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The endometrium microvessel system, responsible for supplying oxygen and nutrients to the embryo, holds
significant importance in evaluating endometrial receptivity (ER). Visualizing this system directly can signifi-
cantly enhance ER evaluation. Currently, clinical methods like Narrow-band hysteroscopy and Color Doppler
ultrasound are commonly used for uterine blood vessel examination, but they have limitations in depth or
resolution. Endoscopic Photoacoustic Imaging (PAE) has proven effective in visualizing microvessels in the
digestive tract, while its adaptation to uterine imaging faces challenges due to the uterus’s unique physiological
characteristics. This paper for the first time that uses high-resolution PAE in vivo to capture a comprehensive
network of endometrial microvessels non-invasively. Followed by continuous observation and quantitative
analysis in the endometrial injury model, we further corroborated that PAE detection of endometrial micro-
vessels stands as a valuable indicator for evaluating ER. The PAE system showcases its promising potential for
integration into reproductive health assessments.

1. Introduction

The successful implantation of the embryo is a crucial determinant of
a successful pregnancy, and it involves a complex interaction between
the endometrium and the blastocyst. The ability of the endometrium to
support normal embryo implantation is referred to as endometrial
receptivity (ER), which forms the foundation of pregnancy [1]. It is
estimated that about 2/3 of embryo implantation failures can be
attributed to inadequate ER in assisted reproduction [2]. Impaired ER is
an important limiting factor in the pursuit of improving clinical preg-
nancy rates, making it a central area of focus and challenge within
reproductive medicine research.

There are several common factors that affect ER, such as endometrial
thickness, pattern, blood supply and other factors [3]. Among these, the
microvessels located in the intima play a direct role in supplying
essential oxygen and nutrients to the embryo, which could significantly
influence the success rate of embryo implantation [4,5]. Consequently,
evaluating the microvessels holds particular significance in assessing ER
[6]. However, the existing methods for clinical evaluation of micro-
vessels are suboptimal. Traditional hysteroscopy, a minimally invasive
surgical technique performed in the uterine cavity, has gained extensive
usage in diagnosing and treating uterine conditions [7]. Nevertheless, it
has poor contrast and specificity in visualizing blood vessels. The
Narrow-band imaging (NBI) hysteroscopy technology offers notable
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advantages, including enhanced visualization of superficial lesions and
microvessels architecture during endoscopic procedures [8]. While NBI
hysteroscopy is limited to visualizing blood vessels only on the super-
ficial surface of the endometrium without depth resolution. Utilizing
color Doppler, transvaginal ultrasound captures endometrial blood flow
at various depths, showcasing the vascular arrangement. Power Doppler
can enhance the visualization of small blood vessels [9]. However,
transvaginal ultrasound only allows for the observation of the uterine
cavity at the external of the cervix. The presence of cervical tissue and
the extensive imaging distance significantly impede its sensitivity and
resolution in practical applications, thereby posing challenges in visu-
alizing the microvessels or microvascular network in the endometrium.

Based on the photoacoustic effect, photoacoustic imaging (PAI) is an
emerging non-invasive biomedical imaging technique. PAI utilizing
endogenous optical absorption contrast has enabled in vivo vascular
imaging with capillary-level spatial resolution [10], making it a prom-
inent tool with three-dimensional (3D) views for examining morpho-
logical changes in the vascular network [11]. Photoacoustic endoscopy
(PAE), which incorporates PAI into a miniaturized probe, presents a
novel and minimally invasive diagnostic tool capable of delivering op-
tical spatial resolution and optical absorption-based contrast [12]. PAE
enables high-resolution imaging of the microvascular network within
the lumen in an in vivo setting. Within the gastrointestinal tract domain,
gastrointestinal PAE allows for the visualization of blood vessel distri-
bution in the gastrointestinal tract wall, aiding in the detection of tumors
[13]. According to the report, Prof. Christopher Miranda’s team have
achieved the pioneering application of PAE in vitro within the pig
uterus, demonstrating PAE’s imaging capability concerning blood
within the uterine wall. This signifies the prospective use of PAE in
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diagnosing endometrial diseases. However, this research primarily
focused on in vitro imaging within the uterus, and as far as we know,
PAE systems have yet to be reported on endometrial imaging in vivo
[14]. The main obstacle is the unique nature of the uterus in small an-
imals, including the uterine cavity is difficult to enter through the vagina
and cervical canal, the endometrial vascular network is abundant and
intricate, which poses significant challenges to achieving
high-resolution microvessel network images in a non-invasive way and
presenting another obstacle in feature extraction and quantification
analysis.

