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ABSTRACT

Objective: To quantitatively assess the temporal evolution of the electrolytic ultrasonographic effect induced by
percutaneous electrolysis on cadaveric patellar tendons, and to compare the behavior of three different applica-
tion protocols.

Methods: An in vitro experimental study was performed on three cadaveric patellar tendons. Three percutaneous
electrolysis protocols were applied: Dose A (3 impulses x 3 seconds x 3 mA), Dose B (3 impulses x 3 seconds x 3 mA
plus a three-needle bath at 1 mA up to 1,000 mJ), and Dose C (three-needle bath at 1 mA up to 14,000 mJ). The
electrolytic effect was quantified using ultrasound image analysis at multiple time points: pre-treatment, imme-
diately post-treatment, and at 0.5, 1, 2, 3, 4, 5, 10, 20, 30, 60, 360 (6h), 720 (12h), and 1,440 minutes (24h). Graphical
inspection and curvilinear regression models were used to describe the temporal dynamics of each protocol.

Results: Dose A showed a stable, reproducible response, with a peak effect at 20 minutes (value: 5.60), followed by
a gradual return to baseline at 360 minutes (6 hours). Dose B exhibited greater variability but returned to baseline
by 360 minutes. Dose C revealed the greatest dispersion, with high peaks (8.50 at 20 minutes) and persistent nega-
tive values at 24 hours, without evidence of stabilization. Quadratic and cubic models provided the best fit for Dose
A, while lower fitting was observed for Doses B and C.
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Conclusions: The temporal pattern of the electrolytic effect varies notably depending on the protocol used. Quan-
titative ultrasound imaging provides an objective, non-invasive method for monitoring changes during percutane-
ous electrolysis therapy.

Keywords: Percutaneous electrolysis, dosing, quantitative ultrasound, galvanic current, tendinopathy.

1. Introduction

Therapeutic percutaneous electrolysis has become a reference technique in the treatment of
various musculoskeletal disorders'”, particularly due to its ability to induce a controlled electro-
chemical response through the application of galvanic current via a dry needling procedure'®.
This process triggers a localized redox reaction that leads to molecular decomposition of the
target tissue, resulting in the release of hydrogen, sodium, and other gaseous by-products,
which are detectable via ultrasound imaging'* "

In tendinopathies and soft tissue injuries, percutaneous electrolysis has demonstrated effi-
cacy in modulating the inflammatory response, stimulating neocollagenesis, and promoting
tissue repair®”. However, the optimal definition of treatment parameters, especially current
intensity, exposure time, and total delivered charge, remains an open question'*?. Current clin-
ical protocols often rely on standardized configurations***?, without considering how specific
combinations of intensity and time dynamically affect the tissue response. Tendons are among
the most frequently treated structures, particularly in chronic cases characterized by fibrotic
and disorganized connective tissue'®*'% While several studies have suggested that electrolysis
can support tendon regeneration, the available clinical evidence remains limited and highly
heterogeneous, especially regarding ultrasound changes and their correlation with long-term
outcomes®*,

Some modern devices incorporate dosing systems based on tissue resistance, allowing for
more precise adjustment. However, none of these approaches currently considers the ultra-
sound response as an objective criterion for dosage control*?. Given that electrolysis induces
visible ultrasound changes'*, primarily the appearance of microbubbles and tissue gasifica-
tion, quantifying this effect could serve as a useful biomarker to guide real-time dosage strate-
gies?. Moreover, excessive gas accumulation may saturate the ultrasound field, compromising
procedural monitoring. It is therefore crucial to examine how the combination of parameters,
particularly current intensity and duration, influences the magnitude and evolution of ultra-
sound changes. Establishing whether a threshold exists beyond which gas saturation impairs
visibility could be essential for safe and effective treatment planning®. In clinical settings, this
gas-induced echogenicity may become a quantifiable variable to assess the adequacy of the
applied dosage.

