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ABSTRACT

Digital dermatitis (DD) is a painful infectious foot 
lesion commonly treated topically with extra-label 
tetracycline. Our objectives were to determine the con-
centrations of tetracycline in milk and plasma and to 
calculate a withdrawal interval following topical appli-
cation at various doses. Another objective was to evalu-
ate agreement between tests for measuring tetracycline 
in milk. A randomized block trial was conducted on 2 
farms, where 50 cows with active DD lesions on 2 feet 
were allocated to 1 of 5 treatment groups (n = 10 cows 
per group). Treatment groups consisted of topical ap-
plications of tetracycline hydrochloride, in a paste or as 
a powdered form under a bandage, at 3 different dosing 
levels (2, 5, and 25 g) on each of the 2 affected feet. Fol-
lowing enrollment and treatment, samples were collected 
from milk, teat skin, and blood every 8 to 24 h for up 
to 7 d postdosing. Concentrations of tetracycline were 
measured by liquid chromatography-mass spectrometry 
and milk samples were further tested using the Charm 
ROSA TET test (Charm Sciences Inc., Lawrence, MA). 
Tetracycline was present in milk, plasma, and teat skin 
from all treatment groups. Tetracycline concentrations 
varied depending on time of sampling, method of appli-
cation, and dosing level. At 8 h post-treatment, 11% of 
cows had tetracycline present in milk higher than 100 
ng/mL (ppb) but none higher than 300 ng/mL. The 
25-g treatment group had the longest estimated with-
drawal interval, the highest observed concentrations 
(210–244 ng/mL) of tetracycline present in milk, and 
the longest observed consecutive period of tetracycline 
presence (from 8 to 72 h) among all treatment groups. 
Compared with liquid chromatography-mass spectrom-
etry, the Charm test had a sensitivity of 77 and 100% 
for measuring tetracycline in milk at ≥30 and ≥100 ng/
mL, respectively. Post-treatment samples of the teat 
skin were taken from 15 cows on 6 occasions, and every 

cow had tetracycline present in at least 1 of those 6 
samples. This confirms an association between topical 
DD treatment with tetracycline and contamination of 
the teat. A total of 22% of blood samples had detect-
able tetracycline, and the majority (63%) occurred 
at 8 h post-treatment. At 100 ng/mL, the estimated 
cow-level milk withdrawal interval ranged from 0 to 70 
h. At 300 ng/mL, the estimated cow-level withdrawal 
interval ranged from 0 to 34 h, and was 0 h at the bulk 
tank level. We recommend that conservative measures 
be adopted after extra-label use of topical tetracycline 
for DD treatment, including using a low dose and stra-
tegic post-treatment testing for tetracycline-class drugs 
in milk.
Key words: digital dermatitis, food safety, milk drug 
residues, withdrawal interval

INTRODUCTION

Digital dermatitis (DD) is a common infectious foot 
disease that causes ulcerative and painful lesions (Döp-
fer et al., 1997; Cutler et al., 2013). The reported preva-
lence of DD in Canada and Europe ranges from 24 to 
28% (Cramer et al., 2008; Solano et al., 2016; Oliveira 
et al., 2017); in the United States, DD accounted for 
almost 50% of cases of lameness (USDA, 2009; DeFrain 
et al., 2013). The disease affects productivity (Argáez-
Rodríguez et al., 1997; Relun et al., 2013; Gomez et 
al., 2015), and financial losses associated with a case 
of DD are estimated at approximately US$133 (Cha et 
al., 2010).

Digital dermatitis is a polybacterial disease, with 
Treponema spp. consistently present in DD lesions, 
and the gut microbiome considered an important res-
ervoir of DD-related microbes (Zinicola et al., 2015). 
However, experimental challenge models have not been 
capable of consistently inducing typical DD lesions by 
inoculating pure cultures of DD-associated treponemes 
(Gomez et al., 2012; Krull et al., 2016b; Plummer and 
Krull, 2017). In addition, the development of effective 
vaccines have failed to protect cattle from the disease 
(Berry et al., 2004; Wilson-Welder et al., 2015). Thus, 
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the exact etiology of DD is still debated, but scientific 
consensus exists on a bacterial origin (Plummer and 
Krull, 2017).

Historically, different antimicrobials and disinfecting 
agents have been used to treat DD lesions (Hernandez 
and Shearer, 2000; Moore et al., 2001; Holzhauer et al., 
2011). In North America, DD is commonly treated with 
a single topical application of tetracycline directly to 
the lesion (Berry et al., 2010; Cutler et al., 2013; Apley, 
2015). Tetracycline is commonly applied as a paste or 
in powdered form (with or without bandaging) at dose 
levels ranging from 2 to 25 g per affected foot. Further-
more, from a survey of almost 300 veterinarians and 
hoof trimmers in North America, the majority (45%) 
reported routine topical application of tetracycline 
when treating other foot lesions, such as sole ulcers 
and abscesses (Kleinhenz, 2014). This use of topical 
tetracycline for treating foot lesions in food-producing 
animals is extra-label in North America. Extra-label 
drug use (ELDU) requires a valid veterinarian-client-
patient relationship and a written prescription, includ-
ing information on dosing regimen, application method, 
and appropriate milk and meat withdrawal periods in 
accordance with the farm’s treatment protocol (Health 
Canada and Veterinary Drugs Directorate, 2008; US 
Food and Drug Administration, 2010). To ensure food 
safety, regulatory agencies in Canada and Europe have 
set maximum residue limits (MRL) and tolerances in 
the United States to establish the maximum allowable 
level of residues that can safely remain in food prod-
ucts without posing a risk to human health. The Codex 
Alimentarius Commission and the European Union 
Commission Regulation have recommended MRL for 
tetracycline of 100 ng/mL (ppb) in cattle milk (Euro-
pean Medicines Agency and Committe for Medicinal 
Products for Veterinary Use, 2010; World Health Or-
ganization, 2015). The current MRL for tetracycline in 
dairy milk in Canada is 100 ng/mL (Health Canada 
and Veterinary Drugs Directorate, 2017), whereas in 
the United States the tolerance is 300 ng/mL (US Food 
and Drug Administration, 2010).

