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Photoacoustic imaging in evaluating early intestinal ischemia
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Background: It remains a challenge to distinguish whether the damaged intestine is viable in treating acute
mesenteric ischemia. In this study, photoacoustic imaging (PAI) was used to observe intestinal tissue viability
after ischemia and reperfusion injury in rats.

Methods: An in vivo study was conducted using forty male SD rats, which were randomly divided into a
sham-operated (SO) group, a 1 h ischemia group, a 2 h ischemia group, and an ischemia-reperfusion (I/R)
group with 10 rats in each group. In the ischemia group, the superior mesenteric artery (SMA) was isolated
and clamped for 1 and 2 h, respectively, and in the I/R group, after ischemia for 1 h, the clamp was removed
and reperfused for 1 h. The same time interval was used in the SO group. Immediately after establishing the
animal model, a PAT examination was performed, and the small intestine was collected for histopathology.
Results: The levels of PAI parameters Hb, HbR, MAP 760, and MAP 840 were increased to different
degrees in the ischemia groups, especially in the 2 h ischemia group, compared with the SO group (P<0.05),
and with prolongation of the ischemia time, the injury was aggravated. All PAI signal levels except HbO in
the I/R group were higher than those in the control group, and the increased range differed, especially in
Hb and MAP 840. Using western blot, compared with the SO group, the BAX increased significantly in
the 2 h ischemia group (P<0.05), and Caspase-3 in the experimental group was significantly higher than in
the SO group (P<0.05). The level of HIF-1o increased in the 2 h ischemia group and I/R group (P<0.05),
and TUNEL staining showed that the number of positive apoptotic nuclei in the 2 h ischemia group was
significantly higher than in the SO group (P<0.05). Hematoxylin-eosin (HE) staining showed that ischemia
for 2 hours was the most serious, with obvious mucosal damage, extensive epithelial injury, and bleeding.
Conclusions: PAI can be used as an effective tool to detect acute intestinal ischemia injury and

quantitatively evaluate tissue viability.
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Introduction

Intestinal ischemia injury and reperfusion injury have
high morbidity and mortality (1) and may occur in many
diseases, such as arterial embolism, strangulated hernia,
colon cancer, volvulus, toxemia, mesenteric dysfunction,
and hypovolemic shock (2). After ischemia injury, the
intestinal mucosa is characterized by excessive cell death
and loss of barrier function (3), and patients may rapidly
decompensate and progress to sepsis and multiple system
organ failure (4).

The early identification of damaged tissues before a
serious intestinal injury occurs is crucial to implementing
the treatment plan (5). While it is particularly important
to accurately determine the ischemic area’s extent to avoid
over-resection of the ischemic small intestine, current
assessment methods to determine tissue viability are
unreliable. Often this has relied upon the expertise of
surgical staff in assessing the pulse and color of the intestine
to estimate tissue perfusion and oxygen saturation (6).
Also, while conventional computed tomography (CT)
and magnetic resonance imaging (MRI) are used to
diagnose intestinal ischemia injury, they cannot evaluate
changes in hemoglobin concentration and blood oxygen
saturation in tissue. Therefore, it is necessary to establish
a morphological diagnosis by CT and MRI and further
evaluate the status of intestinal blood flow (7,8) by other
means. Several commonly used detection techniques, such
as sidestream dark-field imaging (9), spectrophotometry,
and laser Doppler blood flow measurement, have been used
to study intestinal microcirculation (10). However, these
technologies, too, cannot provide effective information for
judging intestinal activity.

