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ABSTRACT

This paper reported the development of hyperspectral fluorescence imaging system using ultraviolet-A excitation (320-
400 nm) for detection of bovine fecal contaminants on the abaxial and adaxial surfaces of romaine lettuce and baby
spinach leaves. Six spots of fecal contamination were applied to each of 40 lettuce and 40 spinach leaves. In this study,
the wavebands at 666 nm and 680 nm were selected by the correlation analysis. The two-band ratio, 666 nm / 680 nm, of
fluorescence intensity was used to differentiate the contaminated spots from uncontaminated leaf area. The proposed
method could accurately detect all of the contaminated spots.
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1. INTRODUCTION

According to the United States Centers for Disease Control and Prevention (CDC), the number of foodborne illness
outbreaks related to consumption of fresh produce occurring annually is increasing. Because animal fecal matter has the
potential to introduce human pathogens to fresh produce’, vegetable crops grown in fields enriched with manure or in
proximity to wildlife/livestock are drawing concerns due to the potential risk of contamination. Consumption of fresh
leafy greens, such as lettuce, alfalfa, spinach, and sprouts, contaminated by fecal matter can cause human infection? and
lead to foodborne illness outbreaks

Several E. coli O157:H7 outbreaks associated with romaine lettuce and spinach were reported recently® *. Such
contamination may originate from irrigation water contaminated with wild pig feces* °. Foodborne illness outbreaks
spurred several food safety initiatives to better protect public health from pathogens associated with fresh produce® ’.
Automatic inspection of fresh produce with fast and accurate detection of bovine fecal contamination on fresh produce
will be helpful and essential for food processing industry.

Hyperspectral imaging technique has been applied to food safety and quality applications such as the detection of defects
and fecal contamination on apples, cantaloupes, strawberries, and other fresh produce, and the detection of microbial
contamination such as bacterial biofilms on food processing® ® '°. Among these techniques, fluorescence imaging has
demonstrated promising detection results for spots of diluted fecal contamination on apples, with minimal false positives.
The major contaminant constituents that allow detection of feces using fluorescence techniques are suggested to be
chlorophyll a and its byproducts*’.

Therefore, the primary object of this study was to use a hyperspectral fluorescence imaging system to determine
multispectral wavebands for detection of bovine fecal matter on leafy green vegetables such as romaine lettuce and baby
spinach. The main goal was to develop an algorithm to detect all of the fecal contamination spots for public health



concern while correctly identifying the uncontaminated leaf surfaces using selected multispectral wavebands for
economic concern.

2. MATERIALS AND METHODS

To prepare leafy greens and dairy manure contamination materials,, heads of romaine lettuce (Lactua sativa) and loose
baby spinach leaves (Spinacia oleracea L.) were obtained from a local market. Two to three leaves taken from each head
of lettuce and each spinach leaf were washed using water for approximately 30 seconds. Fresh feces from Holstein cows
were collected from the Dairy Operations Unit, Beltsville Area Research Center, Agricultural Research Service, United
States Department of Agriculture. Collected feces were stored at -20 °C prior to the experiment. Fecal contamination was
applied to 40 leaves of romaine lettuce and 40 spinach leaves, with 20 on adaxial surfaces and 20 on the abaxial surfaces
for each type. Six fecal spots, each of 5-mm diameter, were applied to each lettuce and baby spinach leaf surface using a
spatula. The leaves were placed on a tray of a non-fluorescent black cloth to simplify the study. The preliminary study
showed that the highest difference of fluorescence intensity between objects and background of black cloth was observed
at the waveband at 692 nm. Thus, this waveband was used to distinguish the object (leaf surface or fecal contamination)
from the background (black cloth) in each image.

