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Abstract This study compared results obtained with five
different fecal egg count reduction (FECR) calculation
methods for defining resistance to ivermectin, fenbendazole,
and levamisole in gastrointestinal nematodes of sheep in a
temperate continental climate: FECR, and FECR; used pre-
and posttreatment fecal egg count (FEC) means from both
treated and control animals, but FECR; used arithmetic
means, whereas FECR, used geometric means; FECR; used
arithmetic means for pre- and posttreatment FECs from treated
animals only; FECR, was calculated using only arithmetic
means for posttreatment FECs from treated and control ani-
mals; and FECRs was calculated using mean FEC estimates
from a general linear mixed model. The classification of farm
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anthelmintic resistance (AR) status varied, depending on
which FECR calculation method was used and whether a bias
correction term (BCT, i.e., half the minimum detection limit)
was added to the zeroes or not. Overall, agreement between all
methods was higher when a BCT was used, particularly when
levels of resistance were low. FECR, showed the highest
agreement with all the other FECR methods. We therefore
recommend that small ruminant clinicians use the FECR4
formula with a BCT for AR determination, as this would
reduce the cost of the FECRT, while still minimizing bias
and allowing for comparisons between different farms. For
researchers, we recommend the use of FECR; or FECR,, as
the inclusion of both pre- and posttreatment FECs and use of
randomly allocated animals in treatment and control groups
makes these methods mathematically more likely to estimate
the true anthelmintic efficacy.

Keywords Gastrointestinal nematodes - Fecal egg count
reduction calculation methods - Arithmetic mean - Geometric
mean - Bias correction term - Kappa

Introduction

Gastrointestinal nematodes (GINs) are of concern on sheep
farms worldwide as they impair milk, meat, and wool produc-
tion in sheep and are an important cause of morbidity and
mortality (Knox et al. 2012). For many years, producers have
relied primarily on the use of anthelmintics for the control of
GINs in sheep (Sargison 2008). However, this reliance has led
to the development of anthelmintic resistance (AR) and many
countries are now reporting both multidrug and
multinematode species resistance (Jackson and Coop 2000;
Kaplan 2004; Kaplan and Vidyashankar 2012).
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In many parasite populations of domesticated animals, a
number of genotypically resistant parasites are present
(Prichard et al. 1980). When these parasite populations exceed
a certain frequency threshold, the parasite populations as a
whole become phenotypically resistant in animals (Kaplan
and Vidyashankar 2012) and are associated with treatment
failure and, inevitably, losses in sheep health and productivity
(Kaplan 2004). It is therefore important to diagnose AR before
it reaches this “critical frequency,” and becomes a clinical and
economic problem (Kaplan and Vidyashankar 2012).

The fecal egg count reduction test (FECRT) is the standard
field test for the diagnosis of AR in sheep (Coles et al. 2006).
However, the results from a FECRT may be influenced by
several factors, including the study design, the host—parasite—
environment interaction (Levecke et al. 2012a), and the math-
ematical formula used to calculate drug efficacy (Miller et al.
2006). The literature describes several methods to calculate the
fecal egg count reduction (FECR); these methods differ based
on whether the arithmetic or geometric mean is used, whether
control animals are tested, and whether pre- and posttreatment
fecal egg counts (FECs) are used in the calculation (Cabaret and
Berrag 2004). Some authors have suggested the use of arith-
metic means, as they are unbiased estimators of the true mean
(Fulford 1994), and therefore provide better estimates of the
parasite egg output compared with geometric means (Coles
etal. 1992; Dobson et al. 2009). Meanwhile, other authors have
described geometric means as more appropriate estimators of
the central tendency parameter for parasite populations which
are usually overdispersed and, therefore, do not have a constant
variance (Smothers et al. 1999). While some FECR formulae
take into account both pre- and posttreatment FECs in both
treated and control animals (Presidente 1985; Dash et al. 1988),
other variations of the FECR calculation only take into consid-
eration the pre- and posttreatment FECs of treated animals
(McKenna 2006), or the posttreatment FECs of both treated
and untreated animals (Coles et al. 2006), thereby reducing the
number of fecal samples required. Lastly, Mejia et al. (2003)
described an alternate approach for calculating the FECR, using
a general linear mixed model (GLMM) to provide FEC means
corrected for other covariable effects, such as animal weight
and treatment. It is therefore important to further assess the
agreement between the classification of the farm resistance
status using these different methods in order to improve and
standardize the method of FECR calculation and limit misclas-
sification of farm resistance status (Coles et al. 2006; Denwood
et al. 2010).

Host—parasite—environment interactions can also influence
FECRT results, as shown by simulation studies based on data
from Belgium (Levecke et al. 2012a). In addition, Torgerson
et al. (2005) examined AR to mebendazole, ivermectin, and
moxidectin in a goat herd in Switzerland using both FEC and
slaughter examination of worm burdens posttreatment, and
found that commonly used mathematical techniques failed to
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detect low anthelmintic efficacy. However, the single herd and
simulation models used in those European studies may not be
representative of the general population of commercial sheep
and goats elsewhere, such as in temperate continental climates
where different FECRT calculation methods for defining AR
have not been previously examined.

The objective of this study was to compare the FECR
percentages and AR classifications obtained using five differ-
ent formulae, for resistance to ivermectin, fenbendazole, and
levamisole among a typical group of commercial farms in a
temperate continental climate.

Materials and methods

Farm selection, drench check, and fecal egg count reduction
test

Full details of the farm selection and FECRT have been
described in Falzon et al. (2013) and are summarized in
Fig. 1. In brief, 47 sheep flocks across south-western
Ontario, Canada, were enrolled over 2 years (in 2010 and
2011) in a study to determine the frequency of AR in
Ontario sheep flocks. To be included in the study, farms had
to: (i) have a minimum of 30 eligible animals in their first
grazing season and (ii) keep the eligible animals on pasture for
at least 3 months during the grazing season. Eligible animals
included lambs (<6 months) or yearling ewes.

