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Abstract: Recent advances in high-resolution X-ray
computed tomography (HRXCT) enable comprehensive
qualitative and quantitative analysis of wood microstruc-
ture. This study combines micro-CT imaging with advanced
segmentation to characterize Moringa oleifera L. stem
anatomy. Qualitative analysis revealed distinct tissue
boundaries, with grayscale images differentiating xylem
vessels (bright) from parenchyma (dark) based on density.
Reconstructed 3D volumes showed alternating parenchyma-
fiber bands, while watershed segmentation delineated pores
and Kuwahara filtering preserved structural details. Quan-
titative results demonstrated spatial heterogeneity: total
porosity measured 22.3 ± 2.9 % versus 2.4 ± 1.9 % to
3.7 ± 0.2 % in ROIs. Pore density varied inversely (0.7 ± 0.3 to
1.4 ± 1.0 μm−3), with average pore sizes ranging 0.3 ± 0.6 to
1.9 ± 0.2 μm2. Strong correlations existed between porosity
and pore diameter (r = 0.99) or % area (r = 0.95), showing
morphology governs void fraction. Parameters exhibited
symmetric distributions (skewness ≈ 0) with light tails
(kurtosis < 3). CT resolved wall thickness variations (0–
15 mm), linking microstructure to mechanical properties.
The non-destructive approach provides unprecedented 3D
quantification of Moringa wood’s structural adaptations,
supporting applications in biomaterials and fluid transport
systems.

Keywords: μ-X-ray computed tomography; image segmen-
tation; Moringa stem; grey values; wall thickness

1 Introduction

Since the invention and development of microscopes, the
range of human vision has greatly increased. The application
of optical instruments to study cellular and subcellular ar-
chitectures has substantially expanded our comprehension
of the biological domain (Ovečka et al. 2018; Rousseau et al.
2015). Many microscope manufacturing businesses are
devoting a significant amount of time and money to the
development of better resolution microscopy equipment.
These developments are intended to help researchers in
various fields get increasingly complex pictures (Dumur
et al. 2019). Plants display a broad diversity of morphologies
to live in varied situations. From small single-celled animals
like blue-green algae (Cyanobacteria) to towering giants like
the hundred-meter-tall Eucalyptus, plants are diverse in
their morphology (Chen et al. 2021). Therefore, it is essential
in the field of plant study to use microscopy techniques to
examine cellular, subcellular, and physiological properties
(Piovesan et al. 2021). A detailed description of plant anatomy
at various sizes is necessary to comprehend the biological
processes, development, and evolution of plants. Examining
the complete organism, each of its organs, the tissues inside
each organ, the cells inside those tissues, the cell walls, and
the organelles inside the cells are all included (Kurei et al.
2021; Mccoy et al. 2021). Different imaging devices are
employed to investigate the morphology, chemical content,
and spatial organization of the objects being researched,
depending on their scale (Karlen et al. 2024; Liu et al.). For
instance, tools like macro photography or low-resolution CT
scans may be utilized to analyze whole plants or organs.
Higher resolution imaging techniques like micro-CT,
confocalmicroscopy, or scanning electronmicroscopy (SEM)
are used to study tissues and cells (Zhang et al. 2023).
Methods like super-resolution microscopy and transmission
electron microscopy (TEM) are required at the subcellular
level (Dierick et al. 2014; Ziegler-Rivera et al. 2021).

Within the field of plant science, high-resolution 3D
images are becoming more widely available, providing a
powerful means of understanding both mechanical and
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biological processes (Reich et al. 2020). Interestingly, X-ray
computed tomography (CT) turns out to be a very useful
answer to these questions (Dierickx et al. 2024). Using the
penetration powers of X-rays, this diagnostic 3D imaging
method allows for non-destructive multidimensional imag-
ing over a wide field of view and a variety of resolutions,
providing both qualitative and quantitative information
about the internal structural characteristics of a specimen
(Dierickx et al. 2024). The attenuation of X-rays changes with
sample density, thickness, atomic number, and X-ray energy
as they pass through a sample. As a result, variations in X-ray
attenuation provide contrast in images, making it easier to
distinguish between areas of a sample with low and high
densities (Walker et al. 2024). In X-ray CT, while the sample
rotates, many X-ray projections are produced from various
angles. Virtual slices that resemble histological sections may
be retrieved and shown at any depth and orientation after
reconstruction (Dierick et al. 2014; Martin and Koch 2006).
Moreover, X-ray computed tomography (CT) eliminates the
requirement for time-consuming sample preparation and
provides remarkable spatial resolution that can resolve
microstructures at submicron sizes (Hanke et al. 2016).
Recently, X-ray CT has becomewidely used inmany different
fields of research to study the three-dimensional structure of
plants (Ekaputri and Tanaka 2024; Stock 2008). Its usefulness
in xylem embolism research, anatomical analysis, wood
microstructure and its characteristics, hydraulic function
testing, and the characterization and quantification of plant
tissues, analysis of fibers, mineral particles, structures,
vessels have all been highlighted by a number of studies
(Arzola-Villegas et al. 2023; Feng 2022; Guo et al. 2020; Jiang
et al. 2024).

Despite rapid advances in fluorescence-based and
super-resolution microscopy, applying these optical tech-
niques to woody tissues remains problematic. Wood is rich
in lignin and cellulose – molecules that scatter and absorb
light – so signal strength and spatial resolution deteriorate
rapidlywith imaging depth. Dumur et al. (2019) highlight this
limitation even for state-of-the-art confocal andmultiphoton
systems, noting that thick, pigmented samples demand
labor-intensive clearing or physical sectioning that can
distort native architecture. Compared to optical techniques
such as Optical projection tomography (OPT) and confocal
microscopy, HRXCT does not require sample clearing or
optical transparency. This is a crucial advantage, as wood
contains abundant light-scattering compounds like lignin
and cellulose, which severely limit the effectiveness of op-
tical methods due to poor signal penetration and resolution
loss at depth. Although OPT can visualize gene expression
patterns using colorimetric stains and is useful for small,
transparent samples, its resolution and sample

