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Intestinal parasites are a concern in veterinary medicine worldwide and for human health in the devel-
oping world. Infections are identified by microscopic visualisation of parasite eggs in faeces, which is
time-consuming, requires technical expertise and is impractical for use on-site. For these reasons, recom-
mendations for parasite surveillance are not widely adopted and parasite control is based on administra-
tion of rote prophylactic treatments with anthelmintic drugs. This approach is known to promote
anthelmintic resistance, so there is a pronounced need for a convenient egg counting assay to promote

:.;(Z;’ sz:ﬁft good clinical practice. Using a fluorescent chitin-binding protein, we show that this structural carbohy-
Chitin drate is present and accessible in shells of ova of strongyle, ascarid, trichurid and coccidian parasites.
Fluorescence Furthermore, we show that a cellular smartphone can be used as an inexpensive device to image fluores-
Smartphone cent eggs and, by harnessing the computational power of the phone, to perform image analysis to count
Image analysis the eggs. Strongyle egg counts generated by the smartphone system had a significant linear correlation
Strongyle with manual McMaster counts (R?=0.98), but with a significantly lower coefficient of variation
Ascarid (P=0.0177). Furthermore, the system was capable of differentiating equine strongyle and ascarid eggs
Equine similar to the McMaster method, but with significantly lower coefficients of variation (P < 0.0001). This

demonstrates the feasibility of a simple, automated on-site test to detect and/or enumerate parasite eggs
in mammalian faeces without the need for a laboratory microscope, and highlights the potential of smart-
phones as relatively sophisticated, inexpensive and portable medical diagnostic devices.

© 2016 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Intestinal parasite infections are concerns in both humans and
animals. Thus the World Health Organization (WHO) has recom-
mended the use of faecal egg counts (FECs) to monitor schistoso-
miasis and soil-transmitted helminth infections in humans in
developing countries (WHO, 2006). Similarly, the World Associa-
tion for the Advancement of Veterinary Parasitology (WAAVP) rec-
ommends FECs for assessment of intestinal parasite infection
intensity and anthelmintic efficacy in livestock (Wood et al.,
1995). Monitoring FEC levels is widely recommended in targeted
selective therapy control programs in both ruminants and equines
(Kenyon et al., 2009; Nielsen et al., 2014). These recommendations
make huge demands on current FEC techniques, which require
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microscopes, other laboratory equipment and trained personnel,
and are thus rarely performed on-site. As a result, egg counting
has been historically under utilised as a diagnostic and monitoring
tool in human and animal parasite control, and the consequence
has been a tendency to address parasite infection by rote prophy-
lactic treatment (Vercruysse et al., 2012; Leathwick and Besier,
2014; Robert et al., 2015). The resulting evolution of anthelmintic
resistance is now a global problem in parasite populations present
across all domesticated animal species (Kaplan, 2004; Howell et al.,
2008; Cezar et al., 2010; da Cruz et al., 2010; Peregrine et al., 2014)
and a growing concern in humans (Alum et al., 2010; Vercruysse
et al., 2011). This trend is all the more worrying due to the slow
pace of development of new anthelmintic drug classes (Kaplan,
2004).

Despite this burgeoning need and the development of sophisti-
cated diagnostics in other areas of human and veterinary medicine,
egg counting has remained relatively unchanged since the first
method descriptions almost a century ago (Stoll, 1930; Gordon
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and Whitlock, 1939), although useful innovation has been intro-
duced by enlarging flotation chamber volumes to improve sensitiv-
ity (Cringoli et al., 2004; Levecke et al., 2012; Barda et al., 2013),
exploration of alternative flotation solutions (Cringoli et al.,
2004; Vadlejch et al., 2011), and by developing flotation chamber
adaptors to allow direct centrifugation-enhanced flotation
(Cringoli et al., 2010). Recent work has illustrated the potential
for utilising novel imaging modalities and using computational
image analysis to identify eggs and generate parasite FECs, and this
technological field is rapidly evolving (Yang et al., 2001; Castanon
et al., 2007; Mes et al., 2007; Dogantekin et al., 2008; Ghazali et al.,
2013; Linder et al., 2013; Suzuki et al., 2013; Cooke et al., 2015).

