Coproscopical diagnosis of patent Fasciola hepatica infections in sheep – a comparison between standard sedimentation, FLUKEFINDER® and a combination of both
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Abstract
The liver fluke Fasciola hepatica is a highly pathogenic and zoonotic trematode with a cosmopolitan distribution. In livestock, infections may lead to significant economic losses if not diagnosed promptly and treated effectively. Particularly for small ruminants, the standard method for the detection of fluke infection is based on coproscopical methods such as the sedimentation method, which detects F. hepatica eggs in faecal samples. In this respect a recent innovative coproscopical approach to diagnose patent infections is the FLUKEFINDER® method, which relies on differential sieving before sedimentation. These two methods and a combination of both methods that allows larger amounts of faeces to be processed with the FLUKEFINDER® apparatus were compared, to assess which method is most appropriate to determine the prevalence and intensity of F. hepatica egg shedding. The methods were compared for their ability to recover eggs from ovine faecal samples containing different numbers of fluke eggs per gram (EPG) of faeces and diluting the samples further by mixing with faeces from uninfected sheep. To compare the specificity of the test procedures, positive and negative samples with a low EPG were analysed in parallel by an investigator blinded to the nature of the samples. Significant differences concerning the EPG outcome were found: The FLUKEFINDER® method demonstrated the highest EPG values (p<0.001) in the undiluted samples as well as in all mixing levels, followed by the modified FLUKEFINDER® method. The standard sedimentation showed the lowest EPG values and the highest variability between technical replicates. The precision of the FLUKEFINDER® method and the modified FLUKEFINDER® method were significantly higher than the precision of the standard sedimentation as determined by comparison of variability between technical replicates. The highest raw egg counts were detected using the modified FLUKEFINDER® method. The FLUKEFINDER® method and the combined method showed a sensitivity of 100% even at the lowest egg concentrations, whereas the sensitivity of the standard sedimentation was 98.1% for the same set of samples (i.e. one false negative sample). In a separate investigation aiming to estimate the specificity no differences were found between the three methods: all protocols showed 100% specificity and were able to correctly distinguish between truly positive and truly negative samples without any evidence of cross-contamination between positive and negative samples processed in parallel. 
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1. Introduction
The common liver fluke Fasciola hepatica is a trematode with a worldwide distribution. It is of great importance for sheep farmers and infections may result in acute to chronic disease with for example wasting and significant production losses but also acute mortality (Forbes, 2017; Hayward et al. 2021; Kahl et. al 2020; Williams, 2020; Stuen and Ersdal, 2022). Fasciolosis has a major economic impact leading to considerable financial losses in both small and large ruminants (Charlier et al. 2020). The diagnosis of patent infections is important but often challenging since egg shedding occurs intermittently (Düwel und Reisenleiter, 1990; Sargison and Scott, 2011) and the number of eggs in the faeces is generally low (e.g. considerably lower than the number of eggs shed by major gastrointestinal nematodes) and not necessarily correlated with worm burden or the degree of clinical disease. 
Reports about emerging resistance of the parasite to different flukicidal agents have increased during recent years (Moll et al. 2000; Alvarez-Sánchez et al. 2006; Mooney et al. 2009; Gordon et al. 2012; Ortiz et al. 2013; Kelley et al. 2016; Novobilský et al. 2016; Kamaludeen et al. 2019). Resistance monitoring requires accurate coproscopical methods with a high sensitivity to identify patent infections reliably and good precision to determine the trematode egg shedding intensity in eggs per gram (EPG) faeces. Precise data and high numbers of eggs observed directly under the microscope in contrast to extrapolated EPGs were shown to be highly relevant to diagnose anthelmintic resistance in parasitic gastrointestinal nematodes using faecal egg count reduction tests (FECRT) (Levecke et al. 2011; Levecke et al. 2012; Torgerson et al. 2012; Torgerson et al. 2014; Levecke et al. 2015; Levecke et al. 2018; Nielsen, 2021).
The most frequently used method for examining faecal samples for the presence of F. hepatica eggs is the conventional sedimentation method (“standard sedimentation” in the following), which is a simple and inexpensive method requiring only basic laboratory equipment (Boray, 1969). Up to 10 g of faeces are usually examined with this method. A recently established technique for F. hepatica diagnosis is the “FLUKEFINDER®” method (FLUKEFINDER® Diagnostic System, Soda Springs, Idaho, USA), which is based on differential sieving followed by a sedimentation procedure. Two g of faeces can be processed per sample (Zárate-Rendón et al. 2019; Reigate et al. 2021) with a detection limit of one egg per gram of faeces according to the manufacturer. The low egg detection limit is promising for an accurate diagnosis even at low egg concentrations in faecal samples. The first use of the FLUKEFINDER® was promising with every single F. hepatica egg visible in the sediment, even without the use of methylene blue, which is often applied in sedimentation protocols to enhance the visibility by counter-staining plant particles in a blue colour. When performing the standard sedimentation, a large amount of coarse faecal components in the sediment frequently impairs the visibility of the eggs and the probability of missing individual eggs during the microscopical examination is high. However, the FLUKEFINDER® method only allows a sample size of 2 g of faeces, whereas up to 10 g of faeces per procedure can be examined using the standard sedimentation. Hence, a combination of both methods was implemented by performing the first steps equal to the standard sedimentation using 10 g of faeces and sieving the resulting sediment through the FLUKEFINDER® device (“Modified FLUKEFINDER®”).
The aim of the present study was to compare the faecal egg counts obtained from repetitive analysis of the same ovine faecal sample using these three different coproscopical methods. Precision was investigated by analysing multiple technical replicates for each biological replicate. Biological replicates contained eggs with various F. hepatica EPG values to be able to investigate technical variability between these methods and its dependency on egg counts. Furthermore, a comparison of the sensitivity and specificity of the methods was conducted to investigate whether the methods are able to distinguish between truly positive and truly negative samples or if cross-contamination was likely to occur during parallel handling of both sample types in the laboratory.

