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Background: Diabetic retinopathy (DR), characterized by retinal microvascular and neuroglial network 
damage, results from prolonged hyperglycemia. Non-proliferative DR (NPDR) frequently presents 
asymptomatically, complicating its early detection. This pilot study explored the use of advanced ultrasound 
techniques, specifically super-resolution imaging (SRI) and shear wave elastography (SWE), to non-
invasively diagnose NPDR.
Methods: A total of 34 patients with NPDR and 32 patients with non-DR (NDR) underwent routine, two-
dimensional (2D) ultrasound to measure eye axial length and structure. Color Doppler was used to assess 
the posterior eye blood flow. SWE was used to measure the optic nerve stiffness. SRI was used to image the 
fundus microcirculation. Lastly, the parameters were compared between groups.
Results: The NPDR group had greater optic nerve stiffness and lower microvascular density at the optic 
disc (both P<0.05). Receiver operating characteristic (ROC) analysis revealed that optic nerve elastic Young’s 
modulus mean (Emean) >7.33 kPa and microvascular density <42.99% suggest NPDR, with microvascular 
density having the highest diagnostic value. The microvascular density was significantly negatively correlated 
with the Emean (R=−0.83; P<0.001).
Conclusions: SRI and SWE were used in this pilot study to quantify vascular and optic nerve 
abnormalities in patients with NPDR. The detection of early microcirculatory changes and increased optic 
nerve stiffness has introduced innovative, non-invasive methods for the early diagnosis of NPDR.
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Introduction

Diabetic retinopathy (DR) is a chronic, progressive, 
and blinding eye disease. According to the International 
Diabetes Federation, the global number of diabetes cases 
increased from 151 million in 2000 to 463 million in 
2019 and is projected to reach 700 million by 2045. The 
projected number of cases accounts for 10.9% of the world’s 
population, with most cases originating in Asia (1,2). DR 
is one of the most common microvascular complications 
of diabetes and is characterized by ischemic microvascular 
lesions and retinal neurodegeneration (3). Clinically, DR is 
classified into non-proliferative and proliferative types on 
the basis of fundus examination results. Non-proliferative 
DR (NPDR) typically represents the early stage of the 
disease, during which patients often have no noticeable 
symptoms. During this stage, retinal lesions are limited to 
hemorrhages without significant neovascularization, and the 
lack of effective diagnostic methods often leads to delayed 
treatment initiation (4).

Routine ophthalmic exams, such as fundus photography 
and fluorescein angiography (FA), are the standard methods 
for detecting fundus lesions, though early microvascular 
leakages can be missed (5). However, these methods can 
be invasive, cause discomfort, and involve contrast agents 
that may cause adverse reactions. Conventional imaging 
techniques like optical coherence tomography (OCT) 
provide valuable insights into retinal anatomy and pathology 
but have limitations in their ability to quantitatively assess 
tissue biomechanics and microcirculation (6). While 
conventional ultrasound is a non-invasive alternative 
for the detection of DR, its use for the evaluation of 
NPDR has several limitations. Firstly, its poor resolution 
fails to detect microvascular changes and subtle retinal 
lesions (7). Additionally, it lacks the ability to provide 
quantitative measurements of blood flow and tissue stiffness, 
which are essential for early diagnosis and monitoring. 
Lastly, conventional ultrasound inadequately assesses 
microcirculation in the retinal and choroidal layers, a 
limitation resulting in the absence of critical early NPDR 
markers (8,9).

Recent advancements in ultrasound technology, 
specifically super-resolution imaging (SRI) and shear wave 
elastography (SWE), address these limitations and offer new 
opportunities for the early detection and comprehensive 
assessment of NPDR.

SRI is a cutting-edge imaging technique that combines 
several advanced methodologies to achieve high-resolution 
visualization of microvascular structures. This innovative 

approach combines contrast-enhanced ultrasound (CEUS), 
ultrafast frame rate imaging, advanced clutter filtering, 
and novel central positioning techniques. By leveraging 
CEUS, SRI enhances the contrast between blood vessels 
and surrounding tissues, providing clear differentiation (10).  
Ultrafast frame rate imaging captures rapid changes in 
blood flow, offering detailed temporal resolution. Advanced 
clutter filtering removes noise and artifacts from the 
images, ensuring high-quality visualization of minute blood 
vessels. Microbubble localization and accumulation enables 
the rendering of microvasculature below the diffraction 
limit imposed by the frequency of the ultrasound (11,12). 
Collectively, these advancements allow for the visualization 
of the microcirculation in the fundus using SRI, providing 
detailed images of capillary networks and blood flow 
dynamics that are undetectable via conventional ultrasound. 
Animal experiments have confirmed the effectiveness of 
SRI in identifying early lesions in the posterior ocular 
vasculature (13,14), emphasizing its potential for the early 
detection of NPDR.

