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ABSTRACT On-field in situ inspection of Marssonina coronaria infected apple blotch for apple leaf
specimens was demonstrated using compact backpack-type optical coherence tomography (OCT). Simulta-
neously, the acquired OCT results were precisely matched with a widely used agricultural plant pathogen
inspection technique called loop-mediated isothermal amplification (LAMP) to confirm on-field applica-
bility of the compact backpack-type OCT. Specimens were examined for 8 weeks. Automated Amplitude-
scan (A-scan) depth profiling and post-processed infected tissue boundary detection from acquired OCT
images were performed to investigate the increase in the internal layer gaps of the leaf specimens resulting
from the disease. Clearly identifiable morphological difference between healthy and infected-suspected
specimens was observed through the OCT images, which were well correlated with LAMP results. OCT-
LAMP correlations and confirmed feasibility study results conclude that the compact backpack-type OCT
diagnosing modality can be effective and extensively applicable for various novel agricultural discoveries.

INDEX TERMS Optical coherence tomography, loop-mediated isothermal amplification, apple blotch,
Marssonina coronaria, optical inspection.

I. INTRODUCTION
Apple blotch caused by Marssonina coronaria is one of the
worst fungal diseases occurs in apple cultivation [1]. Apple
blotch was first reported in Japan and now it is a common
apple disease not only in Asia, but also in North America,
and Oceana. In general, diseased apple trees results in leaf
discoloration and finally defoliated. In Korea, it was reported
that conidia ofM. coronaria spreads between May and June,
which has a long incubation period of 2-6 weeks compared
to other fungal disease [2]. Thus, the disease can only be
controlled once the symptoms are externally appeared. Due
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to this difficulty, most of farmers use the fungicide spraying
technique, which can result in overuse [1]. Furthermore, leaf
defoliation during the growing season results quality and
yield loss of the fruit [3]. Therefore, according to the agri-
cultural point of view, early diagnosis can be the prominent
solution to control the apple blotch.

Nucleic acid amplification with polymerase chain reaction
(PCR) have been widely used in plant pathology to diag-
nose infectious diseases [5, 6]. However, there are major
disadvantages, such as necessity of a precision instrument
for amplification, elaborate method for detection of the
amplified products, and destructiveness [6]. Furthermore,
the applicability of the methods in agriculture orchards is
limited due to system complexity and high time consumption.
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FIGURE 1. Schematic diagram of (a) the compact backpack-type OCT system along with (b) the LAMP methodology. Inspection using LAMP
technique (Step 2) was performed after OCT imaging (Step 1). BLS: broadband laser source, C: collimator, DG: diffraction grating, FC: fiber coupler
(50 × 50), HP: handheld probe, L: lens, LSC: line scan camera, M: mirror, PS: power supply, SP: signal processing.

Loop-mediated isothermal amplification (LAMP) technique
is an isothermal nucleic acid amplification technique, which
is conducted at a constant temperature of 60◦C to 65◦C, and
does not require a thermal cycler, while PCR technology
needs an alternating temperature steps or cycles [7], [8].
LAMP can efficiently amplify a few copies of DNA in a short
time and provide high specificity for the target sequence.
In addition, once the appropriate primers are prepared, this
simple agricultural inspection technique can be performed
easily [9], [10].

Besides these numerous agricultural inspection techniques,
morphological and structural imaging of the plant materials
has been attempted non-invasively to circumvent speci-
men destructive issues using X-rays [11], magnetic reso-
nance imaging (MRI) [12], positron emission tomography
(PET) [13] and ultrasound imaging [14]. However, shortcom-
ings of low resolution and long acquisition time barricade the
applicability of these methods for precise analysis. In order
to overcome the aforementioned major limitations of the
imaging modalities, non-destructive high-resolution optical
imaging techniques have gained plenty of interest recently.

Among high-resolution optical inspection modalities, opti-
cal coherence tomography (OCT) is a well-known non-
destructive imaging technology that provides cross-sectional
images of various biological tissue specimens with a microm-
eter range resolution. Since OCT is capable of providing
real-time images with an exceptional resolution, OCT has
been involved extensively in variety of medical applications
including ophthalmology [15], [16], dentistry [17], [18], and
dermatology [19], [21]. The scan depth of OCT is suitable
for examining the internal structure of plant leaves, since it
provides a higher scan depth with a microscopic resolution
similar to a conventional microscope [22], [23]. In addition,

previously demonstrated OCT based agricultural disease and
material inspection studies provided a solid platform con-
firming the applicability of OCT for plant material inspec-
tion [24]–[32].

