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Abstract

Background: Combatting antimicrobial resistance requires a One Health approach to

antimicrobial stewardship including antimicrobial drug (AMD) use evaluation. Current

veterinary AMD prescribing data are limited.

Objectives: To quantify companion animal AMD prescribing in primary care and spe-

cialty practice across 3 academic veterinary hospitals with particular focus on third-

generation cephalosporins, fluoroquinolones, and carbapenems.

Animals: Dogs and cats presented to 3 academic veterinary hospitals from 2012

to 2017.

Methods: In this retrospective study, AMD prescribing data from 2012 to 2017 were

extracted from electronic medical records at each hospital and prescriptions classified

by service type: primary care, specialty practice or Emergency/Critical Care (ECC).

Hospital-level AMD prescribing data were summarized by species, service type, AMD

class, and drug. Multivariable logistic full-factorial regression models were used to

estimate hospital, year, species, and service-type effects on AMD prescribing. Esti-

mated marginal means and confidence intervals were plotted over time.

Results: The probability of systemic AMD prescribing for any indication ranged

between 0.15 and 0.28 and was higher for dogs than cats (P < .05) apart from

2017 at hospital 1. Animals presented to primary care were least likely to receive

AMDs (dogs 0.03-0.15, cats 0.03-0.18). The most commonly prescribed AMD classes
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were aminopenicillins/β-lactamase inhibitors (0.02-0.15), first-generation cephalospo-

rins (0.00-0.09), fluoroquinolones (0.00-0.04), nitroimidazoles (0.01-0.06), and tetra-

cyclines (0.00-0.03). Among the highest priority classes, fluoroquinolones (dogs

0.00-0.09, cats 0.00-0.08) and third-generation cephalosporins (dogs 0.00-0.04, cats

0.00-0.05) were most frequently prescribed.

Conclusions and Clinical Importance: Antimicrobial drug prescribing frequencies

were comparable to previous studies. Additional stewardship efforts might focus on

fluoroquinolones and third-generation cephalosporins.
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1 | INTRODUCTION

Antimicrobial drug resistance (AMR) is a critically important issue in

human and veterinary medicine. The Centers for Disease Control and

Prevention (CDC) estimates that resistant bacteria kill >35 000 people

in the United States annually with 2.8 million people infected.1 Resis-

tant bacteria characterized as Urgent or Serious Threats by the CDC

also infect pets, including extended-spectrum β-lactamase (ESBL)

Enterobacterales, methicillin-resistant Staphylococcus aureus, and

multidrug-resistant Pseudomonas aeruginosa.2 This might result from

the close relationships between people and their pets, for instance an

estimated 56% of dogs and 75% of cats share their owners' beds.3

Given that approximately 43 million households in the United States

include dogs and 36 million households include cats,4 it is imperative

that human and animal AMR be considered together. Strategies to

combat AMR in people require a One Health approach to antimicro-

bial stewardship, highlighting the critical importance of collaboration

between human and veterinary medicine.

One of the core principles of antimicrobial stewardship is the

evaluation of antimicrobial drug (AMD) use practices.5 In companion

animal medicine, documentation of AMD use, resistance patterns, and

development of usage guidelines have largely focused on academic

teaching hospitals,6-10 which have some advantages for such studies

including AMR surveillance systems, written biosecurity policies,

searchable electronic medical record (EMR) systems, and personnel

focused on AMR. A major limitation of studying AMD use in veteri-

nary teaching hospitals is the predominance of animals with complex

or severe illnesses for which AMDs have been previously pre-

scribed.6,11,12 Some studies have also focused on prescribing of 1 spe-

cific class of AMDs, such as the carbapenems.13 To date, few data on

AMD use in veterinary primary care in North America are available.

