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Abstract

:

Featured Application


Optical coherence tomography angiography can provide biomarkers for vascular remodeling in preclinical wound healing studies.




Abstract


During wound healing, the rapid re-establishment of a functional microcirculation in the wounded tissue is of utmost importance. We applied optical coherence tomography (OCT) angiography to evaluate vascular remodeling in an excisional wound model in the pinnae of C57BL/6 and db/db mice receiving different proangiogenic topical treatments. Analysis of the high-resolution OCT angiograms, including the four quantitative parameters vessel density, vessel length, number of bifurcations, and vessel tortuosity, revealed changes of the microvasculature and allowed identification of the overlapping wound healing phases hemostasis, inflammation, proliferation, and remodeling. Angiograms acquired in the inflammatory phase in the first days showed a dilation of vessels and recruitment of pre-existing capillaries. In the proliferative phase, angiogenesis with the sprouting of new capillaries into the wound tissue led to an increase of the OCT angiography parameters vessel density, normalized vessel length, number of bifurcations, and vessel tortuosity by 28–47%, 39–52%, 33–48%, and 3–8% versus baseline, respectively. After the peak observed on study days four to seven, the parameters slowly decreased but remained still elevated 18 days after wounding, indicating a continuing remodeling phase. Our study suggests that OCT angiography has the potential to serve as a valuable preclinical research tool in studies investigating impaired vascular remodeling during wound healing and potential new treatment strategies.
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1. Introduction


Cutaneous wounds are very common [1] and can be differentiated into acute and chronic wounds. In healthy subjects, acute wounds can be related to incisions, abrasions, or burns and usually heal uneventfully and without complications. In patients with underlying pathologies, for example, peripheral arterial and venous diseases or diabetes, these acute wounds can exhibit an impaired healing pattern, possibly leading to a chronic wound [2,3,4,5,6]. In developed countries, it has been estimated that 1–6% of the general population will experience such a chronic wound during their lifetime [7,8,9,10].



Normal wound healing is a well-organized, dynamic process with four overlapping phases: hemostasis, inflammation, proliferation and tissue formation, and tissue remodeling. A fundamental step in normal wound healing is the rapid re-establishment of a functional microcirculation in hypoxic tissue [11], realized by the process of angiogenesis, which refers to the growth of new capillaries from pre-existing blood vessels via sprouting [12]. The vasculature does not only provide the blood supply for the affected tissue but is also the site for the initiation of inflammatory events [13,14], which are a prerequisite for the healing of the wound. Multiple physiological and biochemical factors can lead to a deregulation or interruption of one or more of the normal healing phases and thus result in a chronic wound.



Clinical assessment of cutaneous wounds uses dermatoscopy, wound photography, or measuring tape. In preclinical research, histology and immunohistochemistry (IHC) can provide an insight into morphological changes and both cellular and molecular events [15,16]. However, for visualization of larger sections of the vascular network and, in particular, for the evaluation of the dynamic vascular remodeling during wound healing and the investigation of the pathophysiologic mechanisms of non-healing wounds, accurate, quantitative, and non-invasive imaging techniques are needed. Here, various imaging modalities for investigation of the cutaneous perfusion have been employed.



Non-optical methods like magnetic resonance imaging [17,18], micro-computed tomography (µCT) [19], or µCT angiography [20] can be employed for the assessment of angiogenesis but lack the spatial resolution for the visualization of capillary remodeling during wound healing. Additionally, the latter requires the injection of a contrast medium.



In recent years, ultrasound-based techniques like contrast-enhanced ultrasound [21] and acoustic angiography [22,23] have been used for vascular imaging. Based on the injection of a non-ionizing contrast agent into the blood stream and detection of the ultrasound signal with high-frequency receiver elements, the latter provides resolutions of a few hundred microns and allows characterization of the vascular architecture.



Also, non-invasive optical methods have been widely used for microvascular imaging. Photoacoustic (PA) imaging provides favorable penetration depth and sufficient resolution for visualizing the cutaneous vasculature in animals [24] and humans [25]. Beyond pure imaging of the vascular network, the technology has been employed for the assessment of quantitative vascular [26,27,28] and hematologic [29] parameters.



Optical coherence tomography (OCT), based on the principle of low coherence interferometry, provides label-free, non-contact, noninvasive, high spatial and temporal resolution cross-sectional imaging of biological tissues. Analyzing intrinsic dynamic changes in the OCT signal due to moving red blood cells, OCT angiography (OCTA) as a functional extension of OCT enables visualization of the vascular network in the probed tissue without the need for a contrast agent [30,31,32]. The technology’s high resolution provided an insight into vascular changes related to ocular diseases like diabetic retinopathy [33,34] or age-related macular degeneration [35,36] and allowed for the analysis of the vasculature in lesions of the skin [37,38,39].



