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A B S T R A C T

Fecal egg counts are emphasized for guiding equine helminth parasite control regimens due to the rise of an-
thelmintic resistance. This, however, poses further challenges, since egg counting results are prone to issues such
as operator dependency, method variability, equipment requirements, and time commitment. The use of image
analysis software for performing fecal egg counts is promoted in recent studies to reduce the operator de-
pendency associated with manual counts. In an attempt to remove operator dependency associated with current
methods, we developed a diagnostic system that utilizes a smartphone and employs image analysis to generate
automated egg counts. The aims of this study were (1) to determine precision of the first smartphone prototype,
the modified McMaster and ImageJ; (2) to determine precision, accuracy, sensitivity, and specificity of the
second smartphone prototype, the modified McMaster, and Mini-FLOTAC techniques. Repeated counts on fecal
samples naturally infected with equine strongyle eggs were performed using each technique to evaluate preci-
sion. Triplicate counts on 36 egg count negative samples and 36 samples spiked with strongyle eggs at 5, 50, 500,
and 1000 eggs per gram were performed using a second smartphone system prototype, Mini-FLOTAC, and
McMaster to determine technique accuracy. Precision across the techniques was evaluated using the coefficient
of variation. In regards to the first aim of the study, the McMaster technique performed with significantly less
variance than the first smartphone prototype and ImageJ (p < 0.0001). The smartphone and ImageJ performed
with equal variance. In regards to the second aim of the study, the second smartphone system prototype had
significantly better precision than the McMaster (p < 0.0001) and Mini-FLOTAC (p < 0.0001) methods, and
the Mini-FLOTAC was significantly more precise than the McMaster (p = 0.0228). Mean accuracies for the Mini-
FLOTAC, McMaster, and smartphone system were 64.51%, 21.67%, and 32.53%, respectively. The Mini-FLOTAC
was significantly more accurate than the McMaster (p < 0.0001) and the smartphone system (p < 0.0001),
while the smartphone and McMaster counts did not have statistically different accuracies. Overall, the smart-
phone system compared favorably to manual methods with regards to precision, and reasonably with regards to
accuracy. With further refinement, this system could become useful in veterinary practice.

1. Introduction

Strongyles are pervasive gastrointestinal nematodes infecting the
horse, where the Cyathostominae are the most prevalent (Chapman
et al., 2003; Kuzmina, 2012). Routine fecal egg counts (FEC) are re-
commend to guide regular treatment regimens of equine strongyle
parasites by monitoring egg shedding levels and drug efficacy (Nielsen
et al., 2016). This necessitates accurate and precise FEC methods.

There are numerous techniques with countless modifications
available for performing a FEC. In general, a FEC involves weighing a

