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Abstract. Histological assessment of fish skeletal muscle is mostly qualitative, and texture descriptors
are usually reported at a single scale and averaged over orientation. This study applies a hierarchical
texture-descriptor tensor, indexed by descriptor channel, Gaussian scale, orientation and region of
interest (ROI), to two haematoxylin and eosin (HE) panels of guppy (Poecilia reticulata) muscle
published under an open licence: a control panel and a panel from fish affected by Tetrahymena
pyriformis. Ten channels were evaluated at four scales (1, 2, 4, 8 px) and four orientations, for one ROI
(160 entries per image) and four ROIs (640 entries). The anisotropy index A and the texture axis were
obtained exactly from the structure matrix and interpreted as circular statistics of the doubled gradient
directions; a dilation-covariance relation was used to compare the panels at equal physical scale despite
their different pixel sizes (0.75 and 0.96 pm px'). At s = 2 px, the control muscle was strongly oriented
(A = 0.597, 95% CI 0.552-0.648), and its texture axis agreed within 4.2° with the orientation of the
interfibre spaces segmented independently. The affected muscle was less oriented (A = 0.377, 95% CI
0.322-0.435); both values exceeded the 95th percentile of isotropic surrogates (< 0.034, P < 0.005). At
matched physical scales of 1-8 um, A was 0.57-0.67 in the control and 0.35-0.47 in the affected muscle.
The affected panel had a larger characteristic scale (9.9 versus 5.7 ym), a larger area of unstained space
(37.5 versus 7.9%), lower co-occurrence contrast and energy and a higher second-derivative amplitude.
The results are descriptive, rest on one panel per condition, and do not establish diagnostic value.
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Introduction. The guppy, Poecilia reticulata (Peters, 1859), is one of the most widely
used poeciliids in ecotoxicology, aquaculture research and fish pathology, its responses to
contaminants are evaluated in toxicity tests (Talu et al., 2012), and its tissues are
routinely examined in haematoxylin and eosin (HE) sections (Martins et al., 2022).
Skeletal muscle is among the organs damaged in ciliate infections: Tetrahymena species
invade the skin and the underlying musculature of guppies and cause necrosis,
inflammation and loss of the normal fibre architecture (Pimenta Leibowitz et al., 2009;
Wang et al., 2024). In healthy fish muscle, fibres are compact and regularly arranged
and are separated by thin endomysial spaces, whereas damaged muscle shows atrophy,
rupture and disorganization of the fibres (Bernet et al., 1999; Strateva & Penchev, 2019;
Wang et al., 2024). These changes are usually described qualitatively or, when fibres can
be segmented, by fibre morphometry, which becomes unreliable when fibre outlines are
lost.

Texture analysis describes the spatial variation of image intensity without
segmentation, through statistics of intensity differences, co-occurrences, filter responses
or scaling behaviour (Haralick et al., 1973; Gurcan et al., 2009; Talu, 2012a; Ghalati et
al., 2022). Fractal, multifractal and lacunarity measures, which describe scale-dependent
complexity, have been applied by the author to biological and medical images (Talu,
2012b; Talu, 2013a,b; Talu et al., 2013; Talu, 2026), including histological sections of
the retina (Stefanut et al., 2013), corneal and dental tissue surfaces (Talu et al., 2015;
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Solaymani et al., 2019) and biological surfaces with a directional microstructure (Garczyk
et al., 2017), and their use in aquaculture has recently been reviewed (Petrescu-Mag et
al., 2026). Two difficulties limit the interpretation of such measures. First, texture
depends jointly on the scale at which it is observed, the direction in which it is probed
and the region over which it is summarized (Depeursinge, 2017); a single number per
descriptor hides this dependence. Second, panels from published figures are often
acquired at different magnifications, so that values compared in pixels refer to structures
of different physical size.

A hierarchical descriptor tensor that keeps scale, orientation and region as
separate indices of every measurement was introduced and applied to human and fish
skeletal muscle in Talu (2027), where its readings were compared with synthetic
reference fields. The present study applies the same tensor, without changes to its
definitions, to two HE panels of guppy muscle published by Wang et al. (2024) under the
Creative Commons Attribution (CC BY 4.0) licence: a control panel and a panel from fish
affected by Tetrahymena pyriformis.

