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Abstract 

Background/Objectives: Cellulite is a complex alteration of the dermal–subcutaneous in-
terface involving structural and microvascular components. This study evaluated changes 
in quantitative imaging parameters following ALIDYA mesotherapy using a multimodal 
protocol and explored candidate imaging biomarkers potentially reflecting the microvas-
cular component of cellulite. Methods: In this prospective, single-arm, exploratory be-
fore–after study, thirty women aged 20–45 years with Nürnberger–Müller grade I–IV cel-
lulite of the posterior thighs underwent six weekly ALIDYA mesotherapy sessions. As-
sessments were performed at baseline (T1), at an intermediate assessment after the third 
treatment (T2), and at final follow-up (T3). Cross-polarized photography with Gray-Level 
Co-occurrence Matrix (GLCM) analysis, infrared thermography with GLCM analysis, hy-
perspectral imaging, and Antera 3D erythema assessment were performed. Longitudinal 
changes were analyzed using non-parametric methods. Results: Photographic GLCM 
Contrast decreased and Homogeneity increased significantly over time (p ≤ 0.002). Ther-
mographic Contrast decreased (p ≤ 0.003), while thermographic Homogeneity increased 
(p ≤ 0.012). Hyperspectral HbDepth560 decreased (p = 0.002), whereas R560/R650 and 
R577/R650 increased (both p < 0.001). VIS slope increased (p = 0.016), while Water970_800 
(p = 0.967) and NIR slope (p = 0.792) remained unchanged. Antera 3D Redness Score and 
its minimum and maximum values decreased significantly (all p < 0.001), whereas Uni-
formity remained unchanged. Effect sizes (Kendall’s W) were largest for the Antera 3D 
erythema parameters (0.32–0.55) and the hemoglobin-related hyperspectral indices (0.20–
0.31) and smallest for the VIS slope (0.14). Treatment was well tolerated; transient bruising 
with local tenderness at the injection sites was the only adverse event, and no participant 
discontinued treatment. Conclusions: Several optical, thermal and multispectral imaging 
parameters changed concordantly during the ALIDYA treatment period. These parame-
ters can be regarded as candidate imaging biomarkers of the microvascular component of 
cellulite that require further validation; without a control group, reproducibility data or 
direct perfusion measurements, the changes cannot be attributed to a specific mechanism 
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of the product or interpreted as evidence of improved microcirculation. The main contri-
bution of the study is methodological: it shows that complementary quantitative imaging 
techniques can be combined in a single protocol to monitor cellulite-associated tissue 
changes. 

Keywords: cellulite; gynoid lipodystrophy; microcirculation; quantitative imaging; 
GLCM texture analysis; thermography; hyperspectral imaging; Antera 3D; candidate im-
aging biomarkers; ALIDYA 
 

1. Introduction 
Cellulite (gynoid lipodystrophy, edematous-fibrosclerotic panniculopathy) is one of 

the most common aesthetic concerns in post-pubertal women, affecting approximately 
80–90% of the female population regardless of body mass. Lesions localize mainly to the 
thighs, buttocks and hips. Unlike obesity, cellulite is a complex process involving the der-
mis, the dermal–subcutaneous interface and superficial adipose tissue [1,2]. It is now re-
garded as a multifactorial tissue-remodeling process encompassing microcirculatory im-
pairment, interstitial fluid retention, extracellular matrix (ECM) remodeling, fibrosis of 
connective tissue septa and adipocyte dysfunction, which together produce the character-
istic surface irregularities known as “orange-peel” skin [3]. 

Remodeling of the ECM and microcirculatory dysfunction reinforce one another ra-
ther than occurring independently. Increased glycosaminoglycan and proteoglycan con-
tent promotes interstitial water retention, which raises tissue tension, impairs metabolic 
exchange and, over time, drives fibroblast activation and fibrosis of the connective tissue 
septa [3–5]. Increased capillary permeability, venous and lymphatic stasis and heteroge-
neous perfusion in turn cause local hypoxia and alter the thermal and optical properties 
of the skin [3,6]. Oxidative stress and adipocyte dysfunction add a local metabolic-inflam-
matory component to this process [3,5]. This complexity is one of the reasons why objec-
tive, quantitative methods are needed to monitor the response to therapy. 

Cellulite severity is most often graded with visual and palpation scales such as the 
Nürnberger–Müller classification and the Cellulite Severity Scale. These scales are subjec-
tive and depend on examiner experience as well as on lighting, body position and muscle 
tension. They also have limited sensitivity to the small changes that occur during treat-
ment, particularly early on, when any improvement may concern mainly the microcircu-
lation and tissue remodeling rather than the visible relief of the skin [1,7]. Objective imag-
ing methods are therefore increasingly important for reliable monitoring of anti-cellulite 
therapy [3]. 

Several imaging techniques provide quantitative, operator-independent information 
on the skin changes associated with cellulite. Texture analysis of digital photographs with 
the Gray-Level Co-occurrence Matrix (GLCM) proposed by Haralick et al. describes the 
spatial relationships between neighboring pixels; in cellulite, high Contrast reflects 
marked surface heterogeneity, whereas increasing Homogeneity indicates smoothing of 
the skin surface [6,8]. Infrared thermography records the distribution of skin surface tem-
perature, which depends on cutaneous blood flow and tissue metabolism; in cellulite, ve-
nous and lymphatic stasis produce a mosaic “leopard-skin” thermal pattern, and GLCM 
analysis of thermograms is more informative than mean temperature alone [3,6]. Hyper-
spectral imaging (HSI) records a full reflectance spectrum for every pixel [9]. The main 
skin chromophores are hemoglobin, melanin and water [10]: the 500–600 nm range corre-
sponds to the absorption bands of hemoglobin, 700–900 nm carries information from 
deeper layers and the region around 970 nm is associated with water absorption [11,12]. 
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Indices derived from these spectral regions therefore reflect the hemoglobin and water 
content and the scattering properties of the tissue [10,13,14]. Finally, the Antera 3D system 
uses multispectral illumination and three-dimensional reconstruction to separate the op-
tical contributions of hemoglobin and melanin, enabling reproducible quantification of 
erythema [15]. 

Each of these modalities provides complementary information. It should be empha-
sized, however, that none of them measures blood flow directly. Texture, thermal and 
spectral parameters are indirect surrogate measures that reflect the optical and thermal 
consequences of altered superficial perfusion, interstitial edema and tissue remodeling. 
Their combination may nevertheless characterize the microvascular component of cellu-
lite more comprehensively than any single technique and may help to identify candidate 
quantitative biomarkers of treatment response [3,6]. 

ALIDYA is an injectable medical device marketed for the treatment of cellulite. Its 
formulation contains ethylenediaminetetraacetic acid (EDTA), a chelator of metal ions, 
together with amino acids, a gelatin hydrolysate and buffering components. The proposed 
rationale is that chelation of transition-metal ions limits reactions generating reactive ox-
ygen species and thereby reduces local oxidative stress, and that the product supports 
microcirculation and reduces venous–lymphatic stasis [3–5]. These mechanisms have 
been inferred mainly from the known properties of EDTA and have not been demon-
strated directly in cellulite tissue; they should therefore be regarded as hypotheses rather 
than established effects. Instrumental methods such as thermography and image texture 
analysis have previously proved sensitive to treatment-related changes in cellulite [6,16], 
but objective imaging data on ALIDYA remain scarce, and no study has so far combined 
thermal, optical and spectral measurements to characterize its effect on the microvascular 
component. 

To our knowledge, no study has integrated GLCM texture analysis of cross-polarized 
photographs, infrared thermography, hyperspectral imaging and Antera 3D erythema 
analysis within a single protocol to evaluate the microvascular component of cellulite, and 
none has done so for ALIDYA. The aim of this prospective, single-arm study was therefore 
to characterize the changes in quantitative imaging parameters related to the microvascu-
lar component of cellulite during and after a series of ALIDYA mesotherapy sessions, and 
to explore which of these parameters may serve as candidate imaging biomarkers of treat-
ment response. Because the study had no control group and no reference measurement of 
cutaneous perfusion, it was designed as an exploratory, hypothesis-generating investiga-
tion, and the results are interpreted accordingly. Structural and subcutaneous outcomes 
obtained in the same cohort (three-dimensional morphometry of skin depressions, high-
frequency ultrasound of the dermis and clinical grading) will be reported separately; the 
present analysis complements that report by focusing on the optical and thermal param-
eters related to the microvascular component. 