In this study, we present a novel intrauterine PAE system that en-
ables in vivo imaging within the rat uterine cavity, providing the first-
ever presentation of endometrial microvessel non-invasively. Through
continuous observation of the rat endometrial injury model, we suc-
cessfully caught the trends of the endometrial microvessels and quan-
tified the microvessel density (MVD) to evaluate this observation.
Subsequent pregnancy experiments have further confirmed that the
quantitative results of PAE have a correlation with the success rate of
conception. Our work with small animal models demonstrates the
promising clinical potential of the in vivo non-invasive evaluating ER.

2. Materials and methods
2.1. Imaging system and miniature catheter

The PAE imaging system closely resembles our previous work [15],
incorporating nanosecond pulsed lasers (MIRON-DPSSL-PL-1064 &

532), a coupling optical path, optical-electric slip ring (PT1-Z8,Thor-
labs), ultrasound pulser/receiver (5073PR, Olympus, Japan), and with a
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Fig. 1. (A) The diagram of the PAE imaging system in the rat uterine cavity; (B) the non-invasive imaging process of an endoscopic catheter in rats uterine; (C) the
overall schematic and photo of the distal end of the PAE catheter, including the overlay between the optical illumination and ultrasound detection. PC & DAQ:
personal computer and data acquisition; OBJ: objective; FC: fiber coupler; OESR: optical-electric slip ring; US: ultrasonic; PA: photoacoustic; UT: ultrasound

transducer; P tube: protective tube; M tube: metal tube; G lens: GRIN lens.
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PC-based data-acquisition system (ATS9325, Alazar Tech, Canada), as
illustrated in Fig. 1A. In the research, the laser at the wavelength of 532
nm and laser energy of 1.5 pJ is used for photoacoustic excitation. The
OR-PAE catheter was designed as illustrated Fig. 1C. The laser beam
emitted from the optical fiber was initially focused using a gradient
index lens (64515, Edmund Optics, USA), and then redirected to the
endometrial surface by a custom-made 34° prism (Fuzhou OYeah
Optronics Co., Ltd, Fujian, China). The focal point of the beam was
specifically set at 0.9 mm from the center of the catheter. The overlay
between the optical illumination and ultrasound detection is about 1
mm (ranging from 0.4 mm-1.4 mm) as described in Fig. 1C. Positioned
behind the prism was a transducer (40 MHz, 40% bandwidth, Blatek,
USA) to ensure high resolution and sufficient detection efficiency. The
outer diameter of the protective tube used in our experiment is 1.5 mm,
and the material is PA12. By measuring the optical energy of the cath-
eter and the signal intensity of the emitted ultrasound with and without
the protective tube, it can be known that the optical transmittance of the
protective tube is about 93% and the ultrasound transmittance is about
76%. The catheter was completely immersed in the protective tube
during imaging, and all experimental data in this work were performed
with the protective tube. In addition, the whole catheter is driven
through a double-layer coil (Tu’s Cheng Fa, China) to perform rotation
and pullback movements.

2.2. Imaging procedure

During imaging, the catheter is driven by the slip ring, enabling
rotation and pullback. The imaging scanning speed is 6.25 fps (frames
per second), with each B-scan comprising 1600 A-Lines. The pullback
operates at a step of 10 um each frame. And the pullback speed in our
system is 62.5 um/s.

