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Abstract: Cutaneous wounds affect millions of people every year. Vascularization and blood
oxygen delivery are critical bottlenecks in wound healing, and understanding the spatiotemporal
dynamics of these processes may lead to more effective therapeutic strategies to accelerate
wound healing. In this work, we applied multi-parametric photoacoustic microscopy (PAM) to
study vascular adaptation and the associated changes in blood oxygen delivery and tissue oxygen
metabolism throughout the hemostasis, inflammatory, proliferation, and early remodeling phases
of wound healing in mice with skin puncture wounds. Multifaceted changes in the vascular
structure, function, and tissue oxygen metabolism were observed during the 14-day monitoring
of wound healing. On the entire wound area, significant elevations of the arterial blood flow
and tissue oxygen metabolism were observed right after wounding and remained well above the
baseline over the 14-day period. On the healing front, biphasic changes in the vascular density
and blood flow were observed, both of which peaked on day 1, remained elevated in the first week,
and returned to the baselines by day 14. Along with the wound closure and thickening, tissue
oxygen metabolism in the healing front remained elevated even after structural and functional
changes in the vasculature were stabilized. On the newly formed tissue, significantly higher blood
oxygenation, flow, and tissue metabolism were observed compared to those before wounding.
Blood oxygenation and flow in the new tissue appeared to be independent of when it was formed,
but instead showed noticeable dependence on the phase of wound healing. This PAM study
provides new insights into the structural, functional, and metabolic changes associated with
vascular adaptation during wound healing and suggests that the timing and target of vascular
treatments for wound healing may affect the outcomes.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Every demographic of the population is at the risk of suffering cutaneous wounds, which
include puncture wounds, ulcers, and contusions caused by burn, prolonged pressure, vascular
pathologies, or accidents. In 2014, 8.2 million people in the United States experienced episodes
of care for one or more of these outcomes [1], especially for the patients with pressure, venous
stasis, or diabetes mellitus [2].

Because of the strong clinical relevance and associated economic burden, mechanisms of
wound healing have been widely studied for decades [3–6], from which revascularization of the
wound bed has been found to be tightly linked to the clinical outcomes of wound healing [3,7–10].
Moreover, recent studies have shown that angiogenesis in the wound healing front is important
to the healing process [11–13]. To understand vascular adaptation during wound repair and
tissue regeneration [14–16], a variety of imaging technologies have been developed or adopted,
including dermoscopy [17,18], confocal microscopy [19,20], laser speckle contrast imaging
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[21,22], two-photon microscopy [23–25], ultrasound imaging [26,27], and optical coherence
tomography [28–30]. However, it remains incompletely understood how vascular adaptation
changes blood oxygen delivery and tissue metabolism during wound healing, mainly due to
technical limitations.

Exploiting the optical absorption of blood hemoglobin, photoacoustic microscopy (PAM)
has demonstrated great promise for label-free and noninvasive imaging of the microvasculature
[31–34]. Using conventional PAM, previous studies have reported changes in vascular structure
and oxygen saturation of hemoglobin (sO2) during wound healing [35–37]. In this work, we
extended the study to vascular hemodynamics and tissue oxygen metabolism by integrating the
multi-parametric PAM and quantitative analysis. Specifically, we longitudinally monitored the
healing process of a cutaneous puncture wound in the mouse ear over a 14-day time period, which
spanned the hemostasis phase (i.e., shortly after wounding), inflammatory phase (i.e., one day
after wounding), proliferation phase (i.e., the first 7 days after wounding), and early remodeling
phase (i.e., 7 to 14 days after wounding) [4]. Combining the time-lapse microscopic imaging
and quantitative analysis, we characterized the spatiotemporal profiles of vascular adaptation
(i.e., vessel diameter and perfused vascular area) to wound healing (i.e., wound area and healing
front thickness) and the attendant changes in vascular hemodynamics (hemoglobin concentration
(CHb), sO2, and blood flow) and tissue oxygen metabolism (i.e., oxygen extraction fraction (OEF)
and metabolic rate of oxygen (MRO2)).