2. Materials and Methods 
2.1. Study Design 

This study was designed as a prospective, single-arm, non-randomized before–after 
study evaluating longitudinal changes in imaging parameters during and after ALIDYA 
(Marllor Biomedical, Italy) mesotherapy. All participants underwent the same six-session 
treatment protocol and were assessed at three predefined time points: T1, at baseline be-
fore the first treatment; T2, at the intermediate assessment after the third treatment, ap-
proximately one month after the first treatment; and T3, at the final follow-up, six weeks 
after the sixth and final treatment and approximately three months after the first treatment 
(Figure 1). The study was open-label; because no comparator was available, neither par-
ticipants nor investigators were blinded to the intervention. All imaging parameters 



Biomedicines 2026, 14, 2434 4 of 23 
 

https://doi.org/10.3390/biomedicines14112434 

analyzed in this study are indirect surrogate measures of the microvascular component of 
cellulite: none of the methods used measures cutaneous blood flow directly, and no refer-
ence perfusion technique (laser Doppler flowmetry, laser speckle contrast imaging, color 
Doppler ultrasonography or capillaroscopy) was applied. 

 

Figure 1. Study design and timeline of ALIDYA mesotherapy and imaging assessments. Data are 
presented as mean ± standard deviation (SD). 

2.2. Study Group 

Thirty women aged 20–45 years (mean 28.07 ± 6.85 years) with Nürnberger–Müller 
grade I-IV cellulite on the posterior thighs were enrolled; lesions were confirmed by clin-
ical examination comprising visual assessment in the standing position and palpation. 
Inclusion criteria were female sex, age 20–45 years, clinically diagnosed cellulite, stable 
body weight in the period preceding the study, no contraindications to mesotherapy, and 
informed consent to participation and to photographic and imaging documentation. Ex-
clusion criteria were pregnancy or breastfeeding, clinically significant systemic disease, 
coagulation disorders, treatment with immunosuppressants or systemic corticosteroids, a 
history of thromboembolic disease, clinically significant chronic venous insufficiency, im-
planted devices in the treatment area, and concurrent invasive or non-invasive anti-cellu-
lite treatment. All participants underwent six ALIDYA mesotherapy sessions at 7-day in-
tervals, as described in Section 2.3. Assessments were performed prospectively at three 
predefined time points: T1, at baseline before the first ALIDYA treatment; T2, at the inter-
mediate assessment after the third treatment, approximately one month after the first 
treatment; and T3, at the final follow-up, six weeks after the sixth and final treatment and 
approximately three months after the first treatment. 
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No a priori sample-size calculation or power analysis was performed. The sample 
size was determined by study feasibility, and the analyses were therefore considered ex-
ploratory rather than confirmatory. 

The study was conducted in accordance with the Declaration of Helsinki and ap-
proved by the Ethics Committee of Medical University of Silesia, Katowice 
(KNW/0022/KB1/27/I/16). The study was registered retrospectively at ClinicalTrials.gov 
(NCT07675356; first posted 30 June 2026), after recruitment and the intervention had been 
completed. The registered primary outcome, the change in Nürnberger–Müller grade at 
three months, together with the structural imaging outcomes, will be reported in a sepa-
rate publication; the imaging parameters analyzed here were registered as secondary out-
comes, and none of them was designated as a primary endpoint. All participants provided 
written informed consent prior to enrollment. 

2.3. Intervention 

ALIDYA (Marllor Biomedical, Italy) is supplied as a kit containing one vial of lyoph-
ilisate (340 mg) and one vial of 10 mL of solvent. According to the manufacturer, the ly-
ophilisate contains polyamino acids, gelatin hydrolysate, mannitol, calcium ascorbate, 
amino acids, EDTA, β-cyclodextrin, sodium chloride and sodium bicarbonate. The prod-
uct was reconstituted immediately before use according to the manufacturer’s instruc-
tions. All participants received six treatment sessions at 7-day intervals. At each session, 
after disinfection of the skin, the solution was administered to the posterior surface of both 
thighs by needle mesotherapy, using point-by-point microinjections into the deep dermis 
or the upper subcutaneous layer at a depth of approximately 4 mm, with a 30G × 4 mm 
needle, at intervals of approximately 1.5 cm, delivering 0.05–0.1 mL per injection point. 
The total volume per session depended on body weight: 10 mL (5 mL per thigh) in partic-
ipants weighing less than 70 kg and 20 mL (10 mL per thigh) in those weighing 70 kg or 
more. No topical anesthesia was used, and participants were asked only to avoid sun ex-
posure and intensive physical exercise on the day of treatment. All procedures were per-
formed by the same experienced operator (A.D.) using the same technique at the AJ Med 
clinic in Mysłowice, Poland, whereas all imaging examinations were performed at the 
Faculty of Pharmaceutical Sciences in Sosnowiec. Participants were instructed not to use 
any other anti-cellulite treatment or topical product on the thighs for the duration of the 
study. Imaging at T2 was performed immediately before the next treatment session, i.e., 
at least seven days after the preceding injections, to minimize the influence of acute post-
injection reactions on the measurements. 

2.4. Photography 

Photographic documentation was performed with a validated Fotomedicus system 
(Elfo, Poland) equipped with a high-resolution digital camera and a ring light source with 
high color rendering (CRI > 90). All images were acquired under standardized conditions 
with identical patient positioning, constant lens distance and a uniform matte back-
ground; a positioning mat ensured reproducible placement, enabling comparison of im-
ages obtained at T1, T2 and T3. Participants stood with their feet on fixed markers of the 
positioning mat, with the arms relaxed and the thigh muscles not tensed; the camera 
height, the camera-to-subject distance and the framing were fixed by the system, and the 
camera settings (focal length, aperture, exposure time, ISO and white balance) were kept 
constant for all acquisitions. All photographs were acquired by the same operator. Cross-
polarized light (90°) was obtained using two linear polarizing filters placed on the lens 
and on the light source, eliminating surface reflections from the stratum corneum and the 
hydrolipidic film and allowing for more accurate assessment of skin texture. Images were 
saved in lossless RAW format to preserve full pixel information and imported into 
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MATLAB R2023b (version 23.2), where topographically identical regions of interest 
(ROIs) covering the treated area were defined as the basis for quantitative texture analysis. 

2.5. GLCM Texture Analysis 

Texture analysis was performed in MATLAB using the Gray-Level Co-occurrence 
Matrix (GLCM) algorithm. For each image, topographically identical ROIs covering the 
treated area were defined; the ROI coordinates established at T1 were retained and reused 
for the analyses at T2 and T3 to ensure comparability. A rectangular ROI was placed on 
the posterior surface of each thigh on the baseline image by a single investigator (S.W.), 
using the gluteal fold and the popliteal crease as anatomical landmarks; because the im-
ages were acquired in the same frame of reference, the saved coordinates could be applied 
to the T2 and T3 images without modification, and correct placement was verified visually 
on each follow-up image. Images were converted to 8-bit grayscale, and the GLCM was 
computed for a pixel distance of 1 and averaged over four directions (0°, 45°, 90° and 135°). 
Because the texture parameters are computed algorithmically within the predefined ROI, 
their calculation involves no subjective visual scoring. Two texture parameters were com-
puted: Contrast, describing local variation in image brightness and reflecting surface het-
erogeneity (higher values indicate more pronounced irregularities), and Homogeneity, 
describing image uniformity (higher values indicate a smoother surface). Changes in both 
parameters were used as quantitative descriptors of skin-surface texture. 