To validate the catheter’s performance, the imaging resolution is
assessed first. A knife-edge is employed to traverse the excitation laser
beam emitted by the catheter with a 5-um step at the focal position. A
photodiode, placed behind the knife, records the changes in beam en-
ergy as the knife-edge is moved to different positions. Then we can get
the horizontal resolution. The axial resolution is measured by the pulse-
echo method using a glass block. From the results we can obtained the
transducer frequency and echo characterization, based on the equation
Rosial = %Sf“’s [16] we can get the axial resolution.

For animal in vivo imaging, the initial step involves establishing a
non-invasive route by a metal tube carefully inserted through the
vaginal canal into the uterus as described in Fig. 1B. The front end of the
protective tube is generously lubricated and then carefully put the
catheter into it. Through the non-invasive path, the assembly is guided
into the rat’s uterine cavity until it reaches the uterine horn. Once
positioned, the photoacoustic imaging procedure, as illustrated in
Fig. 1A, is executed.

2.3. Animal models

All Sprague Dawley (SD) rats (female: 9-13 weeks old, weighing
200-300 g; male: 10 weeks old, weighing about 300 g, Guangdong Vital
River Laboratory Animal Technology Co. Ltd.) were bred and housed
under standard conditions. The experiment rats displayed regular
estrous cycles and all experiments were performed under isoflurane
anesthesia. All experiments conducted on animals have adhered to the
protocols that had been approved by the animal study committee of the
Shenzhen Institute of Advanced Technology, Chinese Academy of Sci-
ences (approval number: SIAT-IACUC-220811-YGS-GXJ-A2179).

The experimental rats were categorized into three distinct groups:
the normal control group, the mild and the severe injury group, each
comprising 3 rats. In the normal control group, put the modeling tool
into the uterine cavity without additional procedures. The electric
heating catheter was used to model the mild and severe groups at
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temperatures of 55 °C and 85 °C, respectively, for a duration of 5s [17].
It is administered via the vaginal route into the uterine cavity
non-invasive pathway as depicted in Fig. 1B. Photoacoustic imaging was
conducted on both the normal control and model groups on days 0 and 3
after modeling. Each rat underwent a pathological examination for
comparison after the photoacoustic imaging.

Each group of 3 rats was paired with a weight-matched male rat.
Successful mating was confirmed by the presence of a vaginal plug or
sperm was observed under the microscope and the day was marked as
embryonic day 1 (E1). At E12-E15 pregnant females were sacrificed and
embryos were counted.

2.4. Histopathology procedure

After being imaged, the rats were euthanized, and their uteri were
collected, rinsed, and fixed in a 4% paraformaldehyde solution for 12 h
before undergoing further processing. The tissue samples were dehy-
drated using a continuous ethanol solution, embedded in paraffin and
sectioned. Stainings of HE and Masson were used to evaluate the
structure of the injured uterus at the histological level. CD31 immuno-
histochemical staining was performed to observe the endometrial
microvessel formation in each group. The endometrial morphology was
examined using a slide scanner, while microvessels were observed with
a fluorescent microscope (Olympus, Japan).

2.5. Image processing

The raw data acquired by the imaging system undergoes denoising
through a band-pass filter. Subsequently, the Hilbert transform is
employed to extract the signal envelope and construct it into 3D volume
data. To enhance the visualization of the 3D imaging results, this paper
utilized an algorithm based on transparency (alpha) blending and depth
color coding, which is termed Depth blending Alpha Projection (shorted
as DAP). Each pixel is encoded in the Alpha, Red, Green and Blue (Alpha-
RGB) format. The RGB values represent the depth of the signal, implying
that signals at different imaging depth positions are assigned distinct
colors. The transparency value is directly proportional to the signal
amplitude of the pixel and is normalized within a range of O to 1. When
the alpha value of a pixel is 0, it indicates complete transparency,
allowing signals from deeper positions to be visible. On the other hand,
when the alpha value of a pixel is 1, it represents complete opacity,
rendering any signal located deeper entirely invisible. By stacking the
data along the depth direction using the principle of transparency
blending, we can display the 3D data in a two-dimensional (2D) manner.
The detailed description of this method can be found in Supplementary
Fig. 11. For comparing this with the original 2D data, data from some
certain same depth is displayed in the horizontal slice figure manner.