In the United States, there have been reports of 
quantifiable levels of tetracycline in milk samples pur-
chased from supermarkets (Fritz and Zuo, 2007) and 
quantifiable oxytetracycline concentrations in milk fol-
lowing intrauterine therapy (Gorden et al., 2016). Stud-
ies from the Middle East have reported the presence of 
tetracycline higher than the allowable maximum levels 
(100 ng/mL) in pasteurized milk samples collected 
from markets (Al-Mazeedi et al., 2010; Mesgari Abbasi 
et al., 2011). Historically, the risk of violative antibiotic 
levels in milk following topical application of tetracy-
cline for treatment of DD was considered minimal, and 
evidence of milk samples with presence of tetracycline 

is scarce (Britt et al., 1999; Cutler et al., 2013). For 
the treatment of DD, there are reports of tetracycline 
in plasma, synovial fluid, and milk following local and 
systemic intravenous administration (Rodrigues et al., 
2010). For topical DD treatment with oxytetracycline, 
Britt et al. (1999) reported quantifiable concentrations 
of oxytetracycline in milk from 3.5 to 12 ng/mL. Un-
fortunately, that study only evaluated a narrow range 
of doses (1,500–2,000 mg of oxytetracycline) and used 
a tetracycline formulation that is currently not widely 
used in the industry to treat DD. In another Canadian 
study, Cutler et al. (2013) evaluated the efficacy of 2 
different treatments for DD and reported that no tet-
racycline was found when milk was tested on a small 
number of the treated cows.

Milk marketing boards and processing companies in 
North America have reported violative antibiotic levels 
in bulk tank milk after topical tetracycline adminis-
tration for DD treatment (G. MacNaughton, Dairy 
Farmers of Ontario, Mississauga, ON, Canada; personal 
communication). Given that DD treatment with tetra-
cycline is ELDU and limited data exist on the presence 
of antibiotics in milk with currently used drugs, doses, 
and dosages, there is a need to further evaluate topi-
cal tetracycline treatment for DD in dairy cattle. Our 
study will assist veterinarians with recommendations 
for extra-label use of topical tetracycline to treat DD in 
dairy cattle, thereby minimizing risks of violative levels 
in milk and promote safety of the human food supply.

The primary objective of our study was to determine 
the milk concentrations and withdrawal interval of tet-
racycline following topical application at various doses. 
Secondary objectives included (1) evaluation of the 
agreement between assays used to measure tetracycline 
in milk and (2) investigation of plasma concentrations 
of tetracycline following topical application of a high 
dose. Our hypothesis was that high doses of topical 
tetracycline in lactating cattle would be associated 
with higher concentrations of tetracycline in milk, that 
tetracycline would persist longer compared with cows 
treated with lower doses, and that this would result in 
a longer withdrawal interval.

MATERIALS AND METHODS

Farm Selection

A convenience sample of 2 dairy farms in Minnesota 
were recruited from an existing network of hoof trimmer 
and veterinary contacts. To be included in the study, 
these farms met the following participation criteria: a 
predominantly Holstein breed herd housed in freestalls, 
≥10% prevalence of M2 lesions based on hoof trimming 
records, and infrequent foot bathing schedule. To en-
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sure farms had high DD prevalence, selected farms had 
≥10% of cows with M2 lesions on multiple legs on an 
initial screening visit. Herd A was enrolled in Decem-
ber 2013 and had 700 lactating cows housed in stalls 
bedded with dried manure solids. Herd B was enrolled 
in August 2014 and had 300 lactating cows housed in 
sand-bedded stalls. Both herds were milked 3 times/d 
in a parallel milking parlor. All procedures were ap-
proved by the University of Minnesota Institutional 
Animal Care and Use Committee (1312–31180A) and 
University of Guelph Animal Care Committee (AUP 
1914).

Cow Selection and DD Lesion Assessment

Before enrollment, cows were screened for the pres-
ence of DD on all feet during morning milking by 1 
observer in each herd. Inspection of DD in the milk-
ing parlor has been described in detail (Cramer et al., 
2018). Briefly, cows’ feet were scored without prior 
washing or cleaning with the assistance of a flashlight. 
Cows were selected for further assessment if they had 
DD lesions on at least 2 feet. Diseased cows in the sick 
pen were excluded from the study.

Selected cows where then inspected in a hoof trim-
ming chute (Comfort Hoof Care H series, Comfort 
Hoof Care, Baraboo, WI). All feet were cleaned and 

scored for DD by the first author using the modified 
M-stage scoring system according to Döpfer et al. 
(1997) and amended by Berry et al. (2012). In short, 
lesions were classified as M0 if skin was normal; M1 if 
a small (<2 cm in diameter), red-gray epithelial defect 
was observed; M2 if an acute, ulcerative (bright-red), 
or granulomatous (red-gray) lesion ≥2 cm in diameter, 
usually painful at touch, was present; M3 (healing 
stage) if lesion presented a dry brown and scab-like tis-
sue; M4 (chronic stage) if the lesion had a dyskeratotic, 
thickened epithelium or proliferative growth; and M4.1 
if the chronic stage of M4 had an M1 lesion within its 
perimeter. Cows with M2 lesions present in 2 feet were 
enrolled in the study (Figure 1). Cows in the hospital 
pen or with evidence of a recent hoof trim or treatment 
for DD were excluded even if M2 lesions were present 
on 2 feet. In both herds, the last hoof trimming visit oc-
curred >2 wk before enrollment. Each farm’s treatment 
records were also assessed to ensure that study cows 
had not received parental antibiotics in the past month.