2.6. Thermography 

Thermographic imaging was performed with a FLIR T420sc camera (FLIR Systems, 
USA) equipped with an uncooled microbolometer focal-plane-array detector recording 
infrared radiation in the 7.5–13 µm range, with a resolution of 320 × 240 pixels and a ther-
mal sensitivity NETD < 0.045 K. The camera was tripod-mounted with the lens perpen-
dicular to the skin surface at a distance of about 50 cm. Measurements were performed 
under standardized environmental conditions (22 ± 4 °C, relative humidity 40 ± 15%) after 
at least 20 min of acclimatization to stabilize skin surface temperature. The camera was 
factory-calibrated; skin emissivity was set to 0.98, and the ambient temperature and rela-
tive humidity were entered into the camera before each session. Participants acclimatized 
undressed from the waist down in the standing position and were asked to refrain from 
intensive physical exercise, hot beverages, alcohol and smoking for at least two hours be-
fore the measurement. Thermograms were exported as radiometric temperature matrices 
and processed in MATLAB; the ROIs were defined on the baseline thermogram using the 
same anatomical landmarks as for photography and transferred to the follow-up thermo-
grams. Thermograms were analyzed within identically defined ROIs using the GLCM al-
gorithm; Contrast (local variation in the temperature distribution) and Homogeneity 
(thermogram uniformity) were computed as indirect descriptors of the spatial distribu-
tion of skin surface temperature, which depends on, but is not a direct measure of, cuta-
neous blood flow. 

2.7. Hyperspectral Imaging 

Hyperspectral imaging was performed with a SPECIM IQ camera (Specim, Finland) 
recording images over the 400–1000 nm wavelength range (204 spectral bands, spectral 
resolution of about 7 nm, 512 × 512 pixels) under standardized illumination, with a con-
stant camera-to-skin distance and identical positioning across all visits. Before each acqui-
sition the camera was calibrated against the manufacturer’s white reference tile placed in 
the field of view, and the dark current was recorded with the shutter closed; reflectance 
was calculated for every pixel and wavelength as (raw − dark)/(white − dark). For each 
measurement an ROI covering the treated area was analyzed at T1, T2 and T3. 
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Hyperspectral indices were computed for a single ROI per participant averaged over both 
thighs; consequently, one set of hyperspectral values per participant and time point is 
reported, without separation into the left and right thigh. Reflectance spectra were aver-
aged within the ROI before the indices were computed. From the reflectance spectra, he-
moglobin-related indices were derived: HbDepth560, defined as the depth of the hemo-
globin absorption feature at 560 nm relative to a linear baseline fitted between 510 and 610 
nm, and the reflectance ratios R560/R650 and R577/R650, which relate the reflectance at 
the oxyhemoglobin absorption bands to the reflectance at 650 nm, where hemoglobin ab-
sorption is low. Water-related absorption was assessed by the Water970_800 index, the 
ratio of the reflectance at 970 nm to that at 800 nm, and tissue reflectance by the VIS slope 
and NIR slope, defined as the slopes of linear fits to the reflectance curve in the 500–600 
nm and 700–900 nm ranges, respectively. All parameters were computed within the same 
ROIs to enable quantitative assessment of treatment-related changes in the optical prop-
erties of the skin. HbDepth560 and the two reflectance ratios are dominated by hemoglo-
bin absorption in the superficial dermis, but they are also influenced by melanin absorp-
tion, by tissue scattering and by the oxygenation state of hemoglobin; they are therefore 
reported as hemoglobin-related indices and not as measures of hemoglobin concentration 
(see Section 4). The Water970_800 index is computed in a spectral region where the ab-
sorption band of water is weak, where the sensitivity of the camera sensor decreases and 
where the sampling depth of light reaches several millimeters; its sensitivity to changes 
in the interstitial fluid content of the dermis is therefore limited. 

2.8. Antera 3D Analysis 

Skin imaging was performed with the Antera 3D® system (Miravex Ltd., Dublin, Ire-
land), which uses multispectral illumination and three-dimensional surface reconstruc-
tion. Imaging was performed under standardized conditions with identical positioning of 
the participants and a constant measurement field across all visits, analyzing the same 
ROIs on the posterior thighs. The device performs an internal calibration before each ac-
quisition; the measurement head (field of view 56 × 56 mm) was placed perpendicularly 
on the skin, without pressure, at positions marked relative to the gluteal fold and recorded 
on a body chart to allow for repositioning at the follow-up visits. Parameters were com-
puted with the manufacturer’s software (Antera 3D CS, version 3.1.16) within a circular 
ROI of 21 mm diameter placed at the same position on each image. Erythema maps were 
reconstructed from the multispectral data and characterized by the Redness Score to-
gether with its minimum, maximum and uniformity values within the ROI, describing the 
intensity and spatial distribution of the hemoglobin-related optical signal, which is an in-
direct measure of the superficial vascular component. All measurements were performed 
according to the manufacturer’s recommendations and used for the quantitative assess-
ment of changes during therapy. 

2.9. Measurement Reliability and Quality Control 

All imaging examinations were performed in the same laboratory room, under the 
environmental conditions described above, by the same two trained investigators, and the 
follow-up examinations were scheduled at a similar time of day as the baseline examina-
tion whenever possible. For each modality, a single acquisition per thigh and time point 
was used for analysis. Image quality was checked immediately after acquisition, and the 
acquisition was repeated if the image was technically inadequate (motion artifacts, incom-
plete coverage of the ROI, incorrect focus or saturation); the repeated image replaced the 
inadequate one, and no further selection of images was performed. No image or partici-
pant was excluded from the analysis, and no measurement was missing at any time point. 
ROI placement was performed by a single investigator for each modality, and all 
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parameters were computed automatically within the ROIs using identical software set-
tings. A formal assessment of the intra- and inter-observer reproducibility of ROI place-
ment and of the test–retest repeatability of the imaging parameters was not performed in 
the present study, and the investigators who processed the images were not blinded to 
the time point of acquisition; both issues are acknowledged as limitations in Section 4. 
Consequently, the measurement error of the individual parameters, and hence the small-
est change that can be distinguished from measurement noise, is not known for the pre-
sent set-up. The results are therefore reported as group-level longitudinal changes, and 
no attempt was made to classify individual participants as responders or non-responders. 

2.10. Statistical Analysis 

The distribution of the variables was assessed before selecting the analytical meth-
ods. Comparisons between the three time points (T1, T2 and T3) were performed with the 
Friedman test, followed by Dunn’s post hoc test when significant differences were found; 
a Bonferroni adjustment was applied to the three pairwise comparisons between meas-
urement time points. Paired comparisons between two dependent measurements used 
the Wilcoxon signed-rank test. Correlations between the imaging parameters and the clin-
ical grading were not analyzed. A value of p < 0.05 was considered statistically significant. 
The left and right thighs were analyzed separately and were not treated as independent 
observations within a pooled analysis. For each side-specific longitudinal analysis, the 
statistical unit was the participant (n = 30), with repeated measurements obtained from 
the same thigh at T1, T2, and T3. The Friedman test accounted for the repeated-measures 
structure across time within each thigh. The within-participant correlation between the 
left and right thighs was not explicitly modeled. No additional adjustment for multiple 
testing was applied across the different imaging parameters or modalities. Accordingly, 
the analyses were considered exploratory, and the reported P-values should be inter-
preted with caution. Results are presented as mean ± standard deviation (SD) or as median 
with interquartile range (IQR), depending on the distribution of the variable; effect sizes 
are reported as Kendall’s W (and as r for the Wilcoxon test), interpreted as small (about 
0.1), moderate (about 0.3) or large (0.5 or more) [17]. Because of the number of parameters 
analyzed, the consistency of the direction of change across modalities and the magnitude 
of the effect sizes were given more weight in the interpretation than individual p-values. 
For the main longitudinal comparison (T1 vs. T3), the median of the paired differences 
with its 95% confidence interval (Hodges–Lehmann estimate) and the Wilcoxon effect size 
r are additionally reported for each parameter in Supplementary Table S1. No formal hy-
pothesis hierarchy was tested; the results are presented as descriptive estimates of treat-
ment-associated change over time and not as tests of treatment efficacy. 

