
In vivo laser speckle imaging reveals microvascular remodeling 
and hemodynamic changes during wound healing angiogenesis

Abhishek Rege,
Department of Biomedical Engineering, The Johns Hopkins University School of Medicine, 
Baltimore, MD, USA

Nitish V. Thakor,
Department of Biomedical Engineering, The Johns Hopkins University School of Medicine, 
Baltimore, MD, USA

Kevin Rhie, and
Russell H. Morgan Department of Radiology and Radiological Sciences, The Johns Hopkins 
University School of Medicine, 720 Rutland Ave, 217 Traylor Bldg, Baltimore, MD 21205, USA

Arvind P. Pathak
Russell H. Morgan Department of Radiology and Radiological Sciences, The Johns Hopkins 
University School of Medicine, 720 Rutland Ave, 217 Traylor Bldg, Baltimore, MD 21205, USA

Arvind P. Pathak: pathak@mri.jhu.edu

Abstract

Laser speckle contrast imaging (LSCI) is a high-resolution and high contrast optical imaging 

technique often used to characterize hemodynamic changes in short-term physiological 

experiments. In this study, we demonstrate the utility of LSCI for characterizing microvascular 

remodeling and hemodynamic changes during wound healing angiogenesis in vivo. A 2 mm 

diameter hole was made in the mouse ear and the periphery of the wound imaged in vivo using 

LSCI over 12 days. We were able to visualize and quantify the vascular and perfusion changes 

that accompanied wound healing in the microenvironment proximal to the wound, and validated 

these changes with histology. We found that consistent with the stages of wound healing, 

microvessel density increased during the initial inflammatory phase (i.e., day 0–3), stayed elevated 

through the tissue formation phase (i.e., until day 7) and returned to baseline during the tissue 

remodeling phase (i.e., by day 12). Concomitant ‘‘wide area mapping’’ of blood flow revealed 

that tissue perfusion in the wound periphery initially decreased, gradually increased from day 3–7, 

and subsided as healing completed. Interestingly, some regions exhibited a reestablishment of 

tissue perfusion approximately 6 days earlier than the ∼ 18 days usually reported for the long term 

remodeling phase. The results from this study demonstrate that LSCI is an ideal platform for 

elucidating in vivo changes in microvascular hemodynamics and angiogenesis, and has the 
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potential to offer invaluable insights in a range of disease models involving abnormal 

hemodynamics, such as diabetes and tumors.
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Introduction

Skin wounds elicit a natural healing response, whereby the body develops dermal and 

epidermal tissue to replace injured tissue. Mechanistically, the healing response has been 

divided into three overlapping phases—an inflammatory phase, a proliferative or new tissue 

formation phase and a tissue remodeling phase [1]. The immediate vascular response to 

wounding is that of clotting and vasoconstriction to minimize blood loss, but soon after, 

blood vessels dilate and become more permeable to allow elements of the immune system to 

access the wound site. This sequence of events constitutes the inflammatory phase. Beyond 

this initial response, tissue healing occurs concomitantly with robust neovascularization (i.e., 

the proliferative phase), which approximately starts on the second day and continues till 

epithelialization is complete. The vascular scar, caused by neovascularization, is eventually 

removed by apoptosis during the longer tissue remodeling phase. This study focuses on the 

in vivo characterization of vascular remodeling and angiogenesis that accompanies these 

phases of wound healing in a mouse ear wound model [2]. The mouse ear model is relevant 

to investigating disease states like sepsis [3] and diabetes [4] in which the wound healing 

mechanisms is impaired, and also to aging [5]. The cutaneous circulation of the murine ear 

model lends itself to optical imaging of blood vessel remodeling and hemodynamic changes 

without the technical challenges usually associated with in vivo imaging of traditional 

chamber [6] or subcutaneous models of wound healing [7].

While there have been several mechanistic studies on wound healing [8, 9], in vivo 

investigations of hemodynamic changes during the various wound healing phases have been 

limited. The skin circulation has been described as consisting of nutritive and arteriovenous 

perfusion [10]. The difference between them is that nutritive perfusion consists of blood 

flow through anastomotic vessels (capillaries) with multiple redundancies, while 

arteriovenous flow refers to well-regulated flow entering through arterioles and leaving 

through venules. In most wounds, blood flow has also been shown to re-distribute in 

collateral vessels when major vessels are injured [11]. Rendell et al. used Doppler flowmetry 

to demonstrate a rise and fall in blood flow during a 7 day long healing period in a rat dorsal 

skin wound model [12]. As this trend was observed for a region receiving nutritive perfusion 

from a vast network of capillaries, no observations were reported for functionally active 

regions receiving well-regulated perfusion from the arterioles.

