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Abstract

Objective—Describe upper dermal microvasculature of healthy human skin in terms of density 

and size of cutaneous blood vessels, leukocyte velocity, and leukocyte interactions with the 

endothelium.

Methods—We used a reflectance confocal microscope, the VivaScope 1500, to acquire videos of 

individual cell motion.

Results—We found no rolling leukocytes in the upper microvasculature of ten healthy subjects. 

We observed “paused” leukocytes i.e. leukocytes that temporarily stop, coinciding with the 

simultaneous stopping of the rest of the blood flow. We imaged more paused (median: 1.0 per 

subject) and adherent (1.5) leukocytes in the forearm than in the chest (median 0 paused and 0 

adherent per subject) per 5 minutes of videos per body site. Leukocytes were paused for a median 

of 7 seconds in the forearm and 3 seconds in the chest, and we found no correlation of this 

parameter to the blood vessel or leukocyte size. We visualized blood flow change direction. 

Flowing leukocyte velocities followed a log-normal distribution and were on average higher in the 

chest (117 μm/sec) than in the forearm (66 μm/sec).
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Conclusions—The proposed method and reported values in healthy skin provide new insights 

into intact human skin microcirculation.
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INTRODUCTION

Cutaneous microcirculation regulates the exchange of nutrients, heat and inflammatory cells 

between blood and tissue, and plays a significant role in many diseases, including cancer and 

hypersensitivity reactions.1 Our understanding of human cutaneous microcirculation has 

been improved by noninvasive optical technologies, advancing the development of imaging 

biomarkers for angiogenic cancers, e.g. melanoma,2 cardiovascular disease,3 and 

inflammatory disease, e.g. psoriasis.4 Laser doppler flowmetry, laser speckle imaging and 

optical coherence tomography5 enable measurement of blood flow velocity, but are limited 

to the assessment of bulk tissue. Visualization of individual cell motion in a single cutaneous 

blood vessel may further enhance our understanding of disease pathology and enable the 

development of novel biomarkers.

Human cutaneous microcirculation is characterized by an upper (near the dermal-epidermal 

junction, DEJ) and lower (near the dermal-subcutaneous junction) horizontal plexus,6–8 or a 

tree-like branching network.9 To deliver the necessary nutrients and cells to the topmost 

layers of skin, terminal arterioles, 17–26 μm in diameter,10 become capillaries with an 

external diameter of 8–12 μm10,11 and an internal diameter of 4–6 μm.10 Capillaries then 

merge and form post-capillary venules, 18–23 μm in external and 10–15 μm in internal 

diameter.6 By volume, blood consists mainly of plasma (~54%), red blood cells (~45%), and 

leukocytes and platelets (~1%). By count, ~ 94% of the cells in a healthy cutaneous blood 

vessel are red blood cells (RBCs), whereas the rest are platelets (~ 5.9 %) and leukocytes 

(.09%). RBCs are ~1.7–2.2 μm thick biconcave disks ~7.5–8.7 μm in diameter,12 and the 

diameter of platelets ranges from 2–4 μm.13 Undeformed human leukocytes are spherical 

cells with diameters in the range of 4–8 μm (lymphocytes), 5–8 μm (neutrophils), 4–10 μm 

(monocytes), and 6–8 μm (eosinophils).14–16 On a blood smear, for comparison, leukocyte is 

deformed to a pancake-shape15 with diameter ranging from 6–20 um17 (Table 1). RBCs and 

leukocytes are highly deformable and can squeeze through a narrow vessel.18 Without a 

sufficient pressure gradient, it can take up to 10–20 seconds19 for a leukocyte to squeeze 

through a capillary smaller than its unstressed diameter.20,21 This process is variably termed 

leukocyte “pausing,”20 “plugging,”20,22–35 “stopping,”28,30,34,36,37 

“trapping”21,23–25,28,30,31,34,35 and “retention”.22,25,28,31,34,35,37 This has been previously 

observed in the blood vessels of myocardium,22,23,28,32,34,35 cremaster24,25 and skeletal 

muscle,26,33 lungs,38 and eyes20,27,29–31,36 in a broad range of animal species (rats,
22,26,28,31,34,35 dogs,23,32 hamsters,24,25,33 rabbits,29,36,38 and monkeys30,36) with most 

leukocytes temporarily stopping for <1 second. Although with no mention of leukocyte 

involvement, RBC velocity drop to 0 μm/sec for up to 10 seconds21,39, as well as blood flow 

change direction39 has been observed in human nailfold capillaries.