3. Results 
3.1. Clinical Photography (GLCM) 

Quantitative analysis of clinical photographs showed a progressive change in skin-
surface texture parameters during treatment (Figure 2), reflected by a decrease in GLCM 
Contrast and a corresponding increase in GLCM Homogeneity, compatible with gradual 
smoothing of the skin surface. 
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Figure 2. Representative standardized cross-polarized photographs of the posterior thighs of one 
participant with cellulite during ALIDYA treatment: (A) baseline (T1), (B) intermediate assessment 
(T2), and (C) final follow-up (T3). Images illustrate the change in skin-surface regularity and the 
attenuation of visible cellulite-related irregularities over the treatment period. All three panels were 
acquired with the same standardized Fotomedicus setup and were cropped to the same anatomical 
landmarks (gluteal fold and popliteal crease) at identical magnification; color balance was not al-
tered. 

3.1.1. GLCM Contrast 

A significant time effect was found for GLCM Contrast in the left thigh (p < 0.001, 
Kendall’s W = 0.25) and the right thigh (p = 0.001, Kendall’s W = 0.22) (Table 1; Figure 3). 
Post-hoc analysis showed significant T1–T2 and T1–T3 differences for the left thigh (p = 
0.014 and p < 0.001, respectively), whereas for the right thigh, significance was observed 
only between T1 and T3 (p < 0.001). 

Table 1. Changes in Gray-Level Co-occurrence Matrix (GLCM) Contrast derived from standardized 
cross-polarized photographs of the left and right thighs during ALIDYA treatment. Measurements 
were performed at baseline (T1), at the intermediate assessment (T2), and at the final follow-up (T3). 
Data are presented as median (Q1–Q3). Statistical significance was assessed using the Friedman test 
followed by Dunn’s post hoc test with Bonferroni adjustment. Effect size is expressed as Kendall’s 
W. 

Thigh Time Median (Q1–Q3) p-Value Effect 
Size 

Post hoc 
T1 

Post hoc 
T2 

Post hoc 
T3 

Left 
T1 1.414 (1.141–1.690) 

<0.001 0.25 
– 0.014 <0.001 

T2 1.379 (0.963–1.596) 0.014 – 1.000 
T3 1.288 (1.009–1.479) <0.001 1.000 – 

Right 
T1 1.385 (1.123–1.642) 

0.001 0.22 
– 0.212 <0.001 

T2 1.371 (1.074–1.559) 0.212 – 0.212 
T3 1.246 (1.000–1.448) <0.001 0.212 – 

3.1.2. GLCM Homogeneity 

A significant time effect was also found for GLCM Homogeneity in the left thigh (p = 
0.002, Kendall’s W = 0.20) and the right thigh (p < 0.001, Kendall’s W = 0.36) (Table 2; Figure 
3). Post-hoc analysis showed a significant T1–T3 difference for the left thigh (p = 0.001), 
whereas for the right thigh, significant differences were observed between T1 and T2 (p = 
0.004) and between T1 and T3 (p < 0.001). 
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Table 2. Changes in Gray-Level Co-occurrence Matrix (GLCM) Homogeneity derived from stand-
ardized cross-polarized photographs of the left and right thighs during ALIDYA treatment. Meas-
urements were performed at baseline (T1), at the intermediate assessment (T2), and at the final fol-
low-up (T3). Data are presented as median (Q1–Q3). Statistical significance was assessed using the 
Friedman test followed by Dunn’s post hoc test with Bonferroni adjustment. Effect size is expressed 
as Kendall’s W. 

Thigh Time Median (Q1–Q3) p-Value Effect 
Size 

Post hoc 
T1 

Post hoc 
T2 

Post hoc 
T3 

Left 
T1 0.707 (0.671–0.733) 

0.002 0.20 
– 0.364 0.001 

T2 0.702 (0.683–0.741) 0.364 – 0.158 
T3 0.728 (0.700–0.769) 0.001 0.158 – 

Right 
T1 0.699 (0.673–0.726) 

<0.001 0.36 
– 0.004 <0.001 

T2 0.713 (0.690–0.741) 0.004 – 0.590 
T3 0.730 (0.693–0.762) <0.001 0.590 – 

 

 

Figure 3. Changes in Gray-Level Co-occurrence Matrix (GLCM) Contrast and Homogeneity derived 
from standardized cross-polarized photographs of the left and right thighs during ALIDYA treat-
ment. Measurements were performed at baseline (T1), at the intermediate assessment (T2), and at 
the final follow-up (T3). Bars represent medians, and whiskers indicate the first and third quartiles 
(Q1–Q3). a.u. – arbitrary units. # indicates a statistically significant overall time effect (Friedman test, 
p < 0.05; exact P-values and effect sizes are given in Tables 1 and 2). Asterisks indicate statistically 
significant pairwise differences according to Dunn’s post hoc test with Bonferroni adjustment (* p < 
0.05). 

3.2. Thermography 

Thermographic texture analysis demonstrated progressive changes in the spatial dis-
tribution of skin temperature throughout the treatment period. A reduction in thermal 
heterogeneity was observed over the treatment period, i.e., a more uniform spatial distri-
bution of skin surface temperature within the treated area (Figure 4). 
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Figure 4. Representative thermograms of the posterior thighs of one participant with cellulite at 
baseline (T1) and the final follow-up (T3), acquired under identical environmental conditions and 
displayed with the same temperature scale. The mosaic pattern of warmer and cooler areas visible 
at baseline becomes more uniform at T3. 

3.2.1. Thermographic Contrast 

Thermographic GLCM Contrast decreased over time in both thighs, with significant 
overall differences for the left (p = 0.003, Kendall’s W = 0.19) and right thigh (p = 0.001, 
Kendall’s W = 0.22) (Table 3; Figure 5). Post-hoc analysis showed a significant decrease 
between T1 and T3 for both the left (p = 0.002) and right thigh (p < 0.001). 

Table 3. Changes in Gray-Level Co-occurrence Matrix (GLCM) Contrast derived from thermo-
graphic images of the left and right thighs during ALIDYA treatment. Measurements were per-
formed at baseline (T1), at the intermediate assessment (T2), and at the final follow-up (T3). Data 
are presented as medians (Q1–Q3). Statistical significance was assessed using the Friedman test fol-
lowed by Dunn’s post hoc test with Bonferroni adjustment. Effect size is expressed as Kendall’s W. 

Thigh Time Median (Q1–Q3) p-Value Effect 
Size 

Post hoc 
T1 

Post hoc 
T2 

Post hoc 
T3 

Left 
T1 0.615 (0.461–0.725) 

0.003 0.19 
– 0.590 0.002 

T2 0.623 (0.441–0.737) 0.590 – 0.117 
T3 0.565 (0.403–0.715) 0.002 0.117 – 

Right 
T1 0.657 (0.506–0.769) 

0.001 0.22 
– 0.212 <0.001 

T2 0.668 (0.471–0.779) 0.212 – 0.212 
T3 0.625 (0.423–0.748) <0.001 0.212 – 

3.2.2. Thermographic Homogeneity 

Thermographic GLCM Homogeneity increased over time in both thighs, with signif-
icant overall differences for the left (p = 0.012, Kendall’s W = 0.15) and right thigh (p < 
0.001, Kendall’s W = 0.34) (Table 4; Figure 5). Post-hoc analysis showed a significant in-
crease between T1 and T3 for the left thigh (p = 0.011), while for the right thigh, significant 
increases were found between T1 and T3 (p < 0.001) and between T2 and T3 (p = 0.020). 

Table 4. Changes in Gray-Level Co-occurrence Matrix (GLCM) Homogeneity derived from thermo-
graphic images of the left and right thighs during ALIDYA treatment. Measurements were per-
formed at baseline (T1), at the intermediate assessment (T2), and at the final follow-up (T3). Data 
are presented as medians (Q1–Q3). Statistical significance was assessed using the Friedman test fol-
lowed by Dunn’s post hoc test with Bonferroni adjustment. Effect size is expressed as Kendall’s W. 