The aims of this research were (i) to describe how the tensor characterizes
healthy and affected guppy muscle with one and four ROIs, (ii) to check the orientation
index against an independent morphometric measurement, and (iii) to compare the two
panels at matched physical scale. The study is a descriptive image analysis; it does not
attempt to classify tissue or to estimate population-level effects.

Theoretical Background. Let f be the z-scored luminance of a panel, G, =g, *f its
Gaussian scale-space at scale s (standard deviation in pixels) (Lindeberg, 1998), and
0¢Gs = cosf 0,Gs +sind 0,G, the steerable directional derivative (Freeman & Adelson,
1991), with 8 measured counter-clockwise from the horizontal and the y axis pointing
upward. For regions W, ..., W, the tensor of Talu (2027) is

D € RMXIIXR, Dktr = D (ks 01, W) (1)

with M = 10 channels (Table 2), K = 4 scales, L = 4 orientations and R =1 or 4, i.e. 160 or
640 entries per image.

Anisotropy and texture axis. With the doubled-angle gradient field z, = (9,G, + i 6yGS)2
and the regional mean (:),, the directional energy D, = ((34G;)?), is a quadratic form of the
regional structure matrix J = (VG,VG/), (Biglin & Granlund, 1987; Talu, 2027):

D,(8) = 1/2(1z), + 1/2 Re[(z,),e 7] (2)
so that the anisotropy index A and the texture axis y are

_ |(Zs)r| _ /1+ — A
(Izsy A +27

(3)

Y = 1/2arg(z), +% (mod )

where 1, = A_ are the eigenvalues of J. A is the energy-weighted mean resultant length of
the doubled gradient directions and y is their circular mean rotated by /2 (Mardia &
Jupp, 2000): A =0 when gradient energy is spread evenly over all directions and 4> 1
when all edges share one direction. Because J,, = D,(0), J,, = D,(/2) and J,, = [D,(n/4) —
D,(3n/4)]/2, the four configured orientations determine A and ¢ exactly, and the four
entries obey the check D,(0) + D,(n/2) = D,(n/4) + D,(3n/4). The index read directly from
the four sampled values, A,, satisfies A/vV2 <A, <A. For an equal-area partition into
regions with indices 4, and energies E, = tr],,

Zr E, A, (4)

< -
AU, W) < S E,
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with equality only when the regional axes coincide (Talu, 2027); the gap between the two
sides measures the disagreement between regional orientations.

Dilation covariance and physical scale. If f.(x) = f(cx) is the same tissue imaged with
a pixel size ¢ times larger, then G,[f.](x) = G.[f](cx), hence

Dy(s,0; f,) = ¢*Dy(cs,6;f),  A(s; f) =Ales; ), Y(s; f) =(es; f) (5)

Panels with pixel sizes 4, and 4, must therefore be compared at scales with s,4;, = s,4,;
distribution-shape channels (kurtosis, entropy) transform like A, energy-type channels
require the factor ¢? (or ¢ for first absolute moments), and co-occurrence and
autocorrelation channels, whose offsets are proportional to s, transform like A up to
quantization and rounding. The scale-normalized energy s?trJ,, whose maximum s*
marks the dominant width of intensity transitions (Lindeberg, 1998), is reported in
micrometres as s*A4.

Material and Method

Image source and permission. The analysed images are panels F (muscle tissue of a
control fish) and G (muscle tissue of diseased fish, described as atrophied and ruptured)
of Figure 4 of Wang et al., (2024), which shows HE-stained sections of guppy liver, gill
and muscle from an experimental infection with Tetrahymena pyriformis (scale bars 80
Mm in panels F-I). The article is published open access under the Creative Commons
Attribution 4.0 International licence (CC BY 4.0), which permits reuse and adaptation
with appropriate credit; the source is cited in each figure caption and no further
permission was required. Panels H and I, which show the parasite inside muscle at a field
dominated by background, were not suitable for texture comparison and were not
analysed. This study is a secondary analysis of published images and involved no animal
experiments.