One study measured outpatient AMD use in small animal community

practice involving a single geographic area and relied on additional

record keeping, wherein veterinarians were asked to complete a jour-

nal for up to 5 animals, monthly for a year, which likely reflected a

very small proportion of the AMD prescriptions written.14 A study

from a network of private primary care practices across North Amer-

ica reported AMD usage data for urinary tract infections (UTI) and

respiratory tract infections (RTI) for 2015 across 926 general practice

clinics.15 This study leveraged the single unified medical records sys-

tem shared between all of the practices to report on AMD prescribing

for >32 000 episodes of UTI and >35 000 episodes of RTI. However,

there are various reports on veterinary AMD use from the United

Kingdom, Europe, and Australia made possible by collaborative

data-sharing networks.16-22 Alternative and innovative methods for

studying AMD prescribing have been described including large-

scale data-sharing networks,17,19,22 use of insurance databases,23

questionnaire augmented records,24 and automated natural lan-

guage processing of electronic medical records.20,21

There is a clear need for additional AMD prescribing data in vet-

erinary medicine across practice types and geographic areas. To

address these knowledge gaps, the present study aimed to measure

AMD prescribing and use in both specialty and primary care veteri-

nary practice across 3 academic veterinary hospitals with particular

focus on common infections of the urinary, respiratory, and integu-

mentary systems in dogs and cats.25 Additionally, the present study

sought to quantify AMD prescriptions across practice types and insti-

tutions and to compare AMD prescribing patterns and frequencies

between service types within and between hospitals. Particular atten-

tion was paid to prescribing of certain AMDs classified as critically

important (highest priority or high priority) by both the World Health

Organization (WHO) and the US Food and Drug Administration 2020

Concept Paper.26,27 Specifically, we focused on prescribing of third-

generation cephalosporins, fluoroquinolones, and carbapenems. It was

hypothesized that the probability of AMD prescribing varied by year,

hospital, species and indication, and drug class.

2 | MATERIALS AND METHODS

2.1 | Participants and sites

Study investigators included veterinary clinicians, microbiologists, epi-

demiologists, and pharmacologists at the Colleges of Veterinary Medi-

cine at Cornell University (Cornell), North Carolina State University

(NCSU), and Texas A&M University (TAMU). The University teaching

GOGGS ET AL. 1497



hospitals at these veterinary colleges were comparable in terms of

caseload and availability of specialties and were located in 3 distinct

geographic areas within the continental United States (North Atlantic,

Mid-Atlantic, and West South Central). At each site, data were col-

lected regarding AMD prescribing to inpatients and outpatients

treated within University teaching hospitals providing specialty and

emergency care, and from standalone clinics providing general practi-

tioner care on a first-opinion basis to animals and clients within their

respective communities. Each of these primary care clinics was part of

their respective academic institution and shared electronic medical

record systems with the parent organization. The primary care clinics

at all 3 institutions are staffed by a mixture of experienced general

practitioners without board certification, veterinarians with certifica-

tion in general practice, that is, DABVP, and veterinarians with board

certification in a specific field such as internal medicine. It was not

possible to separate data on AMD prescribing to inpatients vs outpa-

tients, and hence all AMD prescribing data were analyzed by service

type. Local ethical approval was sought as necessary. At all 3 institu-

tions, this study was exempt from Institutional Animal Care and Use

Committee approval because it analyzed prescribing data from

clinician-driven care provided to animals at the institution hospitals.

Data confidentiality was strictly maintained and no animal or client

identifying information is reported.

Investigators at each hospital identified all AMD products in

their pharmacy formularies and collectively refined a list of AMDs

for which data would be collected (Table S1). Data were collected

on all products containing these AMDs, but for subsequent ana-

lyses topical preparations were excluded. None of the participating

centers had established formal AMD use guidelines. At each site,

EMR systems were searched to identify AMD prescription data

from 2012 to 2017. Data for all animals, including those not pre-

scribed AMDs, were also collected from 2012 to 2017. At each hos-

pital, EMR systems were queried to provide the total number of

hospital visits and the total number of AMD prescriptions for all

indications annually during this timeframe. Two hospitals used com-

mercial EMR software (UVIS; UGA, Athens, GA), while the other

used in-house EMR software. Each hospital had different proce-

dures for capturing AMD prescription data. At each site, search

strategies to identify AMD prescriptions were evaluated and

refined by iterative pilot data collection, comprehensive manual

record review, and search parameter revision. Detailed descriptions

of search strategies at each site are provided in supplementary

materials (Data S1). Standard operating procedures were developed

at each hospital to identify standard data fields including prescrip-

tion and dispensing dates, animal identification numbers,

bodyweight, species, sex, date of birth, attending clinical service,

attending clinician, AMD product name and identification number,

quantity dispensed, and administration directions. These data were

collected and collated to enable curation and crosschecking, but

they are not reported. All 3 EMR systems used unique identification

numbers for each available product and coded drugs dispensed as

individual tablets, capsules, or milliliters or in the original manufac-

turer's packaging such as per bottle or vial.

At each veterinary teaching hospital, study investigators classified

AMD prescriptions according to prescribing service as primary care,

specialty practice, or Emergency and Critical Care (ECC). Primary care

encompassed services such as general surgery or community practice

where veterinarians assessed animals for the first time. Specialty ser-

vices including internal medicine and orthopedic surgery were consid-

ered specialty practice, while ECC by definition sees a wide range of

case types including cases that could be managed by primary care to

specialty level care and was therefore analyzed separately. Primary

care cases might have been managed by veterinarians with a range of

experience, as described earlier, while specialty and ECC cases were

managed by veterinarians with a range of experience (such as interns,

residents), but always under the supervision of a board-certified fac-

ulty member. Hospital-level AMD use data were summarized by spe-

cies (dog, cat, and other), service type (primary care, specialty, and

ECC), AMD class, and drug.

