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SUMMARY:
This protocol describes a standardized, non-invasive method for assessing systemic microvascular function in human cutaneous microcirculation using laser speckle contrast imaging combined with pharmacological iontophoresis and physiological stimuli to evaluate microvascular reactivity in clinical research settings.

ABSTRACT:
Laser speckle contrast imaging (LSCI) is a high-resolution, non-invasive optical technique that enables real-time, full-field visualization of microvascular blood perfusion. This protocol presents a standardized methodology for evaluating systemic microvascular function in human cutaneous microcirculation using LSCI. Because measurements obtained with this technique are highly sensitive to environmental and physiological confounders, the protocol emphasizes strict standardization procedures to improve reproducibility and experimental reliability. The protocol details essential environmental controls, including room temperature stabilization at 23°C ± 1°C, participant positioning, acclimatization procedures, and minimization of external interference during image acquisition. The methodology integrates LSCI with two complementary provocative maneuvers to evaluate cutaneous microvascular reactivity. Post-occlusive reactive hyperemia is used to assess integrated microvascular reactivity, whereas iontophoresis-driven pharmacological challenges are used to evaluate endothelial function. Specifically, Acetylcholine is administered to assess endothelium-dependent vasodilation, and sodium nitroprusside is administered to assess endothelium-independent vasodilation. This step-by-step visualized protocol is intended to facilitate the adoption of standardized LSCI methodologies in clinical and translational research settings. The approach has been successfully applied to identify microvascular impairment in several clinical conditions, including resistant hypertension, diabetes, and coronary artery disease. By enabling reproducible and non-invasive assessment of microvascular reactivity, this methodology provides a valuable tool for investigating systemic vascular health, monitoring disease progression, and evaluating the efficacy of interventions targeting the microvasculature.

INTRODUCTION:
The primary goal of this protocol is to provide a standardized, reproducible methodology for assessing systemic microvascular function and reactivity using laser speckle contrast imaging (LSCI) coupled with physiological and pharmacological provocative maneuvers. The microcirculation, comprising terminal blood vessels—arterioles, capillaries, and venules—smaller than approximately 100 µm in diameter1, is the primary site of metabolic exchange and a critical determinant of peripheral vascular resistance2. Endothelial dysfunction in these small vessels often precedes macrovascular alterations and serves as an early biomarker for cardiovascular diseases, including hypertension, diabetes, and coronary artery disease3. Importantly, while microvascular impairment contributes significantly to end-organ damage, it acts in conjunction with macrovascular atherosclerosis and systemic chronic inflammation within a multifactorial disease process. Therefore, non-invasive assessment of microvascular reactivity is essential for both early diagnosis and monitoring of therapeutic efficacy in translational research4.

The rationale for using the cutaneous microcirculation as a surrogate for systemic vascular health lies in its accessibility and its role as a representative window into global endothelial function5,6. Traditionally, laser Doppler flowmetry (LDF) has been considered the gold standard for non-invasive cutaneous assessment7. However, LDF is limited by poor spatial resolution because it provides point-wise measurements that are highly sensitive to the inherent heterogeneity of skin perfusion8. In contrast, LSCI offers significant advantages by providing full-field, real-time visualization of tissue perfusion with high temporal and spatial resolution9. By analyzing the interference pattern generated by laser light scattering, LSCI enables simultaneous assessment of multiple vascular regions without requiring physical contact or exogenous dyes10,11.

Within the broader literature, the integration of LSCI with iontophoresis-driven pharmacological provocations, such as acetylcholine (ACh) and sodium nitroprusside (SNP), has been validated as a robust approach for evaluating endothelium-dependent and endothelium-independent vasodilatory pathways12,13. Furthermore, post-occlusive reactive hyperemia (PORH) provides an integrated assessment of microvascular reactivity involving endothelial mediators, neurogenic sensory nerves, and vascular smooth muscle function12. Despite its advantages, the high sensitivity of LSCI to environmental and physiological variability necessitates strict standardization procedures. This protocol addresses these challenges by detailing critical environmental controls, including room temperature stabilization at 23°C ± 1°C and standardized participant positioning, to improve intrasubject and intersubject reproducibility10. This methodology is appropriate for clinical and translational researchers seeking a methodologically grounded, non-invasive approach for investigating microvascular pathophysiology across diverse patient populations.

