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Multi-wavelength imaging
photoplethysmography for
non-invasive and non-contact
assessment of burn severity

You-rim Park & Joo Beom Eom®™

We report a non-contact burn severity assessment system using the image-based
photoplethysmography (IPPG) technique by fabricating a multi-wavelength imaging system. In this
burn assessment system, four wavelengths (visible light wavelengths of 405 nm, 520 nm, 660 nm, and
near-infrared wavelength of 940 nm) were used, and burn severity was identified based on the fact
that each wavelength has different penetration depths. Each wavelength was set to irradiate with

the same optical power (1 mW/cm?), and IPPG was acquired using images captured at 35 frames per
second for wavelengths with different penetration depths. To measure burn severity, we created burn
lesion models using hairless mice. For each degree of burn, we acquired images of the burn area at
four different wavelengths, measured IPPG from the acquired images, and observed the signal change
at each wavelength to evaluate burn severity. In addition, while monitoring the healing process, we
observed that IPPG recovered as the blood flow in the tissue normalized. Through the results of this
study, we expect that IPPG technology will be used not only as a non-contact technology to evaluate
burn severity, but also as a new method to monitor the burn recovery process in real time.
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Burns can be caused by heat, freezing, electricity, chemicals, radiation, or friction, and depending on their
location and depth, burn patients may experience life-threatening complications'. Thermal burns account for
the majority of reported skin burns. Local wounds from thermal burns are caused by thermal necrosis of cells
and are classified as superficial, partial-thickness, or full-thickness burns depending on the depth of the injury>>.

First-degree (superficial) burns affect only the outermost layer of the skin, the epidermis (0.05-0.15 mm).
Symptoms of this type of burn include redness and swelling of the skin due to erythema. Second-degree (partial-
thickness) burns affect both the epidermis and the dermis and can be classified into superficial partial-thickness
burns, which damage only the superficial layer of the dermis, and deep partial-thickness burns, which extend
damage to the deeper layers of the dermis (1-4 mm). These burns cause symptoms such as separation of the
epidermis and dermis, collagen degeneration in the dermal layer, and the appearance of pain, redness, and
blisters. After healing, the skin may become discolored, and scarring can occur. Third-degree burns and higher,
also known as full-thickness burns, extend beyond the epidermis and dermis to involve subcutaneous tissues,
including underlying fat, muscles, tendons, and even bones (greater than 4 mm). These wounds heal through
contraction along with epithelialization from the wound margins, leaving scars, and complete natural healing is
not possible without surgical intervention=°.

Classifying burns is crucial for diagnosing the injury, selecting appropriate treatment methods, and
anticipating and managing infections and risks that may arise during the healing process. However, there
is currently no standardized criteria for diagnosing burns due to the wide variety of wound causes and the
complexity that results in numerous types of injuries’. Burns are typically classified by surgeons based on
parameters such as surface area, depth, and wound location. Using burn depth as one of these parameters to
classify burn severity is an important clinical goal in managing burn patients”~°.

Widely used methods for assessing the depth of burn injuries are clinical evaluation and histological
analysis®. Current clinical evaluations rely on subjective assessments of the wound’s external characteristics'.
Clinical judgment can diagnose very deep or very shallow burns, but the accuracy of intermediate-depth burns
(second-degree burns) is only 60-80%, with the accuracy being even lower when the diagnosis is made within

Department of Biomedical Science, College of Medicine, Dankook University, 119 Dandae-ro, Dongnam-gu,
Cheonan 31116, Korea. ““email: jpbeom@dankook.ac.kr

Scientific Reports|  (2025) 15:16586 | https://doi.org/10.1038/s41598-025-01707-7 nature portfolio


http://orcid.org/0000-0001-5133-8931
http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-01707-7&domain=pdf&date_stamp=2025-5-12

www.nature.com/scientificreports/

the first 48 h after the burn!!. However, since second-degree burns account for a significant portion of burn
cases, accurately diagnosing them is crucial as it directly impacts treatment and prognosis. Because the accuracy
of clinical judgment is low, histological analysis, which can distinguish necrotic tissue from healthy tissue, is
performed and is considered the gold standard for diagnosing second-degree burns. However, this histological
analysis method has the disadvantage of being invasive and taking a considerable amount of time to confirm
the results'?. Therefore, a technique to accurately and noninvasively assess the depth of burn wounds is needed.