Saknite et al. Page 2

Microcirculation. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Normal microvascular function is ensured by a pressure gradient across the blood vessel, 

which affects fluid filtration and flow rate, and is impaired in microvascular disorders such 

as Raynaud’s phenomenon, lymphedema, and diabetes.21 Compared to vessels >70 μm in 

diameter where blood can be treated as a homogenous suspension, flow in the 

microvasculature is increasingly influenced by the shear forces developed at the vessel wall.
40 Because leukocytes are larger in volume, spherical in shape, and less easily deformed than 

RBCs, they tend to flow slower than RBCs in capillaries.41 When a leukocyte passes 

through a narrow capillary, it temporarily blocks the rest of the flow, leading to an 

accumulation of RBCs behind it (“a queue of cells”).42 As the capillary widens to a 

postcapillary venule, the faster flowing RBCs push the leukocyte to the endothelium, which 

can then initiate leukocyte interaction with the endothelium.15,43 Blood flow velocity is 

largely dependent on pressure gradients and fluctuates over time within the same vessel due 

to spontaneous rhythmical contractions in the terminal arterioles.21 Capillary pressure 

depends on the relative height of the capillary to the heart level and increases with 

temperature.44 It can vary significantly among nearby similar-sized vessels. Hypertension 

does not significantly affect capillary pressure. Increased peripheral resistance in 

hypertension occurs at the precapillary level.19,45 Due to these alterations, as well as 

different sampling depths of competing measurement techniques, there is a wide range of 

reported RBC velocities in human skin varying from 0 to 900 μm/sec.21,46,47

Under physiologic conditions, leukocytes are the only blood cells that interact with an intact 

endothelium48,49 to eventually migrate to the extravascular tissue. During inflammation, 

increased expression of specialized endothelial proteins causes leukocytes to roll, adhere and 

eventually extravasate into the tissue at a higher rate than in normal conditions.50,51 The 

ability of leukocyte-endothelial interactions to track inflammation has been well 

characterized in mouse models by in vivo labeled-cell52–54 or label-free55 intravital 

microscopy either noninvasively in the ear skin56 or retina,57,58 or invasively in exteriorized 

venules.59,60 The number of rolling, adherent and extravasated leukocytes and the blood 

flow velocity are significantly altered during inflammation.61,62 In humans, however, the 

noninvasive study of individual leukocyte behavior has been limited to the eye63 and 

sublingual mucosa.64

In this study, we characterized individual cell motion in the upper dermal microvasculature 

of healthy human skin by noninvasive reflectance confocal video microscopy. In addition to 

visualizing previously described adherent and rolling leukocytes, we visualized temporary 

stopping of leukocytes (“paused” leukocytes)20 in human skin microvasculature, which has 

been previously described in a broad range of animal species (also referred to as plugging,
20,22,31–35,23–30 stopping,28,30,34,36,37 trapping21,23–25,28,30,31,34,35 or 

retaining22,25,28,31,34,35,37 of leukocytes). This work provides new insights into cell 

dynamics in intact human skin blood vessels. Through the detailed data acquisition protocol 

and method to extract quantitative parameters from reflectance confocal videos, this study 

will enable further exploration of the diagnostic potential for various clinical applications.
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MATERIALS & METHODS

Reflectance Confocal Video Microscopy

We used a commercial reflectance confocal microscope, the VivaScope 1500 (Caliber I.D., 

Rochester NY), which is FDA-approved for clinical use in routine patient care. It illuminates 

the tissue with a near-infrared (830 nm) low-power (<20 mW) diode laser. Through a 

pinhole, the reflected light from a selected depth up to 200 μm deep in the tissue is collected 

at the detector. By stepwise movement of the object table, a 0.5×0.5 mm2 image with 0.7–

0.9 μm lateral and ~2–5 μm axial resolution65 is formed at 9 frames per second. Mosaicking 

enables acquiring a total field of view (FOV) of 8×8 mm2. The contrast in RCM images is 

achieved due to light that is backscattered as a result of variations in refractive indices of 

different skin structures.