In this paper, we demonstrate the utility of in vivo laser speckle contrast imaging (LSCI) for 

longitudinally monitoring spatio-temporal hemodynamic changes in a mouse ear model of 

wound healing. When tissue illuminated by a laser is photographed through a small aperture, 

the resulting images exhibit a random interference pattern, commonly called a speckle 
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pattern. In tissue regions with blood vessels, this speckle pattern dynamically changes due to 

the continuous motion of red blood cells, causing a blur over the exposure time of the 

camera. The degree of blurring in the LSCI image is proportional to the velocity of blood in 

the vessels perfusing the region of interest (ROI) and constitutes the biophysical basis of 

LSCI. Therefore, LSCI can easily distinguish blood vessels from the relatively static 

background tissue without necessitating administration of an exogenous contrast agent. 

LSCI produces full field, high-resolution images of the microvasculature and the associated 

blood flow [13].

Traditionally, LSCI has been used for neurophysiological studies to dynamically image 

changes in cerebral blood flow [14, 15]. Recently there have also been reports describing the 

use of LSCI to study skin [16] and wound perfusion [17]. Here, for the first time, we 

elucidate in vivo changes in microvascular flow that accompany angiogenic changes in 

vascular architecture during the different phases of wound healing. LSCI is ideal for 

studying this phenomenon because without the introduction of any dyes, it can image blood 

vessels as small as 10–15 µm in diameter and the entire physiological range of blood flow 

velocities over a 6 mm × 6 mm field of view (FOV) without the need for raster scanning. 

These advantages made it possible to monitor both macro- and microvascular changes in 

regions proximal and distal to the wound site. The ability to assess angiogenesis induced 

vascular remodeling and perfusion trends over time have the potential to offer invaluable 

insights into therapeutic response and drug delivery in a range of disease models 

characterized by abnormal vasculature.

Materials and methods

While several animal models of wound healing exist [18], we chose the mouse ear model for 

this study because the ∼300 µm thick ear permits the microvasculature to be clearly 

visualized using optical techniques such as LSCI. Additionally, to avoid autofluorescence 

from the mouse fur we used hairless, immunocompetent SKH1 mice for this study.

Animal preparation and wounding

All animal procedures were performed in accordance with protocols approved by the Johns 

Hopkins Animal Care and Use Committee. Eleven 8–12 week old male SKH1 mice were 

anesthetized with intraperitoneal administration of 0.15 ml of a mixture of ketamine (50 

mg/kg) and xylazine (5 mg/kg). An ear wound was created by punching a 2 mm diameter 

circular hole (full thickness) in the center of the right ear (pinna) using a biopsy punch. 

While some studies create an injury only as deep as the cartilage layer [19], we created a full 

thickness wound or through hole, to ensure reproducibility of the wound and stability of the 

injury. The wound was disinfected with ethanol swabs to prevent infection. Then, the mouse 

ear was gently restrained between a glass slide (bottom) and a cover slip (top) separated by 

300 µm spacers. A 50 mg weight was added to the spacers to keep the pinna flattened during 

LSCI imaging. This set up was only employed during imaging and allowed us to restrain the 

ear without occluding any microvessels, while maintaining a constant pressure on the ear 

during each imaging session. The body temperature of each mouse was measured before and 

after each imaging session using a rectal thermometer.
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LSCI setup and imaging protocol

A 12-bit cooled CCD camera (PCO, Kelheim, Germany) was used to acquire a sequential 

stack of 80 raw speckle images of the mouse ear under red (632 nm) laser illumination 

(JDSU, Milpitas, CA), as shown in Fig. 1a. The magnification was set to 1:1 and the 

aperture set to an f-number of 4.0 using a 60 mm, f/2.8 macro lens mounted on the camera. 

The images were acquired at 10 frames/s with the camera exposure time set to 16 ms. The 

speckle images witness blurring over the exposure time of the camera, which is more 

pronounced in vascularized regions on account of the motion of red blood cells. 

Mathematically, this blur can be quantified in terms of the laser speckle contrast (K), which 

is calculated for every pixel (x, y) in the time domain using Eq. 1.

(1)

where, µ80 and σ80 are the mean intensity and standard deviation of each pixel (x, y) 

computed from the series of 80 images. Plotting the speckle contrast values produced high 

spatial resolution, high contrast LSCI images of the mouse ear microvasculature (Fig. 1b). 

Blood flow was also inferred from the speckle contrast values as follows: it is known that 

the velocity of blood flow is inversely related to the correlation time (τc) of speckle 

fluctuations [20], which can be calculated from the laser speckle contrast values using Eq. 2 

[21, 22].