Since there is no effective method to assess the extent
of the ischemic injury, which achieves the reliability and
repeatability required, we proposed to apply photoacoustic
imaging (PAI) to address this problem. PAI is a hybrid
imaging method that combines optical contrast and
ultrasonic resolution (11,12). It combines high-resolution
volume imaging of tissue depths from a few millimeters
to centimeters with the ability to analyze drugs with
molecular specificity and vascular system and physiological
parameters (13). PAI is particularly suitable for vascular
imaging because the high concentration of hemoglobin
in the blood can achieve strong absorption and produce
high contrast with surrounding tissues (14,15). It can also
output quantitative data such as hemoglobin concentration
and blood oxygen saturation, which indirectly reflect
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microcirculatory blood flow changes. These unique
functions provide a theoretical basis for gastrointestinal
PALI It is important to accurately evaluate the changes
to gastrointestinal anatomy and function using the multi
wavelength method (16), and at present, the application of
PAI technology to evaluate intestinal ischemia injury and
reperfusion injury has not been fully studied.

In this study, we hypothesized that PAI could be used
to evaluate intestinal ischemia injury and reperfusion
injury at an early stage. We explored the characteristics of
photoacoustic (PA) signal changes in a rat model of acute
mesenteric ischemia injury and reperfusion injury by PAI
and histopathological analysis.

Methods
Animals

Adult male Sprague Dawley (SD) rats weighing 180-200 g
were used and fed in a temperature-controlled room
(20+£2 °C) for 12 hours in light and dark circulation. The
animals were fasted for 12 hours before PAI but drank water
freely.

Experimental protocols

We randomly divided 40 SD rats into a sham-operation
(SO) group, a 1 h ischemia group, a 2 h ischemia group,
and an ischemia-reperfusion (I/R) group, each numbering
10 rats. Anesthesia was performed by intraperitoneal
injection of 10% chloral hydrate (1.2 g/kg), followed by a
midline laparotomy to obtain abdominal exposure. After
identifying the small intestine and cecum, the superior
mesenteric artery (SMA) was carefully exposed, and its root
was separated and occluded with noninvasive microvascular
forceps. A gauze pad was placed on the intestinal tract and
often wetted with warm saline water. After 1 h of ischemia,
the clamp was removed and reperfused for 1 h to establish
the I/R model of SMA. In the ischemia group, the SMA
was separated and clamped for 1 and 2 h and no longer
perfused. The SO group was used as a control group, in
which the SMA was separated but not clamped after surgery
and compared with the corresponding I/R group. Before
PAI examination, the intestines were placed on the imaging
cavity’s surface and smoothed with a cotton swab. The
stirred ultrasound agent was then poured into the cavity and
smoothed on the surface of the couplants with a cotton swab
until it was flush with the probe surface. Multispectral PAI

Quant Imaging Med Surg 2021;11(7):2968-2979 | http://dx.doi.org/10.21037/qims-20-1160



2970

Adjusters

Filter

Ground glass

Wang et al. Evaluation of PAI in intestinal ischemia/reperfusion injury

1—
Light path

Figure 1 Schematic of the PAI system. (A) the intestines were placed on the holder made by agar power, which closely fitted into the

concave surface of the imaging probe; (B) a Nd:YAG-pumped OPO system was used to generate near-infrared puled light which was

reflected via two mirrors to the sample for illumination. The stimulated PA signal was amplified and then digitized by the DAQ system. PAI,

photoacoustic imaging; OPO, optical parametric oscillator; PA, photoacoustic; DAQ, data acquisition; IH, intestinal holder.

images (760 and 840 nm) of each sample were then obtained
to resolve the differences in absorption spectra between
oxyhemoglobin and deoxyhemoglobin. For each image, the
PA signals from a single wavelength were averaged across
10 times to improve the signal-to-noise ratio.

