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Characterization of microvessels in
the human forehead dermis using
intravascular dual perfusion and
iImmunofluorescence staining

Shu Rui, Zilong Cao, Yunzhang Wang & Ligiang Liu™*

Skin microcirculation provides essential insights in clinical practice. However, the specific
characteristics and distribution patterns of dermal microarterioles and microvenules remain
insufficiently explored. This study aimed to analyze their structural differences and distribution

in the human forehead skin using an innovative intravascular dual perfusion technique combined
with immunofluorescence staining to distinguish microvessel types within the dermis. Using two
post-mortem cadaver specimens, lead oxide-gelatin perfusion was applied to label microarterioles,
and latex was used for microvenules. Tissue sections underwent hematoxylin and eosin and
immunofluorescence staining, with cluster of differentiation 31 (CD31) serving as a general vascular
marker and monocarboxylate transporter 1 (MCT1) as a venule-specific marker. The analysis revealed
significant structural differences between dermal layers: vessels in the deep dermis had larger
diameters and thicker walls than those in the superficial layer, while microvessel density was higher
in the superficial dermis. These findings demonstrate distinct patterns and significant differences in
microvessel distribution between the superficial and deep dermal layers, reflecting their layer-specific
functional demands. Furthermore, MCT1 was identified as a specific marker for microvenules, and a
novel method combining CD31 and MCT1 immunofluorescent staining was introduced to differentiate
dermal microarterioles from microvenules. These results offer valuable implications for surgical
planning, skin grafting, and diagnostics related to microcirculation.
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Skin microcirculation plays a crucial role in clinical practice, providing important insights into biological
processes in both health and disease. It helps clinicians understand the vascular mechanisms underlying various
systemic diseases, such as metabolic disorders!, cardiovascular conditions*-, immune system diseases’ "1,
renal diseases'""2, and skin aging'>!*. Furthermore, research on skin microcirculation is vital for skin surgeries
and tissue engineering'”. In particular, the success of flap surgeries, including blood flow and recovery, is closely
linked to the density and distribution of microvessels!®~!8, Two main strategies for improving flap survival—
venous superdrainage and arterial superperfusion—focus on enhancing venous outflow!? and arterial blood
supply®®?!, respectively. However, a lack of comprehensive understanding of skin microvessels has led to ongoing
debates about the effectiveness of these strategies.

Each layer of the skin serves a distinct function, with the dermis playing a key role in supporting the network
of microvessels that supply nutrients and oxygen®2. A clear understanding of the microvessel distribution within
the dermis is essential to comprehend skin microcirculation. Morphologically, the dermis is divided into the
upper papillary dermis and the deeper reticular dermis. The papillary dermis, located just beneath the epidermis,
consists of loose connective tissue, while the reticular dermis, which makes up most of the dermis, is composed
of denser connective tissue that provides structural support to the skin?*?4, These structural differences define
the unique functions of each dermal layer. However, the precise distribution and characteristics of microvessels
across different dermal layers remain inadequately explored. Current research on skin microcirculation often
treats microvessels as a single entity, with little differentiation between microarterioles and microvenules. Some
studies have proposed methods to distinguish small arterioles and venules in human tissue pathology, but these
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methods have had limited success when applied to dermal microvessels®®*~2. In 2019, Deegan and Wang?
reviewed microvascular imaging of skin using optical coherence tomography angiography (OCTA), finding
changes in vessel density at different dermal depths, including the papillary dermis, upper reticular dermis,
and reticular dermis, but without distinguishing between arterioles and venules. Similarly, other techniques,
such as indocyanine green angiography®, computed tomography angiography!”!, and tissue optical clearing®?,
have proven insufficient for distinguishing dermal microarterioles from microvenules. In 2018, Vanlandewijck
et al.’3 used single-cell transcriptomics in adult mice to identify molecular markers for arterioles and venules,
identifying monocarboxylate transporter 1 (MCT1) as a potential marker for venules and capillaries. Cao et
al.* later confirmed that MCT1 immunohistochemical staining can effectively differentiate small venules from
arterioles in human brain tissue. However, MCT1’s applicability in distinguishing microvessels in the human
dermis has not yet been verified.