Study Participants

Throughout 2018, we enrolled ten healthy subjects (5 male, 5 female) aged 18–76. Nine had 

Fitzpatrick skin type I-III, whereas one had type V. We excluded subjects with any type of 

autoimmune disease or any visible rash on the day of imaging (e.g. a scratch or a sunburn). 

All subjects reported feeling well and generally healthy on the day of the imaging. The study 

was approved by the Vanderbilt Institutional Review Board. All subjects gave informed 

consent.

Data Acquisition Protocol

Each subject was seated in a comfortable position 10 minutes prior to the procedure in a 

temperature-controlled room (22±1°C). We imaged left volar forearm and left upper anterior 

chest. During imaging, the subject’s forearm rested on a pillow in a supine position parallel 

to the floor, ~10–20 cm below the heart level. During imaging of the chest, the subject lay 

supine, with back parallel to the ground or elevated as much as 30° for patient comfort. The 

measurement took 30–45 minutes per body site, 90–120 minutes in total. The data 

acquisition protocol is shown in Table 2.

UVB Light-Induced Inflammation

In one healthy subject (Fitzpatrick skin type II), we irradiated the left anterior thigh skin 

with 120 mJ UVB light for 75 seconds to cause an inflammatory reaction. We chose a dose 

slightly lower than that of standard initial psoriasis treatment for Fitzpatrick skin type I (130 

mJ), and irradiated the skin for a much shorter time than a typical psoriasis treatment session 

(15–30 minutes).66

Image Registration

To remove motion artefacts due to breathing or movement, all images within the video were 

registered by using Fiji software67 plugin Linear Stack Alignment with SIFT68 with the 

following parameters: pixel initial gaussian blur of 1.6, feature descriptor size of 4, feature 

descriptor orientation bins of 8, maximal alignment error of 1 pixel, inlier ratio of 0.05, and 

affine transformation.
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Estimation of Quantitative Parameters Characteristic of Skin Microcirculation

Table 3 defines 9 quantitative parameters characteristic of the upper dermal microvasculature 

of human skin.

Density of cutaneous blood vessels—We counted the number of vessels with clearly 

visible blood flow per video with a 0.5×0.5 mm2 FOV. The mean of 10 videos (10 different 

0.5×0.5 mm2 FOVs) per body site was used for further statistical analysis.

Flow width and interconnective tissue width—To estimate cutaneous blood vessel 

size, we measured two parameters: (1) flow width, and (2) interconnective tissue width. 

Each parameter was measured at three different locations of the blood vessel within the 

same FOV to account for variation in its size. The mean of three measurements per vessel 

was then used to calculate the mean of 5 vessels per body site before further statistical 

analysis.

Flowing leukocyte velocity—We calculated the velocity of freely flowing leukocytes or 

leukocytes that do not appear to be squeezing through a narrow vessel or interacting with the 

endothelium. In en face RCM videos, we typically observed a portion of the vessel ~50–200 

μm in length that is parallel to the skin surface. This enabled tracking a single flowing 

leukocyte in 2 to 5 consecutive frames. We used a Fiji software67 plugin Manual Tracking to 

automatically calculate the velocity between each two consecutive frames (0.11 seconds 

between frames) after manually marking the center of a leukocyte in each frame. We 

determined the mean velocity and standard deviation of each flowing leukocyte. We tracked 

5 different leukocytes within the same vessel at different time points throughout the 30-

second video, and repeated it in 5 different vessels, resulting in the velocity measurements of 

25 freely flowing leukocytes per imaging site, 50 in total per subject. Mean and/or median 

velocity was then calculated (1) per vessel by using the mean single leukocyte velocities; (2) 

per body site in a single subject by using the mean vessel velocities; (3) per body site in all 

10 subjects by using a) the mean velocities per each subject and alternatively b) the mean 

velocities of all measured leukocytes.

Number of adherent, rolling and paused leukocytes—We counted all paused and 

all adherent leukocytes and measured their size. We determined the elapsed time between 

the paused leukocyte stopping and continue moving. Additionally, we searched for rolling 

leukocytes or leukocytes that appear to be moving forward in a rotational motion along the 

vessel wall.

Leukocyte size—We measured the width of each paused and adherent leukocyte on three 

different axes to account for variation in leukocyte shape. The mean of the three measured 

values was used for further statistical analysis.