The main purpose of the proposed study was to demon-
strate on-field in situ inspection for apple leaf specimen to
diagnose apple blotch using the laboratory developed com-
pact backpack-type OCT system. An agricultural inspection
method, called LAMP technique, was simultaneously per-
formed to confirm the correlation between LAMP and OCT
results, which were acquired using the developed inspec-
tion modality. Therefore, our study highlights the on-field in
situinspection for apple blotch using our own developed OCT
with the verification by LAMP technique and the incorpo-
ration of both OCT and LAMP techniques as an inspection
protocol for the pre-identification of apple blotch. In addi-
tion to the high-resolution OCT cross-sectional images, auto-
mated Amplitude-scan (A-scan) depth profiles provided a
verification of themorphological state (as healthy or infected)
emphasizing the effectiveness of proposed method as a
promising diagnostic approach in agriculture.

II. MATERIALS AND METHODS
A. COMPACT BACKPACK-TYPE OCT SYSTEM
The developed compact backpack-type OCT system shown
in Fig. 1(a) (Step 1) contains a customized spectrometer and
power battery along with a broadband light source of super-
luminescent diode (EXS210068-01, Exalos, Switzerland)
with a center wavelength of 850 nm and a bandwidth
of 55 nm. In the spectrometer, a 2048-pixel line scan camera
(spL2048-140km, Basler, Germany) was used as the optical
detector, and the components were precisely calibrated to
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enhance the axial resolution and signal-to-noise ratio (SNR)
of the system according to a method reported in [33]–[35].
All the hardware components were controlled by soft-
ware algorithm written in C++ and LabVIEW. Sample
scanning method includes a hand-held probe-based sample
arm equipped with a galvanometer-based optical scanner
(GVS002, Thorlabs, USA) for transverse scanning and a LCD
screen for displaying 2D OCT image in real-time. The axial
resolution of the system was 8 µm and the lateral resolution
of 12 µm in the air.

For the mechanical structure of the compact backpack-
type OCT system, a customized spectrometer and refer-
ence arm were designed and constructed to accommodate
the optical system. Compared to previously developed agri-
cultural inspection OCT modality [28], the dimensions of
the spectrometer as well as reference arm were reduced,
and all the components were made of aluminum with a
total weight of 8 Kg. To control hardware devices, such
as line scan camera and galvanometer scanners, a com-
puter with an i3-4010U processor (NUC kit D34010WYKH,
Intel, USA), a camera link frame grabber (PIXCI EB1mini,
EPIX, USA), and a mini USB-based data acquisition (DAQ)
board (NI USB-6212, NI) were used. A variable lens mount
was designed to match the exact focus position, and the
optical components of the handheld scanner probe were
assembled into plastic case connected with 1.5 m long
probe. LCD panel was attached to the handheld scanner
with push buttons for viewing, capturing, and saving the
OCT images in real-time. In addition, to increase the porta-
bility of the system and ensure continuous power con-
sumption, a rechargeable power supply with an input volt-
age of 5 V was customized to provide an output voltage
of 12-19 V.

Fig. 2 illustrates representative real-time information
shown on the LCD screen, which is mounted on the handheld
probe. The cross-sectional information of the specimen is
displayed on top left corner along with the A-scan depth
profile on top right corner. The raw fringe signal is presented
underneath the 2D-OCT image. The red color dashed box
with the word ‘n= 200’ indicated on 2D-OCT image empha-
sizes the region of interest of the A-scan profile acquired
using total number of 200 A-lines. The unflatten biological
nature of leaf specimens limits the capability of analyzing
A-lines of the entire cross-section, where 200 A-lines were
employed to ensure that the region of interest is included.
The L1∼L3 shown on LCD describes the intensity peak
information directly correlates to the specimen subsurface
information, which was processed according to the refractive
index of the material.

B. SOFTWARE SETUP FOR FAST DATA PROCESSING
The software used for data acquisition, processing, and
display was developed in LabVIEW and applied to the devel-
oped compact backpack-type OCT system. A compute uni-
fied device architecture (CUDA) with graphics processing
units (GPU) was employed to enable fast data processing of

FIGURE 2. Elements shown on the LCD screen mounted on the handheld
probe. OCT image, A-scan depth profile and raw fringe signal information
are displayed all together in real-time.