Given the limitations of current techniques in differentiating dermal microarterioles from microvenules and
understanding their spatial distribution, we designed this study to address these gaps. We used intravascular
perfusion of post-mortem forehead skin specimens. The frontal flap, commonly used for facial and neck
reconstruction, often faces complications like distal congestion and necrosis®. Mapping the microvessel
distribution could clarify the effectiveness of superperfusion and superdrainage strategies and offer insights
for other skin studies. Vascular perfusion is a traditional technique for visualizing blood vessels using materials
such as lead oxide, barium carbonate, latex, and ink?¢~%°, The micron-sized particles of lead oxide and latex
can theoretically reach the microvascular level of dermal arterioles and venules®***!~%3. Previous studies using
lead oxide perfusion have successfully visualized arteriovenous anastomoses** and the connection between the
facial artery and adjacent vessels*. In our study, we used selective perfusion solutions to label microarterioles
and microvenules, followed by hematoxylin and eosin (H&E) staining and immunofluorescence to analyze
their distribution within the dermal layers. By comparing the expression of MCT1 and cluster of differentiation
31 (CD31), we evaluated MCT1 as a specific marker for microvenules and developed a reliable method to
distinguish between different types of microvessels in the dermis.

Material and methods

Cadaver donors

The study utilized two freshly donated cadaver specimens from the Department of Human Anatomy, Histology
and Embryology, Peking Union Medical College, with approval from the Chinese Academy of Medical Sciences
and Peking Union Medical College. The experiments were reviewed and approved by the Ethics Committee of the
Plastic Surgery Hospital, Chinese Academy of Medical Sciences, in compliance with the Declaration of Helsinki
principles. Both donors voluntarily donated their bodies, and the specimens were obtained within 24 h post-
mortem. Perfusion attempts on specimens obtained beyond this timeframe or on formalin-fixed tissues were
unsuccessful due to endothelial cell necrosis, increased fragility of microvasculature, compromised structural
integrity, or peripheral vascular thrombosis. Detailed information about the specimens is provided in Table 1.
The facial and scalp soft tissues were intact in all specimens, with no history of craniofacial trauma or surgery.

Surgical procedure and intravascular dual perfusion protocol

A longitudinal incision was made in the preauricular area on both sides to expose the superficial temporal fascia.
The superficial temporal artery and vein were carefully dissected. A 20G needle was inserted into the artery and
a 19G needle into the vein, respectively, both secured with 4-0 nylon sutures. Next, an incision was made along
the supraorbital ridge, extending to the occipital protuberance and down to the cranial surface. A bone saw was
used to cut through the scalp-cranium composite tissue, while preserving the preauricular soft tissue to ensure
the integrity of the superficial temporal artery and vein. For the perfusion, an arterial solution was prepared
using lead oxide-gelatin: 100 g of red lead oxide (Sigma-Aldrich, St. Louis, MO, USA, Cat# 241547), 100 ml of
0.9% NaCl solution (Thermo Fisher Scientific, Waltham, MA, USA, Cat# BR0053G) , and 5 g of gelatin (Sigma-
Aldrich, St. Louis, MO, USA, Cat# 1288485) . The mixture was heated to 60 °C and stirred until dissolved. For
venous perfusion, latex (Sigma- Aldrich, St. Louis, MO, USA, Cat# LB11) was diluted 1:5 with 0.9% NaCl solution
to reduce viscosity, and heated to 60 °C. The superficial temporal veins were clamped bilaterally, and arterial
perfusion was initiated by injecting the solution at 20 mL/min using a 20 mL syringe. Perfusion continued until
the solution exited the contralateral artery. The contralateral artery was clamped, and an additional 10 mL of
solution was injected slowly until the perfused skin area turned orange. The same procedure was repeated for
venous perfusion. After perfusion, the scalp-cranium specimens were frozen at —20 °C for 60 min to solidify the
perfusion solution. Finally, the forehead skin specimens were carefully excised from the periosteum and fixed in
4% paraformaldehyde for 48 h.