Study Design and Baseline Sample Collection

This study was adapted from the recommendations 
outlined in the Veterinary International Cooperation 
on Harmonisation guideline no. 48 (US Food and Drug 
Administration and Center for Veterinary Medicine, 

Figure 1. Timeline of trial, showing inspection and sampling of cows treated for digital dermatitis (DD) with 3 different tetracycline doses 
(2, 5, and 25 g) and 2 different application methods (paste and powder). Only herd B was used for data on teat wash samples. Blood samples 
were collected only from the 25 g treatment group in herd B at 8, 24, 48, 72, 120, and 168 h.
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2015). This guideline is used by Canadian and US 
regulatory agencies for the establishment of withdrawal 
periods for veterinary drugs approved for use in food 
producing animals, and recommends a sample size of 20 
animals. In our study we used a convenience sample of 
50 cows with 10 cows per treatment group.

Baseline Samples

At trial outset, during the initial milking or trimming 
chute inspection, composite foremilk samples as well 
as teat wash samples were taken of all cows with DD 
lesions. These samples were used as baseline to ensure 
tetracycline was not present before enrollment (Figure 
1). Composite milk samples were collected after ud-
der preparation using 60-mL milk sampling containers 
(Thermo Scientific Capitol Vial, Thermo Fisher Scien-
tific, Waltham, MA). Teat wash samples were collected 
before udder preparation and consisted of dipping each 
teat in 300-mL containers (Corning Snap Seal, Fisher 
Scientific Company, ON, Canada) filled with 100 to 150 
mL of commercially sourced milk. Teat wash samples 
were collected to investigate the presence of tetracy-
cline on the teat skin. As outlined above, cows were 
enrolled and samples collected in herd A before herd B. 
Milk bought from a commercial store was used for teat 
wash sample collection in herd A. Unfortunately, low 
tetracycline concentrations (<10 ng/mL) determined 
by liquid chromatography-tandem mass spectrometry 
(LC-MS/MS) were found during assay, resulting in 
the removal of these samples from the study. Reconsti-
tuted organic milk powder (Organic Valley, LaFarge, 
WI) was instead used in herd B for teat wash sample 
collection. Therefore, only teat wash samples collected 
from herd B were evaluated in the study. Organic milk 
powder was reconstituted according to label directions 
using distilled water (Premium Waters, Minneapolis, 
MN), and tested for the presence of tetracycline before 
using LC-MS/MS.

Randomization

At trimming chute inspection on d 1 (Figure 1), 
cows with DD lesions present on 2 feet were enrolled 
in the study and randomly allocated to 1 of 5 treat-
ment groups. A block randomization list was created 
in Microsoft Excel (v15.0, Microsoft Corp., Redmond, 
WA) using the random number generator. A number 
was assigned to each treatment to create an order for 
treatment allocation. The order of treatment used for 
the first 5 cows was repeated for the next 5 cows and 
so forth until all 50 cows were allocated to a treatment 
group. Once treatment allocation order was estab-
lished, 3 cows were also randomly selected from each 

treatment group to have teat wash samples taken using 
the same random number generator.

Treatments and Test Samples Collection

The 5 treatment groups entailed 2 topical tetracy-
cline hydrochloride delivery systems, specifically a paste 
(PST) and as a powdered form held under bandage 
(WRP) applied at 3 different dosing levels (2, 5, and 
25 g) on each affected foot. The 25-g dose was used in 
the WRP treatment group only due to technical chal-
lenges with mixing this amount of tetracycline powder 
into a paste. Each dose of tetracycline hydrochloride 
(Onycin 1000; Vetoquinol Canada Inc., Lavaltrie, QC, 
Canada) was weighed on a scale in the laboratory and 
placed in a sealed 60-mL milk sampling container be-
fore administration. Treatment groups were labeled as 
2WRP, 2PST, 5WRP, 5PST, and 25WRP. The PST 
treatments consisted of 4.5 mL of propylene glycol and 
1.5 mL of water mixed with the corresponding prepared 
dose of tetracycline. For the PST treatments, 6 mL 
of the water-propylene glycol mixture was blended 
with the corresponding prepared dose of tetracycline. 
The PST treatments were applied directly to the le-
sion using a paintbrush after the lesion area was gently 
cleaned without creating further tissue damage. To 
avoid cross contamination between treatment groups, 
the paintbrush was cleaned between cows. The WRP 
treatments consisted of 2, 5, or 25 g of tetracycline 
as powder wrapped loosely under a bandage (Coflex, 
Andover Salisbury, MA), which was removed after 48 
h (Figure 1).

Each cow had the same treatment applied to each 
foot with an M2 lesion. Treating 2 feet per cow was in 
line with our hypothesis that tetracycline concentra-
tions were associated with the use of high doses. In 
that regard, cows in the 2WRP, 2PST, 5WRP, 5PST, 
and 25 WRP treatment groups received a total of 4, 4, 
10, 10, and 50 g of tetracycline, respectively. If >1 M2 
lesion was observed on the same foot, the dose of anti-
biotic for that foot was distributed among the lesions.

Cows were marked with a laser-numbered leg band 
(Nasco, Fort Atkinson, WI) for easy identification af-
ter enrollment. Following enrollment and treatment, 
samples were collected from milk, teats, and blood up 
to 7 d postdosing according to the schedule provided 
in Figure 1. Composite milk samples were taken at 11 
time points from enrolled cows in both herds, and teat 
wash samples were collected in from herd B at 6 time 
points. After collection, each sample was transferred 
in duplicate into both 2-mL (Sarsted, Inc., Newton, 
NC) and 6-mL (Corning Life Sciences, Corning, NY) 
cryogenic vials and immediately frozen at −20°C. Once 
all samples were collected from each herd they were 
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transferred from −20°C storage into a −80°C freezer 
until shipping for testing.

Blood samples were collected to investigate plasma 
concentrations of tetracycline in cows following topical 
tetracycline application. Blood samples were collected 
from the 25WRP treatment group from herd B only 
at 8, 24, 48, 72, 120, and 168 h postdosing according 
to the schedule outlined in Figure 1. The blood sam-
pling schedule was based on availability of resources, 
and we anticipated that tetracycline in blood would 
be associated with the highest dose group. All blood 
samples were taken using vacutainers with EDTA an-
ticoagulant and immediately stored on ice. Plasma was 
subsequently separated into 2 equal aliquots and frozen 
in a similar manner as the milk samples.