Accordingly, many studies have been conducted on non-invasive methods for measuring burn depth, with
tissue perfusion measurement being a representative approach. Since burns damage the blood vessels of the
skin, this is considered one of the most reliable indicators for determining the extent of burn damage. Therefore,
measuring tissue perfusion can be used as a potential tool for assessing burn depths®!3. Various techniques have
been developed as methods for measuring tissue perfusion, such as infrared (IR) thermography'4, angiography'?,
laser doppler imaging (LDI)!®!7, laser speckle contrast imaging (LSCI)!® and hyperspectral imaging (HSI)"’. A
Research group using IR thermography has quantitatively assessed burn depth using temperature as a parameter.
A significant difference in average temperature was observed between second-degree and third-degree burns,
allowing for their distinction!%. However, this method indirectly evaluates blood flow using temperature alone
and is vulnerable to changes in ambient temperature, which may result in low accuracy. Another research group
used a fluorescence technique using indocyanine green (ICG) to evaluate skin perfusion'®. ICG fluorescence
images showed a clear difference between superficial partial thickness burns and full thickness burns.
However, this method is inconvenient because it requires considering the time delay between dye injection and
fluorescence emission, rather than the assuming immediate fluorescence emission. In studies using LDI, blood
flow was measured to assess tissue perfusion and evaluate burn severity. Blood flow decreased in the order of
superficial partial thickness, deep partial thickness, and full thickness burns'®. However, although this method
has the advantage of being a non-invasive perfusion imaging method, it requires contact between the probe
and the skin, which can affect the burn wound. On the other hand, non-contact LDI has been developed to
overcome this limitation, allowing for the measurement of tissue perfusion without direct contact. However, due
to the use of a single wavelength, this method is primarily limited to measuring blood flow dynamics based on
doppler shifts and does not provide depth-specific perfusion information!”. A study using LSCI measured tissue
perfusion across the entire area through imaging, allowing for the prediction of burn wound healing potential's.
However, like LDI, LSCI uses a single wavelength, which limits its ability to provide depth-specific perfusion
information. On the other hand, the group that used HSI demonstrated that it can evaluate three different burn
depths by measuring parameters such as hemoglobin levels and tissue oxygen saturation'®. While HSI is effective
for acquiring detailed tissue information, it requires huge equipment and involves slow data processing, making
it less practical for rapid assessment or bedside use in clinical settings.

To complement the limitations of existing studies, we propose a novel concept for a burn severity
measurement system that can measure burn depth in a non-invasive and non-contact manner. The method is to
use the image-based photoplethysmography (IPPG) method and monitor burn severity and recovery through it.
IPPG is a technology that detects dynamic changes in intravascular blood volume by measuring changes in light
absorption using a camera and a light source?’-?. Unlike existing studies, IPPG technology offers the advantage
of non-contact, real-time assessment of blood volume changes in the skin. Furthermore, the use of multiple
wavelengths enables the assessment of burn severity by analyzing the extent of blood flow damaging at varying
tissue depths. In this technology, we used the different penetration depths of light inside the skin, which are
caused by different scattering and absorption coefficients of visible light and near-infrared light?*-2°.

Since light penetration depth varies depending on wavelength due to differences in absorption and scattering
properties, we leveraged this principle to assess burn severity. Shorter wavelengths, such as blue and green light,
are strongly absorbed by melanin and hemoglobin and primarily reflect changes in superficial layers, whereas
longer wavelengths, such as red and near-infrared, penetrate deeper into the tissue. This is due to the relatively
low attenuation coefficients of biological tissue components, such as melanin, water, and collagen, in these
wavelengths, which results in minimal absorption and scattering. By utilizing these wavelength-dependent
penetration characteristics, we aimed to distinguish burns at different depths more accurately?’. Although the
penetration depth may vary depending on the measurement methods used in previous studies, in the spectral
range used in our experiment, the maximum penetration depth into skin tissue was approximately 0.3-1 mm
at the blue wavelength (i.e., 405 nm), 0.3-2.5 mm at the green wavelength (i.e., 520 nm), 1.8-4.5 mm at the red
wavelength (i.e., 660 nm), and 2.5-5 mm at the near-infrared wavelength (i.e., 940 nm)*-*3. To evaluate the
feasibility of this proposed method in an animal model before applying it to humans, we conducted experiments
on mice. Considering the thin skin of mice, we applied the lowest light power (1 mW/cm?) capable of measuring
IPPG signals at each wavelength. Consequently, the maximum penetration depth for each wavelength in our
experiment was determined at this fixed power. In IPPG signal-based research, the measurement depth of light
returning through blood vessels is more critical than the maximum penetration depth itself, as IPPG relies on
detecting signals from light that has traveled through blood vessels.