PROTOCOL:
All procedures involving human participants were performed in accordance with the ethical standards of the National Institute of Cardiology (Ministry of Health, Brazil), in compliance with national regulations (The National Ethics Committee for Research – INAEP – according to Law No. 14,874, May 2024) and the Declaration of Helsinki (revised 2024).

1. Participant Preparation and Environmental Control

1.1. Stabilize the examination environment

1.1.1. Stabilize the examination room temperature (RT; 23°C ± 1°C) using a dedicated thermostat to maintain a stable thermal environment.

1.1.2. Monitor the RT every 10 min using a calibrated digital thermometer (accuracy of ±0.1°C).

NOTE: Cutaneous microvascular function is highly sensitive to temperature fluctuations.

1.2. Prepare the participant before assessment

1.2.1. Instruct participants to refrain from smoking, consuming caffeine or alcohol, and performing vigorous exercise for 24 h before the assessment.

1.2.2. Instruct participants to fast for at least 2 h before the assessment while allowing water intake.

NOTE: The abstinence from caffeine and vigorous exercise minimizes external interference with cutaneous vascular tone. Caffeine, as an adenosine receptor antagonist, and exercise, through effects on sympathetic drive and thermoregulation, can induce sustained alterations in microvascular reactivity that persist for several hours after exposure4,14.

1.3. Position the participant for image acquisition

1.3.1. Position the participant’s non-dominant arm at heart level using body cushions to maintain the forearm in a horizontal and stable position.

1.3.2. Use the ventral surface of the forearm as the assessment site.

NOTE: The non-dominant forearm minimizes the influence of lateralized vascular remodeling associated with daily activities. The ventral forearm provides favorable anatomical characteristics for optical imaging, including lower hair density and reduced skin thickness, thereby minimizing signal artifacts and improving the reproducibility of iontophoretic drug delivery.

1.4. Allow cardiovascular stabilization

1.4.1. Maintain the participant at rest for at least 20 min before starting the microvascular recordings.

1.4.2. Restrict the participant from talking, moving the assessed limb, or using electronic devices during the rest period.

NOTE: The stabilization period minimizes autonomic and cardiovascular fluctuations before baseline acquisition.

1.5. Minimize motion artifacts

1.5.1. Place the participant’s non-dominant forearm on a vacuum-cushion system.

1.5.2. Adjust the cushion to maintain the ventral forearm surface in a stable horizontal position throughout image acquisition.

1.6. Prepare the skin surface

1.6.1. Select skin sites without visible hair for all measurements.

1.6.2. Remove hair using a surgical clipper 24 h before the assessment when necessary.

CAUTION: Do not use a razor for hair removal because skin irritation may interfere with microvascular measurements.

1.7. Measure arterial blood pressure

1.7.1. Select the cuff size according to the participant’s arm circumference.

1.7.2. Perform three consecutive blood pressure measurements using a calibrated automated oscillometric device with a 1-min interval between measurements.

1.7.3. Discard the first measurement and calculate the mean of the final two measurements to determine the mean arterial pressure (MAP), according to ESC/ESH and AHA cardiovascular guidelines.

2. LSCI System Setup and Software Configuration

2.1. Prepare the LSCI system

2.1.1. Switch on the LSCI system at least 10 min before image acquisition to allow stabilization of the laser source.

2.1.2. Verify laser stabilization using the software status indicator before starting the recording.


2.2. Position the laser head
2.2.1. Position the laser head directly above the participant’s forearm.

2.2.2. Adjust the laser head to a distance of exactly 15 cm from the skin surface using the manufacturer-provided distance-measuring tool (Figure 1A)

[Place Figure 1 here]

NOTE: Maintaining a fixed acquisition distance ensures optimal image focus and a consistent field of view between participants.