PAI system

The experimental system for the dynamic monitoring of
intestinal ischemia injury and reperfusion injury is shown
in Figure 1. A Q-switched Nd:YAG laser using ~4 ns pulse
duration at 20 Hz repetition rate (Surelite, Continuum,
CA, USA) emits light with a wavelength of 532 nm, which
is transformed into 700-960 nm after passing through
an optical parametric oscillator (OPO). After the output
laser passes through the two mirrors, the horizontal light
path relative to the ground is adjusted to be vertically
downward. Before irradiating the biological tissue, the
light passes through a ground glass to increase the imaging
area, and in the process of collecting the signal, the
ground glass is removed, and the light directly illuminates
on the tissue. In our study, the incident fluence at 760 nm
was estimated to be 5 mJ/cm’, which is below the ANSI
safety level. A 128-element concave ultrasound transducer
array with a central frequency of 5 MHz (Japan Probe Co.,
Ltd., Japan) was used to receive PA signals. A custom-built
128-channel preamplifier (60 dB) was then connected to
the probe, and the amplified PA signals were transferred
to a 64-channel analog-to-digital system (PXIe5105;
NI. Inc.) after 2:1 multiplexing. The developed system’s
lateral resolution could reach 130 um, and the temporal
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resolution was up to 20 Hz, which is limited by laser
re-frequency.

Image reconstruction and data processing

The delay-and-sum algorithm reconstructed the
images. The PA signal intensity was directly related to
the absorption of NIR light by tissues, among which
hemoglobin and melanin was the main absorption
substances. The concentrations of the oxy- and deoxy-
hemoglobin were unmixed using the following equations:

|:CHb0:| |:‘C"M,Hb0 :|
Crne €22.1b0

In the above equations, MAP represents PA amplitude
distribution, F is the optical fluence, € is the molar

- MAI)/II /FM
MA%Z /Fl2

E31.HbR

(1]

E 20,1k

extinction coefficient, and C is concentration. To calculate
the relative concentration of HbO and HbR accurately, two
wavelengths (760 and 840 nm) in the 700-960 nm were
selected, at which the difference of & value between HbO
and HbR is comparatively large (17). The hemoglobin
oxygen saturation (SO,) was calculated as follows: SO, =
HbO/(HbO + HbR) (18).

To define the region of interest (ROI), PAI signal pixel
values greater than 0.6 times the maximum signal were
selected. As shown in Figure 24,B,C,D,E inserts, the ROI
was exactly the part of the mesenteric blood vessels where
the blood perfusion change was obvious during ligation and
reperfusion. After ROI was determined, dual-wavelength
image signals were used to calculate total hemoglobin and
deoxidized and oxyhemoglobin content.
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Figure 2 Intestinal images of a rat. (A) Intestinal photograph; (B) corresponding PA image. The color circles represent different regions of

interest, and yellow circle represents the partially enlarged part; (C,D,E) show the PAI results of the same intestinal tissue at three different

lighting areas respectively, with the insets showing the regions of interest where the PA signal was significant. PA, photoacoustic; PAI,

photoacoustic imaging.

Histopathology

Hematoxylin-eosin (HE)

After PAI, the animals were killed, 100 mL normal saline
containing heparin was perfused through the heart, and
100 mL 4% paraformaldehyde was injected. The tissue
samples were then fixed in 10% formalin solution and
dehydrated overnight in 30% sucrose. Embedded in
paraffin, 5 um slices were cut by a slicing machine then
dried overnight in an incubator at 45 °C. The sections
were further stained with HE and observed under light
microscope.

Western blot

As mentioned previously, the small intestinal tissue was
scraped and homogenized in a 10-fold volume of cold
RIPA buffer. After incubation on ice for 30 minutes, the
cell lysate was centrifuged at 14,000 rpm for 15 minutes,
and the protein concentration in the supernatant was
determined. The supernatant was dissolved in a 2x
electrophoresis sample buffer at a ratio of 1:1, subjected
to high-temperature heat sealing, and stored at =20 °C
for use. The extracted proteins were then separated by
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twelve alkyl sulfate polyacrylamide gel electrophoresis
with different concentrations, and the separated proteins
were electrotransferred to polyvinylidene fluoride two
membranes. This was sealed with 5% non-fat milk,
incubated overnight with primary antibody at 4 °C, and then
incubated with horseradish peroxidase-labeled secondary
antibody at room temperature for 1 h. Specific proteins
including Cleaved Caspase-3, Bcl-2, BAX, and HIF-1a were
observed with enhanced chemiluminescence enhancement
kits. The following antibodies were used: rabbit anti-
Cleaved Caspase-3 (#9664, Cell Signaling Technology),
anti-Bcl-2 antibody (ab59348, Abcam), BAX Antibody
(#2772, Cell Signaling Technology), rabbit, and ant-HIF-
la (#14179, Cell Signaling Technology). The band density
was observed by a gel electrophoresis imaging system and
quantified by Image] software (https://imagej.nih.gov/).