sample of freshly collected feces and homogenizing it with a flotation
medium. The fecal slurry is filtered to remove large debris particles,
while the flotation principle separates the eggs from debris for identi-
fication and quantification using a microscope. Finally, the number of
eggs counted is multiplied by a multiplication factor which is de-
termined by the fecal sample weight, the volume of flotation medium,
and the final volume of subsample analyzed. Consequently, the varying
detection limits (ranging from 1 to 100 eggs per gram) may cause
misinterpretations of FECs, particularly when examining low eggs per
gram (EPG) post-treatment samples (Vidyashankar et al., 2012).
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Centrifugal flotation is utilized in some methods, such as the Stoll egg
counting technique (Stoll, 1930), the modified Wisconsin sugar flota-
tion technique (Egwang and Slocombe, 1982), and the FLOTAC method
(Cringoli et al., 2010). However, the centrifugation step strictly limits
the investigator to a laboratory and substantially increases the amount
of time required for sample processing (Ballweber et al., 2014). Other
techniques, such as the McMaster (MAFF, 1986) and the Mini-FLOTAC
(Barda et al., 2013) do not require a centrifuge, but rather rely on
passive flotation in specially made slides designed to incorporate flo-
tation chambers. The type of flotation solution and specific gravity used
may also contribute to variability. Cringoli et al. (2004) observed the
capabilities of 14 different flotation mediums with different specific
gravities to recover strongyle eggs in sheep feces. All sucrose-based
solutions examined, with a specific gravity between 1.2 and 1.35,
floated significantly more eggs than other solutions. The amount of
sample volume examined may also cause a source of variability. The
two-chamber McMaster slides offer the opportunity examine different
sample volumes (0.15, 0.3, 0.5, or 1.0 mL). Cringoli et al. (2004) found
the 1.0 mL sample volume to be the most reliable, where the smaller
sample volumes over-estimated strongyle EPG in sheep feces. Regard-
less of the choice of FEC method, the manual counting procedure is
operator dependent which represents a substantial source of technical
variability (Vidyashankar et al., 2012). One study examined sheep
strongyle fecal egg counts performed by farm and laboratory staff using
the FECPAK method. Despite having undergone extensive training, the
farmers significantly overestimated strongyle egg counts (McCoy et al.,
2005). Several recent papers have illustrated the importance of evalu-
ating precision and accuracy when comparing FEC methods (Levecke
et al., 2012; Godber et al., 2015; Noel et al., 2017). The importance of
egg count precision was emphasized by Carstensen et al. (2013), where
the greatest source of variability of FECs was among repeated counts
performed on the same subsample.

Several recent studies promote the use of imaging procedures and
analysis to identify and quantify parasite eggs, thus reducing or even
eliminating the operator dependency of manual counts (Yang et al.,
2001; Castañón et al., 2007; Mes et al., 2007; Dogantekin et al., 2008;
Ghazali et al., 2013; Suzuki et al., 2013). ImageJ is a publicly available
image processing program developed by the National Institute of
Health. Its particle analysis tool has proven beneficial for automatically
counting cells using image analysis (Grishagin, 2015), and may be
applicable for counting parasite eggs. These procedures, however,
continue to rely on a microscope as well as a desktop or laptop com-
puter to capture and process the sample images. Most recently, a
smartphone-based automated parasite fecal egg counting technique was
developed (Slusarewicz et al., 2016). This technology makes use of
fluorescent staining and image analysis to identify and count parasite
eggs in a sample without the use of a microscope.

The aims of this study were (1) to determine precision of the first
smartphone prototype, the modified McMaster, and ImageJ; (2) de-
termine the accuracy, precision, sensitivity, and specificity of the
second smartphone prototype, the modified McMaster, and Mini-
FLOTAC techniques.

2. Materials and methods

This was a two part study. Part one (2.1) evaluated and compared
technique precision of the first smartphone prototype,a modified
McMaster, and ImageJ, an image analysis computer software program
capable of counting particles in an image. Additionally, the egg counts
generated within only the gridded portion of the McMaster slide were
compared to egg counts of the entire chamber. Part two (2.2 and 2.3)
evaluated and compared technique precision, accuracy, sensitivity, and
specificity of the second smartphone prototype, the modified McMaster,
and the Mini-FLOTAC. A flow chart layout of the methodology can be
found in Fig. 3.

2.1. Precision of computerized egg counting systems and McMaster

Fecal samples from a herd of horses harboring a naturally acquired
mixed-species strongyle parasite population were collected for this
study section. Quadruplicate egg counts were performed on each pre-
pared sample slurry with each egg counting technique to evaluate
precision.

2.1.1. Horses
A total of 22 fecal samples were acquired from a university herd of

22 horses of mixed light breeds housed at the University of Kentucky
research farm. The herd consists of 21 mares and 1 stallion, with ages
ranging from 4 to 15 years old. Fresh fecal samples were collected into a
plastic Ziploc bag, sealed, stored in a refrigerator (4 °C), and analyzed
within 3–14 days.

2.1.2. Egg counting methods
The three counting methods used to quantify strongyle eggs in a

given image/slide were the smartphone system previously developed
by Slusarewicz et al. (2016), ImageJ software (National Institutes of
Health (NIH), Bethesda, MD, USA) and manual counting on a McMaster
slide.