One alternative approach to the FEC might involve using an
accessible universal egg marker (UEM) to serve as a target for
detection. Unfortunately, little has been done to elucidate the
molecular composition of egg surfaces of clinically relevant para-
sites, and what little has been done has yielded scant specific infor-
mation (Wharton, 1983; Quiles et al., 2006). Nevertheless, chitin
has been identified in many helminth egg types (Bird and
McClure, 1976; Wharton, 1983; Perry and Trett, 1986; Burgwyn
et al,, 2003) and this, coupled to the rationalisation that such a
structural carbohydrate is much more likely to have been evolu-
tionarily conserved than a protein, led us to postulate that chitin
could serve as a UEM on all helminth egg surfaces and thus form
the basis of a test for total parasite egg count.

Furthermore, due to their low cost and ubiquity, there is cur-
rently intense interest in harnessing the optics and computational
power of smartphones to produce affordable and convenient ana-
lytical instruments and diagnostic devices for use outside the lab-
oratory (Zhu et al., 2013), including in the area of parasitology
(Bogoch et al., 2013, 2016; Ephraim et al., 2015; Sowerby et al.,
2016), although none have yet been commercialised. We therefore
sought to eliminate the need for a laboratory microscope and labo-
rious manual specimen examination by simplifying and automat-
ing FECs via coupling fluorescent egg staining to smartphone-
based imaging and computational shape recognition (United States
patent application #2015029309).

2. Materials and methods
2.1. Protein cloning, expression and labelling

The chitin binding domain (CBD) from Bacillus circulans chiti-
nase A1l that was used to detect parasite eggs was produced as a
hexahistidine (his6 tag)-intein-CBD fusion protein using the plas-
mid pTXB1 (New England Biolabs, Ipswich, MA, USA). pTXB1 was
digested with Notl and Nhel, and ligated to a his6-encoding adaptor
made by annealing two synthetic oligonucleotides (5-CTAGCCAT
CATCACCATCACCAC-3' and 5'-GGCCGTGGTGATGGTGATGATGG-3")
. The resultant construct was confirmed by DNA sequencing and
transfected into the BL21-CodonPlus (DE3)-RP Escherichia coli
strain (Agilent Technologies, Santa Clara, CA, USA). Cells were
grown in lysogeny broth (LB) medium at 37 °C to an 0.D. 600 of
approximately 1.5 in a 10 L fermenter (New Brunswick Scientific,
Enfield, CT, USA). Transcription was induced by addition of 1 mM
isopropyl-1-thio-B-p-galacto-pyranoside after lowering the growth
temperature to 16 °C. After 12-18 h, cells were pelleted and sus-
pended in 50 mM sodium phosphate, pH 8.0, lysed by sonication
after addition of phenylmethylsulfonyl fluoride to 1 mM and lyso-
zyme to 1 mg/ml, and debris cleared by centrifugation at 20,000g
for 60 min. The his6 tag was used for purification on Ni-NTA agar-
ose with a ratio of 2.5 ml of settled resin/L of original culture. Pro-
tein binding and subsequent washes with buffer containing
sodium chloride up to 1.0 M were done on a small gravity feed col-
umn. Protein was eluted with 200 mM imidazole, dialyzed against

PBS, and concentrated using a centrifugal concentrator to 11 mg/
ml. For labelling, a 4 mg/ml solution of CBD in 100 mM sodium
bicarbonate, pH 10, was incubated in the presence of 500 M
hydroxysuccinimide-fluorescein added in DMSO. Samples were
incubated in the dark at room temperature for 60 min, and then
NH4Cl added to 10 mM followed by a further 60 min incubation.
Unreacted fluorophore was removed by sequential centrifugal con-
centration and dilution with PBS until the filtrate was colourless.

2.2. Faecal processing

Faecal samples were collected fresh from horses, goats, sheep
and cattle present at the University of Kentucky Maine Chance
Research Farm, USA. Furthermore, canine samples were obtained
from a local shelter and feline samples from a local veterinary prac-
tice. All samples were stored in airtight containers and kept refrig-
erated until analysis.