Producers participating in the study were asked to sub-
mit fecal samples from 15 eligible animals, and these were
processed using a modified McMaster technique described
by the Ministry of Agriculture, Fisheries and Food (1986)
with a minimum limit of detection of 50 GIN eggs per gram
(epg). If the mean FEC was >200 epg, the producers were
asked to treat their eligible animals with ivermectin drench
provided by the researchers; no instructions on how to treat
or what dosage to use were provided, with the purpose that
producers would treat as they customarily did. Fourteen
days after treatment, the producers collected fecal samples
from 15 of the treated eligible animals used in this drench
check procedure and sent them to the laboratory for pro-
cessing. The reduction in FECs was determined as:
100 % ((arithmetic mean FEC before treatment—arithmetic
mean FEC after treatment) / arithmetic mean FEC before
treatment); a reduction of <95% was considered drench
failure and suggestive of AR.

A FECRT for ivermectin (0.2 mg/kg), fenbendazole
(5.0 mg/kg), and levamisole (10.5 mg/kg) was conducted by
the research team on 29, 20, and 17 farms that had ivermectin
drench failure, respectively. Fenbendazole and levamisole
were tested on fewer farms due to a limited number of eligible
animals on some farms meeting the inclusion criteria. A mean
of 28 days (range=21-35 days) elapsed between ivermectin
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Fig. 1 A schematic diagram of
the study design to determine the
prevalence of anthelmintic
resistance in south-western
Ontario sheep flocks in 2010—
2011 (as described in Falzon et al.
2013)

47 sheep flocks in south-
western Ontario
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treatment for the drench check and the first visit for the
FECRT. Ten to fifteen eligible animals (depending on
the number available) were included in each treatment
group, and fecal samples were collected on the day of
treatment and 14 days later. On each farm, 10-15 eli-
gible animals were also left untreated and acted as a
control group. All eligible animals enrolled in the study
were grazed together. This study was approved by the
Animal Care Committee (protocol number 09R056) and
the Research Ethics Board (protocol number 09 DC005)
at the University of Guelph.

Fecal egg count reduction calculations

Five different FECR calculations were conducted using SAS”
9.3 (SAS Institute Inc., Cary, NC, USA). As three calculations
(FECR;, FECR,, and FECR5) required the addition of a bias
correction term (BCT) to allow for the computation of the
mean and/or confidence intervals (CIs) (due to the presence of
zero values), a BCT was used in all five methods to facilitate
the comparison of results. Specifically, a 25 was added to all
the zeroes; this value is half of the minimum detection limit of

the diagnostic test used in this study (50 epg). The FECR
calculations were computed as follows:

rrcw, - 100 (-2 [<2) o

where 71 and 72 were pre- and posttreatment arithmetic
means of the GIN epg in treated groups, respectively, and
C1 and C2 were pre- and posttreatment arithmetic means of
the epg in the controls (i.e., untreated animals), respectively
(Dash et al. 1988).

FECR, = 100 x (1—{%] {%D (2)

where 71 and 72 were pre- and posttreatment geometric
means of the epg in treated groups, respectively, and C1 and
C2 were pre- and posttreatment geometric means of the epg in
the controls, respectively (Presidente 1985).

For FECR;, the 95% CIs were estimated following the
general approach described for standard errors of odds ratios
and risk ratios (Kahn and Sempos 1989), while adjusting for
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the possible correlation between fecal samples collected be-
fore and after treatment from the same animal (Mood et al.
1974). A BCT was required for the computation of the Cls, as

variances and ratios are undefined when there are zeroes in the
data, as shown in the following formulae used.

Lower 95% limit = {1-[(72/T1)(C1/C2)]x exp[V(COVAR_C + COVAR_T) x 1.96] } 100 (3)

Upper 95% limit = {1-[(72/T1)(C1/C2)]/exp[V(COVAR_C + COVAR_T)x 1.96] } x100 (4)

where COVAR_C (i.e., covariance between the pre- and post-
treatment FECs of untreated sheep on a given farm) was
calculated as:

1 1

2xR_C
COVAR_C = + -

(C1+025) ' (C2+0.25) \/([C1+0.25] x [C2 + 0.25))
(5)

and COVAR T (i.e., covariance between 71 and 72 on a
given farm) was calculated as:

L B 2xR_T
(T1+0.25) ' (T2+025) /([T1+0.25] x [T2 + 0.25))

(6)

COVAR_T =

where R_C and R_T were the correlations between pre- and
posttreatment FECs of the untreated and treated animals,
respectively.

For FECR,, the 95% CIs were computed as follows:

Lower 95% limit = { 1-exp[In(C1)-In(C2) — In(T'1) + In(72) + V(COVAR_C + COVAR_T)x 1.96] } x100 (7)
Upper 95% limit = {1—exp[In(C1) — In(C2) — In(7'1) + In(72)~(¥(COVAR_C + COVAR_T)x 1.96] } <100 (8)
FECR3 = 100 x (1[%]) (9)  Lower 95% limit = 100 x [1-(T2/T1)x exp(1.96 x SD_FECR, )|

where 71 and 72 were pre- and posttreatment arithmetic
means of the GIN epg in treated groups (McKenna
2006).

The 95% Cls were calculated using the general approach
for simple ratios (Kahn and Sempos 1989), while adjusting for
the correlation between pre- and posttreatment fecal samples
from the same animal (Mood et al. 1974):

(10)

Upper 95% limit = 100 x [1=(T2/T1)* exp(~1.96 x SD_FECR,)]
(11)

where SD_FECR; (i.e., the standard deviation of the FECR
percentage) was calculated as:

SD_FECR,= Sqrt[(SD_T2?/7T2* + SD_T1?/T1* — 2R_Tx SD_T2x SD_T1/T2/T1)/N] (12)

where SD_T1 and SD_T2 were the standard deviations of the
arithmetic mean pre- and posttreatment FECs, respectively,
and R_T was the correlation between pre- and posttreatment
FECs. N was the number of animals in each treatment group.

FECR, = 100 x (1—{3]) (13)
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where 72 and C2 were the posttreatment arithmetic means of
epg in the treated and control groups, respectively. Ninety-five
percent ClIs were estimated as:

™ {£1.96\r%}
%Cl =1 1-|—
95% C 00 x ( {CJ
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where ¥? was the variance of the difference between 72 and
C2 (Coles et al. 1992).