Statistical Analysis

Median and interquartile range (IQR) of each parameter was calculated per 10 healthy 

subjects. Pearson’s correlation coefficient was used to determine the correlation between (1) 

the time of leukocyte being paused and leukocyte or blood vessel size, and (2) the flowing 
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leukocyte velocity and flow or interconnective tissue width. All measurements and analyses 

were done by IS.

RESULTS

Description of Human Microvasculature in terms of (i) Density and (ii) Size of Cutaneous 
Blood Vessels, (iii) Leukocyte Velocity, and (iv) Leukocyte Interaction with the Endothelium

Reflectance confocal microscopy (RCM) videos enable the visualization of the motion of 

cells within the dermal papillae of intact human skin (Figure 1). We observed leukocytes as 

bright individual cells ~4–13 μm in width. A stationary leukocyte is usually round in shape, 

whereas a flowing leukocyte in a narrow, single-cell blood vessel is either round or elliptical 

in shape. We generally could not distinguish individual RBCs or individual platelets and 

visualized them as a mass of mildly reflective moving structures.

Once attached to the skin, the Vivascope 1500 enables video acquisition of a 0.5×0.5 mm2 

en face view of the skin within an 8×8 mm2 total FOV at 9 frames per second. In each 

healthy subject, we acquired ten 30-second videos of the upper dermal microvasculature per 

body site: (1) left volar forearm, and (2) left upper anterior chest. This resulted in 10 videos 

or 5 minutes of videos per body site, 20 videos or 10 minutes of videos per subject.

Density of Cutaneous Blood Vessels.—We imaged 12 to 33 blood vessels per 10 

videos (5 minutes total) per subject in the forearm (median amongst 10 subjects: 21), and 14 

to 38 blood vessels per 10 videos in the chest (median: 18). The average density was 2 upper 

dermal blood vessels per 0.5×0.5 mm2 FOV in both sites.

Blood Vessel Size.—Between the flow of cells and the surrounding connective tissue, we 

observed a hyporeflective band along each side of the flow (Figure 2). Blood vessel walls 

are not clearly visible by RCM. Therefore, we can only obtain bounding estimates of the 

true vessel width. We assumed that a blood vessel is not smaller than the width of cells 

flowing within the blood vessel and correspondingly measured flow width (wflow) as the 

lower bound of the width (Figure 2 a,d). Assuming that blood vessel walls do not extend into 

the surrounding connective tissue, we measured interconnective tissue width (wtissue) as the 

upper bound (Figure 2 a,d). We cannot be certain whether an adherent leukocyte is inside or 

outside the blood vessel (Figure 2). The average blood vessel flow width per each of the 10 

healthy subjects ranged from 4 to 7 μm, whereas the interconnective tissue width ranged 

from 10 to 19 μm (Figure 3a). We imaged similar-sized vessels in both body sites, with a 

median flow width of 5 μm (both chest and forearm) and a median interconnective tissue 

width of 16 μm (forearm) and 14 μm (chest). We found no correlation (R2=0.3) between the 

flow width and the interconnective tissue width (Figure 3b). The width of the hyporeflective 

band along each side of the flow ( 1
2 wtissue − wflow ) ranged from 1 to 11 μm (median: 4 

μm) for all measured blood vessels.
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Flowing Leukocyte Velocity Obeys Lognormal Distribution and Has No Correlation with 
Flow Width or Interconnective Tissue Width

In each vessel, we observed each single freely flowing leukocyte in as many consecutive 

frames as possible (typically 2 to 5). Flowing leukocyte velocities could have a very large 

range in a single vessel over the course of 30 seconds (e.g. 70–300 μm/sec for subject 5 

chest vessel 2 shown in Figure 4a). The velocity range of leukocytes across multiple vessels 

was not significantly greater (e.g. 40–430 μm/sec in the chest and 10–240 μm/sec in the 

forearm of subject 5 shown in Figure 4b). All flowing leukocyte velocities per each site in a 

single subject followed a log-normal distribution with a higher velocity in the chest (median 

for subject 5 shown in Figure 4c: 143 μm/sec) than in the forearm (47 μm/sec). Although we 

found a large velocity variation within single and among nearby vessels in each subject, 

when the entire set of leukocyte velocities from the 10 subject study population was 

analyzed (Figure 4d, 4e, and 4f), most leukocytes had velocities ranging from 52–131 

μm/sec (interquartile range from Figure 4f) and were log-normally distributed (Figure 4f). 