Tissue staining
The tissue samples were dehydrated using graded ethanol solutions and cleared with xylene, followed by paraffin
embedding and sectioning at 5 um thickness. After deparaffinization in xylene and rehydration through a graded

Serial No | Age (Years) | Gender | Cause of death Perfused vessels
1 40 Male Liver cancer Left superficial temporal artery, superficial temporal vein
2 78 Male Myocardial infarction | Right superficial temporal artery, superficial temporal vein

Table 1. Basic data of cadaver specimens.

Scientific Reports |

(2025) 15:9717 | https://doi.org/10.1038/s41598-025-93752-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

ethanol series (100%, 95%, 85%, and 70%), the sections were transferred to distilled water. Hematoxylin staining
was performed for 5 min, followed by rinsing under running water. The sections were briefly differentiated in
0.5% acid alcohol, blued with 0.25% ammonia water, rinsed, and counterstained with eosin for 2 min. After
final dehydration and clearing, the sections were mounted with neutral balsam. Microvascular structures were
assessed under a light microscope, and slide scanning was performed using the NanoZoomer 2.0-RS slide
scanner (Hamamatsu Photonics, Hamamatsu, Japan).

Immunofluorescence staining was performed on adjacent sections of H&E-stained slides to evaluate the
expression of MCT1 and CD31. Sections were baked at 60 °C for 1 h to remove paraffin, followed by standard
dewaxing and rehydration through xylene and graded ethanol solutions. Antigen retrieval was conducted
using heat-induced epitope retrieval in citrate buffer (pH 6.0) under high pressure for 10 min. After cooling
and PBS rinses, sections were blocked with 5% BSA in PBS for 1 h to minimize nonspecific binding. Primary
antibodies—rabbit anti-MCT1 (Abcam, Cambridge, UK, Cat# ab315382, 1:200) and mouse anti-CD31 (Abcam,
Cambridge, UK, Cat# ab9498, 1:100)—were applied, and sections were incubated overnight at 4 °C. The
following day, sections were washed with PBS and incubated with secondary antibodies—Cy3-conjugated goat
anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA, USA, 1:500) and Alexa Fluor 488-conjugated goat
anti-mouse IgG (Invitrogen, Carlsbad, CA, USA, 1:500)—for 1 h in the dark. DAPI was subsequently used to
stain nuclei, aiding in the spatial visualization of the fluorescence signals. Finally, slides were mounted with
anti-fade mounting medium. The stained sections were observed and imaged using an Olympus IX 81 confocal
microscope (FluoView 300, Olympus, Tokyo, Japan). Fluorescence intensity was quantitatively analyzed using
Image] software version 1.48 (NTH, Bethesda, MD, USA).

Microscopic analysis and quantification

The stained tissue sections were independently reviewed by two pathologists, and 40 fields of view were selected
for analysis. In H&E-stained sections, we assessed the number of microarterioles and microvenules in both
superficial and deep dermal layers, as well as vessel diameter and wall thickness. The superficial dermis (papillary
layer) contains loose connective tissue with small blood vessels for nutrient exchange with the epidermis, while
the deep dermis (reticular layer) comprises denser connective tissue and larger vessels that provide structural
support and contain skin appendages, such as hair follicles and sweat glands?. To measure vessel diameter,
we categorized vessels as cross-sectional or longitudinal based on their morphology in H&E-stained sections.
Cross-sectional vessels appeared round or oval with uniform walls and clear boundaries, while longitudinal
vessels showed elongated tubular shapes. For cross-sectional vessels, diameter was calculated as the square root
of the product of the major and minor axes*”. For longitudinal vessels, diameter was estimated as the lumen
width perpendicular to the vessel’s long axis. Microvessel density was determined by counting vessels per unit
area (mm?). Additionally, we analyzed the microarteriole-to-microvenule ratio, as well as the densities of each
vessel type in the two dermal layers, to reveal distinct distribution patterns.