In addition, SWE is a technique that measures the 
stiffness of tissues by tracking the propagation of shear 
waves generated by focused ultrasound pulses. Recent 
studies have reported that SWE reflects biomechanical 
changes through quantitative assessment and dynamic 
monitoring of optic nerve stiffness. Increased stiffness 
detected by SWE indicates early optic nerve damage, which 
is a precursor to more severe stages of DR (15,16).

These advanced ultrasound techniques enhance the 
detection of microvascular changes and tissue stiffness, 
and provide a non-invasive, patient-friendly approach for 
monitoring DR progression. By integrating SRI and SWE, 
clinicians can obtain comprehensive data regarding vascular 
and neural components of the retina, facilitating early 
diagnosis and timely interventions.

Therefore, this study aimed to comprehensively assess 
early changes in patients with NPDR using SRI and SWE, 
and to evaluate their application value in NPDR. By 
addressing the limitations of conventional methods, SRI and 
SWE improve the early, non-invasive detection of NPDR. 
We present this article in accordance with the STROBE 
reporting checklist (available at https://qims.amegroups.
com/article/view/10.21037/qims-24-1442/rc).

Methods

Participants

This prospective study included 66 patients who visited the 

https://qims.amegroups.com/article/view/10.21037/qims-24-1442/rc
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Department of Ultrasound at Renmin Hospital of Wuhan 
University from January to April 2024. The severity of 
the lesions was classified according to the International 
Clinical Diabetic Retinopathy Disease Severity Scale  
[2003] (17), fundus examination results as the gold standard. 
Thirty-four patients with NPDR were allocated to an 
observation group, and 32 patients with non-DR (NDR) 
were allocated to a control group. 

To ensure a representative sample, specific inclusion and 
exclusion criteria were rigorously applied. Patients were 
included if they had undergone a fundus examination with 
a clinical diagnosis consistent with the NPDR grading 
standard, had no contraindications for CEUS examination, 
were able to cooperate with the required examinations, and 
provided informed consent. Patients were excluded if they 
had hypertension or heart failure affecting hemodynamics, 
proliferative DR, a history of other ophthalmic diseases, or 
a history of eye surgery. Additionally, patients with systemic 
conditions that could influence retinal blood flow, such as 
advanced kidney disease, or those on medications affecting 
hemodynamics, were excluded to minimize potential 
confounding factors. 

A power analysis was conducted to determine the 
appropriate sample size needed to detect significant 
differences between the NPDR and NDR groups. Based 
on previous studies and an estimated effect size, the study 
was calculated with 66 participants to achieve 80% power 
at a 0.05 significance level. This ensures sufficient power 
to reliably detect differences in the measured parameters 
between the two groups. 

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013) and was 
approved by the Clinical Research Ethics Committee 
o f  Renmin  Hosp i ta l  o f  Wuhan Univer s i ty  (No. 
WDRM2024-K109) and all patients provided informed 
consent.

Baseline acquisition

Demographic and clinical data, including sex, age, 
comorbidities, and the progression of illness, were collected 
from the patients’ medical records. Hemodynamic 
parameters, such as heart rate, body mass index (BMI), 
disease course, systolic blood pressure (SBP), and diastolic 
blood pressure (DBP), were continuously monitored. 
Laboratory values, including fasting blood glucose (FBG), 
hemoglobin A1c (HbAlc), cholesterol, low-density 

lipoprotein (LDL), high-density lipoprotein (HDL), and 
intraocular pressure (IOP), were evaluated.

Ultrasound image acquisition

The ultrasound examinations were conducted using 
a Mindray Resona A20 Pro (Mindray Bio-Medical 
Electronics, Shenzhen, China) ultrasound diagnostic 
instrument equipped with an LM18-5WU probe. Two-
dimensional (2D) images were routinely collected, and 
color Doppler flow imaging of the eye was performed. 
The measurements included the axial length of the eye and 
blood flow parameters of the posterior ocular vessels, such 
as the peak systolic velocity (PSV), end-diastolic velocity 
(EDV), and resistance index (RI) of the central retinal artery 
(CRA) and posterior ciliary artery (PCA).