FECRs was calculated by building a GLMM, as
described by Mejia et al. (2003). The GLMM was fit
using PROC MIXED (SAS 9.3"), with the natural log-
arithm of the posttreatment FEC as the response vari-
able. The dependence of the data was modeled by a
fixed effect for farm (to obtain a coefficient for each
farm) and a random slope parameter at the treatment
level (due to different variances between treatment
groups) (Littell et al. 1996). While accounting for the
treatment random effect, each fixed effect variable was
examined on its own to screen for variables to start the
modeling process. Screened variables included the natu-
ral logarithm of the pretreatment FEC, animal weight,
farm, treatment (control, ivermectin, fenbendazole, and
levamisole), and year of study (first and second). Given
the relatively small sample size, a liberal alpha value of
<0.20 was used to indicate which terms to initially
include in the model. The linearity of continuous vari-
ables was assessed graphically by plotting lowess
smoother curves and by including a quadratic term in
the model, as described by Dohoo et al. (2009).

A final GLMM was built using a manual backwards
stepwise procedure, by first including all variables that
were significant in the univariable analyses (p<0.20).
After the main effects model was built (»p<0.05), predic-
tors of interest that were not significant in the univariable
analysis were forced into the model to assess potential
confounding and conditional effects. All possible two-
way interactions between significant predictors were tested.
The model assumptions were assessed by plotting resid-
uals against the predicted outcomes and explanatory vari-
ables, to look for homoscedasticity, nonlinearity, and out-
liers. Normality was visually assessed with histograms of
the residuals and normal quantile plots, and assessed sta-
tistically using four different tests offered by SAS
(Shapiro—Wilk, Kolmogorov—Smirnov, Cramer—von Mises,
and Anderson—Darling). Observations that were identified
as outliers or influential were cross-checked with the orig-
inal data sheets for any abnormality in the data to explain
their behavior. The model was repeated without those
observations, and differences in model estimates were
noted. The predicted posttreatment FECs were back-
transformed using the exponential function (equivalent to
geometric means), and the FEC means were then used to
calculate the FECR and 95% CI following the same
method described for FECR, (Coles et al. 1992).

For all treatment groups, and for all FECR calculation
methods, farms were classified as resistant when the reduction
was <95% and the lower 95% CI was <90%; if only one of
these two criteria was met, the farm was classified as being
suspected of resistance (Coles et al. 1992).

Comparison of data from fecal egg count reduction
calculation methods

To calculate the Kappa values between the five different
FECR methods, results were first categorized into ordinal
variables (O=susceptible; 1=suspected resistance; 2=resis-
tance). A weighted Kappa was calculated using Stata 12.1"
(StataCorp LP, Texas, USA); the weighted Kappa better ac-
counts for partial agreement between tests, compared with the
nonweighted Kappa (Dohoo et al. 2009). Kappa values were
then interpreted using the scale described by Dohoo et al.
(2009), where values <0.0, or between 0.01 and 0.20, 0.21
and 0.40, 0.41 and 0.60, 0.61 and 0.80, and 0.81 and 1.00,
were considered indicative of poor, slight, fair, moderate,
substantial, and almost perfect agreement, respectively.

To determine whether the addition of a BCT was influential
on the FECR percentages, we calculated FECR; and FECR4
(which did not require a BCT for computation of the mean
and/or Cls) without addition of the BCT, and re-computed the
Kappa values between the calculated methods. Table 1 sum-
marizes all the abbreviations used in the paper.

Results
Descriptive results of different FECR calculation methods

Results of the ivermectin, fenbendazole, and levamisole FECR
percentages and 95% Cls, using the five different FECR
methods are shown in Tables 2, 3, and 4, respectively. The
FECR; percentage could not be calculated for two farms (farms
9 and 28), as no animal weight data were available for the
control animals, and the weight variable was required in the
GLMM estimate. Among the different calculation methods, the
percentage of FECR tested farms classified as resistant to
ivermectin, fenbendazole, and levamisole ranged between 93
and 97 %, 88 and 100 %, and 24 and 35 %, respectively.

For FECRs, the final model of the natural logarithm of
posttreatment FECs (Table 5) met the assumptions of both
homoscedasticity and normality; however, residual analy-
ses revealed two major outliers. The model was rerun
without these observations, but this smaller number of
observations did not change the final fit of the model, and
there was no reason to omit the observations; hence, the
outliers were retained in the final model. The significant
variables in the final model included: farm, treatment
group, natural logarithm of the pretreatment FECs
(Lbefore), and animal weight (as a quadratic function).
Also included were the interaction variables Lbefore x farm;
Lbefore x treatment; Lbefore xweight; treatment x farm;
treatment x weight; and farm x weight. Higher posttreatment
FECs were associated with higher pretreatment FECs and
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Table 1  List of the abbreviations used in the paper

Abbreviation Full term

AR Anthelmintic resistance

BCT Bias correction term

Cl Mean of gastrointestinal nematode egg counts in control
(i.e., untreated) group at day 0

2 Mean of gastrointestinal nematode egg counts in control
(i.e., untreated) group at day 14

CI Confidence interval

COVAR _C  Covariance between the pre- and posttreatment fecal egg

counts of untreated sheep on a given farm

COVAR T  Covariance between the pre- and posttreatment fecal egg
counts of treated sheep on a given farm

EXP Exponentiated

FEC Fecal egg count

FECR Fecal egg count reduction

FECRT Fecal egg count reduction test

GIN Gastrointestinal nematode

GLMM Generalized linear mixed model

N Number of animals in the treatment group

R C Correlation between pre- and posttreatment fecal egg
counts from the untreated animals

RT Correlation between pre- and posttreatment fecal
egg counts from the treated animals

SD FECR  Standard deviation of the fecal egg count reduction
percentage

SD Tl Standard deviation of the mean pretreatment fecal egg
counts

SD T2 Standard deviation of the mean posttreatment fecal egg
counts

T1 Mean of gastrointestinal nematode egg counts in treated
group at day O (pretreatment)

2 Mean of gastrointestinal nematode egg counts in treated
group at day 14 (posttreatment)

WAAVP World Association for the Advancement of Veterinary
Parasitology

Y? Variance of the difference between mean posttreatment

FECs and mean control group FECs at day 14

fenbendazole treatment (compared with the control group),
but lower animal weights, although these main effects were
modified by their respective interaction variables. The final
model of the natural logarithm of posttreatment FECs ex-
plained 77 % of the variation in the outcome when taking
into account both fixed and random effects.