2. Materials and Methods
2.1. Collection of faeces
[bookmark: _Hlk121139370]Faecal samples were collected from patently F. hepatica-infected sheep. The first five experimental runs were performed using the faeces of a two-year-old naturally F. hepatica-infected dairy sheep (~ 65 kg bodyweight) with moderate egg shedding, collected at different days post infection. The last repetition was conducted using the faeces of a one-year-old experimentally F. hepatica-infected crossbred sheep (~ 55 kg bodyweight) with a comparatively high egg shedding intensity. All animal experiments were in agreement with both the European Directive 2010/63/EU and the German Animal Welfare Act (Tierschutzgesetz) and were approved by the Landesamt für Gesundheit und Soziales of the federal state Berlin under the reference number H0337/17. 
[bookmark: _Hlk112227637]Since a large amount of defined faecal material was needed for the comparison (286 g of F. hepatica-positive faeces per experimental round), faecal samples from infected sheep were collected over several hours using self-made cotton bags placed underneath the sheep's tail (Fig. 1). Since egg shedding may be uneven over time, all samples were thoroughly kneaded for several minutes to obtain homogenous distribution before further analysis. Between collection and analysis, samples were stored at 4°C in the dark. For the mixing procedure to obtain samples with lower F. hepatica egg counts than the original sample, F. hepatica-negative faeces from non-infected animals were collected in the same way.
In order to evaluate how the three different methods performed with low faecal egg counts, four dilutions of each original sample were made for each repetition by mixing the F. hepatica positive samples with faeces from non-infected sheep using defined ratios. 

2.2. Mixing procedure
For the examination of the undiluted F. hepatica-positive faeces, 10 g of faeces (standard sedimentation and modified FLUKEFINDER®) or 2 g of faeces (standard FLUKEFINDER®) were weighed into a 250 ml beaker using a digital scale (accuracy: 0.1 g) and a wooden spatula. 
In order to compare the EPG in samples containing a lower number of eggs than the original samples using each of the three methods, the F. hepatica-positive faeces were mixed and homogenised with F. hepatica-negative faeces in defined ratios. For this purpose, a defined amount of F. hepatica-positive faeces was individually weighed into a 250 ml-beaker and mixed with a defined amount of F. hepatica-negative faeces to obtain proportions of faeces with eggs of 80%, 50%, 20% and 10% (Table 1). Each sample ratio (100%, 80%, 50%, 20%, 10% of F. hepatica-containing faeces) was examined five times (technical replicates) with each of the three methods. Such a mixing series was set up on six different days with sample material differing in starting EPG, leading to six biological replicates for each of the five ratios (n=30 in total for biological and technical replicates).