2. Methods

2.1. PAM imaging of the mouse ear

As shown in Fig. 1, two nanosecond-pulsed lasers (wavelength: 532 nm and 558 nm; repetition
rate: 8.5 kHz; pulse energy: 80 nJ on the tissue surface) were used for optical excitation. After
two neutral-density filters (NDF; Thorlabs, NDC-50C-2M), the two beams were combined via a
dichroic beam splitter (DBS; Semrock, FF552-Di02-25× 36), and coupled into a single-mode
optical fiber (SMF; Thorlabs, P1-460B-FC-1) through an objective lens (Newport, M-10X). To
compensate for the intensity fluctuation of the laser, ∼5% of the light was picked off by a beam
sampler (BSA; Thorlabs, BSF10-A) and monitored by a highspeed photodiode (PD; Thorlabs,
FDS100). In the scanning head, the output of the SMF was collimated by an achromatic doublet
(DL; Thorlabs, AC127-025-A), and then focused by another identical doublet and a correction
lens (CL; Thorlabs, LA1207-A) onto the imaging object. A customized ring-shaped ultrasonic
transducer (inner diameter: 2.2 mm; outer diameter: 4.0 mm; focal length: 6.0 mm; center
frequency: 35 MHz; 6-dB intensity bandwidth: 70%) was used for ultrasonic detection. Details
of the multi-parametric PAM system utilized in this study has been previously reported [38].

Four hairless SKH1-Hrhr mice (Charles River, 6-week-old male) were maintained under
anesthesia using 1.0–1.5% inhaled isoflurane, and the body temperature was kept at 37 °C using
a temperature-controlled (Cole-Parmer, EW-89802-52) heating pad (Omega, SRFG-303/10) on
an animal holder. A layer of ultrasound gel (∼1 mm) was applied on the surface of the mouse
ear for acoustic coupling. The gel was in gentle contact with the bottom of a water tank, which
contained temperature-maintained (37 °C) deionized water. After the baseline PAM images
were acquired (i.e., prior to wounding), a 0.8-mm biopsy punch (Miltex, Integra LifeSciences)
was used to create an excisional punch wound at the center of the right ear. To serially monitor
the wound-induced structural and functional changes in the vasculature, a 3.5×2.5 mm2 region
of interest enclosing the wounded area was repeatedly imaged before, after, and up to 14 days
following wounding. Each image was acquired with step sizes of 0.1 µm and 10 µm along the x-
and y-direction, respectively. The acquisition time was ∼20 minutes. All animal procedures were
performed in accordance with the protocols approved by the University of Virginia Animal Care
and Use Committee.
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Fig. 1. Schematic of the multi-parametric PAM. NDF, neutral-density filter; DBS, dichroic
beamsplitter; PD, photodiode; BS, beam sampler; SMF, regular single-mode fiber; DL,
doublet; CL, correction lens; UT, ring-shaped ultrasonic transducer.

2.2. Quantification of wound, vascular, and oxygen-metabolic parameters

Two wound parameters, including the wound area and the healing front thickness, were quantified
based on the three-dimensionally resolved PAM images. First, the puncture wound was identified
by manually segmenting out the region with no vascular/tissue coverage in the projection images
(e.g., the ‘dark holes’ in Fig. 2(a)-(d)), based on which the area was quantified. Then, the healing
front thickness could be obtained from the B-scans (e.g., Fig. 2(e)), based on the depth-resolved
ultrasonic detection.

In the multi-parametric PAM, simultaneous quantification of CHb, sO2, and blood flow is
achieved by analyzing the amplitude fluctuation due to the Brownian motion of erythrocytes,
the differential absorption of oxy- and deoxy-hemoglobin at the two different wavelengths, and
the decorrelation of successively acquired A-lines due to blood flow, respectively. With the aid
of our previously reported semi-automatic segmentation approach [38–41], the structural and
functional parameters of the microvasculature can be extracted at the single-vessel level.

The following formulas were used for the derivation of volumetric flow (Flowv), OEF, and
MRO2:

Flowv = πvd2/8,

OEF = (saO2 − svO2)/saO2 , and

MRO2 = ξ × CHb × saO2 × OEF × Flowv,

where d is the vascular diameter, and v is the peak flow speed along the vascular axis; saO2 and
svO2 are the sO2 values of the feeding arteries and draining veins, respectively [42]; ξ is the
oxygen binding capacity of hemoglobin (0.014 L O2 per gram hemoglobin).