Five grams of faeces was suspended in 45 ml of flotation solu-
tion (350 g of glucose and 175 g of sodium chloride in water to a
final volume of 1 L, specific gravity 1.26 g/ml) in a fill-FLOTAC ves-
sel (Barda et al., 2013). The filter (~1 mm aperture) in the fill-
FLOTAC served as a primary filter. After expulsion, the slurry was
used either for egg staining or for manual counting, after gentle
agitation immediately prior to sampling to evenly suspend the
eggs. In the latter case, 0.5 ml of the fill-FLOTAC filtrate was loaded
into each McMaster counting chamber, left to sit for 5 min, and
eggs within the grid (volume = 0.15 ml) were then counted manu-
ally at 40x magnification.

Alternatively, to stain eggs for subsequent imaging in a McMas-
ter counting chamber, 5 ml of fill-FLOTAC slurry was loaded onto a
stack of cell strainers fitted with membranes of varying pore sized
(pluriSelect Life Science, Leipzig, Germany) consisting of a 200 pm
(for ascarid-containing samples) or a 90 pm unit atop a 27 um
membrane. The filters were attached to a 50 ml disposable cen-
trifuge tube via the manufacturer’s collar, which contained a vac-
uum port, and the material drawn through using a 50 ml syringe.

Material on the 27 pum membrane was stained using 1 ml of
60 pg/ml fluorescent (F)-CBD in 1x blocking buffer (Vector Labora-
tories, Burlingame, CA, USA) in PBS for 2 min, and rinsed with three
consecutive 5 ml washes of PBS. Post-staining, eggs were recovered
from the filter with 0.5 ml of PBS using a pipette and five to 10
cycles of ejection and aspiration, and placed under a glass cover
slip or into an etched McMaster chamber. In control experiments,
F-CBD was pretreated by either heating at 95 °C for 5 min or incu-
bating with 1x chitin hydrolysate (Vector Laboratories) in PBS.

In the case of imaging on filters, faecal suspensions in faecal
slurry in flotation solution were passed though the fill-FLOTAC
and a number of 200 pm or 90 pum filters and pooled, then 3 ml
of suspension was loaded onto each filter unit. Samples were
bleached, stained and washed as described above.

In eggs of the free-living nematode Caenorhabditis elegans,
chitin can only be accessed after bleaching (Zhang et al., 2005),
which presumably compromises the outer vitelline layer (Olson
et al, 2012). Therefore, in most cases, faecal samples were
bleached with 1% sodium hypochlorite for 1 or more minutes
and then washed with three 5 ml rinses of PBS prior to staining.
In the case of equine ascarids and Trichuris spp. eggs, bleaching
was conducted for 5 min, including equine samples containing
mixtures of ascarids and strongyles.

2.3. Imaging

Stained eggs in a McMaster chamber were imaged either with
an Eclipse Ti fluorescence microscope or with a smartphone (Apple
iPhone 5s, Apple Inc., Cupertino, CA, USA; Sony Experia Z3, Sony
Corporation, New York, NY, USA; Nokia Lumia 1020, Nokia
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Solutions and Networks, Espoo, Finland). Output resolutions of the
cameras were 3264 x 2448 (iPhone 5s), 5248 x 3936 (Experia z3)
and 7152 x 5360 (Lumia 1020). In the case of smartphones, images
were generated by placing the McMaster slide containing the sam-
ple in a gel fluorescence imaging device (PrepOne Sapphire, Embi-
Tec, San Diego, CA, USA; Fig. 1A). This device contains a bank of
blue light emitting diodes that encompass the excitation energy
wavelengths of fluorescein and is supplied with a sheet of clear
orange acrylic that acts as an emission filter. The iPhone 5s was fit-
ted with a 7x macro lens (Olloclip, Huntington Beach, CA, USA) and
positioned so that the McMaster chamber almost filled the shorter
dimension of the image sensor (Fig. 1C).

In the case of epifluorescent iPhone imaging, a device was con-
structed that contained a battery powered circuit board containing
a hole surrounded by a concentric ring of eight blue light emitting
diodes (LEDs) (Nichia NESB157AT). An optical tube containing a
25 mm x 25 Focal Length (FL) achromat lens (Edmund Optics, Bar-
rington, NJ, USA) and a 525 nm highpass filter was passed though
the circuit board and screwed into the body of the unit at a position
where it would be juxtaposed with the phone lens once it was in
place on the cradle. The circuit board was sealed with a cover con-
taining a screw-mount positioned below the LED array and onto
which a sample-containing membrane filter could be attached
for imaging.

