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A B S T R A C T

Acute intussusception is a pediatric abdominal emergency that requires immediate diagnosis and treatment. 
However, accurately identifying bowel necrosis non-invasively remains challenging with conventional sonog
raphy. In our study, we investigated the potential of photoacoustic imaging (PAI) as an innovative method for 
assessing ischemia/hypoxia injury and intestinal necrosis in cases of acute intussusception. Using PAI, we 
measured intestinal oxygen saturation (sO2) levels and total hemoglobin (HbT) in various models of acute 
intussusception at different time points. Additionally, we evaluated blood supply and ischemia/hypoxia injury 
using color Doppler flow imaging (CDFI) and contrast-enhanced ultrasound (CEUS). Based on histopathological 
results, intestinal sO₂ measured by PAI demonstrated optimal diagnostic performance for both ischemia/hypoxia 
injury and intestinal necrosis, with AUC values of 0.997 and 0.982, respectively, while CDFI and CEUS showed 
relatively high diagnostic performance for both ischemia/hypoxia injury and intestinal necrosis. In conclusion, 
PAI represents a promising, non-invasive imaging modality for assessing acute intussusception.

1. Introduction

Acute intussusception is one of the most common abdominal emer
gencies in children under three years of age, characterized by the 
invagination of the proximal bowel into the distal bowel. The incidence 
of acute intussusception is approximately 5 per 10,000 infants annually 
[1,2]. The most prevalent form of this condition is idiopathic ileocolic 
intussusception, which leads to strangulating intestinal obstruction and 
mesenteric ischemia, necessitating the reduction of the intussusception. 
Non-operative enema (either air or liquid) is the preferred method of 
reduction for most cases of idiopathic ileocolic intussusception, with an 
overall success rate of 76.8 % [1]. However, bowel necrosis and perfo
ration are the contraindications for enema reduction, requiring emer
gency surgery [2]. Nevertheless, accurately identifying bowel necrosis 
in acute intussusception non-invasively remains a challenge. The missed 
diagnosis or misdiagnosis of bowel necrosis would lead to failure of 
enema reduction or unnecessary surgery.

Non-invasive ultrasound (US) is the first-choice imaging modality to 
diagnose acute intussusception at most institutions, offering 97 % 
sensitivity and 98 % specificity in diagnosis [3,4]. However, it is hard to 
identify bowel necrosis through conventional ultrasound. Although the 
absence of blood flow on color Doppler ultrasound suggests bowel 
ischemia and is associated with a lower success rate of reduction, it does 
not serve as an absolute contraindication for enema reduction, as there 
are cases where reduction still succeeds [5,6]. On the other hand, no 
blood flow on color Doppler may be late in the diagnosis of intestinal 
necrosis [7]. Similarly, the presence of trapped peritoneal fluid between 
two limbs of the intussusceptum on ultrasound is also associated with a 
lower reduction success rate and a higher degree of bowel ischemia [8, 
9]. However, this sonographic sign is also not considered a contraindi
cation for enema reduction [2,10]. Thus, a more accurate non-invasive 
method is urgently needed to identify bowel necrosis and prevent 
misdiagnosis or missed diagnosis.

Photoacoustic imaging (PAI) is an innovative hybrid imaging 
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modality that combines optical imaging contrast with ultrasonic high 
spatial resolution. By leveraging the distinct absorption spectra of 
oxygenated and deoxygenated hemoglobin using dual-wavelength PAI, 
it is possible to quantify tissue oxygen saturation (sO2) and total he
moglobin (HbT) counts, which have been demonstrated useful in diag
nosing and monitoring diseases associated with hypoxia, ischemia and 
inflammation [11–13]. In our previous study, we demonstrated that PAI 
possesses excellent diagnostic capabilities in detecting testicular torsion 
(TT) and identifying ischemia/hypoxia injuries following testicular 
torsion [14]. Intestinal ischemia/hypoxia injury is a consequence of 
acute intussusception, caused by strangulating intestinal obstruction, 
which can progress to bowel necrosis if severe [15]. Therefore, moni
toring and measuring intestinal sO2 and HbT following acute intussus
ception may assist in identifying severe ischemia/hypoxia injuries and 
potential bowel necrosis.

This study aimed to investigate the feasibility of using PAI to detect 
early and late stages of intestinal ischemia/hypoxia injury following 
acute intussusception, and attempt to identify severe intestinal 
ischemia/hypoxia injury and necrosis based on PAI, using histopatho
logical assessments of injury degree as the gold standard.

2. Methods

2.1. Animals

A total of 32 male New Zealand rabbits, weighing between 2.2 and 
3.0 kg, were provided and housed under standard living conditions for a 
2-week acclimatization period. All animal experiments were conducted 
in compliance with the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals and were approved by the Animal Care 
and Use Committee of West China Hospital.