2.2 | Data Analysis

The database was restricted to animal visits resulting from care epi-

sodes from 2012 to 2017. Hospital visit frequency data included topi-

cal drugs; however, topical drugs were excluded from analyses of

systemic AMDs. The frequency of systemic AMD prescribing was col-

lapsed to 1 prescription per unique animal visit per AMD class/drug,

such that repeated administration of the same drug to the same ani-

mal within a visit was represented by a single prescription. Data sets

were collapsed to either AMD class or drug by hospital, year, species

(dog; cat), and service type (primary care; ECC; specialty practice;

pharmacy refill; service type missing). AMD prescriptions coded as

pharmacy refills and entries missing a service type were not analyzed;

these data were used solely to enable data tallying and crosschecking.

Non-accession numbers (no service attributed) were coded as phar-

macy refill in 1 hospital. Occasional services like dogs and cats receiv-

ing care by food animal or equine field service clinicians were coded

as primary care because these animals were prescribed AMDs on an

outpatient basis by veterinarians evaluating animals on a first-opinion

basis. These prescriptions were judged to have similar potential to

generate antimicrobial resistance or to be released into the environ-

ment as those prescribed to outpatients from a clinic or hospital.

Spreadsheets (see supplemental material) for AMD class or drug pro-

vide frequency for each combination of hospital by year, by species,

and by service type. Multivariable logistic (AMD class, any AMD) full-

factorial regression models were used to analyze hospital, year, spe-

cies, and service type as factors that affected dispensing and prescrib-

ing practices.

The indication for the AMD prescription and site of infection

could not be universally identified, for instance, where more than

1 potential indication coexisted or where the medical record was

incomplete. Prescribing for perioperative prophylaxis was not specifi-

cally recorded. Major problem lists of urinary, respiratory, and skin dis-

eases were totaled by AMD class. These were restricted to 2017 for

1 hospital and 2012 to 2017 for a second hospital. Major problem lists
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were not available for the third hospital. Marginal means were esti-

mated and plotted over time to view trends and explore differences

among the factors. Specifically, these logistic regression models were

constructed to account for various fixed effects that might have

influenced the likelihood of prescribing, including species, service

type, disease type, and hospital location. The point estimates from the

logistic regression models were then tabulated and graphed as mar-

ginal means of the probability of AMD prescribing and presented

along with their 95% confidence intervals (CIs). At each point where

the 95% CIs do not overlap, differences between the point estimates

differ significantly at P < .05.

3 | RESULTS

Visits by unique dogs and cats to each hospital within the study

period and their distribution by attending service are summarized in

Table 1. Prescriptions of AMDs that were refills were not included

in these totals. The total number of visits by hospital and service

type are provided in Table 2. The probability of a systemic AMD

prescription for any indication was determined for dogs and cats by

year for each hospital (Figure 1). Overall, the probabilities ranged

between .15 and .28 and were generally higher for dogs than cats.

The probability of animals receiving an AMD prescription differed

significantly by service and hospital (Figure 2) as indicated where

the 95% CIs of the modeled marginal means of the probability of

AMD prescribing do not overlap. For all 3 hospitals, animals pres-

ented to primary care were less likely to receive AMDs than those

presented to specialty services or ECC. At hospital 1, the probabil-

ity of an animal presented to ECC receiving an AMD was greater

than for animals presented to specialty services, while it was the

reverse at hospital 2. At hospital 3, the probability of animals pres-

ented to specialty services or to ECC of receiving an AMD was

similar. These patterns were similar for dogs and cats within each

hospital.

The 5 most commonly prescribed AMD classes aggregated across

all 3 hospitals and from 2012 to 2017 inclusive were aminopenicillins/

β-lactamase inhibitors, first-generation cephalosporins, fluoroquinolones,

nitroimidazoles, and tetracyclines (Figure 3). The frequency of AMD

prescriptions by class varied by service type (Figure 3). In ECC,

aminopenicillins/β-lactamase inhibitors (dogs n = 6956, 35.9%; cats

n = 1842, 49.5%) and nitroimidazoles were most commonly pre-

scribed (dogs n = 3347, 17.3%; cats n = 331, 8.9%), while first-

generation cephalosporins (dogs n = 20 467, 30.9%; cats n = 1139,

14.0%) and tetracyclines (dogs n = 5073, 7.7%; cats n = 522, 6.4%)