(2)

Here 1/τc provides an estimate of the blood flow velocity, T is the exposure time of the 

camera and K the laser speckle contrast is calculated using Eq. 1. Accordingly, 1/τc values 

were calculated for every pixel and plotted in pseudo-color to illustrate estimates of blood 

flow in the wound periphery. Since blood flow velocity and perfusion are related via the 

vessel diameter, in this study, maps of 1/τc are referred to as estimates of tissue blood flow 

or perfusion. The reader is referred to [23] for a more detailed analysis of the flow—velocity

—1/τc relationship. In addition, a white light reflectance image of the mouse ear was 

routinely taken for comparison. After the day of wound creation (day 0), mice ears were 

imaged using the same procedure on days 3, 5, 7, 10 and 12. Between imaging days, the 

mice were housed in the animal facility.

Post-processing of LSCI images

All post-processing was done using MATLA® (Math-works, MA). Since our goal was to 

use sequential LSCI to longitudinally track hemodynamic changes in the mouse ear 

vasculature over multiple days, we processed images to account for day-to-day variations in 

orientation of the mouse ear with respect to both, illumination and camera placement. The 

sequence of post-processing steps is summarized in Fig. 1c.

Registration of the LSCI image series—We used a manually supervised, semi-

automatic scheme to register all subsequent images to images acquired on day 0. By 
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manually specifying 6–8 seed pixels for each vessel image, an initial ‘‘coarse’’ registration 

was implemented using an affine transformation [24]. Final registration was achieved by 

minimizing the pixel-wise cross-correlation coefficient between every pair of images within 

a user-defined square ROI. The square ROI was chosen such that it included the edges of a 

major vessel distal to the wound. Following registration, the FOV was cropped and 

smoothed using a 3 × 3 pixel median filter to remove single pixel noise.

Normalization of LSCI image intensity—Signal intensity normalization was necessary 

to correct for two causes of LSCI image intensity variations. First, the Gaussian profile of 

the illuminating laser beam produces a non-uniformly illuminated FOV. We corrected for 

this using a previously reported scheme [25] in which we employ a Gaussian model to 

approximate the signal intensity of the pixel depending on its spatial location within the 

FOV. Second, to enable comparison of hemodynamic changes between different days of 

imaging, the signal intensity of each image was normalized to the intensity of the 

background tissue in the ear periphery, distal to the wound site. The background intensity 

was defined as the 95th percentile of the signal intensity histogram of the LSCI image under 

consideration. Following normalization, the intensity of each grayscale LSCI image ranged 

from 0 to 1. This normalization approach assumes that the perfusion of background ROIs 

distal to the wound remains unchanged between imaging sessions. To make the visualization 

of hemodynamic changes more intuitive, 1/τc maps were computed from normalized LSCI 

images and displayed in pseudo color. High blood flows were represented by hot (red) 

colors while lower blood flows were represented by cool (blue) colors in the 1/τc maps.

LSCI image analyses

Vascular morphology metrics—To elucidate angiogenesis induced changes in 

vascularization, blood vessels were manually segmented from LSCI images for each mouse 

and at every time point to obtain a binary image of the vasculature. These binarized blood 

vessels were skeletonized (i.e., reduced to a single pixel thin trace), so that vessel length 

could be calculated. The length of these skeletonized vessels was then calculated at each 

time point to quantify changes in the vascular structure that occurred during the healing 

process. In addition to vessel length, a metric was needed that was sensitive to small length 

microvessels that are typical of angiogenic microenvironments, rather than longer parent 

vessels that are also known to become more tortuous during angiogenesis. Consequently, we 

counted the number of terminal vessel branches (terminal branch count, or TB count) as an 

index of neovascularization. The TB count was estimated by counting the endpoints of 

vessel centerlines in the binarized vascular traces. Subsequently, the overall spatial densities 

of both vessel length and TB counts were calculated by dividing each by the total area of 

healing skin. This area was calculated by subtracting the area of the circular wound from 

that of the ROI. Finally, tortuosity of parent vessels was calculated to determine the 

morphological changes in the parent macrovessel feeding the wounded region. To do this, 

the vein closest to the wound margin that drains blood away from the ear was manually 

traced along its entire length. At branch points, the largest branch closest to the wound was 

followed. A single pixel thin centerline was obtained for the vessel trace using the binary 

‘skeletonization’ operator in MATLAB. Subsequently tortuosity of this centerline was 
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calculated based on the number of times its curvature changes along the length of the vessel 

[26, 27], and was calculated as follows:

(3)

(4)

where L is the length of the vessel, x is a parametric variable along the straight line between 

vessel end points x1 and x2, f(x) is the function describing the vessel pixel location, f′(x) and 

f′′(x) are first and second derivatives of f(x) respectively, k is the curvature of f(x), and T is 

the tortuosity of the vessel. The tortuosity was also normalized to its value on day 0 to 

elucidate its trend through the healing period.