2.3. Configure the acquisition software

2.3.1. Launch the image acquisition software and create a new study file.

2.3.2. Enter the participant’s demographic information and the previously calculated MAP.

NOTE: Include detailed software operation instructions and representative screenshots as supplementary material when applicable.

2.4. Configure the acquisition parameters

2.4.1. Set the acquisition sampling rate to 1 image/s (1 Hz).

2.4.2. Adjust the spatial resolution to approximately 0.1 mm/pixel for the target acquisition area.

NOTE: A sampling rate of 1 Hz provides an appropriate balance between temporal resolution and signal-to-noise ratio while adequately capturing hyperemic and pharmacological response kinetics.

2.5. Minimize ambient light interference

2.5.1. Perform a background noise check or dark-frame subtraction according to the system requirements before image acquisition.

2.5.2. Dim the room lights and block external sunlight using blackout curtains during all recordings when dark-frame subtraction is unavailable.

NOTE: Standardized ambient lighting minimizes optical interference and improves signal reproducibility.

2.6. Define the regions of interest (ROIs)

2.6.1. Create at least three circular ROIs of approximately 80 mm2 on the live preview screen within the acquisition software.

2.6.2. Position two ROIs over the iontophoresis electrode sites and one ROI over the PORH assessment site.

2.6.3. Place all ROIs on the ventral forearm approximately 5 cm distal to the antecubital fossa while avoiding visible superficial veins.

NOTE: Standardizing the ROI area minimizes the influence of spatial heterogeneity in cutaneous perfusion and reduces edge artifacts associated with drug-delivery chambers.

2.7. Acquire the baseline perfusion recording

2.7.1. Record resting cutaneous blood perfusion continuously for 5 min before vascular stimulation.

2.7.2. Monitor the real-time perfusion signal and confirm the absence of motion-induced spikes during the baseline acquisition. Representative examples of unacceptable recordings caused by motion artifacts are shown in Figure 3.

[Place Figure 3 here]

2.7.3. Define baseline stability as a perfusion signal variation of <10% during a continuous 2-min interval.

2.8. Enable cutaneous vascular conductance (CVC) analysis

2.8.1. Input the participant’s MAP into the acquisition software.

2.8.2. Enable the automatic calculation of CVC within the software settings.

2.9. Record perfusion and conductance data

2.9.1. Configure the software to calculate CVC automatically by dividing real-time perfusion values (APU) by MAP.

2.9.2. Record both raw perfusion units (PU) and calculated CVC values simultaneously throughout the protocol.



NOTE: Expressing microvascular perfusion as CVC minimizes the confounding influence of systemic blood pressure fluctuations and enables more reliable comparisons between participants with different hemodynamic profiles.

3. Iontophoresis and Pharmacological Provocation

3.1. Prepare the skin for iontophoresis

3.1.1. Clean the selected ventral forearm skin sites using an alcohol-free saline solution or a mild skin cleanser.

3.1.2. Gently pat the skin dry before electrode placement.

NOTE: Avoid excessive mechanical stimulation during skin preparation because mechanically induced vasodilation may interfere with baseline measurements.

3.2. Position the drug-delivery electrodes

3.2.1. Attach two drug-delivery electrodes to the prepared skin sites using double-sided adhesive discs (Figure 1A).

3.2.2. Maintain an inter-electrode distance of approximately 5 cm to prevent electrical current interference.

3.3. Prepare the ACh solution

3.3.1. Fill the first electrode chamber with 200 µL of a 2% ACh solution prepared in 0.9% saline14,15.

3.3.2. Use the ACh electrode to evaluate endothelium-dependent vasodilation.

NOTE: The selected drug concentration was optimized to induce a robust dose-dependent microvascular response while minimizing nonspecific irritation and galvanic artifacts.