During the quantification process, the initial step involves selecting
the data of background area to calculate the standard deviation value of
noise, denoted as T;. Subsequently, the average of all T; values is
calculated and recorded as T, serving as the threshold for blood vessel
binary segmentation. To calculate the MVD, each DAP or slice figure is
binarized using the threshold T. At each B-scan position of the DAP or
the slice images, we calculate the MVD by determining the ratio of pixels
with a value of 1 (representing vessels) after binarization to the total
number of pixels along the line (representing the corresponding whole
B-scan space or specific depth in the B-scan). After this, the MVD versus
pullback distance curves extracted respectively from DAP and slice fig-
ures are plotted, corresponding to DAP and slice results. In addition, the
density distributions are statistically analyzed for each group based on
these MVD curves and showcased in histograms. Finally, the characters
of density distributions in the modeling areas of each group are
compared with the pregnancy results.
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3. Results

Fig. 2 shows the results of endometrial microvessels in normal rats
with different imaging modalities. From these figures, we can see that
the endometrial microvessels are very dense and distributed in a basket-
like pattern, the same as the literature reported before [18]. From
Fig. 2A, the MicroCT images the distribution of endometrial blood ves-
sels macroscopically, which is performed after the injection of the
contrast agent. The microvessels cannot be clearly visualized in the
original MicroCT or its local enlarged image. Fig. 2B and C are the
photoacoustic images and the complete endometrial microvessles
network imaging can be found in the Supplementary video. Photo-
acoustic DAP has shown 3-D renderings of microvessel structures in the
endometrium, compared with 3D DAP image, part of the blood vessel
information is missing in the photoacoustic 2D slice image, resulting in a
discontinuous vascular network. CD31 staining in the Fig. 2D shows the
microvessels of the top surface layer of endometrium. It can be only seen
that the endometrial microvessels are very rich, but the morphological
and structural characteristics of the microvessels cannot be visualized.
Fig. 2E-G presents sequentially normal rat endometrium B-scan images
of endoscopic ultrasound, photoacoustic, and merged results. As can be
seen from the zoomed views of Fig. 2F, the depth-resolved microvessels
pattern is visible in the picture. The Supplementary Fig. 2 illustrates that
the most profound signal originates from a depth of approximately
1.22 mm. This demonstrates that the penetration depth of this system is
at least 470 um.

Fig. 3 displays the photoacoustic DAP images alongside the corre-
sponding CD31 staining images, illustrating alterations in endometrial
microvessels across different levels of damage on both day 0 (labeled as
MO, SO for mild and severe injury respectively) and day 3 (labeled as M3,
S3 correspondingly). Upon imaging on day 0, mild endometrial injury
exhibited a weak residual photoacoustic signal within the modeled area

MicroCT

PA Slice

CD31 Stainin
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(labeled as the yellow box) no matter in DAP or slice images, and in cases
of severe injury, the modeling area (labeled as the yellow box) displayed
an even less discernible photoacoustic signal in the modeling area. Some
segments within the modeling area vicinity demonstrated a enhanced
photoacoustic signal, marked by the white arrow, often associated with
bleeding. By day 3, there was a noticeable increase in the photoacoustic
signal within the modeling area of mild injury, while remained rela-
tively unchanged for severe injury. These aforementioned changes in
photoacoustic images align with the alternations observed in CD31
staining. Fig. 3 displays the results from one sample in each group, the
rest can be found in Supplementary Fig. 3 and Fig. 4.

