Detection of fecal contamination on apples with
nanosecond-scale time-resolved imaging of

laser-induced fluorescence
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Detection of apples contaminated with feces is a public health concern. We found that time-resolved
imaging of apples artificially contaminated with feces allowed optimization of timing parameters for
detection. Dairy feces were applied to Red Delicious and Golden Delicious apples. Laser-induced fluo-
rescence responses were imaged by use of a gated intensified camera. We developed algorithms to
automatically detect contamination iteratively by using one half of the apples and validated them by
applying the optimized algorithms to the remaining apples. Results show that consideration of the timing
of fluorescence responses to pulsed-laser excitation can enhance detection of feces on apples.

OCIS codes:

1. Introduction

Feces are the primary source of pathogenic Esche-
richia coli (E. coli) contamination of agricultural
commodities, and both the Food and Drug Adminis-
tration! and the Food Safety and Inspection Service?
use the presence of E. coli as an indicator of fecal
contamination. The adverse health risks of patho-
genic organisms originating from feces, including E.
coli O157:H7, in foods are well documented. The Food
and Drug Administration has requested that the U.S.
Department of Agriculture develop methods to detect
fecal contamination of fruits and vegetables and, in
particular, of apples used to make juice. As a conse-
quence, the Instrumentation and Sensing Laboratory
was assigned the task of developing instrumentation
to detect fecal contamination.

Fluorescence sensing techniques are widely used in
a number of scientific applications including cell bi-
ology, photochemistry, medicine, and environmental
sciences. Plant materials, including leaves and fruits,
exhibit fluorescence emissions in the visible region of
the spectrum when excited with appropriate radia-
tion. Fluorescence emission peaks (maxima) from
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these materials are typically observed in the blue,
green, red, and far-red regions of the spectrum at
approximately 450, 530, 685, and 735 nm, respec-
tively. The authors have demonstrated that feces
show similar responses and that responses from feces
from different species of agricultural interest are sim-
ilar.16

In prior studies the authors demonstrated that fe-
cal contamination of apples can be detected on the
basis of differential fluorescence responses of feces
and normal apple surfaces.!3.17 The ultimate goal of
the research program is to develop methodologies
that can be used for real-time evaluation of apples
during processing. In this regard, the authors devel-
oped a multispectral laser-induced fluorescence im-
aging system, which was used to detect fecal
contamination of apples.1?-18 The system used a UV
pulsed laser to excite samples and an intensified cam-
era to record fluorescence responses. A specific ad-
vantage of this pulsed-laser system is that images
from samples with low quantum yields can be ac-
quired rapidly regardless of ambient light conditions.

The current study addresses potential methods for
increasing the selectivity and specificity of the use of
a laser-induced fluorescence imaging system for de-
tecting fecal contamination on apples. The authors
previously showed that the maximal fluorescence
yield from feces is obtained with an excitation wave-
length around 417 nm.'8 In this study the UV pulsed
laser was replaced by a pulsed laser with an optical
parametric oscillator that allowed one to tune the
output wavelength to 417 nm. In addition, it was



hypothesized that consideration of time-dependent
differences in fluorescence responses of areas with or
without feces treatment might allow for improved
detection of contaminated apples. To test this possi-
bility, we used an intensified camera with a gate
width of 2 ns to image artificially contaminated ap-
ples sequentially by time.

2. Materials and Methods

Serial dilutions of dairy feces were applied to Red
Delicious and Golden Delicious apples. We detected
contamination sites by taking advantage of differ-
ences between fluorescence responses of apple sur-
faces and of feces. One half of the apples were used to
develop detection algorithms. The algorithms were
validated with the remaining apples.

A. Apples

The Red Delicious and Golden Delicious apples used
in the study were handpicked from crates of tree-run
apples at the Rice Fruit Co. (Gardners, Pa.). The
apples were stored under commercial conditions in an
apple refrigerator maintained at 3 °C. Apples for
treatment were selected randomly on the basis of two
criteria: first, apples were not damaged and, second,
the flesh of the apple was firm with no sign of rot.
Feces were applied to 100 apples of each type.

B. Feces Application

Fresh cow feces were collected at the Beltsville Agri-
cultural Research Center dairy. The feces were im-
mediately processed and applied to the apples. We
determined dry-matter content of the feces
(14.8 = 0.2%) by drying three samples to a constant
weight in a 95 °C oven. The fresh feces were serially
diluted 1:2, 1:20, and 1:200 by weight with double-
distilled water. A single 30-ul drop of each of the
three dilutions was applied to the cheek surface of
individual apples by use of a pipette with one drop per
quadrant; the fourth quadrant was not treated. To
accommodate particulates in the dilutions, approxi-
mately 2 mm were cut off the end of the pipette tip
with a razor blade. The drops were applied clockwise
in sequence by concentration, and the initial quad-
rant for application was rotated one quadrant clock-
wise every fourth apple (Fig. 1).