FIGURE 3. The flow chart of GPU accelerated signal processing
architecture of the compact backpack-type OCT system.

rawOCT images. Fig. 3 shows the flow chart of programming
architecture of compact backpack-type OCT system. The
steps include the data flow between the CPU and the GPU,
threads, and processing. The signal processing is divided
into CUDA sub-processors to process the signal for OCT.
Data processing includes wavenumber-number linearization,
and fast Fourier transform. Full-range wavenumber-number
linearization is used to eliminate the non-linearity of the raw
signal [33], [34]. After log scaling, the processed data is sent
back to the CPU thread, which displays the reconstructed
OCT Brightness-scan (B-scan) image in real-time.

C. PLANT MATERIALS
Two apple orchards located in Sangju and Daegu in Gyeong-
buk province, Korea were selected for the experiment. The
selected apple orchards with annual yield are treated with
fungicides and insecticide during cultivation. The regional
statistical references were involved to select the orchards for
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the on-field experiments, where the preference was given
to the orchards. According to the annual reports, the inci-
dence rate of apple blotch in Sangju orchard (cv. Hongro)
was higher than the incidence rate of Daegu orchard (cv.
Fuji). During the entire experimental process, the number
of collected specimens per trial was 9 and 15 from Sangju
and Daegu orchards, respectively. All leaf specimens were
randomly collected. The entire experiment was carried out
during early April to late May, while examining a total
144 leaf specimens at 6 experimental attempts.

D. LAMP TECHNIQUE
The leaf specimens, which were inspected using OCT, were
collected and diagnosed for apple blotch infection using
LAMP method (Fig. 1(b)). During LAMP reaction, the col-
lected leaf surface was swiped using 70% ethanol, and each
leaf specimen was ground. Sterilized leaves were extracted
using a meshed sample bag (Agdia, Elkhart, IN) and tissue
homogenizer (ACC00900, Agdia) in extraction buffer. Then,
1 µL of extraction buffer was added to a LAMP mixture
(containing 10 × Bst reaction buffer, 10 mM dNTP,M. coro-
nariae specific outer primer pair; Mar-F3 / Mar-B3 and inner
primer pair Mar-FIP/Mar-BIP). Afterwards, the mixture was
incubated at the optimized temperature using a digital water
bath (JSWB-22T, JSR, Korea) for 5 min. Next, 1 µL of Bst
polymerase large fragment (8 unit/µL, New England Biolabs,
USA) was added, and the samples were incubated at the opti-
mized for 1 hour. Finally, infection specimens were identified
following the addition of 1 µL of SYBR green I R©solution.
After addition of SYBR green I R©solution, bright green in
UV illuminator (yellow to green in naked eye) was observed
confirming the apple blotch infection, while dark green in
UV illuminator (orange in naked eye) color illumination was
observed through the healthy leaf specimens.

III. RESULTS AND DISCUSSION
While performing OCT examination, six specific locations
were determined for all leaf specimens to acquire 2D-OCT
images to ensure the consistency of the screening for various
leaf specimens. All 2D-OCT images were scanned with a
cross-sectional scanning range of 2 mm. The morphological
behavior and functional changes occurred during the entire
period of experiment are illustrated through the representative
2D-OCT images in Fig. 4. Fig. 4(a, c) show the representa-
tive 2D-OCT images acquired from Daegu plantation, and
Fig. 4(b, d) from Sangju plantation. The leaf specimens,
which were in a healthy state, provide a clear visualization
of epidermal cell layer, palisade parenchyma, and spongy
parenchyma without any abnormalities as shown in Fig. 4(a,
b). However, a noticeable expansion of the gap between
aforementioned leaf layers were identified in Fig. 4(c, d) sig-
nifying an infected state morphologically. The green dashed
box regions indicated on Fig. 4(a, b) emphasize the healthy
state, while red dashed box regions in Fig. 4(c, d) emphasize
the infection revealing a large gap formation between layers
as well as gradually faded epidermal cell layer. Since the