3.4. Prepare the SNP solution

3.4.1. Fill the second electrode chamber with 200 µL of a 2% SNP solution prepared in 0.9% saline.

3.4.2. Use the SNP electrode to evaluate endothelium-independent vasodilation.

CAUTION: SNP is light-sensitive. Protect the solution from light exposure using aluminum foil and use the solution within 4 h of preparation to maintain pharmacological stability.

NOTE: The selected SNP concentration facilitates stable plateau vasodilation while minimizing nonspecific electrical effects.

3.5. Remove trapped air bubbles

3.5.1. Inspect the electrode chambers for trapped air bubbles before skin attachment.

3.5.2. Remove visible air bubbles by gently tapping the electrode chamber or using a sterile plastic syringe tip.

NOTE: Air bubbles may obstruct current flow and produce nonhomogeneous drug delivery.

3.6. Position the reference electrode

3.6.1. Attach the reference (neutral) electrode approximately 15 cm proximal to the drug-delivery electrodes using conductive gel or adhesive (Figure 1A).

3.6.2. Confirm stable electrode contact before initiating iontophoresis.

NOTE: Spatial separation between pharmacological and PORH assessment regions minimizes confounding interactions and prevents overlap of the ACh-induced axon reflex flare with the PORH measurement area.

3.7. Connect the iontophoresis system

3.7.1. Connect all electrodes to the iontophoresis delivery unit before current application.

3.7.2. Confirm electrode polarity before starting the protocol (anodal for ACh; cathodal for SNP).

CAUTION: Incorrect electrode polarity may impair drug delivery efficiency and alter vascular responses.

3.8. Administer the iontophoresis current protocol

3.8.1. Deliver six incremental current doses of 30, 60, 90, 120, 150, and 180 µA for both pharmacological agents.

3.8.2. Apply each current dose for 10 s.

NOTE: The incremental current protocol enables construction of a dose-response curve and facilitates assessment of microvascular sensitivity and plateau responses11. The combination of low current amplitudes and short stimulation intervals minimizes nonspecific galvanic vasodilation.

3.9. Maintain the interval between stimulations

3.9.1. Maintain a 60 s interval between consecutive current applications.

3.9.2. Monitor the perfusion signal during the stabilization period between doses.

NOTE: The selected interval allows stabilization of the microvascular response while maintaining local drug delivery without systemic effects.

3.10. Record the microvascular response

3.10.1. Record the microvascular perfusion signal continuously throughout all iontophoresis stimulations.

3.10.2. Continue the recording for at least 10 min after the final current application to capture the maximal plateau response. A representative dose-dependent response is shown in Figure 2A.

[Place Figure 2 here]

4. Post-Occlusive Reactive Hyperemia (PORH)

4.1. Position the occlusion cuff

4.1.1. Position a standard pneumatic cuff (width approximately 12 cm) on the upper arm of the same limb used for the LSCI recording.

4.1.2. Place the cuff proximal to the selected microvascular assessment site.

4.2. Define the PORH assessment region

4.2.1. Create a third ROI on the ventral forearm adjacent to the iontophoresis electrode sites.

4.2.2. Position the ROI within a treatment-free skin area to avoid pharmacological interference.

NOTE: Maintain spatial separation between pharmacological stimulation sites and the PORH assessment region to preserve independent vascular responses.

4.3. Acquire the PORH baseline recording

4.3.1. Record resting cutaneous perfusion continuously for 5 min before arterial occlusion.

4.3.2. Monitor the baseline perfusion signal to confirm signal stability before cuff inflation.

4.4. Induce arterial occlusion

4.4.1. Inflate the pneumatic cuff rapidly within < 5 s using an automated inflator or manual inflation bulb.

4.4.2. Increase cuff pressure to 50 mmHg above the participant’s previously measured systolic blood pressure (SBP).

CAUTION: Confirm complete arterial occlusion before initiating the occlusion period because incomplete occlusion may compromise the hyperemic response.