The last four apples in each group of 100 were
handled a little differently than the remainder of the
apples. The locations of specific treatment sites on
these four apples were rotated apple by apple so that
the four application patterns were all represented.
These four apples were designed to be potential sub-
stitutes if problems occurred with any of the other 96
apples. In actuality, two Red Delicious apples were
substituted because one was dropped and because
one application site visibly ran, and one Golden De-
licious apple was substituted because the application
pattern was rotated inappropriately. Thus only 96
apples from each group were actually used for anal-
yses.

Following feces application, the apples were re-
. turned to the apple refrigerator. Over the next 24 to
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o o

Fig. 1. Application sites for 1:2, 1:20, and 1:200 serial dilutions of
dairy feces. The order of the applications followed a clockwise
rotation based on concentration. The initial quadrant for applica-
tion of the 1:2 dilution was incremented one quadrant clockwise
every fourth apple.

72 h, single trays of a dozen apples were removed for
imaging as needed. Two trays were out of the refrig-
erator at any given time: One tray was in active use
while the apples in the second tray were allowed to
acclimate to room temperature.

C. Imaging System

Fluorescence emissions from single apples were ac-
quired by use of a multispectral laser-induced fluo-
rescence imaging system. The light source was a
10-Hz optical parametric oscillator pulsed (~6-ns
pulse width) laser (Vibrant VIS; Opotek, Calif.). The
laser system provides an output based on the @
switch that can be used to trigger the imaging sys-
tem. The trigger output can be set to occur within
+100 ns of the actual @-switch event. The maximum
power across most of the frequency range (415 to
650 nm) of the optical parametric oscillator is ~50 mdJ
per pulse; however, power is lower at the extremes of
the operating range. Trials were conducted with
417-nm excitation at a power level of 25 to 30 mJ. A
pair of internal lenses expands the beam of the laser
to encompass a 12-cm-diameter target area at
150 cm. A Gen II intensified charge-coupled-device
(ICCD) camera was used for imaging (IStar; Andor
Technology, Mass.; minimum gate width 2 ns, pixel
resolution 1024 X 1024, and effective pixel size
13 um X 13 pm). Attached to the camera was a
25-mm Nikon lens along with a common-aperture
multispectral adaptor (MSAI-04; Optical Insights,
Ariz.) that uses prisms to create four 512 X 512 im-
ages in separate quadrants of the 1024 X 1024 cam-
era image. The advantage of this adapter is that a
different interference filter can be used for each quad-
rant. Filter parameters used for this study were
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40-nm FWHM at 590 nm (yellow band), 22-nm
FWHM at 682 nm (red band), 30-nm FWHM at
700 nm (broad red band), and 10-nm FWHM at
730 nm (far-red band). The camera was positioned at
a 5° angle to the laser beam at a distance from the
target stage (~100 cm) to allow single apples to be
imaged. Preliminary tests of imaging quality indi-
cated that the largest source of variation was the
fluorescence responses across individual, untreated
apple surfaces and among apples. Second was the
variability inherent in using a pulsed laser for illu-
mination; however, averaging responses of eight se-
quential pulses kept differences in image-to-image
illumination to less than 2%. Tests of optical compo-
nents revealed distinct optical aberrations due to the
multispectral adapter at the edges of each of the four
imaging quadrants. However, within the center re-
gions used to image apples, responses were near uni-
form. In practice, no attempt was made to correct
images prior to image analyses. The primary reason
for this decision was that the variability that can be
attributed to the imaging system is minimal, and, as
the ultimate goal of the research is the development
of a rapid detection system, the computational over-
head of an additional correction step is not war-
ranted.