The average flowing leukocyte velocity taken per each of the 10 subjects (Figure 4e) was 

typically two times higher in the chest (median across all subjects 117 μm/sec) than in the 

forearm (66 μm/sec). We found no correlation (R2<0.01) between the flowing leukocyte 

velocity and flow or interconnective tissue width.

We Found No Rolling and a Few Adherent Leukocytes in the Upper Dermal Blood Vessels 
of Healthy Forearm and Upper Chest Skin

Leukocyte adhesion and rolling is significantly increased during inflammation.69 Per our 

definition of a leukocyte stationary next to the vessel wall that does not move for at least 30 

seconds and does not stop the rest of the blood flow (Table 3), we observed at least one 

adherent leukocyte70 (Figure 2a–c) in the forearm of 6 and in the chest of 4 out of 10 healthy 

subjects. We found a median of 2 adherent leukocytes in the forearm and 0 in the chest per 

10 videos, 5 minutes of videos per subject (Figure 3a). In healthy-appearing forearm skin of 

a 73-year-old female who reported no health issues, we found 13 adherent leukocytes, an 

outlier in our data. We found no rolling leukocytes in any of the 10 subjects.

Upper Dermal Blood Vessels Have “Paused” Leukocytes that Temporarily Stop, Coinciding 
with the Stopping of the Blood Flow

Whereas adherent leukocytes are paused next to the blood vessel wall for at least 30 seconds 

while the rest of the blood cells continue to flow (Figure 2a–c), we also observed leukocytes 

that appear to freely move with the rest of the flow until temporarily stopping, coinciding 

with the simultaneous stopping of the rest of the blood flow (Figure 2d–f). We term these 

“paused” leukocytes. We observed paused leukocytes in the forearm of 7 and in the chest of 

5 subjects. We found a median of 1 paused leukocyte in the forearm and 0 in the chest per 10 

videos, 5 minutes of videos per subject (Figure 3c). In contrast to adherent leukocytes, 

paused leukocytes resumed their motion during the 30 second video, along with resumption 

of flow of the rest of the blood in the vessel. Paused leukocytes were located within the flow 

space (Figure 2d–f). By contrast, adherent leukocytes were located outside of the flow space, 

but within the interconnective tissue space (Figure 2a–c). Freely flowing, paused and 

adherent leukocytes appeared similar in size with a median of 6 to 8 μm (Figure 3d–e). 
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Paused leukocytes (n=24) stopped for 1–29 seconds for a median of 7 seconds in the 

forearm and 3 seconds in the chest (Figure 3f). We found no correlation (R2<0.5) between 

the time of a leukocyte being paused and any parameter characteristic of blood vessel or 

leukocyte size. Overall, we observed almost 4 times more adherent and paused leukocytes in 

the forearm (n=40) than in the chest (n=12).

Leukocytes Roll After Induced Inflammation in Healthy Skin

To test whether inflammation causes leukocyte rolling in the topmost blood vessels of 

healthy skin, we imaged the left anterior thigh of one healthy volunteer (Fitzpatrick skin 

type II) before and 30 minutes after irradiation with 120 mJ UVB light for 75 seconds, 

which caused a heating sensation in the irradiated ~5–10 cm2 skin area. We tried to image 

the same exact 8×8 mm2 FOV by marking the skin with a surgical pen. We saw no rolling 

leukocytes in the baseline measurement but visualized several rolling leukocytes in one 

blood vessel 30 minutes post UVB light-induced inflammation (video available in 

supplementary material S4). We saw no adherent leukocyte before or after UVB light 

irradiation.

Blood Flow in the Upper Dermal Vessels Changes Direction

We observed the blood flow change direction in four 30-second videos of three subjects: in 

the forearm of a 76-year-old female and a 68-year-old male, and in the forearm and chest of 

a 70-year-old male (video available in supplementary material S5).