Statistical analysis

Data were analyzed using SPSS software version 26 (IBM SPSS Inc., Chicago, IL, USA). Continuous variables
are presented as mean +standard deviation (SD). The normality of the data was assessed using the Shapiro-
Wilk test, which indicated that none of the variables significantly deviated from a normal distribution
(p>0.05). Therefore, independent samples t-tests were applied to compare continuous variables between groups.
Statistical significance was set at p <0.05.

Result

Intravascular dual perfusion process and skin specimen preparation

Intravascular perfusion of the superficial temporal vessels was effectively achieved in fresh cadavers, resulting
in the skin within the perfused area turning orange, indicative of successful perfusion (Fig. la, b). The scalp-
cranium specimens were subsequently obtained, and the scalp was carefully separated from the underlying
structures for further analysis (Fig. 1c, d).

Distribution patterns and differences of microarterioles and microvenules in the dermis

In the H&E-stained sections of the perfused specimens, microarterioles appeared with black lumens due to lead
oxide-gelatin perfusion, while microvenules displayed blue or light purple lumens resulting from latex perfusion
(Fig. 2). Table 2 illustrates the distribution differences of microvessels between the superficial and deep dermis,
focusing on parameters such as diameter, wall thickness, and density. Table 3 offers a detailed comparison of
microarteriole and microvenule characteristics, including their structural differences and density variations
across dermal layers.

The results revealed significant differences in microvascular diameters across dermal layers. The diameter of
microarterioles in the superficial dermis measured 23.78 +3.88 pm, compared to 61.48 +23.69 um in the deep
dermis, demonstrating a statistically significant variation (p <0.001, Table 2). Similarly, microvenule diameter
was 40.85+10.61 um in the superficial dermis and 87.58 +19.27 um in the deep dermis, also showing a significant
difference (p<0.001, Table 2). Across the entire dermis, distinct differences were observed in the diameters
of microarterioles and microvenules, with microarterioles measuring 42.63+25.37 um and microvenules
64.21£28.07 pum, both demonstrating statistically significant differences (p <0.001, Table 3).

The findings also indicated significant differences in microvascular wall thickness between dermal layers. The
wall thickness of microarterioles in the superficial dermis measured 3.83 +0.49 um, compared to 25.03 + 6.66 pm
in the deep dermis, demonstrating a statistically significant difference (p <0.001, Table 2). Similarly, microvenule
wall thickness was 2.69+0.45 pum in the superficial dermis and 5.04+0.67 um in the deep dermis, also showing
a significant variation (p<0.001, Table 2). When comparing the overall wall thickness of microarterioles and
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Fig. 1. Intravascular dual perfusion and scalp-cranium specimen preparation. (a) Intravascular perfusion of
the superficial temporal vessels, with orange discoloration indicating successful perfusion. (b) Scalp-cranium
specimen obtained after perfusion. (c) Separation of the scalp from the underlying cranium. (d) Forehead skin
tissue prepared for further analysis after perfusion.

microvenules across the entire dermis, the wall thickness of microarterioles was 14.43 +11.60 um, while that of
microvenules was 3.86 + 1.31 um, both demonstrating statistically differences (p <0.001, Table 3).

The results further demonstrated significant differences in microvascular density across dermal layers.
Microarteriole density in the superficial dermis was 1.96+0.57 vessels/mm?, compared to 1.71+0.42 vessels/
mm? in the deep dermis, indicating a statistically significant difference (p =0.026, Table 2). Similarly, microvenule
density was 2.88+0.44 vessels/mm? in the superficial dermis and 2.29+0.35 vessels/mm? in the deep dermis,
also showing a significant layer-dependent difference (p <0.01, Table 2). When comparing microarterioles and
microvenules within each layer, a significant density difference was observed in the superficial dermis (p <0.001,
Table 3) and similarly in the deep dermis (p <0.001, Table 3).