requirements make it unsuitable for intact woody tissues.
Confocal andmultiphotonmicroscopy offer high subcellular
resolution but are constrained to shallow imaging depths
and require complex, destructive sample preparation.
Moreover, these techniques are incompatible with non-
fluorescent contrast agents frequently used in histological
wood studies. In contrast, HRXCT achieves resolutions as
fine as 30–50 nmand does so in a completely non-destructive
manner, preserving the native 3D architecture of samples
without the need for staining or embedding. Compared to
conventional micro-CT, HRXCT significantly improves both
spatial resolution and contrast, enabling detailed imaging of
microanatomical structures such as vessels, fibers, tra-
cheids, and pits in wood. Other imaging modalities like
micro-RI, optical coherence tomography (OCT), and ultra-
sonic bio-microscopy are also less effective for wood mi-
croscopy. Micro-MRI offers soft tissue contrast but lacks the
resolution needed to resolve fine cellular features in ligni-
fied tissues. OCT and ultrasound can image live tissues and
penetrate deeper than light-based methods, but their reso-
lution is too low to capture detailed wood anatomy, and they
cannot detect key anatomical or molecular markers.

In this study,Moringa oleifera was selected as the study
material due to its unique combination of anatomical and
physiological features, as well as its ecological and industrial
significance.M. oleifera is recognized for its distinctive stem
microstructure, which includes clearly defined tissue
boundaries and a high degree of spatial heterogeneity in
porosity and cell arrangement. These features make it an
ideal candidate for methodological development and vali-
dation in advanced imaging techniques such as X-ray micro-
computed tomography (micro-CT), as they allow for clear
visualization and quantification of anatomical parameters.
Additionally, Moringa is widely cultivated and easily acces-
sible in many regions, facilitating sample collection and
ensuring practical research feasibility. Its ecological and
industrial significance – ranging from medicinal uses to
environmental applications – further supports its selection
as a model organism for plant microstructural studies.
HR-XCT was employed for cellular-resolution visualization
of plant structures, focusing on M. oleifera wood anatomy
using CT-derived 3D images to identify interconnectivity and
unique features.

2 Materials and methods

2.1 Plant material

Mature trees of M. oleifera were taken from local Moringa
farm, a 1,260-ha large-scale agricultural green area that
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spreads roughly in the center of Saitama City, within a 20–
30 km radius of the Tokyo metropolitan area. The fresh
plants were kept in plastic bags and were dried at 105 °C for
7 days. To accommodate natural variability, M. oleifera
stems were carefully prepared for X-ray micro-CT imaging.

2.2 X-ray computed microtomography
(X-ray micro CT)

The internal architecture of Moringa stem samples was
investigated using high-resolution X-ray microcomputed
tomography (μCT) performed with the inspeXio SMX-225CT
FPD HR Plus system at Shimadzu’s Non-Destructive Testing
facility in Kawasaki (https://www.shimadzu.com) as shown
in Figure 1. This advanced imaging platform features a high-
performance microfocus X-ray CT system equipped with a
Shimadzu microfocus X-ray generator and a large high-
resolution flat panel detector and a computer with tomo-
graphic reconstruction software (VolumeGraphics VGStudio
Max 3.4 software; Volume Graphics, Heidelberg, Germany)
that enabled detailed 3D visualization of Moringa internal
structures. The system uses a high-power microfocus or
nanofocus X-ray tube, capable of operating at voltages
ranging from 30 kV to 225 kV, depending on the sample’s
density and required penetration. Electrons are accelerated
toward a metal target (typically tungsten). A CsI(Tl)

scintillator was used due to its high light yield and compat-
ibility with the system’s resolution requirements. This ma-
terial converts X-rays efficiently into visible light,
minimizing noise. Cesium iodide (CsI), which has excellent
sensitivity characteristics, was employed as the scintillator
material. A CsI(Tl) scintillator and 0.5 mm Al filter enhanced
detection efficiency and reduced low-energy noise. The use
of carbon (C) for detector window material enables imaging
on low-density materials. The sample–source distance and
camera–source distance were 40mm and 300 mm,
respectively.

For woody species, excised and dried samples are the
simplest to scan and yield good-quality images. X-ray μCT
was used to non-destructively explore stem sections to
determine the internal structure of Moringa without any
special treatment before scanning. Image acquisition
required no sample preparation, besides sample mounting.
Thus, to ensure stability and minimize motion artifacts, the
Moringa stem samples were securely mounted in thin-
walled PVC cylinders. This rigid support prevented vibra-
tions and sample displacement during scanning, maintain-
ing precise alignment with the X-ray beam and eliminating
potential image distortion while preserving the internal
structure throughout the micro-CT imaging process. The
sample was scanned using a 40 kV X-ray beamwith a 500 nm
voxel size, capturing 729 radiographs at 0.225° angular steps
and a 6-s exposure per shot. A 40 kV setting was chosen for

Figure 1: The stem’s microstructure image of the Moringa sample obtained by X-ray micro-CT: (a–c) 2D initial images of Moringa slice, (d, e) 3D initial
images of Moringa slice, (f) multi-planar reconstruction images. Scale bars: (a) 0.9 mm, (b) 0.6 mm, (c) 0.65 mm.
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optimal imaging ofMoringa stems, as it maximizes contrast
of boundaries of cell wall while minimizing beam hard-
ening. This voltage enhances differentiation of xylem vessels
and parenchyma without compromising resolution or
causing excessive radiation exposure.

2.3 Image analysis and segmentation

Image processing and analysis involved image reconstruc-
tion, characterization, and quantification. System-supplied
reconstruction software (VGSTUDIO) was used to recon-
struct the 2D projection images into 3D volumes. A total of
729 virtual slices were acquired to capture the internal
structure of the Moringa stem. The X-ray images were pro-
cessed using gray-scale thresholding to enhance structural
clarity. Reconstruction of the projection images into 3D
volumes was performed using Shimadzu’s VGL software.
Initially, all radiographic images were imported, and scan-
ning parameters were configured, including a 360° rotation
with 0.514° angular increments and a pixel size of 3.4 μm.
Geometric calibration was conducted based on the
measured source-to-sample distance (51 mm) and source-to-

detector distance (281 mm). Image quality was further
improved through beam hardening and ring artifact cor-
rections. The volumetric reconstruction was carried out
using the Feldkamp–Davis–Kress (FDK) algorithm with a
Parzen filter, resulting in isotropic voxel resolution. The
final 3D dataset was cropped up to isolate the stem region
and exported as a 16-bit TIFF image stack. Adaptive Gauss
filtering was applied to remove noise and to allow better
determination of the boundaries between cells.