4.5. Maintain the occlusion period

4.5.1. Maintain arterial occlusion continuously for exactly 3 min.

4.5.2. Verify complete occlusion by confirming that the LSCI signal decreases to a biological zero plateau (< 10 APU).

NOTE: The biological zero signal reflects residual movement of blood cells independent of directed blood flow, including Brownian motion.

4.6. Release the occlusion cuff

4.6.1. Release cuff pressure instantaneously using the rapid-exhaust valve.

4.6.2. Allow immediate restoration of blood flow to initiate the reactive hyperemic response.

4.7. Record the hyperemic response

4.7.1. Continue the LSCI recording for at least 5 min after cuff release.

4.7.2. Capture the peak perfusion response and the subsequent return toward baseline perfusion levels. A representative PORH response is shown in Figure 2B.

4.8. Quantify the PORH response

4.8.1. Calculate the peak CVC within the image acquisition software.

4.8.2. Calculate the area under the curve (AUC) of the hyperemic response signal using the analysis software.

5. Data Extraction and Statistical Analysis

5.1. Open and verify the recorded data

5.1.1. Open the recorded acquisition files using the image analysis software.

5.1.2. Verify that all predefined ROIs remain correctly positioned over the corresponding measurement sites.

NOTE: Reposition ROIs only when motion artifacts or acquisition drift compromise the original placement.

5.2. Define the analysis intervals

5.2.1. Identify the specific analysis intervals on the perfusion and CVC trend graphs.

5.2.2. Select a continuous 60 s baseline interval immediately preceding the first vascular stimulus.

5.2.3. Select the final 30 s of each 60 s interval following iontophoresis stimulation to capture the plateau microvascular response.

NOTE: Define baseline stability as a coefficient of variation (CV) < 5% in the perfusion signal to minimize the influence of vasomotor oscillations and motion artifacts before data analysis.

5.3. Identify PORH response variables

5.3.1. Identify the biological zero signal during the arterial occlusion phase of the PORH protocol.

5.3.2. Identify the peak CVC value immediately after cuff release.

5.4. Calculate the interval mean values

5.4.1. Calculate the mean CVC value for each predefined analysis interval using the image analysis software.

5.4.2. Verify the absence of motion artifacts before confirming the final calculated values.

5.5. Organize the extracted data

5.5.1. Export or manually transcribe the mean raw PU and mean CVC values into a structured spreadsheet.

5.5.2. Organize the dataset according to study groups and vascular stimuli, including acetylcholine, sodium nitroprusside, and PORH responses.

NOTE: Maintain consistent file naming and participant identification codes throughout data processing to minimize transcription errors.

5.6. Calculate secondary vascular outcomes

5.6.1. Calculate the percentage increase from baseline perfusion or CVC values to determine vascular reactivity.

5.6.2. Calculate the AUC when required for secondary endpoint analysis.

5.7. Perform statistical analysis

5.7.1. Analyze the data using statistical analysis software.

NOTE: Include representative screenshots or workflow instructions for software-based analyses as supplementary material when applicable.

5.7.1. Assess data distribution

5.7.1.1. Assess data normality using the Shapiro-Wilk test.

5.7.1.2. Express normally distributed data as mean ± standard deviation (SD).

5.7.1.3. Express non-normally distributed data as median and interquartile range (IQR).

5.7.2. Compare microvascular responses

5.7.2.1. Compare two-group datasets using an independent t-test when normality assumptions are satisfied.

5.7.2.2. Compare multiple groups using one-way ANOVA followed by Tukey’s post-hoc test.

5.7.3. Define statistical significance criteria

5.7.3.1. Define statistical significance as p < 0.05.

5.7.3.2. Handle missing data caused by motion artifacts using pairwise deletion or exclusion from the affected analysis.

NOTE: Apply the same missing-data strategy consistently across all study groups to preserve analytical integrity.

