systems, which would be accurate for estimating the size of ani-
mal population that is under the risk of antimicrobial exposure,
specific for representing the US animal population and flexible for
observing annual weight changes across animal populations.

The criteria and sub-criteria used for evaluating the biomass
denominators of the four methodologies identified several import-
ant differences (Figure 8). Accordingly, the biomass denominator
of the OIE methodology was considered the top candidate for esti-
mating biomass to compare veterinary antimicrobial sales across
countries. The biomass denominator of the FDA methodology was
considered the most suitable for providing the highest resolution in
estimation of the US livestock biomass. Finally, denominators of
the FDA and OIE methodologies were tied for their ability to ob-
serve trends in animal biomass within a country over time. The
details of the evaluations are provided in the following sections
(and also shownin Table S21).

We evaluated the methodologies for their ability to estimate
the animal biomass for comparison of antimicrobial sales among
different countries (Figure 8), as such comparisons are used for
gaining insights into the volume of antimicrobials available for use
in animals globally and to contribute to the global fight against
antimicrobial resistance.'?%31:3739.83 For example, such compari-
sons among countries have been done by the OIE and PHAC meth-
odologies.***” An implicit assumption, necessary when comparing
antimicrobial sales across countries, is that approval of drugs in
compared countries is the same. With this assumption, in our
study, the biomass denominator of the OIE methodology was
judged as the most suitable among the four methodologies for
biomass estimation to support comparison of biomass-adjusted
sales between countries. The OIE methodology aims to contribute
to the control of antimicrobial resistance globally; therefore, its
methodology was designed to collect and analyse data on antimi-
crobials intended for use in animals and animal production from
all countries.>” Accordingly, the OIE’s methodology is highly stand-
ardized for estimating animal biomass and biomass-adjusted
sales, which makes it relatively easy to compare antimicrobial
sales among countries globally (best in sub-criterion Sp, Table
$21).2 In addition, the methodology requires only two centralized
databases for data collection to estimate the animal biomass
(FAOSTAT and WAHIS); these databases are globally available for
all countries (best in sub-criterion Du, Table $21).6%%3 From these
databases, only four types of data were required to estimate the
country specific biomass of cattle, swine, chickens and turkeys: (i)
annual population (reported by FAOSTAT); (i) total weight of
slaughtered animals (reported by FAOSTAT); (iii) annual census
population of cattle and swine (reported by WAHIS); and (iv)
traded cattle population (reported by FAOSTAT). After data collec-
tion, biomass is estimated using coefficients that are standardized
for each species. Overall, the OIE methodology has characteristics
that are essential for cross-country comparisons: uniformity in the
available type of data and standardization of the parameter
use.?*2%49 In comparison, the ESVAC and PHAC methodologies
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can still be useful for comparing animal biomass and adjusted
sales between countries with similar animal production systems
owing to the use of standard average weights in estimated bio-
mass denominators. However, cross-country comparisons by
these methodologies might result in misinterpretations when the
comparison is done with countries with different animal demo-
graphics, whose animal population does not fit to the categories
and/or parameter values established by the ESVAC and PHAC.*®
This was demonstrated in our study when the ESVAC methodology
was used to describe the US-specific animal population: exclusion
of livingstock beef cows as a separate category in PCUg resulted in
an underestimation of the size of the cattle population in the USA,
by excluding 43.4% of the total cattle population in 2018.
Although the denominators in both methodologies have similar
levels of standardization in weight parameters (sub-criterion Sp),
the data uniformity (sub-criterion Du) for the PHAC denominator is
lower compared with the ESVAC denominator, as the PHAC de-
nominator requires multiple databases to collect information
while the ESVAC uses only two international databases that would
apply to all the EU/EAA countries (Eurostat and TRACES).>*3’
Among all the four methodologies, the biomass denominator of
the FDA methodology is the least suitable for tracking biomass of
food animals globally, as it was established to capture characteris-
tics of the US animal population only; therefore, it has the least
number of standard parameters to estimate the US-specific ani-
mal biomass. In addition, similar to PHAC, the FDA methodology
depends on multiple databases to collect information. Due to
these characteristics, the denominator of the FDA methodology
may not represent the animal population in another country and
could cause problems in application and interpretation when used
for biomass adjustment of other countries’ veterinary antimicro-
bial sales.