Analyses of spatiotemporal changes in blood flow—To assess spatio-temporal 

changes in hemodynamics at the wound periphery, blood flow data (i.e., 1/τc values 

calculated using Eq. 2) from all mice in the experimental group for each time point were 

averaged in every annular sector and visualized as a circular plot for that time point. On this 

plot, the wound was represented as a central circle of fixed diameter, and every 50 µm wide 

annulus around the wound was represented as a concentric ring. In other words, radial 

distance on each plot represented the shortest distance of the region from the wound outline. 

Similarly, the angle (0° < θ < 360°) on the plots was the angle that a line joining the region 

with the wound center subtended with the line joining the base of the ear with wound center 

in the counter clockwise direction.

Immunofluorescence microscopy protocol—Adjacent 10 µm frozen ear sections 

were cut onto silanized glass slides and vascular basement membrane immunostained using 

an anti-mouse laminin primary antibody (Sigma, St. Louis, MO) and anti-rabbit AlexaFluor 

488 secondary antibody (Invitrogen, Carlsbad, CA). Slides were counterstained with DAPI 

and cover-slipped. Laminin staining was chosen in our experiment as it plays an important 

role in angiogenesis and has been employed as an immunohistochemical marker of the 

angiogenic vasculature [28–30]. Counterstaining with DAPI made the nuclei of the 

granulation tissue visible. Slides were imaged on a Nikon ECLIPSE-TS100 microscope 

(Nikon Instruments Inc., Melville, NY) with the appropriate filters for detecting 

immunofluorescence. ROIs were digitized at 2× and 40 × magnification using a SPOT 

INSIGHT™ CCD camera (Diagnostic Instruments Inc., Sterling Heights, MI). Care was 

taken to ensure that ROIs acquired for image analysis excluded autofluorescent cutaneous 

structures such as hair follicles and sebaceous glands. The fractional area of the laminin 

staining was quantified within each ROI using a customized macro written for ImageJ 

(Rasband WS, ImageJ, National Institutes of Health, Bethesda, MD, USA, http://

imagej.nih.gov/ij/). Briefly, the intensity of the each mouse ear image was normalized to 

cover the entire intensity range (0–1). Thereafter, background fluorescence was eliminated 

using a rolling ball algorithm following which, laminin-positive structures were identified 

using k-means clustering. A three-group clustering procedure was performed and the 
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resulting image thresholded based on results of clustering: one cluster identified the tissue 

background, while the other two clusters identified laminin-positive structures. Next, the 

resulting binary image was morphologically processed using a binary connectivity filter to 

retain vessel-like features while rejecting unconnected features, such as isolated pixels. 

Finally, the fractional area was calculated as the fraction of pixels remaining as a percentage 

of the total number of pixels in the ROI.

Statistics—Wound healing experiments were performed in eleven mice. Two mice were 

sacrificed on each of days 3, 5 and 7 and the remaining mice were sacrificed on day 12 for 

histology. Thus, our sample sizes for each time was point as follows: Nday0 =11, Nday3 =11, 

Nday5 = 9, Nday7 = 7, Nday10 = 5 and Nday12 = 5. A two-tailed, nonparametric Mann–

Whitney U-test was used (α = 0.05) to determine whether median hemodynamic, 

morphologic and histological parameters were significantly different between subsequent 

time points.

Results

We imaged 12 mice, of which 11 were wounded on day 0 and one unwounded mouse served 

as a control. One of the wounded mice sustained a secondary injury and was excluded from 

subsequent analyses. Two mice were sacrificed on days 3, 5 and 7, and the remaining four 

sacrificed on day 12 for post mortem analysis of the microvas culature in the wound 

periphery. Every mouse was imaged using LSCI until the day of sacrifice.

LSCI can longitudinally track angiogenic changes in vivo during wound healing

LSCI was capable of simultaneously monitoring changes in the microvascular architecture 

and hemodynamics over the entire course of wound healing. Figure 2a–f shows sequential 

LSCI images of the wound periphery on days 0, 3, 5, 7, 10 and 12, respectively. The 

increase in neovascularization (Fig. 2g–l) and the redistribution of blood flow (Fig. 2m–r) 

are clearly visible in these images. The second column (Fig. 2g–l) clearly demonstrates the 

sensitivity of LSCI to angiogenesis occurring on days 3, 5 and 7. These angiogenic changes 

are not visible in either day 0 (Fig. 2a, g, m) or control images (Fig. 2s–x). The third and 

fourth columns (Fig. 2m–x) show LSCI images in which 1/τc values are displayed in 

pseudo-color to indicate the relative blood flow through each vessel segment. These images 

unequivocally demonstrate the ability of LSCI to extract and quantify useful information 

associated with the in vivo angiogenic microenvironment.