Animal models are essential for investigating both the physiological and pathological mechanisms involved in tissue repair after wounding [40,41]. Here, due to their relatively low cost and their simple handling, mice represent the most widely used species for preclinical wound healing studies [42,43]. Despite various molecular [44,45] and immunological [46,47] differences between humans and mice, the healing of skin wounds in the two species is similar considering the aforementioned four overlapping phases of wound healing [48,49]. In addition, human and murine skin possess the same layers of cells in the dermis and epidermis; they differ, however, in terms of thickness and number of cell layers [47]. The relatively thin structure of the mouse ear pinna skin makes this location ideally suited for an investigation with optical imaging methods, which is why the mouse pinna model has been employed for in vivo assessment of normal [13,50,51] and impaired [52] wound healing in a longitudinal manner.



OCTA has also been used to monitor wound healing in humans. For example, Gong et al. applied OCTA to monitor the vasculature after a burn injury [53], Deegan et al. took repeated OCT/OCTA measurements after skin injury caused by a drop of molten plastic [54], and Holmes et al. investigated leg ulcers in 11 patients with OCT/OCTA [55]. Although the aforementioned studies demonstrated the applicability of OCTA for monitoring of wound healing in humans, for studies that compare multiple treatments of artificially set wounds, animal studies are preferable.



Topical applications of different agents are utilized to enhance angiogenesis and healing outcome. Vascular endothelial growth factor (VEGF), in addition to attracting leukocytes to the wound site, plays an essential role in vascular and lymphatic growth and was shown to significantly improve the healing outcome in diabetic mouse dorsal wound models [56,57]. Platelet derived growth factor (PDGF) was reported to increase the rate of cellular infiltration and capillary ingrowth into dorsal wounds of diabetic mice [58]. Beside these well-studied pro-angiogenic growth factors, the effect of different biological polymers on the wound healing outcome has been investigated [59]. For example, chitosan, a positively charged linear polysaccharide composed of randomly distributed  β -(1→4)-linked D-glucosamine and N-acetyl-D-glucosamine was reported to enhance the function of inflammatory cells and promotes granulation during the proliferative stage of wound healing [60]. In addition, its hemostatic and antimicrobial activities [61] together with its excellent biocompatibility make it well suited for the use in wound healing dressings [59].



The current exploratory study aimed to investigate whether optical imaging via OCT/OCTA can be employed for the evaluation of dermal wound healing in diabetic db/db and healthy C57BL/6 mice receiving different proangiogenic treatments. Longitudinal assessment of angiogenesis and vascular remodeling during wound healing was performed using OCTA, with the goal of evaluating quantitative OCTA-based parameters and their applicability for objective assessment of the healing status. The primary objective was to investigate whether OCTA imaging allows for the detection of differences in the adaptational changes of the microvasculature due to the treatment.




2. Methods


2.1. Animals


Twenty-four female C57BL/6 and 24 db/db mice (Charles River Laboratories, Sulzfeld, Germany) with an age of approximately ten weeks on the first measurement day were included in the study. The animals were kept under controlled, standardized conditions (artificial L/D cycle 12:12, room temperature   22 ± 2       ∘  C  , humidity   45 ± 10   %) at the Animal Care Facility at the Center for Biomedical Research, Medical University of Vienna, Vienna, Austria. The animals had ad libitum access to water and complete feed for mice (sniff R/M-H, sniff Spezialdiäten GmbH, Soest, Germany).




2.2. Mouse Model of Diabetes


BKS.Cg-Dock7m+/+ Leprdb/J mice—commonly referred to as db/db mice—are a murine model for Type 2 diabetes mellitus (T2DM) and the most commonly used strain for wound healing studies [62]. Due to the mutation in the gene encoding the leptin receptor, the leptin deficiency leads to increased appetite, obesity, insulin resistance, and hyperglycemia in these mice.



Mice with a blood glucose level   > 250    m  g /dL were included in the study. At the last measurement time point, db/db mice had an average blood glucose level   > 500    m  g /dL. C57BL/6 mice served as a control.




2.3. Murine Model of Wound Healing


A mouse ear pinna wound healing model [13,63] was used to study cutaneous wound healing in non-diabetic and diabetic mice. To assess the wound healing progression and changes in the microvasculature, imaging was performed before, immediately after wounding (T0), and 1, 4, 7, 12, and 18 days later by means of repeated OCT/OCTA imaging.