The ratio of microarterioles to microvenules showed no significant difference between the dermal layers. The
microarteriole-to-microvenule ratio in the superficial dermis was 0.69 +0.22, while in the deep dermis it was
0.75+0.18, with no statistically significant difference between the two layers (p=0.132, Table 2).

MCT1 selectively marks microvenules, while CD31 labels both microarterioles and
microvenules

The comparison of adjacent H&E and immunofluorescence-stained sections demonstrated that CD31 was
positively expressed in the lumens of both microarterioles and microvenules. In contrast, MCT1 exhibited
positive staining exclusively in a subset of microvenules perfused with latex, while no staining was observed
in microarterioles perfused with lead oxide (Fig. 3). To further quantify, fluorescence intensity was measured
as the relative fluorescence intensity ratio of MCT1-CD31 (MCT1/CD31). The analysis revealed that the
relative fluorescence intensity in microarterioles was nearly zero, significantly lower than that in microvenules
(p<0.001, Fig. 4). These findings confirm that MCT1 is a specific marker for microvenules in dermal
microvessels. Additionally, MCT1 showed positive expression in the lumens of certain sweat glands (Fig. 5).

Discussion
Current understanding of skin microcirculation anatomy is primarily built on the foundational work of
Braverman and Keh-Yen*3-*°. Normal skin microcirculation consists of two vascular plexuses running parallel to
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Fig. 2. Observation of microarterioles (A) and microvenules(V) in hematoxylin and eosin (H&E)-stained
sections of perfused specimens. (a, b) Full-thickness vertical sections of the skin post-perfusion, showing
microarterioles with black-filled lumens and microvenules with light purple or blue-filled lumens. (c, d)
Magnified and close-up views of vertical sections, highlighting the distribution of microarterioles and
microvenules in the papillary and reticular dermis. (e) Horizontal section parallel to the skin surface, showing
perfused microvessels. (f) High-magnification images of microarterioles and microvenules, with black-filled
lumens representing microarterioles and blue-filled lumens corresponding to microvenules. H&E: hematoxylin
and eosin.
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Superficial dermis (40 fields of view) | Deep dermis (40 fields of view) | p-value
Microarteriole diameter (um) 23.78+3.88 61.48 +£23.69 <0.001*
Microvenule diameter (um) 40.85+10.61 87.58+19.27 <0.001*
Microarteriole wall thickness (um) 3.83+0.49 25.03+6.66 <0.001*
Microvenule wall thickness (um) 2.69+0.45 5.04+0.67 <0.001*
Microarteriole density (vessels/mm?) | 1.96+0.57 1.71+£0.42 0.026
Microvenule density (vessels/mm?) 2.88+0.44 2.29+0.35 <0.01*
Microarteriole-to-microvenule ratio 0.69+0.22 0.75+0.18 0.132

Table 2. Comparison of microvascular parameters between superficial and deep dermis layers. Significant
values are in bold. *p < 0.05.

Microarteriole (40 fields of view) | Microvenule (40 fields of view) | p-value
Diameter (um) 42.63+£25.37 64.21+28.07 <0.001*
Wall thickness (um) 14.43+11.60 3.86+1.31 <0.001*
Superficial dermis density (vessels/mm?) | 1.96+0.57 2.88+0.44 <0.001*
Deep dermis density (vessels/mm?) 1.71+£0.42 2.29+0.35 <0.001*

Table 3. Comparison of parameters in microarteriole and microvenule. *p < 0.05.