Agreement between farm resistance status based on different
FECR calculation methods

The Kappa values and categories of agreement (beyond that
due to chance alone) between the farm resistance status ob-
tained with the five FECR calculation methods for ivermectin,
fenbendazole, and levamisole are shown in Table 6. The
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Kappa values and categories of agreement varied depending
on which FECR calculation methods were compared, and
which anthelmintic treatment group was being assessed.

For ivermectin resistance status, agreement among calcu-
lation methods (beyond that due to chance) ranged from
moderate (e.g., between FECR; and FECRs, and between
FECR,, and FECR3) to almost perfect (e.g., between FECR,
and FECR;). The overall mean Kappa values for FECR; and
FECR, (the logistically easier methods and simpler formulae)
when comparing them with the other FECR methods, were
0.52 (moderate) and 0.66 (substantial), respectively, whereas
the mean Kappa values when comparing them with only
FECR, and FECR, were 0.48 (moderate) and 0.66 (substan-
tial), respectively.

Kappa values for fenbendazole treatment could not be
computed for FECR; and FECRj, as there was no variation
in the classification (i.e., all farms were classified as
fenbendazole resistant using these two FECR calculation
methods).

For levamisole resistance status, agreement among calcu-
lation methods (beyond that due to chance alone) ranged from
fair (e.g., between FECR, and FECRj;, and FECR, and
FECR,) to almost perfect (e.g., between FECR; and
FECR5). The overall mean Kappa value for both FECR; and
FECR,, when comparing them with all other FECR methods,
was 0.72 (substantial), whereas the mean Kappa value when
comparing them with only FECR; and FECR, was 0.54
(moderate).

When FECR; and FECR, were re-computed without a
BCT, the farm classifications for resistance changed some-
what for levamisole, leading to different Kappa values (see
Table 7), whereas the AR classifications for ivermectin and
fenbendazole did not change, leading to identical Kappa
values as those in Table 6. Farms 25 and 26 were classified
as resistant by FECR3 and FECR4 when a BCT was added, in
agreement with FECR,, FECR,, and FECR;5 (Table 4), but
they were classified as susceptible when no BCT was added.
Consequently, the Kappa values between all pair-wise com-
binations including either FECR; or FECR, decreased with no
BCT. The overall mean Kappa values of FECR; and FECR,,
when comparing them with all other FECR methods, were
0.35 (fair) and 0.29 (fair), respectively. The mean Kappa
values when comparing them with only FECR; and FECR,
were 0.01 (slight) and 0.07 (slight), respectively (Table 7).
Overall, FECR4 showed the highest agreement with all the
other FECR methods, particularly when levels of resistance
were low and a BCT was used.

Discussion

The results of this study lend some support to the view that
different methods of calculating FECR (based on different
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Table 2 Fecal egg count reduction (FECR) percentages (with 95% confidence intervals) and anthelmintic resistance status, following ivermectin
treatment on 29 sheep farms in south-western Ontario, Canada (2010 and 2011) calculated using five different FECR formulae

Farm FECR, FECR, FECR; FECR, FECRs
1 37.5(34.510405) R —53.7(-61.8to0 R 73.5(60.6to 82.2) R 76.1(-13.0t095.0) R 62.7 (62.5 to 62.9) R
~45.9)
60.4 (58.0t062.7) R 85.1(843t085.9) R 70.4 (17.9 to 89.3) R 280(-975t073.8) R 912 (911 to 91.3) SR
460 (31.7t057.3) R 62.5(54.11069.4) R —26.9(-1,189.1t087.5) R 932 (-1,0769t0 R 23.6 (22.6 to 24.6) R
68.3)
4 285(2521031.7) R 454 (41.7t048.9) R 39.1 (0.1 to 62.8) R 287(421t0643) R 412(41.1t041.3) R
5 ~257(-353t0 R 193(1241025.7) R 257 (0.9 to 45.3) R —86(-8781372) R —152(-153t0o-15.0) R
-16.7)
6 725 (70410 744) R 8.7 (-17.4 to R —21.1(-1058t028.7) R 592(263t077.4) R —40.1 (-40.2 to —40.0) R
-0.5)
7 113(7210152) R ~7.0(-11.5t0 R —212(-586t74) R —1552(-5654t0 R —1034.2(-1,041.1to R
-2.7) 2.1) ~1,027.4)
8 ~20.5(242t0 R —35(70t0—-02) R —41.8(-13131t013.0) R -23.0(-1749t0 R 52.8(52.7 to 52.9) R
-16.9) 45.0)
9 188 (12.0t025.1) R 18.1(10.7t025.0) R —22.3(-124010332) R 539(3.0t0794) R nla
10 83.1(79.0t086.5) R 52.9(39210634) R 65.3 (48.2t0 76.7) R 909(52210983) R 542 (53.61t054.9) R
11 635(608t066.1) R 77.9(76.61079.2) R 61.7 (30.1 to 79.0) R 748(4841087.7) R 847 (84.6 to 84.8) R
12 470 (4441049.6) R 41.1(392t042.8) R 33.0(214t063.1) R 19.6(-852t065.1) R 46.6 (46.5 to 46.7) R
13 —05(99t81) R 64.7(62.0t067.2) R 39.6(-448t0748) R 564(-265t085.0) R 68.6(68.5to 68.7) R
14 45.7(4241t0488) R 309(26410352) R 71.7(30.9 to 88.4) R 545(-718t087.9) R 42.4(42.2t042.7) R
15 -70(-118t0 R 33.0(30.7t0352) R 41.0(19.6 to 56.6) R -256(-1739t0 R 56.6(56.5t0 56.7) R
-2.5) 42.4)
16  97.7(97.1t10983) S 96.0 (94.7t097.0) S 96.0 (89.6 to 98.5) SR 95.1(86.5t098.2) SR 93.7 (93.6 to 93.8) SR
17 77(-158t0264) R —24(-289t018.6) R —804.3 (-1,8493t0 R —22.7(-1100to0 R -43.13(43.17t0-43.09) R
-319.6) 28.1)
18 613(59.9t062.6) R 75.8(75.0t076.6) R —40.2(-168910269) R 54.1(-5431086.3) R  68.1 (68.0 to 68.2) R
19  398(37.5t041.9) R 13.0(113t014.6) R 35(-1065t0549) R —43(-12661052.0) R —27.2(-27.3 to —27.1) R
20 441 (41.11047.0) R 47.2(45.61048.7) R —450(-133.0109.8) R 46.4(-104.8t086.0) R  65.7 (65.6 to 65.8) R
21 84.8(83.41086.0) R 61.7 (58410648 R 79.4 (56.6 0 90.2) R 668(89t089.9) R -2.6(-3.8t0—14) R
22 572(55.610587) R 56.1(54.01058.2) R 183 (22410455 R 69.4(-33.71093.0) R 585 (58.1 to 58.9) R
23 81.5(79.910829) R 60.2 (57510 62.6) R 57.6 (13.0 to 79.3) R 804(58410908) R 67.1(67.01t067.2) R
24 558(50.51060.5) R 36.9(309t042.4) R 148 (-18.710389) R -7.5(-177410583) R —13.4(-14.210-12.6) R
25  869(79.6t091.6) R 459 (17.8t0o64.4) R 959 (81.3 to 99.1) SR 612(18t0847) R 20.5(18.9 t022.0) R
26 788(72410837) R -234(-555t0 R 865 (35.61097.2) R —470(3313tc R —382(-40.1 to -36.4) R
2.03) 49.9)
27 261 (2421028.0) R 53.5(5231054.7) R 8.4 (-65.1t049.2) R 43(-150.6t0634) R 49.81 (49.80 to 49.82) R
28 160 (11410203) R 9.0(@43t013.5) R 37.7(18.9t0 52.1) R 353(0.1t582 R na
29 512(49.110532) R 69.6 (6841070.6) R 55.8 (17.1 to 76.4) R 553(-02t080.0) R 81.7(81.6t081.8) R
Mean 43.1 36.5 1.8 24.9 3.1