The Fill-FLOTAC apparatus was used to initially prepare all fecal
samples as described by Noel et al. (2017). Briefly, 5 g of feces was
weighed out and placed in the Fill-FLOTAC homogenizer and sus-
pended in 45 mL of glucose-NaCl flotation medium with a specific
gravity of at least 1.24. A uniform fecal slurry was obtained by homo-
genizing the flotation medium with the sample. The Fill-FLOTAC was
used for its homogenization and filtering capabilities. Next, 5 mL of the
filtrate was loaded onto a second filtering mechanism, which consisted
of two sequentially stacked cell strainers (pluriSelect Life Science,
Leipzig, Germany) of 90 μm and 27 μm pore size. The strainers were
fitted onto a 50 mL disposable centrifuge tube using the manufacturer’s
collar, which contained a vacuum port. A 50 mL syringe was used to
draw the filtrate material through the filtering apparatus. Phosphate-
buffered saline (PBS) was used to rinse the 27 μm membrane four times
to remove any remaining debris. To seal the membrane, positive back
pressure was applied with the syringe following the final aspiration and
4 mL of 1% sodium hypochlorite (bleach) was pipetted onto the filter
and incubated at room temperature (RT) for two minutes. The bleach
was then removed from the filters and the sample was washed with an
additional 2 mL of PBS. Subsequently, the 27 μm filter was placed onto
a holder-collar covered with parafilm (to provide a vacuum seal). To
stain the eggs, 1 mL of 60 μg/ml fluorescein (F)-Chitin Binding Domain
(CBD) in 1 x blocking buffer (Vector Laboratories, Burlingame, CA,
USA) in PBS was added to the filter, gently agitated, and then allowed
to incubate at RT for 2 min. The eggs were then harvested from off the
filter with a micropipette using 0.5 mL of flotation medium and placed
in 1.5 mL microcentrifuge tubes. Flotation medium was added to each
sample to a final volume of 0.6 mL and the egg solution was re-
suspended and then transferred into one chamber of a 2-chamber
etched McMaster slide (Chalex Corp, Protland, OR). The sample was
immediately placed into a PrepOne Sapphire fluorescent gel imager
(Embi-Tec, San Diego, CA) to illuminate the fluorescently stained eggs.
Lastly, the sample was photographed using an iPhone 5 s fitted with a
7 x macro lens (Olloclip, Huntington Beach, CA, USA) as previously
described (Slusarewicz et al., 2016). Four individual McMaster cham-
bers, per fecal slurry, were prepared and analyzed in this way.

Immediately after capturing the image, the same McMaster chamber
was used to generate two manual counts using a microscope. First, eggs
within the entire McMaster chamber were counted, and secondly only
the eggs within the gridded portion were counted.

In order to perform the smartphone and ImageJ counts, the images
were exported from the phone to a laptop computer running Windows
8.1 and processed with Photoshop CS6 (Adobe Systems Inc., San Jose,
CA, USA). First, images were cropped to obtain two new images. The
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first was to include the entire McMaster chamber (2100 × 2100 pixels)
and the second to contain the McMaster grid only (1200 × 1200
pixels). Strongyle eggs in each sample image were automatically
identified and quantified using a smartphone application, previously
described by Slusarewicz et al. (2016). The default settings of the ap-
plication were used, where RGB range 180–255, particle area 30–130,
aspect ratio 1.2-2.4, and circularity 0-0.98.

A third egg count was generated using ImageJ, a computer-based
image analysis software program. The color space was set to YUV to
remove background noise, while the Y setting was fixed at 200 to
highlight the fluorescent eggs. Particle size ranged from 30 to 130,
circularity 0-0.98, and an aspect ratio between 1.2 and 2.4. Only par-
ticles within these parameters were counted as strongyle eggs.