D. Image Acquisition

The camera is controlled and data are collected and
analyzed with a personal computer running Mi-
crosoft Windows XP Professional and Visual Basic
version 6. Image acquisition uses the software
development kit provided by Andor Technology to
set the trigger delay time (picoseconds), hardware
binning (normally none), CCD temperature (nor-
mally —20 °C), intensifier gain (0 to 255), gate width
(picoseconds), 16-bit analog-to-digital conversion rate
(normally set to 500 K Hz so that only one of the two
existing analog-to-digital circuits is used for all con-
versions), and the number of images to accumulate
and to transfer individual images to digital arrays.
Images are accumulated by one’s leaving the CCD on
and allowing charge to continue to accumulate in
individual pixel wells while the intensifier is turned
on and off in relation to the @-switch-based trigger
and camera settings. A computer program was writ-
ten to set the region of interest (not used in this
study), to control image acquisition and display, and
to write 15-bit images to disk. Images were restricted
to 15 bits to allow data to be stored as signed inte-
gers. For most trials, a set of 30 images were acquired
and saved to disk following activation of a single com-
mand button. For the first 28 images, the gain was
250, the gate width was 2 ns, and the number of
images accumulated was eight. The difference among
images was that the trigger delay was incremented
1 ns for each sequential image. The initial trigger
delay was set to a fixed value that corresponded to
3 ns before the first sign of a fluorescence response
could normally be detected. For the 29th image (low
range), the gate width was set to 25 ns, the gate delay
was set to be the same as the third sequential image,
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and the number of images accumulated was reduced
from eight to six to maintain consistent intensity lev-
els; the image is comparable with integrating sequen-
tial images 3 to 27. For the 30th image (high range),
the gate width was set to 20 ns, the gate delay was set
to be the same as the 15th sequential image, and the
number of images accumulated was again set to
eight; the image is comparable with integrating se-
quential images 15 to 34. In actuality, only 28 se-
quential images were acquired, so the final (high
range) image contains information not available in
the sequential images. In a preliminary test, images
of treated apples acquired sequentially over 10-min
periods showed no evidence of photobleaching.

E. Image Manipulation

A number of computer programs were written to fa-
cilitate analyses of images. The first program com-
bined sets of images from 12 apples into a single
three-dimensional tray file by use of the Envi file
format in which the data were arranged as 2 apples
by 6 apples by 30 images per apple. This program also
allows creation of a file that contains location masks
for each of the contamination sites. Because the im-
age coordinates are identical for each of the 30
z-dimension images, the location file is two-
dimensional and encompasses only the 2-apple by
6-apple dimensions of the tray files. The masks con-
sisted of fixed-dimension squares that are manually
positioned so that the selected contamination site is
centered in the square. The type of contamination
site is coded by color. The underlying image on which
the squares are placed can be any one of the 30
z-dimension images, and one can test the validity of
location masks by superimposing the mask file on
different z-dimension images. Larger masks were
used to establish the exact location of apples within
images.

Because of memory considerations, separate tray
files were created for each of the four quadrants of the
camera images, i.e., for each filter wavelength. The
images in tray files were registered so that it was
necessary to create only a single location file for each
set of four related tray files.

A second program allowed creation of combined
three-dimensional image files based on tray and lo-
cation files created by the first program. As each tray
file contains images of 12 apples, eight tray files were
needed to encompass images of the 96 apples of each
type. To allow half the data to be used to develop
algorithms and the other half to be used for validity
testing, we created combined image files with apple
masks and either odd- or even-numbered tray files.
Thus combined image files included images from 48
apples arranged as 8 apples by 6 apples; individual
apple image segments were 351 by 351 pixels and
masks for contamination sites were 25 by 25 pixels.

As the original combined image files contained in-
formation based on only a single filter, a program was
written to expand the z dimension from 30 to 32. The
additional space allows inclusion of images, or trans-
formed images, acquired with any filter. As the im-



ages are registered, the addition information allows
manipulations such as taking ratios of images ac-
quired with different filters.

F. Image Analyses

A fourth program was written to analyze the com-
bined image files. An image derived from a segment
of the combined image based on the mask used to
create the combined image, e.g., a single apple image,
can be analyzed by use of image manipulations (e.g.,
binning, brightness, contrast, normalization, expo-
nential scaling, linear combination of images, and
ratios of two images) and filters (e.g., spatial, geomet-
ric, morphological, edge, and threshold).’”® Raw or
transformed images can be viewed as images, false-
color images, or histograms. One accomplishes auto-
mated detection by subjecting an image to a selected
series of transformations and then by applying a
threshold to the resultant image. All pixels above the
threshold and within a selected pixel distance of each
other are considered to be from the same site. Clas-
sification of sites by treatment is accomplished by
one’s comparing the centroids of the sites with the
centroids of the contamination site masks. A positive
match occurs if the centroids are within a selected
distance of each other. If enabled, the program
records the centroid coordinates and the number of
pixels associated with each classified contamination
site along with similar information for the largest
unclassified, presumably false-positive, site.

A final program tabulates recorded results. The
numbers of recorded pixels for each classified con-
tamination site and for the largest unclassified site
are compared with a selected classification threshold.
If the number of pixels is greater than or equal to the
classification threshold, the response is tabulated as
a true response. One option is to investigate the effect
of changing the classification threshold on the num-
ber of contamination sites correctly detected versus
the number of false-positive sites detected. For exam-
ple, all false positives for a particular detection algo-
rithm can be eliminated by one’s setting the
classification threshold just greater than the largest
number of detected pixels for any unclassified con-
tamination site.