We also designed a custom filter housing for use with the units.
This consisted of two halves that could be screwed together and
sandwiched a 368 pm stainless steel support mesh overlaid with
a 25 mm diameter 20 pm pore nylon filter membrane (Millipore,
Darmstadt, Germany). The internal diameter of the filter unit was
22 mm. The filter unit had screw-threads above to facilitate attach-
ment to the imaging unit and below to attach to a standard dispos-
able 50 ml centrifuge tube. The distance of the filter from the
camera was chosen so that the projected image of the filter filled
the shortest dimension of the image sensor. The filter unit also con-
tained a luer lock attachment to facilitate suction with a syringe
once it was attached to the tube.
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2.4. Image analysis

In morphometric studies, two faecal samples were divided and
either resuspended in flotation solution, placed into McMaster
chambers and multiple microscopic bright field photographs taken
at 100x, or processed by bleaching and staining as described in
Section 2.2 and then photographed in fluorescence mode at the
same magnification. Scale bars were burned onto images using
the microscope software. The resulting images were imported into
Image] software (National Institutes of Health (NIH), Bethesda, MD,
USA) and the scale set using the in-built Set Scale function in con-
junction with the scale bar in each image. Thresholds for each were
set until each egg (although not necessarily the center) was com-
pletely outlined. The software then computed the best-fit ellipse
for each egg and returned values for area, axial lengths and aspect
ratio (AR). In cases where eggs were touching faecal debris that
could not be isolated by thresholding, debris was eliminated digi-
tally using software (Photoshop, Adobe Systems Inc., San Jose, CA,
USA) prior to analysis. The total number of eggs measured for each
group is shown in Table 1.

In initial studies using the pictures of fluorescing eggs in
McMaster chambers, images from the iPhone were exported to a
laptop PC running Windows 8.1 and processed with Photoshop
CS6 using the curves and threshold functions. Firstly, the image
was cropped to retain only the grid of the counting chamber. Then,
using the curves function, the X axis values of the RGB channel
were set to 200-255, the red channel to 254-255 and the green
channel to 170-255. The threshold was then set at 20 and the
image saved as a TIFF file. Images were imported into Image] and
eggs were quantified using the particle counting function. Particle
size and shape parameters were based on the values obtained in
morphometric studies, and chosen to discriminate between bona
fide strongyle eggs and other chitin-containing objects that might
be present in the faeces such as yeast, fungi and their spores, and
ingested arthropod fragments. Only particles whose areas were
between 65 and 140 pixels were counted, corresponding to an area

Fig. 1. Imaging and computational enumeration of strongyle eggs in equine faeces in a McMaster chamber using a cellular phone. (A) Illustration of experimental imaging
set-up using a McMaster chamber placed in a fluorescent gel imager and an Apple iPhone 5s with an accessory macroscopic lens. (B) Comparison of egg counts obtained from
eight different equine faecal samples using manual McMaster counting and the automated system. Data points show + S.D. (n = 4). (C) Example of a whole-field image of a
sample in a McMaster chamber. Scale bar =4 mm. (D) Close-up view showing fluorescing strongyle eggs. Scale bar = 400 pm. (E) The same view as (D) after electronic
thresholding to isolate eggs from the background. (F) The same view as (D) and (E), showing the eggs identified by the algorithm. Note that some of the thresholded particles

in (E) have been excluded based on their shape and/or size.
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Table 1

Morphometric analysis of strongyle and ascarid eggs measured computationally by Image] software. Bright field or fluorescence images were produced of unstained and
unbleached (native) or bleached and fluorescent-chitin binding domain stained eggs from the same faecal samples and various size and shape parameters determined. Data are
presented as means * S.D. Differences between untreated and treated eggs were all statistically significant (P < 0.0001) except for ascarid aspect ratio.

Ascarids

Strongyles

Native (n=225)

Bleached (n=157)

Native (n=174) Bleached (n=362)

Area (um?) 5704.3 £443.9 7125.8 £359.1
Aspect ratio 1.09 +£0.05 1.10+0.05
Major axis (pm) 89.1+4.2 102.1+34
Minor axis (um) 81.5+3.6 92.7+3.2

3953.2+292.5 44441 + 442.0

1.93+0.16 1.73+0.19
98.5+6.4 100.9 £9.5
51.1+£22 58.5+2.6

range of approximately 2750-5900 pm? (based on a final resolu-
tion of 6.5 pum/pixel). Particles at the edges of the image were dis-
carded and the results exported to a spreadsheet and sorted in
ascending order by AR, defined as the ratio between the width
and the length of the particle. Only particles with an AR between
1.3 and 2.6 were included in the analysis.