Although the gasification effect produced by percutaneous electrolysis is readily observable in
real-time ultrasound during clinical procedures, experienced practitioners often report that this
echogenic response progressively fades over time, typically within hours after the intervention.
Despite being a consistent clinical observation, to the authors’ knowledge, no previous study
has systematically evaluated the temporal resolution of these ultrasound-visible changes. Un-
derstanding the natural course of this echogenic washout is crucial, as it may reflect the tissue’s
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recovery dynamics and influence the timing of subsequent treatment sessions. Furthermore,
characterizing this phenomenon could offer valuable insights into the optimal interval between
applications, particularly in protocols involving multiple treatment sessions. Quantifying the
washout time of the gas-induced ultrasound signal thus represents a novel and potentially im-
pactful approach to refining dosage strategies and personalizing patient care.

In this context, the present study aims to quantitatively analyze the temporal evolution of ul-
trasound changes induced by percutaneous electrolysis in cadaveric patellar tendon tissue. A
dedicated ultrasound analysis tool developed by our team, UZ eDose, was used to quantify the
echogenic changes caused by gas formation objectively". The study compares three clinical
application protocols to identify dose-dependent patterns and assess the stability and duration
of ultrasound-detected effects. This approach may support the development of more personal-
ized and objective dosage models, grounded in the physiological response of the treated tissue.

2. Materials and Methods

2.1 Study Design

An in vitro experimental study was designed to analyze the temporal evolution of the electrolyt-
ic effectinduced by percutaneous electrolysis on cadaveric tendon tissue. Three different elec-
trolysis protocols (Doses A, B, and C) were applied to cadaveric patellar tendons. The galvanic
effect was objectively quantified through ultrasound image analysis using a custom-developed
tool, UZ eDose. This tool enables quantitative measurement of the degree of electrolysis—re-
flected as tissue gasification on ultrasound—by providing a score directly associated with the
intensity of the galvanic effect. Ultrasound measurements were taken at multiple time points
after electrolysis to track the effect's evolution and estimate the time required for the tissue to
return to baseline. This study is part of a research project approved by the Local Ethics Com-
mittee of Universitat Internacional de Catalunya (CBAS-2023-11). All procedures followed good
scientific practice guidelines for the handling of biological samples, ensuring data reliability
and reproducibility.

2.2 Participants

Three human cadaveric patellar tendon samples were used. The samples were stored at =20 °C
and thawed at room temperature for 48 hours before experimentation. There were no marks
indicating surgical procedures in the area.

2.3 Variables and Follow-up

Each tendon received one randomly assigned electrolysis protocol (Dose A, B, or C). Dose A
consisted of a standard electrolysis application using 3 impulses of 3 seconds each at 3 mA (the
3x3x3 protocol). Dose B combined the standard 3x3x3 protocol with a subsequent bath using
three needles, applying a continuous current of 1 mA until a total energy of 1,000 mJ was de-
livered. Dose C consisted exclusively of the three-needle bath protocol at 1 mA, applied until a
cumulative energy of 14,000 mJ was reached, without the initial standard application.
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For each intervention, the tendon was positioned to replicate standard clinical conditions, with
a consistent 15° knee flexion angle across all samples. The procedure was performed under
ultrasound guidance in a longitudinal view of the patellar tendon, using an in-plane approach,
with needle insertion from distal to proximal. The galvanic current was applied by a specialist
with over 10 years of experience in ultrasound-guided invasive techniques and specific exper-
tise in percutaneous electrolysis. The needles used were 40 mm long and 0.30 mm in diameter
(Agupunt®), and current was delivered using the Bipolar System, a device designed for con-
trolled application of galvanic current.

Quantitative ultrasound assessments using UZ_eDose were performed at the following time
points: pre-treatment (baseline, without electrolysis), and post-treatment at 0 minutes (base-
line), 30 seconds, 1, 2, 3, 4, 5, 10, 20, 30 minutes, and 1, 6, 12, and 24 hours. Imaging was per-
formed with a GE Vscan portable ultrasound device immediately after each application (Figure
1). Longitudinal in-plane images were acquired, selecting the best available frame that accu-
rately captured the treated area. Ultrasound evaluation was performed by an expert with over
15 years of experience in musculoskeletal (MSK) ultrasound, ensuring consistent and reliable
interpretation of the echogenic changes.