3. Results and Discussion

A. Response Characteristics

As was found in a prior study, the intensity of fluo-
rescence responses did not scale with the concentra-
tion of applied feces (Figs. 2 and 3).17 The measured
response for a treated area appears to be a weighted
summation of the responses of the feces and of the
underlying apple surface. The applied feces can ob-
struct illumination of the underlying apple surface
and potentially reabsorb energy released by the apple
surface. In general, the intensity of fluorescence re-
sponses in the red bands for 1:2 treatment areas was
less than responses for 1:20 treatment areas. For the
1:2 dilution areas, the density of the applied manure
probably interfered with both the illumination and

(c) (f)

Fig. 2. Images of a representative Red Delicious apple acquired at
682 nm. The gate delay time for sequential images was (a) 10 ns,
(b) 12 ns, (c) 14 ns, (d) 16 ns, (e) 18 ns, (f) 20 ns; however, the gate
width remained constant at 2 ns. Each image is scaled to its max-
imum intensity. Locations of areas where the 1:2, 1:20, and 1:200
feces treatments were applied are as indicated. Note that the
treated areas are visible at all gate delays, but visibility of the
apple decreases as the gate delay increases.

the response of the underlying apple surface. For the
1:20 dilution, the applied feces visually appeared to
be translucent, and the measured response is proba-
bly a summation of the responses of the feces and the
underlying apple surface. Given the complexity of
these interactions, formal analyses of decay charac-
teristics are beyond the scope of this study. Further-
more, information about theoretical decay
characteristics is of little use for designing a commer-
cial detection system as time and cost constraints do
not allow for acquisition of sequential images for sin-
gle apples. For commercial applications, it is more
important to look at the relative intensity of re-
sponses as a function of potential gate widths and
gate delays. For this reason, raw intensity responses
by time are shown rather than normalized responses,
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Fig. 3. Images of a representative Golden Delicious apple ac-
quired at 682 nm. The gate delay time for sequential images was
(a) 10 ns, (b) 12 ns, (¢) 14 ns, (d) 16 ns, (e) 18 ns, (1) 20 ns; however,
the gate width remained constant at 2 ns. Each image is scaled to
its maximum intensity. Locations of areas where the 1:2, 1:20, and
1:200 feces treatments were applied are as indicated. Note that the
treated areas are visible at all gate delays, but visibility of the
apple decreases as the gate delay increases.

which would be more appropriate for analyzing decay
constants.

B. Detection Parameters

Selection of the wavelengths and bandwidths for fil-
ters used in this study was based on demonstrated
fluorescence response characteristics of feces and ap-
ples. Using hyperspectral imaging techniques, the
authors previously demonstrated that ratios of ap-
propriate band images helped to normalize effects
due to heterogeneous illumination and that detection
of fecal contamination was enhanced when a red-
band image was divided by the corresponding blue-
band image and, to a lesser extent, by the green-
band, image.’® More recently, ratios of red-band to
blue-band images acquired by use of a pulsed UV
laser for excitation were found to improve detection of
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Fig. 4. Images of representative (a) Red Delicious and (b) Golden
Delicious apples acquired at 590 nm by using a 10-ns gate delay
and a 2-ns gate width. Each image is scaled to its maximum
intensity. Locations of areas where feces treatments were applied
are as indicated. Note that the 1:2 treated area is brighter than the
surrounding apple surface in the image of the Red Delicious apple
and that it is darker in the image of the Golden Delicious apple.

1:2 dilutions of feces applied to Red Delicious apples;
in contrast, detection of 1:200 dilution sites was bet-
ter when only red-band images were analyzed.!” In
the current study, use of 417-nm excitation precluded
use of a blue (~ 450-nm) filter. Instead, a broad-
bandwidth 590-nm (yellow) filter was used to capture
the tail end of the green fluorescence emission spec-
tra. Examples of images acquired with this filter are
shown in Fig. 4. Note that the green coloration of
Golden Delicious apples resulted in higher-intensity
fluorescence responses in the yellow band for un-
treated apple surfaces compared with Red Delicious
apples. As a consequence, for Golden Delicious ap-
ples, fluorescence responses in treated areas were
lower than responses in untreated areas (Fig. 5). In
contrast, for Red Delicious apples, responses for 1:2
dilution treatment sites were greater than responses
for untreated areas. The responses of 1:2 dilution
treatments are of particular interest as ratio images
are most beneficial for detecting high-concentration
treatment sites.!” Ratio images enhance differences
between treated and untreated areas when the direc-
tion of the relative response of treated to untreated
areas in one image is reversed in the second image.
Thus ratio images utilizing 590-nm images offer the
potential of enhancing detection of fecal contamina-
tion on Golden Delicious but not on Red Delicious
apples.

