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Fig. 1 Two-frequency MTF (DC versus AC) lookup table for

rapid calculation of optical parameters (p, and p.)
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Fig. 2 Portable quantitative burn imager. (a) Device physical map; (b) optical path schematic
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rat burn area imaged with
device at special time intervals

L]
two-dimensional distribution of AC and DC
obtained by single snapshot multi-
frequency demodulation
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calculate modulation
transfer function (MTF)
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analytical photon
reflection model
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two-dimensional distribution of optical
parameters at three wavelengths obtained
by look-up table method
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6 ROIs are randomly selected near the
center of each optical parameter map
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mean and standard deviation analysis of 30 ROI
regions under each stage of different burn groups
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Fig. 4 Data processing flowchart and data visualization interface. (a) Data processing flowchart; (b) data visualization interface
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Fig. 5 Pictures of rat burn skin. (a) Before burn (blank group); (b) 4 s group; (c¢) 12 s group; (d) 24 s group
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Fig. 6 Variation of optical parameters of three groups of different burn areas with time under three wavelengths (the parameter

value corresponding to each time period is the average value of ROI area, and its standard deviation is also given. Mann-

Whitney U-test is used to compare the differences of data, and the level of significant difference is represented by “ % ”

and * represents P<C0.05).(a)—(c) Relative change of absorption coefficient of burn area to the area before burn at each

time period under R, G, B wavelengths; (d)—({) relative change of reduced scattering coefficient of burn area to the area

before burn at each time period under R, G, B wavelengths
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Fig. 7 Systematic clustering. (a) Systematic clustering

flowchart; (b) aggregation coefficient line chart
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Fig. 8 Systematic clustering results. (a) 10 min after burn; (b) 120 min after burn
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Table 1 Systematic clustering classification accuracy
Period after burn /min Accuracy /%

5 83.33

10 81. 33

30 100

60 100

90 100

120 100
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Frequency-Domain Imaging
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College of Optometry ( College of Biomedical Engineering), Wenzhou Medical University, Wenzhow 325035, Zhejiang, China

Abstract

Objective The increasing burn mortality rate places an urgent need for accurate diagnosis and treatment of burns.
Currently, the third-degree quartile is internationally used to classify the degree of burns based on burn depth, and clinical
treatment methods for different degrees of burns are significantly dissimilar. Burn surgeons overestimating the severity of
burns can lead to unnecessary surgery, whereas underestimating them leads to treatment delays and worsening of the burn
conditions. In addition, studies have shown that burn severity changes dynamically over time, with superficial Il burn
worsening to deep [[ or [l burns within 48 h of burn occurrence. Therefore, overcoming the defects of subjective
judgment using the naked eye and quantitatively monitoring the dynamic changes in the burn degree in real time has
become a challenge in the early diagnosis of burns. Burn diagnosis methods based on photonics, such as near-infrared
spectroscopy, reflective confocal microscopy, and laser Doppler flowmetry, are developing rapidly. However, their
clinical application is limited owing to low accuracy, invasiveness, high detection environment requirements, and high
costs. In this study, a noninvasive quantitative method for assessing the burn degree was developed based on spatial
frequency-domain imaging (SFDI). Combined with the systematic clustering method and multiparameter dimensionality
reduction analysis, the proposed method results in improved classification accuracy of different burn degrees and shortened
classification time, thus indicating the potential for early diagnosis of clinical burns.

Methods In this study, the SFDI technique was applied to a rat burn model. First, the backs of Sprague-Dawley (SD)
rats were depilated, and a thermostatic iron heated to 100 C was used on the backs of the anesthetized SD rats for 4, 12,
and 24 s, respectively, to establish a rat burn model with different burn degrees. Next, the sinusoidally modulated
structural patterns were projected onto the surface of each burned area, and the backscattered structural patterns from the
tissues were captured using a charge-coupled device ( CCD) camera. Subsequently, we used single-snapshot
multifrequency demodulation (SSMD) to extract the modulation transfer function (MTF) of light from the burned tissues.
Compared with the traditional three-phase shift demodulation method, SSMD only requires a single snapshot to achieve
parameter extraction, which significantly suppresses the problem of motion artifacts and improves the signal-to-noise ratio
of imaging using filtering technology. Based on the photon diffusion transmission theory, the optical parameters (x, and
/15’) were then recovered using the look-up table method at the 5th, 10th, 30th, 60th, 90th, and 120th minutes after
burn. Finally, systematic clustering and multiparameter dimensionality reduction analysis were performed on the optical
parameters to quantify and classify different burn degrees.

Results and Discussions Different degrees of burns can be effectively distinguished by the relative changes in the two
optical parameters at the three wavelengths. The results show that the magnitude of the absorption coefficient positively
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correlates with the degree of burn. In contrast, the magnitude of the reduced scattering coefficient negatively correlates
with the degree of burn. Although the distinction between optical parameters is not significant at the beginning of burns,
the optical parameters of the 4 s burn group gradually decrease or gradually recover to the unburned state with observation
time. In contrast, the optical parameters of the 12 s and 24 s groups gradually deviate from the normal state (Fig. 6).
The burn results are divided into two categories through optimal analysis of systematic clustering. The 4 s group is
classified as mild burns, whereas the 12 s and 24 s groups are classified as severe burns. Although the classification
accuracy is less than 85% in the first 10 min after burn, it is 100% in the later stages (Table 1). Two new factors (the
absorption factor FAC1 and the reduced scattering factor FAC2) reflecting approximately 93% of the original variable
information can be generated using the principal component analysis to reduce the dimensionality of the six optical
parameters. The results show that the absorption factor, FAC1, distinguishes the degree of burns in a large category
(mild burns in the 4 s group and severe burns in the other two groups) and increases the difference between deep Il
degree burn in the 12 s group and [l burn in the 24 s group. In addition, the assessment of burn severity using principal
constituent factors can reduce interference and improve classification accuracy in the early stage after burn (Fig. 9).

Conclusions The quantitative burn imaging device based on real-time spatial frequency-domain imaging technology has
remarkable advantages over existing diagnostic techniques, for example, ease of handling, compact structure, and high
precision. Through dynamic monitoring of changes in optical parameters combined with cluster analysis and parameter
dimensionality reduction, the degree of burns can be determined through noninvasive assessment, providing a reliable
guarantee for the precise treatment of burns. In future studies, we will supplement the pathological verification,
characterize additional physiological parameters (such as hemoglobin content, blood oxygen saturation, and melanin
concentration) from the optical parameters, and extend this technology to clinical applications so as to significantly reduce
the treatment cycle and cost to patients.

Key words medical optics; medical and biological imaging; spatial frequency-domain imaging; burn severity
assessment; optical parameters of tissue
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