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Objective: In this single-centre, retrospective, pragmatic, longitudinal case-series clinical study triple-frequency LDM (TF-LDM) 
technology with frequencies of 1/3/10 MHz and 3/10/19 MHz was applied for treatment of cellulite to reveal the effect of these waves 
on the cellulite skin and assess the sustainability of treatment outcomes during the long-term follow-up controls.
Methods: Twenty Caucasian females with mild-to-severe gynoid lipodystrophy aged 27–53 years who received cellulite monotherapy 
with TF-LDM were included in this study. All participants were evaluated at three time points: baseline (T1), on the day of the last 
treatment (T2), and during the last follow-up (T3). Cellulite severity was assessed by six independent clinicians using the five-grade 
Clinician-Reported Photonumeric Cellulite Severity Scale (CR-PCSS). Patient satisfaction was evaluated using a 10-grade GAIS scale, 
ranging from 0 to 10 (0 - dissatisfied; 10 - fully satisfied). To objectify the treatment outcomes, 17 subjects were investigated using 
B-mode ultrasonography and real-time compression elastography at baseline and during follow-up.
Results: The average values of CR-PCSS (T1), CR-PCSS (T2) and CR-PCSS (T3) over all participants were 2.22±0.82, 1.18±0.77, 
and 0.84±0.77, respectively, which corresponded to the skin improvement between T1 and T2 of 0.93±0.27 (p < 0.0001) as well as 
between T1 and T3 of 1.38±0.47 (p < 0.0001). Assessment of elasticity of the dermis and adipose tissue on the basis of the 5-grade 
coloration scale revealed significant reinforcement of both tissues as well as of the superficial fascia at follow-up as compared to their 
baseline values. The obtained treatment outcomes were long-lasting and could be clearly observed even in individuals with a long-term 
follow-ups. Assessment of the satisfaction of participants with the treatment results revealed a high satisfaction of 8.95 ± 1.49. The 
method demonstrated no side effects, was pain-free, well-tolerated, and highly accepted by patients.
Keywords: single-centre, retrospective clinical study, cellulite, triple-frequency ultrasound

Introduction
Cellulite, also known as gynoid lipodystrophy, is a dimpled lumpy skin appearance in the gluteofemoral body area, 
affecting more than 85% of females over the age of 20 years, whose onset can be seen as early as during puberty. This 
skin condition is not just an aesthetic problem, but is also associated with the development of negative psychosocial 
effects in affected individuals. Despite numerous efforts over the last few decades, there are still no effective treatment 
methods for cellulite with long-lasting treatment outcomes, which may be explained by the lack of a fully understood 
pathophysiology of this skin condition.

Recently, we have proposed a new pathophysiology of cellulite that explains the most prominent features of this 
condition including protrusions of the superficial adipose tissue into the dermis, reduced expression of the extracellular 
glycoprotein fibulin-3, an unusually high presence of the multi-lineage-differentiating stress-enduring (MUSE) cells in 
gluteofemoral white adipose tissue (gfWAT) as well as a strong spatial association and paracrine interaction of mature 
adipocytes with sweat glands that is a unique feature of adenolipoma.1 We have connected these features with selective 
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accumulation of endogenous lipopolysaccharides (LPS, endotoxin) in gfWAT leading to development of a low-grade 
inflammation in this fat depot. Very recently, we argued that cellulite and lipedema represent consecutive stages of the 
same process: cellulite represents an early stage and has a high prevalence, whereas lipoedema, with its much lower 
prevalence, represents the progressive stages of chronic gfWAT modification.2

Based on this pathophysiology, the main weak link in cellulite appears to be the layer of skin-associated adipose 
tissue (SAAT)3 also known as skin-associated fat (SAF),4 which is a superficial layer of subcutaneous white adipose 
tissue (sWAT) adjusted to the reticular dermis. This layer is the human analog of the murine dermal white adipose tissue 
(dWAT)5 that attracted much attention during the recent past because of the ability of dermal adipocytes to quickly re- 
and de-differentiate during the hair follicle cycle3,6 and to produce the anti-microbial peptide cathelicidin during reactive 
adipogenesis7 as well as because of the role of these cells in wound healing and scarring.3 SAAT in the thighs is located 
above the superficial fascia and is distinct in its anatomical structure and metabolic properties from the underlying deeper 
sWAT layer located between the superficial and deep fascia.8 SAAT has a pronounced lobular structure and highly 
developed fibrous septa producing the polygonal-oval lobules of mature adipocytes typical in cellulite and connecting 
dermis with superficial fascia, while the underlying sWAT layer is characterized by smaller, less well-defined and flat 
lobules as well as by a loose fibrous septa connected to the deep fascia.1