The 682-nm filter was chosen for use, as it was the
commercially available filter that best matched the
primary fluorescence response characteristics of chlo-
rophyll a. The 700-nm filter was meant to encompass
both the primary and the secondary chlorophyll-a
fluorescence emission peaks. Examples of images ac-
quired for Red Delicious and Golden Delicious apples
with the 682-nm filter are shown in Figs. 2 and 3,
respectively. The intensity of responses of treated
and untreated areas are shown in Fig. 6. Images
acquired with the 700-nm filter were similar and are
not shown.
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Fig. 5. Average intensities of 9 X 9 pixel areas for treatment
spots on the (a) Red Delicious and (b) Golden Delicious apple
images in Fig. 4. Calculated intensities were derived from images
acquired by use of gate delay times incremented sequentially by
1 ns; gate width was kept constant at 2 ns. Note the reduced
fluorescence responses of the Red Delicious apple compared with
the Golden Delicious apple and that, for the Golden Delicious
apple, the intensity of the 1:2 treatment spot is consistently lower
than the corresponding intensity of the control.

When one uses a multispectral adapter for imag-
ing, an issue that needs to be addressed is the effec-
tive imaging throughput for each of the filters. A
broadband filter was used at 590 nm in an attempt to
match the intensities of images acquired with the
682- and 700-nm filters. However, owing to low flu-
orescence yields by use of 417-nm excitation, the in-
tensity of images acquired with the 590-nm filter
(Fig. 5) was lower than the intensity of images ac-
quired with the 682- (Fig. 6) or 700-nm filters. Still,
the throughput at 590 nm was adequate to provide
reasonable sensitivity as pixel counts for regions of
interest ranged from 1000 to 20,000. The throughput
for the narrowband 730-nm filter was the lowest
among all the filters, and pixel intensities for regions
of interest ranged from the low hundreds to a few
thousand. Although this sensitivity is theoretically
adequate to allow effective analyses of images, the
images were noisy and grainy. As 730 nm is the sec-
ondary emission peak of chlorophyll a, the 730 im-
ages were similar to the 682- and 700-nm images but
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Fig. 6. Average intensities of 9 X 9 pixel areas for treatment
spots on the (a) Red Delicious and (b) Golden Delicious images in
Figs. 2 and 3, respectively. Calculated intensities were derived
from images acquired by use of gate delay times incremented
sequentially by 1 ns; gate width was kept constant at 2 ns. Note
that for both (a) Red Delicious and (b) Golden Delicious apples, at
10-ns gate delay, intensities for 1:2 treatment areas are less than
corresponding responses for control areas, and, at gate delays
greater than 10 ns, intensities for 1:2 treatment areas are greater
than corresponding responses for control surfaces.

were inferior in terms of the signal-to-noise ratio. For
these reasons, 730-nm images were not subject to
detailed analyses.

It was hypothesized that consideration of differ-
ences in the time courses of fluorescence responses for
treated and normal apple surfaces might allow for
improved detection of feces on apples. The fluores-
cence responses of both feces and apples in the red
band are derived from chlorophyll ¢ and related com-
pounds. However, feces are the result of a digestive
process designed to break down biological tissue into
simpler chemical compounds. It was theorized that
this process might alter the time-dependent fluores-
cence responses of feces compared with intact apples.
If so, it might be possible to accentuate differences
between corresponding fluorescence responses by use
of a pulsed laser for excitation with appropriate se-
lection of the ICCD-camera gate time delay and gate
width. Example images in Figs. 2 and 3 clearly dem-
onstrate that the time courses of fluorescence re-
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sponses of feces and of normal apple surfaces are
different. Graphs of intensity verses gate time delay
(Fig. 6) reveal that the fluorescence responses for
normal apple surfaces decrease faster with elapsed
time compared with areas treated with feces. In con-
trast, there were no real differences in time-
dependent response characteristics at 590 nm (Fig.
5).

The low-range (3 —27-ns gate window) and high-
range (15— 34-ns gate window) imaging parameters
were selected on the basis of preliminary data. The
low range was designed to capture the total inte-
grated fluorescence response. The high range was
selected to capture the tail of the feces response after
the response of untreated apple surface was greatly
attenuated. Examination of experimental data sug-
gested that the 12—19ns gate window might also be
worth investigating, as this is the range in which
responses of treated areas were consistently greater
than responses for untreated areas. Images acquired
with gate delay times of from 12 to 19 ns were aver-
aged to create the midrange treatment for testing.