Fig. 4 presents the results of MVD extraction results along the
circumferential direction from photoacoustic DAP and slice images,
contrasting normal and damaged endometrial conditions. Notably, the
MVD observed in the photoacoustic DAP images surpasses that seen in
the slice images. All of the MVD results of the normal group were
distributed within a relatively narrow range (as shown in subfigures
labeled with C) and its value exceeded that of the whole model group, no
matter in DAP or slice. In both mildly and severely damaged areas (as
marked by the yellow box in subfigures labeled with MO and SO0), a
substantial drop in MVD is evident. Notwithstanding, in the mildly
damaged areas, an evident resurgence in MVD occurs after a span of
three days, while the increase in severe injury is less clear (as marked by
the yellow box in subfigures labeled with M3 and S3). Fig. 4 displays the
results from one sample in each group, the remaining results can be
found in the Supplementary Fig. 5. Morphological changes at different
degrees of endometrial injury in the endometrium were indicated by HE
and Masson staining can be seen in Supplementary Fig. 8.

The histograms in Fig. 5 illustrate the distribution of MVD across all
rats in each group. The density distribution of the normal group exhibits
a single-peak characteristic. The densities extracted from the photo-
acoustic DAP images of the normal group predominantly cluster around

US B-scan

PA B-scan

Fig. 2. Microvessels in normal rat endometrium in different imaging modalities. (A) MicroCT imaging result and its local magnification image; (B) photoacoustic
DAP result and its local magnification image; (C) photoacoustic slice image at a depth of about 300 um; (D) the CD31 staining result; (E-G) ultrasonic, photoacoustic
B-scans with its local enlarged, and merged B-scan. The yellow box represents the local microvessels. US: ultrasonic; PA: photoacoustic.
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Fig. 3. Images in PA DAP, PA slice and the CD31 staining depict varying degrees of endometrial injury on both day 0 and day 3. MO: on the day of mild injury; M3:
the third day after mild injury; SO: on the day of severe injury; S3: the third day after severe injury; the yellow box represents the injury area; the blue arrow

represents the air bubble; the white arrow means the hemorrhage.
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Fig. 4. The results of MVD extracted from photoacoustic DAP and slice images
in Fig. 3 respectively. C: the normal one; MO, M3, SO and S3: the same as
labeled in Fig. 3.

0.9, and the slice images tend to center around 0.4, as shown in sub-
figures labeled with C. The density distribution of the damaged group
displays a bimodal characteristic in DAP results. One peak corresponds
to the normal area, characterized by relatively high density, and the

other peak represents the damaged area with notably lower density, as
shown in subfigures labeled with MO and SO. The severe groups exhibit
considerably higher peaks at low density, compared with the mild
group. For the results of day 3, as shown in subfigures labeled with M3
and S3, a noteworthy shift is evident in the mild group, transitioning
from a bimodal structure to a single-peak pattern. Meanwhile, the severe
group microvessels density distribution is essentially unchanged. All
slice results have a corresponding similar characteristic but are not clear
enough. Notably, a common divide valley separating the normal and
damage peaks can be observed in each group of DAP results, with a
central value of approximately 0.66, labeled in red dotted lines as shown
in Fig. 5. Thus, the value is applied to determine the modeling area in
furthermore analysis.

For each group of three rats, the summarized quantification results of
endometrial MVD of both the damaged area (highlighted within the
yellow box in the photoacoustic DAP image in Fig. 3) and the fertility
results are listed in Table 1. In the results corresponding to day O, the
MVD within the mildly damaged area plummeted to 0.25, and the
severely damaged area experienced a more pronounced decline to 0.14.
Advancing to the results of day 3, the MVD within the mildly damaged
area rebounded to 0.56, whereas the severely damaged area’s recovery
was comparatively modest, reaching 0.34. Meanwhile, the fertility
experiment also verified the results.

