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Ovarian torsion (OT), a critical gynecological emergency caused by ovarian twisting and vascular 
compromise, risks necrosis without prompt intervention. This study evaluated dual-modal 
photoacoustic/ultrasound imaging for early detection and chronic hypoxia monitoring in OT. Rat 
models of complete/partial OT were established, with photoacoustic imaging (PAI) tracking tissue 
oxygen saturation (sO₂) over time, compared to color Doppler parameters (color pixel density [CPD]) 
and spectral Doppler parameters (peak systolic velocity [PSV], resistance index [RI]). In short-
term (6-hour) torsion, PAI and CPD showed similar declining trends, but PAI provided superior sO₂ 
quantification. In long-term models, PAI detected significant sO₂ reductions at 12 and 24 h, whereas 
CPD declined only within the first 12 h, highlighting PAI’s enhanced accuracy for hypoxia assessment 
during the 12–24 h window. Histological analysis confirmed that PAI-measured hypoxia correlated with 
tissue injury severity. These findings demonstrate PAI’s reliability in evaluating hypoxia progression 
and tissue damage, facilitating precise early diagnosis and time-sensitive monitoring in prolonged OT. 
Combining ultrasound with PAI offers a more effective diagnostic tool for assessing OT progression, 
particularly in guiding timely interventions for long-term torsion.
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Ovarian torsion (OT) occurs when the adnexa and its supporting ligaments twist, leading to impaired ovarian 
blood flow1,2. It can be classified into complete and partial torsion, with or without an accompanying adnexal 
mass. OT accounts for approximately 3% of gynecological emergencies, with an incidence of 9.9 cases per 
100,000 women of reproductive age and 2.7% of pediatric abdominal pain cases3,4. If left untreated, OT can 
lead to ischemic necrosis, infertility, and life-threatening complications5. Diagnosis is particularly challenging in 
pediatric cases, where atypical symptoms and communication barriers further complicate the evaluation. Early 
diagnosis and prompt intervention are crucial for preserving ovarian function, but due to the nonspecific nature 
of symptoms, surgical confirmation is often required, leading to delayed6.

Despite the availability of Computed Tomography (CT) and Magnetic Resonance Imaging (MRI) as diagnostic 
tools, they have certain limitations, including radiation exposure and prolonged imaging procedures7,8. Despite 
being the most utilized diagnostic tool in clinical practice,  Utrasound Imaging (USI) exhibits considerable 
variability in sensitivity (46%-74%), primarily attributed to technical constraints and operator-dependent 
factors9–11. One critical technical factor is the transducer bandwidth: narrower bandwidth limits axial 
resolution and reduces the system’s capability to accurately differentiate small or deeply located structures, 
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thereby increasing measurement uncertainty12,13. Additionally, beam steering errors—arising from transducer 
array limitations or inaccuracies in beamforming algorithms—can introduce spatial distortions and imaging 
artifacts, which compromise the fidelity of tissue characterization14,15. Patient-specific factors further complicate 
measurement accuracy; variations in anatomical geometry and body habitus, including obesity and difficulty 
in maintaining optimal probe contact, adversely affect acoustic coupling and signal quality16,17. Moreover, 
patient movement during scanning introduces additional signal variability. Operator-dependent factors, such 
as proficiency in probe positioning, applied pressure, and experience with real-time image interpretation, 
significantly influence image quality and reproducibility, contributing further to sensitivity discrepancies18–20. 
To mitigate these challenges, advancements in probe design, automated scanning protocols, and standardized 
training are critical to improve USI reliability and reduce operator-related biases. Furthermore, conventional 
imaging techniques cannot directly assess tissue oxygen saturation (sO₂), making it challenging to effectively 
evaluate tissue hypoxia21. Therefore, there is an urgent need for a more sensitive method to evaluate the duration 
of ovarian ischemia and the severity of tissue hypoxia, both of which are crucial for the accurate diagnosis of OT. 
Such a method would provide essential support for clinical decision-making, assisting surgeons in determining 
whether ovarian detorsion or oophorectomy is required.

Dual-modal photoacoustic and ultrasound Imaging offers unique advantages by combining structural and 
functional imaging22,23. It quantifies sO₂ through non-invasive detection of oxygenated and deoxygenated 
hemoglobin, enabling real-time monitoring of tissue sO₂24–26.