To ensure consistency in the 2D imaging plane across 
patients, a standardized procedure was implemented. All 
examinations were performed by a single experienced 
operator to minimize inter-operator variability. Each 
patient Each patient’s head was stabilized and they were 
instructed to fixate on a designated target point to minimize 
eye movement. The operator aligned the probe to visualize 
the optic disc in a uniform orientation, selecting the center 
of the optic disc or a reference axis on the ultrasound 
machine as the primary landmark to replicate the imaging 
angle. Multiple images were acquired per patient, and 
only those with optimal clarity and alignment of the target 
structures were included in the analysis. In cases where any 
misalignment was detected, the scan was repeated until a 
consistent imaging plane was verified.

Ultrasound SWE acquisition

In 2D mode, the plane that showed the optic nerve most 
clearly was selected with the probe position fixed and the 
SWE color scale set to 0–140 kPa. A 10 mm × 10 mm 
sample box with a 1 mm circular region of interest (ROI) 
was used. Sound touch elastography (STE) high-quality 
mode was applied, and the sample box was placed in the 
retrobulbar optic nerve area. Three to five seconds were 
allowed for the image to stabilize before the elastography 
image was frozen. An image where the sample box was 
more than 90% filled with color and the motion stability 
index (M-STB index) was at least four stars was selected. 
Along the optic nerve direction, the same horizontal optic 
nerve region 3 mm from the optic disc was selected for 
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three measurements to obtain the elastic Young’s modulus 
mean (Emean) of the optic nerve.

Ultrasound SRI acquisition

Following the SWE examination, the SL10-3U probe 
(Mindray Bio-Medical Electronics) was positioned over the 
patient’s eyelid to clearly display the posterior part of the 
eye. SonoVue (Bracco, Milan, Italy) was administered as a 
0.5 mL bolus injection into the cubital vein, followed by 
a 5 mL saline flush. The machine’s microvascular imaging 
mode was activated. When the contrast enhancement 
reached its peak, the patient was instructed to keep his or 
her eyes still and the probe was held still to obtain dynamic 
images over a course of 3 seconds. The machine acquired 
1,500 frames of images at a frame rate of 500 frames/second 
and automatically generated a super-resolution ultrasound 
image of the fundus, including a microvascular display map 
and a color-coded vascular velocity map. 

To ensure reproducibi l i ty  and accuracy in the 
quantitative analysis of fundus microvascular density, the 
following strict quality control and ROI selection criteria 
were implemented:

ROI selection criteria
A fixed circular ROI with an area of 0.07 cm2 was used in 
all images. The selected ROI size was based on the fact that 
this size almost completely encompasses the microvascular 
structures at the optic disc in healthy individuals, making it 
ideal for quantifying microvascular density in the posterior 
segment. The ROI was positioned based on anatomical 
landmarks, specifically the center of the optic disc, ensuring 
consistent placement and size across images from different 
patients, thus reducing potential subjective bias during 
manual ROI selection.

Image quality control and exclusion criteria
Multiple SRI images were acquired and initially assessed 
for the clarity of microvascular structures. If an image did 
not clearly display the microvascular structures or exhibited 
a low signal-to-noise ratio, repeated scans were performed 
until an image meeting the minimum quality standards was 
obtained. Only images with clearly visible microvascular 
structures and adequate signal intensity were included 
in the final analysis. Images not meeting these quality 
standards after multiple attempts were excluded. In cases 
where images partially displayed analyzable microvascular 

structures, those images were retained to preserve sample 
representativeness.

Blinding protocol

To ensure the objectivity of the results and minimize 
potential bias, all SRI imaging data were anonymized 
and coded to conceal patients’ group information during 
analysis. Two experienced sonographers, blinded to group 
allocation, independently performed the measurements. 
Group information was revealed only after all analyses, 
ensuring an unbiased evaluation.