LSCI can characterize in vivo changes in vascular morphology that accompany wound 
healing

Figure 3a shows that the vessel length density (per unit area) increased significantly from 

day 0 (2.11 ± 0.17 mm−1) to day 3(2.55 ± 0.20 mm−1) that is, by a factor of 1.24 ± 0.09 (P = 

0.02) and remained elevated from day 3 to day 7, relative to day 0. On days 10 and 12, the 

vessel length density was observed to be lower than that for day 7 suggesting a return 

toward baseline. In control animals, the vessel length density relative to day 0 was 1.022 ± 

0.021. The TB count density showed a similar trend as it increased from day 0 to day 3 by a 

factor of 1.29 ± 0.09 (P = 0.01), remained elevated until day 7 and subsequently decreased. 
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The TB count density in control animals relative to day 0 was 1.033 ± 0.017, which was 

25% lower than in healing animals. The vessel length and TB densities measured on days 10 

and 12 were not significantly different from day 0 values (P = 0.93 and P = 0.90, 

respectively).

Angiogenesis induces changes in vascular tortuosity of parent vessels during wound 
healing

Figure 3b illustrates changes in tortuosity (calculated using Eqs. 3 and 4) of the closest 

parent vessel feeding the wound during the course of wound healing. In controls, vessel 

tortuosity remained constant relative to day 0 at 1.001 ± 0.001. In the wounded animals, the 

vessel tortuosity increased from baseline (day 0) to 4.14 ± 1.10 on day 3, with a maximum 

of 8.07 ± 3.44 on day 5. The tortuosity eventually decreased but remained higher than 

baseline tortuosity, as indicated by the day 12 value of 2.73±0.79. Additionally, the 

tortuosity of the vasculature in the wounded ear stayed elevated relative to that in the control 

ear throughout the entire healing period.

In vivo changes in microvascular blood flow in the wound periphery

Figure 4 illustrates the mean blood flow (averaged in every annular sector over all mice in 

the cohort) in the wound periphery as a function of its radial orientation (radius and angle) 

with respect to the base of the ear. It was possible to construct this circular plot because the 

standard error for each annular sector was low (mean = 10% and median = 8%). Note that 

the wound on day 0 had a diameter of 2 mm that decreased in size due to wound contraction 

on subsequent days. Salient observations were made in the following regions of interest—

wound (W), proximal region (P), upstream region (U) and two downstream regions (D1 and 

D2). The mean blood flow in region U was 0.25 (arbitrary units) over the six imaging 

sessions and changed slightly over the course of healing as suggested by the low standard 

error of 0.02. Parts of region D1 witnessed a sharp decrease in blood flow on day 0 after the 

ear was wounded as suggested by a mean blood flow of 0.067 ± 0.004, which was lower 

than the blood flow in the same region in the control ear (0.216 ± 0.002). Region D2 

witnessed a significant increase in blood flow from day 0 (0.25 ± 0.01) to day 5 (0.42 ± 

0.02) after which, the flow returned to baseline (control) levels. Region D1 exhibited a 

similar trend, but the peak blood flow was lower than that in D2. The blood flow in the 

region proximal to the wound (P) stayed lower than for other regions throughout the healing 

period and slowly returned to baseline by day 12. Note that some sectors distal to the wound 

on days 5 and 7 were not plotted because these regions partly lay outside the FOV in some 

mice.

Histological changes in vascularization in the wound periphery

Figure 5 summarizes the results of histological findings over the entire course of wound 

healing. Figure 5a – h shows low (2×) and high (40×) magnification images of the 

vascularization in the wound periphery. Labeling the vascular basement membrane with an 

antibody against laminin (Supplementary Fig. S1–S2) confirmed the occurrence of sprouting 

angiogenesis during the proliferative phase of wound healing and the gradual 

revascularization of the granulation tissue (Fig. 5e – h) initially assessed with LSCI. Figure 
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5i shows that the fractional area of laminin staining was significantly elevated at days 5 and 

12 relative to day 3 (P = 0.03 and P = 0.002, respectively), while that on days 5 and 12 was 

significantly greater than day 7 (P = 0.02 and P = 0.002, respectively).

Discussion

LSCI can longitudinally track angiogenic changes in vivo during wound healing

In murine models of wound healing, only those models which naturally limit wound 

contraction, such as the ear of the hairless mouse, have utility for analysis of wound healing 

angiogenesis and hemodynamics [19, 31]. Since the total thickness of the hairless mouse ear 

is approximately 300 lm and nutrients are supplied by three to four primary vascular clusters 

that enter the ear at the base and fan out towards the periphery, this model lends itself 

extremely well to an in vivo LSCI study of wound healing [19]. The combination of LSCI 

and the mouse ear model also enabled us to circumvent the technical difficulties associated 

with chamber models of wound healing [6]. For example, the relatively simpler ear wound 

preparation makes it more amenable to repeatable and robust optical imaging with LSCI. 