Experiments by Mengyu Zhou et al. have shown that photoacoustic imaging (PAI) can accurately diagnose 
testicular torsion in its early stages27. Research by Sugiura et al. demonstrated that PAI can continuously monitor 
sO₂ recovery after reperfusion in a rat model of acute mesenteric ischemia28. Additionally, Hallasch et al. found 
that PAI, by assessing tissue sO₂, can detect the early stages of psoriatic arthritis29. Although PAI has shown 
potential in other ischemic diseases, its application in OT remains relatively limited. We innovatively applied 
high-resolution PAI to the long-term ovarian torsion model, and systematically evaluated its advantages in 
hypoxia monitoring and determination of tissue functional status by comparing with traditional ultrasound 
means, aiming to achieve more accurate judgment of ischemia duration and assessment of the degree of tissue 
damage, and thus provide a more instructive imaging basis for clinical treatment decisions.

The prognosis and successful treatment of OT are significantly influenced by the extent of ovarian hypoxia30. 
This study employs dual-modal photoacoustic and ultrasound imaging for in vivo quantification of tissue sO₂ 
in OT rat model. By establishing animal models and conducting in vivo experiments, the changes in ovarian 
tissue sO₂ over time were evaluated (Fig. 1). We hypothesize that the application of PAI for tissue sO₂ assessment 
(Table 1) could provide a novel approach for the early diagnosis of OT and the evaluation of tissue damage in 
chronic cases. This study (Fig. 2) aims to (1) validate dual-modal PAI/USI for early OT diagnosis, (2) quantify 
hypoxia progression in partial vs. complete torsion, and (3) correlate PAI sO₂ with histopathology. Our findings 
demonstrate PAI’s superiority in detecting prolonged hypoxia, supporting its integration into clinical workflows 
for timely intervention.

Fig. 1.  Schematic Illustration of the PAI procedure in the ovarian torsion rat model.
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Results
Color Doppler Flow Imaging (CDFI) of OT rat models within 6 h
During the 6-hour observation period, ovarian blood flow was assessed by measuring Color Pixel Density 
(CPD) in ovarian parenchyma (Fig. 3; Table 2). While the normal group maintained stable blood flow (Fig. 3a, b; 
Table 2), the 180° torsion group showed a significant reduction at 2 h post-torsion compared to normals and pre-
torsion levels (P < 0.05), with a progressive but non-significant decline thereafter (Fig. 3a, c; Table 2). In contrast, 
the 360° torsion group exhibited undetectable blood flow from 2 h post-torsion onward (Fig. 3a, d; Table 2). In 
addition, anatomical landmark CPD images (Supplementary Fig. 1) are labeled for the reader’s understanding.

PAI-based sO₂ mapping in OT rat models during 6-hour observation
To quantify temporal changes in ovarian tissue oxygen saturation (sO₂) over a 6-hour period, sO₂ levels were 
measured, and the results are presented in Fig.  4; Table  3. In the normal group, sO₂ distribution remained 
relatively stable throughout the observation period (Fig. 4a, b; Table 3). In the 180° torsion group, sO₂ levels 
decreased significantly within the first two hours (P < 0.05), followed by a gradual but statistically insignificant 
decline over the remaining 4 h (Fig. 4a, c; Table 3). In contrast, the 360° torsion group demonstrated a more 
pronounced reduction in sO₂ during the initial 2 h, with levels stabilizing thereafter (Fig. 4a, d; Table 3). Notably, 
the decline in sO₂ was significantly greater in the 360° group compared to the 180° torsion group (P   < 0.05).

Pulsed wave (PW) doppler analysis of partial OT rat models (within 6 h)
In complete OT, blood flow signals were absent within 2 h, rendering PW Doppler measurements unfeasible. 
To assess the diagnostic utility of PW Doppler in a partial OT rat model, we quantified the ovarian artery Peak 
Systolic Velocity (PSV) and Resistance Index (RI) at 2, 4, and 6 h hours post-torsion and compared these values 
with baseline (pre-torsion) measurements.