Animals were kept under general anesthesia (xylazine 5  m  g / k  g , ketamine 90  m  g / k  g , intraperitoneal administration) for baseline imaging, surgery, and imaging post wounding. Mouse ears were depilated prior to the first measurement in order to avoid shadowing by body hair. The cutaneous wound was created immediately after the baseline measurement under aseptic conditions. After marking the edge of the circular wound area (  ϕ = 1    m m   ) on the ventral side of the pinna through slight twisting of a biopsy punch, skin layers were gently removed using a hockey knife (sclerotomy knife straight   2.5    m  m , Alcon Grieshaber AG, Schaffhausen, Switzerland). Particular attention was paid to avoid perforating the ear. A 3D-printed donut-shaped plastic ring was sutured to the ear (Prolene 8711H 6-0 polypropylene suture, Ethicon, Johnson & Johnson Medical GmbH, Norderstedt, Germany) for wound splinting in order to minimize tissue contraction during wound healing. For imaging at time points 1, 4, 7, 12, and 18 days after wounding, animals were anaesthetized using 2% isoflurane ( 1 L/ min  O2). Before imaging, wounds were carefully examined under a stereoscope and gently cleaned with saline solution. Additionally, digital photographs (Canon PowerShot G15, Canon Deutschland GmbH) were acquired at each time point to calculate the wound area.



Non-diabetic and diabetic animals were divided into four substance groups (Table 1) by cage unit and topically treated after each imaging time point.



After each OCTA acquisition except the baseline and the final measurement, mice received topical treatment with one drop of a chitosan hydrogel (Croma Pharma GmbH, Leobendorf, Austria), fibrin sealant (Tisseel, Baxter, Unterschleißheim, Germany), or fibrin sealant with rhVEGF165 and rhPDGF-BB (PeproTech, Rocky Hill, CT, USA). For the latter, 200  n  g  of each growth factor were dissolved in 1  m  l  of the fibrinogen component, before mixed with the thrombin component of the fibrin sealant. The wound was covered with a wound dressing (Suprasorb F, Lohmann&Rauscher, Vienna, Austria) to provide a moist wound environment.



All measurements were conducted at   22.0 ± 0.5       ∘  C   room temperature. For all procedures including OCTA measurements, animals were placed on a flat heating plate (Uno Roestvaststaal BV, Zevenaar, The Netherlands). Via its control unit (Uno Control Unit 02, Uno Roestvaststaal BV), the temperature was set to 36     ∘  C   in order to minimize heat loss of the animals during experiments.




2.4. OCT Imaging and Data Processing


Volumetric OCT data sets of the wound area were acquired using a custom-built dermal swept-source OCT system. A detailed description of the OCT system can be found elsewhere [64]. The system employs an akinetic light source (Insight Photonic Solutions, Inc., Lafayette, CO, USA) operating at a central wavelength of 1322  n  m  with a spectral bandwidth of 62  n  m . Considering the numerical aperture of the optical fiber and focal length of the scan lens (Thorlabs LSM02,   f = 18    m m   , Thorlabs GmbH, Bergkirchen, Germany), the system provides a lateral resolution of   ∼ 13    μ  m  and a depth of focus of   ∼ 200    μ  m . Split-spectrum amplitude decorrelation [65] was used to generate the angiography images from the acquired spectral OCT data. In vivo data acquisition was performed over a rectangular skin patch covering an area of   4.86 × 4.86    m  m . Imaging data was recorded with 768 A-scans per B-scan and 4 consecutive B-scans at each of 768 positions in slow scanning direction. After applying the thresholded structural image data as a mask, maximum projection of the angiography data in axial direction produced en-face angiograms with a size of   768 × 768   pixel. Binary angiograms were created by applying Sato filter of curvilinear structures [66] and contrast limited adaptive histogram equalization [67], followed by thresholding using Otsu’s method [68].



For characterization of the vascular network, four OCTA parameters were analyzed: (1) The vessel density giving the percentage of pixels that belong to vessels and being calculated from the binarized angiograms. (2) The vessel length determined from a morphological skeleton of the binarized angiogram and normalized to a skin area of 1  m  m    2  . (3) The number of bifurcations in the vascular network normalized to vessel length. (4) The vessel tortuosity, sometimes also referred to as distance metric [69], which was calculated as the weighted average of the path length divided by the linear distance between the endpoints of each vessel segment. It was determined from angiograms from which the shortest vessel segments had been removed. The wound site itself was excluded from the analysis of the four vascular parameters.



Figure 1 illustrates the post-processing steps applied: In the 2D OCT angiogram (Figure 1a), the region of interest was manually marked to exclude the wound site itself and any areas covered by the splint (Figure 1b). After applying the Sato filter of curvilinear structures (Figure 1c), thresholding produced the binary angiogram (Figure 1d) that was used to calculate vessel density. Skeletonization of this binary angiogram led to the image that was evaluated for vessel length and number of bifurcations (Figure 1e). The skeletonized angiogram was cleaned from very short vessel segments (Figure 1f) before determining the vessel tortuosity.