FECR percentages indicating susceptible or suspected of resistance status are set in bold. Note: FECR; and FECR, used pre- and post-treatment Fecal
Egg Counts (FECs) from both treated and untreated animals, but FECR; used arithmetic means while FECR, used geometric means. FECR; was
calculated using arithmetic means for pre- and post-treatment FECs from treated animals. FECR, was calculated using arithmetic means for post-
treatment FECs from treated and untreated animals, while FECRs was calculated using FEC estimates from a General Linear Mixed Model. n/a=it was
not possible to compute the predicted fecal egg counts for this farm since weight information for the control animals was not collected. R=resistance;

SR=suspected of resistance; S=susceptible. Minus sign (

formulae, and/or based on whether a BCT was added or not)
may lead to different classifications of a farm’s AR status, at
least where low levels of resistance are present. Despite the
different classifications produced by the different calculation
methods, the FECR4 method appeared to have empirical
advantages within this study population, adding to the
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conceptual and practical reasons for small ruminant clinicians
to consider using it when conducting FECRTs on farms, as
explained below. Moreover, this manuscript is novel in that it
analyzes typical commercial flock data in a temperate conti-
nental climate; therefore this evidence may be particularly
relevant to clients of small ruminant clinicians in similar
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Table 3  Fecal egg count reduction (FECR) percentages (with 95% confidence intervals), and anthelmintic resistance status, following fenbendazole
treatment on 20 sheep farms in south-western Ontario, Canada (2010 and 2011), calculated using five different FECR formulae*

Farm FECR, FECR, FECR; FECR, FECR;
1 —20.6 (-27.5 to R —309.3 (-343.6 to R 489(37.2t0583) R 96.6 (74.2 to 99.6) SR 93.4(9331093.5) SR
-14.1) -277.7)
3 23.6(-2.6t0432) R 22.6(-2.1t0 41.3) R -79.5(-256.5t09.6) R 462(-33.6t0783) R -3.7(-42t0-32) R
4 81.9 (80.0t0 83.5) R 84.4(82.9 to 85.8) R 84.5(75.7t090.1) R 78.0(58.3 to 88.4) R 820(819t082.1) R
8 272 (24.61029.7) R 68.2(67.11069.2) R 143 (-54.610525) R 0.1 (-115.6t0 53.7) R 495(49410496) R
9 125(5410190) R —137.5(-157.6 to R -31.8(-1144to R 340(2441t0650) R n/
-119.0) 19.0)
10  842(825t0857) R 30.2(20.8to 38.5) R 674(51.6t078.0) R 725(-57410952) R 164(155t0173) R
11 3.4 (0.3 to 6.4) R —51.9(-5841t0-458) R -1.5(-71.5t040.0) R -14.3 (-119.5t040.5) R 417 (41.6t041.8) R
12 653 (63.8t1066.8) R 59.8 (5820 61.4) R 56.1(16.1t077.0) R -22.4(-192.7t0488) R 254(25310255) R
13 81.1(785t083.5) R 91.1(89.7 to 92.3) SR 88.6(79.5t093.7) R 92.0 (75.1 t0 97.4) R 91.0(909t091.1) SR
16  732(6941t076.6) R 66.1(60.2t071.2) R 51.8(341t0647) R 90.2(78.7 to 95.5) R 86.1(86.0t0862) R
18  79.9(79.1t080.5) R 67.1 (65.8 to 68.4) R 27.1(50t044.0) R 78.0(49.7 to 90.4) R 751(750t0752) R
20 764(752t0775) R 654 (64.3 to 66.5) R 387(25.1t049.8) R 70.8 (-5.6 t0 92.0) R 61.0(609t061.1) R
21 185(7210283) R 48.5(42.51053.9) R -10.2 (-548.6 to R 547 (-1312t091.1) R 36.6(357t375) R
813
23 89.7(89.0t090.4) R 91.0 (90.4 to 91.6) SR 76.6 (5)2.7 t088.4) R 79.3 (52.6t0 91.0) R 83.8(83.7t0839) R
24 73.0(67.7t077.5) R 583 (49.2 to 65.8) R 48.1(-07t073.2) R 80.9 (27.1 to 95.0) R 755(75.1t0758) R
25  238(1.8t0409) R 37.8(22.7t049.9) R 758(47.7t088.8) R —2602(-1,5794t0 R —56.6 (-58.9 to R
22.7) —54.4)
26 182 (-6.11036.9) R —61.9(-112.0t0 —23.6) R 48.1(-19.0t077.3) R -18.1(-260.4t061.3) R -18(-3.1t040.1) R
27 444 (43210455) R 52.1(50.8to 53.3) R 31.0(53t049.8) R 276(-885t722) R 400(39.9t040.1) R
28 66.1(63.7t0685) R 71.0(68.5t073.2) R 749(59.8t0843) R 60.2(33.5t076.2) R n
29 -96(-13.0t0-62) R —-72.7(-783t0—673) R 09 (-77.7t0447) R 235(-639t0643) R 593(592t0594) R
Mean 45.6 14.0 355 335 475