2.4.1. Egg morphometric analysis

Samples were collected from foals naturally infected with
ascarid and strongyle parasites (n=10). To both determine
whether these eggs can be distinguished solely by computational
morphometric criteria and to determine the values of such param-
eters, we photographed numerous fields of either untreated eggs
floating in McMaster chambers under bright field illumination, or
of bleached and fluorescently stained eggs using a fluorescence
microscope.

2.4.2. Comparison of computer counts with manual McMaster

Because the McMaster FEC is the standard technique recom-
mended by the WAAVP we used it as a comparator with the smart-
phone technology. To this effect, treated faeces were placed into a
polycarbonate McMaster slide chamber and then a fluorescent gel
imager, and photographed using an iPhone 5s fitted with a macro
lens (Fig. 1A). The resulting image was transferred to a computer,
the background was digitally removed (Fig. 1E), and particles
counted using Image] software (NIH). Eggs were identified based
on surface area and AR (Fig. 1F) using values derived from the mea-
surements described above. McMaster egg counts were generated
using a standard version of the technique (Roepstorff and Nansen,
1998) with a detection limit of 50 eggs per gram of faeces (EPG)
and using saturated glucose-salt as flotation medium (specific
gravity of 1.26). For this study, eight equine samples containing
strongyle eggs were analysed using both methods.

2.4.3. Comparison of in-phone with manual McMaster counts

We built three units using smartphones with increasingly
higher resolution sensors but the same optical magnification to
assess the effect of pixel number on effective magnification. The
three smartphones utilised were the iPhone 5s (8 megapixel (MP)
camera), the Sony Experia Z3 (20 MP), and the Nokia Lumia
(38 MP). Scale bars for output images were drawn using the stain-
less steel support mesh which was visible under the nylon capture
filter as a reference, and whose aperture size was 250 um. We
chose the iPhone 5s unit (Fig. 2A-E) as a worst-case scenario to
assess system performance and produced a custom application so
that enumeration could be accomplished by the phone in situ.

In the case of in-phone counting, a curves adjustment function
and the Image] particle counting algorithms were incorporated
into an app on the smartphone itself. In this case, curve settings
were 160-161 for RGB, 254-255 for the red channel and 254-
255 for the blue channel. No other thresholding filters were
applied. Egg shape parameters for strongyles were: size = 55-130

and AR=1.3-2.5. For ascarids parameters were: size = 130-200
and AR=1-1.3.

2.4.3.1. Imaging in McMaster chambers. In the first study using the
iPhone in conjunction with the PrepOne Sapphire unit, eight indi-
vidual equine faecal samples in flotation solution and containing
only strongyle eggs with counts ranging from approximately 60—
2200 EPG were processed both by the classical McMaster method
(Roepstorff and Nansen, 1998) and the new method described. In
each case, four aliquots of slurry from each sample were processed
and counted.

2.4.3.2. Imaging directly on a membrane filter. Five individual equine
faecal samples in flotation solution and containing only strongyle
eggs with counts ranging from approximately 250-2000 EPG were
processed both by the classical McMaster method described in pre-
vious sections and the automated smartphone method (Fig. 2A-D).
Furthermore, a dilution series was created from one equine sample
containing 1916 strongyle EPG, as assessed by traditional McMas-
ter egg-counting by loading between 0.1 and 0.6 g of faeces into
the system. Counts were generated as described in Section 2.4.3.

2.4.3.3. Differentiation of strongyle and ascarid eggs. In the case of
the ascarid/strongyle mixture, the sample was processed as
described for the above filter study but the sample was bleached
for 5 min instead of 1 min in order to expose the chitin in the
ascarid egg shells. Four replicates of the pooled slurry were
counted by the manual McMaster method and the automated sys-
tem. Ascarid:strongyle ratios were computed by calculating the
average ratio for each combination of four counts conducted for
each method (i.e. 16 variations).

