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Abstract 

Plant disease has a tremendous impact on global food security, and Colletotrichum spp. 

caused bitter rot is a greater challenge to post-harvest quality. Conventional diagnosis is 

precise but invasive and therefore inappropriate for real-time purposes. This study inves-

tigates optical coherence tomography (OCT) as a high-resolution, non-invasive imaging 

method to detect internal structural changes from disease progression. The developed 

OCT-based image analysis framework stages diseases by assessing morphological degra-

dation. The discovery of unique oval-shaped internal features, invisible to other non-in-

vasive methods, demonstrates OCT’s potential for early detection, accurate monitoring, 

and real-time application in precision agriculture. 

Keywords: optical coherence tomography (OCT); bitter rot; non-invasive imaging;  

post-harvest disease detection; morphological degradation; disease staging; precision  

agriculture 

 

1. Introduction 

Biophotonic innovation in medical and agricultural engineering has necessitated the 

quest to develop non-invasive methods to probe biological materials more accurately. 

Colletotrichum spp. causing bitter rot is one of the most severe diseases of cultivation and 

post-harvest storage of many fruits, including apples [1]. Symptoms begin as small gray 

or brown spots that develop in a concentric pattern from the infection site, eventually 

causing extensive tissue damage [2]. Despite the use of fungicides and optimized storage 
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conditions to manage the disease, its early stages remain poorly understood; therefore, a 

specific non-invasive detection technique is required [1]. 

Traditional diagnostic techniques, such as histological examination and polymerase 

chain reaction (PCR), although precise, are time-consuming, invasive, and therefore less 

suitable for real-time surveillance [3–6]. Non-destructive analysis techniques such as vis-

ual examination, magnetic resonance imaging (MRI), X-rays, positron emission tomogra-

phy (PET), confocal microscopy, fluorescence spectroscopy, and near infra-red (NIR) 

spectroscopy often have low resolution, long processing times, and limited depth pene-

tration, making them less suitable for application in agriculture [7–9]. 

OCT has been a promising technique to study structural characteristics with microm-

eter-level resolution owing to its non-contact nature and depth-resolved imaging capabil-

ity [10–12]. This study focuses on exploring the potential of OCT for the identification and 

monitoring of bitter rot disease development in fruits. By providing high-resolution, 

depth-resolved imaging with enhanced optical sensitivity, OCT offers the ability to accu-

rately characterize morphological changes associated with disease progression. The tech-

nique’s capability to visualize internal tissue structures at the micrometer scale presents 

opportunities for investigating degradation patterns in both depth and lateral dimensions. 

This research aims to establish OCT as a novel non-invasive tool for the early detection 

and management of bitter rot infection in various fruits, contributing to improved strate-

gies in agricultural disease diagnosis and control. 

2. Materials and Experimental Procedures 

2.1. Swept-Source OCT System Configuration 

A laboratory customized swept-source OCT (SS-OCT) system, shown in Figure 1, 

was used for image acquisition. The OCT system consists of a 1310 nm laser (Axsun Tech-

nologies, USA) with a 12 mm coherence length, 110 nm sweep bandwidth, 20 mW output 

power, and 100 kHz sweep rate [13]. A 50:50 optical fiber coupler (Gooch & Housego, UK) 

split the light between the sample and reference arms. The signals were detected using a 

balanced photodetector (Thorlabs, USA) and digitized via a 12-bit waveform digitizer 

(Alazar Technologies Inc., Canada). Processed signals generated OCT images over a 4 mm 

× 4 mm scan area, calibrated using a refractive index of 1.42. The system achieved axial 

and lateral resolutions of 7.5 μm and 10 μm in air, and 7 μm in plant tissues, as described 

in [13]. 

 

Figure 1. System architecture of the swept-source OCT (SS-OCT) setup. Abbreviations: BD—Bal-

anced Detector; C—Collimator; CIR—Circulator; FC—Fiber coupler; L—Lens; M—Mirror; OL—

Objective lens; PC—Polarization controller. 
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2.2. Signal Analysis and Data Processing 

Assessment of tissue structure via OCT signal changes along axial and lateral dimen-

sions was performed using a standard refractive index of 1.42 for plant cells [13]. Although 

tissues have unique refractive indices, this value streamlined analysis. A laboratory cus-

tomized MATLAB (Math works, USA) program was implemented to generate intensity 

profiles by averaging pixel values row-wise (lateral) and column-wise (axial) within the 

region of interest (ROI) as shown in Figure S1 [14]. This method enabled effective quanti-

fication and visualization of internal structural changes in the specimens. 

