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The microcirculation is composed of blood vessels with mean internal diameter smaller than 100 μm. This structure is responsible for survival of cells and in the last 50 years its study has become increasingly interesting because it often participates in the pathophysiology of several diseases or can determine better or worse prognosis for them. Due to the growing importance of knowing more about the microcirculation, several techniques have been developed and now it is possible to study its structure or function. In the last 25 years, the cutaneous microcirculation has emerged as an accessible and representative portion of generalized vascular bed allowing the examination of mechanisms of microcirculatory function and dysfunction. This mini review presents several techniques used for non-invasive access to skin microcirculation, such as Nailfold Videocapillaroscopy, Orthogonal Polarization Spectral Imaging, Sidestream Dark Field Imaging, Incident Dark field Illumination, Laser Doppler Flowmetry, and Laser Speckle Contrast Imaging applied. The techniques presented will describe which types of variables (structural or functional) can be evaluated, their limitations and potential uses.
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Introduction

The microcirculation comprises blood vessels with mean internal diameter smaller than 100 μm. In the last 50 years, its study has become increasingly important due to its involvement in the pathophysiology of several diseases. The microcirculation can often significantly influence the prognosis of patients as well. In the last 25 years, the cutaneous microcirculation has emerged as an accessible and representative portion of generalized vascular bed that can be useful to examine the mechanisms of microcirculatory function and dysfunction (1). As an example, impaired endothelium-dependent vasodilatation can be evidenced by examining the cutaneous microcirculation. It is accepted today that the examination of the cutaneous microcirculation may serve as mirror of systemic vascular dysfunction and underlying mechanisms (2–5).

To better understand the study of skin microcirculation we need to describe it. The cutaneous microcirculation has two plexuses: an upper horizontal one with nutritive capillary loops in the dermal papillae orthogonal to the skin accompanied by arteriole/venule and a lower horizontal plexus composed by perforating vessels from underlying muscles and subcutaneous fat. Here there are arterioles and venules that directly connect with the upper horizontal plexus and also provide lateral tributaries that supply hair bulbs and sweat glands (6, 7; Figure 1A).
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FIGURE 1
(A) Skin microcirculation. E, epidermis; D, dermis; a, arteriole; v, venule; hb, hair bulb. (B) Nailfold videocapillaroscopy—One can see how afferent, apical, and efferent capillary diameters (AFD, APD, and EFD) are obtained. Also, baseline Red Blood Cell Velocity (RBCV), RBCV maximum (RBCVmax), and time to reach RBCVmax after arterial occlusion (AO) release are shown. (C) Laser Doppler flowmetry. Blood flow is expressed by perfusion index in arbitrary units. Iontophoresis may be associated to evaluate microvascular function. (D) Laser speckle contrast imaging. 2-D perfusion maps of tissue surfaces and perfusion in arbitrary units are created. Darker color represents low blood flow and lighter color higher blood flow. Here it can be seen the study of perimaleolar perfusion in chronic venous disease (control patient).


The skin microcirculation can be investigated using several techniques. Some of them can visualize it directly such as Nailfold Videocapillaroscopy and Sidestream Dark Field Imaging, others show tissue perfusion such as Laser Doppler Flowmetry and Laser Speckle Contrast Imaging.

This mini review covers the following techniques: Nailfold Videocapillaroscopy, Orthogonal polarization Spectral Imaging, Sidestream Dark Field Imaging, Incident Dark field Illumination, Laser Doppler Flowmetry, and Laser Speckle Contrast Imaging. At the end, some clinical applications of skin microcirculation measuring techniques will be mentioned.



Direct visualization of the microcirculation


Nailfold videocapillaroscopy (NVC)

The first reports of studies with capillaroscopy date back to 1663 by Johan Christophorous Kolhaus, who was the first clinician to use a primitive microscope to observe the nailfold. More than a 100 years later, Giovanni Rasori (1776_1873) showed, with magnifying glasses, the relationship between conjunctival inflammation and presence of an inextricable knot of capillaries (8, 9).

Nailfold videocapillaroscopy is a simple and reproducible test that can be used in adults and children (10). It is a non-invasive diagnostic method used to study microvascular abnormalities. This technique usually involves an epi-illumination microscope, video camera, computer, and the images can be digitally stored in mp4 format.

