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ABSTRACT

OBJECTIVE: To analyze the blood oxygen concentrations (St0,) of different stages
of pressure injury (PI) tissue using hyperspectral images to serve as a guideline for
the treatment and care of Pls.

METHODS: This study used a prospective design. A total of 30 patients with sacral
Pls were recruited from the rehabilitation ward of a teaching hospital. The authors
used a hyperspectral detector to collect wound images and the Beer-Lambert law to
estimate changes in tissue StO, in different stages of Pl.

RESULTS: The tissue StO, of healthy skin and that of stage 1 Pl skin were similar,
whereas the tissue StO; of the wound in stage 2 Pls was significantly higher than
that of healthy skin and scabbed tissue (medians, 82.5%, 74.4%, and 68.3%; P< .05).
In stage 3 Pls, StO, was highest in subcutaneous tissue and adipose tissue (82.5%)
and lowest in peripheral scabs (68.35%). The tissue StO, was highest in subcutaneous
tissue in stage 4 Pls, and this tissue was red in the hyperspectral spectrum. The scab-covered
area of unstageable Pls had the lowest St0, of all Pl tissue types (median, 44.3%).
CONCLUSIONS: Hyperspectral imaging provides physiologic information on wound
microcirculation, which can enable better evaluation of healing status. Assessing
tissue St0, data can provide a clinical index of wound healing.

KEYWORDS: blood oxygen concentration, hyperspectral imaging, pressure injury,
sacral pressure injury, StO,, wound healing
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INTRODUCTION

Pressure injury (PI) development is a common wound care
problem in patients with chronic diseases, older adults,
and immobilized patients in acute wards, nursing homes,
long-term care, or home care." Risk factors for PI are diverse
and include poor nutrition status, decreased sensory percep-
tion, multiple invasive medical devices, and poor tissue per-
fusion, with immobility being the greatest risk factor.>> The
prevalence of Pl in acute care settings ranges from 4.94% to
54%.* Because PIs cause patient discomfort, reduced quality
of life, prolonged hospital stays, and increased financial bur-
dens, medical personnel focus on PI prevention.*

Pressure injuries are staged based on the extent of tissue
damage and may be classified as stage 1, 2, 3, 4, unstageable,
or deep-tissue PL° In clinical practice, healthcare or wound
care staff visually evaluate the PI, noting its size and depth,
secretions, color, and the wound bed tissue, as well as signs
of infection, swelling, and so on.® Wound monitoring
typically involves visual inspection of the wound site
for changes and physical measurements of the wound
size and depth. However, noninvasive imaging tech-
niques can provide additional wound information be-
yond what can be determined from visual assessment
alone. Healthcare providers can use optical imaging tech-
niques to assess underlying processes within the tissue
and identify whether the wound is healing.” For example,
both blood oxygenation and wound microcirculation may
vary depending on the degree of wound healing. Different
optical measurements provide clinical medical staff with
an objective, quantitative assessment of wounds.

Hyperspectral imaging (HSI) is a new, noninvasive, non-
contact, automated optical measurement technology.® It
combines spatial and spectral wavelength information
(spectroscopy)’ to obtain both a two-dimensional image
and three-dimensional hyperspectral information. Each pixel
contains hyperspectral information with light wavelengths of
480 to 640 nm; the blood oxygen concentration (StO,) value
of each pixel can be calculated.*'° As a result, HSI captures
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hundreds of spectral bands and can detect information that
is commonly unavailable in visible light images. Therefore,
the characteristics of the target can be detected by means
of the correlations or differences between these various spec-
tral bands. For example, the features of oxyhemoglobin may
show differences in HSI information with some spectral
bands. The advantage lies in collecting information on con-
tinuous spectral bands that cannot be seen by the human
eye.® In recent years, research has been conducted on HSI re-
lated to evaluating burn healing,' skin melanoma,'? tissue
blood oxygen, and the risk of diabetic foot ulcer formation."

In the present study, the authors used HSI with wave-
lengths of 480 to 640 nm to evaluate the StO, of PI tissues
in different stages, obtain accurate data on the progress
of wound healing, describe wound changes, and inform
PI treatment guidelines.

METHODS

This prospective study was conducted in the rehabilitation
ward of a regional teaching hospital in central Taiwan.
Patients were recruited by intentional sampling; they
were included in the study if they were 18 years or older,
were admitted to the rehabilitation ward with chronic
disease, and had a sacral PI. Patients with scabies, frac-
tures, and shock were excluded.

Research Tool, Experimental Steps, and Parameters

The authors captured HSI data at wavelengths of 480
to 640 nm using an HSI device with a snapshot mosaic
hyperspectral image sensor (IMEC Inc, Ghent, Belgium)
to calculate the concentrations of oxygenated and non-
oxygenated hemoglobin based on the Beer-Lambert law.
Because of the obvious characteristic changes of oxygenated
and nonoxygenated hemoglobin in the wavelength range of
visible light, investigators could calculate the StO, of tissue
blood to evaluate changes during wound healing.