REPRESENTATIVE RESULTS:
A successful application of this protocol yields a stable baseline followed by clear and distinguishable microvascular responses to each vascular stimulus. In a technically successful experiment, the baseline recording demonstrates a stable perfusion signal with minimal fluctuations, defined as a SD of < 10% of the mean signal. During iontophoresis of ACh and SNP, a stepwise increase in APU is expected, reflecting dose-dependent vasodilation. A successful PORH response is characterized by a rapid reduction in perfusion to a stable biological zero during arterial occlusion, followed by a sharp hyperemic peak immediately after cuff release, typically reaching values several-fold above baseline levels in healthy subjects. Figure 1A illustrates the experimental setup used for cutaneous microvascular assessment using LSCI and iontophoresis. Figure 1B–1D show representative iontophoresis responses and electrode positioning. Figure 2A presents a representative dose-dependent microvascular response during ACh iontophoresis, whereas Figure 2B demonstrates a representative PORH response.

  indicate participant movement or insufficient stabilization of the vacuum-cushion support system. A reduced or absent vasodilatory response during iontophoresis in an otherwise healthy participant commonly indicates poor electrode-to-skin contact or trapped air bubbles within the electrode chamber, resulting in impaired electrical current delivery. Figure 3 presents a representative example of an unacceptable recording characterized by motion-related signal instability.

Failure to achieve a stable biological zero during the PORH occlusion phase indicates incomplete arterial occlusion, commonly caused by incorrect cuff positioning or insufficient cuff inflation pressure. Under these conditions, the subsequent hyperemic response becomes attenuated and unsuitable for reliable interpretation.

Successfully executed protocols generate reproducible perfusion and CVC curves. The maximal CVC plateau observed during SNP iontophoresis reflects total vasodilatory capacity and vascular structural integrity, whereas the ACh-mediated response primarily reflects endothelial-dependent microvascular function. Standardized comparison of these vascular responses enables differentiation between patterns consistent with preserved and impaired microvascular function. Representative quantitative microvascular parameters obtained from healthy young subjects and patients with resistant arterial hypertension are presented in Table 1.

[Place Table 1 here].
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Table 1. Representative microvascular reactivity parameters in healthy young subjects and patients with resistant arterial hypertension. Values are expressed as mean ± standard deviation (SD). p-values were calculated using an independent t-test for comparisons between groups. Abbreviations: ACh, acetylcholine; SNP, sodium nitroprusside; PORH, post-occlusive reactive hyperemia; CVC, cutaneous vascular conductance; APU, arbitrary perfusion units. Data represent unpublished results from the authors’ laboratory.

Figure 1. Experimental setup for the assessment of cutaneous microvascular perfusion using laser speckle contrast imaging (LSCI) combined with iontophoresis. (A) Representative experimental setup used for cutaneous microvascular assessment using laser speckle contrast imaging and iontophoresis of vasodilator agents. (B) Representative microvascular perfusion response during transdermal iontophoretic delivery of cumulative doses of acetylcholine (ACh). (C) Representative image of ACh iontophoresis. (D) Representative image of a vehicle-containing control electrode. Labels indicate the following components: (1) imager head; (2) iontophoresis drug-delivery electrodes; and (3) dispersive electrode.

Figure 2. Representative recordings of cutaneous microvascular perfusion during iontophoresis and post-occlusive reactive hyperemia (PORH). (A) Representative recording of cutaneous microvascular blood flux obtained using LSCI during iontophoresis of 2% ACh delivered using increasing anodal currents of 30, 60, 90, 120, 150, and 180 µA for 10 s intervals separated by 1 min. (B) Representative recording obtained during PORH assessment.

Figure 3. Representative example of an unacceptable microvascular perfusion recording during iontophoresis. Representative recording of cutaneous microvascular blood flux obtained using LSCI during ACh iontophoresis demonstrating signal instability and motion-related artifacts unsuitable for quantitative analysis.