2.5. Statistical analyses

Correlation between the mean results from the two counting
methods was determined using least square means regression.
The difference between the counts generated by the two methods
was analysed with a dependent group t-test using the t-test proce-
dure in SAS (version 9.3, SAS Institute, Cary, NC, USA). Egg count
data were log-transformed to achieve normal distribution where
needed. All statistical analyses were interpreted at the o =0.05
level.

The ascarid/strongyle differential counts were analysed statisti-
cally with SAS software using mixed linear models for differences
between egg counts generated for each egg type (ascarid and
strongyle) between the two methods. The ‘mixed’ procedure was
used with count number as a random effect. Method and egg type
were kept as class variables, while the egg count generated was
considered continuous. Egg count data were log-transformed to
achieve normal distribution where needed. Furthermore, differ-
ence between ascarid:strongyle ratios generated with the two
egg counting methods were analysed with an independent group
t-test using the t-test procedure in SAS.
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Fig. 2. Epifluorescene imaging device for smartphones and sample images. (A) Cutaway illustration showing, from top to bottom, cellular phone, external housing, optical
tube, circuit board for light emitting diodes, circuit board cover and sample filter. (B) Cross section of the optical tube showing positioning of the adaptive lens above the
emission filter. (C) Cross section of the filter unit consisting of two screwed-together halves, sandwiching the egg-capturing filter. (D) Underside view showing the circuit
board cover in place and the arrangement of the light emitting diodes. (E, F) Images of stained fluorescing equine strongyles in faeces, captured using units built for the Apple
iPhone 5s (8 megapixel), Sony Experia Z3 (20 megapixel) and Nokia Lumia 1020 (38 megapixel) cellular phones, respectively. (Scale bar = 500 pm).

- + + + + Bleach
+ + - + + CBD

- - - + - Boiling
N - 5, = + Chitin

Bright Field

Fluorescence

Canine Caprine Bovine

Equine Feline Ovine

Fig. 3. Fluorescent staining of parasite eggs in faeces using the chitin binding domain. (A) Bright-field and corresponding fluorescence images of strongyle eggs in untreated
equine faeces, bleached and stained faeces, bleached only faeces, bleached faeces stained with boiled fluorescent-chitin binding domain and bleached faeces stained with
fluorescent-chitin binding domain pre-treated with chitin hydrolysate. Scale bar = 100 um. (B) A variety of parasite eggs stained in the faeces of various mammalian species,
namely equine strongles (upper image) and ascarids (lower image), canine hookworm (strongyle) and Trichuris vulpis (composite image), feline Toxocara cati, caprine and

ovine trichostrongyles, and a composite image of a number of parasite eggs in a single bovine sample including Nematodirus spp., trichostrongyles, Trichuris spp. and coccidian
oocysts. Scale bars = 100 pm (equine through ovine) and 200 pm (bovine).
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3. Results
3.1. Egg staining

We produced a recombinant version of the CBD of chitinase A1l
from B. circulans. Initial attempts to stain strongyle eggs failed
(Fig. 3A, however bleaching the faecal samples led strongyle eggs
to fluoresce intensely upon F-CBD treatment with little staining
observed in the copious extraneous faecal debris (Fig. 3A). Bleach-
ing did not induce egg autofluorescence since eggs in bleached,
unstained faeces did not fluoresce, and binding was specific
because boiled F-CBD and F-CBD pretreated with a chitin hydroly-
sate both failed to stain eggs.

F-CBD stained eggs, in bleached faeces from multiple mam-
malian species (Fig. 3B), including equine strongyles and Parascaris
spp. (ascarid), caprine and ovine trichostrongyles, canine stron-
gyles (hookworm) and Trichuris vulpis (whipworm), feline Toxocara
cati (ascarid) and a variety of eggs in bovine faeces including Nema-
todirus spp., trichostrongyles and Trichuris spp., and coccidian
oocysts. Staining of Trichuris eggs was striking because F-CBD
bound to both the shell and the operculae.

Most eggs required just 1 min of bleaching, but the thick pro-
teinaceous coat of equine ascarids required 5 min. Surprisingly,
the smooth shell of Trichuris eggs also required a 5 min bleach,
although the operculae stained after only 1 min (not shown).
Bleaching also reduced the amount of faecal debris on the filter
and rendered it more translucent, thereby reducing its propensity
to mask eggs.