The NVC can be used to study the structure of the microcirculatory bed evaluating capillary morphology and diameters and its function by measuring red blood cell velocity (RBCV) at rest. A physiological test can be performed by putting a torniquet on the proximal phalanx of one finger, inflating it above the systolic pressure and making a 1-min ischemia. The release the pressure leads to reactive hyperemia response where maximum red blood cell velocity and time to reach it may be measured.

The NVC exam can be summarized as follows: After 4 h fasting, the subject waits in an acclimatized room with controlled temperature of 24 ± 1°C for 20 min. After this period, the subject sits comfortably in a high chair, and the fourth left finger is placed, at the heart level, on an acrylic platform of a Leica MZFLIII stereoscopic microscope (Wetzlar, Germany) equipped with an epi-illumination system (100 W Xenon lamp). Coupled to this system, there is a video camera Leica DFC365 FX and an HP Z420 workstation (Intel Xeon CPU E5-1620 3.60 GHz, 8.0 GB RAM, 500 GB hard drive) with a 30″ NEC monitor. The finger skin temperature must be kept at 25 ± 2°C and monitored throughout the exam with an YSI Precision 4000 A digital thermometer (Dayton, OH, USA) with the thermistor probe taped within 1 cm proximal to the nailfold. A drop of mineral oil is placed on the nailfold bed to improve image quality by diminishing the divergence of reflected light. A pressure cuff connected to a mercury manometer is placed on the evaluated finger for functional testing of the microcirculation (reactive hyperemia response). FCD (Functional capillary density, the number of capillaries in the microscopic field with flowing red blood cells per unit tissue area) is evaluated using 250× magnification. At a magnification of 680×, we obtain capillary diameters (AFD—afferent, APD—apical, and EFD—efferent; in micrometers), basal RBCV (in mm/s), maximum RBCV after 1 min of arterial occlusion release in the evaluated finger (RBCVmax; in mm/s) during the reactive hyperemia response, time to reach RBCVmax in seconds (TRBCVmax), and RBCVmax/RBCV. Analyses of three fields of the same periungueal bed are performed: medial, central, and lateral. The average of these measurements is determined to increase exam reliability by reducing measurement variability (11, 12; Figure 1B).



History of OPS, SDF, and IDF techniques

The Orthogonal Polarization Spectral Imaging (OPS) technique through Cytoscan device (Cytometrics, Philadelphia, PA, USA) was the first hand-held vital microscopy described by Groner et al. (13). This device was revolutionary because until then only surgical preparations or directly nailfold microcirculation could be evaluated through intravital microscopy and nailfold videocapillaroscopy, respectively. With the Cytoscan it was possible to evaluate any microcirculatory bed in any surface including skin and mucosa. After a few years this device has been replaced for a second generation of hand-held microscope with Sidestream Dark-Field Imaging (SDF) technique (14) which is commercially available by two companies: Microscan (Microvision Medical B.V., Amsterdam, the Netherlands) and Capiscope Hand-held Video Capillaroscopy System (HVCS) and Capiscope HVCS (high resolution) (KK technology, Honiton, United Kingdom). The third generation created was Incident Dark-Field Illumintaion (IDF) technique with the Cytocam device (Braedius Medical B.V., The Netherlands) presented in Hutchings et al. (15).



Orthogonal polarization spectral imaging (OPS)—Cytoscan

The OPS technique uses a polarized light with wavelength of 548 nm, where oxy- and deoxyhemoglobin can absorb light equally. A beam splitter projects light to the tissue that penetrates 3 mm into skin. Reflected polarized and depolarized light are analyzed by a polarizer (analyzer) placed orthogonally to the light source. The microcirculatory images are built with depolarized light and a video monitor shows red blood cells in black and light background (13, 16–18; Figure 2A).
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FIGURE 2
(A) Cytoscan (OPS technique). Reflected depolarized light from tissue is used to build flowing red blood cells in grayish background. Here one can see the normal nailfold microcirculation. Capillaries have hair pin format. (B) Microscan (SDF technique). Illumination is provided by surrounding central light guide by concentrically placed six light emitting diodes (LEDs) to provide sidestream dark field illumination. Sublingual mucosa microcirculation is shown and we see arterioles, venules, and capillaries very different from nailfold microcirculation where only capillaries can be visualized. (C) Cytocam (IDF technique). IDF associated to optical and better visualization of microcirculation enhanced SDF technology. Cytocam uses incident dark field illumination with high-brightness LEDs with very short illumination pulse time of 2 ms. Perimaleolar microcirculation is shown and the following parameters can be evaluated: DDP, diameter of dermal papilla; DCB, diameter of capillary bulk; CD, capillary diameter; CM, capillary morphology.