In the normal group, the total number of embryos on the modeling
tool inserted side was 20, and the blank control on the opposite side (the
left side) received 24 embryos. The mild injury group displayed a total of
20 embryos on the modeling side (the right side) and 22 embryos on the
opposing side. The severe injury group exhibited a single uterine embryo
on the modeling side and 19 embryos on the contralateral side. For
further insights, kindly refer to Supplementary Fig. 9, which presents the
histogram of the average number of embryos in the bilateral uterine
cavity of different groups, and the representative photos of embryos
from each group.
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Fig. 5. Density distribution of each group as Fig. 4(N = 15, n = 3 for each group) was combined and graphed. Different colors stand for different individuals. The red
dotted line represents MVD= 0.66; C, MO, M3, SO and S3: the same as labeled before.

4. Discussion

Sufficient endometrial blood flow and perfusion are essential, as they
prime the endometrium for the implantation process and significantly
influence ER [19]. In the context of successful embryo implantation, the
assessment of local microvessels in the endometrium holds great
importance [20]. In this study, we have achieved a significant break-
through by successfully establishing a non-invasive access route within
the uterine cavity of in-vivo rats, redesigning a PAE catheter specifically
tailored for the rat uterus, and implementing advanced image processing
techniques to enable continuous observation of endometrial
microvessels.

PAE has been previously reported to characterize the digestive tract
vascular network in small animals [13,14,18,21]. While, the dimensions
and endometrial thickness of the uterine cavity exhibit significant dif-
ferences compared to the digestive tract, with the endometrial blood
vessels being notably more abundant and densely distributed. To meet
the requirements of microvessels photoacoustic imaging in the

endometrial region, we performed an optical design specifically tailored
to the depth range and distinguishing microvessels within the endo-
metrial layer (~400 pm), which is consistent with the endometrial
thickness of rats measured under the support of a protective tube in our
preliminary experiment (Supplementary Fig. 10). The results depicted in
Supplementary Fig. 1 provide evidence that the newly developed PAE
system successfully achieves an adequate depth range (0.75-1.25 mm)
and resolution (lateral resolution 28.1 pm, axial resolution 70.9 pm) for
imaging endometrial microvessels and distinguishing closely situated
vessels. Incorporating the protecting tube, safeguards the endometrium
from potential scratches induced by the catheter, and inflates the uterine
cavity to lessen the folds on the endometrium. Finally, we achieved
comprehensive imaging of the endometrial microvessel network, thus
providing a necessary foundation for the continuous observation and
quantitative analysis of endometrial microvessels.

As the challenges we encountered before [22], the unique anatom-
ical location and physiology of the uterus in small animals pose a
vulnerability issue during the insertion process compared to endoscopy
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Table 1

MVD results from Fig. 5 (N = 15, n = 3 for each group). N.A. represents not
applicable. Table 1.2. Statistical fertility results from distinct sides of the uterine
cavity across three rats in each group (N =9, n = 3 for each group). CR, CL;
M_R,M_L, S R,S_L: bilateral uteri in three groups, the right side is the modeling
side except the C_R (the modeling appliance enters but without doing anything
in the normal rat), and the left side is the blank control side.

The average MVD in the modeling area

Number of group 1 2 3 Mean
Groups

C N.A. N.A. N.A. N.A.

MO 0.2307 0.1958 0.3351 0.2538
M3 0.6234 0.608 0.4615 0.5643
SO 0.1472 0.1653 0.1188 0.1437
S3 0.3577 0.3039 0.3499 0.3371
Number of embryos per uterus of the rats in each group