Allimages were quantified using UZ eDose, a specific function of the UZ_gTool software, which
allows objective assessment of electrolysis-induced ultrasound effects in tendon tissue. The
software extracts quantitative metrics from the ultrasound image, providing detailed informa-
tion on changes in texture, echogenicity, and internal tendon structure following galvanic stim-
ulation. Higher UZ eDose scores correspond to greater electrolysis effect, specifically indicating
increased hydrogen release and tissue gasification. This quantification facilitates the identifica-
tion of response patterns and potential dosing thresholds based on tissue reaction.

Select one rectangle representative of the tissue quality

e
Rectangle Coordinates: x=395, y=155, width=102, height=60
Compute Data Continue

Figure 1. Gas analysis example with Uz e Dose.

2.4 Risk of Bias

Only three cadaveric patellar tendon samples were used. This limits generalizability and in-
creases susceptibility to bias from biological variability.

Subjectivity in Ultrasound Frame Selection: Although quantification is software-based, the op-
erator selected the "best available frame" from the longitudinal ultrasound images. This intro-
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duces subjectivity and potential for selection bias, especially if the evaluator was aware of the
treatment condition.

Single Evaluator: Ultrasound analysis was conducted by a single expert without cross-validation
by a second blinded rater. This limits reproducibility and raises the risk of confirmation bias.

No Blinding in Image Analysis: The expert conducting ultrasound assessments likely knew the
applied dose, which may have influenced frame selection or interpretation, even if unintention-
ally.

Absence of Control for Postmortem Tissue Degradation: Tendon tissue undergoes biochemical
and structural changes postmortem that could influence echogenicity or responsiveness to gal-
vanic current.

2.5 Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics version 29.0 (IBM Corp., Armonk,
NY, USA). Given the exploratory nature of the study and the availability of a single measurement
per dose and time point, the analysis used a descriptive, curve-fitting approach without apply-
ing inferential statistical tests.

First, the temporal evolution of the electrolytic effect, quantified by the UZ_eDose tool, was
graphically represented for each of the three electrolysis protocols to visualize the dynamics
and variability of the galvanic response over time. Multiple line graphs were generated, with the
X-axis categorically representing time points ensuring equidistant spacing regardless of actual
time in minutes, and the Y-axis showing the quantitative UZ_eDose values. The three doses
were plotted together in a single figure to facilitate visual comparison. The approximate time
at which the electrolytic effect returned to baseline levels was estimated for each dose through
visual analysis and linear interpolation between the closest data points to the baseline value.
Due to the lack of replicates and the exploratory design of the study, results were interpreted
descriptively, and no inferential statistical comparisons were conducted between doses.

Subsequently, mathematical modeling was applied to describe the temporal dynamics of the
observed effect at each dose. SPSS’s Curve Estimation procedure was used, with the dataset
segmented by dose to generate separate models for each protocol. Various regression models
were explored, including linear, logarithmic, exponential, quadratic, cubic, inverse, and power
functions, to identify the best-fitting model for the observed trend. For each model, the coeffi-
cient of determination (R?) and the statistical significance of the fit were recorded. The models
with the highest explanatory power (i.e., highest R?) were selected for descriptive interpretation.

3. Results
3.1 Temporal Evolution of the Ultrasound-Detected Electrolytic Effect
According to Dose

Displays the quantitative evolution of the electrolytic effect observed via UZ_eDose across the
three application protocols. The scores reflect the magnitude of the gasification effect observed
on ultrasound—higher values indicating a greater galvanic response due to hydrogen gas. For
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all groups, the pre-treatment value (0.64) corresponded to the baseline echogenicity of the ten-
don tissue in the absence of electrolysis. The subsequent measurements illustrate how each
dose induced distinct patterns of echogenic change over time (Table 1).