To capture HSI data, researchers: (1) explained the HSI
test to the patient; (2) focused the HSI device and per-
formed background image correction; (3) captured HSI
images of the soles of the patient’s feet as baseline values
of healthy skin; (4) captured the HSI images of the PI;
and (5) calculated the concentrations of oxyhemoglobin
(Crwo,), deoxyhemoglobin (Cpyp), melanin (Cretanin),
and tissue StO, from the HSI images.

Calculating Cypo,, Cap, and Crelanin- After capturing
HSI images of the soles of the patient’s feet, these data
were used with the Beer-Lambert law equation (1) to ob-
tain the concentrations of Ciy,0,, Crib, and Cielanin:

log (lo/I) = eLC (1)
where ¢ is the molar extinction coefficient, L is the length

of skin, I and Io are intensities of HSI data, and C is con-
centration of the absorbing species.
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Calculating Tissue StO,. Thirteen bands of the wave-
lengths of hyperspectral data were used to calculate tis-
sue StO, and the concentration parameters. The final tis-
sue StO, was calculated as follows:

Chbo,

StO, = [ ———"— 100% 2
: <CHbo2 +CHb) x ! @)

Data Collection

Data were collected from December 5, 2019 to April 25,
2020. Three surgeons independently staged the sacral
PIs of 30 patients before they were admitted to the reha-
bilitation department of the hospital. The doctors referred
to the National Pressure Ulcer Advisory Panel 2016 pres-
sure injury staging guideline as the standard for training,
discussion, and patient assessment. All three doctors pro-
vided the same assessments for 28 of the 30 patients
(93.3%). For the remaining two patients, the doctors dis-
cussed the assessments to reach consensus. The surgeons
were trained in hyperspectroscopy. Nursing staff caring
for the patients took pictures of the sacral PIs.

Data Analysis

The authors used SPSS Statistics version 22.0 (IBM, Armonk,
New York) to analyze the basic characteristics. Sigma
Plot 12.5 (Alfasoft, Gothenburg, Sweden) data analysis
software was used for statistical analysis, and box plots
were used to perform a one-way analysis of variance to
calculate P values. Because the data were considered to
have a nonnormal distribution, both the Kruskal-Wallis
test and the Student-Newman-Keuls method were used
for the mode of variance analysis and postvalidation.

Ethical Considerations

The authors obtained approval from the regional hos-
pital review committee (no. 108-75) before the study
commenced. Eligible patients or their guardians were
informed of the purpose and method of the study; those
who agreed to participate signed an informed consent
form. To protect patient privacy, the collected data were
archived with numeric identification. If patients or their
guardians wished to terminate their study participation,
they could withdraw at any time, and the data would
immediately be deleted.

RESULTS

Hyperspectral image data of 30 patients were included in
the analysis. The color map showed that more than 80%
of the distribution range was red, indicating that the he-
moglobin in the tissue was oxygenated (StO, = 80%).
Tissue containing 70% to 80% oxygenated hemoglobin
was indicated by yellow, 60% to 69% by green, 50 to
59% by blue, and so on. Greater redness represents higher
tissue StO,.
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Table. DEMOGRAPHIC CHARACTERISTICS (N = 30)

Variable n %
Sex
Male 20 66.7
Female 10 333
Age (mean + SD), y 71.7 £15.97
Marital status
Married 28 933
Single 2 6.7
Education level
Below middle school 25 83.4
Senior high school (vocational) 4 13.3
University 1 33
Pressure injury stage
Stage 1 2 6.6
Stage 2 13 433
Stage 3 10 333
Stage 4 1 33
Unstageable 4 13.3

The average age of the participants was 71.7 + 5.97 years,
and 20 (66.7%) of them were men. Most of the patients
(93.3%) were married, and the majority (83.4%) had less
than a junior high school education. All the PIs analyzed
were in the sacral region; physicians identified 2 cases
(6.67%) of stage 1 PIs, 13 cases (43.33%) of stage 2 PIs, 10
cases (33.33%) of stage 3 PIs, and 1 case (3.33%) of a stage
4 PL Four cases (13.33%) of PIs were unstageable (Table).

