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Hyperspectral Imaging of Wounds Reveals
Augmented Tissue Oxygenation Following
Cold Physical Plasma Treatment in Vivo

Anke Schmidt , Felix Nießner, Thomas von Woedtke, and Sander Bekeschus , Member, IEEE

Abstract—Efficient vascularization of skin tissue supports
wound healing in response to injury. This includes elevated blood
circulation, tissue oxygenation, and perfusion. Cold physical
plasma promotes wound healing in animal models and humans.
Physical plasmas are multicomponent systems that generate sev-
eral physicochemical effectors, such as ions, electrons, reactive
oxygen and nitrogen species, and UV radiation. However, the
consequences of plasma treatment on wound oxygenation and
perfusion, vital processes to promote tissue regeneration, are
largely unexplored. We used a novel hyperspectral imaging (HSI)
system and a murine dermal full-thickness wound model in com-
bination with kINPen argon plasma jet treatment to address
this question. Plasma treatment promoted tissue oxygenation in
superficial as well as deep (6 mm) layers of wound tissue. In
addition to perfusion changes, we found a wound healing stage-
dependent shift of tissue hemoglobin and tissue water index
during reactive species-driven wound healing. Contactless, fast
monitoring of medical parameters in real-time using HSI revealed
a plasma-supporting effect in wound healing together with precise
information about biological surface-specific features.

Index Terms—Full-thickness skin wounds, mouse model,
plasma medicine, reactive oxygen and nitrogen species, skin
microcirculation.

I. INTRODUCTION

THE TREATMENT of wound healing associated patholo-
gies (e.g., venous leg, diabetic foot, or pressure ulcer-

ation) remains a global medical challenge to wound care
professionals. Healthcare resources and costs associated with
the management of patients with chronic wounds are enor-
mous and are rising continuously [1], [2]. Wound healing
is disrupted if one of the phases hemostasis, inflammation,
reepithelialization, and remodeling do not progress to the
next phase, with various pathophysiological consequences [3].

Manuscript received May 25, 2020; revised June 29, 2020; accepted July 9,
2020. Date of publication July 17, 2020; date of current version May 3, 2021.
This work was supported in part by the Ministry of Education, Science, and
Culture of the State of Mecklenburg–Western Pomerania, Germany; in part
by the European Union, European Social Fund under Grant AU 11 038, Grant
ESF/IV-BM-B35-0010/13, and Grant AU 15 001; and in part by the German
Federal Ministry of Education and Research under Grant 03Z22DN11 and
Grant 03Z22Di1. (Corresponding author: Anke Schmidt.)

Anke Schmidt, Felix Nießner, and Sander Bekeschus are with the ZIK
plasmatis, Leibniz Institute for Plasma Science and Technology (INP),
17489 Greifswald, Germany (e-mail: anke.schmidt@inp-greifswald.de).

Thomas von Woedtke is with the ZIK plasmatis, Leibniz Institute for
Plasma Science and Technology (INP), 17489 Greifswald, Germany, and
also with the Institute for Hygiene and Environmental Medicine, Greifswald
University Medical Center, 17489 Greifswald, Germany.

Digital Object Identifier 10.1109/TRPMS.2020.3009913

A key local factor for proper wound outcome is adequate
perfusion of appropriate regions with oxygenated blood to
avoid hypoxic conditions being one characteristic of nonheal-
ing wounds [4]. Especially tissue oxygenation and hemoglobin
levels are critical physiological factors affecting healing [3]. In
living cells, oxygen induces several imperative physiological
processes, such as migration and differentiation [5], remod-
eling of actin and collagen architecture [6], prevention of
wound infections via superoxide production in leukocytes [7],
and promotion of angiogenesis [3]. Macrophages play a ben-
eficial role in directing angiogenesis by releasing pro-
angiogenic factors [8], [9]. If wound oxygenation is not
impaired, subsequent healing processes are interrupted,
including proliferative, migratory, apoptotic, and chemo-
tactic processes, which are closely associated with cellu-
lar cytokine and growth factor secretion and downstream
signaling [10].