For the wound boundary detection, we first generated a microvessel density map. Briefly, the
microvasculature was isolated by removing the non-vessel background as well as trunk arteries
and veins. Then, the number of pixels occupied by the microvasculature was obtained, based
on which the microvessel density was computed by taking the ratio of the microvascular pixel
number to the total pixel number. Since the microvessel density of the wound site is close to
zero, the wound boundary could be finally identified by applying an appropriate threshold of the
microvessel density.
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2.3. Statistical analysis

Two-way repeated measures ANOVA was used to compare the vascular and oxygen-metabolic
responses throughout the hemostasis, inflammatory, proliferation, and early remodeling phases
(Fig. 3). The parameters within the healing front (Fig. 4) and newly formed tissue (Fig. 5) were
compared using Two-way ANOVA. Note that a parametric or non-parametric test was selected
based on a Kolmogorov–Smirnov test for normality to assess if the data followed a normal
distribution. In all analyses, p< 0.05 was considered significant. All data were presented as
mean± standard deviation.

3. Results

3.1. Longitudinal multi-parametric PAM imaging of cutaneous wound healing

Multi-parametric images of the CHb, sO2, and blood flow speed were acquired before (i.e.,
baseline) and up to 14 days following the induction of wound in the mouse ear (Fig. 2(a)–(c)). As
shown in the CHb images (Fig. 2(a)), which delineated the blood-perfused vasculature, bleeding
at the edge of the wound was observed right after (i.e., 5–10 mins) the induction of the puncture
injury (dashed white circle in Fig. 2(a)). One day later, a clear boundary between the wound area
and the healing front was observed, due to the formation of blood clot at the injury site and the
clearance of debris from the damaged tissue. Additionally, capillary angiogenesis and vascular
dilation within the healing front were observed on day 1 and day 7, but returned to the baseline
levels on day 14. As shown in the sO2 images (Fig. 2(b)), both the draining veins (blue arrows)
and capillaries surrounding the wound showed immediate increases in blood oxygenation right
after wounding, which continued to day 1 but gradually recovered to the baseline levels from
days 7 to 14. In contrast, there was no significant sO2 change in the feeding arteries (red arrows)
in response to wounding. Changes in blood flow speed accompanied that in sO2 (Fig. 2(c)). Both
arterial and venous blood flow speed showed significant increases up to day 7, but returned to the
baseline levels by day 14. Based on the time-of-flight acoustic detection of PAM, the tissue height
maps (Fig. 2(d)), as well as the representative cross-sectional images (i.e., B-scan, Fig. 2(e))
over the white dashed line in Fig. 2(d), were obtained—revealing a sustained increase in the
thickness of the healing front up to 14 days after wounding. Some collateral vessels that were
poorly perfused and barely visible before wounding (white arrows in Fig. 2(a)) were recruited
for hemodynamic redistribution afterward, providing additional blood supply to support the
wound healing process. Interestingly, most of the collateral vessel recruitments were transient
and disappeared during the early remodeling phase, but some collaterals remained recruited on
day 14, highlighting the heterogeneity of vascular adaptation for hemodynamic redistribution
during wound healing. Such heterogeneity was also observed in the tissue-level maps of OEF,
Flowv, and MRO2 (Fig. 2(f) to (h)).

3.2. Structural and functional adaptation of feeding and draining vessels during wound
healing

For quantitative analysis, the feeding arteries and draining veins of the ear vasculature (red and
blue arrows in Fig. 2(b), respectively) were segmented, based on which multiple functional and
metabolic parameters were quantified, including the vessel diameter, CHb, sO2, blood flow speed,
OEF, Flowv, and MRO2. To accommodate the dependence of the parameters on the vessel type,
some analyses were performed separately on arteries and veins.

As shown in Fig. 3(a), the wound area changed significantly across the four stages of wound
healing (showing a dramatic decrease from 0.50 mm2 right after wounding to 0.07 mm2 on day
14), which affirmed previous observations [28]. The largest wound area (0.67 mm2) appeared on
day 1 mainly due to clearance of debris from the punched hole. Defined as the thickest part of
the wound site, the healing front thickness increased on day 1 and remained elevated on day 7
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Fig. 2. Longitudinal comprehensive PAM assessments of structural, functional, and oxygen-
metabolic changes in the vascular tissue during wound healing, including (a) the hemoglobin
concentration (CHb), (b) the oxygen saturation of hemoglobin (sO2), (c) blood flow speed,
(d–e) tissue height and thickness, (f) oxygen extraction fraction (OEF), (g) volumetric blood
flow (Flowv), and (h) the metabolic rate of oxygen (MRO2). White arrows in (a): vessels
remodeled after inducing the puncture wound in the mouse ear. Dashed white circles in (a):
hemorrhage. Red and blue arrows in (b): feeding arteries and draining veins analyzed in
Fig. 3, respectively. The “0” position in (d) denotes the bottom of the ear vasculature. The
locations of the B-scans in (e) are indicated by the white dashed lines in (d). Horizontal
scale bar in (a): 500 µm. Vertical scale bar in (e): 50 µm.
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(199.3 µm and 199.6 µm, respectively), but decreased to 160.8 µm on day 14 (Fig. 3(b)). No
changes were observed in the diameters of draining veins throughout the 14-day monitoring; but
significant changes were observed in the feeding arteries (Fig. 3(c)). Specifically, the arteries
showed significant dilation in the first 7 days after wounding, with a maximum change on day 1
(139.0%, p< 0.0001), and then returned to its baseline value on day 14 (105.9%, p= 0.577).