St0, Distributions

Stage 1 PI Tissue. Under visual evaluation, stage 1 PI
skin was completely red (Figure 1A). The authors calcu-
lated that the StO, of the stage 1 PI tissue ranged from
79.4% to 81.2%; in the surrounding healthy skin, the
StO, was 83.8% (Figure 1A). No significant differences

Figure 1. BLOOD OXYGEN CONCENTRATION
DISTRIBUTION IN STAGE 1 PRESSURE INJURY TISSUE
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Figure 2. BLOOD OXYGEN CONCENTRATION
DISTRIBUTION IN STAGE 2 PRESSURE INJURY TISSUE

were observed in the StO, distributions of the PI versus
healthy tissues under HSI, and the color was light red
(Figure 1B). According to Yafi et al,'® most of the tissue
StO, distribution in healthy groups is uniform, and
the StO, of a stage 1 Pl is difficult to distinguish from
healthy skin.

Stage 2 PI Tissue. Stage 2 PIs are characterized by partial
cortical defect and visible dermis, as shown in Figure 2A.
The tissue StO, of the core area of the PI was 81.0% and
83.1%, whereas the StO, of the healthy skin tissue on the
upper left half of the PI site was 70.6%. In the scabbed tis-
sue on the lower left side of the PI site, the StO, was 65.9%
and 66.5% (Figure 2A). The estimated tissue StO, data indi-
cated that the tissue StO, was higher in the wound area
than in other areas. The core part of the PI was uniformly
red under the HSI, healthy skin was light red, and the
scabbed area was light blue (Figure 2B).

Stage 3 PI Tissue. Stage 3 PIs are characterized by sub-
cutaneous tissue and fat being visible to the naked eye,
as shown in Figure 3A. The StO, of the subcutaneous
and fat tissue of the stage 3 sacral PI was 84.7%. The StO,
of the surrounding healthy skin was 74.4% and 76.1%,
and the StO, of the scab around the wound was 67.9%
and 71.0% (Figure 3A). The PI subcutaneous tissue showed
a wide range of red under HSI. Healthy skin was light red,
and the scab, which had the lowest oxygen content, was

Figure 3. BLOOD OXYGEN CONCENTRATION
DISTRIBUTION IN STAGE 3 PRESSURE INJURY TISSUE
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Figure 4. BLOOD OXYGEN CONCENTRATION
DISTRIBUTION IN STAGE 4 PRESSURE INJURY TISSUE

light blue (Figure 3B). These results indicate that StO, was
higher in the wound area than in other areas.

Stage 4 PI Tissue. The stage 4 PI wound presents full-
thickness skin and tissue defects as well as exposed fas-
cia and muscle, as shown in Figure 4A. The tissue StO,
of the stage 4 PI subcutaneous tissue was the highest
among all regions, 83.7% and 84.9%, followed by the
tissue StO, of the fascia at 79.9% and healthy skin at
75.5%. The StO, of the scab around the wound was 64.1%
(Figure 4A). The tissue StO, in the wound area had a clear
distribution and was higher than in other areas. With HSI,
the fascia was red, the subcutaneous tissue was orange, the
healthy skin was light red, and the scab, with the lowest
oxygen content, was light blue (Figure 4B).

Unstageable PI Tissue. As shown in Figure 5A, the
overall area covered by scabbing had the lowest StO,
(44.3%) of all the PI tissues. The StO, of the healthy skin
around the wound was higher (73.6% and 74.7%), and
the tissue with the highest StO, (78.6%) was the new ten-
der skin. This was a significant difference (P < .05) as com-
pared with the StO, of the wound tissue in the crusted
area. The scab-covered area, which had the lowest oxygen
content, was dark blue in the HSI, and the new skin was
bright red (Figure 5B).

Tissue St0, Analysis
Figure 6 shows box-and-whisker diagrams analyzing the
StO, values (which indicate the fraction of oxygen-saturated
hemoglobin relative to total hemoglobin [unsaturated +
saturated] in the blood as a percentage) of PI tissues by
stage for all 30 cases. The stage 1 PI box-and-whisker dia-
gram (n = 3) shows a median StO, value of approximately
79.30%, indicating 79.30% oxygenated hemoglobin in
the tissue. The tissue StO, values of healthy skin and
erythema skin were similar in stage 1 PIs. The stage 2
PI box-and-whisker chart (n = 10) shows statistically
significant differences among median StO, values in the
wound tissue (82.50%), healthy skin (74.40%), and scab
tissue (68.30%; P < .05).

Similarly, the stage 3 PI StO, box chart (n = 10) revealed
that the subcutaneous tissue and adipose tissue in the core
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area of the wound had the highest median StO, (82.50%),
followed by healthy skin (73.75%) and skin with scabs
(68.35%). The difference in StO, between tissue types was
statistically significant (P < .05).

In stage 4 PIs (n = 2), the median StO,s of healthy
skin, wounded skin, and scabbed skin were 76.95%,
80.95%, and 69.00%, respectively (P = .067). In cases
of unstageable PI (n = 5), the median StO, values of
healthy skin, wounded skin, and scabbed skin were
74.7%, 47.7%, and 69.9% respectively (P = .093). There
were no significant differences in the distribution of
the stage 4 and unstageable PIs because of the small
number of cases.