Thigh Time Median (Q1–Q3) p-Value Effect 
Size 

Post hoc 
T1 

Post hoc 
T2 

Post hoc 
T3 

Left 
T1 0.842 (0.819–0.856) 

0.012 0.15 
– 0.999 0.011 

T2 0.837 (0.820–0.864) 0.999 – 0.158 
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T3 0.850 (0.830–0.876) 0.011 0.158 – 

Right 
T1 0.832 (0.816–0.847) 

<0.001 0.34 
– 0.244 <0.001 

T2 0.838 (0.809–0.859) 0.244 – 0.020 
T3 0.847 (0.807–0.874) <0.001 0.020 – 

 

 

Figure 5. Changes in Gray-Level Co-occurrence Matrix (GLCM) Contrast and Homogeneity derived 
from thermographic images of the left and right thighs during ALIDYA treatment. Measurements 
were performed at baseline (T1), at the intermediate assessment (T2), and at the final follow-up (T3). 
Bars represent medians, and whiskers indicate the first and third quartiles (Q1–Q3). a.u. – arbitrary 
units. # indicates a statistically significant overall time effect (Friedman test, p < 0.05; exact P-values 
and effect sizes are given in Tables 3 and 4). Asterisks indicate statistically significant pairwise dif-
ferences according to Dunn’s post hoc test with Bonferroni adjustment (* p < 0.05). 

3.3. Hyperspectral Imaging 

Hyperspectral imaging revealed changes in the hemoglobin-related spectral indices 
and in the VIS slope over the treatment period, whereas the water-related index and the 
NIR slope did not change significantly. 

3.3.1. Hemoglobin-Related Indices 

HbDepth560 decreased over time (p = 0.002, Kendall’s W = 0.20), whereas R560/R650 
and R577/R650 increased (both p < 0.001; Kendall’s W = 0.31 and 0.29, respectively) (Table 
5; Figure 6). Significant differences were found between T1 and T2 (HbDepth560: p = 0.043; 
R560/R650: p = 0.002; R577/R650: p = 0.009) and between T1 and T3 (HbDepth560: p = 0.002; 
R560/R650 and R577/R650: both p < 0.001). 
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Table 5. Changes in hemoglobin-related hyperspectral imaging indices (HbDepth560, R560/R650, 
and R577/R650) during ALIDYA treatment. Measurements were performed at baseline (T1), at the 
intermediate assessment (T2), and at the final follow-up (T3). Data are presented as medians (Q1–
Q3). Statistical significance was assessed using the Friedman test followed by Dunn’s post hoc test 
with Bonferroni adjustment. Effect size is expressed as Kendall’s W. 

Parameter Time Median (Q1–Q3) p-Value Effect Size Post hoc 
T1 

Post hoc 
T2 

Post hoc 
T3 

HbDepth560 
T1 0.128 (0.086–0.177) 

0.002 0.20 
– 0.043 0.002 

T2 0.086 (0.055–0.142) 0.043 – 1.000 
T3 0.090 (0.034–0.140) 0.002 1.000 – 

R560/R650 
T1 0.496 (0.473–0.518) 

<0.001 0.31 
– 0.002 <0.001 

T2 0.529 (0.485–0.552) 0.002 – 1.000 
T3 0.529 (0.486–0.583) <0.001 1.000 – 

R577/R650 
T1 0.525 (0.500–0.551) 

<0.001 0.29 
– 0.009 <0.001 

T2 0.553 (0.508–0.576) 0.009 – 0.905 
T3 0.549 (0.500–0.607) <0.001 0.905 – 

 

 

Figure 6. Changes in hemoglobin-related hyperspectral imaging indices (HbDepth560, R560/R650 
and R577/R650) during ALIDYA treatment. Measurements were performed at baseline (T1), at the 
intermediate assessment (T2), and at the final follow-up (T3). Bars represent medians, and whiskers 
indicate the first and third quartiles (Q1–Q3). a.u. – arbitrary units. # indicates a statistically signifi-
cant overall time effect (Friedman test, p < 0.05; exact P-values and effect sizes are given in Table 5). 
Asterisks indicate statistically significant pairwise differences according to Dunn’s post hoc test with 
Bonferroni adjustment (* p < 0.05). 

3.3.2. Water-Related Index 

Water970_800 showed a slight increase over time, but the overall difference was not 
significant (p = 0.967, Kendall’s W = 0.00) (Table 6). 

 



Biomedicines 2026, 14, 2434 14 of 23 
 

https://doi.org/10.3390/biomedicines14112434 

Table 6. Changes in the water-related hyperspectral imaging index (Water970_800) during ALIDYA 
treatment. Measurements were performed at baseline (T1), at the intermediate assessment (T2), and 
at the final follow-up (T3). Data are presented as medians (Q1–Q3). Statistical significance was as-
sessed using the Friedman test followed by Dunn’s post hoc test with Bonferroni adjustment. Effect 
size is expressed as Kendall’s W. 

Parameter Time Median (Q1–Q3) p-Value Effect Size Post hoc 
T1 

Post hoc 
T2 

Post hoc 
T3 

Water970_800 
T1 0.887 (0.874–0.914) 

0.967 0.00 
– 1.000 1.000 

T2 0.891 (0.864–0.919) 1.000 – 1.000 
T3 0.895 (0.875–0.918) 1.000 1.000 – 

3.3.3. Reflectance Slope Parameters 

VIS slope increased over time (p = 0.016, Kendall’s W = 0.14), with a significant dif-
ference between T1 and T3 (p = 0.014) (Table 7). NIR slope showed a slight increase, but 
the overall difference was not significant (p = 0.792, Kendall’s W = 0.01). 

Table 7. Changes in hyperspectral imaging reflectance parameters (VIS slope and NIR slope) during 
ALIDYA treatment. Measurements were performed at baseline (T1), at the intermediate assessment 
(T2), and at the final follow-up (T3). Data are presented as medians (Q1–Q3). Statistical significance 
was assessed using the Friedman test followed by Dunn’s post hoc test with Bonferroni adjustment. 
Effect size is expressed as Kendall’s W. 

Parameter Time Median (Q1–Q3) p-Value Effect Size Post hoc 
T1 

Post hoc 
T2 

Post hoc 
T3 

VIS slope 
500–600 nm 

T1 0.00035 (0.00027–0.00044) 
0.016 0.14 

– 0.905 0.014 
T2 0.00038 (0.00032–0.00045) 0.905 – 0.212 
T3 0.00043 (0.00032–0.00051) 0.014 0.212 – 

NIR slope 
700–900 nm 

T1 0.00018 (0.00012–0.00027) 
0.792 0.01 

– 1.000 1.000 
T2 0.00019 (0.00012–0.00027) 1.000 – 1.000 
T3 0.00022 (0.00014–0.00025) 1.000 1.000 – 

3.4. Antera 3D Erythema 

Multispectral analysis with the Antera 3D system showed a progressive decrease in 
the erythema parameters (Redness Score and its minimum and maximum values) over 
the treatment period, whereas the Uniformity index did not change. 

Redness Score decreased over time in both the left and right thighs (both p < 0.001; 
Kendall’s W = 0.54 and 0.46, respectively) (Table 8; Figures 7 and 8). Significant decreases 
were observed between T1 and T2 and between T1 and T3 for both thighs (left: p = 0.020 
and p < 0.001; right: p = 0.002 and p < 0.001, respectively), with an additional significant 
decrease between T2 and T3 in the left thigh (p = 0.011). 

Minimum values also decreased in both thighs (both p < 0.001; Kendall’s W = 0.49 for 
the left and 0.32 for the right thigh). Significant decreases were observed between T1 and 
T2 and between T1 and T3 for both thighs (left: both p < 0.001; right: p = 0.006 and p < 0.001, 
respectively). 

Maximum values decreased in both thighs (both p < 0.001; Kendall’s W = 0.55 for the 
left and 0.37 for the right thigh). Significant decreases were observed between T1 and T2 
and between T1 and T3 for both thighs (all p < 0.001). 