Fig. 3. (a–b) Healing of the wound tissue and associated changes in (c–f) the structure
and function of the feeding arteries and draining veins of the wound area and (g–i) tissue
oxygen metabolism over the 14-day monitoring. White asterisks within the bars indicate the
p values between the baseline (data not shown) and the specific time point. Paired t-test was
used in (a), (b), (g) and (i), while two-way ANOVA test was used in (c-f) and (h). *, **,
***, and **** represent p< 0.05, p< 0.01, p< 0.001, and p< 0.0001, respectively. Data are
presented as mean±SD. n= 4.

The CHb values in both arteries and veins remained unchanged throughout the monitoring
period (Fig. 3(d)). While no statistically appreciable change was observed in the arterial sO2, the
venous sO2 showed significant increases right after wounding (135.2%, p< 0.0001), on day 1
(144.0%, p< 0.0001), and on day 7 (118.6%, p< 0.05), and then returned to the baseline level on
day 14 (102.0%, p= 0.703), as shown in Fig. 3(e). In contrast to the insignificant changes in the
venous blood flow speed (Fig. 3(f)), the arterial blood flow speed increased immediately after
wounding (223.0%, p< 0.0001) and remained above the baseline across the 14-day monitoring
(173.2% on day 1, p< 0.05; 190.8% on day 7, p< 0.01; 191.5% on day 14, p< 0.01).

Because of the lack of changes in the arterial sO2, the OEF showed an opposite trend to that of
the venous sO2 (Fig. 3(g)). Specifically, the OEF decreased immediately after wounding (52.6%,
p< 0.01), continued to drop on day 1 (14.4%, p< 0.001), but then gradually recovered to the
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baseline level as the wound healed (72.9% on day 7, p< 0.05; 103.7% on day 14, p= 0.533).
The volumetric blood flow, a parameter co-determined by the vessel diameter and blood flow
speed, showed a large increase in the feeding arteries right after wounding (343.1%, p< 0.0001)
and remained well above the baseline over time (337.8% on day 1, p< 0.0001; 280.4% on day
7, p< 0.01; 212.9% on day 14, p< 0.01), which was in contrast to the insignificant change in
the draining veins (Fig. 3(h)). As shown in Fig. 3(i), the MRO2 decreased immediately after
wounding (85.4%, p< 0.05), mainly because the biopsy punch removed the tissue at the wound
site, but the MRO2 exhibited sustained increases through day 14 (174.3% on day 1, p< 0.05;
250.5% on day 7, p< 0.01; 254.9% on day 14, p< 0.01).

3.3. Vascular function and oxygen metabolism in the wound healing front

The high resolution of multi-parametric PAM allowed pinpointing functional and oxygen-
metabolic changes that were specific to the newly regenerated tissue within the wound healing
front (the red annular regions in Fig. 4(a)), which was defined as the region that was immediately
proximal to the open wound with an area that was 10% of the wound area (the translucent gray
circles in Fig. 4(a)) at a given time point.

Fig. 4. (a) Illustration of wound healing process and the definition of the healing front.
(b-e) Changes in perfused vascular area, flow speed, sO2, and MRO2 in the wound healing
front. White asterisks within the bars indicate the p values between the baseline and the
specific time point. Paired t-test was used for all comparisons. *, **, ***, and **** represent
p< 0.05, p< 0.01, p< 0.001, and p< 0.0001, respectively. Data are presented as mean± SD.
Scale bar: 500 µm. n= 4.