3.2. Egg morphometric analysis

Fluorescent ascarid and strongyle eggs could be distinguished
by surface area (Fig. 4A) and AR (Fig. 4B) as well as minor, but
not major, axis (Table 1). We chose to utilise both surface area
and AR as parameters to not only distinguish the two egg types
from one another but also from other chitin-containing compo-
nents possibly present in the faeces.

O Ascarids

AIG-

14 4 @ Strongyles

12 4

% of Population

2850 3450 4050 4650 5250 5850 6450 7050 7650 8250
30 4 Area (um?)

o

25 o

20 4

15 4

9% of Population

10 4

67 75 83 91 99 107 115 123

Major Axis (um)

Bleaching and staining increased the size of both ascarid and
strongyle eggs (Table 1). Ascarid egg area increased by 25% due
to enlargement of the major and minor axes by 14.6 and 13.7%,
respectively. Strongyle egg area increase was half that of ascarids
(12.4%) while the minor axis length increased more than the major
at 14.5% versus 2.4%. The similar biaxial enlargement of ascarid
eggs resulted in no change in aspect ratio, while the preferential
transverse expansion of strongyle eggs resulted in an average
aspect ratio decrease of 11.4%. All of these changes were statisti-
cally significant (P < 0.0001).

The morphometric changes were not artefacts from using two
different imaging modes because fluorescent images overlaid their
bright field counterparts exactly (Supplementary Fig. S1). Graphs
of the changes in each parameter frequency distribution for each
egg type are shown in Supplementary Figs. S2 and S3.

3.3. Imaging in McMaster chambers

Fluorescing eggs could be easily discerned from the background
faecal material (Fig. 1C, D), and particles corresponding to autoflu-
orescing background or extraneous chitin-containing material
were not counted (cf. Fig. 1E, F).

Comparison of this automated method with manual McMaster
counting resulted in a significant correlation (R? = 0.93; Fig. 1B).
Due to the concentration of eggs during filtration, the automated
system detected significantly more eggs (P = 0.0082) with signifi-
cantly smaller variance (P=0.0011) than the McMaster method.
The slope of the line of best fit was 4.13, but because 10 times more
material was loaded into the capture filter in the automated
method than the McMaster chamber in the manual method, this
represented an egg yield of 41%.

3.4. Imaging on filters

The Sony Experia Z3 (20 MP) produced larger egg images than
the iPhone 5s (8 MP) but was out-performed by the Nokia Lumia
1020 (38 MP) (Fig. 2E-G).
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Fig. 4. Size and shape distribution of bleached, stained ascarid and strongyle eggs. Ascarid or strongyle egg-containing faecal samples were bleached and stained with
fluorescent-chitin binding domain, photographed using a fluorescence microscope, and measured using Image] software (ascarids n =157, strongyles n = 362). Frequency
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The dose response of strongyle egg-containing faeces from the
same sample was linear (R? = 0.996) (Fig. 5A). The line slope was
1323 EPG, corresponding to a recovery of 69%, substantially higher
than previously. After accounting for the fact that the imaging unit
prototype only captured 87% of the surface of the circular filter,
this recovery rose to 79%.

The comparison with McMaster egg counts produced an
improved correlation (R? = 0.98) compared with the previous sys-
tem (cf. Figs. 1B and 5B). Once again, many more eggs (12.5x, from
the slope of the line) were counted by the automated system due
to the larger amount of faecal material (20x ) available for analysis,
indicating a substantial increase in sensitivity. After accounting for
the non-imaged filter area, the egg yield of the automated system
was 72%.

The relative standard deviations (%RSDs) of the values gener-
ated by the automated system were significantly lower
(P=0.0177) than the manual McMaster method (Fig. 5C), indicat-
ing higher diagnostic precision.