As shown in Fig. 5a, b, before torsion, the PSV was 67.21 ± 14.54 which decreased to 60.73 ± 7.80 at 2 h, 
59.65 ± 9.56 at 4 h, and 51.63 ± 11.23 at 6 h. The RI values before torsion and at 2, 4, and 6 h after torsion were 
59.88% ± 4.87%, 54.56% ± 2.34%, 51.87% ± 3.14%, and 54.42% ± 5.35%, respectively (Fig. 5a, c). Compared to 
the baseline values before torsion, the changes in PSV and RI at different time points did not reach statistical 
significance.

PAI of long-term partial OT rat models
Evaluating tissue viability in long-term partial OT rat model and determining the feasibility of ovarian 
preservation surgery remain critical clinical challenges. In this study phase, we aimed to explore the utility of 

Fig. 2.  A roadmap for research, in three steps: Research Objective, Key Findings, Clinical Translation.

 

Model/Time PAI (sO₂) Ultrasound Parameters Comparison Conclusions

Short-term torsion (6 h) Significant decline CPD synchronized PAI quantification more accurate

Long-term torsion (12 h) Sustained significant CPD decline but no concordance in PSV/RI PAI sensitivity higher

Long-term torsion (24 h) Sustained significant CPD regression PAI unique diagnostic value

Table 1.  Comparison of quantitative results of ultrasound and PAI for OT.
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PAI in measuring tissue sO₂ as a biomarker of ovarian viability and its potential to guide ovarian preservation 
strategies.

Figure 6a, b illustrates the progressive decline in tissue sO₂ levels in partial OT groups over time: normal 
group, 60.86% ± 1.846; 6-hour partial OT group, 54.12% ± 0.37; 12-hour partial OT group, 52.29% ± 1.37; and 
24-hour partial OT group, 47.26% ± 3.94. Significant differences were observed between the normal and 6-hour 
groups (P = 0.05), 6-hour and 12-hour groups (P = 0.016), and 12-hour and 24-hour groups (P = 0.035). These 
findings demonstrate the utility of PAI for continuous monitoring of ovarian tissue function during partial 
torsion.

Group 0 h 2 h 4 h 6 h

Normal 0.154 ± 0.050 0.122 ± 0.009 0.114 ± 0.013 0.125 ± 0.012

180° 0.153 ± 0.0470 0.053 ± 0.0175*a 0.049 ± 0.0279a* 0.044 ± 0.022a*

360° 0.150 ± 0.051 0.000 ± 0.000a*# 0.000 ± 0.000a*# 0.000 ± 0.000a*#

Table 2.  CPD values and associated statistical outcomes across time intervals (0, 2, 4, and 6 h) for distinct 
experimental groups. Superscripts denote statistical significance between groups: * indicates a significant 
difference compared to the normal group (P < 0.05), a represents a significant difference relative to the pre-
twist (0 h) condition (P < 0.05), and # signifies a significant difference compared to the partial twist (180°) 
group (P < 0.05).

 

Fig. 3.  CDFI of Ovarian Blood Flow Changes in the Early Stage of OT Model. (a) Representative CDFI 
showing ovarian blood flow in the normal group, 180° partial torsion group, and 360° complete torsion group 
at pre-torsion (0 h) and post-torsion time points (2, 4, and 6 h). Panels (b-d) present quantifiable linear 
graphs illustrating the relative CPD values at various time points for the normal group, the partial torsion 
group (180°), and the complete torsion group (360°), respectively. The scale bar represents 1 mm. Asterisks (*) 
indicate statistically significant differences compared to the 0-hour time point (P < 0.05).
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CDFI of long-term partial OT rat models
CDFI was performed in parallel with PAI to enable comparative analysis. The ovarian CPD measurements in 
the partial OT models demonstrated progressive changes across experimental groups (Fig. 7a, b). Quantitative 
analysis revealed CPD values of 10.60% ± 2.33 in normals, which decreased to 4.40% ± 1.99, 2.52% ± 2.026, and 
2.23% ± 1.176 in the 6-hour, 12-hour, and 24-hour partial torsion groups, respectively. Statistical evaluation 
using appropriate tests showed significant differences in CPD values between the normal group and both 
6-hour and 12-hour torsion groups (P < 0.05). However, no statistically significant difference was detected when 
comparing the 12-hour and 24-hour torsion groups (Fig. 7b), suggesting a potential plateau in CPD reduction 
after 12 h of partial torsion.