Table 1. Temporal evolution of the electrolytic effect (UZ_eDose values) for each dose protocol.

Pre Post
Time Inmed 30" 1 2’ 3 4 5 10’ 20’ 30’ 1h 6h 12h  24h
Dose A 0.64 231 359 357 242 457 377 264 484 56 2.22 196 064 064 064
DoseB 064 036 109 053 039 -1.55 196 353 034 041 424 442 064 064 064
DoseC 0.64 3.62 374 274 513 232 329 143 031 85 -0.85 311 525 302 -1.79

Values correspond to the quantitative scores obtained using the UZ_eDose tool. Higher scores indicate greater echogenic change consistent with
gasification. Pre-treatment value (Pre) reflects baseline tissue echogenicity without electrolysis. Dose A: 3x3x3 protocol. Dose B: combined the stan-
dard 3x3x3 protocol with a subsequent bath using three needles, applying a continuous current of T mA until a total energy of 1,000 mJ was delivered.
Dose C: consisted exclusively of the three-needle bath protocol at T mA, applied until a cumulative energy of 14,000 mJ was reached, without the initial
standard application.

Dose A (3x3x3 protocol) showed a gradual increase peaking at 20 minutes (5.60), followed by a
return to baseline between 6 and 12 hours. The baseline value was 0.64. Following application,
a progressive increase in the galvanic effect was observed, with a noticeable rise from the first
minutes and a peak around 20 minutes (5.60). Subsequently, a steady decline was observed,
with a return to baseline values beginning approximately 6 hours later. In other words, the
electrolytic effect induced by Dose A showed a gradual reduction, reaching values close to the
pre-treatment level around 360 minutes (6 hours), and remained stable thereafter.

Dose B demonstrated more variable responses, including negative values, but also normalized
by 6 hours. The pre-treatment value was also 0.64. In contrast to Dose A, the temporal evolu-
tion showed greater variability, including negative values at minute 3 (-1.55). Although peaks
of electrolysis were detected at minutes 5 (3.53) and 60 (4.42), no clear sustained trend was
observed. Eventually, asin Dose A, the values returned to baseline (0.64). That is, although Dose
B presented more variability over time, the ultrasound values also returned to baseline levels at
approximately 360 minutes, remaining stable thereafter.

Dose C (high cumulative charge via prolonged three-needle bath) produced the highest and
most persistent changes, with peaks at 20 minutes (8.50), sustained alterations up to 12 hours,
and incomplete normalization at 24 hours. The baseline value was again 0.64. After applica-
tion, the galvanic effect was more pronounced but less predictable. Starting at 0.64, there was
a sharp increase, reaching a peak at 20 minutes (8.50)—the highest value recorded across all
doses. However, the temporal evolution was highly irregular, with negative values at 30 min-
utes (-0.85) and even at 24 hours (-1.79). No consistent return to baseline values was observed,
with wide variability persisting at longer time points. In summary, Dose C did not show a sus-
tained return to pre-treatment levels. Although lower values were reached between 360 and 720
minutes, the pattern remained highly erratic, with marked fluctuations and negative scores still
present at the final time point evaluated (24 hours).

3.2 Model Fit and Temporal Evolution Analysis of the Electrolysis Degree
for Each Dose

Figure 2 displays the individual values obtained with the UZ eDose tool for each of the three
application protocols, without any model fitting, to visualize the dispersion and variability of
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the measurements. Given that only one measurement is available per time point, the results are
interpreted descriptively, without statistical inference, and serve to compare the temporal dy-
namics across the different doses visually. Dose A shows a greater concentration of high scores,
especially within the first 20-30 minutes, followed by an apparent decline starting around min-
ute 60. Dose B presents more dispersed values, with pronounced fluctuations and even neg-
ative scores at specific time points, reflecting a more irregular evolution. Dose C exhibits the
most extreme values, including high peaks (above 8) and negative scores, without a discernible
pattern of sustained decline, highlighting its greater variability.