The images were processed using the open-source soft-
ware ImageJ and Fiji. These tools provided advanced fea-
tures for analyzing and visualizing the data effectively. After
preparation, the stem segments were scanned as shown in
Figure 2. The greyscale imageswerefiltered and then further
processed to identify structures in the stems (Ahmed et al.
2016; Duncan et al. 2021). Kuwahara filtering was applied for
adaptive noise reduction to improve image quality and
remove noise (Chinga-Carrasco 2002). Segmentation is a
technique used in image processing to simplify or change the
representation of an image, making it more meaningful and
easier to analyze. In this context, segmentation involves
converting a grey-scale image, which contains varying
shades of grey, into a black and white image. Then,

Figure 2: 2D volume renderings showing vessel relay connecting large-diameter vessels. The reconstructed projection shows the cross-section of the
Moringa. Thewhite circles represent the cell walls: (a) original and (b) filtered μ X-ray image; (c) classification of stemparts in a binary cross-section image;
(d, e) distribution of grayscale intensities corresponding to different densities (e.g., voids vs. solid tissue); (f) the cellular matrix is separated in individual
objects by the watershed separation; (g) image after applying Kuwahara filtering. Scale bars: (a) 0.75 mm, (b) 0.9 mm, (c) 0.9 mm and 0.65 mm, (f, g)
0.9 mm.
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segmentation was operated using a threshold tool to create a
mask specifically selecting the voids from the matrix (Gerth
et al. 2021). A global thresholding followed by a gray
morphology filter (available in Image Pro software) was
used to extract the vessel elements (Mendoza et al. 2007).

In order to obtain statistical data and reduce process-
ing time, five representative areas of 1,254 pixels × 861
pixels (71.3 × 74.0 μm) were selected for geometric mea-
surement. These regions (ROI 1, ROI 2, ROI 3, ROI 4, and ROI
5) were chosen and shown in Figure 3b. Five regions of
interest (ROIs) were selectively chosen from theM. oleifera
stem cross-section to capture localized microstructural
variations and reduce processing time. These ROIs repre-
sent areas with distinct anatomical features, such as dif-
ferences in pore distribution, tissue density, and cellular
organization. By focusing on these representative zones,
the analysis could reveal spatial heterogeneity that might
be masked in whole-slice measurements. This approach
allowed for detailed quantification of porosity, pore size,
and density, providing a deeper understanding of the in-
ternal structure and functional adaptations of Moringa
wood while ensuring statistical relevance and computa-
tional efficiency. The data enables quantitative analysis of
plant structures, including metrics like porosity, wall
thickness, pore density, and pore diameter, which can be
used to evaluate and characterize plant growth traits. After
processing the images, labeling was performed, and
quantitative measurements were conducted within the ROI
to determine the void areas. The porosity of the Moringa
samples was then calculated using Equation (1):

Porosity = Total pore area
Total image area

( ) × 100 (1)

The pore density was calculated using Equation (2):

Pore density = Number of pores
Total image area

(2)

The average pore size was calculated using Equation (3):

Pore diameter = ∑Pore areas
Number of pores count( ) (3)

The pore diameter was calculated using Equation (4):

Pore diameter D( ) = 2 ×
̅̅̅̅
Aera
π

√
(4)

2.4 Statistical analysis

Descriptive statistics were applied to summarize the central
tendencies and variability of microstructural parameters
(porosity, pore density, average pore size, percent area,
volume fraction, and pore diameter) across the five ROIs.
Measures such as mean, median, standard deviation, range,
skewness, and kurtosis were calculated to characterize data
distributions. To explore relationships between variables,
correlation analysis was performed due to the small sample
size (n = 5). The correlation matrix quantified pairwise as-
sociations, with coefficients (ρ) ranging from −1 (perfect
negative correlation) to +1 (perfect positive correlation).

Figure 3: 2D volume images of Moringa stem: (a) example of counting all objects; (b) selected objects for measurement (quantitative analysis, e.g.,
porosity, pore density etc.). Scale bars: (a, b) 0.9 mm.
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3 Results

3.1 X-ray microtomography and
classification

Typical 2D images used for determination of microstructure
ofMoringa stems are shown in Figure 2. Significant diversity
may be seen in the X-ray absorption characteristics of the
various tissues inside the stem of M. oleifera. Interestingly,
because of their varying X-ray absorption levels, the borders
between parenchyma cells and xylem arteries are clearly
apparent. Structures like the inner longitudinal surface may
be seen. Figure 2 shows transverse sections of the Moringa
stem. The reconstructed 2D projections show the cross sec-
tions of the cell walls prominently as a bright circle. The
anatomical organization of each compartment such as
epidermis and xylem vessels could be easily identified.
Within the stem section, different components can be iden-
tified and characterized in 2D. From these images it is
possible to observe, with a lower level of brightness and the
empty spaces. The grayscale tomography images are seen to
be distinct than the conventional wood images, taken by
optical microscopy, because the grayscale represents a
spatial distribution of the density, which generates an
attenuation in the incident X-rays.