the skin surface. The superficial plexus, located in the dermis, nourishes the skin, while the deep plexus, located
at the dermal-subcutaneous interface, contains arteries and veins from the underlying muscle and fat tissue.
These vessels penetrate the fascia forming ascending arterioles and descending venules, which connect with
the superficial plexus?-*0. Skin microcirculation often serves as an early indicator of systemic diseases®’. For
instance, Debbabi et al.>> demonstrated that measuring skin microcirculation blood flow is a reliable, non-invasive
method for assessing systemic endothelial function. In patients with chronic heart failure and hypertension,
microvascular remodeling and dysfunction in the skin are frequently observed®-°. Similarly, in autoimmune
diseases like systemic sclerosis, skin microvessels show capillary loss, dilation, and endothelial cell damage®*’.
In psoriasis, dilated microvessels show neovascularization, offering insights into disease severity and treatment
response®38. Additionally, Schaper et al.> and Lee et al.%* found that monitoring skin microvascular function
in diabetic patients predicts severe complications such as diabetic foot ulcers and retinopathy. Additionally,
Martens et al.®* demonstrated an independent correlation between reduced skin microvessel density and
glomerular proteinuria, while Orbegozo et al.®? used laser Doppler to show that impaired microvascular
reactivity in the forearm is a marker of circulatory shock severity. Furthermore, recent studies have explored the
role of other dermal components, such as fibroblasts in the papillary and reticular dermis, in supporting vascular
formation and regulation. Sorrell et al.®* found that superficial dermal fibroblasts interact with endothelial cells
to support microvascular formation, while papillary fibroblasts promote branching blood vessel structures.
Philippeos et al.** further identified that papillary fibroblasts are linked to Wnt signaling, which is crucial for
epidermal regeneration and wound healing. In contrast, reticular fibroblasts respond to interferon-y (IFN-y),
supporting matrix reconstruction and fibrosis. Mauroux et al.> demonstrated that papillary fibroblasts promote
angiogenesis, while reticular fibroblasts inhibit it, suggesting that fibroblasts in different dermal layers play
distinct roles in blood vessel formation. These findings provide new insights for therapeutic approaches targeting
microvessels in the dermis. However, distinguishing whether the observed changes occur in microarterioles or
microvenules remains a challenge.

In plastic and dermatologic surgery, microcirculation plays a crucial role in determining surgical outcomes.
Skin transplantation is commonly used to repair tissue defects caused by trauma, burns, or tumor resection. The
analysis of dermal microvessels, both qualitatively and quantitatively, is essential for skin grafts, flap surgeries,
prefabricated skin-flaps, and skin tissue engineering!>®®%7. Preoperative identification of the distribution of
microarterioles and microvenules helps optimize surgical planning. Postoperative monitoring, on the other
hand, aids in managing complications such as venous congestion and insufficient flap perfusion, which promotes
graft healing and recovery®®7%. A clear understanding of the structure, distribution, and characteristics of
microarterioles and microvenules is critical, as it aids surgeons in selecting appropriate donor arteries and veins
to establish circulation in grafts. The frontal flap, often used for facial and neck reconstruction, is ideal due to
its similar texture to the surrounding skin. However, distal congestion and necrosis are common postoperative
complications®. These complications are closely related to microcirculatory dynamics, and the effects of
superperfusion and superdrainage remain controversial due to insufficient morphological evidence regarding
dermal arterioles and venules”!”2. Understanding the distribution and structural differences of microarterioles
and microvenules in the dermis may resolve these issues, improve surgical strategies, and guide postoperative
care. Although various methods exist for studying skin microvessels, most focus on overall blood flow and do
not differentiate between microarterioles and microvenules. Additionally, these methods do not analyze the
spatial distribution of these vessels in detail’>”*. Thus, our study aims to provide a deeper understanding of the
dermal vascular network and its microcirculatory structure.
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Fig. 3. Immunofluorescence and hematoxylin and eosin (H&E) staining of perfused microarterioles (A) and
microvenules (V). (a) A microarteriole and a microvenule are shown, both showing CD31 positivity, while
only the microvenule shows MCT1 positivity. (b) Three microvenules and two microarterioles observed,
with MCT1 positivity restricted to the microvenules. Additionally, some sweat glands show MCT1 positivity.
(c) A single microarteriole and microvenule, both positive for CD31, with MCT1 positivity confined to the
microvenule. H&E: hematoxylin and eosin; CD31: cluster of differentiation 31; MCT1: monocarboxylate
transporter 1.
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Fig. 4. Relative fluorescence intensity ratio of monocarboxylate transporter 1 (MCT1) to cluster of
differentiation 31 (CD31) in microarterioles and microvenules. Inmunofluorescence staining demonstrated
that the MCT1/CD31 intensity in microarterioles was nearly zero, significantly lower than that in
microvenules, confirming minimal MCT1 expression in microarterioles. *** indicates a statistically significant
difference between groups (p <0.001). CD31: cluster of differentiation 31; MCT1: monocarboxylate transporter
1.
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Fig. 5. Expression of cluster of differentiation 31 (CD31) and monocarboxylate transporter 1 (MCT1) in
microarterioles and sweat glands. The microarterioles exhibit positive staining for CD31 but are negative for
MCTT1. In contrast, the sweat gland tissue shows positive staining for MCT1. CD31: cluster of differentiation
31; MCT1: monocarboxylate transporter 1.