Examination of time-sequence images (e.g., Figs. 2
and 3) show that toward the end of the response
period for treated areas there was almost no response
for untreated apple surfaces. Tests made by use of
images acquired with gate delay times greater than
18 ns led to the creation of an additional treatment
called the extended range treatment. For both Red
Delicious and Golden Delicious apples, the treatment
was the sum of images acquired from 20 to 24 ns.

It is interesting to note that the shape of fluores-
cence responses were similar for both treated and
untreated areas in images acquired with the 590-nm
filter (Fig. 5). Responses were largely attenuated by
13 ns. This presents a particular problem for con-
structing a ratio image. Ratios involving high-range,
and even midrange, treatments are not useful as
there is little or no energy in corresponding images
acquired with the 590-nm filter. As an alternative,
images acquired with gate delay times from 11 to
13 ns were averaged and designated the short-range
treatment. Ratios were calculated for low-range and
short-range image sets.

In summary, images acquired with both 682- and
700-nm filters were analyzed in detail with the low-
range, short-range, midrange, high-range, and ex-
tended range image sets. In addition, ratio images for
low-range and short-range data sets were also ana-
lyzed. The denominators for all ratio calculations
were the corresponding image sets acquired with the
590-nm filter.

C. Detection Algorithms

We tested numerous detection algorithms by apply-
ing the algorithms to 48 Red Delicious and 48 Golden
Delicious apples. It immediately became apparent
that it would be impossible to detect all of the con-
tamination areas with no false positives. For both
group of apples, a number of apples showed signs of
natural contamination. Examples of images showing
natural contamination sites on Red Delicious and
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Golden Delicious apples are shown in Fig. 7. In most
cases, there was no abnormality associated with the
natural contamination sites that was visible to the
naked eye. In a few cases, the response was associ-
ated with what appeared to be a healing wound. An
additional clue concerning natural contamination
sites is that apples with such sites had a tendency to
show early signs of an infection process, including
brown areas. However, the detected natural sites did
not generally correspond to the potential disease
sites. Of course, some of the natural contamination
may actually be fecal contamination that occurred
prior to harvesting or as a result of splatter during
feces application.

Given the existence of the natural contamination
sites, trade-offs between detection of artificial and
natural contamination sites became a critical issue.
In general, the artificial sites were larger than the
natural sites. However, if the classification threshold
is increased to reduce the number of false positives,
the minimum theoretical size of any contamination
site that can be detected is increased. Also, raising
the threshold too high will reduce the number of ar-
tificial contamination sites detected. To better deter-
mine the effect of the classification threshold on
detecting natural and artificial contamination sites,
we sorted the numbers of pixels above the threshold
for natural sites from largest to smallest. Then the
classification threshold was set sequentially to match
these values. For example, if the classification
threshold is set to the third largest value, the first two
natural contamination sites will be classified as real
responses. Empirically, the number of correctly clas-
sified artificial sites jumped upward when the thresh-
old was set to match the fifth largest value for natural
contamination sites. The natural contamination sites
shown in Fig. 7 produce the second or third largest
responses, depending on the detection algorithm
used, and are always classified as a true response
when the classification threshold is set to match the
fifth largest pixel count for natural contamination
sites.

The pixel count for the fifth largest natural con-
tamination site for the detection algorithm being
tested was selected to be the classification threshold
for testing of detection algorithms. Although this
threshold was derived empirically, the procedure
used to select the threshold is reasonable, and it al-
lows direct comparison of different detection algo-
rithms. In addition, the successful application of
algorithms derived with the sets of apple test images
to the validation image sets, as discussed below, dem-
onstrates the appropriateness of using this method-
ology.

After numerous trials using the sets of test images,
two types of algorithm were selected for further op-
timization. Both algorithms first transformed the im-
ages by use of a linear transform to equalize
intensities; the 5% cumulative histogram level was
mapped to an intensity of 20, and the 60% histogram
level was mapped to an intensity of 100. The maxi-
mum intensity was limited to 1023. For the extended
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Fig. 7.

Images of (a) Red Delicious and (b) Golden Delicious apples acquired with the 682-nm filter with a gate interval of 15 — 34 ns (high

range). Locations of feces treatment sites are as indicated. Images on the left are of the apples before detection, and the images on the right
show detected pixels in light gray. The detection algorithm used was based on edge detection, hence the circular aspect of detected areas.
The images were selected for presentation due to the natural contamination sites that appear in the images.

range image sets, a simple threshold was applied to
the transformed images. The threshold was iterated
until the maximum numbers of artificial contamina-
tion sites were detected, given that the classification
thresholds were set to the pixel count of the fifth
largest natural contamination site. For the other im-
age sets, a 5 X 5 Prewitt filter!® was applied to take
advantage of the observation that contaminated ar-
eas were brighter than the surrounding untreated
apple surface, regardless of variation in pixel inten-
sities of untreated areas across an apple surface. The
authors have previously demonstrated that edge de-
tection can be a sensitive method for detecting fecal
contamination on apples.!” The only real problem
with the use of edge detection is the tendency to

detect the actual edges of the apple or small increases
in pixel intensities at the edges of apples. To alleviate
this problem, we set the minimum intensity of images
just below the pixel intensity of apple edges prior to
applying edge detection.