10.00 Technique
3x3x3 mA
8.00 f @ 3x3x3 mA + 3-needle bath (up to 1.000 mJ)
! / @ 3-needle bath 1 mA (up to 14.000 mJ)
// \
[}) 6.00 /
wn
o] /'\ !
Qg 7\ / .
GJI SR Y/
N /,q A4 ./\ / \
2 200 / 'Y \ /’ \
| ] | /
.// L . y / S - \‘ oA
ooo| * L / \

. \
-2.00

Pre- 0" 30" 1 2 3 4 &5 100 200 30" 1h 6h 12h 24h

Treament .
Time moment

Figure 2. Dispersion of quantitative electrolysis scores (UZ eDose) for each dose at the different time points. Graphical representation of the
quantitative scores obtained with the UZ eDose tool across post-treatment time points for the three evaluated doses.

3.3 Dose A: Model Fit and Analysis

The first protocol (Dose A) exhibited a curvilinear pattern, with a progressive increase in UZ
eDose values, reaching a peak around the sixth point (4 minutes), followed by a gradual return
toward baseline. A model-fitting analysis was conducted to characterize the temporal evolution
of ultrasound-detected changes after applying Dose A (Table 2). Among the models tested (lin-
ear, logarithmic, exponential, quadratic, and cubic), the quadratic model showed the best fit,
with a coefficient of determination (R?) of 0.641 and statistical significance (p =0.002). This mod-
el suggests that the echogenic response evolves nonlinearly over time, following a trajectory
marked by an initial increase and a subsequent decline (or vice versa, depending on the direc-
tion observed in the graph). The cubic model also demonstrated a good fit (R* = 0.648), though
its greater complexity makes interpretation more challenging due to the number of parameters.

Table 2. Fit of different regression models to describe the temporal evolution of ultrasound changes following Dose A.

Model R? p-value
Linear 0.079 0.311
Logarithmic 0.000 0.953
Quadratic 0.641 0.002
Cubic 0.648 0.008
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Model R? p-value

Exponential 0.134 0.179

3.4 Dose B: Model Fit and Analysis

The second application, Dose B, exhibited greater variability, with values remaining close to
baseline for most of the follow-up period. As with the previous dose, various regression models
were applied to describe the temporal evolution of the quantitative ultrasound response (Table
3). Due to negative values in the measurements, models requiring strictly positive values—such
as exponential, logarithmic, power, compound, and logistic models—could not be computed.
Among the available models, the cubic model provided the best fit for this dose, with a coeffi-
cient of determination (R?) of 0.284, although it did not reach statistical significance (p = 0.280).
The quadratic model showed a lower fit (R* =0.121, p = 0.461), similar to the linear and inverse
models, which also presented low explanatory power (R*=0.079 and 0.047, respectively). These
findings suggest that the temporal evolution of the ultrasound-based variable in Dose B was
moreirregularand less clearly defined compared to Dose A, with no consistent curvilinear trend
observed during the follow-up period. The exponential model could not be computed because
the dataset contains negative values, which are incompatible with this type of regression anal-
ysis.

Table 3. Regression model fitting for the temporal evolution of ultrasound changes following Dose B.

Model R? p-value
Linear 0.079 0.310
Logarithmic 0.081 0.305
Inverse 0.047 0.440
Quadratic 0.121 0.461
Cubic 0.284 0.280
Exponential Not calculated -

3.5 Dose C: Model Fit and Analysis

Dose C also exhibited a more irregular behavior, with fluctuations over time. The same curve-fit-
ting procedure was applied to analyze the temporal evolution of the ultrasound-based vari-
able following the third dose (Table 4). However, the presence of negative values in the mea-
surements prevented the estimation of models that require exclusively positive inputs, such
as exponential, logarithmic, power, and logistic models. Among the models evaluated, none
provided an adequate fit to describe the temporal evolution for this dose. The quadratic model
yielded a coefficient of determination (R?) of 0.090, and the cubic model yielded an R* of 0.097,
both without statistical significance (p > 0.05). Linear and inverse models also showed poor fit,
with R? values of 0.016 and 0.011, respectively. These results indicate that the temporal evolu-
tion observed for Dose C does not follow a clear or consistent curvilinear pattern, suggesting
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greater variability or dispersion in the ultrasound measurements over time. The exponential
model could not be computed because the dataset contains negative values, which are incom-
patible with this type of regression analysis.