3.2 Qualitative analysis

After segmenting theMoringa stem components, a filter was
implemented to mitigate image noise, as illustrated in
Figure 2a, depicting the image before and after filtering in
Figure 2b. A cross-section in grayscale is shown in Figure 2c,
the contrast obtained allows the distinction of the sites.
Outer walls are represented by contiguous regions of white
pixels, delineating the entirety of the stem’s external
boundary. Inner walls are depicted as black areas within the
white outer boundary, indicating void spaces within the
stem structure. These inner walls demarcate the hollow or
lumen of the stem, providing insights into its internal ar-
chitecture. Within these lumen, central walls, depicted as
white regions surrounded by black, may separate various
compartments or tissues, such as vascular bundles or pith.
The field of view of the stem sample contained an intact
vascular bundle and a fraction of the parenchymatous tis-
sue. The standard deviation of the brightness level histo-
gram for both images is depicted in Figure 2d and e,
respectively. The histogram of the Moringa stem provides a
graphical representation of the distribution of pixel in-
tensities within the image. Pre-filtering, a histogram peak

around 76, suggests a prevalence of darker or mid-level in-
tensity pixels, indicating potentially low contrast and noise.
Post-filtering, a peak near 236 indicates an increased fre-
quency of pixels with this intensity, reflecting alterations in
pixel intensity distribution, likely enhancing contrast,
reducing noise, or highlighting specific features. With the
virtual segmentation of the solid and empty space phases of
theMoringa stem tissue (Figure 2f), Kuwahara filtering was
applied to enhance the image while preserving the details of
its structural components, such as outer and inner walls.
This method facilitated optimal segmentation while preser-
ving the original architecture of the different phases in bi-
nary images. It maintained the initial continuity in all empty
space phases, ensuring that the size, shape, connectivity, and
existence of binary objects remained unaltered. The more
superficial portion of the Moringa stem is densely packed
with cells and gradually becomes more dispersed towards
the center. The image in Figure 2g clearly shows the cell
structure and arrangement in the Moringa stem while the
watershed algorithm applied to the image of aMoringa stem
obtained from ImageJ allows for the segmentation and
delineation of distinct regions or features within the stem
structure. The watershed segmentation facilitated the iden-
tification of specific anatomical components such as
vascular bundles, parenchyma tissues, and epidermal
layers. Figure 3a illustrates a processed cross-sectional slice
of M. oleifera stem obtained using high-resolution X-ray
micro-computed tomography (μCT). This visual example
demonstrates the segmentation and primarily pores have
been labeled and counted using a watershed segmentation
algorithm implemented in ImageJ. Figure 3 shows each
segmented object, shown with distinct boundaries or labels,
represents a ROI that can be measured for quantitative pa-
rameters and contribute to the overall analysis of micro-
structural properties, including porosity, pore density, and
pore diameter etc.

3.3 Quantitative analysis

Table 1 shows the overall measurements of porosity, pore
density, average pore size, percentage area, and pore
diameter. The porosity of Moringa wood was measured for
the entire slice and for five different ROIs. The porosity and
pore characteristics of Moringa wood were analyzed across
the entire cross-section (Moringa slice) and five distinct ROIs
as shown in Figure 4. The Moringa slice exhibited signifi-
cantly higher porosity (22.3 ± 2.9 %) compared to the ROIs,
which ranged from 2.4 ± 1.9 % (ROI 1) to 3.7 ± 0.2 % (ROI 3).
This disparity suggests that pore distribution is heteroge-
neous, with the overall slice averaging contributions from
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both densely porous and less porous regions. Notably, ROI 3
displayed the highest porosity among the ROIs, whereas ROI
5 showed the lowest (2.5 ± 0.2 %), reinforcing the spatial
variability in wood structure.

Pore density (μm−3) followed an inverse trend, with the
Moringa slicehavinga lowerdensity (0.8±0.2) thanmost ROIs.
ROI 1 and ROI 5 recorded the highest pore densities (1.4 ± 1.0
and 1.3 ± 0.9, respectively), indicating localized clusters of
smaller pores. In contrast, ROI 2 had the lowest density
(0.7 ± 0.3), suggesting sparser pore distribution as shown in
Figure 5. The average pore size (μm2) further highlighted this
trade-off: the Moringa slice contained larger pores (1.2 ± 0.5),
while ROIs 2 and 5 featured smaller pores (0.7 ± 0.4 and
0.4 ± 0.1, respectively) as shown in Figure 6. This implies that
smaller, more numerous pores in ROIs 1 and 5may contribute
to higher density but lower individual pore volume.

The % area occupied by pores aligned with porosity
trends, with the Moringa slice covering 22.3 ± 1.7 % of the
total area, while ROIs accounted for 5.0 ± 1.6 % (ROI 1) to
10.8 ± 1.9 % (ROI 3) as shown in Figure 7. Pore diameters (μm)
were largest in the Moringa slice (38.7 ± 1.3), whereas ROIs

exhibited smaller diameters (12.6 ± 0.9 to 15.8 ± 0.3), as
shown in Figure 8, consistent with their reduced pore sizes.
These findings collectively underscore the structural
complexity of Moringa wood, where macroscopic measure-
ments (slice-level) mask microscale variability in pore dis-
tribution, density, and morphology.

The wall thickness of a Moringa stem, as observed
through a CT scan as shown in Figure 9, offers valuable in-
sights into the plant’s anatomy and structural integrity.
Within the context ofMoringa stem anatomy, it’s essential to
understand that the stem comprises distinct layers, including
the outer bark, inner bark (phloem), cambium layer, xylem,
and pith at the core. When subjected to a CT scan, which
utilizes X-rays to generate detailed cross-sectional images, the
varying densities of these layers become apparent. Specif-
ically, the wall thickness refers to the density and thickness of
the outer layers of the stem as visualized in the scan. Thicker
walls appear denser on the scan, while thinner walls exhibit
lower density. This distinction in density provides valuable
information about the structural composition of the stem. The
purple areas on the heat map, corresponding to a wall
thickness of 0–5mm, likely indicate regions where there is no
discernible thickness or very thin walls. These areas may

Table : Overall measurements of Moringa wood.

Porosity
(%)

Pore
density
(μm−)

Average
pore size

(μm)

% Area Pore
diameter

(μm)

Moringa
slice

. ± . . ± . . ± . . ± . . ± .

ROI  . ± . . ± . . ± . . ± . . ± .
ROI  . ± . . ± . . ± . . ± . . ± .
ROI  . ± . . ± . . ± . . ± . . ± .
ROI  . ± . . ± . . ± . . ± . . ± .
ROI  . ± . . ± . . ± . . ± . . ± .