Reactive oxygen and nitrogen species (here summarized
as ROS)-driven signaling pathways contribute to physio-
logical wound healing. ROS act as cellular messengers to
stimulate key wound healing processes [11]–[13]. Cold phys-
ical plasma medical systems such as the kINPen generate
ROS [14] that were linked to accelerated wound healing
in humans [15]–[23]. A range of coordinated processes in
epithelial wound coverage, cell spreading, migration via mod-
ulation of integrin adhesion, collagen deposition, matrix degra-
dation, and neovascularization has been shown in animal
models following plasma treatment [24]–[27]. Monitoring
wound oxygenation and perfusion with optical-based tech-
niques play an essential part in wound management in
clinics [28]. Given the importance of oxygen supply in the
blood, the role of plasma in microcirculatory features, such
as tissue oxygenation and perfusion status remains largely
elusive.

Hyperspectral imaging (HSI) is an emerging imaging
modality for medical applications [29] and seems to be suit-
able for routine diagnostics and monitoring of skin tissue
injuries in acute or chronic wounds [30]–[33], and other skin
diseases [34]. It allows the identification of hyperspectral char-
acteristics of biological surfaces, depending on its biochemical
and structural features in terms of spectral ranges and their
dynamics over time [35]. HSI combines spectroscopy, imag-
ing data acquisition, and digital image processing to allow
for a noninvasive, contactless assessment of tissue parame-
ters. Medical HSI camera systems record a spectral range
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between 500 and 1000 nm with a dispersion of approximately
100 wavelengths [10]. This provides 3-D data on tissue oxy-
genation in the microcirculation in superficial layers and the
perfusion of deeper tissue parts. Due to the higher penetration
depth of far and infrared light in tissues, the distribution of
hemoglobin [36] and the water content of tissue [29] can be
determined in real time and with spatial solution [37]–[39].

We here aimed at investigating the tissue oxygenation
and perfusion parameters in wounds following plasma treat-
ment and using noninvasive HSI in an immunocompetent
SKH1 mouse model. Moreover, the quantification of micro-
circulatory parameters allowed us to find a specific fingerprint
of physiological wound healing after plasma treatment.

II. EXPERIMENTAL DESIGN

A. Animal Model and Plasma Treatment

Our study was conducted in accordance with the local ethics
committee and the guidelines for the care and use of labora-
tory animals (Az.: 7221.3-1-044/16). SKH1 mice were housed
under standard conditions in an animal facility (Institute
of Pharmacology of University of Greifswald, Germany).
The standardized generation of full-thickness skin wounds in
a mouse model was done as previously described [24], [27].
Briefly, ear wounds were made by the removal of epider-
mal and dermal skin layers after anesthesia by ketamine and
xylazine. The local application of plasma (10 s) was per-
formed every third day over 14 consecutive days using the
kINPen MED (neoplas tools, Greifswald, Germany). The kIN-
Pen ionized argon gas (purity 99.9999%; Air Liquide, Krefeld,
Germany) at 1 MHz at five standard liters per second of
argon. The plasma treatment was standardized using the tip
of the plasma effluent at a constant distance of 8 mm using
an autoclavable spacer. Untreated mice served as controls.

B. Hyperspectral Imaging

The HSI camera system TIVITA Tissue (Diaspective Vision,
Pepelow, Germany) was utilized to analyze the tissue char-
acteristics in real time across a range of wavelengths
(500–1000 nm) without the use of contrast agents. The param-
eters that can be retrieved by HSI spectra via software
algorithms include tissue oxygenation (StO2) in superficial
layers, the perfusion into deeper skin regions of 4–6 mm
(near-infrared index, NIR), the tissue hemoglobin index (THI)
with monitoring of the percental volume of hemoglobin of
surface perfusion, and the tissue water index (TWI). The work-
ing distance from the camera to the mouse ear was 50 cm,
and each hyperspectral image was acquired under standard-
ized conditions (darkroom and the same exposure times).
The measurements started with a baseline analysis of healthy
skin to assess the tissue parameters and background levels.
After wounding, HSI parameters were recorded 10 min after
plasma treatment and compared to that of untreated controls
(n ≥ 4). Controls were set to 1. The camera-specific software
TIVITA Suite calculates parameters in well-defined circular
areas, including wound regions (pink), blood vessels (purple),
and background of ear skin (gray). All measurements were
recorded every third day up to the endpoint (d15).

TABLE I
HSI AND FOUR MEDICAL PARAMETERS THAT CAN BE RETRIEVED FROM

VISIBLE TO NEAR-INFRARED RANGE

C. Statistical Analysis

Data are presented as mean +S.E. statistical analysis of the
StO2, NIR, THI, and TWI indexes was done using one-way
analysis of variance (ANOVA) with p-values indicated by ∗p <

0.05,∗∗ p < 0.01, and ∗∗∗p < 0.001. The graphing and analysis
was performed using GraphPad prism 7.04 (San Diego, CA,
USA).