Table 4. Curve fitting of different regression models describing the temporal evolution of electrolysis degree for Dose C.

Model R? p value
Linear 0.016 0.658
Logarithmic 0.000 0.948
Inverse 0.011 0.707
Quadratic 0.090 0.569
Cubic 0.097 0.761
Exponential Not calculated -

4. Discussion

This study investigated the temporal evolution of the ultrasound-detectable effect of percuta-
neous electrolysis on cadaveric patellar tendon, using the UZ_eDose tool for quantitative as-
sessment. The three different protocols exhibited distinct behaviors. Dose A showed a more
stable and predictable pattern, with a progressive increase followed by a sustained return to
baseline approximately six hours post-treatment. Dose B presented greater variability but also
returned to near-baseline values within a similar time frame. In contrast, Dose C displayed a
more irregular response, with higher peaks, increased dispersion, and no consistent return to
baseline at later follow-up intervals.

The differences observed across protocols can be attributed to the distinct characteristics
of each percutaneous electrolysis application. Dose A, based on the classic 3x3x3 protocol,
elicited a more controlled and transient response, likely due to the short pulse duration and
moderate intensity, which tend to induce a localized and manageable galvanic effect. From a
physiological standpoint, this response aligns with previous literature indicating that moder-
ate-intensity galvanic current can generate a controlled inflammatory reaction that promotes
tissue repair without overwhelming the surrounding structures” . Dose B, which combined a
standard protocol with a low-intensity galvanic bath (1 mA up to 1,000 mJ), resulted in greater
variability. This may be explained by a cumulative effect, in which the initial inflammation was
enhanced by subsequent gas formation and pH alterations induced by the low-intensity bath.
At the chemical level, electrolysis generates hydroxide ions (OH") and hydrogen gas (H,) at the
cathode, as well as protons (H*) and oxygen gas (O,) at the anode, leading to pH shifts and the
formation of gas microbubbles within the tissue". These microbubbles are visible via ultra-
sound and represent a key indicator of the electrolytic effect'”; however, excessive accumula-
tion may interfere with the return to baseline and with quantification of the response. Dose C,
consisting solely of a high-dose, long-duration bath (14,000 mJ), exhibited an erratic pattern
and failed to return to baseline within the observation window. This may reflect tissue satu-
ration and extensive diffusion of electrochemical products, which could impair reabsorption
and stabilization. Prior studies have suggested that, beyond a certain threshold, the electrolytic
effect becomes so pronounced that it compromises ultrasound visibility due to excessive gas-
ification—particularly when combining long application times and higher intensities!”*”. This
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underscores the idea that not only the total dose (mC), but how the dose is delivered (i.e., the
interaction between time and intensity), plays a decisive role in shaping the magnitude and
behavior of the tissue response®. Moreover, some authors have reported that application time
alone may contribute meaningfully when ultrasound visibility is preserved, while its influence
diminishes when excessive gas formation limits assessment!”. This is consistent with our find-
ings, where Dose C may have exceeded this threshold, resulting in tissue saturation and a loss
of quantifiable signal stability.