SAAT layer demonstrates a high inter-individual variations and a sexual dimorphism being about 1.6 times thicker in 
females than in males.4 SAAT and sWAT thicknesses were reported to be 8.41±1.61 mm / 24.81±4.90 mm and 4.03 
±1.26 mm / 4.31±1.82 mm in females with and without cellulite, respectively.9 As we stated earlier, such significant 
expansion of SAAT and sWAT layers can sufficiently modify the mechanical behavior of the composite skin/WAT 
making it more susceptible to mechanical deformations since structural stability of such multi-layered composites 
strongly depends on the thickness ratios between the neighboring layers, their bending and tensile stiffness as well as 
adhesive strength between the layers.10 Stiffness of SAAT and sWAT is much lower than stiffness of stratum corneum or 
reticular dermis. The expansion of these two thick but mechanically weak adipose layers connected to the weak 
superficial and deep fascia (this weakness is mainly caused by reduced expression of fibulin-3 in cellulite) significantly 
modifies the mechanical stability of the dermal-hypodermal interface, allowing protrusions of the SAAT into the 
dermis.10 Indeed, interpenetration of neighboring layers is a well-known phenomenon in bi-modular substrates with a 
tension-compression asymmetry, that is, very different tensile and compressive mechanical moduli.11 This is generally 
the case in tissues containing dense collagen networks, where the Young’s modulus can be an order of magnitude lower 
under compression than under extension,12 and explains the appearance of protrusions on the dermal-hypodermal 
interface connecting the collagen-rich dermis with the collagen-poor SAAT layer.1,10 This phenomenon is responsible 
for the main hallmark of cellulite - distinct protrusions of the underlying adipose tissue into the dermis,1,13 which 
significantly affects the architecture of the dermal-hypodermal interface and correlates with cellulite severity.14

To make the skin/WAT composite more mechanically stable, and thus improve the visual appearance of cellulite, the 
superficial layers of this composite (epidermis, dermis, dermal-hypodermal interface, and SAAT) must be sufficiently 
reinforced. Reinforcement of the epidermis and reticular dermis is needed to reduce the projections of WAT protrusions 
to the skin surface, whereas reinforcement of the SAAT and superficial fascia is necessary to adjust the stiffness of the 
reticular dermis to the stiffness of the SAAT, thus reducing the protrusions on the dermal-hypodermal interface. As we 
demonstrated earlier, the production of collagen in dermal adipocytes exceeds its production in their subcutaneous 
counterparts by several times,3 which allows a selective reinforcement of the dermal-hypodermal interface. Of note, 
protrusions of SATA into the dermis are also significantly increased in aged skin and can serve as a hallmark of skin 
aging,15 which indirectly supports the earlier assumption that cellulite is associated with premature skin aging in the 
gluteofemoral area.16

Selective reinforcement of the skin/WAT composite can be achieved through activation of transforming growth factor 
beta (TGF-β), which is a master regulator of collagen production and fibrosis.17 TGF-β signaling is tightly connected 
with plasma membrane structures known as caveolae, which are plasma membrane invaginations that are highly 
abundant in mechanically stressed cells and play an important role in cellular signaling. Stability of caveolae is mainly 
regulated by caveolin-1 (CAV1), which vigorously interacts with TGF-β membrane receptors and can be internalized 
through CAV1-dependent endocytosis.17,18 CAV1 is also strongly linked to the actin cytoskeleton, and modification of 
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this intracellular network sufficiently affects the content of CAV1 in the plasma membrane. This modification can be 
provided, among others, by application of the high-frequency ultrasound waves, whereas higher ultrasound frequencies 
and intensities cause a stronger fluidization of the cytoskeleton structure.17,19 This effect can be further enhanced by 
a quasi-simultaneous application of different ultrasound waves, known as the local dynamic micro-massage (LDM) 
technology.20 These properties of the high-frequency LDM waves warrant their application for aesthetic indications such 
as cellulite and skin tightening.