III. RESULTS

A. Optical Diagnostic of Cutaneous Tissue Using HSI

The interactions of light with skin tissue is determined by
intrinsic optical features of the skin surface [40]. Mammalian
skin is composed of mainly two layers, including the epider-
mis with stratum corneum (SC), and the dermis along with
blood vessels. Light of different wavelengths penetrate the tis-
sue up to 6-mm deep, but most of the light interacts with the
skin, resulting in changes of absorption, reflection, remission,
and transmission to its internal layers. Visible light (VIS) is
highly absorbed, resulting in lower penetration depth, whereas
near-infrared (NIR) light is much less absorbed, resulting in
larger penetration depths. The subcutaneous tissue (subcutis)
lies below the dermis and does not affect the light very much
[Fig. 1(a)].

Next, the absorption spectrum of the light scattered back
was recorded using an HSI camera system. Different parts of
the spectrum in the range between 500 and 1000 nm were
used for the calculation of four different medical parameters
[Fig. 1(b)].

The tissue oxygenation StO2 describes the relative oxygena-
tion in superficial tissue layers in 1-mm penetration depth. It
was measured in two spectral ranges between 530–600 nm and
730–800 nm. The tissue hemoglobin index for distribution of
hemoglobin (THI) was determined in the range of 530–590 nm
and 730–820 nm. The near-infrared perfusion index in deeper
tissue layers (NIR) was calculated from the intensities in
the ranges between 650–730 nm and 820–930 nm. The tis-
sue water index for water distribution (TWI) was measured in
the range between 870–900 nm and 950–975 nm (Table I).

B. HSI of Uncompromised and Wounded Murine Skin Tissue

The first assessment of skin tissue parameters was done
using HSI of uncompromised, healthy mouse ear skin (RGB
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Fig. 1. Light absorption in skin tissue and spectra of the parameters measured. (a) Schematic illustration (left) and hematoxylin and eosin staining (HE, right)
of the skin showing the epidermis including SC and the dermis including blood vessels. Subcutis is not part of the skin. Scale bar 50 µm. Light of different
wavelengths penetrate the tissue in layers as deep as 6 mm and interact with the biological surface resulting in changes of absorption, reflection, remission,
and transmission. Tissue readily absorbs light in the visible (VIS) range, resulting in only low penetration depth. In contrast, light in the near infrared (NIR)
range is much less absorbed, resulting in higher penetration depths. (b) Representative spectral analysis of healthy skin. High-resolution HSI in the range
of 500–1000 nm allows for the calculation of a total of four parameters from the spectral information. StO2, tissue oxygenation for relative oxygenation in
superficial tissue layers; NIR, near-infrared perfusion index in deeper tissue layers; THI, tissue hemoglobin index for distribution of hemoglobin; and TWI,
tissue water index for water content.

image). A typical skin tissue absorption spectrum was recorded
at wavelengths ranging from visible to near-infrared spectrum
in three regions: 1) the wound (here identical with back-
ground signal, pink); 2) blood vessels (purple); and 3) skin
background (gray) [Fig. 2(a)]. For the analysis of tissue
parameters in skin injury, a dermal full-thickness wound was
created (arrow in the RGB image), and absorption data from
500 to 1000 nm were acquired in real time using the
HSI camera system [Fig. 2(b)]. Additionally, physicochemi-
cal information and microcirculatory parameters of skin tissue
were recorded and shown as pseudo-color images of health
[Fig. 2(c)], and wounded ear skin [Fig. 2(d)]. HSI measure-
ments showed higher surface oxygen saturation and tissue
hemoglobin distribution in the wound zone in comparison to
healthy skin (arrows).

C. HSI Reveals Tissue Parameter Modulation in Wound
Following Plasma Treatment

The plasma-induced beneficial effects in neovasculariza-
tion have been reported in previous studies [27], [41]–[43]

suggesting that the hemodynamically relevant parameters pro-
vided by HSI allow deeper insights into microcirculation, their
parameters, and kinetics. After wounding (d0), HSI measure-
ments were performed every third day after plasma treatment
(red mice) and compared to those of untreated controls [white
mice, Fig. 3(a)]. The wound healing process was visualized in
RGB images from day 0 to the endpoint of measurements on
d15. Additionally, we monitored the plasma-induced micro-
circulatory changes, such as the grade of tissue oxygenation,
perfusion, hemoglobin, and water content throughout the heal-
ing process using pseudo-colored images generated by the HSI
software. The wound regions are highlighted when notice-
able changes were visible [arrows, Fig. 3(b)–(e)]. Changes
in the oxygenation in superficial layers [StO2, Fig. 3(b)] and
hemoglobin perfusion [THI, Fig. 3(d)] in wound regions after
treatment were apparent, particularly on d0, d3, and d12.