Image preparation. The figure was downloaded at its full published resolution (2784 x
2478 px) and the panels were cropped at the white separators: F, 851 x 881 px; G, 898
x 656 px. The 80-pym scale bar measured 107 px in F and 83 px in G, giving pixel sizes
of 0.748 and 0.964 um px! (ratio 1.29). The panel label and the scale bar were removed
by fast-marching inpainting (Telea, 2004); the inpainted pixels formed 3.1% and 0.7% of
the ROI of F and G. Luminance was computed as 0.299 R + 0.587 G + 0.114 B and z-
scored over the panel; no contrast enhancement or colour normalization was applied.
ROI = 1 was the central region after removing a 48-px margin (F, 755 x 785 px; G, 802
x 560 px), and ROI = 4 its four equal quadrants (1 upper left, 2 upper right, 3 lower left,
4 lower right). Filters were applied to the whole panel with reflective boundaries and
aggregated over each ROI (Figure 1, Table 1).

Descriptor tensor. The reference implementation of Talu (2027) was used: Gaussian
scales s = 1, 2, 4, 8 px, orientations 6 = 0, n/4, n/2, 3n/4, and the ten channels of Table
2, giving 10 x 4 x 4 x 1 = 160 entries per panel for ROl =1 and 10 x 4 x 4 x 4 = 640
entries for ROI = 4. A and @y were computed from Eq. (3). To compare the panels at
equal physical scale, the tensor was also computed at the physical scales 1, 2, 4 and 8
um (F: s = 1.34, 2.67, 5.35, 10.7 px; G: s = 1.04, 2.08, 4.15, 8.30 px). The
characteristic scale s* was located on nine log-spaced scales (1-16 px) and refined by a
parabola in log s.

Uncertainty and reference for isotropy. Uncertainty of A and y was estimated by a
block bootstrap (Kiinsch, 1989): ROI = 1 was divided into 8 x 8 blocks (ROI = 4: 6 x 6
blocks) resampled 1000 (500) times, and percentile 95% confidence intervals (CI) were
reported. The reference for isotropy was a set of 200 surrogate images (100 for each
quadrant) with the radially averaged Fourier amplitude of the panel and random phases
(Theiler et al., 1992); these surrogates have no preferred direction but the same radial
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spectrum, and the 95th percentile of A over them is the floor that an observed A should
exceed (smallest attainable P = 1/201).

Morphometric cross-check. As an independent reference for orientation, unstained
interfibre spaces were delineated by fixed thresholds on the HSV representation (value >
0.80 and saturation < 0.20), followed by a one-pixel opening; objects of at least 40 px
inside ROI = 1 were retained. Their long-axis orientation was summarized by the circular
mean of the doubled angles weighted by elongation (1 — minor/major axis) and area,
together with the resultant length R. Relationships between channels were examined with
the Spearman correlation (Spearman, 1904) over the 128 entries of the two ROI = 4
tensors.

(b) Panel F, control

Figure 1. (a) Figure 4 of Wang et al (2024), reproduced under the CC BY 4.0 licence; panels F
(control muscle, blue) and G (muscle of diseased fish, orange) were analysed. (b, c) Panels F and G
after removal of the label and scale bar, with ROI = 1 (white) and the four ROIs of ROI = 4
(yellow, numbered).

Table 1
Analysed panels and analysis geometry (W x H in px)
Parameter Panel F (control) Panel G (diseased)
Source Wang et al (2024), Figure 4F Wang et al (2024), Figure 4G
Panel size 851 x 881 898 x 656
80-pum scale bar (px) 107 83
Pixel size (um pxt) 0.748 0.964
ROI = 1 (48-px margin) 755 x 785 802 x 560
ROI = 4, each quadrant ~ 377 x 392 =~ 401 x 280
Inpainted share of ROI (%) 3.1 0.7
Luminance skewness / kurtosis 1.10/4.70 -0.23/2.42
Unstained space in ROI (%) 7.9 37.5
Table 2
The ten channels of the descriptor tensor (Talu, 2027)
Channel Definition Type
D1 mean of |9eGs| gradient amplitude
D2 mean of (9eGs)? (directional energy) gradient energy
D3 kurtosis of 9eGs distribution shape
D4 Shannon entropy of deGs (32 bins, £ 4 SD, bits) distribution shape
D5 mean of |32%Gs| second-derivative amplitude
D6-D9 GLCM contrast, homogeneity, energy, correlation of Gs (16 levels, co-occurrence
offsets + d, d = s along 6)
D10 normalized autocorrelation of Gs at lag 2s along 6 spatial correlation
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Results and Discussion