2.3. Analyses for sensitivity and specificity estimation
The required amount of faeces for each method was homogenised and weighed as described above to obtain 20 technical replicates of F. hepatica-positive samples (mean EPG obtained by five FLUKEFINDER® analyses of 14.6 EPG) and 20 technical replicates of F. hepatica-negative samples for each method under investigation. Individual replicates were labelled in a blinded manner by a third party before coproscopic analyses. Samples were only investigated under a microscope until the first F. hepatica egg was found and then scored as positive. If no egg was found, the complete sediment was thoroughly inspected. 
2.4. Coproscopic methods
2.4.1. Standard sedimentation
After weighing the defined amounts of faeces (in total: 10 g) into a labelled 250 ml beaker, the faecal material was thoroughly suspended in approximately 50 ml cold tap water using a wooden spatula. The suspension was transferred into a second 250 ml beaker and subsequently sieved through a tea strainer (mesh size: >300 µm) back into the first 250 ml beaker until the beaker was completely filled. The inner surface of the transfer-beaker was thoroughly rinsed to avoid losing eggs. After 30 minutes, the tea strainer was removed from the beaker and the supernatant was decanted. One drop of detergent was added to the sediment and the beaker was replenished with tap water until the 250 ml mark was reached. After a three-minute sedimentation period, the supernatant was decanted again and the beaker was refilled with tap water. This procedure was repeated twice (in total: 3 × 3 minutes of sedimentation). 
The sediment usually consisted of two fractions: the lower part containing the faecal components with the highest specific weight (including F. hepatica eggs) and a lighter layer on top mostly containing coarse plant components. Since no further sieving followed the decantation, each decantation had to be conducted extensively to remove coarse components of the sediment at this point. Only the bottom part of the sediment remained in the beaker during the decantation process and the upper layer of the sediment was poured off, so that fewer plant components might obscure the microscopical view. Subsequently, the sediment was transferred into a petri dish (6 cm diameter) marked with coloured lines on the bottom. Following the coloured lines, the complete petri dish was microscopically (25x magnification) examined in a meandering pattern and all eggs were counted using a manual counter. The petri dish was reused for multiple samples but thoroughly rinsed with a strong water jet between every sample to avoid cross-contamination.

2.4.2. Standard FLUKEFINDER® method
The commercial FLUKEFINDER® device consists of two sections forming a column. Each section contains a sieve: The upper sieve has a larger mesh size, so that F. hepatica-eggs can pass through this sieve. The second sieve has a finer mesh size, which holds the eggs back. Howell (2011) indicated the mesh sizes with approximately 125 µm and 30 µm. However, the exact mesh sizes are proprietary and not declared by the manufacturer. The two units of the column fit together with the larger meshed sized sieve on top and the part with the finer meshed sieve on the bottom. 
The protocol used here followed the directions given by the manufacturer with slight modifications. The defined amount of faecal material (in total: 2 g) was weighed into a labelled 250 ml beaker (instead of using the 100 ml beaker provided) and suspended in 30 ml cold tap water. The suspension was poured into the top section of the FLUKEFINDER® column. After the suspension had completely passed the upper sieve, the upper section of the FLUKEFINDER® apparatus was half refilled with cold tap water. After repeating this step three times, the two sections of the column were separated. The debris on the upper sieve were removed and the debris on the lower sieve were backwashed with a strong water jet into a labelled 250 ml beaker. After a sedimentation period of three minutes, the supernatant was decanted, and the fine sediment was transferred into a 50 ml-centrifugation tube with conical bottom (instead of using the provided 15 ml tube of equal height). The inner surface of the beaker was thoroughly rinsed using a wash bottle to wash out remaining F. hepatica-eggs into the centrifugation tube. The centrifugation tube was filled with cold tap water to the 50 ml mark (water level: approximately 10 cm). After a three-minute sedimentation period, the supernatant was carefully poured off and the centrifugation tube was refilled again up to the 50 ml-mark, and the sediment was well resuspended in 50 ml tap water. After another three-minutes sedimentation period, the supernatant was decanted, and the sediment was transferred into a petri dish. Differing from the instruction manual of the FLUKEFINDER®, a petri dish with a diameter of 6 cm and coloured lines on the bottom was used instead of the small petri dish supplied. This petri dish was also used for the two other methods. The microscopical egg counting was performed using a 25-fold magnification. 
The FLUKEFINDER® column and the petri dish were thoroughly rinsed with a strong water jet between every sample to avoid cross-contamination.