The HSI software allows quantification of the inte-
grated spatial distribution of oxygenation and the other
microcirculation-dependent values. The spectral signals for
each microcirculatory parameter at the corresponding wave-
lengths were quantified after plasma treatment (red boxes),
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Fig. 2. HSI of tissue oxygenation and perfusion in healthy and injured skin. HSI was used for the noninvasive acquisition of tissue parameters in a dermal full-
thickness ear wound model in SKH1 mice. Acquisition of RGB color images and typical spectra of different regions for the determination of microcirculatory
parameters in healthy (a) and injured skin (b). Selections of three regions, including background (gray), wound (pink), and blood vessels (purple), were
visualized on the ear tissue surface via HSI [small image in (a)]. From the spectral data, several features were filtered, including tissue oxygenation (StO2),
near-infrared perfusion of tissue (NIR), tissue hemoglobin index (THI), and tissue water index (TWI) in both healthy (c) and injured (the wound region is
marked with an arrow) skin (d).

and compared to that of untreated controls (white boxes) after
normalization to background signals. The results for tissue
oxygenation (StO2) of the blood microcirculatory system in
the visible spectral regions (up to 600 nm) reflect the oxy-
genation up to 1-mm deep into the tissue, demonstrating
a significantly higher absorbance on d0, d3, d9, and d12 in
plasma-treated animal wounds [Fig. 3(b)]. Comparable results
were obtained for cutaneous oxygen saturation and perfusion
in deeper layers (near-infrared spectral range). NIR indices
within the wound region were significantly increased on days
0, 3, 6, and 12 [Fig. 3(c)]. Oxygenation in superficial and
deeper layers remained unchanged at the endpoint of mea-
surements (d15). Analysis of hemoglobin concentration (THI)
revealed a significant increase at the beginning (d0) as well
as on days 3 and 12 when compared to controls [Fig. 3(d)].
Furthermore, we obtained a significant decrease of the tissue
water index (TWI) on day 9 in the plasma treatment group.
However, water content fluctuated during the following six
days. While the absorption was initially higher in plasma-
treated animals and in comparison to control on d12, the TWI
eventually dropped significantly below the levels of untreated
controls on day 15, which is indicative of an absence of tissue
edema and accelerated wound healing [Fig. 3(e)]. Moreover,

we found no abnormalities or disturbing behavior in animals
of the plasma-treated groups.

IV. DISCUSSION

An important issue in nonhealing wounds is the impaired
angiogenic response and vascularization due to the absence
of adequate perfusion and tissue oxygenation [44]. Therefore,
understanding the tissue oxygenation and de-novo formation
of new blood vessels during wound healing helps to attain
better therapeutic strategies and facilitates accelerated heal-
ing of problematic wounds in patients. One critical factor that
is essential in making the wound environment receptive to
therapies is the correction of wound hypoxia [13].

Cold physical plasma is antimicrobial [45] and pro-
motes wound healing potential also wound-relevant immune
processes [23], [46]. Recent reports emphasize the impor-
tance of ROS regulating inflammation and subsequently tis-
sue vascularization [11]–[13], [47]–[50]. Vascular endothelial
growth factor, angiopoietin, fibroblast growth factor, and
transforming growth factor beta are among the most potent
angiogenic cytokines in wound angiogenesis [51], which
were also identified in several plasma-treated skin cells and
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Fig. 3. HSI analysis of injured tissue after plasma treatment. (a) After plasma treatment (red mice), the wound healing process was monitored every third
day (endpoint d15) using HSI (left picture) and compared to untreated controls (gray mice). (b)–(e) Representative colored RGB images with corresponding
pseudo-false images of microcirculatory features are given for d0, d3, d6, d9, d12, and d15. Various features from the spectral data were filtered out, including
tissue oxygenation [StO2, (b)], near-infrared index [NIR, (c)], tissue hemoglobin index [THI, (d)], and tissue water index [TWI, (e)]. The spectral intensities
of each microcirculatory parameter were quantified over time, and the fold changes of absorbance of the plasma-treated group (red boxes) were normalized
to that of untreated controls (white boxes) and set to 1. For StO2, spectral ranges between 550–570 nm and 750–775 nm were used (b). NIR was analyzed
between 650 and 730 nm and two other spectral ranges between 820–870 nm and 900–930 nm, which were summarized into one diagram from 820 to
930 nm (c). THI was evaluated between 570–590 nm and 790–810 nm (d). TWI was recorded between 870–900 nm and 950–975 nm (e). Statistical analysis
was performed using one-way ANOVA between plasma-treated and untreated mice with ∗p < 0.05,∗∗ p < 0.01, and ∗∗∗p < 0.001 (n ≥ 4 wounds/group).