2.5. Digital Measurement of Wound Size


Wound size progression over time was assessed from digital photographs by an experienced operator, who was blinded to animal ID and time of acquisition when determining wound size. Wound area in pixels was assessed and converted into absolute values based on a millimeter scale placed in the imaging plane next to the wound during acquisition of the pictures. Finally, the wound area was expressed as the percentage of the initial wound size. Segmentation of the wound sizes was performed using the software MITK Workbench (German Cancer Research Center, software available at http://mitk.org/, accessed on 9 March 2021).




2.6. Histology and Immunohistochemistry


On day 18, tissues were harvested for histologic and IHC analysis. Ears were fixed in 4% formalin (Roti-Histofix 4%, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) for 24 h and subsequently embedded in paraffin. The histological sections were stained with haematoxylin and eosin (HE). In addition, rabbit monoclonal anti-CD31 antibody (1:200, Medac GmbH, Wedel, Germany) and rabbit anti-alpha-smooth muscle actin (α-SMA) polyclonal antibody (1:150, Medac GmbH) were used for IHC. Control immunostaining was performed to verify staining and non-specific binding by excluding primary or secondary antibodies. Histology and IHC were performed at the Ludwig Boltzmann Institute for Experimental und Clinical Traumatology, Vienna, Austria. A Hamamatsu NanoZoomer 2.0 HT slide scanner (Hamamatsu Photonics Deutschland GmbH, Ammersee, Germany) was used to scan the HE slides. The histological analyses were conducted via light microscopy and by inspection of the digital slides.




2.7. Statistical Methods


To detect differences in the time course between the four study groups, a repeated measures ANOVA model was applied. A post-hoc analysis (Tukey’s honestly significant difference test) was performed to correct for multiple testing and identification of differences between specific groups and time points. Baseline values of non-diabetic and diabetic animals were compared using the independent two-sample t-test. Statistical significance was accepted at   p < 0.05   for all tests. All statistical analyses were performed in SPSS (IBM SPSS Statistics, Version 26).





3. Results


Cutaneous wound healing was studied employing a mouse ear pinna model in healthy and diabetic animals. Forty-seven animals—24 non-diabetic and 23 diabetic—were included in the analysis. The premature death of one diabetic mouse led to the reduction of the group size (  n = 5  ) in the chitosan hydrogel treatment group.



To minimize wound contraction, a donut-shaped splint was sutured to the pinna with a nylon thread through six equidistant holes. Figure 2 shows an example photograph of the wound splinting with the wound at the center of the circular opening of the splint. Angiographic OCT imaging was performed before and immediately after wounding and on five additional time points within the next 18 days.



Example OCT angiograms from one non-diabetic (Figure 3a) and one diabetic mouse (Figure 3b) acquired at the different time points of the study are given in Figure 3. The top left image in Figure 3a was acquired at baseline before wounding, while the subsequent images present the angiograms immediately after wounding and 1, 4, 7, 12, and 18 days later. The circular measurement area defined by the donut-shaped ring can be easily recognized in each of the angiograms. In Figure 3b, the same timeline is depicted for the wound healing in a diabetic animal. Images provide a clear visualization of the vascular network in the mouse pinna with vessels in a size range between 20  μ  m  and 80  μ  m .



In the angiograms shown in Figure 3a,b, various vessels of different diameters are visible within the open circular area provided by the plastic ring. The top left image (BL) shows the baseline measurement before wounding. In the next image (D00) acquired immediately after wounding, most of the vessels outside the wound area can be recognized when compared with the baseline image. At the wound site at the center, however, many predominantly small vessels belonging to the upper removed skin layers are missing. Instead, OCTA signals of deeper-lying vessels previously not visible can be seen. When comparing the image directly after wounding (D00) with the next image one day later (D01), formation of anastomoses to restore blood circulation can be observed. Images in the following days (D04 to D18) show a fine network of small vessels of various orientation formed at the wound margin and slowly closing in on the wound area. The wound site itself reveals only a weak OCTA signal that arises from vessels in deeper layers and is excluded from the calculation of the vascular parameters. The OCT angiograms were processed in order to analyze the vascular network of the investigated tissue region. Figure 4 depicts the vascular network derived from the OCT angiograms shown in Figure 3a. Here, vessels are shown in unicolor grey and the non-vessel background is black. A thin white line at the center of the vessels indicates the network graph, with red dots highlighting bifurcations.



Comparison of the vessel network parameters derived from OCTA measurements performed on the first study day before wounding revealed no significant difference between non-diabetic and diabetic animals. Data are summarized in Table 2.