2.4.3. Modified FLUKEFINDER® method
The first steps were identical to the protocol for the standard sedimentation (see 2.3.1) using 10 g of faeces. Altogether, two sedimentations were performed. Due to the fact that further sieving followed the decanting and the sediment did not have to be fine enough for microscopical evaluation at this point, each decantation was performed very carefully and the decantation was immediately stopped when the thin apex of the top sediment fraction reached the edge of the beaker, meaning that the lighter superficial layer of the sediment was retained. The sediment was then poured into the top section of the FLUKEFINDER® and the process as described under 2.3.2 was conducted.

2.5. Statistical analyses
The statistical analyses were performed using GraphPad Prism 5.03 (Graph -
Pad Software, San Diego, CA, USA) and Microsoft Excel 2019 (Microsoft Corporation, Redmond, WA, USA). First, the raw egg counts were entered into an Excel spreadsheet and the means and the standard deviations for all technical replicates for each method and each biological replicate were calculated. Linear regressions and Pearson correlations were calculated in GraphPad. In order to determine, if a slope was significantly different from 1, a curve based on the sedimentation data was added on the x and y axis, which results in a perfect line with a slope of 1. Then, slopes of data for FLUKEFINDER® and modified FLUKEFINDER® were compared with this line. A Friedman test followed by the Dunn’s multiple comparison post hoc test were performed to evaluate whether the paired EPG values obtained with the three methods were significantly different from each other.
To determine if the mixing of eggs from F. hepatica-positive faeces with non-infected animals resulted in deviations from linearity at low egg counts, data were normalised to the mean EPG in the undiluted sample for a given method. Pearson’s linear regression analyses were performed based on these normalised EPG values and the slopes of the regression lines and Y intercepts for each coproscopic method were compared with the tests implemented in GraphPad. Wald–Wolfowitz runs tests were performed to detect potential deviations from linearity.
The coefficient of variation (CV) was determined for each of the three methods to identify the relative dispersion around the mean EPG value in each level of dilution with F. hepatica-negative faeces. Correlation between the normalised mean EPG and the CV values for the different methods were calculated as Spearman’s ρ. Paired CV values for each sample obtained with the different coproscopic methods were pairwise subtracted (sedimentation - FLUKEFINDER, sedimentation - modified FLUKEFINDER®, FLUKEFINDER® - modified FLUKEFINDER®). Then GraphPad was used to conduct a Wilcoxon signed rank test to determine if the median value was significantly different from zero. 
The specificity and sensitivity as well as the positive and negative predictive values with their 95 % confidence intervals (95% CIs) were calculated using the 20 true positive and 20 true negative replicates for each method using the BDtest function from the R package bdpv 1.3 and analyses were conducted in R version 4.1.1.

3. Results
3.1. Comparison of raw egg counts and EPG values
The raw egg counts and the calculated EPGs were compared for the three different methods (Fig. 2 and Supplementary Tables S1 and S2). Mean raw egg counts and EPGs were calculated from the five technical replicates for each mixing replicate (n=30) and plotted in Fig. 2. Using the data obtained from the well established sedimentation method as reference, scatter plots for raw egg counts (Fig. 2A) as well as calculated EPG values (Fig. 2B) were plotted. Linear regressions and Pearson correlations were calculated for all combinations of methods (Table 2). All Pearson r coefficients were > 0.978. For raw egg counts, the slope for FLUKEFINDER® was almost twice as high as for modified FLUKEFINDER®. Both slopes were significantly higher than 1 (p < 0.0001) and significantly different from each other (p<0.0001). These data indicate that raw egg counts for the modified FLUKEFINDER® and the FLUKEFINDER® methods were approximately 6- and 14-fold higher than for the sedimentation method. For EPG values, slopes for FLUKEFINDER® and modified FLUKEFINDER® were 2.7 and 6.1, respectively, corresponding to 2.7 and 6.1-fold higher EPG values obtained for these methods compared to sedimentation. Slopes were again significantly different between all methods and also significantly different from 1 (p < 0.0001).
In addition, the Friedman test followed by Dunn’s multiple comparison post-hoc test detected highly significant differences between all three methods for the raw egg counts as well as the calculated EPG values (p<0.0001). While raw egg counts were highest for the modified FLUKEFINDER® followed by FLUKEFINDER® and standard sedimentation, calculated EPG values were highest for FLUKEFINDER® followed by modified FLUKEFINDER® and sedimentation. 