Porosity represents the areal percentage of pores relative to total sample
area. Pore density is the number of pores per unit area (μm−). % Area refers
to the fractional area coverage of pores within each ROI, with standard
deviations (SD) provided for all measurements.

Figure 4: Variations in porosity among different ROI’s of Moringa slice.

Figure 5: Variations in porosity among different ROI’s of Moringa slice.

Figure 6: Distribution of average pore size in Moringa wood slice.
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coincide with regions such as the pith or central core of the
stem, where the density of tissue is minimal. On the other
hand, the red to yellowish areas, representing awall thickness
of 10–15 mm, suggest regions with significantly thicker walls.

This segmentation technique aided in the precise analysis of
the stems internal structure, enabling to quantify parameters
such as vessel dimensions, tissue densities, and spatial dis-
tributions. As expected, the XμCT-ray scanning resolved the
cell walls clearly.

3.4 Microstructural properties of Moringa
wood: descriptive statistics

Table 2 presents the descriptive statistics of the measured
parameters, including porosity, pore density, average pore
size, percent area, andporediameter. Themeanvalues ranged
from0.6 μmfor averagepore size to 14.1 μmfor pore diameter.
The standard deviations indicate a moderate spread in the
data, with pore diameter exhibiting the highest variability
(SD = 1.5). Skewness values were close to zero for all variables,
indicating approximately symmetric distributions. Kurtosis
values were below 3 for all parameters, suggesting platykurtic
distributions with lighter tails than a normal distribution. The
range and confidence intervals further support moderate
variation across samples. The descriptive statistics of micro-
structural parameters indicate generally consistent distribu-
tions across the five measured ROIs. The mean porosity was
3.0 with a standard deviation of 0.6 and showed a slight right
skewness (0.4) and light-tailed distribution (kurtosis = −2.8).
Pore density was nearly symmetric (skewness = 0.3), also
indicating a platykurtic (light-tailed) distribution. Average
pore size demonstrated very slight asymmetry (skew-
ness = 0.2) and a relatively flat distribution (kurtosis = −0.9).
Percent area had the most noticeable skew (0.8), suggesting a
mild right-skew, though it too was light-tailed. The pore
diameter was close to symmetric with light tails.

Figure 7: Percent area analysis of Moringa wood.

Figure 8: Pore diameter analysis of Moringa wood.

Figure 9: Transverse and longitudinal wall thickness of Moringa wood. Scale bars: 0.9 mm and 0.65 mm.
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3.5 Correlation analysis

Pearson correlation analysis was performed to examine the
relationships among porosity, pore density, average pore size,
percentage area (% Area), and pore diameter as shown in
Table 3. Porosity exhibited a strong positive correlation with
pore diameter (r = 0.99) and% Area (r = 0.95), and a moderate
positive correlation with average pore size (r = 0.58). A mod-
erate negative correlation was observed between porosity
and pore density (r =−0.64), indicating that increased porosity
is associatedwith fewer but larger pores. Poredensity showed
a moderate negative correlation with both pore diameter
(r = −0.66) and porosity, and a weak negative correlation with
% Area (r = −0.40). Its correlation with average pore size was
negligible (r = 0.09), suggesting limited association. Average
pore size correlated moderately to strongly with % Area
(r = 0.74) and moderately with pore diameter (r = 0.57),
implying that larger pores contribute to greater surface
coverage and diameter. % Area was strongly correlated with
pore diameter (r = 0.94), porosity, and average pore size,
confirming that increased pore size and porosity result in
larger pore-covered surface areas. Pore diameter demon-
strated near-perfect correlation with porosity and strong as-
sociations with both % Area and average pore size,
reinforcing its role as a directmorphological indicator of pore
structure Table 3.

A moderate inverse correlation (R2 = 0.42) between
porosity and pore density inMoringawood (Supplementary

Figure S1), indicating that higher pore density regions typi-
cally exhibit lower porosity. A significant negative correla-
tion was observed between porosity and pore density
(R2 = 0.42, p < 0.05), indicating that regions with higher pore
density tended to exhibit lower porosity values. This inverse
relationship suggests that as the number of pores per unit
area increases, the total void fraction decreases, likely due to
the prevalence of smaller pores in high-density regions.
Linear regression analysis, (Supplementary Figure S2),
revealed a moderate negative correlation between pore
diameter and density (R2 = 0.44). A significant positive cor-
relation was observed between porosity and pore size
(R2 = 0.34, p < 0.05), indicating that larger pore sizes were
associated with higher porosity values (Supplementary
Figure S3). This direct relationship suggests that as pore di-
mensions increase, the total void fraction expands propor-
tionally likely because larger individual pores contribute
more substantially to overall void volume despite potential
decreases in pore number density. A robust positive corre-
lation between percent area and porosity (R2 = 0.91,
p < 0.001), (Supplementary Figure S4), indicating that
porosity increases. This near-perfect linear fit suggests
percent area is a dominant predictor of porosity inMoringa
wood. A strong positive linear relationship was observed
between porosity and pore diameter, with an R2 value of
0.99, indicating that pore diameter significantly influences
overall porosity (Supplementary Figure S6). As pore diam-
eter increases, porosity also increases, highlighting the
importance of vessel size in determining the internal
structure and fluid transport efficiency ofM. oleifera stems.

4 Discussion

To quantify the intercellular spaces – the voids or gaps be-
tween cells – in wood, several techniques have been devised.
These methods seek to comprehend the wood’s structure
and texture at the microscopic level since the density,
strength, and general characteristics of the wood can be
affected by the size and distribution of intercellular gaps.

Table : Descriptive statistics of microstructural properties in Moringa wood.

Parameter Mean Standard deviation Minimum Maximum Skewness Kurtosis Interpretation

Porosity . . . . . −. Slightly right-skewed; light-tailed
Pore density . . . . . −. Nearly symmetric; light-tailed
Average pore size . . . . . −. Nearly symmetric; slightly flatter than normal
Percent area . . . . . −. Mild right-skew; light-tailed
Pore diameter . . . . . −. Slightly right-skewed; light-tailed

Table : Correlation matrix of all measured parameters.