Statistical analysis

Statistical analyses were performed using SPSS (version 
27.0). Normally distributed continuous variables were 
expressed as mean ± standard deviation (SD) and were 
compared between the two groups using independent 
samples t-tests, after confirming equal variances with 
Levene’s test. Non-normally distributed continuous 
variables were presented as median [interquartile range 
(IQR)] and were compared using Mann-Whitney U tests. 
Categorical variables are reported as counts (percentages) 
and were compared using Pearson’s Chi-squared test or 
Fisher’s exact test, depending on expected cell frequencies. 
Receiver operating characteristic (ROC) curve analysis 
was performed to assess the diagnostic performance 
of significant ultrasound parameters, with the optimal 
cutoff value determined by maximizing the Youden index 
(sensitivity + specificity − 1). The area under the ROC curve 
(AUC) with a 95% confidence interval (CI) was reported. 
Correlations between variables were assessed using 
Pearson’s correlation coefficient (for normally distributed 
data) or Spearman’s rank correlation (for non-normally 
distributed data). A two-sided P value <0.05 was considered 
statistically significant.

Results

Baseline characteristics and laboratory test indices

There were no statistically significant differences between 
the two groups regarding sex, age, BMI and heart rate, SBP, 
DBP, HDL, HbAlc, or IOP. However, the disease course 
and FBG, cholesterol, and LDL were significantly different 
between the two groups (Table 1).
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US parameters

Conventional ultrasound appearances of eyeballs
The ocular axial length (22.29±0.71 vs. 22.54±0.58 mm), 
PSV of the PCA (11.40±0.79 vs. 11.59±0.50 cm/s), EDV 
(4.02±0.39 vs. 4.01±0.17 cm/s), RI (0.65±0.01 vs. 0.64±0.01), 
and RI of the CRA (0.66±0.01 vs. 0.67±0.01) were not 
significantly different between the NDR and NPDR 
groups. However, the PSV [9.72 (9.40, 10.19) vs. 9.25 (8.98 
9.59) cm/s] and EDV (3.18±0.23 vs. 2.99±0.18 cm/s) of the 
CRA were significantly different between the two groups 
(P<0.05) (Figures 1,2 and Table 2).

Evaluation of optic nerve stiffness via SWE
The optic nerve Emean in the NPDR group [8.50 (7.81, 
9.76) kPa] was greater than that in the NDR group [6.36 
(5.59, 7.61) kPa] (Figures 1,2 and Table 2).

Evaluation of microcirculation via SRI
The microvascular density of the optic disc in the NPDR 
group [28.67% (25.63%, 32.89%)] was significantly lower 
than that in the NDR group [50.64% (48.09%, 58.86%)] 
(P<0.001) (Figures 1,2 and Table 2). The microvascular 
density of the optic disc was significantly and negatively 

correlated with the Emean of the optic nerve (R=−0.83; 
P<0.001), as shown in Figure 3.

ROC curve analysis
ROC analysis of the ultrasound parameters revealed 
statistically significant differences between the two groups 
in the optimal cutoff values for distinguishing NPDR: CRA 
PSV at 9.34 cm/s, EDV at 3.18 cm/s, optic nerve stiffness 
at 7.33 kPa, and fundus vascular density at 42.99%. NPDR 
should be highly suspected when the CRA PSV is <9.34 cm/s,  
EDV is <3.18 cm/s, optic nerve stiffness is >7.33 kPa,  
and fundus vascular density is <42.99%. Among these 
parameters, the fundus vascular density had the highest 
diagnostic value (sensitivity: 97%; specificity: 94%) (Figure 4  
and Table 3).

Discussion

In recent years, the incidence of diabetes has increased 
annually due to changes in lifestyle (18). Vascular lesions 
are major complications of diabetes and severely affect 
the quality of life of patients with diabetes. Among these 
complications, ocular vascular lesions are common and can 