2.3. Analysis of Disease Progression and Boundary Detection 

Beyond depth-based OCT analysis, this study examined the temporal progression of 

infected tissue thickness in the epidermis and hypodermis layers (Figure 2a). Canny edge 

detection was used to segment diseased regions, enabling focused analysis by excluding 

healthy areas [15]. A MATLAB script then mapped these boundaries spatially over time 

(Figure 2b), quantifying lateral infection spread. This method offered precise insight into 

the spatial and temporal dynamics of bitter rot progression within tissue layers. 

 

Figure 2. (a) Visualization of lateral expansion in infected tissue thickness observed during the third 

week of disease progression; (b) Flowchart illustrates the key steps in the boundary detection 

method used to identify infected regions. Δl1, Δl2, and Δl3 indicate the measured thickness expansion 

over third week. 

3. Results 

3.1. Dynamic Thickness Profiling 

A customized MATLAB-based algorithm was developed to monitor tissue degrada-

tion in third-week OCT data. From the initial inspection, nine two-dimensional (2D) OCT 

images showing potential infection were selected for detailed analysis (Figure 3a). A fixed 

30 × 465-pixel region was scanned in each 2D OCT image to track lateral disease progres-

sion. The processing pipeline included Gaussian smoothing, gradient calculation, and 

edge detection, followed by a sorting-based method for accurate boundary mapping. 
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Infected regions were automatically highlighted (Figure 3b–j), and lateral thickness ex-

pansion was quantified and plotted (Figure 3k). This approach enables a comprehensive, 

non-invasive visual and quantitative assessment of infection spread during third week. 

 

Figure 3. (a) Selection of representative OCT images from the third-week dataset; (b–j) Automati-

cally detected and highlighted tissue degradation regions using the developed MATLAB algorithm; 

(k) Quantified lateral thickness expansion of the infected regions across selected third-week images. 

3.2. Layer Distortion Along Depth Direction 

To further analyze the disease progression, a MATLAB program was developed, 

which quantifies the structural degradation from bitter rot using OCT imaging. A 125 × 

350-pixel region was examined across OCT images representing healthy-infected, par-

tially healthy, and fully infected tissues from weeks 1, 5, and 7. Averaged axial intensity 

profiles were computed to evaluate subsurface structural disruption. These profiles re-

vealed progressive degradation, with clear layer-wise breakdown in advanced infection 

stages. As shown in Figure 4, axial profiling effectively captures microstructural changes, 

demonstrating OCT’s strength in characterizing disease progression. 
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Figure 4. Averaged axial OCT intensity profiles for healthy-infected (week 1), partially healthy 

(week 5), and fully infected (week 7) tissue regions, illustrating progressive internal structural deg-

radation due to bitter rot. 

3.3. Volumetric Analysis 

To validate the structural degradation seen in Figure 4, a three dimension (3D) anal-

ysis was conducted using MATLAB and a custom algorithm to process OCT sequences 

from weeks 1, 5, and 7. Volumetric reconstructions were created by stacking 2D-OCT im-

ages along the Z-axis with XY alignment. Cross-sectional XZ views within a 100 μm depth 

were analyzed to assess structural changes over time. Canny edge detection highlighted 

tissue boundaries and morphological disruptions, revealing progressive degradation. Fig-

ure 5 presents comparative 3D visualizations of these changes across the infection stages. 

 

Figure 5. 3D OCT reconstructions showing internal tissue degradation due to bitter rot over time: 

(a) week 1 (healthy-infected), (b) week 5 (partially infected), and (c) week 7 (fully infected). XZ im-

ages within a 100 μm depth range were used to analyze structural changes. 

3.4. Irregular Oval-Shaped Pattern Progression 

Three-dimensional OCT analysis revealed that irregular, oval-shaped tissue patterns 

emerged as key structural markers of bitter rot progression. Absent in the early stage 

(week 1), these patterns became faintly visible by the mid-stage (week 5) and distinctly 

defined by the late stage (week 7), with greater sharpness and contrast across all examined 
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depths (250 μm, 500 μm, 1000 μm). Their spatial growth, as shown in Figure 6, reflects 

increasing tissue disintegration and highlights OCT’s ability to capture infection-related 

structural changes across depth and time. 

 

Figure 6. Structural visualization of specimen tissue at three depth levels (250 μm, 500 μm, and 1000 

μm) across different stages of bitter rot progression: (a) week 1 (healthy-infected); (b) week 5 (inter-

mediate infection); (c) week 7 (fully infected). The dashed red oval overlays highlight the emergence 

and expansion of irregular oval-shaped tissue patterns in the infected regions, which become in-

creasingly distinct with disease severity. 