Sidestream dark field imaging (SDF)—Microscan

In the SDF technique, illumination is provided by surrounding a central light guide by concentrically placed 6 light emitting diodes (LEDs) to provide sidestream dark field illumination. The LEDs emit at central wavelength of 530 nm, chosen to correspond to an isosbestic point in the absorption spectra of deoxy- and oxyhemoglobin. The light from microscope illuminates the microcirculation by scattering and reflected light building the microcirculatory environment. Red blood cells (RBC) are imaged as dark moving objects against a white/grayish background. The image quality of RBC is improved by pulsed illumination in synchrony with the CCD frame rate to perform intravital stroboscopy. This maneuver avoids blurring of RBC and vessels (19–21; Figure 2B).



Incident dark field illumination (IDF)—Cytocam

The IDF technique is a combination of IDF illumination with optical and technical features optimized for visualization of the microcirculation on tissue surfaces. It uses incident dark field illumination with high-brightness LEDs with very short illumination pulse time of 2 ms. The illumination pulses are electronically synchronized for image acquisition producing high penetration and sharp contour visualization of the microcirculation (22–24; Figure 2C).



Comparison between SDF and IDF

The Microscan (Mic, SDF) has an image size of 720 × 480 and the Cytocam (Cyt, IDF) 2208 × 1648 pixels. The Microscan has lower resolution (micrometers/pixel) and megapixels compared to Cytocam (Resolution: Mic 1.45, Cyt 0.66; Megapixels: Mic 0.43, Cyt 14.6). The frame rate (fps) is 30 with Microscan and 25 with Cytocam while pulse time (ms) and magnification are higher for Microscan compared to Cytocam (Pulse Time: Mic 10, Cyt 2; Magnification: Mic 5, Cyt 4). Given these previously mentioned features, they all contribute to increased contrast of microcirculatory images and increased capillary density detection by Cytocam compared to Microscan (25, 26).



Parameters obtained by OPS, SDF, and IDF techniques

Microvascular diameters, microvessel morphology, functional capillary density, and red blood cell velocity can usually be measured in organs and mucosa. However, the visualization of skin microcirculation is different, and it has been necessary to create new parameters for its evaluation. In the skin, the dermal papillae with capillaries inside them are visualized (morpho-functional unit of the skin’s microcirculation). Thus, some researchers created new measurement parameters such as dermal papilla, capillary bulk and capillary diameters. It is also possible to calculate the functional capillary density, but it is not possible to measure red blood cell velocity in capillaries that are arranged perpendicular to the skin (27, 28; Figure 2C).




Tissue perfusion and blood flow analysis


Laser Doppler flowmetry (LDF)

Laser Doppler flowmetry is a non-invasive technique based on the reflection of light from the laser beam. Light undergoes changes in wavelength (Doppler shift) when it is reflected by red blood cells moving in the microvasculature. A photodiode measures the movement of red blood cells and evaluates red blood cell velocity and concentration expressed by perfusion index. The infrared light from a low-power laser is directed via an optical fiber onto the tissue to be studied, and the light scattered back from the tissue is collected by 1 or more other optical fibers and analyzed. The LDF penetrates the skin around 1.5 mm and measures microvascular blood perfusion in arbitrary units (29, 30; Figure 1C). The use of iontophoresis and Laser-Doppler Flowmetry have been widely used to investigate microvascular function in many diseases. Iontophoresis is a technique where charged substances are introduced into the skin by means of a small electrical current. It is based on the principle that a charged molecule migrates under the influence of an applied electric field toward opposite charged electrodes placed on the tissue. Generally, an electrode consists of a conductive sponge, containing the material to be introduced. The other electrode is located at some distance from the first (31). For example, skin vasodilatory response to iontophoretically applied acetylcholine, an endothelium dependent vasodilator and to sodium nitroprusside, an endothelium independent vasodilator.