The main problem with existing treatment options for cellulite is the low sustainability of treatment outcomes, which 
usually disappear relatively quickly after the cessation of treatment.21 This demands regular maintenance treatments and 
substantially reduces the acceptance of existing anti-cellulite treatment methods by patients. In this retrospective long-
itudinal case-series study, we applied triple-frequency LDM (TF-LDM) waves with frequencies of 1/3/10 MHz or 3/10/ 
19 MHz for the treatment of cellulite to reveal the effect of these waves on cellulite skin and assess the sustainability of 
treatment outcomes using photonumeric assessment and sonoelastography during long-term follow-up controls.

Methods
Participants
Twenty Caucasian females with mild-to-severe gynoid lipodystrophy aged 27–53 years who received the monotherapy of 
cellulite with TF-LDM were included in this study (Table 1). Participants # 2 and #19 demonstrated a high laxity of the 

Table 1 Subjects and Their Treatment Parameters

Subject Age, year Sessions Follow-up, Months

1 34 8 8.5

2 53 8 18.0

3 41 10 17.0

4 39 10 17.0

5 28 10 11.0

6 46 10 6.5

7 36 10 9.5

8 37 10 10.5

9 33 10 10.0

10 47 10 3.0

11 48 10 4.5

12 52 10 6.0

13 48 10 6.5

14 39 10 5.5

15 52 10 6.0

16 40 8 10.0

17 35 10 4.0

18 36 10 4.5

19 45 10 5.0

20 27 10 4.0
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skin at baseline and were diagnosed with undifferentiated connective tissue dysplasia (UCTD). Individuals who did not 
finish the treatment course, individuals with advanced-stage lipoedema, and individuals who received cellulite treatment 
with any other treatment methods during the last year were excluded from this study. Written informed consent was 
obtained from all patients.

Study Design
This was a single-centre, retrospective, pragmatic, longitudinal case-series clinical study. Because the participants could 
clearly identify the treatment with ultrasound waves,22 neither the participants nor the study nurses or doctors were 
blinded. The study was conducted with a LDM Triple device operating with TF-LDM waves of 1/3/10 MHz and 3/10/19 
MHz (Wellcomet GmbH, Germany). In the LDM technology, the single ultrasound frequencies alternate quickly (every 
1–10 ms) (Figure 1). Because neither the cells nor the tissues can develop a full reaction to a single mechanical impact of 
several milliseconds, they are forced to react simultaneously to all applied frequencies, producing the effect that was 
named “biological interference”.

The treatments were provided at the DK Forma Clinic (St. Petersburg, Russia). All individuals were treated 1–2 times 
per week for 8–10 sessions (Table 1). As demonstrated in a preliminary pilot study conducted with LDM Triple device by 
Dr. Kim Sojung (Llas Clinic, Seoul, Korea), this number of sessions was sufficient to provide stable improvement in 
cellulite appearance (personal communication). During the treatment, the whole affected gluteofemoral area and the 
thighs were treated uniformly with a standard program “Cellulite” operating with the following treatment parameters: 1/3 
MHz (1.5/1.5 W/cm2, 6 min), 1/3/10 MHz (1.5/1.5/1.5 W/cm2, 6 min) on each side of the body, which made this study to 
a pragmatic one. All participants received several follow-up controls, with the last follow-up ranging from 3 months to 
18 months after the last treatment (Table 1). Additionally, three individuals (#11-13) were treated contra-laterally with 
TF-LDM waves of 1/3/10 MHz and 3/10/19 MHz to compare the effects of TF-LDM waves with different penetration 
depths and thus different energy distributions in the composite skin/WAT. The sides of the TF-LDM application in these 
three patients were randomized. A standard ultrasound gel without any additional pharmacological drugs was used as the 
coupling medium.