Table 1 Baseline characteristics and laboratory test indices of all patients

Variables NDR (n=32) NPDR (n=34) t/χ2/U P value

Sex (male/female) 18/14 19/15 χ2=0.001 0.976

Age (years) 48.00±9.40 46.56±8.14 t=0.667 0.437

BMI (kg/m2) 25.36±3.39 27.06±3.93 t=−1.873 0.424

Heart rate (bpm) 88.84±10.13 88.12±11.04 t=0.278 0.782

SBP (mmHg) 110.06±9.99 114.76±10.14 t=−1.901 0.062

DBP (mmHg) 72.50±5.83 73.82±6.90 t=−0.842 0.401

Course (years) 4.00 (2.00, 7.25) 8.00 (4.25, 9.00) U=361 0.018

Laboratory test index

FBG (mmol/L) 8.93±1.54 9.97±1.78 t=−2.533 0.014

HbAlc (%) 7.25±0.79 7.33±0.85 t=−0.421 0.675

Cholesterol (mmol/L) 4.47±0.84 5.52±1.36 t=−3.770 <0.001

LDL (mmol/L) 2.62±0.54 3.78±0.62 t=−8.091 <0.001

HDL (mmol/L) 1.20±0.15 1.22±0.11 t=−0.492 0.625

IOP (mmHg) 15.22±3.77 15.85±3.14 t=−0.744 0.459

Data are expressed as number, mean ± standard deviation or median (interquartile range). NDR, non-diabetic retinopathy; NPDR, non-
proliferative diabetic retinopathy; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FBG, fasting blood 
glucose; HbAlc, hemoglobin A1c; LDL, low-density lipoprotein; HDL, high-density lipoprotein; IOP, intraocular pressure.
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Figure 1 Multi-parameter ultrasound images of a patient with NDR. (A) A two-dimensional ultrasound image of the eyeball shows normal 
intraocular structures. (B) Color Doppler parameters of the CRA include: PSV, 12.01 cm/s; EDV, 3.77 cm/s; and RI, 0.69. (C) Color 
Doppler parameters of the PCA include: PSV, 12.99 cm/s; EDV, 3.97 cm/s; and RI, 0.69. (D) SWE of the optic nerve is shown. The average 
value is 6.63 kPa. (E) SRI of the vascular density shows a dense distribution of microvasculature, with a vascular density measurement of 
64.12% at the optic disc. (F) SRI color-coded velocity imaging of the microvasculature highlights primarily light blue-green patterns at the 
optic disc indicative of medium-to-low flow rates. (G) Local magnification of the fundus during SRI reveals a maximum vessel diameter 
of 427 μm and a minimum vessel diameter of 156 μm. NDR, non-diabetic retinopathy; CRA, central retinal artery; PSV/PS, peak systolic 
velocity; EDV/ED, end-diastolic velocity; RI, resistance index; PCA, posterior ciliary artery; SWE, shear wave elastography; SRI, super-
resolution imaging.

lead to retinopathy, often resulting in visual impairment 
or blindness (19). Patients with NPDR typically do 
not experience significant visual impairment and are 
asymptomatic (20). Most patients are diagnosed with DR 

after it has progressed to the middle or late stages, resulting 
in poor clinical outcomes (21). This underscores the 
importance of early detection and proactive measures in 
preventing DR progression.



Quantitative Imaging in Medicine and Surgery, Vol 15, No 5 May 2025 4065

© AME Publishing Company.   Quant Imaging Med Surg 2025;15(5):4059-4070 | https://dx.doi.org/10.21037/qims-24-1442

A B C

D

E F

G

Microvascular density 

34.20% 

Area 

0.07 cm2

Max      550 μm 
Min       274 μm 
Mean    429 μm

Figure 2 Multi-parameter ultrasound images of a patient with NPDR. (A) A two-dimensional ultrasound image of the eyeball shows normal 
intraocular structures. (B) Color Doppler parameters of the CRA include: PSV, 9.76 cm/s; EDV, 3.17 cm/s; and RI, 0.68. (C) Color Doppler 
parameters of the PCA include: PSV, 9.92 cm/s; EDV, 3.63 cm/s; and RI, 0.63. (D) SWE of the optic nerve reveals an average value of 8.50 kPa.  
(E) SRI of the vascular density within the optic disc reveals a microvascular density of 34.20%, reflecting sparse distribution. (F) SRI color-
coded velocity imaging of the microvasculature highlights primarily star-like blue patterns at the optic disc indicative of low flow rates. (G) 
Local magnification of the fundus during SRI reveals a maximum vessel diameter measured of 429 μm and a minimum vessel diameter of  
274 μm. NPDR, non-proliferative diabetic retinopathy; CRA, central retinal artery; PSV/PS, peak systolic velocity; EDV/ED, end-diastolic 
velocity; RI, resistance index; PCA, posterior ciliary artery; SWE, shear wave elastography; SRI, super-resolution imaging.