3.2. Dependency of egg enrichment efficacy on egg concentration
For each dilution series, EPG data were normalised to the mean EPG of the technical replicates of the undiluted sample for the same method. These normalised EPG values were plotted against the fraction of F. hepatica-positive faeces in the samples (Fig. 3). Pearson regression analyses were performed for each coproscopic method and revealed a significant linear effect of dilution on the EPG (p<0.0001). Regression lines for all three methods were almost identical although normalised EPGs were slightly higher for FLUKEFINDER® for low fractions of F. hepatica-positive faeces in the samples. However, the differences between the three slopes were not significant (p=0.3054) and the y intercepts of the regression lines (p =0.2351) were not significantly different. The Wald–Wolfowitz runs test did not detect any significant deviations from linearity (p=0.5). Therefore, egg recovery of all three methods did not vary depending on the EPG. 

3.4. Comparison of reproducibility between methods
Analyses of variances regarding the egg recovery rate between the biological replicates were performed by calculating the CV values from the technical replicates. The CV values were plotted against the mean EPG values followed by calculation of Spearman correlations (Fig. 4A). As expected, Spearman ρ coefficients revealed a significant negative correlation between the mean EPG and the CV in all three methods with ρ=-0.5609 for the standard sedimentation (p=0.001), ρ=-0.5519 for the FLUKEFINDER® method (p=0.002) and ρ= 0.6854 for the modified FLUKEFINDER® method (p<0.0001). 
A direct comparison of CVs between methods was used to compare precision of methods and is provided in Fig. 4B. The difference of CVs for each biological replicate was calculated and plotted for the pairwise comparison of the three methods. Using a Wilcoxon rank-sum test it was shown that the median difference was significantly higher than zero for the comparison of the sedimentation with either FLUKEFINDER® or modified FLUKEFINDER® methods. In contrast, the median difference in CV values was not significantly different from zero for the comparison of the two FLUKEFINDER® based methods. This shows that the technical variation is significantly higher when sedimentation is used compared to any of the FLUKEFINDER® methods. 