We assessed the biomass denominator of the four methodolo-
gies regarding the level of detail they accounted for in the biomass
estimates for the USA, which is an important aspect considering
that a higher resolution provides a finer look into the overall live-
stock biomass in a country that would allow better interpretation
of trends in antimicrobial sales in the country (Figure 8).8* In gen-
eral, all biomass denominators had limitations considering evalu-
ation sub-criteria Granularity (G), Comprehensiveness (C) and
Accuracy (A). Nevertheless, the denominator of the FDA method-
ology produced the biomass estimates with the highest level of
detail (resolution), due to its inherent specificity in representing the
US animal production. Particularly, the FDA methodology allows
for categorization of animals specific to the US with the best granu-
larity among all methodologies (e.g. cattle imports for immediate
slaughter, cattle and calves imported for feeding), which strength-
ens the methodology for the US biomass estimation (best in sub-
criterion G, Table S21). Considering all sub-criteria for resolution in
the biomass estimate, the ESVAC and PHAC methodologies are not
as useful for determining the adjusted sales for the US animal pro-
duction system, even though the ESVACs and PHACs weight
parameters are more realistic compared with the FDA’s weight
parameters (sub-criterion A). Between the two methodologies, the
ESVAC would produce biomass estimates with an even lower reso-
lution, since it does not account for livingstock beef cattle and thus
it lacks comprehensiveness, as mentioned earlier (worst in sub-
criterion C, Table S21). The denominator of the OIE methodology
was considered the least useful for estimating the US animal

biomass, as the methodology results in crude estimates of bio-
mass mainly due to low granularity in animal sub-categories and
the use of standardized elements in calculations (worst in sub-
criteria G and A, Table S15 and Table S21). It is important to note
that the OIE methodology has better comprehensiveness than all
other methodologies as census population data are used for all
animal species, which allows estimation of the population of a spe-
cies better in a point of time, unlike the other biomass methodolo-
gies that estimate animal population by summing animal sub-
groups annually. Comprehensiveness of the OIE denominator is
better than all other denominators, even though animal trade
data are accounted for cattle only since trade animals are minor
components of the US animal biomass calculation.

According to our sub-criteria Stability in population (So) and
Stability in weights (Sw), the biomass denominators of the FDA
and OIE methodologies were more preferable for observing tem-
poral trends in animal biomass within a country. The FDA’s and
OIF’s parameters can track year-specific weight differentiations
over time as the denominators of both methodologies estimate
animal weights annually; however, the ESVAC's and PHAC's
denominators cannot track year-specific weight differentiations
due to the use of standardized weight parameters (Figure 8; worst
in sub-criterion Sw, Table S21). Therefore, unlike the FDA’s and
OIF’s weight parameters, the ESVAC's and PHAC's standard
weights should be updated as time passes. Overall, all denomina-
tors are similar in their stability in population (So), but the differ-
ence in weight parameters favours the FDA and OIE
methodologies.

Characteristics of an ideal biomass methodology depend on its
intended use; however, there are some characteristics we think
are necessary to estimate the biomass-adjusted sales as identified
through application of our evaluation sub-criteria on the biomass
denominators (Table 1).>*#° Due to limitations observed in most
sub-criteria, the animal biomass estimates from the FDA, ESVAC,
PHAC and OIE methodologies may lead to an under- or over-
estimation of the biomass-adjusted antimicrobial sales in animals,
which would reduce the usefulness of the metrics for any object-
ive. In that regard, two important limitations of the biomass
denominator, related to the data availability, were identified in this
study. The first limitation concerns data availability for the estima-
tions of biomass denominators (sub-criteria G and C): population
and weight data used for biomass denominators are estimated
from available databases, and are dependent on the ability of the
surveys to represent the actual animal population and weight.**’
Animplication of this limitation was the underestimation of the an-
nual cattle population in the USA, which resulted from the lack of
compatibility between the databases. Specifically, cattle biomass
estimation for all methodologies (FDA, ESVAC, PHAC and OIE)
requires the use of Livestock Slaughter Summaries as well as Cattle
Inventory databases to estimate the biomass of slaughtered and
livingstock animals; however, the animals counted in these two
databases overlap, and a clear estimate of the population size
cannot be obtained from the reports. For now, our solution to this
problem about cattle population was to include animal categories
only when it was certain that the categories are counted only
once. This limitation resulted in an underestimation of the cattle
biomass and consequently an overestimation of the biomass-
adjusted antimicrobial sales. Using the FDA methodology and
assuming an unlikely scenario of zero overlap between databases,
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at most, the biomass-adjusted sales in 2018 could have been
about 10% over-represented, considering that we included
73.2 million cattle in the biomass estimation, in contrast to the
94.8million living cattle reported by the Cattle Inventory.>®
However, even if that were the case, it would not change the rank-
ing of the different biomass-adjusted sales estimates, and, there-
fore, can be considered negligible from this point of view. The
second limitation is related to the weight estimation and the use of
average weights at slaughter and at treatment (sub-criterion A),
which was discussed earlier and does not accurately account for
the weight of animals at the time of antimicrobial administration
since different diseases affect species at different ages and
weights. Considering the two limitations in the biomass denomina-
tors mentioned above, caution is warranted in interpreting and
comparing adjusted and unadjusted species-specific sales
estimates.*?