Directional responses and the global tensor (ROI = 1). The directional derivatives
(Figure 2) show that the control muscle is dominated by long, parallel boundaries
between fibres, which respond strongly at 8 = n/2 and 3n/4 and weakly at 8 = n/4,
across the fibres. In the affected muscle the boundaries are shorter, curved and
interrupted by wide unstained spaces, and the fragments contain fine wavy striations.
The complete tensors (Figure 3; all 160 + 640 entries per panel in Supplementary Table
S1) show the expected decrease of the gradient channels with scale and a stronger
orientation dependence in the control panel.
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Figure 2. Directional derivative 9¢G at s = 2 px for the four configured orientations (red/blue =
sign; dashed line: ROI = 1). Top: control muscle (F); bottom: muscle of diseased fish (G). Source
images: Wang et al., (2024), CC BY 4.0.
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each block: rows s = 1, 2, 4, 8 px (top to bottom); columns 8 = 0, /4, n/2, 3n/4
Figure 3. Descriptor tensor for ROI = 1: values of the ten channels at four scales and four
orientations, normalized per channel over both panels (logarithmic for D1, D2 and D5).
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Table 3

D, energy share at the four orientations, sampled index A4, anisotropy index A from Eq. (3) with
95% bootstrap CI, 95th percentile of A for isotropic surrogates, and texture axis gy (°, counter-
clockwise from the horizontal) with 95% CI (ROI = 1)

Panel, s 6=0 6=n/4 6=n/2 6= Aq A [95% CI] Null W [95% CI]
(px) 3n/4 95th pct

F,s=1 0.176 0.132 0.324 0.368 0.471 0.557 [0.516, 0.597] 0.009 28.9 [25.7, 32.2]
F,s=2 0.175 0.121 0.325 0.379 0.515 0.597 [0.552, 0.648] 0.011 29.8 [26.4, 33.2]
F,s=4 0.174 0.108 0.326 0.392 0.566 0.643 [0.589, 0.697] 0.016 30.9 [27.5, 34.3]
F,s=8 0.177 0.098 0.323 0.402 0.608 0.675 [0.612, 0.732] 0.028 32.1[28.3, 36.0]
G,s=1 0.274 0.167 0.226 0.333 0.331 0.344 [0.297, 0.398] 0.010 52.9 [47.8, 58.7]
G,s=2 0.278 0.160 0.222 0.340 0.360 0.377 [0.322, 0.435] 0.014 53.7 [48.8, 59.5]
G, s=4 0.286 0.153 0.214 0.347 0.388 0.414 [0.353, 0.478] 0.021 55.2 [49.4, 60.8]
G,s=38 0.297 0.143 0.203 0.357 0.430 0.469 [0.398, 0.543] 0.034 56.8 [50.6, 62.6]

The constraint D2(0) + D2(n/2) = D2(n/4) + D2(3n/4) held to within 107> of the trace in all entries. P < 0.005
for every entry (no surrogate reached the observed A).

(a) F, control: Dz(s,8)/mean (b) G, diseased: Dz(s,8)/mean
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Figure 4. (a, b) Directional profiles Dy(s,6)/mean over 6 reconstructed from the four tensor entries
through Eq. (2), fors = 1, 2, 4 and 8 px; dotted circle: no directional preference. (c) Anisotropy
index A against scale with 95% bootstrap CI; dashed: 95th percentile of A for isotropic surrogates.
(d) Texture axis y with 95% CI; dotted lines: mean orientation of the interfibre spaces of each
panel.

The two panels are clearly anisotropic, i.e. their gradient energy has a preferred
direction, a property that scalar fractal or entropy descriptors do not capture (Garczyk et
al., 2017; Petrescu-Mag et al., 2026). At s = 2 px, A = 0.597 (95% CI 0.552-0.648) in
the control and 0.377 (0.322-0.435) in the affected muscle, against surrogate floors of
0.011 and 0.014 (Table 3, Figure 4); the confidence intervals do not overlap at any scale.
In both panels A increases slightly with scale (control 0.557 to 0.675; affected 0.344 to
0.469), because coarser operators average out the fine, randomly oriented detail (nuclei,
striations) and retain the dominant boundaries. The axes are stable across scales (control
28.9-32.1°; affected 52.9-56.8°). The axis values themselves are not comparable
between panels, because the orientation of a section in the image depends on how the
tissue was cut and photographed; only A, which is invariant to rotation, compares the
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degree of orientation. The difference between A4 and A (up to 0.08 in the control, whose
axis lies between two sampled orientations) shows why A and ¢ were computed from Eq.
(3) rather than read from the four sampled values.