Porosity Pore
density

Average
pore size

%
Area

Pore
diameter

Porosity . −. . . .
Pore density −. . . −. −.
Average
pore size

. . . . .

% Area . −. . . .
Pore
diameter

. −. . . .
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These spaces are quantified and analyzed using a variety of
ways, including imaging techniques likemicroscopy (such as
confocal or scanning electron microscopy) and computa-
tional methods. Research on plant anatomy uses X-ray
micro-computed tomography (X-ray micro-CT), a potent 3D
imaging method. In comparison to other approaches, it has
some benefits (Atkinson et al. 2019; Karlen et al. 2024). With
minimal preprocessing needed, X-ray micro-CT visualizes
cells and intercellular gaps in tissue samples. For analysis of
wood stems, effective labeling or segmentation of different
tissue types is essential (Piovesan et al. 2021). The structural
analysis of Moringa stem microstructure, facilitated by
advanced imaging techniques such as micro-computed to-
mography (micro-CT), offers valuable insight into its
anatomical features (Mcvea and Wood 2023). Lautner and
Beckmann (2012) employed synchrotron radiation-based
X-ray micro-computed tomography (SRμCT) to analyze the
microstructure of Populus trichocarpa wood samples in
three dimensions. This technique provided detailed, non-
destructive visualization of cell size, volume, form, and
interconnectivity, enabling precise measurements of vessel
structures and water transport capacity. The 3D volume
renderings provided clear contrasts between different tissue
types within the stem, revealing distinct boundaries be-
tween xylem vessels and parenchyma cells. Similarly (Kitin
et al. 2004) revealed the 3D structure of vessels in Fraxinus
lanuginosa by applying SEM imaging to resin micro-casts. In
another study, Koddenberg and Militz (2018) reported that
XμCT presents an excellent example of the typical angio-
spermarchitecture, includingfibers, axial parenchyma cells,
arteries, and ray parenchyma cells inside the Fraxinus
excelsior wood rays. As a result, the technique can provide
finely detailed photographs of these basic elements, which
are crucial to the composition and functionality of angio-
sperm wood. Notably, the imaging results accurately re-
flected the intricate structures of the stem, including its
inner longitudinal surface. In a study reported by Vya (2019)
that mature Moringa stems have alternating bands of pa-
renchyma cells and fibers that finally come together to
create a circular band. Significant volumes of secondary
xylem, which are made up of uniseriate xylem rays, spher-
ical vessel components, and lignified thick-walled fibers, are
produced by this band in a critical manner. In addition, little
quantities of secondary phloem are produced by the
vascular cambium. Similar results were observed by Mcvea
and Wood (2023) inMoringa stem where vessel components
show variation in size within each cell but retain a rather
tangential diameter across different individual cells.

Rivera Ramos et al. (2021) showed that the grayscale
tomography images provided a spatial distribution of den-
sity, highlighting variations in tissue composition and

organization. Compared to traditional wood images ob-
tained by optical microscopy, the grayscale tomography
images seem different. This discrepancy results from atten-
uation in incoming X-rays caused by the grayscale’s repre-
sentation of the density distribution. Utilizing X-ray
attenuation, grayscale tomography depicts changes in ma-
terial density. The denser locations in these photos seem
lighter, while the lesser density areas, like lumens, are
shown in the deepest grayscale or black. The results in this
study also showed a similar pattern. According to Staedler
et al. (2013), the examination of histograms using ImageJ
software revealed distinct pixel density patterns inMoringa
stem and the pixel density corresponds to the level of
radiolucency (dark) or radiopacity (light) in the image,
translated into gray values. The grayscale image in this study
showed similar patterns of tissues with different brightness.
Differentiated tissues within the Moringa stem, character-
ized by varying brightness levels in the grayscale image, can
be effectively isolated and analyzed by defining specific
grayscale ranges for visualization. By selecting appropriate
grayscale brackets, distinct tissue components such as xy-
lem, phloem, and parenchyma can be delineated, providing
valuable insights into their distribution, morphology, and
physiological functions.

Following image segmentation, a filter was applied to
mitigate noise and enhance image clarity, resulting in
improved visualization of structural components. Kuwahara
filtering preserved the original architecture of different
stem phases, maintaining continuity in empty space phases
and ensuring accurate representation of binary objects. One
of the simplestmethods involves dividing pixels according to
their grayscale values, which is called thresholding. These
strategies have been effectively used by researchers in a
variety of investigations. For example, to determine the
intracellular space and mesophyll-exposed surface area in
leaves, Mathers et al. (2018) employed automated thresh-
olding based on Otsu’s approach. Global thresholding was
also used byMatsushima et al. to investigate the distribution
of calcium oxalate (CaOx) druses in rose peduncles. Using a
grayscale-porosity correlation model created from com-
bined low and high-resolution scans, Nugraha et al. (2019)
used Otsu’s thresholding to construct porosity maps of fruits
and vegetables. In another study, Zhang et al. (2018) devel-
oped high-throughput methods for extracting phenotypic
features of maize vascular bundles using a mix of fixed
threshold values and adaptive thresholding. Semi-
automated local adaptive thresholding was employed by
Flavel et al. (2017) to extract complicated root systems from
the surrounding soil. Additionally, researchers have shown
that segmentation approaches, such as applying top-hat fil-
ters after edge-preserving smoothing, may be used to
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separate and characterize fruit’s vascular networks (Rodri-
gues et al. 2024). The watershed segmentation technique
further facilitated the identification and delineation of spe-
cific anatomical features within the stem structure (Herre-
mans et al. 2015; Schlüter et al. 2014). This segmentation
method aided in precise analysis, enabling quantification of
parameters such as vessel dimensions and tissue densities
(Chen et al. 2004; Pang et al. 2006). Ho et al. (2014) have
successfully used watershed segmentation to distinguish
between pores and cells in apple tissues, while (Zhao and
Takhar 2017) have used it to separate and measure air holes
in frozen potatoes. Similarly, Hu et al. (2020) created a 3D
image analysis pipeline that extracts rice grain features us-
ing watershed segmentation and X-ray computed tomogra-
phy, providing detailed 3D information on the stem.