Uniformity showed no significant changes over time in either the left (p = 0.149, Ken-
dall’s W = 0.06) or right thigh (p = 0.356, Kendall’s W = 0.03). 
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Figure 7. Example of change in the severity of erythema measured by Antera 3D on the right thigh: 
(A) baseline (T1), (B) intermediate assessment (T2) and (C) final follow-up (T3). Both images were 
acquired at the same position of the measurement head and are displayed with the same color scale. 

Table 8. Changes in Antera 3D-derived erythema parameters (Redness Score, Minimum, Maximum, 
and Uniformity) of the left and right thighs during ALIDYA treatment. Measurements were per-
formed at baseline (T1), at the intermediate assessment (T2), and at the final follow-up (T3). Data 
are presented as medians (Q1–Q3). Statistical significance was assessed using the Friedman test fol-
lowed by Dunn’s post hoc test with Bonferroni adjustment. Effect size is expressed as Kendall’s W. 

Parameter Thigh Time Median (Q1–Q3) p-Value Effect 
Size 

Post hoc 
T1 

Post hoc 
T2 

Post hoc 
T3 

Redness 
Score 

Left 
T1 37.00 (34.00–41.50) 

<0.001 0.54 
– 0.020 <0.001 

T2 32.50 (28.00–36.50) 0.020 – 0.011 
T3 32.25 (26.00–35.50) <0.001 0.011 – 

Right 
T1 37.00 (34.50–41.00) 

<0.001 0.46 
– 0.002 <0.001 

T2 33.00 (31.00–36.00) 0.002 – 0.320 
T3 33.00 (30.00–35.50) <0.001 0.320 – 

Minimum 

Left 
T1 13.28 (12.59–14.66) 

<0.001 0.49 
– <0.001 <0.001 

T2 12.63 (12.06–14.05) <0.001 – 0.320 
T3 12.46 (11.80–14.05) <0.001 0.320 – 

Right 
T1 14.80 (13.45–16.16) 

<0.001 0.32 
– 0.006 <0.001 

T2 13.69 (12.41–15.55) 0.006 – 0.736 
T3 13.40 (12.37–15.05) <0.001 0.736 – 

Maximum 

Left 
T1 29.90 (26.35–33.63) 

<0.001 0.55 
– <0.001 <0.001 

T2 24.64 (21.30–31.71) <0.001 – 0.467 
T3 23.90 (20.86–32.68) <0.001 0.467 – 

Right 
T1 31.57 (26.52–36.76) 

<0.001 0.37 
– <0.001 <0.001 

T2 27.42 (23.69–33.45) <0.001 – 1.000 
T3 27.40 (23.75–32.78) <0.001 1.000 – 

Uniformity 

Left 
T1 37.71 (30.19–43.26) 

0.149 0.06 
– 0.158 0.736 

T2 39.17 (31.61–42.09) 0.158 – 1.000 
T3 38.63 (31.18–43.74) 0.736 1.000 – 

Right 
T1 47.08 (43.63–52.07) 

0.356 0.03 
– 1.000 0.467 

T2 48.59 (42.20–52.42) 1.000 – 1.000 
T3 48.31 (41.43–51.94) 0.467 1.000 – 
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Figure 8. Changes in Antera 3D-derived erythema parameters (Redness Score, Minimum, Maxi-
mum, and Uniformity) of the left and right thighs during ALIDYA treatment. Measurements were 
performed at baseline (T1), at the intermediate assessment (T2), and at the final follow-up (T3). Bars 
represent medians, and whiskers indicate the first and third quartiles (Q1–Q3). a.u. – arbitrary units. 
# indicates a statistically significant overall time effect (Friedman test, p < 0.05; exact P-values and 
effect sizes are given in Table 8); ns, not significant. Asterisks indicate statistically significant pair-
wise differences according to Dunn’s post hoc test with Bonferroni adjustment (* p < 0.05). 

3.5. Safety and Tolerability 

All 30 participants completed the six treatment sessions and all three assessments. 
The treatment was well tolerated. The only adverse events were bruising at the injection 
sites, accompanied by local tenderness, which occurred in 8 of 30 participants (26.7%) after 
one or more sessions and resolved spontaneously within 7–14 days without treatment. 
Transient erythema at the injection points immediately after the procedure, which is ex-
pected after needle mesotherapy, resolved within a few hours. No infection, hematoma 
requiring intervention, allergic reaction, skin necrosis, post-inflammatory pigmentary 
change or systemic adverse event was observed. No participant required medical inter-
vention, a change in the treatment protocol or discontinuation of treatment because of an 
adverse event. 

4. Discussion 
Assessment of the efficacy of anti-cellulite therapy should extend beyond subjective 

clinical grading to include objective parameters capable of quantifying its microvascular 
component, which, as outlined in the Introduction, is one of the key elements of cellulite 
pathophysiology [1,3]. The present exploratory study addressed this need by integrating 
four complementary imaging modalities into a single prospective evaluation protocol ap-
plied before, during and after a series of ALIDYA treatments. 

One of the main findings is the concordant direction of change across the imaging 
techniques: photographic texture parameters, thermographic texture parameters, hemo-
globin-related hyperspectral indices and Antera 3D erythema parameters all changed 
over the treatment period in a direction compatible with a reduction in the microvascular 
disturbance characteristic of cellulite. Because each modality relies on a different physical 
principle (surface topography, emitted infrared radiation, reflectance spectroscopy and 
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multispectral separation of chromophores), this convergence makes a modality-specific 
artifact an unlikely explanation of the results. It does not, however, demonstrate improved 
cutaneous perfusion. None of the methods used measures blood flow directly, and in the 
absence of a control group the observed changes cannot be attributed with certainty to the 
treatment itself. Throughout this Discussion we therefore speak of changes observed dur-
ing the treatment period and distinguish them from effects specifically attributable to the 
ALIDYA formulation. 

Conventional grading systems remain the reference standard in clinical practice, but 
they are observer-dependent and insufficiently responsive to the subtle changes occurring 
during treatment [1,2]. In the present study, most, though not all, of the imaging parame-
ters changed significantly over the three-month observation period. The GLCM parame-
ters of photographs and thermograms, the hemoglobin-related hyperspectral indices, the 
VIS slope and the Antera 3D Redness Score with its minimum and maximum values 
showed significant changes, whereas the water-related index Water970_800 (p = 0.967), 
the NIR slope (p = 0.792) and the Antera 3D Uniformity index (p = 0.149 and p = 0.356 for 
the left and right thigh, respectively) did not. Moreover, several pairwise comparisons 
between baseline and the intermediate assessment did not reach significance, particularly 
for the right thigh, so that an early change at T2 can be claimed only for some parameters. 
Instrumental imaging therefore appears sensitive enough to detect treatment-associated 
changes, but the pattern of results is not uniform across parameters, and this heterogene-
ity should be borne in mind when interpreting the findings. Given the number of param-
eters tested without a global adjustment for multiplicity, we attach more importance to 
the consistency of the direction of change across modalities and to the effect sizes than to 
any individual P-value; the median paired changes between T1 and T3 with their 95% 
confidence intervals are listed in Supplementary Table S1. 

Digital image analysis using GLCM algorithms demonstrated reduced contrast to-
gether with increased homogeneity of the skin surface, indicating progressive smoothing 
of tissue topography. In cellulite, elevated contrast reflects abrupt transitions between 
protruding adipose lobules and tethered skin depressions, whereas increasing homoge-
neity corresponds to restoration of a smoother, more continuous surface [6,16]. Because 
these surface irregularities are amplified by interstitial edema and by locally heterogene-
ous perfusion, their attenuation is compatible with a reduction in interstitial edema and 
in heterogeneous perfusion, although texture parameters alone cannot distinguish be-
tween vascular, interstitial and structural causes of surface smoothing [3,6]. 