were more commonly prescribed by specialty services. For all drugs,

primary care services had the lowest proportion of AMD prescrip-

tions. Among the critically important AMD classes defined by the

WHO (carbapenems, glycopeptides, oxazolidinones, third-generation

cephalosporins, and fluoroquinolones), the probability of prescriptions

was greatest for fluoroquinolones and third-generation cephalosporins

(Figure 4), but these drugs accounted for <10% of all AMD prescrip-

tions in both dogs and cats, regardless of hospital. Across all hospitals,

carbapenems were prescribed for 0.17% dog visits, and 0.15% of cat

visits; oxazolidinones were prescribed for 0.07% of dog and cat visits;

and glycopeptides were prescribed for 0.01% of dog and cat visits. For

the first-generation cephalosporins, AMD prescribing practices differed

by hospital section. Prescribing for perioperative prophylaxis was not

specifically recorded, but 75.5% of the prescriptions for cefazolin in

dogs and 59.9% in cats were attributable to surgical services such as

orthopedics, soft tissue surgery, general surgery, neurology, and

ophthalmology. In contrast, dermatology accounted for 0.4% of the

cefazolin prescriptions, but 12.7% of the cephalexin prescriptions

(Data S2).

Within hospitals, the weighted mean annual proportions of pre-

scriptions were greatest for ECC and specialty services relative to

TABLE 1 Unique visits (total unique visits, and only those with systemic antibiotic prescriptions): subclassified by service type and species
from 2012 to 2017

Clinical service
type and species

Hospital 1 Hospital 2 Hospital 3 Total

Total
unique
visits

Visits with
systemic AMD
prescriptions

Total
unique
visits

Visits with
systemic AMD
prescriptions

Total
unique
visits

Visits with
systemic AMD
prescriptions

Total
unique
visits

Visits with
systemic AMD
prescriptions

Primary care 15 735 1766 (11.2%) 15 468 697 (4.5%) 30 977 3970 (12.8%) 62 180 6433 (10.3%)

Primary care dogs 11 178 1324 (11.8%) 11 155 535 (4.8%) 24 659 3120 (12.7%) 46 992 4979 (10.6%)

Primary care cats 4557 442 (9.7%) 4313 162 (3.8%) 6318 850 (13.5%) 15 188 1454 (9.6%)

ECC 25 575 9577 (37.4%) 19 042 2574 (13.5%) 22 730 5123 (22.5%) 67 347 17 274 (25.6%)

ECC dogs 20 399 7877 (38.6%) 15 185 2109 (13.9%) 19 338 4404 (22.8%) 54 922 14 390 (26.2%)

ECC cats 5176 1700 (32.8%) 3857 465 (12.1%) 3392 719 (21.2%) 12 425 2884 (23.2%)

Specialty 75 560 14 745 (19.5%) 129 792 27 040 (20.8%) 58 274 14 450 (24.8%) 263 626 56 235 (21.3%)

Specialty dogs 65 420 13 155 (20.1%) 114 009 23 931 (21.0%) 51 923 13 218 (25.5%) 231 352 50 304 (21.7%)

Specialty cats 10 140 1590 (15.7%) 15 783 3109 (19.7%) 6351 1232 (19.4%) 32 274 5931 (18.4%)

Note: Topical drugs, pharmacy refills, or visits missing, and assigned service types are not included.

Abbreviations: AMD, antimicrobial drug; ECC, emergency and critical care.
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primary care (Figure 2). The exception to this was for prescriptions of

third-generation cephalosporin to cats in primary care at hospital

3. This pattern can be observed when the probability of prescribing a

third-generation cephalosporin was modeled by species, year, and

hospital (Figure 5). Specifically, the probability of a third-generation

cephalosporin being prescribed to dogs presented to specialty ser-

vices at hospital 3 decreased over time but was stable in dogs pres-

ented to other service types. In the same hospital, the probability of a

third-generation cephalosporin prescription in cats presented to pri-

mary care increased from 2014 to 2015 and remained quite consis-

tent from 2015 to 2017. At hospital 2, the probability of a third-

generation cephalosporin prescription to dogs and cats was greater

for animals presented to specialty services and increased slightly

over time.