Fig. 4.  PAI of sO₂ in early OT models. (a) Ultrasound grayscale images and corresponding sO₂ maps for the 
normal group, partial torsion group (180°), and complete torsion group (360°), captured before torsion (0 h) 
and at 2, 4, and 6 h post-torsion. The ovarian region is delineated by dashed lines. (b-d) Quantitative line 
graphs depicting relative sO₂ levels for the normal group, 180° (partial torsion) group, and 360° (complete 
torsion) group at each time point. Scale bar: 1 mm. *Indicates statistically significant differences compared to 
the 0-hour time point (P  < 0.05).

 

Group 0 h 2 h 4 h 6 h

Normal 62.42 ± 2.20 61.06 ± 0.97 63.11 ± 1.29b 60.12 ± 1.06c

180 60.91 ± 1.19 57.06 ± 1.663a* 55.39 ± 0.30a* 54.25 ± 0.60abc*

360 60.53 ± 1.19 50.42 ± 2.217a*# 49.22 ± 1.90a*# 50.18 ± 2.25a*#

Table 3.  Ovarian tissue sO₂ levels at 0, 2, 4, and 6 h across different groups with corresponding statistical 
results. The superscripts indicate statistical significance comparisons between groups: a denotes comparison 
with the 0-hour (P < 0.05), b denotes comparison with the 2-hour (P < 0.05), c denotes comparison with the 
4-hour (P < 0.05), * indicates comparison with the normal group (P < 0.05), and # represents comparison with 
the 180° (partial torsion) group (P < 0.05).
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Ultrasound (US) and Photoacoustic (PA)  sO₂ results of prolonged normal, torsion, and 
recovery in partial and complete OT rat models
 As shown in Fig. 8a, compared with the normal group, partial OT resulted in a significant decrease in sO2 signals 
at both 12 h and 24 h post-torsion. Following ovarian detorsion (Fig. 8b), the sO2 signal at 12 h significantly 
increased and approached baseline levels, showing no significant difference compared to the normal group 
(P = 0.3825). However, despite an increase in sO2 signals after 24  h partial OT detorsion (Fig.  8c), values 
remained significantly lower than those of the control group (P < 0.0001). Similarly, as depicted in Fig.  9a, 
complete OT induced a pronounced reduction in sO2 signals at both 12 h and 24 h compared to normal ovaries 
(12 h: P = 0.0005; 24 h: P < 0.0001). Although sO2 signals improved post-detorsion (Fig. 9b, c), they remained 
significantly different from normal values with quantified results revealing statistically significant differences at 
both time points (12 h: P < 0.0001; 24 h: P < 0.0001).

Analysis of tissue section results
In this experiment, histomorphologic changes were observed in normal ovarian tissues by twisting them to 
different degrees and for different durations (Fig. 10). In normal ovaries, follicles were morphologically intact, 
granulosa cells were well arranged, and oocytes were in the center, surrounded by a single layer of flattened 
granulosa cells, and the outermost layer was surrounded by the basement membrane. In the partially twisted 
180° group (12  h and 24  h), separation of the oocyte from the basement membrane was observed, and the 
granulosa cell morphology gradually changed from flat to rounded, however, no obvious edema formation 
was observed. In contrast, in the group treated with full 360° torsion, a high degree of edema was observed at 
12 h, which was further aggravated at 24 h, and the cellular morphology also changed significantly, indicating 
that severe torsional injury could lead to significant disorganization of the ovarian tissue structure and cellular 
morphology abnormalities.

Discussion
OT is a critical obstetric and gynecological emergency requiring prompt diagnosis and intervention to preserve 
ovarian function31,32. The severity of tissue hypoxia and the duration of torsion are pivotal factors influencing 
clinical decision-making10. However, diagnosing OT remains challenging due to its non-specific symptoms, 
such as acute abdominal pain, nausea, and vomiting. This difficulty is exacerbated in pediatric and adolescent 
patients, who may have limited ability to communicate their symptoms, making it harder for clinicians to 
accurately assess the duration of torsion and the extent of ovarian hypoxia.