TUNEL staining

TUNEL method was used to identify apoptotic cells in
tissue sections of double-stranded DNA fragments, which
were labeled by immobilized enzyme nucleotides. We used
the apoptosis detection kit (in situ cell death detection kit-
POD, Roche). The sample was rehydrated in alcohol then
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immersed in phosphate-buffered saline (PBS) at room
temperature for 5 minutes. The tissues were then treated
with a cell permeabilizer (0.1% sodium citrate +0.1% Triton
X-100) for 8 minutes and washed three times with PBS at
21-37 °C. The TUNEL reaction mixture was prepared, and
the slide was then immersed in 1x TDT labeled buffer for
5 minutes. After stopping the labeling reaction, the samples
were covered with diluted anti-BrdU and cultured at 37 °C
for 1 hour; then, each slice was incubated with 50 ul. DAPI
at room temperature for 10 minutes and photographed
under a fluorescence microscope.

Statistical analysis

All data were expressed as mean = standard error unless
otherwise stated. A one-way ANOVA test was used to
compare different groups. SPSS 23.0 software (SPSS, Inc.,
Chicago, IL, USA) was used for statistical analysis, and after
statistics, a P value less than 0.05 was considered to have
statistical significance.

Results
The signal intensity of PAI in intestine injury

After light passed through the ground glass, the irradiated
area became larger, and most of the tissue of the intestine
in the phantom cavity could be observed. Figure 2 shows
one of the PA images of an SD rat’s intestines in the
control group using the PAI system. Figure 24 is the rat
intestinal tissue image, and Figure 2B is the corresponding
PA reconstruction image. As shown in the PA image, the
intestine border is outlined, and several mesenteric blood
vessels and even capillaries are clearly visible. The area in
the middle of the image is significantly brighter than the
tissue at the edges due to uneven illumination.

When the ground glass was removed, the light was
irradiated on the tissue with more concentrated energy and
a smaller spot, but at the cost of reducing the imaging area.
The light spot’s position could be moved two-dimensionally
by the adjusters on the mirror mount so that the light could
irradiate different intestinal areas of interest. As shown in
the dotted line circles in Figure 2B, the left and right edges
and the middle area are usually selected to realize the signal
collection of multiple samples of the same intestine.

PAI parameters of each group are shown in Figure 3.
While there are no significant changes in the normal
small intestine’s PAI signal parameters, the PAI signal in
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the experimental group is almost stronger than in the SO
group. In general, the levels of Hb, HbR, MAP 760, and
MAP 840 in the ischemia group increased with varying
degrees, especially in the 2 h ischemia group (P<0.05),
and with the prolongation of ischemia time, the injury was
aggravated. The levels of Hb and MAP 840 at 1 h after
ischemia were higher than those in the SO group, but the
difference was not statistically significant (P>0.05). Except
for HbO, the PAI signal level in the I/R group was higher
than that in the control group, and the range of increase
was different, and the increase was most obvious in Hb and
MAP 840 (P<0.05). There was no significant difference in
HbO and SO, between experimental and control groups,
and compared with the SO group, all PAI signal levels
increased except HbO. Among them, it increased 1.01-
1.50 times in the 1 h ischemia group, 1.30-1.59-fold in the
2 h ischemia group, and 1.01-1.38-fold in the I/R group.