Characteristic scale. The scale-normalized energy has an interior maximum in both
panels (Figure 5): s = 7.69 px = 5.7 um in the control and 10.31 px = 9.9 um in the
affected muscle. Because the panels have different pixel sizes, only the values in
micrometres are comparable. The larger s of the affected muscle indicates that its
dominant intensity transitions are wider, in agreement with the wider unstained spaces
and the larger, irregular fragments visible in Figure 1. In the control, s* = 5.7 ym is of
the order of the width of the narrow interfibre clefts, which are the dominant edges of a
compact muscle.
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Figure 5. Scale-normalized energy s2-tr J (mean over 8, ROI = 1, normalized to the maximum)
against the physical scale sA; dashed lines: characteristic scale s*.

Table 4

Comparison of the panels at matched physical scale (ROI = 1, mean over 8): values F / G for
scale-invariant quantities, and ratio G/F converted to physical units (Eq. 5) for the energy-type

channels
Quantity 1um 2 um 4 um 8um
A (Eg. 3) 0.572 / 0.346 0.616 / 0.379 0.660/ 0.417 0.673/ 0.472
D3 kurtosis 15.1/10.8 11.8/9.93 6.62/6.75 4.4 /4.49
D4 entropy (bits) 3.61/ 3.76 3.6 /3.76 3.74 / 3.85 3.91/ 3.96
D6 GLCM contrast 0.26 / 0.254 0.686 / 0.296 1.14 / 0.641 2.03/0.99
D7 GLCM homogeneity 0.895/ 0.889 0.818 / 0.876 0.756 / 0.793 0.668 / 0.722
D8 GLCM energy 0.152 / 0.0979 0.126 / 0.0935 0.0911 / 0.0664 0.054 / 0.0413
D9 GLCM correlation 0.982/ 0.982 0.951/ 0.979 0.919/ 0.954 0.855/ 0.932
D10 autocorrelation 0.941/ 0.98 0.878 / 0.933 0.736 / 0.875 0.599/0.791
D1 per um (G/F) 0.84 0.85 0.85 0.94
D2 per pm2 (G/F) 0.60 0.62 0.65 0.82
D5 per um2 (G/F) 0.77 0.86 0.83 0.86
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(a) G/F at matched physical scale
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Figure 6. (a) log, ratio G/F of the channel means at matched physical scales (energy-type
channels shown in pixel units; see Table 4 for the physical conversion). (b) Spearman correlation
between the ten channels over the 128 entries of the two ROI = 4 tensors.

Comparison at matched physical scale. Because the pixel size of G is 1.29 times that
of F, the panels were also compared at equal physical scales (Table 4, Figure 6). The
difference in orientation persists: A is 0.57-0.67 in the control and 0.35-0.47 in the
affected muscle at every scale from 1 to 8 ym. Converted to physical units, the gradient
energy of the affected muscle is about 0.6-0.8 times that of the control and its first-
derivative amplitude 0.85-0.95 times, and its second-derivative amplitude per pm2 0.77-
0.87 times; the second-derivative channel is reduced less than the gradient energy, so
the affected muscle has fewer strong edges per unit area but proportionally more fine
curvature, in agreement with the wavy striations of the ruptured fibres. Co-occurrence
energy (D8) is lower by 23-35% at all scales, and co-occurrence contrast (D6) is about
half of the control value at 2-8 ym, while homogeneity, correlation and autocorrelation
are higher at 2-8 ym. Because the luminance was z-scored over each panel, these co-
occurrence channels describe local grey-level differences relative to the overall spread; in
the affected panel the overall spread is dominated by the contrast between tissue and
wide unstained spaces, so local differences are small relative to it. The kurtosis of the
derivative is lower in the affected muscle at fine scales (1-2 um), reflecting fewer isolated
strong edges (nuclei and narrow clefts) on a smooth background.