USI, a widely used diagnostic tool for OT, is non-invasive, radiation-free, and efficient. While USI 
demonstrates high diagnostic accuracy for complete OT, its performance in detecting partial OT is less reliable, 

Fig. 5.  Spectral Doppler USI evaluation of partial OT models at 0 h (pre-torsion) and 2, 4, and 6 h post-
torsion. Panel (a) shows the spectral Doppler USI images of partial OT models at 0 h (pre-torsion) and at 2, 4, 
and 6 h post-torsion. Panel (b) presents the boxplot of PSV in the ovarian artery, while panel (c) displays the 
boxplot of the RI in the ovarian artery. Data are presented as box-and-whisker plots, with the box representing 
the 25th and 75th percentiles and the whiskers indicating the minimum and maximum values.
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often yielding false-negative results. Furthermore, Additionally, the classic diagnostic signs of USI, such as the 
whirlpool sign, can be influenced by the operator’s skill, leading to variability in diagnostic sensitivity.

In contrast, PAI, an emerging imaging modality, offers unique advantages by generating detailed sO₂ maps, 
providing functional insights into tissue hypoxia33. PAI is user-friendly and enables quantitative assessment of 
tissue sO₂, significantly enhancing its diagnostic potential for OT.

This study investigated the application of PAI in monitoring ovarian ischemia using an animal model. The 
results demonstrated that PAI not only effectively diagnoses both complete and partial OT but also exhibits 
strong concordance with USI findings. Importantly, PAI outperformed USI in evaluating tissue hypoxia. In the 
complete OT group, CPD values dropped to zero within two hours post-torsion, rendering USI ineffective for 
assessing tissue sO₂. In contrast, PAI revealed a marked decrease in tissue sO₂ within the initial two hours, with 
no further alterations noted between two and six hours, highlighting its efficacy in quantifying tissue hypoxia. 
These findings confirm that while USI is effective for diagnosing complete OT, integrating PAI provides a more 
accurate assessment of ovarian tissue hypoxia.

In the partial OT model, CPD values at 2, 4, and 6 h showed a statistically significant decrease compared to 
baseline (0 h). However, clinical studies have highlighted that CPD measurements are influenced by the angle of 
the ultrasound beam, limiting their precision7. Similarly, PW Doppler analysis revealed a decline in PSV and RI 
of the ovarian artery at 2, 4, and 6 h, though these changes were not statistically significant. These results suggest 
that spectral Doppler has limited sensitivity in diagnosing partial OT.

Although the combined presentation of B-mode ultrasound, Doppler, and PAI images is helpful for visual 
comparison of different imaging modalities, in practice, combining three images with different fields of view 
into a single image may result in some of the detailed information being overlooked (Supplementary Fig. 2). 
To fully retain the rich information in each image, this paper chooses to present the images in different fields of 
view separately, to more comprehensively demonstrate the diagnostic features of each imaging modality and its 
complementary advantages.

PAI demonstrated superior performance in the partial OT rat model, revealing a progressive reduction in 
tissue sO₂ levels at 2, 4, and 6 h. Unlike USI, PAI is unaffected by the angle of the ultrasound beam, facilitating 
quantitative analysis of changes in oxygenated hemoglobin. This feature overcomes the angle-dependent 
limitations of color Doppler imaging, significantly enhancing diagnostic accuracy for partial OT, particularly in 
quantifying tissue sO₂ levels.

Fig. 6.  Long-term evaluation of sO2 in partial OT rat models using PAI. (a) PAI of normal group and partial 
OT groups at 6, 12, and 24 h. The ovarian region is outlined with yellow dashed lines. (b) Quantitative analysis 
of sO₂ levels based on the PAI images. Scale bar: 1 mm.
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Comparative analysis among the normal, partial torsion, and complete torsion groups demonstrated 
statistically significant differences in tissue sO₂ values across all groups. These findings highlight PAI’s high 
precision in assessing the degree of ovarian tissue hypoxia, particularly in the early diagnosis of OT.

For partial OT, surgical intervention within 24 h can potentially salvage the affected ovary31. However, the 
lack of reliable tools to assess the extent of ovarian damage complicates surgical decision-making34. To evaluate 
PAI’s utility in assessing long-term OT, this study conducted a second-phase experiment, establishing partial OT 
models (180°) at 6, 12, and 24 h and comparing them with a normal group.