2.2. Acute intussusception modeling

Surgery was performed on the rabbits after anesthesia was induced 
with an intramuscular injection of Zoletil™ (Virbac corporation, TX, U 
SA) at a dosage of 5 mg/kg, followed by an intraperitoneal adminis
tration of 1 % pentobarbital sodium at a dosage of 3 ml/kg. Prior to 
surgery, the abdominal region was shaved and sterilized. Acute intus
susception modeling was established following a previously described 
method [16], summarized as follows: First, laparotomy was performed, 
and the small intestine was freed. Next, the terminal 10–15 cm of the 
ileum was intussuscepted into the colon using a Kirschner wire. Finally, 
the intussusception was secured with a tension-free suture of the colon’s 
serosal layer. In the sham operation group (Group S; n = 10), only 
laparotomy was performed without inducing intussusception. Immedi
ately after acute intussusception, a subset of rabbits (randomly selected) 
was examined by US to validate the intussusception and then assessed 
with CDFI, CEUS for blood supply assessment, and photoacoustic im
aging (PAI) for sO2 and HbT detection (Group A; n = 10). Two hours 
after acute intussusception, another subset of rabbits (randomly 
selected) was examined by US to validate the intussusception and then 
assessed with CDFI, CEUS for blood supply assessment, and PAI for sO2 
and HbT detection (Group B; n = 10). Eight hours after acute intussus
ception, a third subset of rabbits (randomly selected) was examined by 
US to validate the intussusception and then assessed with CDFI, CEUS 
for blood supply assessment, and PAI for sO2 and HbT detection (Group 
C; n = 10). All animals were sacrificed immediately after PAI, and the 
intussuscepted intestinal specimens were surgically removed, washed 
twice with normal saline, and fixed in 10 % formaldehyde for histo
logical analysis.

2.3. CDFI and Adler grade classification

B-mode US and CDFI examinations were performed by an experi
enced operator (Z.G.) using a multi-modal ultrasound system (Mindray 

Resona 7, Shenzhen, China) equipped with an L14–5 transducer 
(5–14 Hz). Blood flow classification based on the Adler grading criteria 
[17] as follows: Grade 0: no blood flow within the lesion; Grade 1: one or 
two pixels of blood flow (typically <1 mm in diameter) observed within 
the lesion; Grade 2: three to four pixels or a main vessel visualized 
within the lesion; Grade 3: more than four pixel-sized vessels visualized 
or vessels forming an intertwined network within the lesion.

2.4. CEUS and time-intensity curve analysis

CEUS was performed by an experienced operator (Z.G.) using a 
multi-modal ultrasound system (Mindray Resona 7, Shenzhen, China) 
with an L14–5 (5–14 Hz) transducer. A bolus of 1–1.5 ml i.v. of sulfur- 
hexafluoride microbubbles (SonoVue®, Bracco, Italy), followed by a 
5 ml saline flush, was administered via the ear vein. At least 60 seconds 
of video was recorded for time-intensity curve (TIC) analysis. The pri
mary parameters analyzed of TIC included the area under the curve 
(AUC), time to peak (TTP), peak intensity (PI), and mean transit time 
(MTT).

2.5. Photoacoustic imaging system and data acquisition

As illustrated in Fig. 1, US and PAI were acquired using a VEVO LAZR 
High-Resolution Ultrasound and Photoacoustic Imaging System (FUJI
FILM VisualSonics, Inc., Toronto, ON, Canada), as described previously 
[11,18]. Briefly, Animals were placed supine on a heated imaging stage 
with continuous physiological monitoring. A 256-element linear-array 
transducer MX250, with frequency of 21 MHz, was used to image in 
the sagittal plane with centrifuged ultrasound gel to provide acoustic 
coupling. The VEVO LAZR system utilizes a Nd:YAG laser with an optical 
parametric oscillator, tunable in the near-infrared (NIR) range of 
680–970 nm with 20 Hz repetition rate.

For imaging tissue oxygenation (sO2), the VEVO Oxy-Hemo imaging 
mode was employed to measure the PA signal at spectral wavelengths of 
750 nm and 850 nm. The calculation of sO2 is automated within the 
VEVO LAZR system, based on the ratio of oxyhemoglobin to total he
moglobin. sO2 images were recorded for subsequent oxygenation anal
ysis, with an acquisition rate of 1 frame per second. Different planes in 
one animal were captured. The data were averaged over time for 
consecutive frames in a plane.