mice [27], [52], [53]. Despite advances in plasma-driven heal-
ing of chronic wounds in humans [23], the plasma effects
on tissue oxygenation and perfusion status that are vital in

determining wound healing outcomes are sparse. Objective
imaging and metrics of healing are capable of providing
important information that is independent of subjective visual
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Fig. 3. To be Continued.

inspection of wounds as it still is standard in the clinics.
Moreover, biological surfaces such as skin tissue exhibit useful
optical properties in the visible and near-infrared electromag-
netic spectrum [10].

A compact HSI camera system was used, enabling
the investigation of tissue oxygenation (StO2), perfusion,
hemoglobin, and water distribution during wound healing and
plasma treatment in a murine wound model. The analysis
of microcirculatory features revealed remarkable differences
between plasma-treated and untreated wounds. Next to the
acceleration of wound healing [24], [27], [54], we obtained an

improvement of StO2 and NRI in the early phases of wound
closure, implicating plasma-triggered oxygenation and perfu-
sion. Moreover, dynamic changes over time were observed for
optical THI signals. A clear increase of the hemoglobin levels
was shown in response to plasma, particularly on early time
points. This finding validates previous results from intravital
microscopy, demonstrating accelerated neovascularization in
association with a significantly higher blood vessel outgrowth
in plasma-treated mice [27]. In patients, complex blood per-
fusion was determined in a chronic wound caused by periph-
eral arterial occlusive disease (PAOD), showing stimulating
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plasma effects with elevated oxygenation and hemoglobin
parameters [33]. In mice, we found a switch from an ini-
tially high to later low water content, indicating a decrease
of edema after plasma treatment in injured skin tissue that
enabled increased diffusion of oxygen to support cellular
metabolism and growth. Edema occurs when an excessive vol-
ume of fluid accumulates either in cells or within the collagen
matrix of tissue [55].

While most of the optical techniques for measuring of oxy-
genation parameters such as laser Doppler fluxometry with
transcutaneous oxygen monitoring [56], [57], as well as tissue
oximeters [58], penetrate up to 1–2 mm from wound sur-
face, HSI has the archives deeper layers up to 6 mm similar
to NIR spectroscopy [10]. The HSI technology was trans-
lated into medicine in several medical applications in recent
years. It offers excellent potential for noninvasive disease
diagnosis and surgical guidance [29]. The measurement of per-
fusion parameters was successfully monitored using HSI in
healthy skin [37], [59], in wounds following the application
of a microcapillary dressing [38], in a rat model of surgi-
cally induced ischemia after microvascular anastomosis [31],
and in skin diseases like human melanoma [34]. Generally,
HSI has apparent advantages in determining microcirculatory
parameters with imaging measurements in real time and spa-
tial resolution without adverse effects on, e.g., local cutaneous
microcirculation [38]. HSI also serves as an alternative for
invasive tissue sampling and downstream analysis with the
benefit of the reflectance spectrum being related to metabolic
activity and perfusion. Such a correlation between cellular sta-
tus and spectral signatures was demonstrated in a 3-D wound
model in vitro [35]. Finally, spectral analysis is being done
using nonionizing light, making this approach safe for use in
humans.

V. CONCLUSION

Cold plasma treatment increases oxygen delivery through
increase perfusion, ultimately supporting tissue angiogenesis
and wound healing features. Using HSI, we were able to
demonstrate significantly different absorption spectra between
plasma-treated and untreated wounds in the early and late
phases of wound healing. The noninvasive HSI revealed
a plasma-triggered increase of oxygen saturation and perfu-
sion as well as hemoglobin concentration with decreased water
content in injured tissue. Consequently, the determination of
physiological tissue parameters by HSI evidenced cold phys-
ical plasma as a promising tool for chronic wound healing.
HSI may help to image wound healing in clinical diagnostics
in humans quickly and straightforwardly.
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