Figure 1 Wave formation in triple-frequency LDM modus: (top) – 1/3/10 MHz, (bottom) - 3/10/19 MHz.
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Clinical Assessment
All participants who completed the treatment course were evaluated at three time points: baseline (T1), on the day of the 
last treatment (T2), and during the last follow-up (T3). Intermediate follow-up controls were documented, but not 
evaluated in this study. Cellulite severity was assessed by six independent clinicians using the five-grade Clinician- 
Reported Photonumeric Cellulite Severity Scale (CR-PCSS) (0 - none, 1 - almost none, 2 - mild, 3 - moderate, 4 - severe) 
developed and validated to evaluate cellulite severity in the gluteofemoral area.23,24 Pre- and post-treatment photographs 
of the affected gluteofemoral areas were taken in a special room to avoid the influence of outside light conditions. Patient 
satisfaction was evaluated using a 10-grade GAIS scale, ranging from 0 to 10 (0 - dissatisfied; 10 - fully satisfied).

To objectify the treatment outcomes, 17 participants underwent B-mode ultrasonography at baseline and during 
follow-up using an ultrasound scanner model HS50 (Samsung Medison, Republic of Korea). The modification of soft 
tissue caused by the application of TF-LDM waves was investigated using real-time compression elastography, which 
allows simultaneous display of B-mode images and sonoelastograms. Tissue stiffness was visualized using the 
ElastoScanTM technique (linear array probe LA3-16A operating with frequencies of 3.0–16.0 MHz) based on the strain 
elastography method, which allows the conversion of the strains induced in the soft tissue by ultrasound waves into 
colour images (red - very low, yellow - low, green - intermediate, blue - high stiffness). Elasticity of the dermis and 
adipose tissue was assessed using a 5-grade scale: 1 - predominantly red, 2 - mixed yellow/red, 3 - mixed green/yellow, 4 
- mixed blue/green, and 5 - predominantly blue. Assessment was performed for six areas (gluteal left/right, femoral left/ 
right, and lateral left/right) at baseline and follow-up. The corresponding areas are displayed in the upper-right corner of 
the sonoelastographic images. Ultrasonographic and sonoelastographic investigations were performed by the North-West 
Public Health Research Center (St. Petersburg, Russian Federation), which explains why the follow-up terms for 
sonoelastography deviated from the follow-up terms for the photonumeric assessment in the same patients.

Statistical Analysis
Statistical analysis was performed using statistic software RStudio (Posit PBC, Boston, USA) ver. 2023.09.1+494 (IBM), 
by Easy Statistik (Aachen, Germany). Data were calculated for each participant and for the whole cohort at all three time 
points T1-T3 and expressed as the mean ± standard deviation. To increase the probability of recognition of the small 
effects, especially between the time points T2 and T3, we have applied the cohort analysis, which considers all 
assessments for all patients and allows to significantly increase the sample size and correspondingly the statistical 
power. Since preliminary assessment of the distribution of the CR-PCSS scores using the Shapiro–Wilk test demonstrated 
a non-normal distribution of variables, the non-parametric Wilcoxon signed-rank test with continuity correction was 
applied to compare the CR-PCSS scores at baseline and after the TF-LDM treatment course as well as during the last 
follow-up control for the single participants and for the whole cohort. Quantile-quantile plots were used to assess the 
distribution of CR-PCSS data at each time point T1-T3. The same Wilcoxon test was applied to compare the elastic 
scores of the dermis and SAAT at baseline and during follow-up. The Bayesian t-test was applied to verify the statistical 
significance of the data obtained using the Wilcoxon test for elastic scoring. Differences were considered statistically 
significant at p < 0.05.

Results
Photonumeric Assessment
The descriptions of the patients, their treatments, and follow-up data are presented in Table 1. In this study, the age of the 
participants was 27–53 (40.80 ± 7.58) years. They received 8–10 (9.6 ± 1.0) treatments with TF-LDM and had the 
multiple follow-up controls with the last follow-up ranging between 3 and 18 (8.35 ± 4.44) months after the last 
treatment (Table 1).

The CR-PCSS assessments provided by six clinicians at time points T1-T3 are presented in Table 2. The average 
values of CR-PCSS (T1), CR-PCSS (T2) and CR-PCSS (T3) for the total cohort of participants were 2.22±0.82, 1.18 
±0.77, and 0.84±0.77, respectively. This corresponds to the skin improvement of 0.93±0.27 between T1 and T2, of 1.38 
±0.47 between T1 and T3, and of 0.33±0.38 between T2 and T3. These results are shown in Figure 2.
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Patients #2 and #19, who were diagnosed with UCTD, had slower improvement than other participants. Patient #2 
was the only participant who demonstrated a decrease in treatment outcome in a late follow-up of 18 months (1.67±0.52) 
compared to the outcome observed on the day of the last treatment (1.00±0.00).