Strongyle eggs were counted in all samples using each method. All
three methods were used to count each fecal slurry in quadruplicate.
Therefore, each sample was counted a total of 12 times. All counting
methods had the same multiplication factor of 20 for counting the en-
tire chamber, and 66.67 for counting within the gridded portion only.

2.2. Precision of Mini-FLOTAC, McMaster, and smartphone system

This part of the study was to evaluate and compare the precision of
the Mini-FLOTAC, a modified McMaster, and a revised prototype of the
smartphone system. A new set of fecal samples were collected from
horses naturally infected with mixed-species strongyle parasites.
Strongyle egg counts were performed in triplicate, and each sample was
counted using all three evaluated methods.

2.2.1. Horses
This portion of the study utilized 50 fecal samples collected in the

same manner from the herd previously described, and some horses were
collected from on more than one occasion. Samples were refrigerated
and processed within 2 weeks of the collection date.

2.2.2. Egg counting methods
The three methods used to in this study section were the Mini-

FLOTAC, the McMaster, and a more refined version of the smartphone
prototype system. The samples were first prepared in the Fill-FLOTAC
apparatus with glucose-NaCl as previously described. Each fecal slurry
was used to perform triplicate counts with each method.

For the Mini-FLOTAC, the two 1-mL chambers on the Mini-FLOTAC
slide were filled as described by Noel et al. (2017). The slides were
allowed to rest for 10 min before counting the eggs under the micro-
scope. For the McMaster, a single McMaster chamber was filled. The
slide was allowed to rest for 10 min before counting under the micro-
scope.

For the smartphone system, the samples were prepared slightly
differently than previously described in order to improve sample pro-
cessing and image analysis. First, a secondary filtering mechanism was
constructed, consisting of a stack of three cell strainers with sequential
pore sizes of 100 μm, 200 μm, and 400 μm placed atop a 50 mL conical
tube, with the smallest filter attached to the manufacturer’s collar. The
fecal suspension was gently drawn through this filtering apparatus.
Next, 3 mL of the egg-containing filtrate was pipetted onto another
filter (20 μm), developed by Slusarewicz et al. (2016). This filter (with
integrated Luer syringe port) was constructed to screw directly onto a
50 mL conical tube and was fitted with a small vibration motor which
functioned to mix reagents and evenly spread the fecal material over
the filter surface. One mL of a 2.4% bleach solution was pipetted onto
the filter and incubated at room temperature for 30 s before being re-
moved. Next, 1 mL of fluorescent staining agent was added and in-
cubated at room temperature for 2 min, with the vibration turned on for
the entire interval. Lastly, after removal of the stain, the sample was
rinsed three times with PBS, and pulse vibrated for 1 s each time.

The 20 μm filter containing the prepared sample was unscrewed
from the conical tube and screwed into the bottom of the smartphone

docking unit, as described by Slusarewicz et al. (2016). The smartphone
application was used to take an image of the filter and subsequently
count the strongyle eggs using the settings described above.

Each method was used to perform triplicate slurry counts of stron-
gyle eggs from all samples. Therefore, each sample was counted a total
of 9 times. In this experiment, the Mini-FLOTAC had a multiplication
factor of 5, the McMaster had a multiplication factor of 66.67, and the
smartphone system had a multiplication factor of 3.83 EPG. The system
Images 87% of the filter, and this is taken into account with the mul-
tiplication factor to correct for the proportion of the filter that is ac-
tually imaged.

2.3. Accuracy of Mini-FLOTAC, McMaster, and smartphone system

This study section utilized spiked fecal samples to observe and
compare the accuracy of the Mini-FLOTAC (Barda et al., 2013), the
McMaster (Roepstorff and Nansen, 1998), and the second prototype of
the smartphone system as described above. The samples were spiked
with levels of 5, 50, 500 or 1000 EPG, or left negative as a control. The
samples were assigned with a random code, and performed in a ran-
domized order. Analysts were blind to this information.