To verify the performance of the proposed system, we created burn lesion models corresponding to each
burn degree using hairless mice and analyzed IPPG signals at various wavelengths. We also repeated the
measurements during the recovery process. Through these experimental results, we confirmed that the proposed
technology has potential as a device for measuring burn severity in a non-invasive, non-contact way.

Methods

Imaging system with multiple wavelength light sources for burn depth assessment

The system for evaluating the burn depth was fabricated as shown in Fig. 1 and consists of laser light sources
and a camera system. The light sources employed were laser diodes emitting at specific wavelengths: 405 nm
(blue; WSLP-405-400 m-50 M; Wavespectrum, Beijing, China), 520 nm (green; LDX-3102-520-FCP; LDX

Scientific Reports |

(2025) 15:16586 | https://doi.org/10.1038/s41598-025-01707-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

4-channel
LD
controller

(c)

C

C

(b)

1

50:50 Fiber
collimator

(d)

Fig. 1. Light source and camera system for burn depth assessment (a) The schematic diagram of the laser
system combining multiple wavelengths (b) The schematic diagram of a dual-camera accommodating visible
and near-infrared light (c) The schematic diagram of the imaging system (d) Experimental system setup.

Optronics Inc., Tennessee, U.S.), 660 nm (red; LDX-3115-660-FCP; LDX Optronics Inc., Tennessee, U.S.), and
940 nm (near-infrared; LDX-3515-940-FCP; LDX Optronics Inc., Tennessee, U.S.). As shown in Fig. la, the
four fiber-coupled laser diodes were combined into a single optical path using 2 x 2 multimode fiber couplers
(TM200R5S2B; Thorlabs, New Jersey, U.S.). A fiber collimator (CFC8-B; Thorlabs, New Jersey, U.S.) was
mounted at the fiber output to transform the emitted light into a collimated beam. The collimated beam was
made selectively switchable between wavelengths using a 4-channel laser diodes (LD) controller. The irradiance
of the light sources was maintained at 1 mW/cm? across all wavelengths. This power can restore IPPG signal on
the mice control skin without causing any damage to the skin. Considering that mice have thinner skin compared
to humans, we minimized the optical power to ensure a difference in penetration depth within the mice skin
tissue. The camera used was a dual-camera equipped with dual channels, featuring both visible and near-infrared
image sensors (FS-1600D-10GE; JAI, Miyazaki, Japan). The visible and near-infrared light entering the camera
are separated by a dichroic mirror and directed to their respective sensors as in Fig. 1b. The lens (67716; Edmund
Optics, New Jersey, U.S.) was positioned in front of the camera to focus on the target, and the measurement
distance was approximately 25 cm. The schematic diagram of the imaging system is shown in Fig. 1c, and the
experimental system is set up as shown in Fig. 1d.