3.5. Comparison of sensitivity and specificity at low egg concentrations
3.5.1. Initial estimation of sensitivities from highly diluted positive samples
To compare the sensitivity of the three methods in samples with low egg concentration, the FLUKEFINDER® method was taken as a reference and all data from biological replicates with a FLUKEFINDER® mean EPG < 10 in the respective dilution levels (Supplementary Table S2) were pooled. In total, seven biological replicates showed a mean EPG < 10 EPG in the FLUKEFINDER® method, so that 35 biological replicates per method were qualitatively assessed whether the result was positive (≥ 1 EPG) or negative (0 EPG). All technical replicates with a low egg concentration examined using the FLUKEFINDER® and the modified FLUKEFINDER® methods showed a positive result (each 105/105 = 100%). In contrast, for the standard sedimentation two technical replicates showed a negative result and the other 103 replicates were positive (103/105 = 98.1%).
3.5.2. Systematic evaluation of sensitivity and specificity with defined positive and negative sample
For each method, twenty true positive samples (mean EPG of 14.6 as determined by five FLUKEFINDER® analyses) and twenty true negative samples were analysed. These data were used to calculate sensitivity, specificity, predictive positive and predictive negative values with 95% CIs. Results are summarised in Table 3 and Supplementary Table S3.
4. Discussion
The standard sedimentation is a simple and inexpensive method to detect F. hepatica eggs in faecal samples. However, the method is generally considered to have limitations regarding examination of faecal samples with low egg counts (Conceição et al. 2002; Becker et al. 2016; Ploeger et al. 2017; Alstedt et al. 2022). Egg shedding by F. hepatica as well as by other liver flukes is known to be intermittent and thus, EPGs might show considerable variation over time (Düwel and Reisenleiter,1990; Sargison and Scott, 2011). Hence, sensitive methods to detect infected animals and precise methods to evaluate the efficacy of flukicidal drugs are needed. In human and veterinary medicine, several other methods have been used to detect F. hepatica eggs such as Kato-Katz, Mini-FLOTAC and more recently the FLUKEFINDER®. Comparison of FLUKEFINDER® with Kato-Katz and Mini-FLOTAC for human samples spiked with F. hepatica eggs revealed that FLUKEFINDER® outcompeted the other two methods in terms of low variation between technical replicates as determined by CV and sensitivity, particularly at low EPGs (Zárate-Rendón et al. 2019). Surprisingly, however, EPGs obtained with FLUKEFINDER® were much lower than expected and also lower than those obtained with the other two methods, resulting in poor accuracy (Zárate-Rendón et al. 2019). In our preliminary investigations, the Mini-FLOTAC method using zinc sulfate (specific gravity: 1.3) as a flotation medium for the detection of F. hepatica eggs in faecal samples performed worse than the standard sedimentation (unpublished data), so we did not pursue this method.
Among the methods compared in the present study, FLUKEFINDER® data showed the highest EPG counts. However, since the true EPG was unknown for the samples used here, it was not possible to estimate and compare accuracy between the methods. 
Using the initial data set without negative samples, a slightly lower sensitivity of standard sedimentation compared to the other two methods was observed. However, due to the absence of negative samples, this data set was not suitable to calculate sensitivity and specificity values. Therefore, another sample set, which was blinded for the examiner by a third party, was analysed to compare the sensitivity and specificity of all three methods. Using these truly positive and truly negative samples, no differences were detected regarding the performance of the three methods in terms of false positive and false negative outcomes. All truly positive samples showed a positive result for all methods and all truly negative samples showed a negative result for all methods. Since all test results were in complete agreement with the true status of the sample, sensitivity and specificity were 100% for the standard sedimentation, FLUKEFINDER® and modified FLUKEFINDER® in this second data set resulting from the systematic evaluation of sensitivity and specificity. The PPV and NPV were 0.94 for all methods.
Noteworthy, a thorough cleaning process of every repeatedly used equipment after each sample is an absolute prerequisite to preclude cross-contamination when examining many samples in a row. Our experiments showed that a meticulous rinsing of the equipment using a strong jet of tap water is sufficient to clean the FLUKEFINDER® column, beakers and the petri dish between the samples in order to avoid an adulteration of the examination results.
Generally, the EPG values detected with the standard sedimentation turned out to be significantly lower than the EPG values detected with the other two methods in the same biological replicate. This may lead to an underestimation of the severity of infection or even false negative results as seen here for two technical replicates at the highest dilution with faeces from non-infected animals, so that a flukicidal treatment may potentially not appear necessary to the farmer or the veterinarian. Moreover, for evaluating the flukicidal effect of an anthelmintic through a FECRT, coproscopic methods that result in high numbers in raw egg count data have a strong advantage since this decreases the size of the 95% confidence interval of the faecal egg count reduction estimate (Torgerson et al. 2005; Levecke et al. 2015). 
Finally, the size of the CV was significantly higher in the standard sedimentation compared to the other two methods, resulting in a higher relative variability of the EPG outcome. 
The lower egg counts detected with the standard sedimentation could possibly be caused by eggs remaining in the faecal debris in the tea strainer or by loss of eggs in the decantation process, needed to remove the coarse components of the sediment. 
[bookmark: OLE_LINK1]The FLUKEFINDER® method showed the highest EPG values independently of the extent by which the positive samples were diluted with negative faeces, most likely because the mesh sizes of the two sieves are optimally adapted to the size of F. hepatica eggs, so that only components with an approximate size above that of F. hepatica eggs are filtered out and then F. hepatica eggs retained in the two sieving steps, respectively. In contrast to the standard sedimentation, the faecal debris on the sieve, in which the eggs may get caught, is only rinsed three times, with no decanting, so the chance of losing eggs in the sieving process is kept very low. Since the backwashed sediment from the second sieve is very clean once the coarse components have been removed on the first sieve of the FLUKEFINDER®, the subsequent decanting steps in the centrifugation tube have a lower risk of losing eggs when pouring off the supernatant. The sensitivity of this method was 100% in our experiments, even at low egg concentrations. To implement the FLUKEFINDER® method, only the one-time purchase of the FLUKEFINDER® device and centrifugation tubes are necessary aside from the basic equipment which is also required for the standard sedimentation. As no specialised laboratory equipment is needed, it is a simple and low-cost method applicable for the use in basically equipped laboratories.
The present study also evaluated the combination of both methods (modified FLUKEFINDER®) for the first time and found that it leads to the recording of higher EPG values compared to the EPG values detected with the standard sedimentation. That is presumably because only two decantation steps must be performed after the coarse sieving through the tea-strainer. Moreover, also the upper layer of the sediment containing mostly lighter plant components is retained in the beaker during these two decantation steps. As the sediment is further filtered through the FLUKEFINDER® column, coarse plant components do not have to be removed through decantation at this point and thereby the chance of losing eggs, which might have not completely settled down to the bottom of the beaker, decreases. In contrast to the standard sedimentation in the initial data set, the sensitivity of the combined method was 100%, even in the samples with the lowest egg concentration. 
The calculated EPG values were significantly lower than the EPG values detected with the FLUKEFINDER® method. As already stated above, it is likely that eggs adhere to the faecal debris in the tea strainer as the debris is only rinsed once, so that a proportion of the eggs does not get into the sediment. Both FLUKEFINDER® and modified FLUKEFINDER® methods showed a significantly lower variability in recovering eggs from faecal samples compared to the standard sedimentation and thus, have a higher precision.
Looking at the actual raw egg counts without downscaling the results to EPG level, the highest raw egg counts were found using the modified FLUKEFINDER®. This reveals that the use of 10 g of faeces in the modified FLUKEFINDER® method has a positive effect on the results but that losses during the sedimentation processes are still higher than during the FLUKEFINDER® method alone. 
[bookmark: _Hlk131883586]A high raw egg count is crucial for the performance of the FECRT to statistically determine the egg count reduction (Torgerson et al. 2005; Levecke et al. 2015). Considering this perspective, the examination of composite samples instead of individual samples is superior as raw eggs counts increase depending on the number of patently infected animals included in the composite sample. For performing FECRT to evaluate the flukicidal activity of triclabendazole against F. hepatica, a protocol using 5 g of faeces from 10 individual sheep (50 g in total) has been validated (Daniel et al. 2012). For the evaluation of anthelmintic efficacy on herd level, this approach was shown to narrow the 95% confidence intervals and it is time-saving compared to the examination of individual samples. However, information on variability of egg shedding and drug efficacy is lost when composite samples are used. Use of so large amounts of faeces is not possible with the FLUKEFINDER® approach. However, pooling of data from multiple FLUKEFINFER® investigations might help to overcome this limitation. The modified FLUKEFINDER® method was able to handle larger amounts of faeces than the standard FLUKEFINDER® by adding two sedimentation steps at the beginning. This led to increased raw egg counts but apparently eggs were lost in the sedimentation step and EPG values were significantly lower. Moreover, the amount of 10 g faeces might sometimes be difficult to collect from small ruminants under field conditions. 