Table 5

ROI = 4 at s = 2 px: D> shares, anisotropy index A with 95% bootstrap CI, 95th percentile of A for
isotropic surrogates, and texture axis w (°) with 95% CI

ROI 6=0 6=n/4 6=n/2 6=23n/4 A [95% CI] Null 95th W [95% CI]
pct

F1 0.179 0.117 0.321 0.383 0.604 [0.549, 0.664] 0.043 31.0 [27.6, 34.4]
F2 0.121 0.146 0.379 0.354 0.663 [0.609, 0.722] 0.051 19.4 [15.4, 23.1]
F3 0.223 0.110 0.277 0.390 0.571 [0.492, 0.651] 0.042 39.5[33.7, 46.3]
F4 0.166 0.111 0.334 0.389 0.652 [0.570, 0.729] 0.041 29.4 [26.2, 32.3]
G1 0.265 0.158 0.235 0.342 0.373 [0.262, 0.486] 0.045 49.7 [40.6, 58.1]
G2 0.285 0.185 0.215 0.315 0.297 [0.187, 0.398] 0.050 59.2 [46.7, 74.1]
G3 0.284 0.144 0.216 0.356 0.445 [0.358, 0.532] 0.047 53.9 [44.4, 62.2]
G4 0.284 0.158 0.216 0.342 0.392 [0.312, 0.519] 0.042 55.1[47.9, 62.1]

Regional analysis (ROI = 4). All eight regional values of A exceed their surrogate
floors (< 0.051) (Table 5, Figure 7). In the control, A ranges from 0.571 to 0.663 and the
regional axes from 19.4° to 39.5°; in the affected muscle A ranges from 0.297 to 0.445,
with the lowest A and the widest axis interval in ROI 2 (upper right), which contains a
large unstained space (Figure 1c). The lower confidence bounds of the four control
regions (0.492-0.609) lie above the upper bounds of affected ROIs 1 and 2 (0.486 and
0.398). The pooled index satisfies Eq. (4): 0.597 < 0.617 in the control and 0.377 <
0.379 in the affected muscle, where the energy-weighted means of the regional values
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are on the right. The small gaps show that, within each panel, the regional axes agree
closely and a single global value is an adequate summary of orientation; in the control
the gap is larger (0.020) because ROI 2 and ROI 3 differ by 20° in axis.
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Figure 7. ROI = 4 at s = 2 px. (a, d) Texture axis of each ROI (line length proportional to A). (b, €)
Anisotropy index A with 95% bootstrap CI; red marks: 95th percentile of A for isotropic surrogates;
dashed line: A of ROI = 1. (c, f) Texture axis g with 95% CI; dashed line: axis of ROI = 1. Top:
control (F); bottom: diseased (G). Source images: Wang et al (2024), CC BY 4.0.

Table 6
Coefficient of variation (%) of each channel across the four ROIs (s = 2 px, mean over 8)
Panel D1 D2 D3 D4 D5 D6 D7 D8 D9 D10
F (control) 13.5 27.3 12.0 2.2 16.5 10.3 1.1 13.9 0.2 1.4
G (diseased) 10.6 21.2 22.9 2.1 9.4 17.8 2.3 18.9 0.4 1.9

The channels differ in spatial stability (Table 6). Entropy (D4), homogeneity (D7),
correlation (D9) and autocorrelation (D10) vary by less than 2.5% between regions in
both panels, whereas the energy-type channels (D2, D8) and kurtosis (D3) vary by 12-
27%. The affected muscle has a higher regional variability of kurtosis (22.9 versus
12.0%) and of co-occurrence contrast (17.8 versus 10.3%), consistent with an uneven
distribution of fragments and spaces.

Local orientation and independent morphometric check. The structure-tensor field
(Figure 8) shows long domains of uniform orientation in the control and shorter, more
variable domains in the affected muscle; the mean local coherence is 0.61 and 0.57. The
segmented interfibre spaces (Figure 9, Table 7) provide an independent reference. In the
control, the 66 spaces are narrow and elongated (median aspect ratio 3.22), strongly
aligned (R = 0.89) and oriented at 34.0°, i.e. 4.2° from the tensor axis and close to the
upper bound of its 95% CI (26.4-33.2°). In the affected muscle the spaces occupy
37.5% of the ROI, are less elongated (2.45) and less aligned (R = 0.61), and their mean
orientation (29.8°) differs by 23.9° from the tensor axis. The tensor is dominated by the
boundaries and internal striations of the remaining fibre fragments, whereas the large
spaces between them are irregular; in damaged tissue the two measurements therefore
describe different structures, and their disagreement is itself a marker of disorganization.
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(a) F, control: local axis (b) coherence Kk (mean 0.61)