The results of this study suggest that patients with 
NPDR generally exhibit normal intraocular structures, 
which limits the diagnostic effectiveness of 2D ultrasound. 
When color Doppler was used to assess the posterior 
ocular vasculature, we found that the CRA had the highest 

detection rate. Compared with patients without retinopathy, 
those with NPDR presented with lower blood flow velocity 
in the CRA, indicating retinal damage. Although the PCA 
also supplies blood to the posterior eye, no significant 
differences in the PCA parameters were observed between 
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Table 2 US parameters of all patients

Variables NDR (n=32) NPDR (n=34) t/U P value

Axial length (mm) 22.29±0.71 22.54±0.58 t=−1.617 0.111

CRA

PSV (cm/s) 9.72 (9.40, 10.19) 9.25 (8.98, 9.59) U=839 0.001

EDV (cm/s) 3.18±0.23 2.99±0.18 t=3.466 0.001

RI 0.66±0.01 0.67±0.01 t=−1.671 0.112

PCA

PSV (cm/s) 11.40±0.79 11.59±0.50 t=1.176 0.244

EDV (cm/s) 4.02±0.39 4.01±0.17 t=0.001 0.991

RI 0.65±0.01 0.64±0.01 t=1.770 0.082

Emean of optic nerve (kPa) 6.36 (5.59, 7,61) 8.50 (7.81, 9.76) U=160 <0.001

Microvascular density (%) 50.64 (48.09, 58.86) 28.67 (25.63, 32.89) U=1,052 <0.001

Data are expressed as mean ± standard deviation or median (interquartile range). NDR, non-diabetic retinopathy; NPDR, non-proliferative 
diabetic retinopathy; CRA, central retinal artery; PSV, peak systolic velocity; EDV, end-diastolic velocity; RI, resistance index; PCA, 
posterior ciliary artery.
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Figure 3 Relationship of microvascular density and Emean. 
Mdensity, microvascular density; Emean, elastic Young’s modulus 
mean.

Figure 4 ROC curve of ultrasound parameters for the diagnosis of 
NPDR. CPSV, central retinal artery peak systolic velocity; CEDV, 
central retinal artery end-diastolic velocity; Mdensity, microvascular 
density; Emean, elastic Young’s modulus mean; ROC, receiver 
operating characteristic; AUC, area under the curve; NPDR, non-
proliferative diabetic retinopathy. the groups, which may be attributed to measurement 

errors and suboptimal vascular display in some patients. 
These findings support the conclusion that color Doppler 
can detect certain blood flow alterations in NPDR, but its 
clinical utility is constrained in some cases.

This study is the first clinical application of SRI 
technology to visualize retinal microcirculation. For 
fundus microvasculature distributions that are not visible 

via conventional ultrasound or CEUS, SRI technology 
has significant advantages. This technology captures high-
speed images within seconds and tracks microbubble 
trajectories, automatically creating images of the fundus 
microvasculature. This efficient imaging capability enables 
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SRI technology to clearly visualize fundus microcirculation 
with a spatial resolution of up to 100 micrometers, 
surpassing traditional imaging methods (22). Furthermore, 
the potential of 3D SRI technology, which is under 
development, could further enhance SRI by offering three-
dimensional visualization of retinal microvasculature. 
This advancement could improve diagnostic accuracy and 
treatment planning, allowing for more detailed assessments 
of the retinal microvascular network (23,24).

Our findings of this study highlight a key early indicator 
of DR: a reduction in microvascular density in the fundus. 
In patients without DR, the microvascular network in the 
fundus was dense and intricately branched, which indicated 
healthy vascular function. Conversely, even in the early 
stages of DR, microvascular density significantly decreases, 
with vessels appearing sparser and more fragmented. One 
of the major advantages of SRI over traditional imaging 
techniques, such as color Doppler ultrasound, is its superior 
diagnostic efficiency. The high-resolution capability 
of SRI facilitates the precise detection of early vascular 
changes, allowing for earlier diagnosis and intervention. 
The observed differences in blood flow parameters 
between healthy and diseased retinas were attributed to 
the pathological conditions associated with diabetes (25). 
Specifically, the high-glucose and high-inflammatory 
environment in the diabetic retina leads to ischemia 
and hypoxia, which subsequently stimulates endothelial 
cell dysfunction and damages vascular structures. These 
pathological changes result in altered vessel diameter 
and reduced vascular elasticity (26). Furthermore, the 
mechanical stretching of vessel walls due to decreased 
elasticity may lead to vascular disruption. In the early stages 
of diabetes mellitus (DM), elevated expression of adhesion 
factor-1 and transient leukocyte aggregation contribute to 
capillary occlusion. These processes affect normal blood 
flow, worsening ischemic and hypoxic conditions, and 

further compromising the integrity of the microvascular 
network (27,28).