5. Conclusion
[bookmark: _Hlk131884386]Although the sensitivity of the three methods used in the study was comparable, both FLUKEFINDER® and modified FLUKEFINDER® are superior to sedimentation in terms of egg count data. The FLUKEFINDER® method had its strength in resulting in the highest EPG value, since loss of eggs during enrichment was minimised. The modified FLUKEFINDER® method resulted in higher raw egg counts, which is beneficial for the FECRT. FLUKEFINDER® based approaches should replace sedimentation in all studies for which egg counts are relevant.
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Table 1
Procedure to generate artificial samples with different levels of low F. hepatica faecal egg counts.
	F. hepatica-positive fraction
	Standard sedimentation 
(faeces per replicate)
	Standard FLUKEFINDER® 
(faeces per replicate)
	Modified FLUKEFINDER® 
(faeces per replicate)

	
	F. hepatica-positive (g)
	F. hepatica-negative (g)
	F. hepatica-positive (g)
	F. hepatica-negative (g)
	F. hepatica-positive (g)
	F. hepatica-negative (g)

	100%
	10
	0
	2
	0
	10
	0

	80%
	8
	2
	1.6
	0.4
	8
	2

	50%
	5
	5
	1
	1
	5
	5

	20%
	2
	8
	0.4
	1.6
	2
	8

	10%
	1
	9
	0.2
	1.8
	1
	9



Table 2
Correlation and linear regression results between sedimentation, FLUKEFINDER® and modified FLUKEFINDER® for raw egg counts and EPG values.
	