In this study, we used lead oxide-gelatin and latex for intravascular dual perfusion to label and analyze the
characteristics of microarterioles and microvenules in different dermal layers, offering new insights into skin
microcirculation structure and function. These findings suggest several interpretations. First, the significant
differences in microarteriole and microvenule diameters between the superficial and deep dermis indicate that
vessel size adapts to hemodynamic conditions. The larger diameters of both microarterioles and microvenules
in the deep dermis likely help accommodate increased blood volume and reduce resistance. Microvenules, with
their larger diameters, are suited for collecting and draining blood under lower pressures, while the smaller
microarterioles maintain higher pressure gradients essential for effective perfusion’>’¢. Second, the study
highlights significant differences in vessel wall thickness across dermal layers and between vessel types. The
thicker walls of both microarterioles and microvenules in the deep dermis suggest an adaptation to the higher
mechanical demands of this region. Microarterioles consistently have thicker walls than microvenules, which
supports their role in maintaining higher blood pressure and controlling flow. In contrast, the thinner walls
of microvenules facilitate venous return at lower pressures’”.Third, microvascular density differs significantly
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between the superficial and deep dermis. Both microarterioles and microvenules are denser in the superficial
dermis, reflecting the higher demand for nutrient exchange, thermoregulation, and oxygen delivery, given its
proximity to the epidermis. The lower vascular density in the deep dermis is likely due to reduced metabolic
demands, where structural support is more important than direct metabolic exchange. The greater abundance of
microvenules relative to microarterioles aligns with their drainage function, emphasizing their role in managing
blood flow and waste removal’8-8, Finally, the consistent microarteriole-to-microvenule ratio between the
superficial and deep dermis suggests a stable vascular architecture. This stability ensures an effective blood
supply and drainage across dermal layers, regardless of depth. Such a balanced ratio helps maintain consistent
hemodynamic flow and adapt to variations in physiological needs?*#2. Together, these findings highlight the
structural variations within the dermal microcirculatory network. The observed differences in diameter, wall
thickness, and density support a coordinated system of blood supply, pressure regulation, and drainage, tailored
to meet the diverse needs of dermal regions, offering insights for guiding frontal flap surgeries and managing
complications.