FECR percentages indicating susceptible or suspected of resistance status are set in bold. *See Table 2 for description of different FECR methods. n/a=
it was not possible to compute the predicted fecal egg counts for this farm since weight information for the control animals was not collected. R=
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resistance; SR=suspected of resistance. Minus sign (

climates. We also describe a formula to calculate the 95% CI for
FECR,, FECR;, and FECRj;, using asymptotic approximation,
that takes into account the correlation between pre- and post-
treatment fecal samples collected from the same animals.

In the work described here, for both the ivermectin and
fenbendazole treatment groups, almost all FECR tested farms
(93 to 97% and 88 to 100% of the farms, respectively) were
classified as having AR, regardless of the FECR calculation
used (Tables 2 and 3). Moreover, the addition of a BCT to
FECR; and FECRy did not influence the farm classification
resistance status for these two calculation methods. By con-
trast, the levamisole FECR percentages obtained with the
different calculation methods showed greater heterogeneity,
compared with the other two anthelmintic treatment groups.
The reason for this heterogeneity in FECR percentages could
partly be explained by the overall low levels of levamisole
resistance present in the studied sheep flocks, which led to a
clustering of results and consequent right skewness of the
posttreatment data, as suggested by Levecke et al. (2012a).
Greater heterogeneity of FECR results for levamisole was
observed for farms 25 and 26 specifically, where ewe lambs

@ Springer
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in their first grazing season were used for the FECRT; young
lambs could not be used as they were kept indoors during their
first summer because of predator concerns. Consequently,
many of these ewe lambs were heavier (50-80 kg) than the
lambs on other farms in the study (1045 kg). It has been
hypothesized that heavier animals may carry more resistant
parasites because they are more likely to be underdosed,
which in turn may accelerate the development of resistance
on farms (Sutherland and Scott 2010). However, all animals in
our study were weighed individually prior to treatment to
remove the risk of underdosing. Furthermore, the FECR 5 meth-
od took into account the animals’ weights in the model (weight
included as a confounder), which influenced the overall esti-
mate provided by the GLMM. As indicated in Table 5, weight
was negatively correlated with the FECR percentage; lower
FECR percentages were estimated for the heavier animals.
The addition of a BCT when using either FECR; or FECR4
influenced the classification of two farms’ levamisole resis-
tance status (farms 25 and 26), and the overall agreement
between the FECR methods improved when a BCT was
added. A BCT of 25 was chosen as the McMaster technique
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Table 4 Fecal egg count reduction (FECR) percentages (with 95% confidence intervals) and anthelmintic resistance status, following levamisole
treatment on 17 sheep farms in south-western Ontario, Canada (2010 and 2011), calculated using five different FECR formulae*

Farm  FECR, FECR, FECR; FECR, FECR;
1 948 (922t 96.5) SR —21.0(-79.6t018.5) R  97.8(919t0994) S  993(97.01099.8) S  952(95.1t095.3) S
4 984 (97.61098.9) S  98.0(97.0t098.6) S  986(979t099.1) S  982(97.310989) S  97.2(97.1t097.3) S
8 99.7(99.5t099.8) S 99.6(99.41099.7) S  99.7(99.5t099.8) S  99.7(99.51099.8) S  99.4 (99.3t099.5) S
9 975(96.5t0982) S  925(89.2t0948) R  963(939t0977) S 992 (985t99.5) S nha

10 93.8(91.9t0952) SR 758(67.9t081.8) R 871(767t0929) R 92.0(57.9t098.5) R  59.0 (58.7t059.4) R
11 99.4(9921099.6) S 99.1(98.7t099.4) S 994989t 99.7) S  99.5(99.31099.7) S  99.3 (99.2t0 99.4) S
12 99.7(99.6t099.8) S 99.3(98.9t099.5) S  99.6(9941099.8) S 993 (98.71099.6) S  98.5(98.41t098.6) S
13 972(9641t0978) S  94.8(93.4t0960) SR 983(97.7t0988) S 969 (92110988) S  952(95.1t0953) S
16 985(97.8t099.0) S  949(924t0966) R  97.3(94.6t098.7) S  97.8(957t0989) S  958(95.7t095.9) S
18 99.9 (99.87t099.94) S 99.7(99.6t099.8) S 99.7(99.4t099.8) S  99.7(99.41099.8) S  99.0 (98.9t099.1) S
20 99.8(99.7t099.9) S 99.1(98.6t0994) S  995(99.0t099.7) S  99.5(985t099.8) S  98.3(98.2t0984) S
23 99.7(99.5t099.8) S 99.1(98.7t099.3) S 992(979t099.7) S 994 (9891099.6) S  98.2(98.1t098.3) S
25 755(60.8t0847) R  9.4(-426t0424) R  922(56.1t098.6) R 681 (20.6t087.2) R 314 (30.6t0324) R
26 889 (824t093.0) R 557(304t071.8) R  929(799t97.5) R 77.1(46.0t090.3) R  60.5 (60.1t0o 61.0) R
27 984 (98.11098.6) S  993(99.210994) S  98.0(832t099.8) SR 96.5(78.2t099.4) SR 98.9 (98.8t099.0) S
28 91.6(90.4t0 92.7) SR 983(98.0t0985) S 93.8(663t0989) R 924(561t098.7) R nh