3.5. Depth-Resolved Quantification of Bitter Rot Progression Using OCT Imaging 

The progression of bitter rot disease was analyzed using depth-resolved OCT imag-

ing and a customized MATLAB program, focusing on pixel intensity distribution of irreg-

ular, oval-patterned tissues across micrometer-scale depths. Five time points (weeks 1, 2, 

5, 6, and 7) were assessed using consistent ROIs defined by pre-applied masks to ensure 

comparability. Early stages (weeks 1–2) showed low, stable levels of threshold-passing 

pixels, indicating intact structure. By weeks 5–6, pixel distribution became non-uniform, 

signaling emerging structural anomalies. Week 7 revealed a marked increase in threshold-

passing pixels, especially centrally, indicating advanced tissue degradation. As shown in 

Figure 7, OCT proves highly effective in quantifying internal damage, supporting early 

detection and monitoring in agricultural pathology. 
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Figure 7. Depth-resolved bar plots showing the percentage of threshold-passing pixels in specimens 

affected by bitter rot at five time points: (a) week 1, (b) week 2, (c) week 5, (d) week 6, and (e) week 

7. 

4. Discussion 

This study demonstrates the effectiveness of OCT as a non-invasive, high-resolution 

imaging modality for the detection and monitoring of bitter rot disease in fruit tissue com-

pared to other traditional methods. By utilizing micrometer-scale resolution and depth-

resolved imaging, OCT enabled accurate visualization of internal morphological changes 

without damaging the specimen. A key outcome of this work was the identification of 

irregular, oval-shaped tissue patterns as distinct morphological biomarkers for disease 

staging without damaging to specimens. These structures were absent in the healthy-in-

fected stage, began emerging in intermediate infection, and became sharply defined in 

fully infected specimens, particularly at shallow imaging depths. Their clear visual dis-

tinctiveness and repeatability across samples establish them as reliable indicators of dis-

ease progression. In addition to qualitative observation, this research developed a depth-

resolved quantitative framework for assessing infection severity. This was achieved 

through pixel intensity thresholding to detect changes in structural integrity over time. 

Early stages exhibited a consistently low proportion of threshold-passing pixels, reflecting 

minimal structural degradation. In contrast, advanced stages showed a sharp and local-

ized increase in these pixels, especially in central tissue regions, correlating with severe 

internal breakdown. This quantification method allowed consistent classification of sam-

ples into three clearly defined categories: healthy-infected, partially healthy, and fully in-

fected. Such objective staging enhances repeatability and reduces reliance on subjective 

visual assessment. 

A notable strength of the proposed method is its ability to classify disease stages 

solely based on OCT-derived morphological and quantitative features, eliminating the 

need for destructive sampling. This makes the approach highly suitable for rapid, real-

time agricultural diagnostics. The reproducibility of both the morphological biomarkers 

and the quantitative pixel thresholding across multiple observation weeks further rein-

forces their robustness and diagnostic reliability. While this work focused on bitter rot, 

the framework’s combination of axial profiling, pixel-based quantification, and volumet-

ric reconstruction can be adapted to other plant diseases that cause tissue structure alter-

ations. This versatility, with proven capability to monitor change through time, positions 

the method as a valuable tool for precision agriculture and post-harvest quality assurance. 
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This effort lays a solid basis for the future development of OCT as a field-portable, 

automated device from its current lab-based diagnostics background. Future develop-

ment must incorporate adaptive refractive index calibration, dynamic region of interest 

selection, and machine learning integration to further enhance automation and scalability. 

With these enhancements, the proposed approach could be implemented in compact OCT 

devices capable of providing rapid, accurate, and non-destructive disease detection in ag-

ricultural settings, supporting sustainable crop management and reducing post-harvest 

losses. 

5. Conclusions 

This study establishes optical coherence tomography (OCT) as a powerful non-de-

structive imaging tool for the detection and staging of bitter rot in fruit, offering a signifi-

cant advancement over conventional invasive techniques. By achieving micrometer-scale, 

depth-resolved imaging, OCT enabled precise classification of tissue health without com-

promising specimen integrity. The emergence and progression of irregular oval-shaped 

patterns were identified as reliable morphological biomarkers, and depth-resolved pixel 

analysis provided a robust quantitative measure of structural degradation. Three-dimen-

sional reconstructions further revealed the spatial dynamics of disease evolution. These 

findings confirm that OCT can not only detect bitter rot at early stages but also track its 

progression with high accuracy. The approach’s scalability, real-time potential, and adapt-

ability to other plant diseases make it a promising candidate for integration into precision 

agriculture systems. Future work should prioritize automation through algorithmic re-

finement, adaptive refractive index calibration, and machine learning integration, ena-

bling portable, field-deployable solutions for global post-harvest disease management. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/doi/s1, Figure S1. Graphical representation of OCT intensity profile 

extraction along both axial and lateral directions. 
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