Here, we demonstrate the utility of LSCI as a powerful new platform for characterizing in 

vivo microvascular remodeling and hemodynamic changes that accompany wound healing 

angiogenesis.

Recently other optical techniques such as intravital microscopy [32], photoacoustic 

tomography [33] and optical frequency domain imaging [34] have been employed to probe 

the angiogenic microenvironment in vivo. However, the relatively simple and inexpensive in 

vivo LSCI approach achieves the ideal combination of imaging at the micro- and 

macroscopic spatial scales. This permits ‘‘wide area mapping’’ or imaging of the entire 

vascular network at high spatial resolution along with the quantification of a range of 

microvascular parameters. For example, LSCI can quantify changes in microvessel 

architecture that accompany angiogenesis while simultaneously providing macrovascular 

information such as vessel tortuosity, and functional information such as blood flow. This 

bestows LSCI with an inherent advantage over high magnification microscopy techniques 

such as optical coherence tomography (OCT), which provide high spatial resolution at the 

expense of FOV coverage [35]. LSCI is also more suitable than techniques such as Doppler 

flowmetry for assessing ‘‘microvascular’’ hemodynamics because the latter while capable of 

measuring regional changes in blood flow at spatial resolutions >100 µm, does not provide 

any information regarding the microvascular architecture [36]. This is especially crucial 

when one is interested in assessing microvascular changes during the initial stages of 

angiogenesis. Furthermore, the straightforward instrumentation of LSCI permits it to be used 

in combination with other techniques such as optical spectroscopy for extracting 

physiological parameters such as tissue oxygenation [37].

LSCI can characterize in vivo changes in vascular morphology that accompany wound 
healing

LSCI permitted the characterization of in vivo changes in vascular morphology during the 

different stages of wound healing. The vascular morphology metrics (vessel length and 

terminal branch count) exhibited a similar trend (Fig. 3a); namely, a significant increase 
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during the inflammatory phase (i.e., days 0–3), elevated values from during the new tissue 

formation phase (i.e., days 3–7) followed by an eventual return towards baseline during the 

tissue remodeling phase (i.e., days 10–12). The histological results provided independent 

validation of this trend. These observations are consistent with the angiogenic response 

during the three major phases of wound healing observed by other investigators [6, 19]. For 

example, immediately following the injury, the ‘‘inflammatory’’ phase of wound healing 

ensures that inflammatory cells flock to the wound site to prevent infection. These 

inflammatory cells also secrete a slew of growth/angiogenic factors [38] necessary for new 

or granulation tissue formation phase and the recruitment of endothelial cells to the wound 

site. During the granulation tissue formation phase, activated endothelial cells participate in 

blood vessel sprouting at the wound edge and a new vasculature begins to develop [39]. 

Finally, during the tissue remodeling phase the transformation of granulation tissue into scar 

tissue is characterized by the regression of microvessels through apoptosis of endothelial 

cells and the differentiation of newly formed blood vessels into mature vascular structures. 

Our observations are consistent with these wound healing dynamics. It should be borne in 

mind that because the speckle signal is derived from the movement of erythrocytes inside 

blood vessels, LSCI can only image perfused or patent blood vessels. Therefore, the increase 

and decrease in vessel length and TB count should be interpreted as changes in the 

architecture of perfused microvessels. The return to baseline of vessel length and TB 

densities suggests the perfusion in the murine ear reverts to an optimal blood supply via 

neovessels and redundancies in the microvasculature, following wound healing. Our data 

also suggests that cutaneous tissue undergoing healing can witness restoration of blood flow 

to pre-wound baseline values earlier (∼day 12) than the ∼18 days reported for the long term 

remodeling phase [40, 41].

Angiogenesis induced changes in vascular tortuosity of parent vessels during wound 
healing

In this study we also observed a change in the vascular tortuosity of parent blood vessels 

during wound healing (Fig. 3b). Vessel tortuosity eventually decreased on days 10 and 12 

but remained above baseline values. As mentioned above, angiogenesis is initiated by 

endothelial cells migrating and proliferating in the wound site and is maintained as long as 

necessary by various angiogenic factors. Therefore, the elevated tortuosity of the parent 

vessels may be attributable to the sustained release of proangiogenic growth factors such as 

VEGFA during the remodeling phase of wound healing [42].