It was not possible to blind study personnel to treat-
ment allocation during the study given the 2 drug de-
livery systems used in the study and that cows in the 
25WRP treatment group had to be identified for blood 
sample collection. All cows were re-evaluated in the 
hoof trimming chute at approximately 120 h postdosing 
to determine DD status and collect final blood samples.

Assays

Milk samples and teat wash samples were analyzed 
at the Laboratory Services Division of the University 
of Guelph. This laboratory is ISO-17025 accredited by 
the Standards Council of Canada and the Canadian 
Association for Laboratory Accreditation. Tetracycline 
concentrations in submitted samples were assayed ac-
cording to the laboratory standard operating procedures 
for tetracycline using liquid chromatography (Agilent 
1260, Agilent Technologies Canada Inc., Mississauga, 
ON, Canada) coupled with MS/MS (ABSciex 5500 
Q Trap, Sciex, Concord, ON, Canada). The reported 
limit of detection (LOD) for the assay was 2.5 ng/
mL with a limit of quantification (LOQ) of 6 ng/mL. 
Oxytetracycline (Sigma-Aldrich, St. Louis, MO) was 
used as an internal standard for the assay. Tetracycline 
(Sigma-Aldrich) calibration curves were prepared daily 
for each test sample run. Quality control samples were 
included in the test sample runs and were within a 
tolerance of ±15% of the nominal value. Calibration 
curves exhibited a correlation coefficient exceeding 
0.995 across the concentration range on all test runs, 
with coefficients of variation for the reference standards 
being <15%, and LOQ <20%.

All milk samples were also tested using a commercial 
tetracycline immunoassay, the Charm ROSA TET test 
(Charm Sciences Inc., Lawrence, MA), and accompany-
ing equipment and operating instructions (Charm Sci-
ences Inc., 2013). At the time of funding, this was the 

test commonly used by Ontario’s milk regulatory body. 
At the time of the study, the Charm ROSA TET test 
was validated with a range of detection for tetracycline 
from 10 to 30 ng/mL. The test was run by the Labo-
ratory Services Division of the University of Guelph 
according to the operator’s manual (Charm Sciences 
Inc., 2013).

Plasma samples were tested for tetracycline at the 
Veterinary Diagnostics Laboratory, Iowa State Univer-
sity (Ames) using LC-MS/MS (Surveyor Pump and Au-
tosampler and TSQ Discovery Max, Thermo Scientific, 
San Jose, CA). Tetracycline (Sigma-Aldrich) calibra-
tion curves exhibited a correlation coefficient exceeding 
0.995 across the concentration range on all test sample 
runs, with coefficients of variation for the tetracycline 
reference standards, including LOQ, at <15%. The as-
say’s reported LOD was 1.5 ng/mL with the LOQ at 5 
ng/mL. Demeclocycline (Thermo Fisher Scientific) was 
used as an internal standard. Quality control samples 
were included in the test sample runs and were within 
a tolerance of ± 15% of the nominal value.

Data Management and Statistical Analyses

Data were recorded on paper on farm and transferred 
to an Excel spreadsheet (Microsoft Corp.). Descrip-
tive statistics and graphical data analysis occurred in 
STATA 14 (STATA Corp., College Station, TX).

Test Agreement Analyses

Cohen’s kappa statistic, sensitivity, and specificity 
were calculated to determine level of agreement be-
tween the LC-MS/MS and the Charm ROSA TET test. 
The LC-MS/MS result was used as the gold standard. 
Agreement with LC-MS/MS results were calculated at 
3 cutoff values using the lower (10 ng/mL) and upper 
(30 ng/mL) detection limit of the Charm ROSA TET 
test and the Canadian MRL (100 ng/mL). Cohen’s 
kappa measured the agreement beyond chance and was 
calculated as (observed agreement − expected agree-
ment)/(1 − expected agreement) and was interpreted 
according to the following guidelines: ≤0 = poor agree-
ment, 0.01 to 0.2 = slight, 0.21 to 0.4 = fair, 0.41 to 
0.6 = moderate, 0.61 to 0.80 = substantial, 0.81 to 
1.0 = almost perfect agreement (Dohoo et al., 2009). 
Sensitivity was defined as the proportion of samples 
above each cutoff value of tetracycline as measured by 
LC-MS/MS that the Charm ROSA TET test identified 
as positive. Specificity was defined as the proportion 
of samples with no tetracycline (<LOD) measured by 
LC-MS/MS that the Charm ROSA TET test identified 
as negative.
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Withdrawal Interval Estimation