FIGURE 4. Representative 2D-OCT images according to a health state of
the leaf specimens from each plantations. (a) and (c) are 2D-OCT images
of the specimens in the Daegu plantation. (b) and (d) are 2D-OCT images
of the specimens in the Sangju plantation. The distance between EC and
PP layer is presented in each 2D-OCT images. (e) and (f) are Canny
boundary detection images for (a) and (c), respectively. The color of
dashed box represents a health state of each specimens. Yellow arrows in
(e) and (f) indicate a notable change in the internal layers. EC: epidermal
cell layer, PP: palisade parenchyma, SP: spongy parenchyma.

primary goal was to demonstrate on-field in situ inspec-
tion for apple blotch using backpack-type OCT system and
obtain a simultaneous confirmation through LAMP tech-
nique, numerical representation regarding thickness expan-
sion is illustrated in Fig. 4. The distance between epidermal
cell layer and palisade parenchyma is increased from 108µm
to 186 µm in the specimen from Daegu plantation, and
increased from 128 µm to 161 µm in the specimen from
Sangju plantation. The threshold values for the intensity and
the distance between the peaks were specified by the physical
structure change of the specimen obtained through our previ-
ous experiments [25-30]. The quality of theOCT imageswere
slightly degraded compared to commercial and laboratory
based bench-top OCT systems due to the slight polariza-
tion mismatches, which were occurred during backpack-
type system movements. However, the fundamental scope
of the study was to confirm the on-field applicability for
the real-time classification of infected leaf specimens. Since
the expected internal gap expansion of layers and intensity
differences were precisely visualized with a sufficient res-
olution, the acquired non-post processed raw OCT images
were directly implemented to confirm the desired results.
For detailed inspection, the structural gap formation and
morphological abnormalities were further examined by con-
sidering the boundary information of the subsurface tissue
regions using Canny boundary detection technique (shown
in Fig. 4(e, f)) for the 2D-OCT images of Fig. 4(a, c) using
a method reported in [35]. The obtained boundary detection
results of leaf layer clearly reveal the morphological differ-
ences between healthy and infected stages.

As follows from the qualitative examination of the leaf
specimens, acquired 2D-OCT images were involved to ana-
lyze depth dependent intensity information. Fig. 5 shows
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FIGURE 5. OCT cross-sectional images of leaf specimens in different
health state along with the corresponding A-scan depth profiles. The
number of peaks above -3 dB point in each A-scan depth profile is
presented as the dots. (a) Healthy state, (b) infected state. The scale bars:
200 µm.

FIGURE 6. The representative averaged depth dependent normalized
total intensity fluctuations correspond to each experimental period
initiating from early-April to late-May. The intensity from 50 µm depth is
decreased as 48% from the first experiment day (Early-April) to the last
experiment day (Late-May).

the representative cross-sectional OCT images of inspected
leaf specimens emphasizing healthy and infected states along
with the corresponding A-scan depth profiles. The corre-
sponding A-scan depth profile graphs are illustrated in green
and red colors, respectively. The A-scan depth profile was
obtained by averaging 200 A-lines from one 2D-OCT image
and normalized by dividing the A-scan signal intensities into
the maximum value. The state of internal leaf layers was
clearly observed through A-scan depth profile information,
such as the number of peaks and the spacing between inten-
sity peaks. The intensity peak information of A-scan depth
profile corresponding to the healthy specimen (Fig. 5(a))
reveals distinguishable individual layer information inside the
leaf, while the noticeable disappearance of intensity peaks is
revealed in the infected specimen (Fig. 5(b)). The number of
peaks above -3 dB point is 10 for the healthy specimen and
5 for the infected specimen, which is 50% decrease as the
infection is progressed. The gap between epidermal cell layer
and palisade parenchyma is also increased approximately
60% from 87 µm to 140 µm.

FIGURE 7. Representative LAMP experiment results from each orchard.
Examination: 160511 (Mid of May). DG: Daegu orchard, SJ: Sangju
orchard, Po: positive control (M. coronaria template DNA), Ne: Negative
control, white color numbers emphasize healthy samples and red color
numbers emphasize infected samples.

Fig. 6 illustrates the overall depth dependent normalized
total intensity fluctuation of OCT images. The analysis was
based on the representative 2D-OCT images acquired on each
experimental day. The intensity representation reveals that the
overall total OCT intensity exhibits a gradual reduction along
with the incubation period. Since the morphological layers
are disappeared and vacuum gaps are formed, backscattered
intensity is proportionally reduced with the disease progres-
sion. Therefore, a gradual reduction of the overall depth
dependent normalized total intensity can be confirmed as
shown in Fig. 6.