HE staining

HE staining of small intestine sections is shown in Figure 4.
In the SO group, the small intestine villi were orderly
arranged, the cell size and extracellular space were
consistent, and there was no obvious inflammatory cell
infiltration. Swelling and congestion of intestinal villi and
exfoliation of epithelial cells were found in the 1 h and
2 h ischemia injury groups. Also, obvious mucosal injury,
extensive epithelial injury, lamina propria disintegration,
and hemorrhage were observed in the 2 h ischemia group.

Ischemia induced Caspase-3, BAX, Bcl-2, and HIF-1a

expression in intestines

Compared with the SO group, the expression of Cleaved
Caspase-3 in the ischemia group and the reperfusion group
continued to increase. The Cleaved Caspase-3 in the
2 h ischemia group and I/R group was significantly higher
than the baseline value (P<0.05). BAX increased in the
experimental group and the 1 h ischemia group compared
with the SO group (P>0.05), but was significantly increased
in the 2 h ischemia group (P<0.05). The expression levels
of Bcl-2 in the ischemia group and the I/R group were
lower than those in the SO group, but the difference was
not statistically significant (P>0.05). The expression of
HIF-1a increased gradually in the experimental group,
and compared with the SO group; the HIF-1a level was
increased in the 2 h ischemia group and I/R group (P<0.05)

(Figure 5).
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Figure 3 Signal strength of PAI parameters. (A) The longitudinal development of six parameters from PAI. Compared with the control

group, the signal intensities of Hb, HbR, SO,, MAP 760, and MAP 840 in the ischemia group and the I/R group were increased in varying
degrees, especially in the 2 h ischemia group; (B,C,D,E,E,G) are the parameter diagram of MAP 760, MAP 840, SO,, Hb, HbO, and HbR,
respectively. (* indicates compared with control P<0.05). PAI, photoacoustic imaging; PA, photoacoustic; SO, sham-operated; I/R, ischemia-

reperfusion.

TUNEL staining

TUNEL staining was used to identify apoptotic nuclei
induced by ischemia and reperfusion. In the SO group, a
small number of TUNEL positive nuclei were found in
the intestine, and the ischemia injury induced by SMA
hemostatic clip increased the number of TUNEL positive
nuclei. Also, the number of TUNEL positive nuclei in the
2 h ischemia group was significantly higher than in the SO

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

group (P=0.03). The TUNEL staining of the intestine is
shown in Figure 6.

Discussion

The evaluation of intestinal tissue viability is key to
the treatment of acute mesenteric ischemia. Surgeons
are often faced with a very difficult choice, as extensive
intestinal resection may cause serious complications such

Quant Imaging Med Surg 2021;11(7):2968-2979 | http://dx.doi.org/10.21037/qims-20-1160
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Figure 4 Histopathological changes of intestinal mucosa under light microscope (magnification, x40; HE staining). (A) SO group (control
group); (B) in the 1 h ischemia group, red blood cells were shed from some capillaries; (C) in the 2 h ischemia group the epithelium of
intestinal mucosa was exfoliated, and the villi were dissolved and damaged; (D) in the I/R group the epithelium of some small intestinal
mucosa exfoliated and damaged crypt could be seen. The black arrow indicates bleeding and the white arrow indicates necrosis and

dissolution of intestinal villi. HE, hematoxylin-eosin; SO, sham-operated; I/R, ischemia-reperfusion.
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Figure 5 Expression of HIF-10, BAX, Bcl-2, and Cleaved Caspase-3 in the intestinal mucosa of rats with intestinal I/R injury. (A) the level
of Cleaved Caspase-3 in the 2 h ischemia group and the I/R group was significantly higher than that in the control group, and the BAX
level in the 2 h ischemia group was significantly higher than that in the control group. The level of HIF-1a increased in the 2 h ischemia
group and the I/R group; (B) the histogram after quantitative analysis by Image] software. (* indicates compared with control P<0.05). I/R,

ischemia-reperfusion; SO, sham-operated.
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Figure 6 TUNEL labeling of apoptotic nuclei (magnification, x40). (A) SO group (control group); (B) 1 h ischemia group; (C) 2 h ischemia

group; (D) I/R group. The apoptosis of intestinal mucosal cells was the most serious in the 2 h ischemia group; (E) quantitative results of

positive TUNEL staining in each group. (* indicates compared with control P<0.05). SO, sham-operated; I/R, ischemia-reperfusion.