Laser speckle contrast imaging

Adequate perfusion is responsible for tissue survival. There are many lasers based optical imaging modalities to assess tissue perfusion and therefore the microcirculation. Laser speckle contrast imaging (LSCI) is an example. This technique is fast, not expensive and relatively simple. It produces 2-D perfusion maps of tissue surfaces and perfusion in arbitrary units. Fercher and Briers reported the first biomedical application of LSCI in. Its method was not on real-time and had limitations such as slow processing time in non-digital systems at that time (32). Currently this technique is performed in real time.

Laser speckle contrast imaging is based on the principle that the backscattered light from a tissue that is illuminated with coherent laser light forms a random interference pattern at the detector, called speckle pattern. With red blood cells movement, fluctuations in this speckle pattern is produced causing blurring of images obtained with an exposure time equal to or longer than the speckle fluctuation time scale (33; Figure 1D). This technique has some limitations as movement of tissue interferes with laser speckle and it is still controversial whether LSCI measures blood flow or red blood cell velocity (34).



Clinical applications of skin microcirculation imaging techniques

Nailfold videocapillaroscopy has been used to investigate the microcirculation in rheumatological or dermatological diseases such as systemic lupus erythematosus (11, 35), primary Sjögrens’s Syndrome (36), systemic sclerosis (37), and psoriasis (38, 39). As peripheral microcirculation can mirror vascular diseases, important research has been developed with Diabetes Mellitus (40), coronary artery disease (41, 42), and arterial hypertension (43) as well. OPS, SDF, and IDF technique have been used to investigate skin or sublingual microcirculation in chronic venous disease (27) and healthy volunteers (23). Investigation of tissue perfusion performed by LDF and LSCI is also present in the literature. Atherosclerosis, high blood pressure, heart disease, Diabetes Mellitus, and kidney failure have been studied by LDF or LSCI (44). Some diseases have been studied by many methods, for example Systemic Sclerosis by NVC (37), Laser Doppler Flowmetry (45) and LSCI (46) or psoriasis by NVC (38, 39) and LSCI (47).




Discussion

All techniques presented in this mini review have strengths and limitations. For instance, NVC is limited to nailfold and shows only capillaries. On the other hand, it is non-invasive, easy to use and Capillaroscopy has been included in the new 2013 classification criteria for systemic sclerosis (48). Hand-held vital microscopes (HVM) have been developed with techniques that directly visualize the microcirculation including OPS, SDF, and IDF. These techniques have revolutionized the study of microcirculation in the skin and mucosa limited prior to NVC or biopsies. IDF videomicroscope has demonstrated superior quality of sublingual microcirculatory image acquisition compared to SDF video-microscope (49). The second consensus on the assessment of sublingual microcirculation in critically ill patients with HVM was created by the Cardiovascular Dynamics Section of the European Society of Intensive Care Medicine (ESICM) (50). This conference shows the growing importance of microcirculation studies. Finally, LDF and LSCI complement microscopic studies with emphasis on tissue perfusion. LDF has some limitations: movement artifacts and perfusion in absolute units remains a scientific challenge. Regardless of these limitations, laser Doppler Flowmetry remains a highly sought after technique for microcirculatory blood flow studies (51). Tissue motion is the main problem with LSCI technique. Measured perfusion increased with tissue motion speed. Thus, curved tissue surfaces or with movements should be avoided (52).



Conclusion and future directions

Although all methods presented here have limitations, all of them can adequately assess the structure and functionality of the microcirculation. Future developments in assessment techniques should involve better resolution of generated images, improvement of objective lenses, reduction of influence of tissue movement for image acquisition and visualization of red and white blood cells without artificial contrasts. These proposed technical improvements may enable the study of inflammatory mechanisms via leukocytes and increase knowledge about hemorheology of red blood cells in the cutaneous circulation of humans in a non-invasive way.
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