Figure 5a,b show the vessel density in the ears of both non-diabetic and diabetic mice and the different study groups. In non-diabetic animals, vessel density significantly increased in the first days (D4 to D7) after wounding by 28% (fibrin group) to 45% (VEGF/PDGF group) (  p < 0.02   for all groups). Thereafter, measured values decreased again. The difference between groups’ average time courses did not reach statistical significance (  p = 0.56  ). A similar increase of 37% to 47% was also found in diabetic animals (  p < 0.005   for all groups), reaching the maximum four days after setting of the wound. After day 4, vessel density as assessed via OCTA slowly decreased with again no statistically significant difference between groups (  p = 0.34  ).



The normalized vessel length plotted in Figure 5c,d revealed a similar time course with a significant increase of 39% to 52% (  p < 0.015   for all groups) in non-diabetic and 43% to 52% (  p < 0.01  ) in diabetic animals in the first time interval of the study period. In course of wound healing, all groups showed a slow decline of vessel length values. The average time courses of the normalized vessel length did not differ significantly between groups, neither in non-diabetic (  p = 0.46  ) nor in diabetic (  p = 0.36  ) animals.



In Figure 5e,f, the number of bifurcations normalized to the vessel length for both non-diabetic and diabetic animals is plotted. A maximum number of bifurcations was detected at study day four or seven with relative increases versus baseline of 33% to 48% (  p ≤ 0.002   for all groups). Within the study period, particularly in diabetic animals, no trend towards a decrease in bifurcation numbers was observed. There was no statistically significant difference between time courses of the control and three different treatment groups (  p = 0.34  , non-diabetic animals;   p = 0.20  , diabetic animals).



Figure 5g,h show the time courses of the tortuosity parameter calculated based on the OCTA data for non-diabetic and diabetic animals, respectively. In the first time interval of the study (D1 to D4), an increase of the tortuosity by 3% to 7% in non-diabetic and 4% to 8% in diabetic animals was observed. This change was statistically significant for all treatment groups (  p ≤ 0.032  ) except the VEGF/PDGF group (  p = 0.06  ) in the non-diabetic and the chitosan hydrogel group (  p = 0.06  ) in the diabetic animals. The average time courses of the tortuosity did not show a statistically significant difference for the control and the three treatment groups, neither in non-diabetic (  p = 0.37  ) nor in diabetic (  p = 0.31  ) mice.



Figure 6a,b depicts the time course of the average wound size in non-diabetic and diabetic animals and reveals a steady decline in both non-diabetic and diabetic animals and in all treatment groups and the control. At the last study day (D18), complete wound closure was observed in 11 of 24 non-diabetic and 7 of 23 diabetic animals. No statistically significant difference in the time courses of both the control and the three treatment groups was found (  p = 0.15  , non-diabetic;   p = 0.91  , diabetic).



Histological specimens were obtained on the last study day 18. Example HE staining of the pinnae of one non-diabetic and one diabetic animal are depicted in Figure 7a,b, respectively, and reveal the tissue morphology with the distinct layers, that is, stratum corneum, epidermis, dermis, striated muscle fibers between the dorsal dermis and cartilage layer, and the central cartilage itself. In addition, hair follicles and sebaceous glands are visible. The images show complete re-epithelization in both the non-diabetic and the diabetic animal. Images of the CD31 staining in Figure 7c,d reveal the sprouting of CD31-positive endothelial cells into the granulation tissue. The additional presence of thrombocytes and leucocytes is indicated by a pale brown staining.



In both example images of α-SMA staining in non-diabetic and diabetic animals, a positive staining indicates the presence of smooth muscle cells limited to the granulation tissue of the wound area (Figure 8).




4. Discussion


In this report, we presented the application of a custom-built dermal OCT system for assessment of cutaneous wound healing in a mouse pinna model. In both non-diabetic and diabetic mice, quantitative OCTA parameters were evaluated in a longitudinal manner and revealed changes related to vascular remodeling during healing of the wound.