Significant quantitative differences in porosity, pore
density, average pore size, volume fraction, percentage area,
and pore diameter were found throughout the sample when
the porous structure of theM. oleifera L. stem was analyzed.
Individual ROIs had much lower porosity values ranging
from 2.4 ± 1.9 % (ROI 1) to 3.7 ± 0.2 % (ROI 3), whereas the
Moringa slice’s total porosity was determined to be
22.3 ± 2.9 %. This indicates that most of the porosity is
concentrated in specific places, which most likely correlates
to areas where vascular systems are more developed. Indi-
cating an area of improved pore formation, ROI 3 had the
maximum porosity (3.7 ± 0.2 %), which may be consistent
with functional adaptations for fluid conduction inside the
stem. Pore density varies spatially across the sample. ROI 1
had the greatest pore density, measuring 1.4 ± 1.0 μm−3,
whereas the total density was 0.8 ± 0.2 μm−3. This distribu-
tion identifies regions of dense pore networks that may
improve transport or adsorption capabilities. On the other
hand, ROI 2’s comparatively lower density (0.7 ± 0.3 μm−3)
indicates a more compact structure, which may have an
impact on mechanical strength.

With values ranging from 0.3 ± 0.6 μm2 (ROI 2) to
1.0 ± 0.2 μm2 (ROI 3), the average pore size varied consider-
ably amongst the ROIs. When compared to other ROIs, ROI
3’s higher average pore size (1.0 ± 0.2 μm2) indicates a less
compact microstructure, which might allow for increased
permeability or fluid retention. The smaller average pore
size (0.7 ± 0.4 μm2) in ROI 1, on the other hand, suggests a
denser, maybemoremechanically robust area. These results
are further supported by the volume fraction of pores in the
stem, which at 22.3 ± 1.7 % nearly matches the porosity
overall. Higher volume fraction ROIs, such ROI 3
(10.8 ± 1.9 %), support the findings that these areas have
improved porous structure. On the other hand, ROI 1’s
compact character is reflected in its smaller volume fraction
(5.0 ± 1.6 %). The detailed variation in pore diameters, which

is essential for applications needing exact control over fluid
dynamics, was discovered by the pore diameter analysis. The
area that was most suited for fluid transfer was indicated by
ROI 3, which had the biggest average pore diameter
(15.8 ± 0.3 μm). The lowest diameter (12.6 ± 0.9 μm) was
found in ROI 1, which may indicate a higher resilience to
mechanical stress.

The data presented in this study highlight that biological
organs cannot be considered uniform structures (Dražeta
et al. 2004; Guelpa et al. 2015). The analyzed parameter in this
study plays a significant role in various biological and
functional processes, such as facilitating respiratory gas
exchange in plants aiding water transport during osmotic
dehydration and enhancing ultrasonic drying efficiency (Ho
et al. 2011; Lech et al. 2018). Mathers et al. (2018) conducted a
study to analyze porosity among the dicots and Arabidopsis
exhibited the highest porosity (26.0 % ± 0.6), significantly
surpassing pea (20.5 % ± 1.6) and tomato (21.1 % ± 1.6). In
monocots, barley showed the greatest porosity (27.4 % ± 1.8),
while rice had the lowest (11.8 %± 0.6), with oat intermediate
(18.2 % ± 1.1). Similarly, in another study, Moghaddam et al.
(2017) showed that total porosity and the porosity of different
cell types, as well as cell wall thickness in maple and pine
samples and reported that the total porosities values of
38.9 ± 1.3 % and 73.8 ± 1.8 % respectively and cell wall
thickness of pine samples were 14.3 ± 6 μm. The micro-
structural features are critical in determining the hetero-
geneity of pore distribution in fruits and vegetables.
According to Puig et al. (2012), eggplant’s epicarp (EPC) and
endocarp (EDC) have different tissue architectures. While
the epicarp is made up of four to five layers of spherical cells
that are 10–25 μm in size and have few intercellular gaps, the
endocarp is made up of tubular, interconnected cells that
form extremely porous networks. All of these structural
variations contribute to eggplant’s high porosity, which is
41.8 ± 1.0 %. Moghaddam et al. (2017) examined and evalu-
ated the total porosity, porosity of various cell types, and cell
wall thickness of maple and pine samples and showed that
maple samples had total porosity of 73.8 ± 1.8 % and pine
samples had 38.9 ± 1.3 % whereas the cell wall thickness
were calculated as 14.3± 6.9 %. According to Zhao et al. (2023)
that the structure and permeability of larch wood were
investigated using XCT, a well-used method for studying
porous materials, and reported that the porosity 0.638 µm2.
In another study by Guo et al. (2020), an oak sample was
utilized to characterize the pore structure and reported that
pore diameters ranged from 8.56 µm to 1,262.84 µm, the pore
volume was 1.01 × 1010 μm3, and the pore area and volume
porosity were 1.12 × 109 μm2 and 37.6 %, respectively, for the
27 mm3 oak sample. The range of surface porosity was from
36.1 % to 39.1 %. For axial connections, the pore diameter
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ranged from 164.57 µm to 1,262.84 µm, and the pore area and
volume fractions were around 74.4 % and 67.3 %, respec-
tively. Sun et al. (2021) reported that an envelope porosity of
74.9 % for loblolly pine wood chips, which falls within the
typical range for natural wood. This value highlights the
highly porous nature of the material, making it suitable for
applications requiring fluid transport or chemical penetra-
tion, such as bioenergy or material modification.

The descriptive analysis of the microstructural proper-
ties of Moringa wood ROIs revealed that all measured pa-
rameters exhibited skewness values close to zero, indicating
approximately symmetric distributions. Additionally, kur-
tosis values were below 3 for all parameters, suggesting
platykurtic distributions with lighter tails than normal dis-
tribution. Similarly, research on the microstructure of wood
using 3D imaging techniques has provided insights into the
symmetric and platykurtic nature of wood cell structures
(Sandak et al. 2024; Saudreau et al. 2017; Trtik et al. 2007).