Ultrasonographic Investigation
The application of real-time compression sonoelastography allows the simultaneous display of B-mode images and 
sonoelastograms (Figure 3). Ultrasonographic investigation of cellulite skin in B-mode revealed that the dermal- 
hypodermal interface in untreated patients with cellulite has an irregular structure. The superficial fascia demarcating 
the boundary between the SAAT and the sWAT appeared at baseline as a thin hyperechogenic layer. After 8–10 
treatments with TF-LDM, the dermal-hypodermal interface was reinforced and appeared as a regular structure, whereas 
the superficial fascia appeared thicker than at baseline.

Sonoelastographic visualization of tissue stiffness with ElastoScanTM in intact cellulite skin revealed multiple areas of 
reduced stiffness in the dermis and SAAT as well as weak structures of the superficial fascia, which were colored yellow 
and/or red. The stiffness of the dermis and SAAT significantly increased after treatment with TF-LDM waves, as 
indicated by the appearance of green and blue colours in the corresponding sonoelastographic images. Assessment of 

Table 2 Assessment of the Cellulite Severity at Baseline (T1), 
on the Day of the Last Treatment (T2) and During the Last 
Follow-Up Control (T3)

Patient CR-PCSS (T1) CR-PCSS (T2) CR-PCSS (T3)

1 2.17±0.75 1.17±0.75 0.83±0.41

2 2.00±0.00 1.00±0.00 1.67±0.52

3 2.50±0.55 0.50±0.55 0.17±0.41

4 1.50±0.55 1.00±0.00 0.33±0.82

5 2.50±0.55 1.17±0.41 1.00±0.00

6 3.33±0.52 2.17±0.41 1.00±0.00

7 1.00±0.00 0.33±0.52 0.00±0.00

8 2.00±0.00 1.00±0.00 0.83±0.41

9 1.33±0.52 0.33±0.52 0.00±0.00

10 2.33±0.52 1.33±0.52 1.00±0.00

11 3.17±0.41 2.00±0.00 1.00±0.00

12 4.00±0.00 3.00±0.00 3.00±0.00

13 3.33±0.52 2.33±0.52 2.00±0.00

14 2.17±0.41 1.17±0.41 0.83±0.41

15 2.33±0.52 1.33±0.52 0.50±0.55

16 1.00±0.00 0.00±0.00 0.00±0.00

17 2.00±0.00 1.00±0.00 1.00±0.00

18 1.50±0.55 0.50±0.55 0.00±0.00

19 2.83±0.41 1.83±0.75 1.50±0.55

20 1.33±0.52 0.33±0.52 0.17±0.41
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elasticity of the dermis and SAAT using the 5-grade coloration scale revealed significant reinforcement of both tissues as 
well as of the superficial fascia at follow-up as compared to their baseline values (see Table 3 and Figure 4). The average 
values for elastic scores before and after treatment with TF-LDM waves were 2.96±0.54 vs 4.08±0.48 (dermis) and 2.91 
±0.65 vs 3.91±0.60 (SAAT). These improvements were statistically significant with p < 0.001.

Because of a very high significance of the results for elastic scoring presented in Table 3, we verified them by 
applying the Bayesian t-test. Bayes factors calculated for different areas of the dermis and SAAT (see Table 3) for the 
paired data at baseline vs follow-up were far above the critical value of 100 that is in the theory considered as “decisive” 
for the evidence for existing treatment effect, which additionally supported a significant modification of the elasticity in 
the dermis and SAAT after treatment with TF-LDM waves.