In this study, the hyperspectral line-scan imaging system was developed with an electron-multiplying-charge-coupled-
device (EMCCD) camera, an imaging spectrograph, lenses, a pair of ultraviolet (UV)-A lights at 365 nm providing near-
uniform illumination to the linear field of view (FOV), as shown in Figure 1. The EMCCD camera could acquire high-
resolution images in high speed under low illumination environment, which is essential for scanning food product in
high speed processing line. The spectrograph dispensed light to form a spectrum for each pixel along the linear field of
view as line-scanning. When certain wavebands were selected for application, the hyperspectral imaging system could
acquire multispectral images without the need for cross-system calibration while significantly increasing the image
acquisition speed. A motorized table was used to move samples at a 0.5-mm interval to simulate line scanning in the
real-world food processing line. Each line-scan image contained spectral data along one axis and spatial data along
another axis. The original line-scan image size of 500 (spectral) x 400 (spatial) pixels was reduced by binning both the
spectral and special dimensions by two, to reduce the image size to 250 x 200 pixels. From preliminary trial-and-error
study to discard wavebands containing little information, only 60 channels ranging from 421 nm to 700 nm with an
approximate 4.8 nm interval were used in this study. Thus, the line-scan images were further reduced to 60 x 200 pixels
for analysis.

Figure 2 showed the emission spectra of fluorescence from 416 nm to 700 nm for leaf veins, inter-vein leaf surfaces and
fecal contamination spots for adaxial and abaxial surfaces of romaine lettuce and baby spinach, respectively. Both the
romaine lettuce and baby spinach leaves showed emission maxima between about 660 and 690 nm, related to the
intensity of chlorophyll a emissions. When the leaves are exposed to UV-A excitation, UV-absorbing materials such as
flavin, carotene, and phenolic compounds emit blue and green fluorescence™ while chlorophyll a emits red and far red
fluorescence™. In this spectral range, abaxial surfaces of leaves exhibited higher fluorescence emissions than adaxial
surfaces of leaves did, due to higher scattering caused by more intercellular air spaces and less active photosynthesis in
the abaxial surfaces'. The emission peak for the fecal contamination spots showed a shift toward the shorter waveband,
called blue shift, comparing to the peaks for leafy greens area. Although the emission peaks for vein, inter-vein, and
dairy manure were distinguishable from one another, they were not reliable and the difference among them were not
unique, particularly for the adaxial surface of baby spinach, which indicated that a single waveband may not be sufficient
for the detection of bovine fecal contamination on the leaf surfaces. The ratio of fluorescence intensity from two
wavebands should be more appropriate to detect fecal contamination on leafy greens because, comparing to the intensity
at a single waveband, the ratio of intensities from two wavebands could be less susceptible to relative intensity response
and heterogeneous lighting resource.

After obtaining images, the correlation analysis was used to determine optimal waveband pairs for detection of fecal
contamination spots. Spectra were extracted manually from uncontaminated leaf areas and within fecal contamination
spots on the leaves. The spectral data were analyzed by the ratio of the fluorescence intensities measured at two different
wavebands for all possible two-waveband combinations. The correlation coefficients between the two-band ratio of
fluorescence and the binary output for each pixel, 1 for contaminated spot and -1 for leaf surface were calculated. Two
wavebands for the ratio with the coefficient closest to 1 or -1 i.e., highest correlation between the ratio of fluorescence



intensities and the condition of the pixel, would be selected for fecal detection. However, the preliminary studies showed
that the coefficients might range from 1 to -0.5 and none case showed any coefficient close to -1. Thus, the ratio
presenting the coefficient closest to 1 would be selected in this study.

3. RESULTS AND DISCUSSION

Figure 3 showed the contour maps of correlation coefficients between the band-ratio of fluorescence and the binary
output of 1 (contamination spot) or -1 (leaf surface) for romaine lettuce and baby spinach, respectively. The result
showed that, for both fresh produces, the coefficient closest to 1 was obtained from the ratio of 666 nm over 680 nm,
0.98 for romaine lettuce and 0.96 for baby spinach. Therefore, the wavebands of 666 nm and 680 nm were selected for
fecal contamination detection. The primary reason why the ratio of fluorescence intensities from the 666-nm and 680-nm
wavebands were because of their correspondence to fluorescence emission peaks for fecal matter and chlorophyll a,
since leafy green vegetables have relatively high chlorophyll content compared to the chlorophyll content of fecal
contamination spots. This waveband selection also matched the spectra in Figure 2. The result also indicated the benefit
using the ratio of fluorescence intensities which was better than the intensity from a single waveband for fecal
contamination detection.