The analyses used to estimate tetracycline milk 
withdrawal intervals were done according to US FDA 
guidelines and software library (Martinez et al., 2000; 
US Food and Drug Administration and Center for 
Veterinary Medicine, 2016) for establishing withdrawal 
intervals, which required the use of RStudio 1.0.143 
(RStudio Inc., Boston, MA) running R 3.4.0 (R Core 
Team, Vienna, Austria). Briefly, a 99th percentile sta-
tistical tolerance limit with 95% confidence was used 
to determine withdrawal intervals. Statistical tolerance 
limits were calculated from linear regression models 
of the natural logarithmic values of the milk LC-MS/
MS test results (Martinez et al., 2000; De Gryze et 
al., 2007). This method allowed for estimation of a 
withdrawal interval where 99% of samples were below 
the statistical tolerance limit with a confidence of 95%. 
Linear regression models were created separately for 
each treatment group. A value of 3 ng/mL (half of 
the assay LOQ) was assigned to all test results with 
reported values higher than the assay LOD, but lower 
than the LOQ, according to European guidelines (Eu-
ropean Medicines Agency and Committe for Medicinal 
Products for Veterinary Use, 2016). To allow for the 
natural logarithmic transformation of results, a value 
of 1 ng/mL was assigned to all reported values <LOD. 
As described by US Food and Drug Administration and 
Center for Veterinary Medicine (2016), the determina-
tion of an appropriate withdrawal interval is a decision 
analysis and not a search for perfect statistical fit of 
the data. Initially, models were created that included 
all post-treatment sampling time points. As our data 
included several values <LOD at >48 h, a decision 
analysis was performed. The process for this decision 
analysis consisted of sequentially creating linear models 
that included fewer sampling time points >48 h. From 
these models, the statistical prediction and tolerance 
limits were evaluated graphically. The final model cho-
sen for withdrawal time estimation included the most 
sampling time points and had no observed values that 
were plotted above the estimated prediction interval. 
This approach ensures a more conservative estimate 
of the withdrawal interval than including data from 
all sampling time points. Withdrawal intervals were 
estimated for 10 (i.e., lower LOD of the Charm ROSA 
TET test), 100, and 300 ng/mL of tetracycline at the 
individual cow level and 10 and 300 ng/mL of tetra-
cycline at the bulk tank level. For the calculation of 
bulk tank milk withdrawal interval (applicable to the 
United States only), a 10-cow herd size was assumed 
and LC-MS/MS results were divided by 10 as described 
in US Food and Drug Administration and Center for 
Veterinary Medicine (2016).

RESULTS

Fifty cows were enrolled in the study (10 cows per 
treatment group). One cow in each treatment group 
had tetracycline present in the baseline milk sample 
at enrollment. Data from these 5 cows were removed 
from the study, resulting in a total of 45 cows with data 
postenrollment (9 cows per treatment group). Three 
cows were not present during milking at various sample 
time points, resulting in 7 additional missed samples. A 
total of 488 milk, 90 teat, and 42 blood samples were 
collected. One milk sample was unsuitable for evalua-
tion with the Charm ROSA TET test due to presence 
of clots. Another milk sample was lost for evaluation 
with LC-MS/MS. In total, data were obtained from 
487 milk samples postenrollment. A total of 100 feet 
(20 feet per treatment group) with an M2 lesion were 
enrolled and treated. At re-evaluation (120 h), 94 of 
these lesions transitioned to an M3, M4 or M4.1 lesion. 
The remaining 6 lesions that did not transition from an 
M2 lesion were in the 5PST (n = 1), 2PST (n = 2), and 
25WRP (n = 3) treatment groups.

Post-Treatment Samples

Milk Samples: LC-MS/MS. At 8 h post-treat-
ment, 5/45 cows (11%) had tetracycline concentrations 
higher than the Canadian MRL (range = 120 to 244 
ng/mL), but none higher than the US tolerance. Three 
of these 5 cows were in the 25WRP treatment group, 
1 in the 2WRP treatment group, and 1 in the 2PST 
treatment group. A total of 105 (22%) samples from all 
treatment groups had tetracycline present throughout 
the sampling period, 80% of which occurred within 48 
h following treatment. However, 70 (67%) of the 105 
samples with tetracycline present had tetracycline con-
centrations lower than the LOQ of ≤6 ng/mL (Figure 
2).

Milk Samples: Charm ROSA TET Test. Of 
the 487 milk samples tested with the Charm ROSA 
TET test, 13 were positive, 9 of which occurred at 8 
h post-treatment. A total of 6, 4, and 3 of these posi-
tive samples were in the 25WRP, 2WRP, and 2PST 
treatment groups, respectively. One cow in the 25WRP 
treatment group had 3 consecutive positive results at 
24, 32, and 48 h. One cow in the 2PST group had a 
positive result at 168 h only. All positive samples on 
the Charm ROSA TET test had quantifiable (>LOQ) 
concentrations of tetracycline as determined by LC-
MS/MS, ranging from 9.4 to 230 ng/mL. Agreement 
between Charm ROSA TET test and LC-MS/MS was 
substantial. The Charm ROSA TET test had a sensi-
tivity of 50 to 78% and specificity of 99% for measuring 
tetracycline concentrations ≥10 and ≥30 ng/mL. Sen-
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sitivity increased to 100% for measuring tetracycline 
concentrations ≥100 ng/mL (Table 1).

Teat Wash Samples: LC-MS/MS.  Of the 15 
cows tested for tetracycline in teat wash samples across 
5 time points (n = 75 samples), 3 samples were missed 
at the 72-h time point. The missed samples were in-
stead taken at 96 h but had no tetracycline measured 
at that time point. The 3 cows were in the 25WRP, 
5WRP, and 5PST treatment groups.

Tetracycline concentrations ranged from 7 to 210 ng/
mL and were found up to 72 h in all treatment groups. 
Three (4%) teat wash samples from 2 cows in the 
25WRP and 2PST treatment groups had tetracycline 
concentrations higher than 100 ng/mL at 8 and 24 h. 
A total of 55 (73%) and 36 (48%) samples had tetra-
cycline concentrations higher than the LOD and LOQ, 
respectively (Table 2). Twenty (36%) of the 55 teat 
wash samples with tetracycline concentrations higher 

Figure 2. Distribution of milk samples (n = 487) with tetracycline concentrations higher than the limit of detection (LOD) and limit of 
quantification (LOQ) following topical treatment for digital dermatitis. The 5 treatment groups entailed 2 topical tetracycline hydrochloride 
delivery systems, specifically a paste (PST) and as a powdered form held under bandage (WRP) applied at different dosing levels (2, 5, and 25 
g) on each of the 2 affected feet per cow.