Typical modifications of the cellulite skin and sonoelastographic images before and after application of TF-LDM 
waves observed in this study are shown in Figures 5 and 6. Figure 5 demonstrates the photographs of patient #11 at 
baseline, after 10 treatments with TF-LDM at 1/3/10 MHz (left side) and 3/10/19 MHz (right side), and at 4.5 months 
follow-up for the relaxed and pinched gluteofemoral area. The average CR-PCSS score by this patient was improved 
from 3.17±0.41 at baseline to 2.00±0.00 after treatment (p < 0.05) and further to 1.00±0.00 at 4.5 months follow-up 
control (p < 0.05). Figure 6 presents sonoelastographic images for different parts of the gluteofemoral area of the same 
patient before and after treatment with TF-LDM waves. It can be clearly seen that TF-LDM treatment significantly 
increased the stiffness of the soft tissue, which was especially pronounced in the dermis and SAAT. At the same time, 
application of TF-LDM waves of 3/10/19 MHz (a-d) resulted in a distinctly stronger increase in the stiffness of the 
dermis and SAAT as compared to the TF-LDM waves of 1/3/10 MHz (e-h).

Examples of the treatment outcomes obtained in this study are shown in Figures 7–11. These results demonstrate 
a photonumeric improvement in the cellulite skin and an objective increase in the stiffness of the soft tissue in the 
targeted area after treatment with TF-LDM waves.

Satisfaction of Participants with Treatment Results
Cellulite treatments with TF-LDM waves of both 1/3/10 MHz and 3/10/19 MHz had no side effects, were pain-free, well 
tolerated, and highly accepted by participants. A majority of the patients reported sufficient improvement in their 
psychosocial state and self-confidence after treatment. Assessment of the satisfaction of participants with treatment 

Figure 2 The mean CR-PCSS values were evaluated at the time points T1, T2, and T3. All CR-PCSS differences between the scores at T1 and T2, T2 and T3, and T2 and T3 
(calculated for the entire cohort of participants) were highly statistically significant (p < 0.0001).
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results provided on the basis of a 10-grade GAIS scale between 0 and 10 revealed an average satisfaction of 8.95 ± 1.49 
(ranged between 5 and 10), whereas 11 participants scored their satisfaction with 10, three with 9, and three with 8. Three 
other participants (#14, #18, and #19) assessed their satisfaction with 7, 6, and 5 points, respectively, which highly likely 
reflects their false expectations. For illustration, Figure 12 shows photographs and sonoelastograms of participant #18 
(satisfaction score 6) at baseline and at follow-up control 4.5 months after the last treatment.

Figure 3 B-mode images and elastograms obtained using real-time sonoelastography: (a) at baseline and (b) at 4.5 months follow-up after 10 TF-LDM. B-mode images 
demonstrate the changes in echogenicity of the skin and subcutaneous adipose tissue as well as in the structure of superficial and deep fascia. The colour bar on the upper 
right of the images shows the scale of the relative stiffness of the tissue.

Table 3 Elastic Scores (ES) of the Dermis and SAAT at Baseline and During the Follow-Up Sonographic Investigation

Area ES SAAT at Baseline ES SAAT at Follow-up ES dermis at Baseline ES dermis at Follow-up

Gluteal, left 3.00±0.61 4.00±0.61* 3.06±0.43 4.24±0.56*

Gluteal right 2.94±0.65 3.88±0.60* 3.12±0.33 4.12±0.33*

Lateral, left 2.71±0.59 3.82±0.53* 2.82±0.53 4.00±0.35*

Lateral, right 2.94±0.56 3.82±0.53* 3.00±0.50 4.06±0.56*

Femoral, left 2.82±0.81 4.06±0.56* 2.94±0.75 4.06±0.56*

Femoral, right 3.06±0.66 3.88±0.78* 2.82±0.64 4.00±0.50**

Notes: Statistical differences between baseline and corresponding follow-up: *) p < 0.001 and **) p < 0.002.
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Discussion
As demonstrated in previous studies, LDM waves can be effectively used for treatment of different skin 
conditions.20,25,26 The results obtained in the present study demonstrated a significant improvement of the cellulite 
skin after treatment with TF-LDM with frequencies of 1/3/10 MHz and 3/10/19 MHz. The CR-PCSS scores, as assessed 
by six independent therapists, improved in all 20 patients. Specifically, there was an improvement of CR-PCSS score of 
0.93±0.27 (p < 0.0001) between T1 and T2, of 1.38±0.47 (p < 0.0001) between T1 and T3, and of 0.33±0.38 (p < 0.0001) 
between T2 and T3. Thus, the average improvement in cellulite skin between the baseline and follow-up controls was 
more than one grade in accordance with the CR-PCSS scale.