To measure the total hemoglobin (HbT) per mm2 within the involved 
intestines, all detected signals at the two wavelengths (750 nm and 
850 nm) were divided by the intestinal area [11,19]. Imaging parame
ters were kept constant between animals. Quantitative analysis of US 
and PAI results was performed by using the VEVO LAB 1.7.2. software 
(FUJIFILM VisualSonics Inc.). The region of interests (ROIs) for both the 
intussusceptum (the proximal segment that invaginates into the distal 
segment, typically the ileum and sacculus rotundus [the terminal end of 
a rabbit’s ileum]) and intussuscipiens (the recipient distal segment, 
typically the colon) was manually defined over the involved intestinal 
region. An average value of tissue sO2 within this intestinal ROI was 
extracted as a measure of intestinal tissue oxygenation and an average 
value of tissue HbT counts/mm2 within this intestinal ROI was extracted 
as a measure of HbT per mm2.

2.6. Histopathological assessment

The intussuscepted intestinal specimens were surgically removed 
immediately after PAI. The excised tissues underwent histological ex
amination using hematoxylin and eosin (H&E) staining and immuno
histochemical (IHC) staining with HIF-1α. Microscopic images of the 
stained tissues were captured using an Axio Imager.A2 microscope (Carl 
Zeiss Microscopy, NY, USA).

Based on the histopathological changes, the involved intestines were 
evaluated using Chiu’s histological grading criteria and classified as 
follows: grade 0, normal; grade 1, subepithelial edema, partial 
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separation of apical cells; grade 2, epithelial cell slough from the tips of 
villi; grade 3, progression of slough to the base of villi; grade 4, partial 
mucosal necrosis of the lamina propria; grade 5, total mucosal necrosis 
[20,21].

The degree of HIF-1α expression, indicative of hypoxic conditions, 
was evaluated for each histological section using a scoring system 
ranging from 1 to 3 [14]. This scoring was determined by both the 
expression rate and staining intensity. Cases exhibiting no or mild 
staining and an expression rate below 30 % were assigned a score of 1. 
Cases with moderate staining and an expression rate between 30 % and 
70 % were given a score of 2, while cases demonstrating intense staining 
and an expression rate exceeding 70 % were scored as 3.

2.7. Statistical analysis

SPSS 25.0 (IBM Corp., Armonk, NY, USA) and MedCalc 10.4 (Med
Calc Software Ltd, Ostend,Belgium) software was used for statistical 
analysis. One-way ANOVA was used to compare the TIC parameters, PAI 
measurements of sO2 among different groups after confirming 
normality, with Bonferroni correction applied for multiple comparisons. 
The Kruskal-Wallis test was used to compare ranked variables, such as 
the Adler grades, the Chiu grades, and HIF-1α score, also with Bonfer
roni correction for multiple comparisons. The diagnostic performance of 
HbT counts and sO2 in the diagnosis of acute intussusception, particu
larly in identifying pathological ischemia/hypoxia injury and intestinal 
necrosis, was assessed by calculating the areas under the receiver 
operating characteristic (ROC) curves (AUCs) with 95 % confidence 
intervals (CIs). The cutoff value was determined by the highest Youden 
index. Comparisons of different AUCs were performed using DeLong’s 
test. The corresponding sensitivity, specificity, and accuracy of the HbT 
counts and sO2 were calculated. All tests were two-tailed, and a P-value 
＜0.05 was considered statistically significant.

3. Results

3.1. Workflow of normal intestine and injured intestine in acute 
intussusception

A timeline illustrating the workflow and defining the different 

groups is presented in Fig. 2. Following the onset of acute intussuscep
tion, strangulating intestinal ischemia progressively intensifies, ulti
mately resulting in the gradual destruction of the histological structure 
of the intestinal wall. Blood supply to the intestines was evaluated using 
CDFI and CEUS, while sO₂ and HbT levels were analyzed over time using 
PAI. A comprehensive quantitative analysis of all measurements across 
different groups was performed.

3.2. Changes of sO2 and HbT detected by PAI

Representative macroscopic photographs of each group, along with 
corresponding B-mode US images, PAI of sO₂, and PAI of HbT, are shown 
in Fig. 3. Macroscopic examination revealed pronounced congestion and 
swelling in the intussusceptum of group B (white arrow, Fig. 3c1) and 
evident bluish discoloration and swelling in group C (white arrow, 
Fig. 3d1).

Fig. 1. Schematic diagram for photoacoustic imaging of acute intussusception.