Recent studies indicate that retinal neurodegeneration 
and vascular lesions coexist in the early stages of diabetes, 
contributing to the occurrence and development of 
DR (29,30). Optic nerve damage may occur prior to 
microvascular lesions in patients with diabetes (31). Our 
study revealed that the stiffness of the optic nerve in 
the posterior eye during the early stages of DR tends to 
increase, and changes in stiffness are significantly and 
negatively correlated with the microvascular density at 
the fundus. The optic nerve, which is formed by the axons 
of retinal ganglion cells, is highly sensitive to ischemia, 
hypoxia, and metabolic disorders. These signs may be due 
to high glucose levels causing insufficient perfusion and 
damage to the small vessels in the preoptic nerve, leading 
to optic disc edema, ischemic optic neuropathy, or optic 
neuritis. After edema subsides, it ultimately leads to optic 
nerve atrophy, increasing optic nerve stiffness (32,33). 
Furthermore, low perfusion of the optic nerve generates 
excitotoxic substances, inducing the production of free 
radicals and causing ganglion cell apoptosis, further leading 
to secondary optic nerve damage (34).

Given the potential for early detection and assessment of 
these pathological changes, advanced imaging techniques 
like SRI and SWE offer advantages in managing NPDR. 
These methods provide more detailed, non-invasive 
insights compared to traditional diagnostic modalities 
such as fluorescein angiography (FA) or OCT angiography 
(OCT-A). Unlike FA, which is invasive and requires 
contrast agents, SRI offers a non-invasive way to visualize 
retinal microcirculation at high resolution. Similarly, 
OCT-A can image retinal vessels but cannot quantify 
tissue stiffness, an important indicator of early structural 
changes (35). SWE uniquely quantifies optic nerve stiffness, 
providing diagnostic value for assessing disease progression 

Table 3 ROC curve analysis of US parameters in the diagnosis of NPDR

Parameters AUC (95% CI) Cutoff value Sensitivity Specificity P value

CPSV 0.77 (0.65–0.87) 9.34 0.84 0.62 0.001

CEDV 0.70 (0.59–0.83) 3.18 0.47 0.85 0.001

Emean 0.82 (0.76–0.95) 7.33 0.94 0.70 <0.001

Microvascular density 0.97 (0.92–0.99) 42.99 0.97 0.94 <0.001

ROC, receiver operating characteristic; US, ultrasound; NPDR, non-proliferative diabetic retinopathy; AUC, area under the curve; CI, 
confidence interval; CPSV, central retinal artery peak systolic velocity; CEDV, central retinal artery end-diastolic velocity; Emean, elastic 
Young’s modulus mean. 
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and guiding treatment. Integrating SRI and SWE allows 
clinicians to comprehensively assess retinal health, 
combining high-resolution microvascular imaging with 
quantitative biomechanical measurements to enhance early 
detection, risk stratification, and treatment monitoring in 
NPDR patients.

This study had several limitations, including a small 
sample size and suboptimal vascular display in some 
patients, which may have affected the results. Additionally, 
quantitative analysis was limited to specific fundus regions, 
which may not fully represent overall blood flow changes. 
These limitations could have led to an underestimation 
or overestimation of vascular parameters, potentially 
affecting the reliability of the findings. To address these 
issues in future research, a larger sample size will be used 
to enhance statistical reliability and minimize biases from 
patient variability. Imaging techniques will also be improved 
by incorporating higher-resolution ultrasound probes or 
combining ultrasound with other imaging modalities to 
enhance image clarity and precision. Additionally, stricter 
inclusion criteria will be applied to reduce factors that may 
compromise vascular imaging quality, thereby improving 
the consistency and accuracy of data.

Conclusions

In summary, the advanced ultrasound techniques SRI and 
SWE significantly improve the non-invasive diagnosis of 
NPDR. These methods enable detailed monitoring of 
hemodynamic changes and direct visualization of fundus 
microcirculation. The combination of SRI (to assess 
microvascular density) and SWE (to measure optic nerve 
stiffness) provides a comprehensive evaluation of ocular 
lesions in patients with NPDR, facilitating early diagnosis 
and interventions, which may improve the clinical outcomes 
and prevent the progression of DR. Future larger multi-
center studies will further validate these findings and ensure 
their broader applicability.
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