The thermographic findings provide complementary information on the thermal 
consequences of the microvascular disturbance. Disturbances of venous return, lymphatic 
drainage and capillary perfusion are fundamental components of cellulite pathophysiol-
ogy and produce the heterogeneous “leopard-skin” thermal pattern [2,4]. Rather than re-
lying on average skin temperature, which has limited diagnostic value, we analyzed ther-
mographic texture using GLCM-derived descriptors, demonstrating significant increases 
in thermal homogeneity, i.e., a more uniform spatial distribution of skin surface tempera-
ture. Such a change is compatible with, but does not demonstrate, a more uniform distri-
bution of superficial blood flow. Skin surface temperature is, however, an indirect indica-
tor of perfusion that is also influenced by the thickness of the subcutaneous tissue, ambi-
ent conditions and vasomotor tone, and these changes cannot be equated with a normali-
zation of vascular function. Previous instrumental studies similarly identified thermo-
graphic texture analysis as a sensitive objective marker of treatment-related change in cel-
lulite [6,16]. 

Hyperspectral imaging provided perhaps the most informative findings from the bi-
ological point of view, although their interpretation remains indirect. Unlike conventional 
RGB photography, hyperspectral systems record continuous reflectance spectra for every 
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pixel, allowing for simultaneous assessment of multiple tissue chromophores. The physi-
cal meaning of the three hemoglobin-related indices deserves comment, because it deter-
mines what can and cannot be inferred from them. HbDepth560 quantifies the depth of 
the absorption feature centered near 560 nm relative to a baseline fitted between 510 and 
610 nm. This spectral region is dominated by the absorption bands of oxyhemoglobin (542 
and 577 nm) and deoxyhemoglobin (556 nm), so that the depth of the feature increases 
with the amount of hemoglobin within the sampling volume, while the baseline correction 
partly removes the slowly varying contributions of scattering and melanin. R560/R650 and 
R577/R650 relate the reflectance at the hemoglobin bands to the reflectance at 650 nm, 
where hemoglobin absorbs weakly; an increase in these ratios means that less light is ab-
sorbed at the hemoglobin bands relative to the reference wavelength. The three indices 
thus changed in a mutually consistent manner (a shallower absorption feature and higher 
ratios), and the most parsimonious explanation is a decrease in the hemoglobin-related 
absorption of the superficial dermis within the sampling depth of visible light, which is of 
the order of 0.5–1 mm. A change in oxygenation would primarily alter the shape of the 
feature, since the 542 and 577 nm bands of oxyhemoglobin and the 556 nm band of deox-
yhemoglobin would change in opposite directions, and R577/R650 would then be ex-
pected to change more than R560/R650; this was not observed, but with the indices used 
here, a change in oxygenation cannot be separated from a change in concentration. Two 
further factors must be considered. First, all three indices are also sensitive to tissue scat-
tering: a change in scattering, for example as a consequence of altered interstitial fluid 
content or ECM remodeling, modifies the overall reflectance and the slope of the spec-
trum, and the concomitant increase in the VIS slope indicates that the optical properties 
of the tissue changed in the 500–600 nm range beyond hemoglobin absorption alone. Sec-
ond, the 650 nm reference is affected by melanin, so that a change in pigmentation over 
the three-month study period could in principle contribute to the ratios, although it would 
not explain the change in the baseline-corrected HbDepth560. What can reasonably be 
inferred from the spectral data is therefore a decrease in hemoglobin-related absorption 
in the superficial dermis accompanied by a change in tissue scattering; what cannot be 
inferred is whether this reflects reduced vessel dilatation, reduced vessel density, altered 
oxygenation or a redistribution of blood to deeper layers. 

The unchanged Water970_800 index must be interpreted with equal caution and 
should not be taken as evidence that the interstitial fluid content did not change. The water 
absorption band at 970 nm is weak compared with the bands at 1200 and 1450 nm, which 
lie outside the spectral range of the camera; the quantum efficiency of the silicon detector 
decreases markedly toward 1000 nm, which lowers the signal-to-noise ratio in this region; 
and light at 800–970 nm samples a depth of several millimeters, so that the index averages 
the water content of the dermis and the upper subcutaneous tissue and is relatively insen-
sitive to a modest change in dermal interstitial fluid. The absence of a significant change 
in this index therefore indicates only that any change in tissue water was below the sensi-
tivity of the method, and it does not exclude a reduction in interstitial edema, which re-
mains an important element of current concepts of cellulite alongside ECM remodeling, 
fibrosis, chronic microvascular dysfunction and oxidative stress [3,5,18]. The hemoglobin-
related changes should accordingly be interpreted on their own merits, without inferring 
from the water index that edema remained unchanged. 

This interpretation is consistent with prior optical investigations demonstrating that 
diffuse reflectance spectroscopy enables quantitative assessment of hemoglobin concen-
tration, melanin content and tissue scattering [10,12,13,19], and with recent advances es-
tablishing pixel-wise spectral analysis as a highly sensitive method for evaluating subtle 
physiological changes in the skin [14,20,21]. The changes in spectral indices observed dur-
ing the treatment period may therefore reflect an altered distribution of superficial 
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hemoglobin and altered tissue optical properties, but the underlying mechanism cannot 
be established from reflectance data alone. As relatively few studies have applied hyper-
spectral imaging to cellulite, this aspect of the present work is particularly novel. 

Antera 3D erythema analysis provided an independent, spatially resolved assess-
ment of superficial erythema. Multispectral separation of hemoglobin from the remaining 
chromophores allows erythema to be quantified without the confounding influence of 
surface reflection or pigmentation [15], and the significant reduction in Redness Score to-
gether with its minimum and maximum values is compatible with a decrease in the he-
moglobin-related optical signal from the papillary dermis across the whole treated field. 
The stability of the erythema uniformity index suggests a generalized decrease in the in-
tensity of the vascular component rather than the disappearance of isolated hyperemic 
foci. Because Antera 3D, thermography and hyperspectral imaging derive their signals 
from different physical phenomena, their concordance argues against a modality-specific 
artifact, although it does not by itself establish an improvement of the cutaneous micro-
circulation. 

The decrease in the erythema parameters requires particularly cautious interpreta-
tion. The Redness Score quantifies the optical signal attributable to superficial hemoglo-
bin; it does not measure blood flow, vessel density or inflammatory activity, none of which 
was assessed in this study. Reduced redness may result from a decrease in vessel dilata-
tion or density, from a change in hemoglobin oxygenation or from fluctuations in vaso-
motor tone related to ambient temperature or to the emotional state of the participant. 
Residual bruising after earlier injection sessions could in principle also have affected the 
signal at the intermediate assessment in some participants, although such an effect would 
be expected to increase rather than decrease the measured redness. We therefore report 
the decrease in the erythema parameters as a treatment-associated optical change compat-
ible with an alteration of the superficial vascular component, and not as evidence of re-
duced inflammation or improved perfusion. 

It should also be kept in mind that the intervention comprised two components that 
cannot be separated in a single-arm design: the ALIDYA formulation and the repeated 
needle penetration of the dermis. Needling alone induces a wound-healing response with 
transient vasodilatation, release of growth factors and subsequent remodeling of the der-
mal matrix, and six sessions of microinjections distributed over the whole posterior thigh 
may therefore modify the texture, thermal and optical parameters independently of the 
injected product. Physiological variability, including the phase of the menstrual cycle, am-
bient temperature and seasonal changes in cutaneous blood flow over the three-month 
observation period, adds further variance that a single-arm design cannot control. For 
these reasons the changes described here are attributed to the treatment period as a whole, 
and no inference is drawn about the EDTA-related mechanism proposed for the product. 