The perfused vascular area (defined as the percentage of the healing front area covered by
blood-perfused ‘functional’ vessels), the average sO2 and blood flow speed of the vasculature
within the healing front, and the MRO2 of the tissue within the healing front were measured or
derived. The corresponding baseline values within the wound area before the puncture injury
were also quantified to provide intra-animal controls. As shown in Fig. 4(b), immediately after
wounding, the perfused vascular area remained unchanged compared to the baseline level (44.1%
vs. 38.2%, p= 0.670). Then, it increased abruptly on day 1 (65.3%, p< 0.001) and remained well
above the baseline on day 7 (54.7%, p< 0.05), likely due to the formation of neovessels and the
increase in perfusion, followed by a regression back to the baseline by day 14 (35.0%, p= 0.403).
Similarly, the time course of blood flow speed in the healing front followed a biphasic pattern, as
shown in Fig. 4(c). Specifically, the blood flow speed increased immediately after wounding (1.89
mm/s, p< 0.01), continued to increase on day 1 (3.16 mm/s, p< 0.001), remained elevated on
day 7, (3.11 mm/s, p< 0.01), and regressed to the baseline by day 14 (1.66 mm/s, p= 0.318). As
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shown in Fig. 4(d), in contrast, the vascular sO2 in the healing front increased immediately after
wounding (69.0% vs. 55.7%, p< 0.05) and remained above the baseline throughout the 14-day
monitoring (73.5% on day 1, p< 0.01; 75.2% on day 7, p< 0.01; 65.7% on day 14, p< 0.05),
although it dropped from day 7 to day 14 (p< 0.05). The MRO2 of the regenerated tissues within
the wound healing front exhibited a gradual and continued increase throughout the 14 days of
wound healing (0.37 mL/100g·min on day 14 vs. 0.26 mL/100g·min at the baseline, p< 0.05), as
shown in Fig. 4(e).

3.4. Vascular function and oxygen metabolism in the newly formed tissue

Moreover, we quantified functional and metabolic changes of the newly formed tissue (i.e.,
granulation tissue) that gradually filled the open wound during the healing process. As shown in
Fig. 5(a), the newly formed tissue was identified by comparing the circumferences of the open
wound boundaries between two adjacent time point (i.e., the annular area bounded on the inside
by the smaller circumference of the open wound at the later time point and on the outside by the
larger circumference of the open wound at the earlier time point.

Fig. 5. (a) Illustration of the newly formed tissues. (b-d) Changes in sO2, flow speed, and
MRO2 of the newly formed tissues during the wound healing process. Paired t-test was
used for all comparisons. *, **, ***, and **** represent p< 0.05, p< 0.01, p< 0.001, and
p< 0.0001, respectively. Data are presented as mean±SD. Scale bar: 500 µm. n= 4.

The functional and metabolic analysis of newly formed tissue was performed at the wound site
in the two pieces of new tissues formed in the first and second week after wounding, which were
indicated by the translucent red and green circles, respectively (Area I and II in Fig. 5(a)). As
shown in Fig. 5(b), the new tissue formed in the first week (i.e., Area I) showed a significantly
higher vascular sO2 on day 7 than the baseline value before wounding (red bar, 76.4% vs. 55.7%,
p< 0.01); although slightly decreased on day 14 (p< 0.05), it remained above the baseline (pink
bar, 68.2%, p< 0.01). Interestingly, the new tissue formed in the second week (i.e., Area II) did
not start with a vascular sO2 as high as that of Area I on day 7 (green bar, 69.3% vs. 76.4%,
p< 0.05). Rather, it was comparable to the sO2 of Area I on day 14 (p= 0.863). Compared to
the sO2, the blood flow speed in newly formed tissues were more significantly elevated over the
baseline (Fig. 5(c)). In Area I, which was formed in the first week after wounding, the blood flow
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speed on day 7 was approximately three-fold of the baseline value (red bar, 3.06 mm/s vs. 1.14
mm/s, p< 0.01). It was followed by a significant decrease on day 14 (p< 0.01), but the blood
flow speed in this area was still higher than the baseline value (red bar, 1.95 mm/s, p< 0.05).
In contrast, the blood flow speed in Area II (i.e., the new tissue formed in the second week)
did not show a significant difference from the baseline value on day 14 (blue bar, 1.48 mm/s,
p= 0.492). As shown in Fig. 5(d), the MRO2 values in the two areas of newly formed tissue were
significantly higher than the baseline. Moreover, the MRO2 of Area II measured on day 14 was
even higher than those of Area I measured on both day 7 and day 14 (0.42 mL/100g·min vs. 0.33
and 0.36 mL/100g·min, p< 0.05).