DISCUSSION

In this study, we described the upper dermal microvasculature of healthy human skin 

through nine quantitative parameters and reported the range of these parameter values in ten 

healthy subjects. In addition to visualizing previously described adherent and rolling 

leukocytes, we visualized temporary stopping of leukocytes (“paused” leukocytes)20 in 

human skin microvasculature, which has been previously described in a broad range of 

animal species (also referred to as plugging,20,22,31–35,23–30 stopping,28,30,34,36,37 trapping,
21,23–25,28,30,31,34,35 or retaining22,25,28,31,34,35,37 of leukocytes). We found no rolling 

leukocytes in healthy skin under normal conditions. In one healthy volunteer, we visualized 

several rolling leukocytes 30 minutes after UVB light irradiation. Flowing leukocyte 

velocities followed a log-normal distribution with the median velocity higher in upper chest 

(117 μm/sec) than volar forearm (66 μm/sec). We observed blood flow change direction.

We visualized, on average, two upper dermal blood vessels per 0.5×0.5 mm2 en face FOV, 

resulting in around 40 analyzed vessels per subject. Because the coordinated recruitment of 

leukocytes is largely confined to postcapillary venules,71 we hypothesize that we visualized 

both capillaries (narrow, single-cell vessels) and postcapillary venules. Consistent with an 

earlier study by Rajadhyaksha et. al.,72 we observed leukocytes distending the flow width 

during their passage, but our measured flow width values (4–7 μm) were slightly lower than 

these previous findings (8±2 μm).72 We frequently observed adherent leukocytes outside of 

the flow width, therefore we introduced interconnective tissue width as an additional 

parameter inclusive of an ~4 μm wide hyporeflective band observed along each side of the 
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flow (Figure 2). We hypothesize that we visualized adherent leukocytes within a 

postcapillary venule and that the true diameter of these particular vessels is more likely 

represented by the interconnective tissue width (10–19 μm) than the flow width (4–7 μm). 

We speculate that the ~1–11 μm (median: 4 μm) hyporeflective, dark band along each side of 

the flow is endothelial glycocalyx, a layer of glycoproteins and glycolipids.73 Consistent 

with our observations (Figure 2), glycocalyx is free of red blood cells and platelets, whereas 

leukocytes traverse it to interact with the endothelium.73 Although small animal studies 

report glycocalyx as <0.5 μm thick in capillaries (~10–15% of diameter),73–75 it has been 

reported 1 μm thick in human sublingual and 9 μm in human retinal capillaries.76 

Interestingly, our measured flow width values (4–7 μm) matched the internal (4–6 μm) 

capillary diameter values reported in an ex vivo study of human forearm skin capillary.10 

Our interconnective tissue width values (10–19 μm), however, were generally larger than the 

reported external (8–12 μm)10,11 capillary diameter values, but matched the internal (10–15 

μm)6 and external (18–23 μm)6 diameter values of postcapillary venules.

We visualized individual freely flowing, paused and adherent leukocytes in healthy skin 

under normal conditions, and rolling leukocytes 30 minutes after UVB light irradiation. 

Takeishi et. al. showed that in narrow, single-cell capillaries, transforming to an elliptical 

shape enables leukocytes to firmly adhere to the vessel wall.77 Interestingly, we frequently 

observed ellipse-shaped leukocytes freely flow and pause with the rest of the blood flow, 

whereas adherent and rolling leukocytes were always round in shape. Moreover, paused 

leukocytes were always measured within the flow width, whereas adherent and rolling 

leukocytes were typically outside of the flow width but within the interconnective tissue 

width. Normal blood flow was commonly visible within the flow width immediately 

adjacent to the adherent and rolling leukocytes (supplementary materials S2 an S5). Pixel 

brightness within an adherent leukocyte fluctuated over time, making it appear active, 

although not moving in any direction. Adherent leukocytes eventually extravasate through 

the blood vessel walls into the surrounding tissue.78,79 Although we did not observe the 

process of extravasation in any subject, it has been observed in human skin by RCM 

(personal communication with Christi Fox, Caliber I.D.). RCM enables visualization of 

blood cell motion in the topmost capillaries of any Fitzpatrick skin type.

We characterized individual leukocyte motion based on the number of adherent, rolling and 

paused leukocytes, the time of leukocyte being paused, and the flowing leukocyte velocity. 