The clinical relevance of the observed changes is a separate question from their sta-
tistical significance, and the two should not be conflated. In terms of magnitude, the me-
dian photographic GLCM Contrast was 9–10% lower and Homogeneity 3–4% higher at 
T3 than at T1; thermographic Contrast was 5–8% lower and Homogeneity 1–2% higher; 
HbDepth560 was about 30% lower, whereas the reflectance ratios were 5–7% higher; and 
the Antera 3D Redness Score was 11–13% lower, with a 13–20% decrease in its maximum 
value. The effect sizes followed the same ranking: Kendall’s W was moderate to large for 
the Antera 3D erythema parameters (0.32–0.55), moderate for the hemoglobin-related hy-
perspectral indices (0.20–0.31) and the photographic texture parameters (0.20–0.36), small 
to moderate for the thermographic texture parameters (0.15–0.34) and small for the VIS 
slope (0.14). None of these parameters has an established minimal clinically important 
difference, and none has been calibrated against the clinical grading of cellulite, so that it 
cannot be stated whether changes of this size correspond to a difference in cellulite 
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severity or skin appearance that a patient or clinician would notice. Two observations are 
nevertheless relevant. First, the texture changes in the photographs were paralleled by 
visible smoothing of the skin surface in individual participants (Figure 2), which indicates 
that at least part of the measured change lies within the range perceptible to the eye. Sec-
ond, the smallest effects (thermographic Homogeneity of the left thigh, VIS slope) are of 
a size that would be undetectable without quantitative analysis, and their clinical mean-
ing, if any, remains to be determined. The relationship between the imaging parameters 
and the clinical grading was not analyzed, and no association between them is claimed; 
establishing this relationship, together with the measurement error of each parameter, is 
a prerequisite for defining clinically meaningful thresholds and is a priority for future 
work. 

A methodological strength of the present investigation is the integration of comple-
mentary imaging technologies into a unified evaluation protocol; most previous cellulite 
studies relied on a single modality or on subjective clinical grading [16]. Simultaneous 
quantification of skin surface texture, thermal distribution, optical tissue composition and 
erythema may partly offset the limitations inherent to individual techniques and may con-
tribute to the development of standardized candidate imaging biomarkers of the micro-
vascular component of cellulite for future clinical trials of anti-cellulite therapies. 

It should be acknowledged, however, that a multimodal protocol of this kind is re-
source-intensive in terms of equipment, acquisition time and analytical expertise, and in 
its entirety it is unlikely to be applicable in everyday ambulatory practice in the manage-
ment of gynoid lipodystrophy. Its role is primarily that of a research tool for clinical trials 
and for the validation of simpler measures. In routine practice, single components of the 
protocol, for example standardized cross-polarized photography with texture analysis or 
a single multispectral device, could potentially be used alone, provided that their perfor-
mance is first validated against the complete protocol. 

The study has several limitations. First, it was a single-arm, open-label study without 
a placebo, sham or untreated control group. Consequently, the observed changes cannot 
be attributed with confidence to ALIDYA itself: natural fluctuation of cellulite severity, 
seasonal and environmental influences on skin temperature and blood flow, changes in 
physical activity or body weight during the study, regression to the mean, and the me-
chanical and inflammatory effects of repeated needle injections per se are all alternative 
explanations that could not be excluded. Second, none of the imaging modalities measures 
cutaneous blood flow directly. All parameters are indirect surrogate measures, and no 
reference method of perfusion assessment, such as laser Doppler flowmetry, laser speckle 
contrast imaging, color Doppler ultrasonography or capillaroscopy [22], was applied; the 
term “microvascular component” is therefore used throughout in the sense of a set of op-
tical and thermal features that are influenced by, but not equivalent to, cutaneous perfu-
sion. Third, the study was registered retrospectively (ClinicalTrials.gov, NCT07675356, 
first posted 30 June 2026), after the intervention had been completed. Although the imag-
ing parameters analyzed here were registered as secondary outcomes, retrospective reg-
istration weakens the protection against selective reporting, and no imaging parameter or 
hierarchy of secondary endpoints was prospectively defined, so that the analyses should 
be considered exploratory. Fourth, no global adjustment for multiple testing was applied 
across the different imaging outcomes or modalities; given the exploratory nature of the 
analyses and the large number of parameters evaluated, the reported P-values should be 
interpreted with caution; for this reason the interpretation relies on the consistency of the 
direction of change across modalities and on the effect sizes rather than on individual P-
values. Fifth, although the left and right thighs were analyzed separately, the within-par-
ticipant correlation between bilateral measurements was not explicitly modeled, which is 
a limitation of the statistical approach. Sixth, and importantly for the intended use of these 
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parameters in treatment monitoring, the intra- and inter-observer reproducibility of ROI 
placement and the test–retest repeatability of the imaging parameters were not formally 
assessed under the conditions of this protocol, and the investigators who processed the 
images were not blinded to the time point, although all parameters were computed algo-
rithmically within predefined ROIs. Without repeatability data, the measurement error of 
each parameter and the smallest detectable change are unknown, so that a change ob-
served in an individual participant cannot be distinguished from measurement noise, and 
the group-level changes reported here cannot yet be translated into criteria of individual 
response. Reproducibility data published for the individual instruments, for example for 
the Antera 3D [15] or for thermographic texture analysis [6], do not replace an assessment 
under the conditions of the present protocol. Formal reliability testing, comprising dupli-
cate acquisitions on the same day, independent ROI placement by two observers, intra-
class correlation coefficients with confidence intervals, Bland–Altman analysis and esti-
mation of the smallest detectable change, is therefore an essential requirement that must 
precede any use of these parameters as biomarkers, and it is planned as the first step of 
their validation. Seventh, the sample was small and consisted exclusively of women aged 
20–45 years, no a priori sample-size calculation was performed, and follow-up was limited 
to six weeks after the last session, preventing evaluation of the long-term stability of the 
observed changes. Structural and clinical outcomes obtained in the same cohort, namely 
three-dimensional morphometry of skin depressions, high-frequency ultrasound assess-
ment of the dermis, and clinical grading, are presented in a separate manuscript that has 
been submitted for publication and is currently under peer review. The present analysis 
and the analysis presented in that manuscript were conducted independently. Correla-
tions between the optical or thermal parameters reported here and the structural or clini-
cal outcomes were not examined; therefore, no relationship between these outcomes is 
claimed. Future randomized, sham- or placebo-controlled trials should integrate quanti-
tative imaging with direct functional vascular measurements and molecular biomarkers, 
including inflammatory mediators and markers of oxidative stress, in order to clarify 
whether the imaging changes reported here reflect a true modification of the cutaneous 
microcirculation. 

Despite these limitations, the present investigation shows that the period of ALIDYA 
treatment was associated with concordant changes in several independent, indirect imag-
ing measures related to the cutaneous microvascular component, namely thermal homo-
geneity, hemoglobin-related optical indices, erythema parameters and the surface irregu-
larity that accompanies heterogeneous perfusion. These observations are consistent with 
the hypothesis that the vascular component of cellulite is modifiable, a hypothesis that 
now requires testing in controlled studies with direct perfusion measurements; they do 
not identify which element of the intervention (the formulation, the repeated needle in-
jections or both) is responsible. More broadly, the work illustrates the potential of quanti-
tative imaging as an objective framework for evaluating aesthetic interventions and as a 
candidate biomarker platform that could complement subjective clinical assessment in fu-
ture cellulite trials. 

5. Conclusions 
This prospective, single-arm, exploratory study shows that four complementary 

quantitative imaging techniques (cross-polarized photography with GLCM texture anal-
ysis, infrared thermography with GLCM analysis, hyperspectral imaging and Antera 3D 
erythema analysis) can be combined in a single protocol to monitor cellulite-associated 
tissue changes during an injectable treatment. During the period of six ALIDYA meso-
therapy sessions, the texture, thermal, hemoglobin-related and erythema parameters 
changed in a concordant direction, with the largest effect sizes for the Antera 3D erythema 
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parameters and the hemoglobin-related hyperspectral indices, whereas the water-related 
index, the NIR slope and the erythema Uniformity index did not change. These parame-
ters can be regarded as candidate imaging biomarkers of the microvascular component of 
cellulite for use in future studies. 

The findings do not establish a specific therapeutic mechanism, do not demonstrate 
an improvement in cutaneous microcirculation and, in the absence of a control group, do 
not prove the efficacy of the product. Before the proposed parameters can be considered 
reliable biomarkers, their measurement reproducibility, their relationship to clinical and 
structural outcomes and their specificity for the vascular component must be established. 
Randomized controlled studies with larger cohorts, longer follow-up, prospectively reg-
istered endpoints and reference measurements of cutaneous perfusion are needed for this 
validation. In its full form the multimodal protocol is a research tool; validated single 
components of it may in future be applicable in clinical practice. 
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