29 993(99.01099.5) S  97.7(9.610984) S  993(987t099.7) S  99.4(99.11099.6) S  99.2(99.1t099.3) S
Mean 96.0 81.8 97.0 94.9 88.0

FECR percentages indicating resistance or suspected of resistance status are set in bold. *See Table 2 for description of different FECR methods. n/a=it

was not possible to compute the predicted fecal egg counts for this farm since weight information for the control animals was not collected. R=resistance;
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SR=suspected of resistance; S=susceptible. Minus sign (

used had a minimum detection limit of 50 epg. More sensitive
diagnostic tests have been described in the literature, such as
the FECPAK (detection limit=10 epg) or the FLOTAC tech-
nique (detection limit=1-2 epg) (El-Abdellati et al. 2010).
However, these techniques are either more expensive, more
labor intensive, and/or require additional training or equip-
ment, which has so far limited their uptake and application.
Moreover, recent work by Levecke et al. (2012b) showed that
when the FECs are low and the drug efficacy is high, the
anthelmintic efficacy is likely to be underestimated, regardless
of the sensitivity of the test.

Overall, the FECR results obtained for the three different
treatment groups are in agreement with Miller et al. (2006),
who suggested that the FECRT is effective at diagnosing
resistance when AR is present at high levels but is more
variable when the drug efficacy ranges around 90-95%, as
was the case for levamisole observed here. Higher variability
was particularly evident between FECR calculation methods
for levamisole resistance when many FECs of 0 epg were
present in the pretreatment FECs, likely leading to underesti-
mates of overall treatment efficacy (Dobson et al. 2009).

Use of the simpler formulae (i.e., inclusion of pre- and
posttreatment data from treated animals only [FECR;], or
inclusion of only posttreatment data from treated and control
animals [FECR4]) seemed not to be very influential on the
FECR percentages, regardless of the level of resistance, as

) in front of a number indicates that the FEC increased after treatment

demonstrated by their moderate to substantial Kappa values
with FECR; and FECR,, respectively. These results are in
agreement with a study by McKenna (2006), which reported
that different FECR formulae (using only arithmetic means)
detected a similar number of cases of AR, and therefore
suggested that the simpler formulae could be a suitable alter-
native to the more complex formulae which require dual
samples from both treated and untreated animals.

The timeliness and relevance of our results are indicated by
the recent literature published on the topic (Denwood et al.
2010; Levecke et al. 2011; Dobson et al. 2012; McKenna
2013), highlighting the urgency to reach a consensus as to
which calculation method should be used. Shortly after the
World Association for the Advancement of Veterinary
Parasitology (WAAVP) endorsed FECR, as the standardized
method of calculation (Coles et al. 1992), a second set of
WAAVP-endorsed guidelines, recommending the use of geo-
metric means, were published by Wood et al. (1995). The
latter guidelines were criticized by McKenna (1997) and Van
Wyk and Groeneveld (1997), and since that time there has
been an ongoing discussion as to which method is more
appropriate (Denwood et al. 2010; Dobson et al. 2012).

Given the dramatic rise and spread of AR reported in
recent years (Papadopoulos et al. 2012; Torres-Acosta
et al. 2012), regular AR monitoring is fundamental to
slow the further development of AR (Abbott et al.
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Table 5  General linear mixed model for the natural logarithm of the posttreatment fecal egg counts (eggs per gram) for 29 sheep farms in south-

western Ontario, Canada (2010 and 2011)

Estimate (95% CI) F value Z value P value
Fixed effects
Intercept 8.069 (5.989 to 10.148) 7.61 <0.001
Lbefore 0.298 (0.113 to 0.482) 7.39 0.007
Weight —0.165 (—0.232 to —0.097) 17.18 <0.001
Weight x weight 0.001 (0.0004 to 0.0015) 11.32 0.001
Treatment 3.77 0.010
Control Reference
Ivermectin —0.244 (—1.887 to 1.399)
Fenbendazole 2.750 (0.956 to 4.544)
Levamisole —0.148 (—1.672 to 1.377)
Farm ) 4.90 <0.001
Lbefore x weight 0.005 (0.001 to 0.010) 5.60 0.002
Lbefore x treatment L H 58.52 <0.001
Lbefore x farm ) 4.40 <0.001
Weight x treatment ) 8.50 <0.001
Weightx farm b 1.79 0.007
Farm x treatment (b 4.23 <0.001
Random effects

Treatment—control 1.459 (1.246 to 1.733) 11.90 <0.001
Treatment—ivermectin 1.444 (1.240 to 1.705) 12.32 <0.001
Treatment—fenbendazole 1.453 (1.222 to 1.757) 10.81 <0.001
Treatment—levamisole 0.187 (0.151 to 0.238) 8.59 <0.001

CI confidence interval, Lbefore natural logarithm of the pretreatment fecal egg counts (eggs per gram)

a These coefficients are not reported in the table as a separate coefficient was provided for each of the 29 farms included in the model

b When interpreting these variables, there is not just one coefficient to consider because these variables are involved in interactions and are categorical.
The total effect for each variable is the combination of the relevant coefficients for the main effects and the interacting categories

2009). Thus, the FECRT must be as accessible and
straightforward as possible to facilitate its inclusion
within routine flock health checks and to improve sur-
veillance for the development of AR. From a practical
point of view, and based on results from this study, we
recommend the re-introduction of FECR,4 as the stan-
dardized method used by clinicians for several empiri-
cal, practical, and conceptual reasons. Firstly, this meth-
od showed the best overall agreement with other FECR
calculations when a BCT was added (substantial agree-
ment for both ivermectin and levamisole). Since this
method does not require the inclusion of pretreatment
FECs, it is less laborious (El-Abdellati et al. 2010) and
more acceptable to sheep producers (McKenna 2006),
facilitating its implementation by small ruminant clini-
cians. Moreover, inclusion of the control group makes
FECR, conceptually less likely to be prone to selection
bias, for the same reasons we include a control group in
a randomized controlled trial. The random allocation to
treatment and control groups usually leads to very sim-
ilar groups of animals, except that one group is getting

@ Springer

a treatment, thus reducing selection bias, information
bias, and confounding bias (Dohoo et al. 2009).
Conversely, inclusion of pretreatment FECs in the
FECRj; calculation method would only reduce informa-
tion bias and confounding bias (i.e., the animals are
acting as their own controls, with likely similar mea-
surement errors and confounders before and after test-
ing), but not reduce selection bias.