Earlier, the extracellular glycoprotein fibulin-3 (EFEMP1) was reported to be significantly reduced both in cellulite 
skin and in fibrous septa.13 Generally, such deficiency of EFEMP1 causes a reduction of elastic fibers leading to the 

Figure 4 Elastic scores of the dermis and SAAT for six investigated areas (gluteal, lateral, and femoral) at baseline and follow-up: (a) dermis, (b) SAAT.
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development of weakness of the fascia, tissue herniation and even to prolapse.27 Mechanical loading up-regulates 
EFEMP1 expression,28 thus reversing the morphological modifications caused by EFEMP1 deficiency. In this study, 
such mechanical loading was provided by application of TF-LDM waves; however, it should be noted that the strains 
induced by these waves in the soft tissue are frequency dependent.17 The stiffness of the superficial fascia was improved 
after treatment with TF-LDM waves, which strongly suggests that TF-LDM waves effectively modulate EFEMP1 
expression in the skin and WAT; however, this issue requires additional validation in future research.

Sonoelastography revealed a highly significant increase in the stiffness of the dermis and SAAT after treatment with TF- 
LDM waves (Table 3) which correlated with improvement in the optical cellulite appearance (see Figures 6, 7 and 9–12). 
Additionally, objective control provided with ultrasonography in B-mode demonstrated that application of TF-LDM waves 
sufficiently improved the dermal-hypodermal interface, which was modified from irregular to an even and continuous 
boundary. This confirms our previous assumption that the main targets in cellulite must be the reinforcement of the 
epidermis, dermis, SAAT, and dermal-hypodermal interface.1 Such reinforcement causes a reduction in the protrusions of 
SAAT into the dermis, thus reducing the internal pressure on the skin surface and simultaneously increasing the resistance 
of the skin to deformations caused by residual protrusions.

Comparison of the sonoelastograms in participants treated contralateral with TF-LDM waves of 1/3/10 MHz and 3/ 
10/19 MHz demonstrated that the application of TF-LDM at 3/10/19 MHz produced much stronger reinforcement of the 
upper layers of the skin/WAT composite, especially of the epidermis, dermis, and SAAT (Figure 6). This effect should be 
connected to both the frequency-dependent absorption of ultrasound waves in the skin and WAT and to a stronger 
mechanical effect induced by ultrasound waves of higher frequencies. Indeed, ultrasound waves with frequencies of 1 
MHz, 3 MHz, 10 MHz, and 19 MHz have the half-value penetration depths in the body of about 30 mm, 10 mm, 3 mm 

Figure 5 Patient #11: (a and d) at baseline, (b and e) after 10 treatments with TF-LDM of 1/3/10 MHz (left side) and 3/10/19 MHz (right side), (c) at 4.5 months follow-up; 
(a-c) relaxed, (d-f) pinched.
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Figure 6 Sonoelastographic images of different parts of the gluteofemoral area (shown in the upper right of the images) of patient #11: (a, c, e, g) at baseline; (b, d, f, h) 4.5 
months follow-up after 10 treatments with TF-LDM of 1/3/10 MHz (left side) and 3/10/19 MHz (right side); (a and b) and (c and d) - treatment with TF-LDM of 3/10/19 
MHz, (e and f) and (g and h) – treatment with TF-LDM of 1/3/10 MHz.

Figure 7 Patient #4: (a) at baseline, (b) after 10 treatments with TF-LDM of 1/3/10 MHz, (c) at 17 months follow-up; (a–c) relaxed. Sonoelastography (d) at baseline and (e) 
at 5 months follow-up.
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and 1.5 mm, respectively, which means that application of the TF-LDM waves of 1/3/10 MHz and 3/10/19 MHz allows 
different in-depth treatment of the cellulite skin.

Structural modifications of the dermis and SAAT provided by TF-LDM waves were remarkably long-lasting. The last 
follow-up control in participating individuals ranged between 3 to 18 months and was in average 8.35 ± 4.44 months after the last 
treatment. In these controls, 16 participants demonstrated further improvement, and 3 participants had the same treatment 
outcomes as on the day of the last treatment. Only participant #2 (who was diagnosed with UCTD) demonstrated a reduction in 
treatment outcome at 18 months follow-up compared with the cellulite state after the last treatment. This distinguishes this 

Figure 8 Patient #6: (a) at baseline, (b) after 10 treatments with TF-LDM of 1/3/10 MHz, (c) at 6.5 months follow-up; (a–c) relaxed.