Number of group 1 2 3 Total
Groups

CR 8 9 7 24
CL 8 7 5 20
MR 6 7 7 20
M_L 7 7 8 22
SR 0 0 1 1
SL 5 9 5 19

in the gastrointestinal tract, where direct catheterization is feasible.
However, in our study, we successfully achieved a non-invasive inser-
tion by building a channel through the vagina into the uterine cavity.
Such non-invasive insertions hold significant importance in the field of
photoacoustic imaging as they mitigate potential drawbacks related to
trauma-induced blood loss and photoacoustic signal attenuation. Addi-
tionally, they contribute to maintaining the stability and reproducibility
of experimental models. Consequently, our non-invasive approach en-
sures efficient in vivo imaging while facilitating continuous tracking of
small animal models. This approach offers a practical solution to over-
come challenges associated with uterine injury and enhances the feasi-
bility of photoacoustic imaging in small animal research. Another
widely recognized challenge in vivo imaging involves the influence of
physiological motion in animals. Specifically, in this experiment, these
factors may result in discontinuities and misalignment within the
microvascular network. Nevertheless, by adjusting the anesthetic
dosage, rats are induced to maintain minimal breathing while their heart
rates are slowed, thus mitigating motion impact on imaging. On the
other hand, if the motion artifact occurs, there might be a localized
vessel network displacement rather than density change. It’s noteworthy
that our quantification represents an overall assessment of microvessel
density composition distribution, which will not be affected by the
density displacement in any direction.

Usually, the maximum amplitude projection (MAP) or depth enco-
ded MAP method is frequently employed for presenting the 3D photo-
acoustic imaging results in a 2D way [23]. Nonetheless, this approach
only preserves the amplitude data of the single maximum value on each
A-line, thereby rendering other signals unobservable. Nevertheless,
within the endometrium—an area characterized by a dense vascular
network, MAP representation may lead to the loss of numerous vascular
signals and even result in discontinuity within the microvessel network,
as shown in Supplementary Fig. 6. Consequently, we choose to employ
the photoacoustic DAP way, which utilizes a transparency display
method on each A-line. This technique has the capability to conserve
numerous signals at varying depths along each A-line. Compared with
MAP, DAP excels in retaining subtle signal details, leading to a notably
enriched and coherent vascular network in the processed data. Upon
quantifying the MAP and DAP from several datasets, as shown in the
Supplementary Fig. 7 (extracted from Supplementary Fig. 6), the dif-
ferences in density quantification between them all through these
datasets can be observed. Although the difference in density extracted
from MAP and DAP is always exhibited in each dataset, the density
distribution patterns exhibit a high level of consistency.
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A higher MVD value observed in endometrial tissue signifies a
greater abundance of capillaries [24], thereby indicating good ER [25,
26]. Consequently, this article utilizes MVD as a quantitative measure to
evaluate ER. Microvessel usually refers to the network of small blood
vessels with less than 100 ym [27]. Through immunostaining of endo-
thelial marker CD31, it makes the visualization of the microvessels
precise and clear [28], but this method only images microvessels in the
top surface layer. MicroCT can capture the 3D morphology of micro-
vessels and the overall distribution of the microvessel network, it pro-
vides an overall basket-like distribution of endometrial vascular
networks [29]. Similarly, photoacoustic can also obtain the same 3D
features as depicted in Fig. 2. Significantly, the PAE imaging technique
reveals a greater extent of the vascular network structure, including
numerous microvessels that are not detectable in microCT imaging. This
disparity can be attributed to the limitations of microCT, which relies on
the perfusion of contrast agents that face challenges in accessing all
capillaries [30], while photoacoustic imaging achieves these valuable
signals from endogenous blood cells [31]. This provides clinical con-
venience and improves an intuitive understanding of endometrial blood
supply, thereby facilitating the evaluation of ER for clinicians in a more
efficient and dependable manner.