2.3.1. Horses
Fecal material was collected from a horse previously treated with an

effective anthelmintic. Three repeated Mini-FLOTAC counts were used
to confirm the fecal material was FEC negative. The strongyle eggs used
for spiking were harvested from feces collected from an untreated and
consistently high-egg shedding horse at the University of Kentucky re-
search farm.

2.3.2. Isolation of strongyle eggs from feces
Strongyle eggs were harvested from fecal material using the same

principle described by Noel et al. (2017).

2.3.3. Spiking of the samples
A total of 72 fecal samples were prepared per technique, where 36

of them remained negative to serve as negative controls, and the other
36 were spiked with a known number of strongyle eggs. The true spiked
EPG levels tested were 5, 50, 500, and 1000 EPG. Each spike level was
repeated 9 times. For each technique examined, a fecal sample of ap-
propriate weight was obtained (i.e. 5 g for the Mini-FLOTAC and
smartphone system and 4 g for the McMaster). Eggs were pipetted from
the microtiter well-plate and onto the pre-weighed fecal sample. The
well and pipette were checked under the microscope to ensure all eggs
had been successfully transferred. Sample preparation continued where
the Mini-FLOTAC and smartphone system samples were separately
prepared as previously described in Section 2.2.2, and the McMaster
samples were prepared as described by Roepstorff and Nansen (1998),
resulting in a multiplication factor of 50. The 5 EPG spike level was
omitted for the McMaster due to its detection limit of 50 EPG. This
entire protocol was repeated three times.

2.4. Statistical analysis

2.4.1. Statistical analysis for precision
The coefficient of variation, defined by the standard deviation di-

vided by the mean count times 100%, was calculated for each set of
repeated counts for each sample per method. Mean coefficients of
variation with 95% confidence intervals were then calculated for each
of the three techniques. The percent precision for each technique was
calculated by subtracting the coefficient of variation from 100 and was
calculated for both counting the entire chamber as well as the volume
underneath the grid of the McMaster slide. Linear correlations with the
calculation of R2 values were achieved using Microsoft Excel 2010
(Redmond, WA). Additional statistical analyses were performed using
SAS software (version 9.4, SAS Institute, Cary, North Carolina, USA).
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Here, the t-test procedure was used to evaluate presence of possible
unequal variance between methods, with ‘Method’ as the categorical
variable, and ‘Total egg count’ as a continuous variable. Lastly, a mixed
linear model analysis was performed to observe possible differences in
the magnitude of egg counts generated among the three different
techniques. ‘Horse ID,’ ‘Date,’ and ‘Replicate’ were considered random
variables. Whenever the variable ‘Method’ was found significant, a
‘least squares means’ analysis was used for a Tukey’s pair-wise com-
parison (α= 0.05).

2.4.2. Statistical analysis for accuracy, sensitivity, and specificity
The mean EPG for the three replicate counts were determined for

each sample. Accuracy was calculated for each count using the fol-
lowing formula, where the expected counts are the true spiked EPG
values, and the observed counts were the means of the triplicate EPGs.

⎜ ⎟
⎛
⎝

⎞
⎠

×Observed
Expected

100%

The accuracy values for each spike level were then averaged to
obtain a total percent accuracy for each method. Additional statistical
analyses were performed using SAS software (version 9.4, SAS Institute,
Cary, North Carolina, USA). A mixed linear model analysis was per-
formed to evaluate and compare each techniques’ accuracy. A deviation
variable was created by subtracting the observed count from the true
spiked count. Whenever this value was negative, the absolute value was
used. ‘Method’ and ‘True EPG’ were assigned as categorical variables,
and ‘Replicate’ as a random variable. When significant differences were
found within ‘Method’ a least squares means analysis was used for a
Tukey’s pair-wise comparison (α=0.05). Lastly, diagnostic sensitivity,
specificity, predictive values, and likelihood ratios were calculated
using online software (MedCalc Software bvba, Ostend, Belgium). The
accompanying 95% confidence intervals were examined to evaluate
significant differences between techniques.