Figure 3 also showed that although there was another fluorescence emission peak at around 460 nm in Figure 2, the
correlation coefficients varied from 0.3 to -0.3 while one of the pair of wavebands for calculating the ratio of intensities
was close to this waveband. The correlation was so low that the fluorescence emission peak at this range of the spectrum
could be discarded.

To further investigate the spectral ratio from these two wavebands, almost all of the fluorescence intensity for leaf area
was lower than 0.45, and most of the intensity for fecal contamination was higher than this value. Thus, 0.45 was set as a
single threshold to distinguish leaf area and fecal contamination. Moreover, because of shadow caused by uneven leaf
surface, many individual pixels along leaf edge could be incorrectly identified as fecal contamination. To eliminate these
false positive pixels, a 3 x 3 filter was applied through all of the line-scan images.

Figure 4 showed the flowchart of the algorithm for the implementation of the selected wavebands and factors to the
imaging system. After obtaining a line-scan image, the spatial image at the 692-nm waveband was used to create a mask.
The mask was applied to the spatial images at the 666-nm and 680-nm wavebands to remove background of black cloth.
The masked image at the 666-nm waveband was then divided by the one at the 680-nm waveband, pixel by pixel, to
obtain the ratio image. The threshold of 0.45 was applied to the ratio image, giving any pixel whose ratio value was
lower than the threshold the value of zero, and assigning the value of one to the rest pixels. The 3 x 3 filter was then
applied to the image to remove any false positive pixel. The final binary image presented the detection of fecal
contamination on the leaf surface.

The developed algorithm was then applied to all 40 romaine lettuce and 40 baby spinach leaves, 20 of each species on
adaxial side and the other 20 on the abaxial side, for evaluation. Figure 5 showed the example of the result. The result
showed that the algorithm successfully detected all of the fecal contamination spots. Also, none of uncontaminated leaf
surface was incorrectly marked. It showed that the hyperspectral imaging system with the developed multispectral
imaging and detection algorithm could successfully detect the fecal contamination on the leaf surfaces and differentiate
the contaminated fresh produce from the uncontaminated ones. The result also showed that the differences between two
fresh produce (romaine lettuce and baby spinach), two leaf surface (adaxial and abaxial), and two leaf surface areas
(inter-vein and vein) did not cause any difficulty to the detection of bovine fecal contamination. This benefit is essential
for online application of the algorithm by saving computation and operation time and effort/

To eliminate the false positive pixels using the 3 x 3 filter was important for the farmer’s revenue concern. However,
some contaminated spots may be missed by the filter. Thus, the original image and the final binary image were carefully
compared and the pixels containing fecal contamination were manually counted for comparison. The result showed that
79% of pixels containing fecal matter in romaine lettuce leaves were correctly identified, and 63% of pixels containing
fecal matter in baby spinach leaves were correctly identified. Although a portion of some fecal spots was missed due to
image filtering, the spot itself was always correctly identified.



4. CONCLUSIONS

In this study, the hyperspectral fluorescence line-scan imaging system was developed for the detection of fecal
contamination on the leaf surface of fresh produce. The research indicated that the wavebands of 666 nm and 680 nm
should be selected, and the ratio of fluorescence intensities from these two wavebands should be used for bovine fecal
contamination detection. The mask created by the waveband at the 692 nm could be used to distinguish the objects from
the background before obtaining the ratio image. The threshold of 0.45 was applied to the ratio image to mark the pixels
with fecal contamination, and the 3 x 3 filter was then applied to eliminating false positive pixels. The final binary
images showed that the algorithm could successfully detect all of fecal contamination spots on the adaxial and abaxial
surfaces of romaine lettuce and baby spinach.
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FIGURE 1. The hyperspectral fluorescence line-scan imaging system.
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FIGURE 2. The spectra for (a) romaine lettuce at the adaxial surface, (b) romaine lettuce at the abaxial surface, (c) baby spinach at the
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adaxial surface, and (d) baby spinach at the abaxial surface.
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FIGURE 3. The contour maps for (a) romaine lettuce and (b) baby spinach.
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FIGURE 4. The flowchart for the image processing and fecal contamination detection algorithm.
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FIGURE 5. Example binary result images for the fecal contamination detection on the leafy surfaces.
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