PAI results demonstrated a progressive decrease in ovarian tissue sO₂ across the normal group, 6-hour, 12-
hour, and 24-hour partial torsion groups (Fig. 7). Quantitative analysis revealed statistically significant differences 
in sO₂ values between the normal group and the 6-hour group, the 6-hour and 12-hour groups, and the 12-hour 
and 24-hour groups. These differences correlated positively with the duration of torsion, underscoring PAI’s 
ability to estimate the duration of partial OT and assess hypoxia severity. In contrast, CDFI failed to detect 
significant changes between the 12-hour and 24-hour groups, indicating its inability to assess prolonged OT 
beyond 12 h.

PA sO2 measurements demonstrate that short-term (12 h) partial OT can restore oxygenation to near-normal 
levels with no significant difference compared to the control. In contrast, complete OT results in persistent 
hypoxia even after detorsion. Moreover, prolonged partial OT (24 h) also leads to severe irreversible damage. 
These findings underscore the critical need for sensitive and high-resolution early diagnostic techniques such 
as PAI to enable timely detection and intervention in OT. The histological results showed that different twisting 
angles and time had significant effects on the pathological changes of ovarian tissue, and the damage caused by 
full 360° twisting was more serious than partial twisting. The histological results showed that different twisting 
angles and time had significant effects on the pathological changes of ovarian tissue, and the damage caused by 
full 360° twisting was more serious than partial twisting.

These findings highlight PAI’s clinical value in guiding surgical planning and improving outcomes for 
OT patients, particularly adolescents. By integrating PAI with USI and clinical assessments, unnecessary 
oophorectomies can be avoided, preserving ovarian function.

The PAI/USI hybrid imaging platform combines the superior optical contrast of photoacoustics with the deep 
tissue penetration of ultrasound, enabling simultaneous acquisition of anatomical and functional tissue data. 
This system not only visualizes the anatomical distribution of hypoxic regions but also provides quantitative 
sO₂ values35–37. These features assist surgeons in estimating the duration of OT and formulating appropriate 
surgical plans. Additionally, PAI’s ease of operation reduces detection time and minimizes reliance on operator 
experience.

Fig. 7.  Long-term blood flow assessment in partial OT rat models by CDFI. (a) CDFI of normal group and 
partial OT groups at 6, 12, and 24 h. (b) Quantitative analysis of CPD values from the CDFI images. Scale bar: 
1 mm.
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Despite the promising results, several challenges remain for the clinical implementation of PAI. First, the 
optical penetration depth of current PAI devices is limited, and standardized clinical equipment is lacking38.

Future advancements should focus on developing intracavitary probes to reduce the distance between the 
imaging probe and the ovary. Additionally, the development of portable and user-friendly PAI systems will 
facilitate broader clinical adoption and application. PAI system used in this article is a high-frequency small 
animal photoacoustic/ultrasound fusion imaging device that excels in life sciences and medical research due to 
its high resolution (~ 50 μm axial, ~ 110 μm lateral) and deep imaging penetration (1–2 cm). The accompanying 
probe design encompasses a 33  MHz ultrasound transducer, which effectively balances ultrasound and 
photoacoustic signal acquisition. The laser light path is typically delivered by fiber optics. Optimization of the 
size and structure of the fiber optics allows for more compact and efficient laser coupling, which is conducive 
to reducing the size of the probe, even for endoscopic or interventional applications. PAI systems leveraging 
existing US infrastructure reduce expenses. Integration with clinical US devices for real-time sO₂ mapping.

Future clinical applications must address several key challenges. Enhancing light delivery efficiency through 
advanced fiber-optic designs, implementing adaptive image reconstruction algorithms, and integrating 
complementary modalities such as transvaginal ultrasound probes with embedded optical components may 

Fig. 8.  US and PA sO₂ results of prolonged normal, torsion, and recovery in partial OT rat model. (a) Partial 
OT at 12 h and 24 h US and PA sO₂ plots. (b) Quantitative analysis of sO₂ levels based on the PAI images in 
12 h. (c) Quantitative analysis of sO₂ levels based on the PAI images in 24 h. Scale bar: 2 mm.
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improve depth penetration and signal quality. Furthermore, the use of exogenous contrast agents with higher 
optical absorption or targeted molecular probes could enhance PA contrast at clinically relevant depths. In 
summary, while our system demonstrates promising preclinical results, clinical translation will necessitate 
technological advancements to overcome inherent optical and anatomical barriers intrinsic to human pelvic 
imaging.