3. Results

3.1. Precision of computerized egg counting systems and McMaster

The coefficient of variation, mean of the standard deviations, pre-
cision estimates, and coefficient of determination (R2) with corre-
sponding p-values for counts of the entire McMaster chamber and
within the grid generated by all three methods are presented in Table 1.
The McMaster technique performed with significantly less variance
than the two computerized methods (p < 0.0001). The smartphone

and ImageJ performed with equal variance. A least squares means
analysis found ImageJ to generate significantly higher egg counts than
the smartphone system (p < 0.0001), and the smartphone system
generated significantly higher egg counts than the McMaster
(p < 0.0001).

3.2. Precision of Mini-FLOTAC, McMaster, and smartphone system

The coefficient of variation, mean of standard deviation, and per-
cent precision of counts generated by the Mini-FLOTAC, McMaster, and
smartphone system are shown in Table 2. The linear relationships be-
tween each of the three techniques and the corresponding coefficients
of determination are presented in Fig. 1. Significantly unequal var-
iances were found between all three methods, where the Mini-FLOTAC
had significantly less variance than the McMaster (p = 0.0228), and the
smartphone system had significantly less variance than the Mini-
FLOTAC (p < 0.0001) and McMaster (p < 0.0001). The mixed model
analysis did not identify any significant differences in the magnitude of
strongyle egg counts between methods (p = 0.4802).

3.3. Accuracy of Mini-FLOTAC, McMaster, and the smartphone system

A graphical representation for the observed egg counts compared to
the true egg counts for each method is shown in Fig. 2. Accuracy esti-
mates for the Mini-FLOTAC, McMaster, and the smartphone system at
each spike level (EPG) are shown in Table 3. The Mini-FLOTAC was
significantly more accurate than the McMaster (p < 0.0001) and the
smartphone system (p < 0.0001). There was no significant difference
between the accuracy of the smartphone system and the McMaster
technique (p = 0.9411). A significant difference was found between the
500 and 1000 EPG spike levels for the Mini-FLOTAC (p < 0.0001) and
the smartphone system (p = 0.0024).

Table 1
Precision evaluation of the McMaster, Image J, and smartphone system strongyle egg counting methods (study section 2.1) represented by the coefficient of variation (CV),
mean of standard deviation, and precision estimates. 95% confidence intervals are included in parenthesis. Alsoshown are the coefficients of determination (R2) between
methods with the corresponding p-values for strongyle egg counts. All counting methods had the same multiplication factor of 20 for counting the entire chamber, and 66.67
for counting within the gridded portion only.

Entire Chambera Grid Onlyb

Method CV mean of SD (EPG) % precision CV mean of SD (EPG) % precision

McMaster 21.14% (6.96–35.32) 165.98 78.86 18.94 (14.76–23.12) 248.68 81.06
ImageJ 30.61% (25.05–36.17) 1025.83 69.39 31.79 (26.07–37.51) 1253.40 68.21
Smartphone 32.79% (26.86–38.72) 836.57 67.21 37.08 (30.57–43.60) 1560.54 62.92

Coefficients of determination

Method R2 p-value R2 p-value
Smartphone vs McMaster 0.14 0.080 0.19 0.044
Smartphone vs ImageJ 0.29 0.014 0.44 <0.001
McMaster vs ImageJ 0.30 0.008 0.31 0.008

Abbreviation: EPG, Eggs per gram.
a Entire chamber represents eggs counted in the entire McMaster chamber.
b Grid only represents eggs count in the McMaster grid only.

Table 2
Precision evaluation of the Mini-FLOTAC, McMaster, and smartphone system (study
section 2.2) represented by the coefficient of variation (CV), mean of standard deviation
(SD), and precision estimates for strongyle egg counts. The detection sensitivity (EPG) for
the McMaster was 66.67, the Mini-FLOTAC was 5, and the smartphone system was 3.83.
95% confidence intervals are included in parenthesis

Method CV Mean SD (EPG) % Precision

McMaster 50.88 (36.68–65.08) 85.24 49.12
Mini-FLOTAC 35.66 (24.67–46.64) 43.33 64.34
Smartphone 28.4 (22.51–34.29) 58.52 71.6

Abbreviation: EPG, Eggs per gram.
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3.4. Sensitivity, specificity, predictive values, and likelihood ratios for the
Mini-FLOTAC, McMaster and the smartphone system

Sensitivity, specificity, predictive values, and likelihood ratios for
each method are shown in Table 4.