Process of acquiring IPPG signals for each wavelength using the system

Figure 2 shows a custom-designed graphical user interface (GUI) (in Fig. 2a) for image acquisition using a dual-
camera and the process for acquiring IPPG signals (in Fig. 2b) through multi-wavelength imaging in a burn
lesion model. The light source used in the experiment was a four-wavelength laser system, which was switched
by an LD controller and irradiated at four different wavelengths. The dual-camera captured images at 35 fps with
a resolution of 1440 x 1080 pixels. The field of view (FOV) was 4.8 x3.65 cm”. Images were acquired for 5 s per
wavelength using custom-designed GUI. Each wavelength’s images were stored in separate channels and image
processing was performed individually using MATLAB. Region of interest (ROI) corresponding to the burn area
were selected in the images, and the average pixel values within the ROI were stored in each wavelength channel.
These average values reflect the amount of light absorbed, which is affected by changes in blood volume over
time. Discrete wavelet transform (DWT) was applied to remove baseline drift (DC component) present in the
raw IPPG signals, and then the signals were smoothed using a moving average filter. Therefore, we visualized
the sinusoidal IPPG signal by plotting the intensity average over time®%. IPPG signals obtained from the control
skin were observed to be detectable at all wavelengths. That is, IPPG signals were obtained at four wavelengths,
from the blue wavelength, which penetrates the least under the skin, to the near-infrared wavelength, which
penetrates deep into the tissue.
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Fig. 2. The process of acquiring IPPG signals at each wavelength (a) Custom-designed graphical user interface
(GUI) displaying visible and near-infrared images on a split screen, with a field of view (FOV) of 4.8 x 3.65 cm”.
(b) Block diagram including the process of acquiring IPPG signals through multiple wavelengths imaging in
burn lesion models.

Creating mouse models by burn severity

To verify the performance of the developed burn severity assessment system, burn models corresponding to the
first-, second-, and third-degree were created. In mice, first-degree burns, confined to the epidermis, measure
approximately 10-20 pum in depth, second-degree burns extending into the dermis range from 400 to 600 um,
and third-degree burns reaching the subcutaneous tissue are 800 um or more®. Animal experimental models
are important tools for assessing the severity of burns, and mice are commonly used in burn research because
of their short wound healing time**. In our experiments, 7-week-old hairless mice (SKH1-hr; Orientbio,
Seongnam, Korea) weighing 31-34 g were used to create burn lesion models. Animal experiments were approved
by the Dankook University Institutional Animal Care and Use Committee (DKU-24-036) and euthanasia was
performed using CO; gas in accordance with the animal experiment approval. All experiments were performed
in accordance with the relevant guidelines and regulations, including the ARRIVE guidelines and the standard
protocol of the Institutional Animal Care and Use Committee (IACUC) of the Ministry of Food and Drug Safety.
Before inducing burns, mice were anesthetized with a mixture of Zoletil 50 (30 mg/kg; tiletamine + zolazepam)
and Rompun (10 mg/kg; xylazine). Burns were created by placing a cylindrical soldering iron (LedSol-300;
EXSO, Busan, Korea) with a diameter of 5 mm vertically on the back of the mouse. The first-degree burn was
created by heating the soldering iron at 70 °C for 1 s, second-degree burn was created by heating at 100 °C for
1 s, and third-degree burn was created by heating at 100 °C for 60 s. Before assessing the burn depth, the mice
were sacrificed to obtain histological images to confirm whether the burn level was appropriately created at
each depth. The histological images were stained with hematoxylin & eosin (H&E) and photographed under a
microscope to analyze burn severity. A total of 9 mice were used in the experiment, with 3 mice sacrificed to
histologically validate the burn lesion model and establish the conditions for the burn injuries. The remaining
6 mice were used for the IPPG analysis, with 2 repetitions performed on each of the first-, second-, and third-
degree burn lesion models. These repeated experiments were conducted to ensure the replicability of the results.