In vivo changes in microvascular blood flow in the wound periphery

A unique aspect of this study was our ability to characterize in vivo changes in 

microvascular perfusion in the wound periphery using LSCI. Spatio-temporal analysis of 

tissue blood flow provided insight into the evolution of hemodynamic changes in different 

regions in the wound periphery. For example, the initial dip in blood flow within region D1 

(Fig. 4) distal to the wound can be attributed to the loss of perfusion or hemostasis due to 

wounding. The low blood pressure in downstream vessels probably precludes the immediate 

recovery of perfusion in this region via collaterals. This is to be expected, as the blood flow 

upstream of the wound was not affected due to the presence of redundancies in the 

circulation that even shunted blood away from injured vessels. The differences in blood flow 
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witnessed by the two regions D1 and D2 (Fig. 4) downstream of the wound is likely 

attributable to the location of the injury. The wound was created to the left of a major vessel 

(Fig. 4); consequently the proximal region (P) received its blood supply from region D2, 

instead of D1. The LSCI measurements in region P are consistent with blood flow changes 

expected in angiogenic vessels, i.e., an increase in blood volume, robust sprouting of 

neovasculature accompanied by a marginal increase in blood flow velocities. This 

phenomenon can be appreciated intuitively if one considers that angiogenic remodeling 

involves the sprouting of capillary-sized vessels from mother vessels with low blood 

velocities, often venules [43]. The initial hemostasis followed by the recovery of blood flow 

within 3–5 days mediated by angiogenesis, and growth of collaterals are all consistent with 

our current understanding of the positive and negative regulation of angiogenesis during the 

different phases of wound healing [42]. This view is further bolstered by the concomitant 

changes in terminal branch density that we also measured over the same period.

Histological changes in vascularization in the wound periphery

Immunofluorescent labeling of mouse ear tissue sections served the dual purpose of 

validating our LSCI based findings as well as independently characterizing overall changes 

in vascularization during wound healing. In the region proximal to the wound, the increase 

and decrease in fractional area of laminin from day 0 to 7 suggests the establishment and 

stabilization of the neovasculature that accompanies epithelization [44]. The high fractional 

area of laminin on day 12 suggests continued establishment of the vascularization as the 

wound contracts [44]. However, the trend in laminin staining did not fully mimic the trends 

in vessel length and terminal branch count measured in vivo with LSCI. This is probably 

attributable to variations in the histologic data resulting from the limited number of ROIs 

that could be imaged. It is also possible that in spite of our best efforts, some of the analyzed 

ROIs included contributions from autofluorescent cutaneous structures

The ability to simultaneously quantify the spatial and temporal evolution of vascular 

remodeling and blood flow in vivo can be used to investigate abnormalities in different 

phases of wound healing, better understand the physiological basis of angiogenesis and 

approaches to modulate it, and to test novel therapeutics. Our results suggest a characteristic 

spatial distribution and evolution of perfusion changes that may be exploited to influence 

local or topical delivery strategies of therapeutic agents such insulin or silver nanoparticles 

[45, 46], and help understand the regional biodistribution of systemically administered 

drugs. In vivo LSCI-based flow and vascularization metrics could also provide a non-

invasive indication of the degree of wound healing. For example, LSCI could find use in 

measuring the efficiency of novel therapies that promote wound healing, which is known to 

be impaired in diabetic patients [47, 48]. Harold Dvorak’s classic postulation that ‘‘tumors 

are wounds that do not heal’’ [49] suggests that key molecular mechanisms in wound 

healing may also offer strategic insights for managing pathological angiogenesis in cancer. 

Therefore, the murine ear wound healing model may serve as an ideal surrogate model for 

understanding the fundamental aspects of the tumor microenvironment, such as modulation 

of the blood flow distribution by angiogenesis. More recently, vascular normalization has 

been proposed as a new paradigm for effective anti-tumor therapy since the haphazard tumor 

blood flow drastically impedes drug delivery to tumors [50]. The restoration of tissue 
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perfusion even before restoration of vessel architecture, as we observed in the mouse ear 

wound healing model, could offer new insights into this concept. Finally, it is possible that 

both individually and collectively, the parameters assessed in this study could have 

prognostic value for assessing the in vivo status of the wound microenvironment. For 

example, vessel tortuosity, which has been known to increase during angiogenesis [51], has 

been shown to be an independent indicator of brain tumor malignancy [52], and a similar 

approach could be investigated for wound healing.

Conclusions

LSCI is a high-resolution and high contrast in vivo optical technique that does not require 

the administration of contrast agents and thus, is an excellent platform for studying the 

microcirculation. In this paper, we successfully demonstrated the suitability of LSCI for 

characterizing the microvascular remodeling and hemodynamic changes that accompany 

wound healing angiogenesis. Both new vessel length and parent vessel tortuosity were 

observed to increase in the wound periphery until day 7 after which each decreased towards 

their respective baseline value, a finding corroborated by histology. We demonstrated 

LSCI’s capability to create ‘‘wide area’’ maps of the entire wound periphery, including 

spatio-temporal information about micro- and macro-vascular morphology and perfusion. 