We observed leukocytes as bright, reflective round to oval cells 4–13 μm in size. Some 

visualized smaller cells <8 μm in width could be RBCs, although we generally did not 

clearly distinguish individual RBCs or platelets. Moreover, RBCs tend to change their shape 

in single-cell vessels,18 likely appearing smaller than their largest dimension. We visualized 

paused leukocytes that temporarily stopped for 1–29 seconds, coinciding with the 

simultaneous stopping of the rest of the blood flow. Interestingly, we found no correlation 

between the time of leukocyte pause and leukocyte or blood vessel size. We also found no 

correlation between the flowing leukocyte velocity and the flow or interconnective tissue 

width. We observed blood flow change direction in four 30-second videos of three of our 

four subjects above 50 years old. This may indicate change in afferent or efferent blood 

vessel pressure, and further studies are needed to evaluate the correlation between this 

observation and subject age.
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A fundamental limitation of this technique is the decreasing spatial resolution with an 

increase in imaging depth. Because of spherical aberration effects, as well as light scattering 

due to different refractive indices of the epidermis and dermis, the experimentally observed 

spatial resolution (~0.7–0.9 μm) in the upper dermis is lower than the theoretical limit (~0.5 

μm).65,80 Thus, we typically observed the flow or interaction with the endothelium of 

individual cells only up to ~60–80 μm deep in the tissue. In addition to measuring leukocyte 

size within the imaging plane (two-dimensional image), its size could additionally be 

measured across the z axis (depth) for a more accurate estimation. Although our protocol 

involved measuring 10 different 0.5×0.5 mm2 areas within 8×8 mm2 per body site, the 

measured parameter values depend on selected imaging area and depth. In addition to 

density of blood vessels, the area filled with blood vessels could be measured.81,82 The 

presented method and results of this study will aid future clinical studies to assess the 

diagnostic potential of parameters characteristic of individual blood vessels and individual 

cell motion.

PERSPECTIVES

We present the characteristics of in vivo leukocyte-endothelial interactions and intact human 

skin microvasculature, including the presence of paused, adherent and rolling leukocytes. 

This opens a new avenue for studying skin microvasculature at the individual cell level with 

an emerging clinical modality, reflectance confocal video microscopy. The described method 

and range of values in healthy skin will enable future studies to evaluate the diagnostic 

potential of these parameters in cardiovascular, inflammatory and immune diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A single blood cell 6±1μm in size (yellow circle) moving in a dermal blood vessel 60 μm 

below the skin surface at 0.1 second intervals (video available in supplementary material 

S1). The arrow shows the flow direction in the portion of the blood vessel that is parallel to 

the skin surface. Most blood cells appear as mildly reflective structures, with 

indistinguishable borders between them.
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Figure 2. 
A single measurement of flow width (blue arrows, a and d), interconnective tissue width 

(yellow arrow, a and d), and the average leukocyte size through measurements of 3 different 

axes (grey arrows, insets in b and e). (a-c) An adherent leukocyte (leukocyte stationary for at 

least 30 seconds) visualized next to moving blood cells (red arrow; video available in 

supplementary material S2) is 9.0±1.0 μm in width and within the interconnective tissue 

space (width 16.0±3.0 μm), but outside the flow space (width 4.0±0.5 μm). Note that we 

cannot be certain whether the adherent leukocyte is inside or outside the blood vessel. (d-f) 
In this example, a paused leukocyte (a leukocyte temporarily stopping, coinciding with the 

simultaneous stopping of the rest of the blood flow) and the blood flow stop for 3 seconds 

before resuming motion in the same direction (video available in supplementary material 

S3). Paused leukocyte 6.0±1.0 μm in width is within the flow space (width 6.5±0.5 μm) and 

within the interconnective tissue space (width 15.0±2.5 μm). Note that the adherent 

leukocyte appears larger and brighter than the paused leukocyte.
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Figure 3. 
Six quantitative parameters characteristic of blood vessel size and leukocyte-endothelial 

interactions in 10 healthy subjects, and their variation among two body sites. (a). Upper 