The samples, which were inspected using OCT, underwent
on LAMP experiments. After performing a LAMP reaction
and then irradiating the UV, bright fluorescence was identi-
fied through the infected specimens. Fig. 7 shows the rep-
resentative results of UV irradiation of the LAMP reaction
performed for the specimens collected from each orchard in
mid-May. According to the data representation, 5 specimens
among 15 total specimens of Daegu orchard were found to
be infected, whereas all 9 specimens of Sangju orchard were
infected. The LAMP results reveal that Sangju orchard has
a high infection rate compared to Daegu orchard, which is
corresponded to the annual reports.

To confirm the precision of the developed compact
backpack-type OCT system and the proposed experimental
protocol, the infection tendency of both orchards was eval-
uated and compared using OCT and LAMP results as illus-
trated in Fig. 8. The graphs exhibit the infection rate fluctua-
tion analyzed using both OCT and LAMP experiment results
of each plantation during the entire experiment. Although
there are slight differences in the infection rate, both OCT
and LAMP experimental results clearly show a corresponding
tendency to agree with each other. Most importantly, it was
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FIGURE 8. OCT and LAMP experiments results comparison by the graph
of the infection rates on each experimental days from (a) Sangju
plantation and (b) Daegu plantation. OCT and LAMP results is plotted
with blue and red line, respectively.

confirmed that the result of the two different methodolo-
gies were well correlated with each other, and the tendency
was strongly matched before mid-May. Moreover, the results
exploit the potential applicability of compact backpack-type
OCT system during the period of mid-April to mid-May for
the pre-identification of apple blotch, while providing alerts
to use specific fungicides for M. coronaria. According to
the productive related research studies reported during past
two decades, scattering of apple blotch conidia starts in
early April [36, 37]. Since, the primary infection period is
occurred at an early stage of the year, utilization of non-
destructive compact backpack-type OCT system during afore
stated period to pre-identify the primary infection can be a
beneficial fact to control apple blotch at a prior stage. Since
the infection rate depends on differences of orchard tempera-
ture, humidity, and utility of insect pesticides on each experi-
mental day, these particular external factors can be considered
as fundamental reasons for the mismatch between infection
ratios. However, the correlation between OCT and LAMP
results is sufficiently observed, confirming on-field in situ

inspection capability of the customized compact backpack-
type OCT system.

The non-destructive inspection capability of compact
backpack-type OCT was well exploited for apple blotch
infected leaf structural properties with a precise real-time
agricultural confirmation obtained through LAMP method,
which has not been studied descriptively. Although the move-
ments of the OCT system lead to slight resolution contrac-
tions, the usefulness of the developed hybrid inspection pro-
tocol was confirmed through the visualizations of internal
vacuum gap formations. Additionally, an automated image
analysis procedure was succeeded in identifying structural
abnormalities based on leaf layer intensity information, while
directly providing guidance to the identification of apparent
infections. Based on these promising findings, the main con-
ceptual and experimental objective of the study was focused
towards the potential successful applicability of compact
backpack-type OCT for the advance inspection of apple
blotch disease.

IV. CONCLUSION
In conclusion, on-field in situ inspection procedure for apple
blotch using compact backpack-type OCT and LAMP tech-
nique is demonstrated. The proposed hybrid inspection pro-
tocol was conducted by using laboratory customized fully
compact backpack-type OCT system and a well-known agri-
cultural plant disease inspection technique called LAMP.
The immediate on-field classified results of the inspection
protocol exhibited a successful correlation between OCT
and LAMP visualizations confirming the direct applicabil-
ity of OCT for on-field agricultural inspections. Moreover,
the necessity of previously performed time consuming histo-
logical evaluations were completely minimized through the
demonstrated hybrid inspection due to the rapid readings of
both OCT and LAMP techniques. The further advancements
of the developed compact backpack-type OCT system can
be an ideal pragmatic solution for the inspection of diverse
specimens in agricultural plantations, which is helpful to
overcome the drawbacks that occur during laboratory-based
experiments. Therefore, the developed hybrid inspection pro-
tocol using compact backpack-type OCT and LAMP tech-
nique can be exploited as a valuable detection process for
various agricultural researches.
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