Additional major limitations of the four evaluated methodolo-
gies stem from their use of the antimicrobial sales in the numer-
ator. Importantly, antimicrobial sales data are prone to reporting
bias because these data are collected from antimicrobial drug
manufacturers, who are required to report to the FDA the amount
of antimicrobials they sell or distribute for use in food-producing
animals.®® Another limitation concerns an implicit assumption
that is necessary when comparing antimicrobial sales (adjusted or
unadjusted for biomass) among countries. While this limitation did
not affect the results for biomass-adjusted sales for the USA in this
study, comparing antimicrobial sales across countries ignores any
lack of synchronization of approvals on antimicrobials and other
discrepancies among countries.*®3” Importantly, sales data pro-
vide no information about the actual animals’ exposure to antimi-
crobials, such as in terms of diseases indication, age/weight of
treatment, dose frequency or course duration.?”#® The actual anti-
microbial exposure for a disease depends on potency/molecular
weight and doses, which vary by antimicrobial,”®#? animal species,
production categories®® and administration route,”® but the sales
data do not reflect those differences. Thus, while the biomass-
adjusted antimicrobial sales estimated by the four methodologies
are valuable, they do not reflect the actual use of antimicrobials in
animals, and, as such, antimicrobial stewardship cannot be
inferred from the biomass-adjusted sales estimates.

Several existing studies have focused on improving monitoring
of antimicrobial use and antimicrobial sales to address the limita-
tions of the current monitoring strategies. Regarding monitoring of
the actual antimicrobial use, in the USA, Schrag et al.2” (2020) pro-
posed a method for quantifying antimicrobial use in dairy cattle by
accounting for the dose of an antimicrobial, course duration and
dose frequency. In Canada (by PHAC) and Germany, metrics were
developed which use the DDD for tracking antimicrobial use at the
herd level.?*>%“! Mills et al.*® (2018) accounted for daily doses as
well as the course length of antimicrobials in dairy cattle in the UK.
The studies including dose-related information are scarce, as this
kind of information is not always available at the country-, species-
and antimicrobial-level, since data collection is costly and time-
consuming.”! Nevertheless, countries like the Netherlands and
Denmark have been able to introduce the DDD concept in national
benchmarking systems.?>?* On the other hand, to improve moni-
toring of antimicrobial sales, the methodology developed by
Radke”” (2017) accounts for the growth cycle or lifespan of animal
species and re-standardizes the animal weights used in the PCUgy

calculation. With Radke’s methodology, animal weights at risk are
better represented due to inclusion of weight data at different
stages of animal life; however, accounting for a single growth cycle
is not compatible with the standard antimicrobial sales data that
usually represent annual sales, thus using that approach would
further complicate the interpretation of antimicrobial sales.

In conclusion, the current study estimated the biomass-
adjusted antimicrobial sales for use in the major food-producing
animals in the USA using the biomass methodologies established
by the FDA, ESVAC, PHAC and OIE. The four methodologies resulted
in substantially different estimates of biomass-adjusted anti-
microbial sales. While the biomass denominator of each method-
ology has some advantages over the other denominators, at
present none meets all the needs of a metric for estimating animal
biomass and consequently for monitoring veterinary antimicrobial
sales. The review and comparison of the biomass denominators of
the four methodologies identified their strengths and weaknesses
and revealed the causes for differences in their biomass-adjusted
estimates of antimicrobial sales. This will allow for a better inter-
pretation and comparison of antimicrobial sales data across differ-
ent methodologies. The main source of the observed differences
was the different animal weight parameters used in the biomass
calculation. Thus, global efforts to streamline the methodologies
to monitor antimicrobial sales in food-producing animals could pri-
oritize weight parameters for standardization. This work presents
an essential step in that direction.
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