Figure 9 Patient #12: Contralateral treatment with TF-LDM of 1/3/10 MHz (left side) and TF-LDM of 3/10/19 MHz (right side): (a) at baseline, (b) after 10 treatments, (c) at 
3.5 months follow-up; (a–c) pinched. Sonoelastography (d) at baseline and (e) at 2.0 months follow-up.
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Figure 10 Patient #14: (a) at baseline, (b) after 10 treatments with TF-LDM of 1/3/10 MHz, (c) at 5.5 months follow-up; (a–c) pinched. Sonoelastography (d) at baseline and 
(e) at 5.5 months follow-up.

Figure 11 Patient 17: (a) at baseline, (b) after 10 treatments with TF-LDM of 1/3/10 MHz, (c) at 4.0 months follow-up; (a–c) pinched. Sonoelastography (d) at baseline and 
(e) at 3 months follow-up.
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method from other cellulite treatment options, which normally demonstrate a decay in treatment outcomes with a relatively short 
time constant of several months.

Remarkably, we were not able to detect any significant decay in treatment outcomes by participants (except patient #2 
with UCTD) even during long-term follow-up controls, which could be mainly explained by a very strong reinforcement 
of the dermis and SAAT observed sonoelastographically in patients treated with TF-LDM waves (Table 3).

The results obtained in this study demonstrate that the application of TF-LDM waves with higher frequencies of 3/10/ 
19 MHz produces more pronounced treatment outcomes in the dermis and superficial WAT, while the lower frequencies 
of 1/3/10 MHz produce an additional improvement in the stiffness of subcutaneous WAT, which highlights that the 
application of both waves can lead to further improvement of treatment outcomes. This topic should be investigated 
further in future studies. Another open question remains whether an additional treatment course with TF-LDM waves can 
further improve the state of cellulite.

As we argued earlier, appearance of cellulite should be connected with selective accumulation of endogenous endotoxins 
in gfWAT leading to production of the low-grade inflammation in this fat depot.1 This effect is induced by translocation of 
endotoxins from intestine into circulation caused by decreased barrier function of the intestine (“leaky gut” phenomenon) and 
sufficiently contributes to development of obesity and associated diabetes as well as of lipedema.2 In females, such 
translocation occurs recurrently during the T4 sub-phase of the menstrual cycle before the onset of menses, which means 
that menstrual cycle affects not just endometrium but also the gut permeability.29 Gut permeability also increases during the 
menopause.30 Moreover, this “leaky gut” phenomenon is less pronounced in eumenorrheic women than in women taking oral 
contraceptive pills.31 These new insights can substantially influence the treatment strategy for cellulite in the future since the 
management of endotoxemia can make the treatment outcomes more long-lasting.

Figure 12 Patient #18: (a) at baseline, (b) after 10 treatments with TF-LDM of 1/3/10 MHz, (c) at 4.5 months follow-up; (a–c) relaxed. Sonoelastography (d) at baseline and 
(e) at 4.0 months follow-up.
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This study has several limitations. First, this was a retrospective case-series study which did not allow any analysis of 
additional parameters such as demographic data or influence of UCTD. Second, the presented cohort of patients demonstrated 
a high variability of follow-up times ranged between 3 to 18 months (8.35 ± 4.44 months), which did not allow to make a precise 
and statistically supported conclusion about the characteristic decay times of treatment outcomes. Third, a relatively small sample 
size and retrospective type of the study did not allow a reliable statistical evaluation to answer the question how the number of 
treatment sessions influence the treatment outcomes and their stability. Additional studies will be needed to address these open 
question.

Conclusion
This clinical study demonstrated that application of TF-LDM waves of 1/3/10 MHz and 3/10/19 MHz produces 
a sufficient improvement in the cellulite skin, which is mainly caused by significant reinforcement of the dermis and skin- 
associated adipose tissue that connects the dermis with the superficial fascia. This modification has a long-term character 
and demonstrates progressive development that continues for at least over 6 months after cessation of treatment. This 
treatment method was highly accepted by participants who reported not only a high satisfaction with the treatment 
results, but also an improvement in their psychosocial state.
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