Prescribing of the third-generation cephalosporins was depen-

dent primarily on species with some variation in prescribing patterns

by hospital (Figure 6). The most frequently prescribed third-

generation cephalosporin in dogs across all 3 hospitals was oral

cefpodoxime, which accounted for 76.6% of prescribing of this class

of AMDs in dogs. In contrast, the most frequently prescribed third-

generation cephalosporin in dogs across all 3 hospitals was parenteral

cefovecin, which accounted for 78.6% of prescribing of this class of

AMDs in cats. Prescribing of other parenteral third-generation cepha-

losporins was influenced by hospital, with ceftazidime predominating

at hospital 1 while cefotaxime predominated at hospital 3. Primary

care accounted for only 6.7% of third-generation cephalosporin pre-

scribing in dogs, while in cats, 23.1% of third-generation cephalospo-

rins were prescribed in primary care (almost all were cefovecin). Cats

were prescribed third-generation cephalosporins 1.95-fold more fre-

quently than dogs (9.3% vs 4.8%).

In assessing the probability of fluoroquinolones prescription over

time, the in-hospital patterns were similar between dogs and cats

(Figure 7). Hospitals 2 and 3 had increased probability of a

fluoroquinolone prescription for animals presented to specialty ser-

vices, while the lowest probability of prescription was by primary care

services. In hospital 1, there was greater probability of a fluoroquino-

lone prescription for animals presented to ECC relative to other ser-

vice types.

At hospitals 1 and 3, veterinarian-coded problem lists were used

to determine the indication for AMD prescriptions. The 5 most com-

mon classes of AMDs for dogs and cats for each of these indications

are presented in Table 3. When data from dogs and cats were com-

bined, there were 3344 AMD prescriptions from 7692 visits for ani-

mals with urinary tract infections. The top 5 AMD classes prescribed

for urinary tract infections were aminopenicillin/β-lactamase inhibitor

combinations, fluoroquinolones, first-generation cephalosporins,

aminopenicillins, and tetracyclines (Figure 8A). There were 3322 AMD

prescriptions from 6453 visits for animals with RTIs; the top 5 AMD

classes prescribed (dogs and cats combined) were aminopenicillin/

β-lactamase inhibitor combinations, fluoroquinolones, tetracyclines,

first-generation cephalosporins, and lincosamides (Figure 8B). There

were 5016 AMD prescriptions from 14 881 visits for animals with

skin infections. The top 5 AMD classes prescribed (dogs and catsT
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combined) were first-generation cephalosporins, third-generation

cephalosporins, aminopenicillin/β-lactamase inhibitor combinations,

fluoroquinolones, and lincosamides (Figure 8C). Note that when data

were separated into dogs and cats, the top 5 AMDs were not identical

to the combined, such that the ranks in Table 3 and Figure 8A-C differ

slightly.

4 | DISCUSSION

Our study assessed AMD-prescribing patterns in primary care, spe-

cialty medicine, and ECC services at 3 large veterinary teaching hospi-

tals. Demographics were similar across hospitals with most animals

presented to specialty services rather than primary care, consistent

with the institutions involved. Across hospitals and species, the proba-

bility of AMD prescription was similar to that previously reported.17

A study from the UK small animal veterinary surveillance network

(SAVSNET) gathered data from 22 859 consultations at 16 small ani-

mal practices. During the 3-month study period, the proportion of

consults associated with AMD prescribing ranged from 0.26 to 0.55 in

dogs and 0.41 to 0.73 in cats.17 In our study, the probability of AMD

prescription by practice type was similar across hospitals except for

increased probability of prescription by ECC at hospital 1. The proba-

bility of AMD prescription was lowest for primary care across all hos-

pitals, concomitant with frequent prescribing of aminopenicillin/

β-lactamase inhibitors and infrequent prescribing of fluoroquinolones.

F IGURE 1 Probability of systemic
antimicrobial drug dispensing in dogs and cats by
year and hospital. Probability of any systemic
antimicrobial drug dispensing in dogs and cats by
year and hospital based on logistic regression-
modeled marginal mean predictions with 95%
confidence intervals (CIs). At each point where the
95% CIs do not overlap, differences between the
point estimates differ significantly at P < .05.

These figures do not include topical antimicrobial
drugs

F IGURE 2 Probability of systemic
antimicrobial drug dispensing in dogs
and cats by year, hospital, and service
type. Probability of systemic
antimicrobial drug dispensing in dogs
and cats by year, hospital, and type of
service based on logistic regression-
modeled marginal mean predictions
with 95% confidence intervals (CIs).
At each point where the 95% CIs do
not overlap, differences between the
point estimates differ significantly at
P < .05. Service types are primary
care, emergency and critical care (CC),
and specialty practice. These figures
do not include topical antimicrobial

drugs
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The cause of the higher prescribing frequency in ECC at hospital 1 is

uncertain and likely multifactorial. Possible explanations include dis-

similarities in types, patterns and severity of illness, differences in cli-

nician preference, training or willingness to prescribe, and presence of

more stringent local restrictions on prescribing in other locations.