Fig. 2. The timeline diagram illustrating the workflow and defining the 
different groups. CDFI, color flowing imaging; CEUS, contrast-enhanced ultra
sound; PAI, photoacoustic imaging.
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Fig. 3. Macroscopic photos, B-mode US and corresponding PAI of sO2 and HbT of intussusceptum and intussuscipiens in different groups after acute intussusception. 
(a1-d1) Representative macroscopic photos. White arrows, intussusception; white arrowheads, colon; black arrow, sacculus rotundus; black arrowheads, cecum. (a2- 
d2) Representative B-mode images. (a3-d3) Representative PAI of sO2. Color bar of sO2 is at the bottom. (a4-d4) Representative PAI of HbT. Color bar of HbT is at the 
bottom. Yellow ROIs, defining the involved intussusceptum; Green ROIs, defining the involved intussuscipiens. (e-f) Quantitative analysis of sO2 and HbT of 
intussusceptum in each group. (g-h) Quantitative analysis of sO2 and HbT of intussuscipiens in each group. *P＜0.05, **P＜0.01,***P＜0.001. NS, not significant. Error 
bar, standard deviation.
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Compared to the controls (group S), the sO2 levels in the affected 
intussusceptum of group A remained relatively unchanged (72.97 
± 9.08 % vs. 73.84 ± 6.53 %, Table 1, Fig. 3, P = 1.000). However, two 
hours after acute intussusception, the sO2 levels in group B (56.52 
± 6.23 %) were significantly reduced compared to both group S (73.84 
± 6.53 %) and group A (72.97 ± 9.08 %) (Table 1, Fig. 3e, both P＜ 
0.001). Moreover, eight hours after the onset, the sO2 levels in group C 
(45.28 ± 3.50 %) were significantly lower than those in group S (73.84 
± 6.53 %), group A (72.97 ± 9.08 %), and group B (56.52 ± 6.23 %) 
(Table 1, Fig. 3e, P＜0.001, P＜0.001, and P = 0.003, respectively). 
However, the sO₂ levels in the intussuscipiens exhibited a slower 
decline, with a significant reduction observed only in group C (40.49 
± 9.05 %) compared to group S (75.09 ± 5.52 %), group A (74.38 
± 9.39 %), and group B (66.26 ± 11.71 %) (Table 1, Fig. 3g, all 
P < 0.001). These results are consistent with the clinical experience that 
the intussusceptum is the most vulnerable and first to experience hyp
oxia and necrosis.

As acute intussusception led to strangulating intestinal ischemia, the 
total hemoglobin (HbT) counts decreased over time. Compared to the 
initial group A (44,489 ± 20,856 /mm²), the HbT counts per mm² of the 
affected intussusceptum in group B (17,344 ± 7,125 /mm²) and group C 
(22,442 ± 13,149 /mm²) were significantly lower (Table 1, Fig. 3f, 
P = 0.027 and P = 0.045, respectively). However, no significant dif
ferences in HbT counts were found between group B and group C 
(P = 0.614). Similarly, the HbT counts per mm² in groups B and C were 
significantly lower compared to the sham group (45,558 ± 34,688/ 
mm²) (Table 1, Fig. 3f, P = 0.015 and P = 0.023, respectively). The 
significant decrease of HbT indicated the remarkable ischemia of the 
affected intussusceptum in group B and group C. However, no significant 
changes in HbT counts were observed in the intussuscipiens (Fig. 3h).

3.3. Changes in blood supply evaluated by CDFI and CEUS

Representative CDFI images for each group, along with corre
sponding B-mode and CEUS images, are shown in Fig. 4. At the initial 
stage of intussusception (group A), no evidence of significant ischemia 
was observed in the intussusceptum on either CDFI or CEUS images 
(arrows, Figs. 4b1 and 4b2). However, two hours (group B) and eight 
hours (group C) after the onset of intussusception, marked ischemia was 
evident in the intussusceptum in both CDFI and CEUS images (arrows, 
Figs. 4c1, 4c2, 4d1, and 4d2).

Quantitative analysis showed that, compared to the control group 
(group S, median: Adler grade 2) and the initial group (group A, median: 
Adler grade 2), the CDFI Adler grade was significantly lower in groups B 
and C (median: Adler grade 0.5) (Fig. 4e, all P < 0.05), which means the 
remarkable ischemia in the intussusceptum of groups B and C. TIC 
analysis of CEUS revealed significantly reduced AUC values in groups B 

and C compared to groups S and A (Fig. 4f, all P < 0.05). Similarly, PI 
values were significantly lower in group C compared to groups S and A 
(Fig. 4g, both P < 0.001). TTP values were significantly prolonged in 
groups B and C compared to groups S and A (Fig. 4h, all P < 0.05). MTT 
was extended only in group C compared to group A (Fig. 4i, P = 0.019). 
The decline in AUC and PI values, along with the extension of TTP and 
MTT, indicates a sustained deterioration in blood supply to the intus
susceptum in both groups B and C.