In this study, we conducted the modeling operation to induce various
degrees of endometrial injury, by introducing a electric heating catheter
into the uterine cavity through the vagina and adjusting its temperature
accordingly. Corresponding to the different physiological conditions
from modeling results, the imaging results distinctly reveal the dispar-
ities in the distribution of endometrial microvessels between the
damaged and normal areas. Consistent with the imaging results, the
density-pullback distance curves in Fig. 4 showcased a notable disparity
between the density of the normal area and the modeling area becomes
evident. The contrast between the mildly damaged area and the severely
damaged area lacks sufficient clarity. Thus, the density distribution
characteristic was analyzed and displayed in histograms in Fig. 5, it not
only demarcates the modeling group (bimodal) from the normal group
(single-peak) through distinct peak pattern features but also effectively
discerns between mild and severe damage by the density distribution
value at the respective damaged peaks. Clearly, the histogram highlights
a discernible difference between mild and severe damage after three
days of modeling, as evidenced by the distinctive peak structures. This
underscores the histogram’s capability to accurately distinguish degrees
of damage. It’s important to note that the density extracted from both
photoacoustic slice and DAP images exhibit similar changing trends, but
the discriminatory capacity of the photoacoustic slice density is notably
deficient. Given that the DAP image provides insight into the overall 3D
distribution of microvessels, whereas the slice image solely captures the
microvessels from a specific endometrial layer, it’s reasonable to believe
that photoacoustic DAP gives more precise density distribution results.

As depicted in Supplementary Fig. 8, the HE staining and Masson
staining of the endometrium provide compelling evidence that modeling
at various temperatures induces distinct degrees of endometrial damage,
resulting in impairment of the endometrial vascular system. Diverse
extents of such injury correspond to distinct prognosis. Typically, mild
injuries can swiftly recover without compromising fertility [32]. How-
ever, severe injuries might induce intrauterine adhesions due to the
extensive damage, posing challenges in reinstating physiological func-
tion and potentially giving rise to secondary infertility [33]. The find-
ings from the rat pregnancy experiment provide valuable insights.
Notably, the mild injury group exhibited a substantial recovery, evi-
denced by the close proximity of embryo numbers to those of normal
rats, both on the modeled and unmodeled sides, without any significant
disparities. In contrast, the severe injury group painted a strikingly
different picture, with just one embryo detected on the modeling side
across the three rats. This lone embryo underscores severe endometrial
dysfunction, with minimal prospects for recuperation. These results
harmonize effectively with the preceding quantitative analysis of
endometrial MVD. In the mild injury group’s modeled area, there was a
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significant recuperation in MVD by the third day. Conversely, the severe
injury group displayed a considerably more gradual recovery. This un-
derscores the viability of endometrial MVD as an effective indicator for
assessing ER. While the study’s sample size might not be exhaustive
enough to provide precise density thresholds or ranges, the distinction
between normal and abnormal MVD is evidently valuable.

Based on the existing findings, we envision future work in three
broad areas. First, to enhance the precision of ER assessment, beyond
depicting the microvessel condition within the endometrium, it may be
advantageous to visualize the vasculature across distinct uterine layers
and concomitantly examine them alongside microvessels. This approach
facilitates a comprehensive appraisal of uterine blood supply. This
pursuit, however, introduces a new imaging challenge, expanding the
depth range of the PAE system and maintaining its resolution. Second,
constrained by the repetition rate of the current laser, the present im-
aging speed remains somewhat sluggish. While imaging of small animals
is achievable, the task becomes more demanding for larger animals or
potential clinical translation due to the increased A-lines numbers in
each B-scan, inevitably leading to a further reduction in frames per
second. Consequently, it becomes imperative to contemplate the adop-
tion of lasers with higher repetition frequencies in upcoming endeavors.
Lastly, to gain further insights into the recovery and prognosis of varying
degrees of endometrial injury in future follow-up studies, treatment
interventions will be necessary to facilitate the observation of this
process.

5. Conclusion

In this study, for the first time, photoacoustic endoscopy was applied
to achieve in vivo imaging in the uterine cavity of small animals. This
endeavor resulted in the non-invasive acquisition of a high-resolution,
comprehensive, 3D vascular network of endometrial microvessels.
Through continuous observation of microvessel changes in the endo-
metrium following varying degrees of injury, we confirmed the effec-
tiveness of PAE in assessing endometrial function by noninvasively
monitoring and quantifying MVD changes and thereby predicting ER. It
can be hoped that forthcoming endeavors will delve deeper into
researching the occurrence and development mechanisms of endome-
trial injury through the utilization of intrauterine PAE images.
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