In a 4-year retrospective cohort study using a pet insurance data-

base, the overall rate of AMD prescribing was 5.8 prescriptions per

10 dog-years and 3.1 prescriptions per 10 cat-years.23 In addition, the

authors identified seasonality of AMD prescribing, with rates of pre-

scribing increasing in dogs in the spring and summer and decreasing in

cats in the summer compared to the winter. This seasonality might

reflect local geographic and climatic effects, but it is important when

attempting to compare prescribing data collected annually compared

to those collected for a limited time period as in the SAVSNET

study.17 Of the prescriptions identified through the insurance data-

base analyses, critically important AMDs accounted for 8% of all the

AMDs prescribed. Cats were 4.8-fold more likely than dogs to be pre-

scribed third-generation cephalosporins, predominantly because of

prescribing of cefovecin. In our study, cats were prescribed third-

generation cephalosporins 1.95-fold more frequently than dogs, also

due to preferential cefovecin prescribing, while cefpodoxime was the

most commonly prescribed third-generation cephalosporin in dogs.

Our study involves nearly 80 000 visits with an AMD prescrip-

tion, and analyzing data on that scale was challenging. A recent, inno-

vative study used automated natural language processing to identify

AMD prescriptions from 4.4 million electronic veterinary medical

records.20 In that study, the rate of AMD prescribing was 0.145 for

dogs and 0.108 for cats. Critically important AMDs were prescribed at

rates of 0.038 and 0.047 for dogs and cats, respectively. Rates of

AMD prescribing in emergency and referral centers were 0.250, sig-

nificantly greater than those in primary care. The overall rates of pre-

scribing in our study (0.15-0.28) were comparable, and we also

identified clear differences between rates of prescribing in different

practice types.

Among the WHO critically important AMD classes, fluoroquinolones

and third-generation cephalosporins were most commonly pre-

scribed. Reassuringly, and consistent with veterinary guidelines,28

carbapenems, glycopeptides, and oxazolidinones were rarely pre-

scribed in our study. The frequency of carbapenem usage in our

study was comparable to that reported from a separate North Amer-

ican veterinary tertiary care hospital where 68 animals were treated

with carbapenems in a 12-month period.13 On average across all

3 hospitals, 41 visits per year were associated with carbapenem pre-

scribing in the present study. Usage of third-generation

F IGURE 3 Frequency of dispensing of the top five antimicrobial
drug classes by species and service type. The proportion of unique
visits in which an antimicrobial drug was dispensed for the 5 most
commonly dispensed drugs by service type. Service types are primary
care, emergency and critical care (CC), and specialty practice. These
figures do not include topical antimicrobial drugs. Results are
aggregated across all 3 hospitals and from 2012 to 2017, inclusive

F IGURE 4 Probability that a critically important antimicrobial
drug class was dispensed (by hospital, service type, and species and
aggregated across 2012–2017). The proportion of unique visits in
which a critically important antimicrobial drug class was dispensed by
hospital, species (A, dogs; B, cats), and service type. Service types are
primary care, emergency and critical care (CC), and specialty practice.
These figures do not include topical antimicrobial drugs. Results are
aggregated across 2012 to 2017, inclusive
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cephalosporins and fluoroquinolones varied between hospitals and

services. The probability of third-generation cephalosporin use was

consistent across service types at hospital 1, whereas at hospital

2, use was greater in specialty services. In hospital 3, the pattern

was complex, with use in dogs declining from 2013 to 2017, while

use in cats increased from 2014 to 2015 in primary care and steadily

F IGURE 5 Probability of
dispensing of a third-generation
cephalosporin in dogs and cats by
year and hospital. probability of third-
generation cephalosporin dispensing
per visit in dogs and cats by year,
hospital, and type of service based on
modeled marginal mean predictions
with 95% confidence intervals.

Service types are primary care,
emergency and critical care, and
specialty practice

F IGURE 6 Frequency of dispensing third-generation cephalosporins by species and service type. The number of unique visits in which a
third-generation cephalosporin was dispensed for the 5 most commonly dispensed drugs by service type. Service types are primary care,
emergency and critical care (CC), and specialty practice. These figures do not include topical antimicrobial drugs. Results are aggregated across all
3 hospitals and from 2012 to 2017, inclusive
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increased in ECC from 2014 to 2017. These trends might reflect

alterations in populations or changes in disease prevalence, but ease

of administration, safety, and efficacy of drugs including FDA veteri-

nary approved cefovecin and cefpodoxime might have influenced

clinician behavior.23,29,30 The probability of fluoroquinolone pre-

scribing was greater for specialty services, except at hospital 1 where

the probability was greatest for ECC. These differences might reflect

hospital policies, clinician preference, local AMR patterns, or differ-

ences in the proportion of first- and second-opinion cases examined

at hospital 1 compared to other centers.31 Geography might affect

local disease prevalence and influence the types of cases presented

to ECC because of variation in the availability of other veterinary

practices in the catchment area of each hospital. Comparably, the

probability of fluoroquinolone prescribing to cats seen by specialty

services at hospital 2 was greater than for dogs, perhaps reflecting

differences in rates of respiratory or urinary tract infections. Catego-

rizing cats as indoor versus outdoor in future studies might provide

some insights into these patterns.