One additional step was necessary for analyzing
ratio images. Registration of images was not perfect,
which commonly resulted in enhanced detection of
the actual edges of apples. To address this problem,
we binned the images used to calculate ratios 2 X 2
prior to ratio calculations.

Detection results for Red Delicious and Golden De-
licious apples are in Tables 1 and 2, respectively. The
optimized algorithms used to create Tables 1 and 2
were applied to the second sets of apples without
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Table 1. Number of Red Delicious Apples from a Total of 48 Apples for
Testing, for which the Contamination Site Was Successfully Detected
by Filter (682 or 700 nm), Treatment (1:2, 1:20, and 1:200 Dilutions of
Dairy Feces), and Image Set*

Table 3. Number of Red Delicious Apples from a Total of 48 Apples for
Validation, for which the Contamination Site Was Successfully Detected
by Filter (682 or 700 nm), Treatment (1:2, 1:20, and 1:200 Dilutions of
Dairy Feces), and Image Set”

682 nm 700 nm 682 nm 700 nm
Gate Aperture 1:2 1:20 1:200 1:2 1:20 1:200 Gate Aperture 1:2 1:20 1:200 1:2 1:20 1:200
Low range (3-27)° 13 48 26 11 48 32 Low range (3-27)° 10 47 22 5 46 31
High range (15-34) 31° 48 46 22 48 46 High range (15-34) 32 48 46 20 48 46
Midrange (12-19) 26 48 45 23 48 46 Midrange (12-19) 22 48 4 17 47 44
Short range (11-13) 16 48 33 14 48 40 Short range (11-13) 18 48 32 14 48 40
Ratio short range® 4 27 18 4 34 35 Ratio short range® 4 37 21 4 39 30

Extended range (20-24) 40 48 48 32 47 48

Extended range (20-24) 40 48 47 29 47 48

¢Image sets relate to the gate timing of the ICCD camera. Algo-
rithms used for detection were iteratively optimized for each image
set.

®Numbers in parentheses correspond to the window gate in
nanoseconds.

°For ratio images, images in the indicated image set were divided
by corresponding images acquired with the 590-nm filter.

modification to test the validity and robustness of the
optimized detection algorithms (Tables 3 and 4). The
results for both sets of Red Delicious and for both sets
of Golden Delicious apples were essentially identical,
thus validating the methodology used to derive the
detection algorithms.

For Red Delicious apples, the best overall image
set for detection of artificial contamination sites
was the extended range image set. However, only
40 of the 48 apples contaminated with the 1:2
dilution of feces were detected for both testing and
validation image sets (Tables 1 and 3). In a prior
study that used a UV pulsed laser, detection of
high-concentration treatment sites by use of only

Table 2. Number of Golden Delicious Apples from a Total of 48 Apples
for Testing, for which the Contamination Site Was Successfully
Detected by Filter (682 or 700 nm), Treatment (1:2, 1:20, and 1:200
Dilutions of Dairy Feces), and Image Set®

“Image sets relate to the gate timing of the ICCD camera. The
optimized detection algorithms derived for Table 1 were applied to
these image sets for validation.

®Numbers in parentheses correspond to the window gate in
nanoseconds.

°For ratio images, images in the indicated image set were divided
by corresponding images acquired with the 590-nm filter.

red-band images was also found to be difficult.1”
However, when ratio images were constructed
by dividing red-band images by corresponding
blue-band images, detection of most 1:2 dilution
contamination sites was successful. The results in
this study using only enhanced range red-band im-
ages were superior to the results of the previous
study when only red-band images were used for
detection. Unfortunately, blue-band images were
not available in this study owing to the use of
417-nm excitation. Another advantage of the ex-
tended range image set was the enhanced ability to
detect the 1:200 dilution treatment sites. Enhanced
detection of this low-concentration treatment was

Table 4. Number of Golden Delicious Apples from a Total of 48 Apples
for Validation, for which the Contamination Site Was Successfully
Detected by Filter (682 or 700 nm), Treatment (12, 1:20, and 1:200