3.4. Histopathology and immunohistochemistry changes

The intestines in group S and group A exhibited normal villi without 
any structural damage (Fig. 5a1 and 5b1). In contrast, histological 
analysis of group B revealed marked epithelial lifting along the sides of 
the villi, with some tips denuded (Fig. 5c1). In group C, the lamina 
propria was severely compromised, showing signs of destruction, 
digestion, and disintegration, accompanied by significant hemorrhage 
and ulceration (Fig. 5d1). When graded according to Chiu’s criteria, the 
grades in group C (median: grade 4.5) were significantly higher than 
those in group S (median: grade 0), group A (median: grade 0), and 
group B (median: grade 2) (Fig. 5e, all P＜0.001). The Chiu’s grades in 
group B were also higher than those in group S and group A (Fig. 5e, 
P = 0.006 and P = 0.006, respectively). Histopathological examination 
confirmed ischemia/hypoxia injury in group B (median: grade 2, range: 
1–3) and necrotic intestinal damage in group C (median: grade 4.5, 
range: 4–5). No significant changes in Chiu’s grade were observed be
tween group S and group A (P = 1.000).

HIF-1α was scarcely expressed in normal intestinal tissue (Fig. 5a2). 
However, following acute intussusception, the expression of HIF-1α 
increased over time, as shown in Fig. 5b2-d2. In group C, the expression 
levels of HIF-1α in group C (median: Hif-1α score 2) were significantly 
increased compared to those in group S (median: Hif-1α score 1), group 
A (median: Hif-1α score 1) and group B (median: Hif-1α score 1.5) 
(Fig. 5f, P = 0.001, P = 0.001 and P = 0.037, respectively). Hif-1α was 
overexpressed under hypoxia condition and would lead to apoptosis and 
cell death [22]. The results demonstrated the serve hypoxia condition of 
group C.

3.5. Diagnostic performance of CDFI, CEUS and PAI in identifying 
ischemia/ hypoxia injury of intestine after acute intussusception

Regarding the pathological changes that occur after acute intussus
ception, ischemia/ hypoxia injury of intestine was defined as the Chiu’s 
grade above 2. Based on this classification, the CDFI Adler grade 
demonstrated relatively high diagnostic performance in identifying in
testinal ischemia/hypoxia injury, with an AUC of 0.896 (95 % CI: 
0.729–0.977, Table 2, Fig. 6a), with a sensitivity of 89 %, specificity of 

Table 1 
The mean oxygen saturation (sO2) and HbT counts of intussusceptum and intussuscipiens in different groups after acute intussusception.

Groups sO2 of intussusceptum (%)a HbT of intussusceptum (counts)a sO2 of intussuscipiens (%)a HbT of intussuscipiens (counts)a

Group S 73.84 ± 6.53 45,558 ± 34,688 75.09 ± 5.52 50,254 ± 34,612
Group A 72.97 ± 9.08 44,489 ± 20,856 74.38 ± 9.39 51,056 ± 14,840
Group B 56.52 ± 6.23***, ††† 17,344 ± 7,125*, † 66.26 ± 11.71 46,140 ± 18,678
Group C 45.28 ± 3.50***, †††, § 22,442 ± 13,149*, † 40.49 ± 9.05***, †††, §§§ 48,702 ± 20,067

HbT, total hemoglobin.
adata are mean ± standard deviation.
*compared to group S.＜0.05
**compared to group S.＜0.01,
***compared to group S.＜0.001.
†compared to group A.＜0.05,
††compared to group A.＜0.01,
†††compared to group A.＜0.001.
§compared to group B. ＜0.05,
§compared to group B. ＜0.01,
§§§compared to group B. ＜0.001.
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75 %, and accuracy of 83 %. Among all the TIC parameters, the AUC of 
CEUS exhibited superior diagnostic performance, achieving an AUC of 
0.939 (95 % CI: 0.784–0.994, Table 2, Fig. 6a), with a sensitivity of 
94 %, specificity of 91 %, and accuracy of 93 %. These findings suggest 
that both CDFI and CEUS demonstrate high diagnostic accuracy in 
detecting ischemia and hypoxia-induced injury in the intestine 

following acute intussusception.
Photoacoustic imaging (PAI) demonstrated outstanding diagnostic 

capability for detecting ischemia/hypoxia injury. The measurement of 
sO₂ by PAI achieved an exceptional AUC of 0.997 (95 % CI: 
0.894–1.000, Table 2, Fig. 7a). With a cutoff value of 60.9 %, sO₂ 
measurements yielded a sensitivity of 95 %, specificity of 100 %, and 