Next, adjacent sections to the H&E-stained slides were subjected to immunofluorescence staining for CD31
and MCT1 to assess their capacity to differentiate between microarterioles and microvenules. CD31, also known
as platelet endothelial cell adhesion molecule-1, is a well-established marker for microvascular structures and
is predominantly expressed on the surface of vascular endothelial cells, where it participates in endothelial
junction formation and angiogenesis®>. MCT1, encoded by the solute carrier family 16 member 1 (SLC16A1)
gene, facilitates the transport of short-chain monocarboxylates, such as L-lactate, pyruvate, and ketone bodies,
essential for energy balance and pH regulation®*. In this study, CD31 was detected in both microarterioles and
microvenules, whereas MCT1 was exclusively expressed in microvenules. As mentioned earlier, MCT1 plays
a crucial role in proton-coupled transport, which is vital for metabolic, pH, and energy regulation®!. In skin
microcirculation, blood in the microarterioles flows through the capillary network, where material exchange
occurs, leading to the accumulation of acidic byproducts such as lactate and pyruvate in the microvenules. These
metabolites likely require MCT1-mediated transport, explaining the positive staining for MCT1 in microvenules
but not in microarterioles. Interestingly, partial MCT1 positivity was also observed in sweat glands. Human
sweat contains approximately 0.1% lactic acid, 0.04% citric acid, 0.0096% acetic acid, and 0.0062% propionic
acid. When body temperature rises or during emotional stress, the sympathetic nervous system stimulates the
sweat glands, facilitating the transport of these metabolites from the blood into the sweat gland lumen, where
they form sweat®>¢. Due to the high density of sweat glands in the forehead, non-specific MCT1 staining outside
the microvenules may be observed®”88, In contrast, areas with fewer sweat glands, such as the back or limbs, may
produce clearer microvenule staining®.

This study represents the first use of intravascular dual perfusion to examine the characteristics and
spatial distribution of microarterioles and microvenules in the human dermis. It is also the first to employ
immunofluorescence staining to differentiate between these vessel types. However, several limitations should
be noted. The small sample size limits the generalizability of the findings and may not fully capture the
microvascular characteristics of a broader population. Additionally, the focus on forehead skin, chosen for
its relevance in reconstructive surgery, may be influenced by the high density of sweat glands, making these
findings less applicable to other anatomical regions. Furthermore, technical limitations prevented a detailed
investigation of capillary characteristics. Future studies should include larger sample sizes and explore a wider
range of anatomical regions, particularly those with fewer sweat glands, as autofluorescence from sweat glands
could interfere with immunofluorescence results?”. Optimizing experimental conditions—such as adjusting
antibody concentrations, extending incubation times, lowering temperatures, and using blocking agents—could
reduce non-specific staining and improve MCT1 binding specificity to microvenules’*2. Moreover, the use of
specific markers like neuron-glial antigen 2(NG2) for pericytes and alpha-smooth muscle actin (a-SMA) for
vascular smooth muscle cells could enhance our understanding of vessel wall thickness and its relationship with
perivascular cell types®®. This approach would help distinguish microarterioles from capillaries and provide
insights into pericyte coverage ratios across different vessel types. By integrating intravascular perfusion and
immunofluorescence techniques with these markers, we could gain a more detailed understanding of the capillary
network in skin microcirculation, advancing our knowledge of its structure and function. Additionally, future
research should focus on using specific immunofluorescent antibodies for microarterioles and/or microvenules
in intravascular perfusion, combined with whole-mount immunofluorescence staining. This approach promises
to provide a more comprehensive and long-range view of skin microcirculation. The integration of tissue-
clearing optical techniques will also significantly enhance our ability to visualize microvascular networks in
unprecedented detail, paving the way for deeper insights into the complexities of skin microcirculation®+*>.

In conclusion, our study highlights significant differences in the distribution of microvessels between
the superficial and deep dermal layers of the human forehead. We identified MCT1 as a specific marker for
microvenules and introduced an innovative method combining CD31 and MCT1 immunofluorescence to
differentiate dermal microarterioles from microvenules. These findings improve our understanding of skin
microcirculation, with future research focusing on advanced imaging techniques and specific markers to provide
deeper insights into its structure and function.

Data availability
The datasets generated during the current study are available from the corresponding author on reasonable
request.
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