In the current study, an excisional wound was set extending through stratum corneum, epidermis and dermis to the central cartilage of the pinna. In such wounds, healing occurs from the margin of the wounds and allows assessment of various mechanisms including angiogenesis, epithelization, granulation tissue formation and tissue contraction. Compared to punch wounds, the excisional wound provided a wound bed that facilitated topical application of different test treatments and thus modeling of pharmacologic interventions in wound healing. Animal models in preclinical research aim to mimic human wound healing problems, that is, dehiscence, ischemia, ulceration, infections, and scarring [70]. Here, one has to consider that cutaneous wound healing in humans and rodents involve different mechanisms. Human wound healing happens mainly via re-epithelization and formation of granulation tissue. While both processes are also present in rodents, their dominant mechanism of wound closure is contraction. Different strategies were introduced to overcome this limitation of cutaneous wound models in rodents [70]. For example, Galiano and co-workers applied a wound splint in a dorsal wound model in mice [71]. Here, silicone splints were fixed to the dorsal skin with adhesive and nylon sutures in order to avoid wound contraction during healing. In our study, in an effort to minimize wound contraction, a donut-shaped splint was sutured to the pinna, fixating the skin at six points with the central cartilage of the ear serving as second anchor point. The usage of additional glue was omitted in order to prevent any interaction with the test substance treatments applied at each study day. Due to the high flexibility of the skin of the pinna, wound contraction could however not be entirely prevented as indicated by the positive α-SMA staining found in IHC. OCTA monitoring of dorsal wound healing in mice might be possible but may be hampered by the increased thickness of the dorsal skin as well as the denser hair coat. Proper visualization of tissue morphology and vascularization via OCT is dependent on the central wavelength of the light source and on the absorption and scattering properties of the tissue. These factors are limiting the imaging depth to 1 mm–2 mm. Alternative models such as excisional wounds in rabbit ears [72,73,74] may avoid influences by contraction. Here the skin is firmly attached to the subcutaneous tissue, thereby naturally splinting the wound. However, in addition to the slightly thicker skin, differences in costs and animal housing requirements still favor the mouse model.



In the current study, the wound surface area was quantified based on digital photographs. In both non-diabetic and diabetic animals and in all study groups, wound size gradually decreased with time with no significant difference in the time courses between the groups. At the last study day, 18 days after injury, the average wound size of all animals was found to be reduced by 87.5% compared to the initial wound size; 38% (18 out of 47 animals) revealed complete wound closure. The wound size time course indicates that re-epithelization and closure of the 1  m  m  excisional wound takes approximately three weeks. The OCTA parameters assessed in our study provided an insight into the vascular changes after injury and during wound healing. After setting of the excisional wound, bleeding of the injured vessels was observed. Consecutively, activated platelets adhere to the injured vessel ends and by this provide a surface for hemostasis. This, finally, leads to generation of thrombin and formation of fibrin clots stabilizing the initial platelet plug and closing of the vessel [75]. Since the mouse pinna comprises a very dense and interconnected vascular network, the perfusion of the downstream tissues is mostly maintained via anastomosis, collateral vessels, and recruitment of pre-existing capillaries. This is mirrored by the increase in the tortuosity parameter that reflects the curvature of the vessels and is considered to be larger in smaller vessels and the vessel density parameter that does not drop between the measurements directly before and immediately after injury (time point 0).



Within a few hours, the inflammatory phase with release of proinflammatory factors into the blood stream is initiated. Histamine, as one of the inflammatory agents, plays a major role in the modulation of wound healing. By causing a dilation of vessels surrounding the wound and increasing their porosity, histamine facilitates the entry of inflammatory cells into the wound site, leads to an activation of macrophages and supports angiogenesis [76,77]. The vessel dilation and capillary recruitment might be reflected by the slightly increasing OCTA parameters at the first two time points after incision, where the formation of new vessels has not yet occurred.



In order to form new healthy tissue, angiogenesis has to take place in the wound area. It is initiated by hypoxia of the tissue, inducing the expression of growth factors like VEGF by activated fibroblasts, mast cells, and macrophages. In addition, stem cells originating from the endothelium of injured vessels are attracted to the wound site by fibronectin found in the fibrin clots. In wild type animals this proliferation phase was noticed as early as day 4, with a peak at day 8–10 [75]. In our study, a strong increase in all OCTA parameters, indicating the sprouting of new capillaries into the granulation tissue, was observed between day 1 and day 4 or 7 respectively. After day 7, vessel density and vessel length reveal a descending trend while the number of bifurcations that reflects the branchings of the capillary network at the wound site and the tortuosity that is a measure for the curvature of the vessels stay almost constant. A possible explanation for this observation might reside in the mechanisms during the overlapping wound healing phases of proliferation and inflammation. Towards the end of the inflammatory phase histamine release diminishes, vasodilation declines and the newly created vessels in the granulation tissue furnish sufficient blood supply to the wound site. This also induces a partial closure of capillaries recruited during earlier phases of wound healing, as reflected by the time courses of the OCTA parameters vessel density and vessel length that show a decrease versus the peak values at days 4 and 7, respectively, and also the weak trend towards a decreasing vessel tortuosity parameter. In non-diabetic mice, a trend towards a faster decrease of vessel density and vessel length values in the VEGF/PDGF and in the chitosan hydrogel group was found, which could be indicative of a more advanced proliferative phase.



Major changes in this network are expected during the remodeling phase of wound healing that might have only been initiated within the study period of 18 days. Here, a vascular remodeling will take place, where some capillaries formed via angiogenesis grow into larger vessels while others that are no longer needed are removed by apoptosis [78,79]. This phase of wound healing was reported to last several weeks to months, depending on the type and extent of the wound [50,80].