Results

Histological verification for burn severity assessment

To evaluate burn depth using our system, we analyzed histological images after inducing burns in mice to verify
that first-, second-, and third-degree burn models were accurately established. Figure 3 shows histological
images corresponding to the classification of the generated burn lesions. The first-degree burn is limited to
epidermis damage, and the thermal stimulus caused by the burn weakens the skin barrier, resulting in partial
peeling of the stratum corneum, as indicated by the red arrow in Fig. 3a®®. In the normal skin, the dermis shows
a typical basket-shaped collagen fiber pattern. However, in the second-degree burn, the dermis is damaged,
the basket-shaped pattern is broken, and the collagen fibers are abnormally thickened or randomly arranged
(indicated by the green dashed circle in Fig. 3b). In addition, the tissue contraction caused by heat intensifies
the eosin staining®>*’. The depth of tissue damage is approximately 500 pm at most in the histological image of
the second-degree burn. In the case of the third-degree burn, the damage extends to the subcutaneous tissue.
In normal muscle tissue, the polygonal arrangement of muscle fibers is evenly distributed, whereas after burns,
this polygonal structure is lost (indicated by the yellow dashed circle in Fig. 3¢c)*!. The depth of tissue damage
is approximately 1.25 mm at most in the histological image of the third-degree burn. Through pathological
analysis, temperature and time settings corresponding to burn severity in mouse experiments were established.
Using these conditions, burn lesion models were created, and the developed system was verified to be able to
evaluate the burn depth. In addition, we observed how IPPG signal changed as the burn healed.
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Fig. 3. Histological images according to burn lesion classification (a) First-degree burn; the red arrow
indicates partial desquamation of the stratum corneum. (b) Second-degree burn; the green dashed circle
indicates the disruption of the basketweave arrangement of collagen fibers and their abnormal thickening
due to dermal damage. (c) Third-degree burn; the yellow dashed circle indicates the loss of the polygonal
arrangement of muscle fibers. Scale bar =500 pum.

Burn severity and recovery assessment through wavelength-specific blood flow analysis of
the burn area

First, IPPG signals were measured from the control skin before inducing burns, and then the points where burns
were to be induced in the mice were designated. Then, three burn degrees (first-, second- and third-degree)
created by setting the appropriate temperature and time in the designated area and IPPG signals were measured
immediately (0 h) and 24 h later. After 24 h, IPPG signals were measured every 2 days to minimize the risk of
death due to excessive anesthesia in the mice. As shown in Fig. 4a, the first-degree burn was visually confirmed
in the early stage of the burn and recovered to almost normal appearance on the third day. Figure 4b shows IPPG
signals measured at each wavelength in the first-degree burn area for 3 days. In this burn, IPPG signals were
consistently obtained without damage at all wavelengths from the induction of the burn to the recovery. These
results indicate that the first-degree burn is limited to epidermal damage and does not affect the underlying
blood vessels.

Figure 5a shows the progress of wound healing in the mouse model with the second-degree burn for 7
days. In the initial stage, the wound appeared white or yellow due to edema. From the fifth day, the edema
began to subside, and a scab formed on the wound surface, accompanied by hyperemia around the wound
edge??>-**. No damage to blood vessels at different depths was observed with the naked eye. Figure 5b shows
the results of measuring IPPG signals at various wavelengths in the burn area of the second-degree burn for 7
days. Immediately after the burn injury, IPPG signals at all wavelengths were measured, indicating that blood
vessels were not damaged at the time of the burn. However, after 24 h, damaged IPPG signals of blue and green
wavelengths were observed, as indicated by the transparent red boxes in Fig. 5b. This suggests that blood vessels
were damaged to a depth reached by the green wavelength, with necrosis gradually progressing over time. This
pattern is consistent with an earlier report that blood vessel damage does not occur immediately after a burn
injury, but that necrosis gradually occurs thereafter’>. On the fifth day, IPPG signals confirmed the restoration
of blood vessels corresponding to the green penetration depth as the wound healed. On the seventh day, IPPG
signal at the blue wavelength had also recovered, confirming the restoration of superficial blood vessels.

Figure 6a shows the progress of wound healing in the mouse model with the third-degree burn for 9 days.
Immediately after the injury, the center of the wound becomes red due to blood vessels and undergoes progressive
ischemia and necrosis. After 24 h, hyperemia was observed at the wound edge. From the fifth day, a scab began
to form on the wound surface’®*’. Figure 6b shows the results of measuring IPPG signals at various wavelengths
in the burn area of the third-degree burn for 9 days. Although some blood vessel damage greater than that
observed in the second-degree burn was present immediately after the injury, resulting in weaker signals (shown
as transparent yellow boxes in Fig. 6b), IPPG signals were still detected at all wavelengths. This is consistent with
the results of previous research®®. However, after 24 h, as the blood vessels gradually became necrotic, IPPG
signals at the blue and green wavelengths could no longer be confirmed. On the third day, as necrosis extended
to the depth corresponding to the red wavelength, IPPG signals at the red wavelength were also damaged. On the
fifth day, the recovery of IPPG signals at the green and red wavelengths indicated the restoration of blood vessels
in the deeper layers of the skin as the wound healed. On the ninth day, IPPG signal at the blue wavelength had
also recovered, confirming the restoration of superficial blood vessels.
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Fig. 4. (a) Captured images showing the progression of wound healing in the mouse model with the first-
degree burn for 3 days. Scale bar =0.5 cm. (b) IPPG signals at different wavelengths in the burn area of the
first-degree burn over 3 days. In the first-degree burn, it was confirmed that IPPG signals were not damaged at
any wavelength.