DISCUSSION:
LSCI provides a standardized and non-invasive approach for evaluating systemic microvascular function with high spatial and temporal resolution. Compared with LDF, which is limited to single-point measurements and is highly sensitive to the spatial heterogeneity of skin perfusion, LSCI enables full-field imaging and simultaneous assessment of multiple ROIs. This characteristic substantially improves measurement reproducibility and reduces the coefficient of variation in clinical microvascular studies. Furthermore, the contact-free nature of LSCI minimizes local pressure artifacts commonly associated with probe-based techniques, enhancing its suitability for repeated assessments in translational and clinical research settings.

A critical component of this protocol is the normalization of perfusion data to MAP to calculate CVC. Because cutaneous blood perfusion is strongly influenced by systemic perfusion pressure, the interpretation of raw APU alone may lead to significant confounding, particularly in populations with altered hemodynamic profiles such as hypertension or dyslipidemia. For this reason, the protocol recommends reporting both raw PU and normalized CVC values to improve interpretation of microvascular function under different physiological and pathological conditions. Another critical aspect of the protocol is strict environmental and participant stabilization, including room temperature control, minimization of motion artifacts, and standardized participant positioning, all of which are essential for achieving reproducible recordings. 

Several limitations of LSCI must also be considered. The technique primarily evaluates superficial cutaneous microcirculation at a depth of approximately 0.5–1 mm and therefore may not fully represent deeper vascular beds. In addition, skin pigmentation and ambient light interference can affect the signal-to-noise ratio, reinforcing the importance of the environmental controls described in this protocol. Another limitation is the use of a single baseline MAP measurement for CVC calculation throughout the procedure. Although systemic blood pressure may fluctuate during the approximately 40 min recording period, repeated cuff inflation was intentionally avoided because recurrent blood pressure measurements may induce sympathetic activation and motion artifacts that interfere with the laser speckle signal. Future studies integrating continuous non-invasive hemodynamic monitoring may further improve the physiological interpretation of microvascular conductance measurements.

Critical protocol steps include environmental stabilization, motion control, electrode positioning, and complete arterial occlusion during PORH. Unstable baseline recordings are commonly caused by participant movement or insufficient resting periods and may be minimized by re-stabilizing the vacuum cushion system and extending the acclimatization period. Blunted iontophoretic responses often indicate poor electrode-to-skin contact or trapped air bubbles within the delivery chamber; careful chamber filling and electrode repositioning generally resolve these issues. Failure to achieve biological zero during the PORH occlusion phase usually reflects incomplete arterial occlusion caused by inadequate cuff inflation or incorrect cuff positioning. Under these conditions, the resulting hyperemic response becomes attenuated and unsuitable for reliable interpretation.

The integration of physiological and pharmacological provocations represents a major strength of this protocol because these approaches assess complementary aspects of microvascular regulation. PORH provides an integrated physiological assessment of microvascular reactivity involving endothelial, neurogenic, and vascular smooth muscle mechanisms triggered by transient ischemia and shear stress16. In contrast, iontophoresis enables selective evaluation of endothelial-dependent and endothelial-independent vasodilatory pathways15. ACh assesses endothelial-dependent nitric oxide–mediated vasodilation, whereas SNP, a direct nitric oxide donor, evaluates vascular smooth muscle responsiveness independent of endothelial signaling15. Comparative interpretation of these responses allows differentiation between functional endothelial impairment and structural microvascular remodeling. This distinction is particularly relevant in aging, resistant hypertension, diabetes, and chronic metabolic diseases, where impaired endothelial signaling and microvascular rarefaction may coexist14,17.

In summary, this standardized LSCI protocol provides a reproducible and translationally relevant method for the non-invasive evaluation of human microvascular health. The combination of pharmacological iontophoresis with physiological ischemia-reperfusion testing enables detailed characterization of endothelial and structural vascular function while minimizing experimental variability through rigorous environmental and hemodynamic standardization. Given its sensitivity for detecting early microvascular dysfunction across diverse cardiovascular and metabolic disorders, this approach represents a valuable tool for clinical research, longitudinal monitoring, and therapeutic evaluation in translational vascular medicine.