Conclusion
This study demonstrates the significant potential of PAI in the early diagnosis and long-term assessment of OT. 
By accurately quantifying tissue sO₂, PAI provides a more reliable evaluation of tissue hypoxia compared to 
traditional color Doppler ultrasound, particularly in partial torsion cases where ultrasound sensitivity is limited. 
The ability of PAI to continuously monitor oxygen levels over time offers critical insights into the extent of 
ovarian damage, aiding in timely surgical decision-making and potentially preserving ovarian function. The 

Fig. 9.  US and PA sO₂ results of prolonged normal, torsion, and recovery in complete OT rat model. (a) 
Complete OT at 12 h and 24 h US and PA sO₂ plots. (b) Quantitative analysis of sO₂ levels based on the PAI 
images in 12 h. (c) Quantitative analysis of sO₂ levels based on the PAI images in 24 h. Scale bar: 2 mm.
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Fig. 10.  Histomorphologic changes in normal ovaries and ovaries treated with torsion of varying degrees and 
duration (180° 12 h, 180° 24 h, 360° 12 h, and 360° 24 h).
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integration of PAI with ultrasound imaging enhances diagnostic accuracy, especially in pediatric and adolescent 
cases where symptoms are often non-specific.

Methods
Animal model
In this study, SPF-grade female SD rats (4–5 weeks old, weighing 100–120 g) were used to establish an OT model. 
The animals were provided by Guangdong Zhiyuan Biomedical Technology Co., Ltd. (Guangzhou, China). 
After anesthesia was induced with an intraperitoneal injection of 1% pentobarbital sodium (50 mg/kg), surgery 
was performed using sterile techniques. A longitudinal midline abdominal incision was made to expose the 
abdominal cavity. The intestines were gently moved aside, and the right uterus and its appendages were located. 
The right ovary was torsed and fixed to the peritoneum below the right kidney using sutures (Supplementary 
Fig. 3). After successful surgery, USI was performed to capture the long-axis and cross-sectional views of the 
twisted ovarian pedicle. The long-axis view showed crossed blood flow in the pedicle, while the cross-sectional 
view revealed a vortex-like blood flow, confirming the ovarian pedicle torsion (Supplementary Fig. 4a, b). We 
established a complete OT model (360° torsion of the ovarian pedicle), where color Doppler confirmed the 
absence of significant blood flow signals. A partial OT model (180° torsion of the ovarian pedicle) retained 
partial blood flow signals, which were decreased compared to the normal group (P < 0.05)39. This study was 
approved by the Ethics Committee of Guangdong Zhiyuan Biomedical Technology Co., Ltd. (AL07155). This 
study is performed in accordance with relevant national regulations. All methods are reported in accordance 
with ARRIVE guidelines.

Experimental protocol
Animals were randomized into torsion severity groups (complete/partial) using a block design. This study was 
conducted in two phases: the first phase focused on the early diagnosis of OT at different degrees within the 
first 6 hours, while the second phase evaluated ovarian damage in partial torsion cases over 24 hours. Both 
phases employed dual-modal photoacoustic and ultrasound imaging, and the PAI results were compared with 
the outcomes of color Doppler and spectral Doppler ultrasound imaging.”

In the first-phase experiment, 15 mice were randomly assigned to three groups: the normal group (sham 
surgery, n = 3), the partial torsion group (180° right OT, n = 6), and the complete torsion group (360° right OT, 
n = 6). At 0 h (pre-torsion), 2 h, 4 h, and 6 h, dual-modal photoacoustic and ultrasound imaging were performed. 
PAI was used to monitor sO₂ and obtain the ovarian sO₂ map40. Additionally, color Doppler and spectral Doppler 
techniques were used to monitor changes in ovarian blood flow, as well as changes in ovarian artery PSV and RI.