Patterns of AMD prescribing in our study were consistent with to

previous studies wherein aminopenicillins and aminopenicillin/

β-lactamase inhibitors were most frequently prescribed in companion

animals.7-9,17,29,32,33 Although the indication for every AMD prescrip-

tion could not be definitively determined here, data from 2 hospitals

were available to determine the indication for AMD prescriptions in

animals with skin infections, UTIs, and RTIs. While noting the limita-

tions imposed by this approach, aminopenicillins and aminopenicillin/

β-lactamase inhibitors were most commonly prescribed in animals

with UTI and RTIs across all service types. This is also consistent with

data from a network of private practices,15 and in keeping with rec-

ommendations from the International Society for Companion Animal

Infectious Diseases (ISCAID).34,35 Previous studies have suggested

that veterinarians commonly deviate from published guidelines

through excessive prescribing,29 inadvisable AMD choice,36 or limited

submissions for culture and susceptibility testing.7,32 Tetracyclines,

lincosamides, and fluoroquinolones were also commonly prescribed for

RTIs in this study. Current guidelines recommend the use of tetracyclines

or lincosamides for mild to moderate disease and fluoroquinolones for

severe disease.35 In our study, it was not possible to determine the sever-

ity of respiratory disease. Current guidelines were published in March

2017 and would not have been fully implemented within the timeframe

of our study. Those guidelines list doxycycline as the first choice for 5 of

the most common respiratory conditions in dogs and cats. Given the

overall probabilities of fluoroquinolone prescribing in the present study, it

seems likely that over-prescribing occurred. Prescriptions for skin infec-

tions were also largely consistent with ISCAID guidelines with

aminopenicillin/β-lactamase inhibitors, first-generation cephalosporins,

and lincosamides commonly prescribed.37 Skin infections were most com-

monly treated with first-generation cephalosporins in primary care and

specialty services, consistent with a study from 2010 that reported the

most frequently prescribed drugs for bacterial pyoderma were

amoxicillin-clavulanate, cephalexin, clindamycin, and cefovecin.38 Skin

infections were more frequently treated with aminopenicillin/β-lactamase

inhibitors by ECC, which likely resulted from inclusion of wounds within

the category of skin infections.

There was a considerable variation in AMD prescribing over time

within our study. There were some trends toward reduced prescribing

over time, for instance all AMD prescribing in dogs and in ECC in hos-

pital 1 from 2015 to 2017 and overall prescribing in dogs and cats in

hospital 3 over the same period. This could relate to improved recog-

nition and use of prescribing guidelines,34,39 an increased focus on

stewardship by clinicians at participating hospitals and within the pro-

fession in general. This is consistent with trends elsewhere in

F IGURE 7 Probability of
dispensing of a fluoroquinolone in
dogs and cats by year and hospital.
probability of fluoroquinolone
dispensing per visit in dogs and cats
by year, hospital, and type of service
based on modeled marginal mean
predictions with 95% confidence
intervals. Service types are primary

care, emergency and critical care, and
specialty practice
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veterinary medicine.6,30,40 Although there remains room for improve-

ment within each hospital and the profession at large, these are

encouraging signs. Other potential explanations include alterations in

personnel, publication of studies informing prescribing practices, and

variations in bacterial antimicrobial resistance patterns. Future studies

should focus on evaluating the factors affecting AMD prescribing

decisions by veterinarians and the relationship between use of bacte-

rial susceptibility testing and AMD prescribing in veterinary medicine,

because it is recognized that AMDs are frequently prescribed in the

absence of evidence of bacterial infection.10 This suggests that future

stewardship efforts should also focus on improving education and

enhancing the diagnosis and confirmation of bacterial infection in

dogs and cats.