ACKNOWLEDGMENTS:
This work was supported by the National Institute of Cardiology (INC/MS), the Carlos Chagas Filho Foundation for Research Support of the State of Rio de Janeiro (FAPERJ), and the National Council for Scientific and Technological Development (CNPq), Brazil. The authors thank nurse Marcio Marinho Gonzalez and technician Maira Duque for their excellent technical assistance during the microcirculation assessments.

DISCLOSURES:
The authors declare no relevant financial or non-financial conflicts of interest.

REFERENCES:
1. Secomb TW, Pries AR. The microcirculation: physiology at the mesoscale. J Physiol. 2011;589(Pt 5):1047-1052. 
2. Guven G, Hilty MP, Ince C. Microcirculation: physiology, pathophysiology, and clinical application. Blood Purif. 2020;49(1-2):143-150. 
3. Kasal DA, et al. Microvascular endothelial dysfunction in vascular senescence and disease. Front Cardiovasc Med. 2025;12:1505516. 
4. Cracowski JL, Minson CT, Salvat-Melis M, Halliwill JR. Methodological issues in the assessment of skin microvascular endothelial function in humans. Trends Pharmacol Sci. 2006;27(9):503-508. 
5. Holowatz LA, Thompson-Torgerson CS, Kenney WL. The human cutaneous circulation as a model of generalized microvascular function. J Appl Physiol (1985). 2008;105(1):370-372. 
6. Hellmann M, Roustit M, Cracowski JL. Skin microvascular endothelial function as a biomarker in cardiovascular diseases? Pharmacol Rep. 2015;67(4):803-810. 
7. Roustit M, Blaise S, Millet C, Cracowski JL. Reproducibility and methodological issues of skin post-occlusive and thermal hyperemia assessed by single-point laser Doppler flowmetry. Microvasc Res. 2010;79(2):102-108. 
8. Tibirica E, et al. Repeatability of the evaluation of systemic microvascular endothelial function using laser Doppler perfusion monitoring: clinical and statistical implications. Clinics (Sao Paulo). 2011;66(4):599-605. 
9. Roustit M, et al. Excellent reproducibility of laser speckle contrast imaging to assess skin microvascular reactivity. Microvasc Res. 2010;80(3):505-511. 
10. Cracowski JL, Roustit M. Current methods to assess human cutaneous blood flow: an updated focus on laser-based techniques. Microcirculation. 2016;23(5):337-344. 
11. Cordovil I, et al. Evaluation of systemic microvascular endothelial function using laser speckle contrast imaging. Microvasc Res. 2012;83(3):376-379. 
12. Crahim V, Verri V, De Lorenzo A, Tibirica E. Reduced systemic microvascular function in patients with resistant hypertension and microalbuminuria: an observational study. J Hum Hypertens. 2024;38(12):806-813. 
13. Tibirica E, Souza EG, De Lorenzo A, Oliveira GM. Reduced systemic microvascular density and reactivity in individuals with early onset coronary artery disease. Microvasc Res. 2015;97:105-108. 
14. Roustit M, Cracowski JL. Non-invasive assessment of skin microvascular function in humans: an insight into methods. Microcirculation. 2012;19(1):47-64. 
15. Tesselaar E, Sjoberg F. Transdermal iontophoresis as an in vivo technique for studying microvascular physiology. Microvasc Res. 2011;81(1):88-96. 
16. Widaeus J, Fredriksson I, Tehrani S. Noninvasive bedside approaches for assessing microvascular dysfunction. J Vasc Res. 2025;62(5):233-248. 
17. Crahim V, et al. Association between systemic microvascular dysfunction and resistant hypertension: insights from a clinical observational study. Microvasc Res. 2026;166:104942.