3.5. Differentiation of ascarid and strongyle eggs

We confirmed microscopically that a sample containing both
ascarid and strongyle type eggs could indeed be treated such that
both were labelled (Fig. 5D) and identified based on the thresholds
defined in the smartphone application (Fig. 5E). Due to increased
loading, the automated system enumerated significantly more
eggs (12.8x and 13.9x for strongyles (P<0.0001) and ascarids
(P<0.0001), respectively (Fig. 5F)), corresponding to recoveries of
73.6% and 79.9%, and the %RSD was 10 and four times lower for
strongyles and ascarids, respectively (4.1% versus 40.1% for stron-
gyles and 4.9% versus 22.4% for ascarids). We calculated ascarid:
strongyle ratios (ASRs) for each of the 16 possible combinations
of the quadruplicate counts for each method (Fig. 5G). The mean
manual McMaster ASR was 1.33 compared with 1.28 for the auto-
mated method. This difference was not statistically significant
(P=0.7283), indicating that the automated method discriminated
between egg types as well as the manual method. As was the
case for egg counts, the %RSD of the manual McMaster ratio was

significantly larger (45.3%) than the automated smartphone sys-
tem (5.7%) (P < 0.0001).

4. Discussion

We have, to our knowledge, described the first smartphone-
based parasite faecal egg counting technique. The ability of F-
CBD to stain all the eggs tested to date across many disparate par-
asite genera collected from different mammalian species suggests
that chitin is indeed a tractable UEM. The constructed system is
capable of generating a quantitative measure of the amount of eggs
in a faecal sample, and we have demonstrated its ability to differ-
entiate between the two most clinically important egg types pre-
sent in equine faeces. Due to the ability to load more faecal
material, both automated methods described here counted more
eggs than the standard McMaster procedure for any given faecal
sample. In the case of imaging in McMaster chambers the ~40%
recovery may in part have been due to inefficient harvesting by
manual pipetting from the capture filter, and this is consistent with
the elevated recovery, when imaging directly on the filter for both
strongyle and ascarid eggs, of between 70% and 80%. Egg loss in the
direct filter imaging method is probably due to a combination of a
number of factors such as: (i) some eggs are not counted by the
current algorithms (Fig. 5E, arrowheads) because some smaller
eggs lie close to the size threshold used to discriminate them from
smaller irrelevant particles, and because some do not stain as
brightly as others and may be eliminated by the digital threshold-
ing; (ii) eggs at the edges of the filter tend to be distorted due to
lens aberrations and are sometimes ignored; (iii) a small number
of eggs are presumably lost due to burial by the faecal particulates
present on the capturing filter; and (iv) two adjacent, touching
eggs are counted as a single particle or ignored. Despite these chal-
lenges, the automated method in the current form still substan-
tially out-performs the most recommended egg-counting method
in use in veterinary practice today, and we are working to max-
imise yields by improving both optics and algorithms.

The process described here can be conducted in 4-9 min
depending on the bleaching duration. In comparison, one recent
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study (Barda et al., 2014) estimated the processing time for
McMaster strongyle counts is 7 min per sample, whereas one of
the most common techniques in human parasitology, the Kato-
Katz, took 48 min per sample. These estimates, however, did not
include the time taken to transport samples to a laboratory, nor
consider that manual counting is a rate limiting step that must
be conducted in series for multiple samples. This is eliminated by
parallel processing because samples that are stained in parallel
can be counted almost instantaneously, further reducing the time
required per test. In our hands we could stain and count four
strongyle-containing samples in less than 10 min, compared with
the 20-25 min that would be required for the McMaster method.
Automation of the staining process could potentially further
increase the throughput of the system. These improvements in effi-
ciency, coupled to the superior sensitivity and precision reported
here, makes this a significant improvement over current
methodologies.

The smartphone unit also offers practical advantages over exist-
ing egg count techniques. First, it obviates the need for a laboratory
microscope and an experienced technician. Second, it does not
require access to an electrical outlet, as it runs on batteries, and
is thus amenable for remote field work, where fresh samples can
be processed rather than having to be preserved in formalin for
later laboratory analysis. In this regard, our simple syringe-driven
filtration system can be manually operated and requires no power,
while our preliminary experiments suggest that F-CBD is stable for
at least 1 week at 37 °C and may not require refrigerated trans-
portation to remote undeveloped areas. Furthermore, the image
can be saved after capture and stored as a permanent data record,
and can be reanalysed if needed, providing yet another advantage
over traditional methods. This image can also be useful as a means
to facilitate communication of test results and associated recom-
mendations to clients and patients. Thus, this technology over-
comes significant obstacles to adopting surveillance-based
parasite control strategies by making egg counts easier to obtain
in a real-time setting.
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