We believe that LSCI is ideally suited to elucidating in vivo changes in microvascular 

hemodynamics and angiogenesis in a range of disease models involving abnormal 

hemodynamics, such as diabetes and tumors.
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Fig. 1. 
LSCI technique for longitudinal imaging of mouse ear vasculature: a LSCI consists of 

acquisition of a time stack of 80 images of the immobilized mouse ear using a 12 bit cooled 

CCD camera and its subsequent processing using the temporal speckle contrast equation to 

obtain a high resolution and high contrast, yet wide field image of the mouse ear 

vasculature. b An example image of the mouse ear vasculature obtained using LSCI. Note 

that the field of view is 6.4 mm × 4.8 mm with the smallest vessel visible having a diameter 

of 20 µm (3 pixels). c The post-processing steps required to monitor angiogenic response 

over the course of multiple imaging sessions through the wound healing period. Each image 

is first registered to the baseline and the intensity values are normalized to compare flow 

over multiple images. Finally, the images are color-coded for improved visualization of 

tissue blood flow
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Fig. 2. 
In vivo angiogenic response during wound healing using LSCI in a mouse ear model: The 

first column (a–f) shows representative sequential LSCI images acquired on days 0, 3, 5, 7, 

10 and 12 after wound creation (indicated by W). The outlines of these vessels were 

manually segmented as shown in the second column (g–l). The third column (m–r) shows 

the changes in blood flow (1/τc values) that occur during the wound healing period. For 

comparison, the fourth column (s–x) shows changes in blood flow (1/τc values) over the 

same period in a control mouse ear. These color mapped images were obtained using the 
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procedure described in Fig. 1c. Regions indicated by arrows exhibited an increase in 

neovascularization and average flow until day 7, which then subsided as healing completed
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Fig. 3. 
In vivo changes in vascular morphology during wound healing: The vascular response was 

monitored using LSCI on days 0, 3, 5, 7, 10 and 12 after wound creation. Blood vessels 

were manually traced and both, vessel length as well as the number of terminal vessel 

branches were counted to quantify the degree of neovascularization. a Longitudinal trends in 

vessel length and TB count calculated per unit area (mm2) of healing skin in the wound 

periphery. Asterisks indicate that vessel lengths and terminal branch counts for days 3, 5, 

and 7 were significantly different from those on day 0. b Changes in tortuosity of parent 

feeding blood vessel during wound healing. The plot shows the mean tortuosity over the 12 

day course of wound healing. The tortuosity of the unwounded controls did not vary 

significantly. Asterisks indicate that vessel tortuosity in the wounded ear was significantly 

greater than that in the control ear on days 3 (P = 0.02), 5 (P = 0.05), 7 (P = 0.03), 10 (P = 

0.08) and 12 (P = 0.06)
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Fig. 4. 
Spatiotemporal analysis of in vivo blood flow changes in the wound periphery: This circular 

plot illustrates the mean blood flow (computed from all mice in the cohort) in the wound 

periphery as a function of its orientation with respect to the wound and the base of the ear. 

The wound is represented on all plots as a circle of fixed diameter and each concentric 

region around it represents a 50 µm wide region. The radial distance on each plot is the 

shortest distance of that region from the wound outline, and is analyzed in increments of 50 

µm. Similarly, the angle (0° < θ < 360°) on the plots is the angle that a line joining the 
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region with the wound center subtends with the line joining the base of the ear with wound 

center in the counter clockwise direction. Salient observations were made in each of the 

following ROIs—W: wound, P: proximal region, U: upstream region, D1: downstream 

region 1, D2: downstream region 2
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Fig. 5. 
Histological validation of vascular remodeling during wound healing: a–d Representative 

low magnification (2×) images of sections from the flattened mouse ear pinna in which the 

blood vessel endothelia are labeled with laminin (green) and nuclei with DAPI (blue). The 

wound is indicated by ‘W’ in all panels. e–g High magnification (40×) images of the region 

indicated by the hatched square in (a–d). The wound granulation layer starts out as avascular 

(e), obtains some peripheral vascularization (f), followed by additional peripheral 

vascularization (g), and finally becomes well vascularized (h). i Box and whisker plot of the 

fractional area of laminin staining at days 3, 5, 7 and 12. The fractional area was a 

significantly elevated at days 5 and 7 relative to day 3 and at days 5 and 12 relative to day 7

Rege et al. Page 22

Angiogenesis. Author manuscript; available in PMC 2015 March 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