Figure 8. Structure-tensor representation at s = 2 px (Gaussian integration window o = 8 px). (a,
c) Local texture axis (hue; colour wheel on the left) modulated by energy and coherence
(brightness). (b, d) Local coherence k. Top: control (F); bottom: diseased (G).
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Figure 9. (a, c) Unstained interfibre spaces (green) segmented by fixed HSV thresholds; dashed
line: ROI = 1. (b, d) Orientation distribution of the spaces weighted by elongation and area;
dashed line: texture axis of the tensor (s = 2 px); green line: weighted mean orientation of the
spaces. Source images: Wang et al (2024), CC BY 4.0.
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Table 7
Interfibre spaces and texture axis of the tensor (ROI = 1, s = 2 px)

Panel Spaces Area Median Resultant Space axis Tensor axis 14| (°) A
(n) (%) aspect ratio length R (°) w(°)

F (control) 66 7.9 3.22 0.89 34.0 29.8 4.2 0.597

G (diseased) 58 37.5 2.45 0.61 29.8 53.7 23.9 0.377

Redundancy between channels. Over the 128 entries of the two ROI = 4 tensors, six
channel pairs had |p| = 0.95: D1-D2 (p = 0.99); D1-D5 (p = 0.96); D2-D5 (p = 0.96);
D6-D7 (p = -0.99); D6-D9 (p = -1.00); D7-D9 (p = 0.98) (Figure 6b). As in human and
fish muscle (Talu, 2027), the gradient channels D1, D2 and D5 are practically equivalent,
so one of them can represent the group. Co-occurrence contrast and correlation are
almost perfectly anti-correlated here, in agreement with the identity De = 20q%(1 — Do) of
Talu (2027), because the variance of the quantized image changes little between the
entries of these two panels. Kurtosis (D3) and entropy (D4) carry partly independent
information.

Biological interpretation and limitations. The tensor separates two textures that
correspond to the descriptions of the source study: a compact control muscle with long,
parallel, strongly oriented fibre boundaries, and a disorganized affected muscle with
atrophied and ruptured fibres, wide unstained spaces, a larger characteristic scale,
weaker orientation and more fine curvature (Wang et al., 2024). These differences
persist at matched physical scale, so they are not an effect of the different magnification
of the panels. Compared with scalar fractal, multifractal and entropy descriptors proposed
for aquaculture imaging (Petrescu-Mag et al., 2026), the tensor adds explicit orientation
and scale indices, which here distinguished the two tissues more clearly than the
intensity statistics alone, and it can be applied to the guppy tissues used in toxicological
studies (Talu et al., 2012; Martins et al., 2022). The study has clear limits. Only one
panel per condition was analysed, taken from a published figure (JPEG compression,
unknown acquisition settings); the four ROIs are subsamples of one section and not
biological replicates, so no statistical statement about groups of fish is possible. Panel
labels and scale bars were inpainted. The two sections may differ in cutting plane,
staining and illumination; z-scoring removes affine grey-level differences but non-linear
channels (kurtosis, co-occurrence) remain sensitive to grey-level mapping. The
segmentation of unstained spaces used fixed thresholds and is an approximate reference.
A larger set of calibrated sections, several fish per group and a comparison with single-
scale baseline descriptors are needed before any diagnostic use.

Conclusions. The hierarchical descriptor tensor of TJalu (2027) was applied without
changes to healthy and Tetrahymena-affected guppy muscle with one ROI (160 entries
per panel) and four ROIs (640 entries). Interpreted through the circular statistics of
doubled gradient directions and through its covariance under dilation, the tensor
characterized the control muscle as a strongly oriented texture (A = 0.6) with a
characteristic scale of about 6 um and an axis that agreed with the orientation of the
interfibre spaces, and the affected muscle as a less oriented texture (A = 0.38) with a
larger characteristic scale (= 10 ym), larger unstained area, lower co-occurrence contrast
and energy, and more fine curvature. These differences persisted at matched physical
scale and in all four regions. The conclusions are descriptive and rest on one open-access
panel per condition; they provide a reproducible quantitative description that can be
extended to calibrated, replicated material.
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