Table 1. Agreement, sensitivity, and specificity estimates of the Charm ROSA TET test (Charm Sciences Inc., 
Lawrence, MA) for measuring tetracycline in milk with liquid chromatography-MS/MS as the gold standard 
(n = 486 milk samples)

Tetracycline 
concentration (ng/mL)1

Kappa 
(95% CI)

Sensitivity 
(95% CI)2

Specificity 
(95% CI)3

≥10 0.6 (0.5–0.8) 50.0 (29.1–70.9) 99.8 (98.9–100.0)
≥30 0.6 (0.4–0.9) 77.8 (40.0–97.2) 98.7 (97.3–99.5)
≥100 0.5 (0.2–0.6) 100.0 (39.8–100) 98.1 (96.5–99.1)
1Set at Charm ROSA TET test’s detection range of 10 to 30 ng/mL and the Canadian maximum residue limit 
of 100 ng/mL for tetracycline.
2Sensitivity = proportion of samples above each cutoff value of tetracycline as measured by liquid chromatog-
raphy-MS/MS that the Charm ROSA TET test identified as positive.
3Specificity = proportion of samples with no tetracycline (lower than limit of detection) measured by liquid 
chromatography-MS/MS that the Charm ROSA TET test identified as negative.
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than the LOD had corresponding milk samples with 
tetracycline present, as measured by LC-MS/MS. Two 
(10%) of the 20 teat wash samples with no tetracy-
cline had corresponding milk samples with tetracycline 
concentrations higher than the LOD, as measured by 
LC-MS/MS (Table 2).

Blood Samples: LC-MS/MS. Five of the 6 cows 
sampled for blood at 6 time points (n = 36 samples) 
had tetracycline present at 8 h. One of these 5 cows con-
tinued to have tetracycline present at 24 h, and another 
cow at 24 and 48 h. However, these 8 blood samples 
with tetracycline present had plasma concentrations 
lower than the assay LOQ. The cow with tetracycline 
present on 3 consecutive blood samples (at 8, 24, and 
48 h) had corresponding milk samples with detectable 
(>LOD) tetracycline concentrations based on LC-MS/
MS. Three of the 5 cows with detectable tetracycline 
concentrations in blood at 8 h had corresponding milk 
samples with no tetracycline (<LOD). Two of the 5 
cows with tetracycline in their blood had corresponding 
milk samples with quantifiable (>LOQ) concentrations 
of tetracycline (6 and 230 ng/mL). One cow with no 
tetracycline present in blood at 8 h had a corresponding 

milk and a teat wash sample with tetracycline concen-
trations of 210 ng/mL each.

Withdrawal Interval Estimate

At the cow level, for the 25WRP treatment group, 
withdrawal estimates for tetracycline using the Cana-
dian MRL (100 ng/mL) and the US tolerance (300 ng/
mL) were 70 and 34 h postdosing, respectively (Table 
3). At the bulk tank level (using a 10-cow dilution 
factor; applicable to the United States only), for the 
25WRP treatment group, tetracycline concentrations 
below 10 and 300 ng/mL in milk would be reached at 
70 and 0 h, respectively. Figure 3 illustrates the deci-
sion process that was used to establish the time periods 
to be included in the withdrawal interval estimation. 
Withdrawal intervals for the 2PST, 2WRP, and 5PST 
were based on samples taken <48 h. The 25WRP and 
5WRP withdrawal interval calculations were based on 
samples taken <72 and <120 h, respectively.

DISCUSSION

Our study demonstrated the presence of tetracycline 
in milk, plasma, and teat skin up to 7 d following topi-
cal DD treatment. Tetracycline was present regardless 
of method of application or dosing level; however, <5% 
of all samples had tetracycline concentrations higher 
than 100 ng/mL and none higher than 300 ng/mL. The 
diagnostic sensitivity of the Charm ROSA TET test 
for measuring tetracycline in milk at ≤30 ng/mL was 
generally low but was highly accurate for measuring 
tetracycline at ≥100 ng/mL. At the Canadian MRL of 
100 ng/mL, the estimated cow-level milk withdrawal 

Table 2. Comparison (no., % in parentheses) of tetracycline in all 
teat wash samples from 15 cows and corresponding milk samples using 
liquid chromatography-MS/MS and considering a limit of detection 
of 2.5 ng/mL

Teat wash

Milk samples

TotalBelow Above

Below 18 (34) 2 (9) 20
Above 35 (66) 20 (91) 55
Total 53 22 75

Table 3. Withdrawal interval (h) estimation using a 99th percentile statistical tolerance limit with 95% 
confidence, based on linear regression models from data of 9 cows per treatment group sampled every 8–12 h

Treatment  
group1  

Sampling  
period (h)

Withdrawal interval (h)

Cow level2  
(ng/mL)

 

Bulk tank  
level (ng/mL)

10 100 300 10 300

25 WRP <72 175 70 34   70 0
5 WRP <120 101 0 0   0 0
5 PST <48 34 0 0   0 0
2 WRP <48 77 26 12   9 0
2 PST <48 66 19 0   19 0
1The 5 treatment groups entailed 2 topical tetracycline hydrochloride delivery systems, specifically a paste 
(PST) and as a powdered form held under bandage (WRP) applied at different dosing levels (2, 5, and 25 g) 
on each of the 2 affected feet per cow.
2Set at the lower limit of detection of the Charm ROSA TET test (10 ng/mL; Charm Sciences Inc., Lawrence, 
MA) and the current maximum allowable tetracycline concentrations in milk for Canada with the maximum 
residue limit of 100 ng/mL and for the United States with a tolerance of 300 ng/mL.
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interval ranged from 0 to 70 h, depending on dose 
level. At the US tolerance of 300 ng/mL, the estimated 
cow-level withdrawal interval ranged from 0 to 34 h, 
depending on dose level, and was 0 h at the bulk tank 
level.