This study introduces a novel workflow for analyzing
M. oleiferawoodmicrostructure using high-resolution X-ray
micro-computed tomography (micro-CT), combined with
advanced image processing techniques such as Kuwahara
filtering and watershed segmentation. Unlike traditional
methods that require destructive sample preparation, this
approach enables non-destructive 3D visualization and
quantification of anatomical features, overcoming limita-
tions posed by lignin and cellulose interference in optical
techniques. The study provides the first comprehensive
dataset on Moringa wood, revealing a total porosity of
22.3 ± 2.9 %, with localized ROIs ranging from 2.4 ± 1.9 % (ROI
1) to 3.7 ± 0.2 % (ROI 3), pore density of 0.8 ± 0.2 μm−3, and
pore diameters between 12.6 ± 0.9 μm (ROI 1) and
15.8 ± 0.3 μm (ROI 3). Notably, strong correlations were
identified between pore diameter (r = 0.99) and % Area
(r = 0.95), while pore density showed a negative correlation
with porosity (r = −0.64). These findings highlight how pore
morphology, rather than quantity, dominates porosity, of-
fering new insights into the material’s fluid transport ca-
pabilities. Additionally, spatial heterogeneity in wall
thickness (0–15 mm) was linked to structural reinforcement,
with denser regions likely corresponding to xylem and
phloem tissues.

Themethodology aligns with advancements inmicro-CT
applications for wood science, such as studies on F. excelsior
(Koddenberg and Militz 2018) and P. trichocarpa (Lautner
and Beckmann 2012), but extends these techniques to
M. oleifera, a species with unique anatomical traits like
alternating bands of parenchyma and fibers. The porosity
values bridge gaps between dense angiosperms e.g., oak at
37.6 % (Guo et al. 2020) and highly porous conifers e.g., pine
at 73.8 %, (Moghaddam et al. 2017), positioningMoringa as an

intermediate case. The correlation results corroborate
earlier observations that pore size governs hydraulic effi-
ciency (Sun et al. 2021) but provide species-specific data for
Moringa, which had not been quantitatively characterized
before. Furthermore, the use of ImageJ for segmentation and
statistical analysis refines approaches applied to other
woods, addressing spatial heterogeneity more
systematically.

5 Conclusions

Moringa oleifera, often referred to as the “miracle tree” due
to its wide range of medicinal, nutritional, and purifying
properties. The use of X-ray micro-computed tomography
(X-raymicro-CT) in plant anatomy research has proven to be
a powerful tool for visualizing and analyzing the intricate
structures of plant tissues, such as those found in the Mor-
inga stem. This method offers several advantages over
traditional imaging techniques, including minimal pre-
processing requirements and the ability to generate high-
resolution 3D images in amatter of minutes. The application
of various image processing techniques, such as thresh-
olding and watershed segmentation, has further enhanced
the utility of X-ray micro-CT by enabling precise delineation
of different tissue types within the stem structure.

Significant data on the porosity, pore density, average
pore size, volume fraction, pore diameter, andwall thickness
of the stem microstructure ofM. oleifera L. was obtained by
the use of ImageJ. The pore density of 0.8 ± 0.2 μm−3 and total
porosity of 22.3 ± 2.9 % demonstrate the ability of Moringa
stem to facilitate fluid movement and adsorption, which is
essential for uses including water filtration and the creation
of biochar. The localized formation of porous structures,
which may be related to functional changes within the stem,
is highlighted by the variability shown across several areas
of interest (ROIs), with ROI 3 showing the largest porosity
(3.7 ± 0.2 %) and pore diameter (15.8 ± 0.3 μm).

The intricate interaction between the Moringa stem’s
structural and functional characteristics is highlighted by
the variance in average pore size and pore diameter, with
ROI 3 displaying the greatest values. The possibility of
customized applications where certain pore sizes and dis-
tributions are crucial is suggested by this variability. By
displaying regions of different densities that correspond
with the stem’s anatomical and functional responsibilities,
the wall thickness as seen by CT scans offered a compre-
hensive insight of the structural integrity of the stem.

By establishing M. oleifera as a model for micro-CT-
based analysis, this study advances understanding of its
microstructural adaptations and potential biomaterial
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applications. The workflow and findings bridge gaps be-
tween traditional wood studies and modern imaging, offer-
ing a replicable pipeline for future research on understudied
species. The strong correlations between pore metrics and
porosity also provide a foundation for predictive models in
biomaterial design, while the non-destructive approach sets
a precedent for ecological and industrial studies of plant
tissues.

All things considered, the study shows the promise of
the Moringa stem as a biomaterial with a variety of uses in
industrial and environmental settings. To further increase
the usefulness of Moringa wood in the creation of sustain-
able materials, future studies might concentrate on con-
necting these microstructural characteristics with
performance indicators in practical applications. These ad-
vancements have provided valuable insights into the dis-
tribution, morphology, and physiological functions of these
tissues, contributing significantly to the understanding of
plant anatomy.

6 Future challenges

Future studies should extend the application of X-ray micro-
CT for plant anatomical investigations to a larger variety of
plant species and tissue types, beyond the initial focus on
Moringa stems, in order to fully realize it’s potential. High-
throughput and automated quantification of anatomical
characteristics will be made possible by combining X-ray
micro-CT with complementary imaging methods and utiliz-
ing sophisticated image analysis pipelines, such as machine
learning and deep learning algorithms. The grasp of the links
between plant structure and function will be strengthened
by connecting the reported anatomical features with func-
tional implications through computer modeling and simu-
lations. Standardized procedures, best practices, and
publicly accessible databases will also promote data ex-
change, cooperation, and reproducibility among scientists.
Researchers may fully utilize X-ray micro-CT for thorough
and quantitative examinations by following these guide-
lines. By following these suggestions, scientists may fully
utilize X-ray micro-CT for in-depth, quantitative analyses of
plant morphology, expanding the understanding of plant
biology, ecology, and agriculture.
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