Dilutions of Dairy Feces), and Image Set*

682 nm 700 nm 682 nm 700 nm
Gate Aperture 1:2  1:20 1:200 1:2 1:20 1:200 Gate Aperture 1:2 1:20 1:200 1:2 1:20 1:200
Low range (3-27)° 36 46 32 31 46 34 Low range (3-27)° 35 46 24 29 47 27
High range (15-34) 37 48 42 29 48 41 High range (15-34) 29 48 41 22 46 38
Midrange (12~19) 35 48 34 26 46 37 Midrange (12-19) 32 48 36 17 47 34
Short range (11-13) 40 48 28 32 46 34 Short range (11-13) 37 48 30 25 48 33
Ratio low range® 46 46 18 43 47 26 Ratio low range® 45 48 12 45 45 13
Ratio short range 46 48 19 41 47 22 Ratio short range 45 45 13 36 47 16
Extended range 31 44 38 21 41 36 Extended range 23 45 35 12 42 35
(20-24) (20-24)

Combined low range® 47 46 33 47 47 38
Combined short range 47 48 34 45 48 36

Combined low range? 46 46 24 45 48 36
Combined short range 46 48 30 47 47 38

“Image sets relate to the gate timing of the ICCD camera. Algo-
rithms used for detection were iteratively optimized for each image
set.

®Numbers in parentheses correspond to the window gate in
nanoseconds.

°For ratio images, images in the indicated image set were divided
by corresponding images acquired with the 590-nm filter.

9Results for combined image sets are the union of detection
results for corresponding normal and ratio image sets.
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“Image sets relate to the gate timing of the ICCD camera. The
optimized detection algorithms derived for Table 2 were applied to
these image sets for validation.

®Numbers in parentheses correspond to the window gate in
nanoseconds.

°For ratio images, images in the indicated image set were divided
by corresponding images acquired with the 590-nm filter.

9Results for combined image sets are the union of detection
results for corresponding normal and ratio image sets.



also seen for the high-range and the midrange im-
age sets.

The optimal situation might be to use UV excita-
tion to allow acquisition of blue-band images for cal-
culation of ratios for detection of high-concentration
contamination sites. However, using the extended
range is also a viable option. Water baths are used

- commercially to remove apples from crates prior to
processing, and apples are commonly brushed clean
as they are removed from the water bath. The au-
thors have demonstrated that the fluorescence re-
sponses of sites contaminated with high
concentrations of feces are enhanced after the ap-
ples are washed and brushed.'? In addition, use of
the extended range for imaging offers the benefits of
enhanced detection of low-concentration contami-
nation sites and a simple detection scheme, which
consists of a linear mapping of intensities followed
by a simple threshold.

The most successful detection scheme for Golden
Delicious apples utilized the short-range image set
(Tables 2 and 4). The timing parameters for this im-
age set were selected to meet two criteria: (1) the
intensities for treated areas were greater than for
untreated areas in red-band images, and (2) the re-
verse was true for corresponding yellow-band images.
By analyzing both red-band images and ratios of red-
band to yellow-band images and by taking the union
of detection results, it was possible to detect essen-
tially all of the 1:2 and 1:20 treatment sites for both
682- and 700-nm image sets; however, detection of
1:200 treatment sites was superior when the 700-nm
image sets were analyzed. This is the only situation
in which images acquired at 700 nm appeared to pro-
duce better detection results compared with 682 nm.
In any case, the most 1:200 dilution sites were de-
tected when the high-range image set was analyzed.
Still, current results are good and the detection algo-
rithms based on the short-range timing parameters
might prove useful in a commercial environment.

4. Conclusions

In this study the use of time-resolved imaging al-
lowed for the optimization of imaging parameters
for the detection of dairy feces artificially applied to
apples. It was determined that fluorescence re-
sponses of untreated apple surfaces at 682, 700, and
730 nm attenuated to low intensity levels faster
with time (nanosecond time scale) than responses of
areas treated with feces. At 590 nm, the shapes of
responses for treated and untreated areas were
similar. For Red Delicious apples, optimal detection
of contamination sites utilized images acquired
with the 682-nm filter with the camera exposure
parameters set so the fluorescence response of the
apple surface was largely gone, but there was still
some response from the areas treated with feces.
For Golden Delicious apples, optimal detection uti-
lized images acquired with the 682- and 590-nm
filters, with the camera exposure parameters set so
that images were taken during a time period in
which responses of treated areas exceeded re-

sponses of untreated areas in images acquired at
682 nm and responses were visible in images taken
at 590 nm. Excellent overall detection resulted when
both the 682-nm images and the ratio of the 682- to
590-nm images were analyzed and the detection
results combined. These findings demonstrate that
consideration of the timing of fluorescence re-
sponses to pulsed-laser excitation can enhance de-
tection of feces on apples and can facilitate
development of commercial systems to detect apples
contaminated with feces.
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