Fig. 4. CDFI and corresponding CEUS images in different groups after acute intussusception. (a1-d1) Representative CDFI images. (a2-d2) Representative CEUS 
images. (e) Alder grade analysis of different groups. White arrows, intussusception; white arrowhead, sacculus rotundus. (f-i) Time-intensity curve analyses of 
different groups. AUC, the area under the curve; CDFI, color flowing imaging; CEUS, contrast-enhanced ultrasound; MTT, mean transit time; PI, peak intensity; TTP, 
time to peak. *P＜0.05, **P＜0.01, ***P＜0.001. NS, not significant. Error bar, standard deviation.
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overall accuracy of 97 % (Table 2). Additionally, HbT counts measured 
by PAI also showed relatively high diagnostic performance, with an AUC 
of 0.778 (95 % CI: 0.600–0.904, Table 2, Fig. 7a). Using a threshold of 
32,314 counts/mm², HbT measurements achieved a sensitivity of 89 %, 
specificity of 64 %, and accuracy of 75 % (Table 2). Therefore, intestinal 
PAI, particularly sO₂, exhibited excellent diagnostic performance in 
identifying ischemia and hypoxia-related intestinal injury, highlighting 
its potential for clinical application.

3.6. Diagnostic performance of CDFI, CEUS and PAI in identifying 
intestinal necrosis after acute intussusception

Regarding the pathological changes that occur after acute intussus
ception, intestinal necrosis was defined as the Chiu’s grade over 4. Based 
on this classification, the CDFI Adler grade demonstrated moderate 
diagnostic performance, with an AUC of 0.805 (95 % CI: 0.620–0.926, 
Table 3, Fig. 6b). While the sensitivity was high at 100 %, the specificity 
and accuracy were relatively low, at 55 % and 70 %, respectively. 
Among all the TIC parameters, the AUC of CEUS displayed the highest 
diagnostic accuracy for intestinal necrosis, achieving an AUC of 0.911 

Fig. 5. The histopathological (a1-d1) and immunohistochemical (a2-d2) analysis of normal intestine and different acute intussusception groups. (a1-d1) Represen
tative HE finding of normal intestine or involved intestinal tissue in different groups. (a2-d2) Representative Hif-1α staining finding of normal intestine or involved 
intestinal tissue in different groups. (e) The Chiu’s grades results of normal intestine and different acute intussusception groups. (f) The Hif-1α score results of normal 
intestine and different acute intussusception groups. Red arrows, indicate the Hif-1α staining positive cells. All images were taken at an original magnification of 
× 200. Scale bar, 200μm. *P＜0.05, **P＜0.01, ***P＜0.001. NS, not significant. Error bar, standard deviation.

Table 2 
The diagnostic perfermance of Alder grade of CDFI, TIC parameters of CEUS and oxygen saturation (sO2) and HbT counts measured by PAI in identifying ischemia/ 
hypoxia injury of intestine after acute intussusception.

Variable Cutoff value AUCa Sensitivity (%)a Specificity (%)a Accuracy (%)

sO2 (%) 60.9 0.997 (0.894, 1.000) 95 (74, 100) 100 (79, 100) 97
HbT (Counts) 32,314 0.778 (0.600, 0.904) 89 (67, 99) 64 (35, 87) 75
Adler grade 1 0.896 (0.729, 0.977) 89 (65,99) 75 (43, 95) 83
TIC parameters ​
AUC (db*s) 725.1 0.939 (0.784, 0.994) 94 (73, 100) 91 (59, 100) 93
PI (db) 20.4 0.864 (0.685, 0.962) 78 (52, 94) 100 (72, 100) 86
TTP (s) 28.2 0.886 (0.713, 0.973) 78 (52, 94) 100 (72, 100) 86
MTT (s) 45.6 0.655 (0.418, 0.845) 50 (19, 81) 91 (59, 100) 71

AUC, area under the curve; CDFI, color Doppler flow imaging; CEUS, contrast-enhanced ultasound; HbT, total hemoglobin; MTT, mean transit time; PAI, photoacoustic 
imaging; PI, peak intensity; TIC, time-intensity curve; TTP, time to peak.

a data in parentheses are 95 % confidence interval.