In the second-phase experiment, 24 rats were randomly assigned to four groups: the normal group (normal 
rats), the 6-hour partial OT group, the 12-hour partial OT group, and the 24-hour partial OT group. For ethical 
reasons, the data from the 6-hour partial OT group in the first phase were directly included in the second-phase 
experiment. During the experiment, PAI was used to assess ovarian tissue sO₂ and acquire sO₂ map, while USI 
was employed to capture color CDFI to monitor local hemodynamic parameters (CPD) in the different partial 
OT model groups.

Explanation of the deviations associated with the doppler shift control angle
To minimize angle-related bias in our experiments, all Doppler measurements were performed using a vertical 
imaging approach, where the ultrasound beam is as close as possible to being parallel to the expected predominant 
blood flow direction. Specifically, the probe was positioned such that the insonation angle θ remained close to 
0°, or at least well below 20°, where cosine-related errors are minimal and velocity estimates remain reliable. 
This vertical imaging configuration effectively reduces Doppler angle dependence and improves measurement 
consistency.

Moreover, the PAI system incorporates real-time angle correction tools allowing operators to adjust 
calculation parameters based on the estimated flow direction. Combined with careful probe positioning and 
stabilization during acquisition, these measures ensured that angle-related deviations were controlled to the 
greatest extent possible.

Dual-modal photoacoustic and ultrasound imaging for OT
First, the ovary was twisted by open surgery, followed by suture fixation, and finally, imaging acquisition was 
performed. The laser fluence was maintained below the ANSI safety limits for small animal imaging (≤ 20 mJ/
cm²), ensuring safe and consistent illumination. The acquisition settings involved a sampling rate of 128 MHz 
with a maximum photoacoustic frame rate of 20 frames per second. Wavelength tuning was performed in 1 nm 
steps within the range of 680 to 970 nm to optimize the spectral contrast for oxygen saturation measurements. 
For image reconstruction, we employed a standard delay-and-sum beamforming algorithm integrated in the 
PAI system software, with default parameters optimized for high spatial resolution and signal-to-noise ratio. 
Post-processing included spectral unmixing for sO₂ quantification, which was conducted using a built-in linear 
regression method based on known absorption spectra of oxy- and deoxy-hemoglobin.

Dual-modal photoacoustic and ultrasound imaging of OT was performed using Vevo 3100 system 
(FUJIFILM VisualSonics, Canada) and Vevo® LAZR-X system (FUJIFILM VisualSonics, Canada) equipped 
with a broadband transducer (MX400: 18–38 MHz; center frequency: 30 MHz). Among them, data collection 
in Figs.  3, 4, 5, 6 and 7 used the Vevo 3100 imaging platform. Subsequent figures (Figs.  8 and 9) used the 
Vevo® LAZR-X system. Dual-wavelength PAI at 750 nm and 850 nm was utilized to quantify sO₂ in biological 
tissues. This method is based on the differential molar extinction coefficients of deoxyhemoglobin (HbR) and 
oxyhemoglobin (HbO₂)41. In addition, USI was utilized to acquire CPD and measure the ovarian artery’s PSV 
and RI using spectral Doppler mode.
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Histological analysis
At the end of imaging, mice were euthanized (Gradual injection of CO₂ (30–70% over 4 min) followed by a quick 
guillotine), ovaries were extracted and fixed with 4% paraformaldehyde. Paraffin-embedded and sectioned, the 
tissue sections were then stained and the images were scanned for analysis.

Statistical analysis
The Kruskal-Wall is test was used to evaluate significant differences among the normal group, partial torsion 
group, and complete torsion group within the OT model over a 6-hour period. Wilcoxon signed-rank tests were 
performed to further analyze changes within each group. For the partial torsion (180°) group, the Friedman test 
was employed to assess differences in PSV and RI across time points (0, 2, 4, and 6 h).

Additionally, Wilcoxon signed-rank tests were used to analyze intergroup differences in sO₂ and CPD 
values under prolonged OT. All statistical analyses were performed using the SciPy library in Python, including 
Kruskal-Wallis, Friedman, and Wilcoxon signed-rank tests, to ensure comprehensive nonparametric evaluation 
of both intergroup and intragroup differences.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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