Our study has limitations. The AMD prescribing service was

classified as primary care, specialty care, or ECC. Classification of

cases as primary or specialty care was straightforward, but cases

managed by ECC could not be readily separated and hence were

described separately. In each participating institution, ECC cases

were a mixture of walk-in emergencies that could reasonably be

classified as primary care, and cases referred to as emergencies by

other veterinarians. Some referred animals were not critically ill,

but rather were referred to as emergencies to secure more urgent

specialty care than was achievable by appointment. This might have

skewed some of the prescribing behavior reported and the pattern,

frequency, and nature of the cases presented to the ECC services

at the participating institutions. Varying levels of pharmacy refill

data and difficulties in attributing those to original service made

these a potential source of differences between hospitals. It was

also possible that animals could have been presented to all 3 service

types (primary care, ECC, and specialty care) and on more than

1 occasion all for the same problem. It was not possible to discern

this using the data collection methods necessary to evaluate

393 000 visits. The likely effect of some animals visiting more than

1 service for the same problem would be to mildly inflate the prob-

ability of prescribing estimates, but in the scale of the data this is

considered to have a minor effect.

It was not possible to differentiate inpatients from outpatients

within our dataset and hence all animals prescribed AMDs are

TABLE 3 Top 5 most frequently prescribed antimicrobial drugs in animals with urinary tract infections, respiratory tract infections, and skin
infections in dogs and cats

Dog urinary tract n % of

prescriptions

% of visits Cat urinary tract n % of prescriptions % of visits

Aminopenicillin/

β-lactamase inhibitor

842 30.9% 15.8% Aminopenicillin/

β-lactamase inhibitor

268 43.5% 11.4%

Fluoroquinolone 448 16.4% 8.4% Fluoroquinolone 90 14.6% 3.8%

Cephalosporin (first

generation)

377 13.8% 7.1% Cephalosporin (third

generation)

65 10.6% 2.8%

Aminopenicillin 256 9.4% 4.8% Aminopenicillin 54 8.8% 2.3%

Nitroimidazole 192 7.0% 3.6% Cephalosporin (first

generation)

48 7.8% 2.0%

Dog respiratory n % of

prescriptions

% of visits Cat respiratory n % of prescriptions % of visits

Aminopenicillin/

β-lactamase inhibitor

832 30.5% 16.2% Aminopenicillin/

β-lactamase inhibitor

203 43.1% 15.5%

Fluoroquinolone 589 21.6% 11.5% Tetracycline 64 13.6% 4.9%

Tetracycline 421 15.4% 8.2% Macrolide 60 12.7% 4.6%

Cephalosporin (first

generation)

251 9.2% 4.9% Fluoroquinolone 53 11.3% 4.0%

Lincosamide 240 8.8% 4.7% Cephalosporin (third

generation)

31 6.6% 2.4%

Dog skin n % of prescriptions % of visits Cat skin n % of prescriptions % of visits

Cephalosporin (first

generation)

1507 34.8% 11.7% Cephalosporin (third

generation)

247 36.1% 12.6%

Cephalosporin (third

generation)

857 19.8% 6.6% Aminopenicillin/

β-lactamase inhibitor

224 32.7% 11.4%

Aminopenicillin/

β-lactamase inhibitor

752 17.4% 5.8% Fluoroquinolone 53 7.7% 2.7%

Fluoroquinolone 313 7.2% 2.4% Cephalosporin (first

generation)

48 7.0% 2.5%

Lincosamide 242 5.6% 1.9% Lincosamide 28 4.1% 1.4%
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included. The decision to hospitalize animals or discharge them for

care at home likely impacted prescribing practices by altering fre-

quency of prescribing, drug choices within a class, for instance ampi-

cillin/sulbactam vs amoxicillin/clavulanate and potentially choice of

drug class such as aminoglycosides vs fluoroquinolones. It is likely that

most primary care cases were managed on an outpatient basis, while

most specialty care cases were hospitalized, with ECC cases likely rep-

resenting a mixture of both inpatient care and outpatient care. How-

ever, the precise distribution cannot be established with certainty and

might have varied with hospital and over time. Future studies should

consider the impact of inpatient care vs outpatient care on the nature

and frequency of AMD prescribing. It was also not possible to differ-

entiate indications for usage of some classes of medications, for

instance perioperative prophylaxis vs therapeutic administration.

Inferences can be made for some classes such as the first-generation

cephalosporins, but these comparisons could also be biased if differ-

ent proportions of surgical procedures were occurring in different

hospitals or distinct service types.

Future efforts in this field might focus on creating consensus

within the profession regarding the nature, extent, and specifics of

data on AMD prescribing that should be collected within veterinary

EMRs, potentially through engaging professional bodies, large corpo-

rate veterinary practices, and veterinary practice management soft-

ware companies. Financial incentives, altruistic and professional

conduct motivations, and regulatory requirements might be necessary

to drive establishment of standards for collection of AMD prescription

data in veterinary medicine.41-43 Such efforts will be essential if veter-

inarians are to fully engage with the challenges of antimicrobial

stewardship.
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