H. Yan et al.                                                                                                                                                                                                                                     Photoacoustics 43 (2025) 100706 

7 



(95 % CI: 0.745–0.984, Table 3, Fig. 6b), a sensitivity of 100 %, speci
ficity of 79 %, and accuracy of 86 %. These results indicate that CEUS is 
superior to CDFI in diagnosing intestinal necrosis after acute 

intussusception.
PAI further demonstrated outstanding performance in diagnosing 

intestinal necrosis. The sO₂ measurement achieved an exceptional AUC 

Fig. 6. The receiver operator characteristic (ROC) curve of the Adler grade and time-intensity curve parameters in CEUS. The area under the curves (AUCs) were 
analyzed for their diagnostic performance in diagnosing ischemia/ hypoxia injury of intestine (a) and intestinal necrosis (b) after acute intussusception. AUC, the area 
under the curve; CEUS, contrast-enhanced ultrasound; MTT, mean transit time; PI, peak intensity; TTP, time to peak.

Fig. 7. The receiver operator characteristic (ROC) curve of the oxygen saturation (sO2) and HbT counts. The area under the curves (AUCs) were analyzed for their 
diagnostic performance in diagnosing ischemia/ hypoxia injury of intestine (a) and intestinal necrosis (b) after acute intussusception.

Table 3 
The diagnostic perfermance of Alder grade of CDFI, TIC parameters of CEUS and oxygen saturation (sO2) and HbT counts measured by PAI in identifying intestinal 
necrosis after acute intussusception.

Variable Cutoff value AUCa Sensitivity (%)a Specificity (%)a Accuracy (%)

sO2 (%) 50.4 0.982 (0.868, 1.000) 100 (74, 100) 95 (78, 100) 98
HbT (Counts) 12,358 0.651 (0.466, 0.808) 42 (15, 72) 90 (70, 99) 59
Adler grade 1 0.805 (0.620, 0.926) 100 (69, 100) 55 (32, 77) 70
TIC parameters ​
AUC (db*s) 581.1 0.911 (0.745, 0.984) 100 (69, 100) 79 (54, 94) 86
PI (db) 20.4 0.821 (0.635, 0.938) 90 (56, 100) 74 (49, 91) 79
TTP (s) 23.3 0.816 (0.629, 0.934) 100 (69, 100) 68 (43, 87) 79
MTT (s) 31.3 0.800 (0.570, 0.940) 100 (54, 100) 53 (27, 79) 66

AUC, area under the curve; CDFI, color Doppler flow imaging; CEUS, contrast-enhanced ultasound; HbT, total hemoglobin; MTT, mean transit time; PAI, photoacoustic 
imaging; PI, peak intensity; TIC, time-intensity curve; TTP, time to peak.

a data in parentheses are 95 % confidence interval.
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of 0.982 (95 % CI: 0.868–1.000, Table 3, Fig. 7b). Using a cutoff value of 
50.4 %, sO₂ exhibited a sensitivity of 100 %, specificity of 95 %, and 
overall accuracy of 98 % (Table 3). However, HbT counts measured by 
PAI demonstrated moderate diagnostic performance, with an AUC of 
0.651 (95 % CI: 0.466–0.808, Table 3, Fig. 7b). Using a cutoff value of 
12,358 counts/mm², HbT measurements showed a relatively high 
specificity of 90 %; however, sensitivity and accuracy were lower at 
42 % and 59 %, respectively (Table 3). Therefore, intestinal sO₂ ob
tained via PAI demonstrated superior diagnostic performance in iden
tifying intestinal necrosis compared to HbT counts, further underscoring 
its promise for clinical implementation.

4. Discussion

Acute intussusception is a pediatric abdominal emergency that ne
cessitates immediate diagnosis and appropriate treatment. Accurately 
identifying bowel necrosis non-invasively is essential for clinical 
decision-making regarding non-operative reduction or emergency sur
gery [2]. However, this remains challenging with conventional imaging 
modalities such as grey-scale sonography or color Doppler flow imaging 
(CDFI). While the absence of blood flow on CDFI is considered an in
dicator of enema reduction failure and intestinal necrosis [5–7], our 
study demonstrated that although CDFI exhibited high sensitivity 
(100 %), its specificity (55 %) and accuracy (70 %) were relatively low 
(Table 3). This suggests a risk of misdiagnosing intestinal necrosis, 
potentially leading to unnecessary exclusion of patients from enema 
reduction attempts.

In this study, for the first time, we demonstrated that the intestinal 
sO2 measurements obtained through PAI exhibited excellent diagnostic 
performance in identifying ischemia/ hypoxia injury of intestine 
following acute intussusception with an AUC of 0.997 (Fig. 7a), and high 
sensitivity, specificity, and accuracy (Table 2). Similarly, PAI-measured 
intestinal sO2 exhibited outstanding diagnostic performance in identi
fying intestine necrosis following acute intussusception with an AUC of 
0.982 (Fig. 7b), along with high sensitivity, specificity, and accuracy 
(Table 3). These findings highlight the potential of PAI for clinical 
application in guiding appropriate therapeutic strategies.