(flow width) and lower (interconnective tissue width) bounds of blood vessel size. Each dot 

represents the average of 10 cutaneous blood vessels in each subject (N=10 subjects for 100 

blood vessels total). (b) No correlation (R2=0.26) between flow width and interconnective 

tissue width. (c) Number of paused and adherent leukocytes per 10 videos (5 minutes of 

video) per body site per subject. Each dot represents one subject (N=10). (d,e) Size of freely 

flowing, paused and adherent leukocytes. Each dot represents a single leukocyte. (f) Time of 

leukocyte being paused before resuming motion along with the rest of the flow. Each dot 

represents a single leukocyte. Note that in all graphs N represents the number of subjects, 

whereas n represents the number of leukocytes.
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Figure 4. 
Flowing leukocyte velocity variations. (a) Variation within a single chest vessel (vessel 2) 

over the course of 30 seconds. Average velocity per leukocyte was calculated from 2–5 

single measurements (represented by x) of the same leukocyte in consecutive frames. (b) 
Variation among 5 nearby vessels within the same 8×8 mm2 imaging area of subject 5. Each 

dot represents average velocity of a single leukocyte. (c) A histogram of all leukocyte 

velocities in the forearm and chest of a single subject (subject 5); median and mean velocity 

values of all measurements (observed) and calculated from the fitted log-normal distribution 

(in brackets). (d) Variation among 10 healthy subjects. Each dot represents a single 

leukocyte. Velocities of 5 leukocytes in 5 vessels per site were evaluated, resulting in 25 

velocities per site per subject. (e) Variation among mean and median velocity per all 

subjects. Each square represents the average velocity per subject (N=10). (f) A histogram of 

all measured leukocyte velocities (n=232 in the forearm, n=231 in the chest) in all 10 

healthy subjects. Note that in all graphs N represents the number of subjects (squares), 

whereas n represents the number of leukocytes (dots).
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Table 1.

Leukocyte size comparison: undeformed (measured in isotonic solution)14 versus as measured on a blood 

smear17.

Blood cell
Cell diameter [μm]

Undeformed14 Blood smear17

Lymphocyte 4–8 6–15

Neutrophil 5–8 15–18

Monocyte 4–10 15–20

Eosinophil 6–8 14
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Table 2.

Video acquisition protocol by laser confocal video microscopy.

1 Attach the VivaScope 1500 to the selected skin area of interest.

2 Move to the depth with visible capillaries, typically, at the DEJ or slightly below (~50–80 μm below the skin surface).

3 Move in the x-y plane within the total FOV (8×8 mm2) to select a 0.5×0.5 mm2 area with presence of at least one capillary with (a) a clearly 
visible blood flow, and/or (b) adherent or rolling leukocyte.

4 Move along the z axis to select a depth where blood flow and/or an individual leukocyte is most clearly visible (blood cells are in focus).

5 Take a 30-second video.

6 Repeat steps 4–7 to collect ten 30-second videos per imaging site. Cover different areas of the total FOV.
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Table 3.

Nine quantitative parameters characteristic of the upper dermal microvasculature of human skin: comparison 

of median values between two body sites in ten healthy subjects (N=10).

Parameter Definition
Median [IQR]

1
 (N=10)

Left Volar Forearm Left Upper Chest

1 Density of Blood Vessels Number of blood vessels per 0.5×0.5 mm2 area 2 [2–3] 2 [2–2]

2 Flow Width Lower bound of true blood vessel size 5 [4–6] μm 5 [4–5] μm

3 Interconnective Tissue Width Upper bound of true blood vessel size 16 [12–17] μm 14 [12–14] μm

4 Flowing Leukocyte Velocity Flowing leukocyte: freely flowing with the rest of the 
cells

66 [52–108] μm/sec 117 [102–146] μm/sec

5 Number of Adherent Leukocytes Adherent leukocyte56: stationary for 30+ seconds 1.5 [0–3] 0 [0–1]

6 Number of Rolling Leukocytes Rolling leukocyte: rotating along the vessel wall 0 0

7 Number of Paused Leukocytes Paused leukocyte: temporarily stopping, coinciding 
with the simultaneous stopping of the blood flow

1 [0–2] 0 [0–2]

8 Time of Leukocyte Being Paused The amount of time the leukocyte and the blood flow 
stop for

7 [2–12] sec 3 [2–17] sec

9 Flowing Leukocyte Size 6 [6–7] μm 7 [5–8] μm

Adherent Leukocyte Size 8 [7–9] μm 8 [8–9] μm

Paused Leukocyte Size 7 [6–8] μm 7 [5–9] μm

1
The median is calculated from 10 videos, 5 minutes of video per each site. IQR = interquartile range.
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