Treatment of DD with tetracycline was effective 
in its ability to transition M2 lesions to nonactive 
(M3, M4, M4.1) lesions 5 d post-treatment. Clinical 
cure was not achieved at this point in time, as not 
a single lesion transitioned to the completely healed 
stage (M0), which is unlikely to have occurred by 5 d 

post-treatment (Krull et al., 2016a). Studies that fol-
lowed DD lesion progression for longer periods reported 
clinical cure rates ranging from 50 to 87% over 12 to 32 
d after initial treatment with tetracycline-class drugs 
(Manske et al., 2002; Berry et al., 2010; Cutler et al., 
2013). However, post-treatment observation periods 
up to 120 d are necessary to effectively evaluate cure 
and recrudescence of DD lesions (Krull et al., 2016a). 
Therefore, it is important to highlight that evaluating 
the therapeutic effectiveness of tetracycline for DD 
treatment was out of the scope of the current study, 
and conclusions on this subject cannot be drawn from 
our data.

Given the growing concerns with public health over 
antimicrobial use in food-producing animals and pres-
ence of tetracycline in marketed milk (Fritz and Zuo, 
2007), dairy regulators in North America are incorpo-
rating screening programs for tetracycline-class drugs 
(Dairy Farmers of Ontario, 2017; National Conference 
on Interstate Milk Shipments, 2017). However, routine 
testing of all milk for tetracycline-class drugs is not yet 
mandatory, and practices vary among jurisdictions and 
dairy processors.

The Charm ROSA TET test used in the present 
study is a commercial, rapid screening immunoassay, 
intended to test positive for tetracycline in the con-
centration range of 10 to 30 ng/mL and above in com-
mingled bulk tank milk (Charm Sciences Inc., 2013). 
Although used commonly to test milk from individual 
cows, the test is not validated for cow-side use. How-
ever, as the Charm test is not a microbial inhibition 
test, it seems unlikely these tests would differ when 
used on milk samples from individual cows versus com-
mingled milk from the bulk tank (Sischo, 1996; Kang 
et al., 2005). When compared with our LC-MS/MS 
results, the sensitivity of the Charm ROSA TET test 
for tetracycline concentrations between 10 and 30 ng/
mL was low (50–70%); however, at tetracycline con-
centrations above 100 ng/mL, sensitivity was of 100%. 
Comparison of test characteristics to those obtained 
in other studies is challenging due to use of differing 
screening tests [e.g., Charm II Test for tetracycline 
(Anderson et al., 1995; Gorden et al., 2016), or Charm 
II 6700 system (Al-Mazeedi et al., 2010)]. In addition, 
comparison is difficult because not all studies evaluated 
similar diagnostic test characteristics (Anderson et al., 
1995) or only compared Charm-positive or suspected 
positive samples to a gold standard (LC-MS/MS; Al-
Mazeedi et al., 2010). Based on our findings, the Charm 
ROSA TET test is an adequate and reliable test for 
tetracycline concentrations above the Canadian MRL 
of 100 ng/mL for tetracycline in dairy milk. However, 
it should be noted that milk containing tetracycline be-
low the Canadian MRL, but greater than 10 to 30 ng/

Figure 3. Graphical representation example of the regression 
model and allowable tetracycline concentrations used to predict with-
drawal interval for the treatment group that received a 2-g dose of 
tetracycline hydrochloride in a powdered form held under a bandage. 
(a) Model and tolerance including data from all the sampling periods, 
and (b) model and tolerance including sampling data from sampling 
periods ≤48 h. Filled circles (●) represent US tolerance of tetracycline 
(300 ng/mL), a diamond (♦) represents Canadian maximum residue 
limit of tetracycline (100 ng/mL), a hash mark (#) represents the 99th 
percentile tolerance band of 95% prediction band, and an asterisk (*) 
represents the 95% prediction band for linear model.
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mL, will test positive with the Charm ROSA TET test 
and potentially be rejected at the processors discretion, 
regardless of being deemed safe for human consumption 
by regulatory agencies.

Our hypothesis that higher concentrations and longer 
durations of tetracycline in milk were associated with 
high dosing levels of tetracycline was supported by the 
longer estimated withdrawal intervals in the 25WRP 
group. Based on LC-MS/MS findings, the treatment 
group with the highest dose of tetracycline (25WRP) 
had antibiotic present for the longest consecutive period 
(from 8 to 72 h) and reported the highest concentra-
tions (210–244 ng/mL) among all treatment groups. 
However, our sample size was limited (n = 45 cows) 
in all treatment groups and tetracycline was present in 
milk in all treatment groups and at various sampling 
times. Compared with the 25WRP group, even the low-
est dosing group (2 g) had higher than expected concen-
trations of tetracycline (120–140 ng/mL) and a shorter 
estimated withdrawal interval. As only the highest dose 
levels of tetracycline resulted in higher milk tetracy-
cline concentrations and longer estimated withdrawal 
intervals, the risk for antibiotic residues appears not be 
dose-dependent at lower dose levels. To investigate the 
relationship between dose levels and residue time and 
duration, additional studies using larger sample sizes in 
multiple environments are necessary.

In the present study, tetracycline was present in 22% 
of all milk samples, but only 1% of all milk samples had 
concentrations higher than the Canadian MRL of 100 
ng/mL. Tetracycline-class drug residues higher than 
100 ng/mL have been reported in milk samples after 
intravenous, intramuscular, subcutaneous, and intra-
uterine administration (Anderson et al., 1995; Gorden 
et al., 2016). A study by Rodrigues et al. (2010) on 12 
cows reported mean milk tetracycline concentrations 
from 0.1 to 6.2 ng/mL at 8 to 120 h following DD 
treatment with tetracycline. However, our results are 
not comparable with that study, as tetracycline was 
administered by a single intravenous or intravenous re-
gional injection. Only 2 studies have evaluated presence 
of tetracycline (Cutler et al., 2013) or oxytetracycline 
(Britt et al., 1999) in milk after topical DD treatment, 
but neither study reported residues above 100 ng/mL. 
Britt et al. (1999) reported that 12% of the milk samples 
contained oxytetracycline, whereas Cutler et al. (2013) 
did not report specific numbers. Apparent differences 
in findings of high tetracycline concentrations among 
studies could be a consequence of sample size, testing 
technology (e.g., MPLC vs. LC-MS/MS), LOD of the 
test (e.g., 3.3 vs. 2 ng/mL), or the stage of the DD le-
sion in which the treatment was applied. Additionally, 
differences could also be due to the use of different an-
tibiotics (oxytetracycline or tetracycline), topical drug 

delivery system (e.g., spray, bandage, paste), dose (e.g., 
1.5 g of oxytetracycline vs. 2–25 g of tetracycline), and 
dosage (e.g., twice daily for 7 d vs. 1 time).