Assessing St0, Values According to Skin Condition

As shown in Figure 7, the authors divided the PI skin
condition data of all 30 cases into wounded skin, scabbed
skin, and healthy skin. Wounded skin had a higher median
StO; (81.9%) compared with healthy skin (75.3%) and
scabbed skin (68.65%). The differences were statistically
significant (P < .05).

DISCUSSION
The purpose of this study was to use noninvasive HSI to
evaluate PI healing. The authors captured at least three
HSI images in series to calculate StO,, rather than using
only one data point. In accordance with the findings of
Khaodhiar et al,'* the StO, value of wound tissue was
higher than that of the healthy surrounding skin or
scabbed tissue. The results of the study provide objective
information on the StO, of PI tissues in different stages of
wound healing. They also supplement the clinical subjec-
tive visual assessment of PI healing with empirical evi-
dence and can inform guidelines for proper wound care.
The researchers used HSI to obtain StO, data of PI tis-
sues in different stages. The StO; of the stage 1 PI tissue
(79.4%-81.2%) was evenly distributed and close to that
of healthy skin tissue (83.8%). In the stage 2 PI, the
StO; of the wound tissue was highest (82.5%), indicating

Figure 5. BLOOD OXYGEN CONCENTRATION
DISTRIBUTION IN UNSTAGEABLE PRESSURE INJURY
TISSUE
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Figure 6. TISSUE BLOOD OXYGEN CONCENTRATION BOX-AND-WHISKER DIAGRAM OF PRESSURE INJURY STAGING
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that the injured tissue needed more oxygen during the
healing process, and StO, was lowest (68.3%) in the scab
tissue of the unhealed wound. In the stage 3 PI, the StO,
of the subcutaneous and adipose tissues in the wound
area was higher (82.5%) than that of the surrounding
scab (68.35%). This finding is somewhat consistent with
results of previous studies. Khaodhiar et al'* reported
that the mean StO, of wound tissue in a nonhealing dia-
betic foot ulcer was 38% =+ 2%, and the StO, of the wound
tissue of the healing ulcer was 50% + 3%.” In addition, Yafi
et al,"”® who used the spatial frequency domain imaging

Figure 7. BOX-AND-WHISKER DIAGRAM OF BLOOD
OXYGEN CONCENTRATIONS OF PRESSURE INJURY
TISSUE BY SKIN CONDITION
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method, reported that the StO, of stage 1 PIs was evenly
distributed as compared with healthy skin, whereas the
StO; of stage 2 PI tissue was higher compared with other
areas and unstageable wounds. The StO, of wound tissue
was lower than that of healthy tissue."

Khaodhiar et al'* also reported that ulceration could be
observed by calculating tissue StO, from hyperspectral im-
ages. Jayachandran et al’ reported that noninvasive optical
imaging technology could provide larger quantities
of accurate, more objective wound information about
wound healing and treatment processes than visual
inspection. In addition, a study on HSI in wound care
by Saiko et al'® found that measuring tissue oxygenation
may help predict the risk of wound formation or delayed
healing. According to Yafi et al," the concentrations of oxy-
genated hemoglobin, nonoxygenated hemoglobin, and
melanin should be calculated at the same time as tissue
StO;. In the calculation of hyperspectral data, the three
parameters are independent and do not affect one an-
other, so skin color does not affect the calculation of
tissue StO,.

Limitations

Because HSI is an emerging technology, it not yet popu-
lar in clinical practice. Considering that most patients
with PIs are mobility challenged, and the impact of the
COVID 19 pandemic, few patients were available for re-
cruitment in this study. It took half a year to examine just
30 cases of patients with PIs. In addition, because of the
limited data sources, the present study could not pro-
vide StO, data for deep-tissue Pls.
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CONCLUSIONS

The results of the study show that noninvasive HSI tech-
nology can be used for wound examination and healing
assessment. These findings indicate that StO, values are
higher in the subcutaneous and fat tissue of stage 2 PI
wound sites and in the core area of stage 3 PIs compared

w

FS

with healthy skin, which is helpful for the assessment of 5

wound healing. This study also confirmed that HSI technol-
ogy can provide a larger quantity of more accurate wound
information during the PI healing process than is available
from visual assessment to inform timely protective mea-
sures and treatment plans for PI decompression. Future
areas for research are as follows: (1) adjusting PI preventive
measures (eg, turning and repositioning) based on his

=)

~

oo

©

data; (2) evaluating if HSI enables nurses to assess wound 10
healing more quickly and objectively, saving time and re-

sources; (3) assessing if early screening and prevention 11
with HSI can reduce medical costs; and (4) investigating

if HSI data can help prevent PIs in long-term care. ® &
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