4. Discussion

The aim of this study was to compare an image analysis based egg
counting method with manual methods. The refinements of the second
smartphone system prototype reduced operator dependency. As a re-
sult, the smartphone system had significantly better precision than both

Fig. 1. Scatter plots comparing strongyle fecal egg counts in
eggs per gram for the smartphone system and McMaster (A),
smartphone system and Mini-FLOTAC (B), and Mini-FLOTAC
and McMaster (C). Error bars designate the 95% confidence
interval between repeated counts on each sample.
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the McMaster and Mini-FLOTAC techniques. It was, however, sig-
nificantly less accurate than the Mini-FLOTAC and had comparable
accuracy to the McMaster. The results indicate that the smartphone
system prototype has limitations and further refinement should be
aimed at improving accuracy, sensitivity, and specificity.

Inconsistent egg identification of the egg counting algorithms, such
as inconsistent assignment of non-egg particles as eggs, resulted in
lower precision of the smartphone system than the McMaster in the first
study section. At this stage, the algorithm also could not readily dif-
ferentiate two eggs in close proximity or egg stacking. Furthermore, in
this initial setup, eggs were manually transferred from the filter to the
McMaster counting chamber, which is likely to have contributed con-
siderably to the variability.

This study also provided a comparison of precision between eggs
counted in the entire McMaster chamber and eggs counted solely within
the gridded portion (the more commonly used method in clinical
practice). It is often presumed that a larger examined sample volume
will result in better precision (Lester and Matthews, 2014). Several
studies showed that examining larger sample volumes than the typical

McMaster can result in greater precision (Rinaldi et al., 2011; Levecke
et al., 2012; Bosco et al., 2014). Interestingly, our findings did not
support these conclusions as we did not find significant differences in

Fig. 2. Graphical representation of the observed strongyle egg counts in eggs per gram (EPG) generated by the McMaster (white), Mini-FLOTAC (grey), and smartphone system (black) in
comparison to the true spiked count. Error bars represent 95% confidence intervals, and the asterisks indicate statistically significant differences between methods within spike levels
(α = 0.05).

Fig. 3. Flow chart representation of the study design and methodology.

Table 3
Percent accuracy of the McMaster, Mini-FLOTAC and smartphone system (study section
2.3) is shown for the three methods at each spike level (EPG). The total accuracy re-
presents the average accuracy for each method across all spike levels. 95% confidence
intervals are included in parenthesis. Accuracy = (observe/expected)x100%

Method
(sensitivity level)

5 EPG
(%)

50 EPG
(%)

500
EPG
(%)

1000
EPG (%)

Total (%)

McMaster (50
EPG)

NA 11.11 32.22 21.67 21.67
(13.87–29.47)

Mini-FLOTAC (5
EPG)

22.22 75.56 72.33 87.94 64.51
(53.19–75.84)

Smartphone (3.83
EPG)

18.91 57.02 25.02 29.15 32.53
(25.29–39.76)

Abbreviation: EPG, Eggs per gram; NA, not applicable.
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precision between the two sample volumes examined, 0.15 and 0.5 mL.
One possible explanation for this is an uneven distribution of eggs
within the McMaster chamber, as proposed by Cringoli et al. (2004).
While the aforementioned study did examine various sample volumes,
the study design also included very different sample preparation steps
including creating different sample dilutions, and it is not possible to
make direct comparisons between studies. It is possible that the dif-
ferences in volumes we examined may not have been large enough to
produce a difference in precision, but it is also possible that some of the
differences described by others may have been due, at least partially, to
differences in other parts of the methodologies (most notably sample
homogenization). Therefore, while increasing the sample volume ex-
amined can improve precision, it may not be the only affecting factor.