Table 1 shows IPPG signal damage levels at various wavelengths according to the experimental results. In the
first-degree burn, the signals were confirmed at all wavelengths from injury to recovery, indicating that the burn
was limited to the epidermis and that the blood vessels inside were not damaged. In the second-degree burn, the
signals in the blue and green wavelengths were damaged. The tissue damage in the second-degree burn reaches
approximately 500 pm, extending to the dermis, indicating blood vessel damage at the depth that the blue and
green wavelength can penetrate. In the third-degree burn, the signals were damaged at the blue, green, and
even red wavelengths. The tissue damage in the third-degree burn reaches approximately 1.25 mm, extending
to the subcutaneous tissue, indicating that the blood vessels were damaged to the depth that the red wavelength,
which penetrates deeper, can reach. The results showed consistency across repeated experiments, with identical
outcomes observed in each trial (see Supplementary Fig. S1, S2 and S3). Although there were slight variations in
the exact timings of signal distortion between two repeated experiments, the overall pattern of signal disruption
remained consistent throughout all trials. In this way, the non-contact, non-invasive image-based burn severity
measurement system presented in this paper demonstrated to classify burns using IPPG signals from a burn
lesion model in mice.
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Fig. 5. (a) Captured images showing the progression of wound healing in the mouse model with the second-
degree burn for 7 days. Scale bar =0.5 cm. (b) IPPG signals at different wavelengths in the burn area of second-
degree burn over 7 days. The transparent red boxes indicate the damaged IPPG signals. 24 h after the burn
injury, IPPG signals at the blue and green wavelengths were damaged. On the seventh day, IPPG signals were
restored at all wavelengths, confirming the restoration of the blood vessels.

Discussion and conclusions

We propose a non-contact, non-invasive technique to evaluate burn severity by measuring IPPG signals
from burns using a dual-camera and multi-wavelength light sources. Considering the characteristic that the
penetration depth inside the skin varies depending on the wavelength, light sources of various wavelengths were
used. The wavelengths used were blue (405 nm), green (520 nm), and red (660 nm) corresponding to visible
light and 940 nm corresponding to near-infrared light. The dual-camera has both visible and near-infrared
image sensors, so it can detect light of all wavelengths. The system acquires IPPG signals by acquiring images at
a speed of 35 fps.

To evaluate the performance of the proposed system, the burn lesion models were created using hairless
mice. Burn severity was classified into the first-degree burn limited to the epidermis, the second-degree burn
extended to the dermis, and the third-degree burn extended to the subcutaneous tissue. This classification was
confirmed through histological analysis to ensure uniformity in the creation of the burn lesion models.

Using the burn lesion models and the proposed system constructed according to the burn severity, IPPG
signals were measured from the initial burn to recovery in order to evaluate burn severity. According to the
experimental results, normal IPPG signals were observed at all wavelengths in the first-degree burn. This
suggests that the burn was limited to the epidermis and did not affect the underlying blood vessels. In the case
of the second-degree burn, damaged signals were observed at blue and green wavelengths 24 h after injury.
Since this burn affected the dermis, it indicates that blood vessels were damaged to a depth reached by the
green wavelength. In the case of the third-degree burn, damaged signals were extended to the maximum red
wavelength 3 days after the injury. This burn, which affected the subcutaneous tissue, suggests that blood vessels
were damaged to a depth reached by the red wavelength.