The longitudinal in vivo assessment of quantitative imaging data poses different challenges. In vivo OCTA imaging requires the vascular bed to be precisely positioned in the focal plane of the imaging optics in order to ensure comparability of the values at different time points but also between different subjects at the same time point. In the current study, a scan lens with a focal length of 18 mm was used, providing a depth of focus of   ∼ 200    μ  m . As long as the vessels are resolved, parameters like vessel length and number of bifurcations are less dependent on the focus. In contrast, the evaluation of the vessel density and vessel diameter parameter require precise positioning of the ear into the focal plane, adversely affecting their quantification if placed above or below this plane. In our measurements, the tissue surrounding the wound and the central cartilage of the ear served as reference points for axial positing of the ear, while the splint allowed centering of the wound in the imaging area. Individual differences in the anatomy of the mouse ear with the curvature of the pinna and small skin folds but also the splint itself with the sutures could have led to variations in the positioning of the ear for measurement. This has to be considered both when analyzing changes between different time points and particularly when comparing the time courses of different treatment groups. Here, these variations could have caused a larger scatter of the determined values.



The present study has some limitations that are worth mentioning. Based on the assessed OCT data, no significant difference, both between treatment groups and versus control group, was detected. This could be explained as follows. When employing certain imaging modalities for assessment of new potential biomarkers, the effect size of an intervention upon this parameter is not known a priori. Since the present study was designed as a pilot study, only a relatively small sample of 6 animals per group was included. To the best of our knowledge, no quantitative, longitudinal OCTA data regarding the treatment effect of topical pharmaceutical applications for enhancement of cutaneous wound healing was available in the literature at the time the study protocol was submitted and the study was carried out. Therefore, the sample size calculation in our study was based on previous reports evaluating the wound sizes in excisional wound models in diabetic mice. Here, on day 10, a 40% reduction in wound size was detected [56]. Recently, the group of Stephen Boppart reported on the effects of an angiogenesis promoting topical treatment on the wound healing in diabetic mice employing OCTA and fluorescence lifetime imaging microscopy [81]. Seven days after injury, the authors found differences in the range of 2% to 20% (OCT parameters: vessel density, branching point density, and vessel diameter) between treatment and control group (  n = 5   per group). The same work group performed a study using multimodal imaging including OCTA in diabetic mice placed in four different groups (high concentration treatment, low concentration treatment, placebo and control;   n = 6   per group) [82]. Here, authors reported OCTA branching point density in the high-concentration treatment and placebo group to be significantly higher than in control mice. Furthermore, at day 3, OCTA mean intensity in the low concentration treatment group was higher than in the control. For both parameters, no differences between the three treatments were detected. The reported time courses of the previous studies as well as our data suggest that, in order to detect significant differences for different topical treatments, larger sample sizes than the one employed in the current study are needed. This can help to reduce the effect of potential outliers due to the aforementioned experimental challenges and increase the precision of the determined OCTA parameters. Future experiments based on these data can form the basis for the definition of OCTA biomarkers applicable for an objective assessment of wound healing progression and for the planning of new studies investigating pharmacological interventions in cutaneous tissue repair.



Another aspect that could be considered a limitation of the current study is analysis of vascular network based on two-dimensional en-face projections of the OCTA data instead of the original three-dimensional data sets. The vascular tree of the mouse ear pinna is composed of a descending order of arterioles and venules [83,84,85], where the lower orders run deep in the dermis layer on both sides of the cartilage, while the higher order vessels and capillary loops occupy the superficial dermis and deep epidermis. In the current study that aimed to investigate the applicability of OCTA for tracking dermal wound healing during treatment with proangiogenic substances, a full thickness wound, extending down to the cartilage layer and removing all skin layers including the enclosed vessels, was set. Since this standardized wound was applied in all animals of all treatment groups, no bias on the study results due to the two-dimensional analysis is to be expected. However, the analysis of the three-dimensional data set can provide a more detailed insight into the angioarchitecture of the microcirculation both in preclinical research and also for the clinical assessment of wounds or lesions of the skin [38].



Regarding the clinical applicability of OCTA for dermatological applications, one must consider the previously mentioned penetration depth of a few millimeters into tissue. This allows assessment of the superficial capillary loops and the underlying capillary and vessel beds. The combination with PA imaging in a multimodal imaging system, however, can provide a full representation of the skin vasculature [86]. Here, the PA channel yields the visualization of vessels with diameters in the range of   ∼ 100    μ  m  and larger down to a depth of 5  m  m –10  m  m  while OCTA facilitates imaging of the superficial perfusion [87,88]. Recently, such a multimodal system has been employed for imaging and quantitative assessment of the dermal vasculature in different dermatological conditions [89].