The second prototype of the smartphone system resulted in several
refinements, particularly to reduce operator dependency. This proto-
type had significantly better precision among repeated counts than the
McMaster and Mini-FLOTAC. It is important to note that only one
chamber of the McMaster slide was examined, resulting in a high limit
of detection (66.67) and is a limitation of this study. However, as the
calculation of CV is not affected by multiplication factor (limit of de-
tection), this study did provide evidence that the smartphone system
performed with better precision than the two manual methods. The
opportunity for egg loss and sample variability was likely reduced by
performing all sample preparation steps on a single filter. The filter
could also be directly attached to the unique docking unit for imaging,
eliminating the need for harvesting the sample from the filter for pla-
cement into the McMaster chamber for imaging. This reduction in op-
erator dependency and improvements in sample preparation may ex-
plain the increased precision for the smartphone system. However, the
filtration step likely contributed a source of error as it can result in egg
stacking and/or eggs can be fully or partially covered by debris, causing
the algorithm to not include them in the egg count. The system pre-
sented here is a prototype and refinement is ongoing.

Concerning accuracy, the Mini-FLOTAC method was significantly
more accurate than the McMaster and smartphone system. This sug-
gests that the Fill-FLOTAC is an efficient way for homogenizing the
sample and distributing it directly into the Mini-FLOTAC slides, redu-
cing the opportunity for egg loss in comparison to the sample pre-
paration described for the McMaster and smartphone system. The better
accuracy of the Mini-FLOTAC over the McMaster is in agreement with
recent results generated in our laboratory (Noel et al., 2017). The dif-
ferent detection limits between methods will largely affect these values,
and the McMaster method performed in this study section had a de-
tection limit of 50 EPG and cannot be expected to detect eggs below this
level. Furthermore, we found statistically significant differences in egg
counts between the 500 and 1000 EPG spike levels for the Mini-
FLOTAC and smartphone system. Given the spiked egg count was
doubled, the observed egg counts should also double in response. In
contrast, the McMaster method did not exhibit a statistically significant
difference between these levels. In regards to sensitivity, the smart-
phone system was significantly more sensitive than the McMaster,
while the Mini-FLOTAC was not significantly different from the other
two methods. The smartphone system had significantly lower

specificity than the other two methods, and the Mini-FLOTAC and
McMaster were not significantly different from each other. These results
are likely due to the tendency of the smartphone system to generate
false-positive egg counts, resulting in a higher sensitivity and lower
specificity. This warrants further improvement of the algorithm for
detecting low egg count samples which are particularly important for
performing the fecal egg count reduction test.

Interestingly, counts performed on the naturally infected samples
revealed better agreement between the McMaster and Mini-FLOTAC
methods than that between the McMaster and smartphone system. In
contrast, the McMaster and smartphone system exhibited more similar
egg recovery abilities from spiked samples than the McMaster and Mini-
FLOTAC. These contradictory results suggest that the spiked samples
only represent a simulation of naturally infected samples and therefore
may not truly represent the techniques’ egg recovery capabilities.
Another observation was the variation between slopes observed in the
scatter plots between the different techniques (Fig. 1), which illustrates
that the range of FECs detected by these techniques will likely be dif-
ferent due to systematic differences between methods and that a pro-
cedure for standardization of FECs across techniques should be en-
couraged.

Overall, this smartphone-based automated egg counting system was
more precise than the Mini-FLOTAC and McMaster methods, as well as
comparable in accuracy to the McMaster technique, the most commonly
used technique in clinical practice. Further refinement of the algorithm
will likely further improve accuracy, while reducing operator de-
pendency during sample preparation will provide a more user-friendly
and standardized egg counting method. This method may offer im-
provement for surveillance-based equine deworming programs in the
form of a precise on-site, standardized, automated FEC method, how-
ever further development of the technology is still needed.
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