To our knowledge, this is one of the first studies to objectively and quantitatively monitor the
time course of the ultrasound-visible effect induced by percutaneous electrolysis using a dedi-
cated tool such as UZ_eDose. While existing studies have provided qualitative or physiological
descriptions of tissue response'*”, few have focused on the temporal behavior of the effect
or its modulation by different dosing protocols. In a recent analysis, intensity emerged as the
most relevant parameter in explaining the magnitude of the ultrasound response, followed by
application time when visibility was preserved!”. Our results expand upon these findings by
showing how the temporal persistence of the galvanic effect also varies with protocol type, not
only in magnitude but in the dynamics of resolution. This aligns with previous experimental
findings in cells, where differences in biological markers (e.g., IL1B, LDH) were observed despite
identical total electrical charge, suggesting that intensity and time are not interchangeable®.
Our data further supports the concept of a saturation threshold, beyond which the electrolytic
effect becomes excessive and persistent. In Dose C, this likely explains the failure to return to
baseline within the monitoring period. This finding reinforces the importance of personalizing
electrolysis parameters not only by intensity and duration but also by considering their interac-
tions and cumulative effects over time. Significantly, such saturation points may compromise
ultrasound-based monitoring itself, highlighting the need to define maximum safe limits for re-
liable assessment*". By integrating temporal quantification and applying UZ_eDose to mon-
itor return-to-baseline dynamics, our study provides novel insight into the “washout” behavior
of the electrolytic effect—an aspect not addressed in most prior investigations. This may have
significant clinical implications for guiding treatment intervals and determining appropriate
dosing strategies.

Understanding the approximate "washout time" or return to baseline after electrolysis could be
critical for optimizing treatment frequency and tailoring protocols to individual responses. The
UZ_eDose tool could support real-time monitoring of the galvanic effect, facilitating personal-
ized decision-making based on objective data. The main strengths of this study include the use
of a validated, quantitative measurement tool (UZ_eDose) and a standardized experimental
design in cadaveric tissue, which enabled precise control over application parameters and tem-
poral measurements. Moreover, this study helps us understand the behavior of the gas effect at
different doses, showing that the effect is not proportional to intensity x time or to the accumu-
lated electrical energy, but rather exhibits a different behavior that we are not yet fully able to
explain. However, this study presents several limitations that must be acknowledged. First, the
lack of experimental replicates for each dose and time point prevents robust inferential analy-
sis and limits the generalizability of the findings. Each protocol was applied only once per time
interval, limiting the estimation of within-condition variability and confining the study to a de-
scriptive, exploratory level. Second, the in vitro model using cadaveric patellar tendon—while
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offering high control over application parameters—does not reproduce the full complexity of
in vivo biological responses. Key physiological mechanisms such as inflammation, cellular me-
tabolism, and tissue perfusion, which play a critical role in the regenerative processes triggered
by percutaneous electrolysis, are absent in this context. Postmortem tissue heterogeneity and
potential alterations related to storage conditions (e.g., temperature, hydration, pressure) may
have influenced ultrasound signal behavior and the evolution of the observed galvanic effect.
Future research should include a larger number of samples and replicate assessments, as well
as studies involving different tissue types and in vivo models. Validating UZ_eDose for clinical
monitoring could open new avenues for individualized and optimized electrolysis-based inter-
ventions. In addition, exploring the interaction between application parameters (intensity, du-
ration, pulse frequency) and the persistence of ultrasound-detectable changes could enhance
our mechanistic understanding of the technique.

5. Conclusions

This in vitro study provides a quantitative description of the temporal evolution of ultra-
sound-visible changes induced by percutaneous electrolysis on the cadaveric patellar ten-
don. Among the three protocols tested, Doses A and B returned to near-baseline values ap-
proximately 6 hours post-treatment. At the same time, Dose C exhibited greater dispersion and
lacked a consistent stabilization pattern. These findings suggest that the temporal profile of
electrolysis effects depends on the dosing strategy applied. Although promising, these results
must be interpreted with caution, given the limited sample size, absence of replication, and the
inherent constraints of an in vitro model. Nonetheless, the UZ_eDose tool appears to be a valu-
able resource for monitoring and quantifying the ultrasound-visible effects of percutaneous
electrolysis. Further validation and clinical application of this methodology could lead to more
personalized, evidence-based electrolysis protocols in musculoskeletal practice.
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