From a research point of view, however, FECR; and
FECR,; are better options since they combine all the following
advantages: (i) the use of both treated and control groups; (ii)
random allocation of animals to these groups; and (iii) the use
of baseline and posttreatment FECs. Together, these FECR
components allow researchers to see the temporal changes in
FECs on farms in untreated and treated animals, making it
possible to confirm that any changes observed in the treated
animals are in fact due to the treatment, as recommended by
Torgerson et al. (2005).

Different CIs are described for FECR; and FECR,,
compared with FECRj3, as the former calculation methods
require an odds ratio approach while the latter method
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Table 6 Weighted Kappa values (and Standard Error) for the
agreement between the farm resistance statuses, based on five different
methods for calculating fecal egg count reduction (FECR) percentages
following (a) ivermectin, (b) fenbendazole and (c) levamisole treatment
for 29, 20 and 17 sheep farms, respectively, in south-western Ontario,
Canada (2010 and 2011)

Table 7 Weighted Kappa values (and Standard Error) for the
agreement between the farm resistance statuses, based on five different
methods for calculating fecal egg count reduction (FECR) percentages
following levamisole treatment on 17 sheep farms, respectively, in south-
western Ontario, Canada (2010 and 2011), with FECR3 and FECR4
calculations not including a Bias Correction Term

FECR, FECR, FECR; FECR4 FECR, FECR, FECR; FECR4
Ivermectin Levamisole
1.00 (0.19) - - - FECR, Unchanged — - -
FE- Almost from Table 6
CR> Perfect FECR; 0.18(0.20) 0.01(0.18) - -
048(0.13) 048 (0.13) — - . .
FE- Moderate Moderate Shight Shight
CR, FECR, 022(0.19) —0.09(0.15) 0.87 (0.20) -
0.66 (0.12) 0.66 (0.12) 0.65 (0.18) - Fair Poor Almost Perfect
?;4 Substantial ~ Substantial ~Substantial FECRs Unchanged Unchanged  0.36(0.22) 0.17 (0.15)
048 (0.13)  048(0.13) 046(0.19)  0.65 (0.18) from Table 6 from Table 6 Fair Slight
1(:: 1;:{' Moderate Moderate ~ Moderate Substantial
5
Fenbendazole to-farm variances, correlation structures between pre- and
n/a - - - posttreatment FECs, and range of drug efficacies. Such
2]{5{ simulation studies could be an area for future research.

’ n/a n/a _ _ Comparisons between FECR; and FECR, produced
FE- Kappa values of 1.00 for ivermectin and 0.44 for le-
CRs vamisole, suggesting that they produced identical classi-
FE. wa _0t8.721) na a fications for the high levels of resistance to ivermectin,
CR, Poor but moderate agreement in classifications for the low

n/a 044 (024) n/a 0.64 (0.22) levels of resistance to levamisole. Therefore, we cannot
FE- Moderate Substantial say the two methods produced identical results all the
CRs time. However, we cannot say which is better because
Levamisole we do not have some gold standard measurement of
FE. &44 019 - - - GIN parasitism upon which to evaluate them. Future
CR, oderate research with a gold standard is recommended to clarify
0.67 (0.20)  034(0.22) - - whether one of these two calculation methods is

FE-  Qubstantial ~ Fair preferred.
CR; 067 (0.20) 036(022) 1.00(022) B In conc!usiop, the diffe':rent FECR. calculat'ion methods
FE-  Substantial Fair Almost evaluated in this stud?/ did not provide .cons'lstent FE(?R
CR, Perfect percentages following treatment with ivermectin,
0.79(0.23)  0.60(0.23) 0.90 (0.24)  0.90 (0.24) fenbendazole, or levamisole. The agreement in farm AR
FE-  gubstantial Moderate  Almost Almost classifications (beyond that due to chance alone) between
CRs Perfect Perfect the methods was largely influenced by: (i) the level of AR

n/a=it was not possible to compute the Kappa agreement since there was
no variation in the farm classification of fenbendazole resistance status
using FECR, and FECR; (i.e. all farms were classified as fenbendazole
resistant)

requires a straight ratio approach (Kahn and Sempos
1989). Nonetheless, both approaches are based on asymp-
totic approximation and adjust for the correlation between
pre- and posttreatment FECs from the same animal (Mood
et al. 1974). We were unable to perform simulation stud-
ies to verify the coverage of these CIs because more
information from a larger number farms would be re-
quired to inform parameters on sheep-to-sheep and farm-

and (i1) whether a BCT was used in the FECR formulae—
use of a BCT improved overall agreement between the
FECR methods, especially when low levels of resistance
were present (e.g., the levamisole group in our study). By
contrast, use of the simpler formulae (i.e., only posttreat-
ment data from treated and control animals or pre- and
posttreatment data from treated animals only) versus use
of both pre- and posttreatment data from both treated and
untreated animals, was not very influential on the agree-
ment in farm AR classifications in this study population.
Overall, FECR, showed the highest agreement with all
the other FECR methods, particularly when levels of
resistance were low and a BCT was used. We therefore
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recommend that small ruminant clinicians in temperate
continental climates use the FECR, formula described
by Coles et al. (1992), which uses posttreatment FECs
from treated and control animals, when AR levels are
suspected to be quite high or quite low, as found in our
study. This recommendation would minimize the cost and
labor associated with the FECRT, while allowing for
standardized comparisons to be made between different
farms and studies, with minimal risk for selection bias,
information bias and confounding bias. For researchers,
we recommend the use of FECR; or FECR,, because the
inclusion of both pre- and posttreatment FECs, and use of
randomly allocated animals in treatment and control
groups, makes them mathematically more likely to esti-
mate the true anthelmintic efficacy.
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