	FLUKEFINDER®
	Modified FLUKEFINDER®

	Raw egg counts

	
	Slope (95% CIa)
	Intercept (95% CIa)
	r
	P valueb
	Slope (95% CI)
	Intercept (95% CI)
	r
	P valueb

	Sedimentation
	13.58 (12.45 – 14.70)
	0.54 (-7.33 – 8.41)
	0.978
	<0.0001
	6.06 (5.65 – 6.46)
	2.13 (-0.71 – 4.97)
	0.985
	<0.0001

	FLUKEFINDER®
	
	
	
	
	0.44 (0.42 – 0.46)
	2.28 (0.06 – 4.51)
	0.991
	<0.0001

	EPG values

	Sedimentation
	2.72 (2.49 – 2.94)
	1.08 (14.66 – 16.81)
	0.978
	<0.0001
	6.06 (5.65 – 6.46)
	2.13 (-0.71 – 4.97)
	0.985
	<0.0001

	FLUKEFINDER®
	
	
	
	
	2.19 (2.08 – 2.31)
	22.83 (0.55 – 45.11)
	0.991
	<0.0001


aCI, confidence interval.
bSignificance of correlation (slope ≠ 0)

Table 3
Sensitivity, specificity, predictive positive (PPV) and predictive negative values (NPV) for standard sedimentation, FLUKEFINDER® and modified FLUKEFINDER® methods on samples with low EPG
	
	Standard sedimentation
	FLUKEFINDER®
	Modified FLUKEFINDER®

	
	True pos.
	True neg.
	True pos.
	True neg.
	True pos.
	True neg.

	n/N
	20/20
	0/20
	20/20
	0/20
	20/20
	0/20

	
	Estimate
	95% CI
	Estimate
	95% CI
	Estimate
	95% CI

	Sensitivity
	1
	0.83-1
	1
	0.83-1
	1
	0.83-1

	Specificity
	1
	0.83-1
	1
	0.83-1
	1
	0.83-1

	PPV
	0.94
	0.75-0.97
	0.94
	0.75-0.97
	0.94
	0.75-0.97

	NPV
	0.94
	0.75-0.97
	0.94
	0.75-0.97
	0.94
	0.75-0.97


EPG, eggs per gram faeces; pos., positive; neg., negative; n, number of positive samples; N, number of investigated samples; 95% CI, 95% confidence interval.
For positive samples: Mean EPG: 14.6; median EPG: 14.0; range: 12-18.5


Figure legends:

Fig. 1. Cotton bag placed underneath a sheep’s tail for collecting faecal samples. Strips below (1) and above (2) the hind legs from both sides were brought together at the hind back and knotted together (3).

Fig. 2. Pearson correlation and linear regression of raw egg counts (A) and calculated EPG values (B) for each biological replicate from six mixing series with five mixing steps (n=30) using standard sedimentation (10 g faeces), FLUKEFINDER® (2 g faeces) and modified FLUKEFINDER® (10 g faeces). Lines and dashed lines indicate regression lines and 95% confidence bands, respectively. The dotted black lines indicate a slope of 1. 

Fig. 3. Comparison of linearity of normalised EPG data between methods. EPG values for each replicate were normalised to the mean EPG of the same dilution series obtained with the same method. Pearson regression analyses revealed a linear relationship between the fraction of F. hepatica-positive faeces in the sample and the normalised EPG. Slope and y intercepts were not significantly different between data sets. The calculated linear equations (and correlation coefficients) were y=-0.054+1.011x (0.839), y=-0.015 + 0.968x (0.895) and y=-0.071+1.031x (0.930) for sedimentation, FLUKEFINDER® and modified FLUKEFINDER®, respectively. 

Fig. 4. Dependency of the coefficient of variation (CV) on the mean egg concentration (A) and the coproscopic method used (B). (A), The CV was calculated from the five technical replicates analysed for each biological replicate and plotted against the mean EPG of the biological replicate. Spearman correlation analyses revealed that variation decreased with increasing egg counts. (B), The paired CV values were compared for each biological replicate using the different methods as pairs. For this purpose, pairwise comparisons were made by subtracting from the CV for sedimentation the CVs for FLUKEFINDER® or the CV for modified FLUKEFINDER® for the same biological replicate. For the third comparison, the CV for modified FLUKEFINDER® was subtracted from the CV for FLUKEFINDER®. The values for differences were plotted (B) and a Wilcoxon signed rank test was conducted to determine if the median of the differences was significantly different from 0. ***, p < 0.001.