In conclusion, we demonstrated the applicability of dermal OCTA for in vivo tracking of the dynamic changes in the vascular network after application of an excisional wound model in the mouse pinna. The high resolution of the imaging system provided an insight into adaptational changes of the microvasculature during the overlapping wound healing phases in both non-diabetic and diabetic animals. The obtained data reflected well the processes after injury during hemostatic, inflammatory, proliferative, and remodeling phases. Our results indicate that OCTA could serve as a valuable preclinical research tool for evaluating the impaired adaptational mechanisms in vascular remodeling leading to the formation of chronic wounds and for monitoring the outcome of new pharmacologic treatment strategies facilitating or enhancing wound repair after injury.
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Figure 1. Post-processing of the optical coherence tomography angiograms. (a) Original OCT angiogram. (b) Region of interest with excluded wound area and image area covered by the plastic ring. (c) Angiogram after application of the Sato filter of curvilinear structures. (d) Thresholded angiogram. (e) Angiogram after skeletonization. (f) Skeletonized angiogram after removal of short vessel segments as used for calculating the vessel tortuosity. 
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Figure 2. Wound splinting in the mouse ear pinna wound model. 
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Figure 3. Optical coherence tomography angiography of dermal wound healing. Images present the angiogram time series of (a) one non-diabetic and (b) one diabetic animal. While the depicted non-diabetic mouse belonged to the control group that received no treatment, the diabetic animal received fibrin sealant at each study day directly after OCT measurements. BL is the baseline measurement before and D00 the measurement directly after wounding. D01 to D18 denote the angiograms acquired on the following days until the last study day 18. 
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Figure 4. Vascular network derived from OCT angiograms. Graphics depict the OCTA data timeline acquired from the non-diabetic mouse shown in Figure 3a after post-processing. The extracted binary images were used for calculating the four vascular parameters vessel density, normalized vessel length, number of bifurcations per unit length, and vessel tortuosity. The region covered by the donut-shaped ring and the wound site were excluded during evaluation of the vascular parameters and are shown darker. 
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Figure 5. Vascular parameters derived from OCT angiograms in (a,c,e,g) non-diabetic and (b,d,f,h) diabetic mice. (a,b) Vessel density. (c,d) Vessel length. (e,f) Number of bifurcations per vessel length. (g,h) Vessel tortuosity. The error bars represent the standard deviation. 
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Figure 6. Wound size relative to the initial day as determined from photographs in (a) non-diabetic and (b) diabetic mice. The error bars represent the standard deviation. 
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Figure 7. Example of cross-sectional histology of full thickness mouse pinnae on D18. Slices depict (a,c) non-diabetic and (b,d) diabetic mice in the control group stained with (a,b) HE or (c,d) anti-CD31 antibody, respectively. The dashed line rectangles indicate the respective wound area. Epidermis E, dermis D, muscle M, cartilage C, and hair follicles H. (a) In the HE staining in the non-diabetic mouse, the top arrow highlights the granulation process below the closed epithelium, while the bottom arrow indicates the healing response with ingrowing fibroblasts and inflammatory cells. (b) The HE staining in the diabetic mouse shows complete re-epithelialization of the wound (top arrow). The bottom arrow shows a diffuse mixed inflammatory process. The anti-CD31 antibody staining in (c) the non-diabetic and (d) the diabetic animal depict comparable CD31+ endothelial cells indicating angiogenesis. 
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Figure 8. α-Smooth muscle actin staining of the cutaneous wound model in the mouse pinna. Positive staining in (a) non-diabetic and (b) diabetic mouse indicates smooth muscles cells demonstrating that wound closure was promoted by contraction. 
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Table 1. Study groups and number of animals included in the analysis.
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	Study Group
	Non-Diabetic Animals
	Diabetic Animals





	Control (no treatment)
	6
	6



	Chitosan hydrogel
	6
	5



	Fibrin sealant
	6
	6



	VEGF/PDGF + fibrin sealant
	6
	6
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Table 2. OCTA vessel parameters at baseline before induction of the dermal wound on the mouse pinna (mean ± standard deviation).
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	OCTA Parameter
	Non-Diabetic
	Diabetic
	p-Value





	
	(  n = 24  )
	(  n = 23  )
	



	Vessel density [% of skin area]
	   22.75 ± 2.63   
	   23.02 ± 1.81   
	0.69



	Vessel length [  m m   per    m m  2   skin area]
	   4.93 ± 0.64   
	   5.01 ± 0.47   
	0.63



	Bifurcations per vessel length [  1 / μ m  ]
	   3.90 ± 0.29   
	   4.02 ± 0.33   
	0.18



	Vessel tortuosity [1]
	   1.140 ± 0.024   
	   1.138 ± 0.025   
	0.84
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