As a reference standard for assessing blood supply, CEUS enables 
real-time red blood cell imaging, and has demonstrated high diagnostic 
performance in identifying both intestinal ischemia/hypoxia and ne
crosis in our study. Additionally, the probe frequency and imaging depth 
of CEUS are more aligned with actual clinical scenarios, further sup
porting its potential for clinical application. In comparison, while PAI- 
derived sO₂ exhibits strong diagnostic capabilities for detecting intesti
nal ischemia/ hypoxia and necrosis following acute intussusception, 
optimization of imaging parameters—such as probe frequency and im
aging depth—is necessary to enhance its clinical translation and appli
cability in preclinical studies [23].

The HbT counts measured by PAI demonstrated moderate diagnostic 
performance in identifying intestinal ischemia/ hypoxia and necrosis 
following acute intussusception, with an AUC of 0.778 and 0.651, 
respectively (Fig. 7a and b), which suggests that HbT counts are less 
capable to diagnose intestinal ischemia/ hypoxia and necrosis than sO2. 
Since HbT counts are derived from the PAI signals of both deoxygenated 
and oxygenated hemoglobin, and CDFI relies on the Doppler effect, the 
two modalities may introduce biases between the actual blood supply 
and the measurement values. In contrast, CEUS utilizes real-time red 
blood cell imaging, directly depicting blood supply. As a result, CEUS 
demonstrated higher diagnostic performance in identifying intestinal 
ischemia/hypoxia and necrosis compared to both HbT counts and CDFI.

Typically, due to blood vessel compression, the intussusceptum (the 
proximal segment, typically the ileum) is more vulnerable to hypoxia 
and necrosis than the intussuscipiens (the recipient distal segment, 
typically the colon) in acute intussusception [24]. Our results support 
this, as we observed a significant decrease in sO2 and HbT levels in the 
intussusceptum two hours after intussusception, while no significant 

changes in sO2 and HbT levels were noted in the intussuscipiens (Table 1
and Fig. 3).

PAI is an emerging effective diagnostic imaging modality for 
assessing intestinal diseases. Weis, V.G. et al. [18] demonstrated that 
PAI is a valuable non-invasive and quantitative method for assessing 
intestinal sO2 in neonatal rats, with their subsequent study [25] showing 
significant decreases in intestinal sO2 measured by PAI in neonatal rats 
with necrotizing enterocolitis. Moreover, PAI is a novel quantitative 
imaging technique that allows for continuous monitoring of tissue 
oxygenation, which can guide treatment strategies and surgical de
cisions. For instance, Sugiura T. et al. [26] showed that PAI could 
continuously monitor intestinal sO2 during surgery for acute mesenteric 
ischemia and predict intestinal viability, potentially preventing inade
quate surgeries.

As a hybrid imaging technique, the PAI/US system enables the par
allel collection of anatomical and functional information, allowing for 
the quantification of oxygenation and providing spatially resolved sO2 
and HbT values for specific tissue regions of interest [27]. These capa
bilities have been applied in the diagnosis, severity evaluation, and ac
tivity monitoring of various acute hypoxic/ischemic conditions, such as 
testicular torsion, as well as inflammatory diseases like Crohn’s disease 
and rheumatoid arthritis [13,14,28,29].

This study has several limitations. Firstly, although the VEVO LAZR 
PAI system has been widely used in experimental studies[11,14,18,25, 
26,30,31], this is the first instance of its application in assessing acute 
intussusception, leading to potential sampling errors when applied to 
individual animals in different groups. There may be impact of different 
skin tone of individual animals on PAI that we did not consider [32]. 
Secondly, due to the limited measurement depth (approximately 1 cm) 
of the VEVO LAZR PAI system, we were unable to perform PAI with the 
abdomen closed. In future studies, we may explore the use of alternative 
PAI systems to detect sO2 and HbT values with the abdomen closed. 
Thirdly, we did not detect the hematocrit values of each group, which 
may have some impact on the sO2 measurements [33]. Lastly, the 
21 MHz transducer used in this study operates at a higher frequency 
than what is typically employed in clinical settings. As such, this 
research serves as a preliminary investigation in animals, and further 
validation of the results will be necessary in larger animal models and, 
eventually, in human volunteers.

Despite these limitations, this study represents the first attempt to 
utilize PAI in the assessment of acute intussusception, in comparison 
with CDFI and CEUS. We demonstrated that the intestinal sO2 values 
obtained by PAI had excellent diagnostic capabilities for both ischemia/ 
hypoxia injury and intestinal necrosis in acute intussusception. These 
findings suggest that PAI is a promising non-invasive imaging modality 
with potential for clinical application.
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