Evaluation of teat wash samples was intended to 
investigate presence of tetracycline on the cow teat 
skin, as analyzed by LC-MS/MS. The majority (73%) 
of teat wash samples collected post-treatment had tet-
racycline present, and a small portion (4%) of samples 
had tetracycline concentrations higher than 100 ng/
mL. Moreover, most (67%) of these samples were from 
the 25WRP treatment group. These findings indicate 
an association between administration of topical tetra-
cycline for DD and presence of tetracycline in the cows’ 
teat skin. It is possible that the source of tetracycline in 
milk may include external contact of antibiotic-treated 
feet with the udder and teat skin. Teat contamination 
with tetracycline may originate from direct contact of 
the udder with treated feet or with antibiotic present 
in the lying surface, or from contact of the udder with 
milk containing tetracycline (i.e., leaking cows that 
contaminate the lying surface).

Reporting tetracycline concentrations measured in 
the blood was of notable interest. It is anticipated that, 
after absorption following extravascular, oral, uterine, 
or intramammary routes of administration, tetracycline 
will distribute widely and quickly in the body, reaching 
low concentrations in plasma (Rodrigues et al., 2010; 
Gorden et al., 2016). However, we were not able to find 
relevant information regarding the absorption, distri-
bution, and excretion of antibiotics when administered 
topically for lameness therapy in dairy cattle (Fajt and 
Apley, 2001). To our knowledge, ours is the first study 
to report tetracycline in the blood after topical treat-
ment for DD.

Currently, the Food Animal Residue Avoidance Da-
tabank (FARAD) in the United States recommends a 
24-h milk withdrawal interval for topical use of tetracy-
cline provided no oral ingestion occurs (FARAD, 2018). 
The recommendation by FARAD also references articles 
that suggested a zero-day milk withdrawal when topical 
tetracycline-class drugs are used in dairy cattle (Baynes 
et al., 1997; Martin-Jimenez et al., 1997). Although it 
is unclear how the withdrawal interval for topical use of 
tetracycline in dairy cattle was determined by FARAD, 
there are guidelines for the extrapolation of withdrawal 
intervals from available pharmacokinetic data (Riviere 
et al., 1998). It is important to note that the maximum 
allowable limits for drugs in edible products from food-
producing animals, and official withdrawal times, are 
the responsibility of regulatory agencies in each coun-
try. Differences with maximum allowable drug limits 
between countries are due to many factors, including 
the accepted percentage of the average daily intake for 
the drug in milk, standard number of milkings per cow 
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per day and average herd size, and data analysis ap-
proaches, including dilution factors, used in the final 
estimation of the withdrawal interval. Any recommen-
dation of withdrawal intervals following topical extra-
label tetracycline use in lactating dairy cattle should 
also include testing milk from individual treated cows 
for the presence of violative tetracycline levels before 
allowing that milk to enter the bulk tank.

For our analysis, only including time points with a 
high proportion of milk samples with tetracycline con-
centrations >LOD resulted in a more appropriate and 
conservative withdrawal interval estimation. Results 
on the determination of withdrawal interval varied 
depending on the maximum allowable concentrations 
used (i.e., 100 ng/mL for Canada or 300 ng/mL for 
the United States) and if estimation was at cow level 
(relevant to both Canada and the United States) or at 
the bulk tank level (being relevant to the United States 
only). Overall, when using a high dose of tetracycline 
(50 g/cow), it is likely that tetracycline would be below 
100 ng/mL with a minimum withdrawal interval of 70 
h for milk discard from an individual treated cow. If 1 
cow in a 10-cow herd was treated using a maximum of 
10 g of tetracycline per cow, it is likely that tetracycline 
concentrations at bulk tank level would not exceed 300 
ng/mL at a milk withdrawal interval of 0 h. In agree-
ment with Gorden et al. (2016), withdrawal interval es-
timates should be accompanied with residue-screening 
tests on all treated animals to ensure food safety.

In addition, it is important to highlight that our 
study’s results should not be extrapolated to other 
antibiotics commonly used for DD treatment, such 
as lincomycin or chlortetracycline (Berry et al., 2010; 
Kleinhenz, 2014; Klawitter et al., 2017). To our knowl-
edge, similar studies using those antibiotics have not 
been carried out. Nevertheless, caution and veterinary 
involvement to determine appropriate withdrawal in-
tervals should always be used when using antibiotics 
extra label regardless of route or presentation.

The main limitations of our study include a small 
sample size (which decreased the power of the study) 
and not having collected bulk tank milk samples. De-
spite clear evidence on the presence of detectable and 
quantifiable tetracycline in individual milk samples, 
that in some cases reached violative levels, it was not 
possible to quantify the concentration of tetracycline in 
the farm’s bulk tank.

CONCLUSIONS

Based on our results, we suggest conservative mea-
sures and following appropriate local regulations when 
using antibiotics topically to treat DD. These measures 
should include gentle cleaning that does not cause ad-

ditional damage to the DD lesion and reducing risks of 
violative residues in milk by using the lowest effective 
dose of tetracycline. When these measures are followed, 
withdrawal intervals for individual cows would be 24 
to 36 h to meet Canadian MRL and 0 h to meet US 
tolerances for tetracycline in dairy milk. To ensure ap-
propriate ELDU and meet regional regulatory policies 
veterinarians should receive guidance from FARAD 
in the United States and the Canadian Global Food 
Animal Avoidance Databank in Canada. Furthermore, 
testing of the milk from individual cows or the bulk 
tank with a commercial screening test for tetracycline 
will aid in ensuring food safety.
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