4. Discussion

The state of wound oxygenation is a key determinant of wound healing outcomes [43]. The
measurements of Flowv and OEF offer new insights into the oxygen supply and utilization in the
wound tissue, respectively. Further, MRO2, co-determined by the blood flow and OEF, reflects
the oxygen metabolism of the wounded/regenerative tissue at the micro-regional level. All these
hemodynamic and metabolic parameters are essential to understand the biology of wound healing
[43–45]. Although vascular adaptation has been widely has been widely studied over decades,
the underlying changes in vascular function and tissue oxygen metabolism remain incompletely
understood. To fill this knowledge gap, we applied multi-parametric PAM and analytical tools
to quantitatively understand the healing process of a cutaneous puncture wound in the mouse
ear. We comprehensively studied the structural, functional, and oxygen-metabolic evolution of
the feeding and draining vessels of the wounded area, the healing front, and the newly formed
tissue over the first 14 days of wound healing, which spanned the hemostasis, inflammatory,
proliferation, and early remodeling phases.

Our observations not only agree with previous reports, but also provide new insights into
the evolutions of blood oxygen supply and tissue oxygen metabolism during the wound healing
process. Hypoxia in the wound tissue has been previously reported, which suggests that tissue
regeneration requires more oxygen than homeostasis [38,46]. The increased oxygen demand is
essential for angiogenesis, tissue survival, and regrowth [44]. During the inflammatory phase,
tissue hypoxia helps to activate the initial steps of wound healing by promoting reactive oxygen
species activity [47] and releasing growth factors from platelets, monocytes, and endothelium
[48]. During the proliferative phase, tissue hypoxia helps to increase keratinocyte motility [49]
and promote angiogenesis [50]. In contrast to well-studied tissue hypoxia during wound healing,
the associated changes in blood oxygen supply and tissue oxygen metabolism require a better
understanding. Our study helps to bridge the knowledge gap. First, over the entire wound area,
significant increases in the arterial diameter and blood flow were observed right after wounding
and remained well above the baseline levels in the first 7–14 days, which suggests an increased
blood oxygen supply. In addition, the PAM-based MRO2 measurement revealed a continuous
elevation of tissue oxygen metabolism throughout the 14-day time period. Second, specifically
on the healing front, significant increases in the vascular density and blood flow were observed
one day after wounding and remained elevated in the first 7 days of healing, before returning to
the baseline levels by day 14. These structural and functional changes in the vasculature was
accompanied with the significantly increased tissue MRO2 at the healing front on day 1, which
remained above the baseline throughout the monitoring. Collectively, these results suggest that
vascular adaptation and associated changes in blood oxygen supply kicks in since the beginning
of wound healing and remains active throughout the proliferation and early remodeling phases.
Third, specifically on the newly formed tissue, significantly higher vascular sO2, blood flow,
and tissue MRO2 were observed in comparison to the baseline levels acquired before wounding.
Interestingly, the sO2 and blood flow in the newly formed tissue appeared to be independent of
when the tissue was formed; instead, they showed noticeable dependence on the healing phase.
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It is worth noting that the technique used in this study is optical-resolution PAM, which can
resolve individual capillaries in the mouse ear. However, the microscopic resolution comes at the
expense of penetration depth, which is limited to ∼500 µm with visible light excitation at 532 nm.
As a result, this technique may not be sufficient for studying wound healing in patients. Future
developments of acoustic-resolution PAM, which penetrates multiple millimeters [51], to enable
multi-parametric measurements beyond the optical diffusion limit [31] will facilitate the clinical
translation of this technique.

Given that both the upstream arterial blood supply and local microcirculation are potential
therapeutic targets for wound healing [50,52], the spatiotemporal changes in the blood oxygen
supply to the wound area, vascular adaptations at the healing front, and oxygen metabolism of
the newly formed tissue during wound healing revealed by this study suggest that the timing and
target of the treatment may have important effects on the therapeutic outcomes.

5. Conclusion

In summary, we applied the multi-parametric PAM to study vascular adaptation and associated
changes in blood oxygen delivery and tissue metabolism throughout the hemostasis, inflammatory,
proliferation, and early remodeling phases of wound healing in mice with skin puncture wounds.
Based on the serial, high-resolution, and multi-parametric measurements, we were able to
quantify the changes in the vascular structure, function, and tissue oxygen metabolism throughout
the multi-phase healing process and respectively on the entire wound area, wound healing front,
and newly formed tissue. Our study suggests that the timing and target of vascular therapy for
wound healing may affect the outcomes.
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