as short bowel syndrome (19). However, if the necrotic
part of the intestinal resection is not sufficient, a severe
systemic inflammatory response may occur, which may
induce multiple organ dysfunction (20). Therefore, the
accurate judgment of the range of the involved bowel is
very important for the operation’s success. In recent years,
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fluorescein, Doppler, electromyography, and radionuclide
have been used to determine intestinal viability (21-23),
but the complex operation method and high detection cost
limit their wide application. CT and MRI are also used
to predict or evaluate intestinal viability and have certain
diagnostic value for intestinal ischemia injury (24,25).
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However, these imaging techniques usually produce motion
artifacts due to the patient’s heartbeat and respiration (26),
and, most importantly, these devices cannot be used during
surgery. In contrast, PAI is an objective evaluation method
and can be used for quantitative analysis to reflect changes
to pathophysiology and can be used for real-time imaging
during surgery.

Compared with conventionally used clinical evaluation
methods for intestinal ischemia and reperfusion, the method
used in this study was not affected by motion artifacts,
and the tissue thickness was up to several millimeters. PAI
is a non-invasive medical imaging method that combines
the high contrast characteristics of pure optical imaging
and the high penetration depth characteristics of pure
ultrasound imaging and can also provide high resolution
and high contrast tissue imaging. In our experiment,
the mesenteric vessels in which we were interested were
only a few millimeters below the surface of the irradiated
tissue, and under proper illumination, the tissue depth
could even be within 5 cm (depending on the illuminated
organs) (27). When using a single acquisition mode, PAI
can be considered instantaneous (usually completed in
tens of milliseconds), which means no motion artifacts are
generated (28,29). With this method, we can indirectly
obtain quantitative information on the degree of ischemia
and blood reperfusion of small intestine vessels, with a
resolution of up to 0.1 mm.

We used histopathological results to verify whether
PAI in intestinal tissue can assess tissue viability. As
described, PAI detected changes in intestinal tissue viability
associated with intestinal ischemia time in a model of
acute mesenteric ischemia injury. It is noteworthy that
the small intestine’s signal intensity in the 2 h ischemia
group was significantly increased to 1.30-1.59 times of
that in the control group. PAI indirectly showed that the
blood circulation near the injured intestine was much
higher than that in the normal intestine, as manifested by
acute inflammation. Villi edema, epithelial cells shedding,
tissue edema, congestion, and bleeding were observed in
the ischemia group, blood vessels and lymphatic vessels
were obviously dilated, and glands were damaged. The
results showed that intestinal ischemia could significantly
increase the apoptosis of intestinal mucosal cells, and with
the increase of intestinal ischemia time, apoptosis also
increased and was most serious in the 2 h ischemia group.
Using Western blot, we found that the expression of Bcl-
2 was significantly decreased in the experimental group,
but the expression of BAX was increased and highest in
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the 2 h ischemia group. Bel-2 and BAX belong to a family,
which regulates apoptosis by controlling the mitochondrial
membrane’s permeability (30). The decrease of Bcl-2 levels
and increase of BAX levels indicates that cells’ resistance to
apoptosis is weakened. We found that intestinal ischemia
can increase the apoptosis of intestinal epithelial cells,
which was manifested by an increase in the apoptosis index
and Caspase-3 protein expression. In villous epithelium,
Caspase-3 activation accompanied by the downregulation of
Bcl-2 expression seems to be related to apoptosis induction.
TUNEL staining is a combination of molecular biology and
morphology, and in the experimental group, we observed
that TUNEL staining showed that apoptosis was most
serious in the 2 h ischemia group.