A notable observation was that blood flow signals were detected at all wavelengths immediately after the burn
occurred. In the case of the second-degree burn, blue and green wavelength signals did not appear 24 h after the
burn occurred. This result showed that necrosis of blood vessels corresponding to the penetration depth of green
occurred 24 h after the burn. In the case of the third-degree burn, the burn severity was high, and some blood
vessels were damaged from the beginning, as evidenced by the fact that the initial IPPG signals were weaker
than those observed in other burns. Additionally, 3 days after the burn, signals from not only the blue and green
wavelengths but also the red wavelength were not observed, indicating that necrosis of the blood vessels at the
depth corresponding to the red wavelength occurred on the third day after the burn. The degree of burn recovery
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Fig. 6. (a) Captured images showing the progression of wound healing in the mouse model with the third-
degree burn for 9 days. Scale bar =0.5 cm. (b) IPPG signals at different wavelengths in the burn area of the
third-degree burn over 9 days. The transparent yellow boxes indicate weakened IPPG signals and transparent
red boxes indicate damaged IPPG signals. The maximum damage to IPPG signals, including those at the blue,
green, and red wavelengths, was observed on the third day. On the nineth day, IPPG signals were restored at all
wavelengths, confirming the restoration of the blood vessels.

was also confirmed through IPPG signals, with the blue wavelength signal appearing after 7 days for the second-
degree burn and after 9 days for the third-degree burn, indicating that blood vessels were completely restored.
Angiogenesis is known to deliver nutrients, maintain oxygen homeostasis, and promote cell proliferation and
tissue regeneration®. Therefore, our system can not only determine burn severity but also help evaluate the
extent of burn healing by observing the recovery of damaged IPPG signals based on wavelengths.

The study has certain limitations that need to be addressed. Second-degree burns are the most common
burn type, and it is especially important to distinguish between superficial and deep second-degree burns.
Misdiagnosis can lead to unnecessary surgery, so it is important to choose a treatment method for optimal
healing>®. However, in our study, it was difficult to accurately distinguish between superficial and deep second-
degree burns when creating a burn lesion model due to the individual characteristics of mice. If we differentiated
these and created burn lesion models, too many animals would be sacrificed, so we conducted the experiment
limited to deep second-degree burns. Furthermore, since our study primarily relies on the qualitative assessment
of pulsatile flow, additional quantitative and statistical validation is required to confirm its accuracy and clinical
applicability. Future studies should ensure the safety of the system, experimentally verify its effectiveness across
various degrees of burns through clinical trials and further assess its applicability to human patients.

Additionally, melanin absorption in the visible spectrum causes the greatest light attenuation effect compared
to other chromophores in the skin, such as hemoglobin, water, and lipids. The absorption coefficient for dark
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Burn classification
Wavelength First-degree | Second-degree | Third-degree
Blue (405 nm) | No damage | Damaged Damaged
Green (520 nm) | No damage | Damaged Damaged
Red (660 nm) No damage | No damage Damaged
NIR (940 nm) No damage | No damage No damage

Table 1. Damaging levels of IPPG signals at different wavelengths for each burn classification. Bolded
‘Damaged’ indicates the wavelengths at which IPPG signal was damaged due to burn injuries. The first-degree
burn showed no signal damage across all wavelengths. The second-degree burn showed signal damage at the
blue and green wavelengths. The third-degree burn extended signal damage to include blue, green, and even
red wavelengths.

skin is 74% higher than for light skin, which can affect light penetration depth®'. To address this, future research
should include individuals with diverse skin tones to better understand wavelength penetration variations
and adjust wavelengths accordingly. A real-time skin tone analysis in the camera system could allow for such
adjustments or the use of optical filters to selectively transmit specific wavelengths. Moreover, by incorporating
methods such as linear regression®? to address motion artifacts across different wavelength channels, we aim to
enhance the accuracy and practicality of the IPPG system, making it applicable in clinical settings where patient
movement is inevitable.

Current clinical assessment of burn severity is often subjective and has a significant lack of accuracy.
However, the classification of burn severity can have a decisive impact on treatment decisions and prognosis,
such as scarring, so accurate assessment of burn severity is essential. The IPPG assessment technique proposed
in this study, which utilizes the difference in skin tissue penetration depth according to wavelength, is expected
to be an effective tool for assessing burn depth noninvasively and in a non-contact manner, without tissue biopsy.

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