In addition to observing the indexes of apoptosis, we also
observed the indexes related to hypoxia status. The increased
expression of HIF-1a indicates severe hypoxia and reflects
tissue hypoxia (31). We found that the HIF-1a level was
significantly increased in the 2 h ischemia group, indicating
that hypoxia was severe in this group. Simultaneously,
the levels of Hb, HbR, and MAP 760 in this group were
significantly higher than those in the control group. PA
parameters directly indicate the change of oxygen content in
tissues (32). Nasiriavanaki ez 4/. (33) used a PA tomography
system to observe brain functional connectivity by measuring
hemoglobin concentration in the mouse brain and found
that while hyperoxia enhanced their functional connectivity,
hypoxia weakened it. Histopathological examination of the
tissue samples in our study showed that PAI could quickly,
and real-time assess the degree of intestinal ischemia injury
in the experimental model.

In the process of ischemia and reperfusion, there is
a dependence between reperfusion injury and ischemia
time. The ischemia process itself can cause injury, which
is also the basis of reperfusion injury (34,35). The essence
of reperfusion injury is to further aggravate or convert the
injury in the ischemic phase into irreversible injury after
blood flow recovery (36). Therefore, the most important
factor affecting reperfusion injury is ischemia time (37).
While all organs can tolerate a degree of ischemia if the
time is short and there is no obvious reperfusion injury
after blood supply is restored, if the ischemia time is long,
the recovery of blood supply can easily lead to reperfusion
injury. In our experimental group, there was no significant
difference in PAI between the 1 h ischemia group and
the SO group, suggesting that intestinal ischemia may be
reversible at this time. However, our experiment focused
on the early detection of intestinal I/R injury rather than
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monitoring the pathological process of I/R injury, so we did
not conduct a 2-hour reperfusion injury study.

In a previous experimental I/R model, the observation
of intestinal viability loss was limited to prolonged ischemia
(38,39). An in vitro monitoring of intestinal permeability
showed that it took at least 60 minutes to detect a change in
intestinal barrier function after ischemic injury, which could
not quickly judge the change to intestinal viability (3). In
our study, PAI could detect intestinal viability after as little
as 2 hours of ischemic intestinal injury and after as little as
1 hour of I/R injury, demonstrating PAI can quickly assess
intestinal damage in real-time. The strong light absorption
of hemoglobin in tissues gives blood vessels very high
contrast in PA images, which is the basis for PAI technology
to detect hemoglobin content (40). The light absorption
detected by PAI results from a complex interaction between
blood volume and oxygen consumption. Ischemia usually
reduces part of the intestinal blood volume and oxygenation,
leading to a decrease in tissue absorption characteristics (41).
Spectral analysis of PAI images showed that there
were significant differences in PAI images between the
experimental models with different ischemic times, and PAI
could judge the degree of ischemic injury. In addition to
the early diagnosis of intestinal ischemia, PAI may provide
helpful information for intestinal ischemia injury treatment.

Our research has some limitations. Firstly, in the
acute intestinal ischemia stage, inflammatory cells and
inflammatory cytokines were activated and released, and
those may be related to PAI, but we did not focus on change
to inflammatory markers. Secondly, we only studied the
early evaluation and diagnosis of ischemic intestinal injury
and did not pay attention to evaluating chronic ischemia and
assessing efficacy, which will be considered in future work.

Conclusions

In this study, we used the high resolution and clear field of
vision provided by a PAI system to evaluate its application
in rats with intestinal ischemia injury rats in real-time. The
results showed that PAI could reflect pathophysiological
changes to the intestine, such as apoptosis and hypoxia, as a
means of evaluating the severity of the ischemic injury. This
may be helpful for surgeons to evaluate ischemic injury
objectively during living body surgery.
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