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SUMMARY: 
This study presents the application of ultrafast Doppler vascular imaging for physiological monitoring during human spinal cord surgery.

ABSTRACT: 
Monitoring physiological parameters is essential for assessing the patient's condition during intraoperative scenarios. Hemodynamic information, such as blood pressure and heart rate, can be derived from ultrasound Doppler signals, reflecting vascular function and indicating pathological risks in real-time. Compared to oscillometry, MRI, conventional Doppler, and piezoelectric methods, ultrafast Doppler provides superior temporal resolution and high sensitivity for small vessel blood flow. In this study, an intraoperative application of ultrafast Doppler imaging in the spinal cord of a patient with Chiari malformation is described. Post-processing of the data generated power Doppler images of the spinal cord vasculature and physiological parameters, including detailed mapping of the resistivity index (RI) and pulsatility index (PI). Both RI and PI showed significant reductions after surgical intervention (RI mean: 0.47 → 0.32; PI mean: 0.63 → 0.39; p < 0.001), with consistent trends observed in the medians, indicating improved spinal cord hemodynamics. Evaluation of changes in PI/RI parameters using this method may offer a broader understanding of disease progression and treatment efficacy, potentially guiding surgical strategies and therapeutic approaches.

[bookmark: _Hlk198045356]INTRODUCTION: 
[bookmark: _Hlk185246265][bookmark: _Hlk186998618]Blood pressure dynamics, as an important intraoperative physiological indicator, provides valuable guidance for surgical strategy and ensures operational safety1. Pulse waves, generated by the periodic contraction and relaxation of the heart, propagate through the arterial vascular system from the aorta as pressure waves2. These waves can be regarded as a direct manifestation of cardiovascular function, offering critical information for understanding blood pressure dynamics and overall hemodynamics3. In clinical practice, pulse waves are extensively utilized for continuous assessment of hemodynamic status4.

As a relay station and reflex center within the central nervous system, the spinal cord plays a pivotal role in transmitting motor and sensory information5. The stability of its blood supply is crucial for maintaining and restoring neural function6. The spinal cord pulsatile blood flow signal is a blood flow signal closely associated with the pulse wave, containing information about vascular elasticity and hemodynamics, thereby reflecting the physiological and pathological changes of the spinal cord. It faces considerable challenges due to its small size, intricate vascular architecture7, and complex blood flow patterns8, which complicate the effective monitoring of pulse waves in the spinal cord.

[bookmark: _Hlk196255536]Several techniques for assessing pulse waves have been proposed. The oscillometric analysis method is easy to operate and provides rapid measurements. However, the accuracy of the results may be influenced by factors such as artifacts, patient posture, and the appropriate size and placement of the cuff9,10. Some piezoelectric biosignal sensors, such as piezoelectric pulse sensors, can efficiently detect pulse waves, yet their accuracy may be compromised by mechanical vibrations or temperature fluctuations; meanwhile, optical sensors such as photoplethysmography (PPG) are susceptible to environmental light and motion artifacts11. However, these techniques can only capture localized pulse wave signals and lack the ability to provide imaging information of the observed structure simultaneously12.

[bookmark: _Hlk194948261][bookmark: _Hlk194948767][bookmark: _Hlk194953843][bookmark: _Hlk195129565]As a powerful imaging modality, magnetic resonance imaging (MRI) offers relatively high spatial resolution measurement of the spinal cord's arterial walls, but it is costly and has limited accessibility13. Computed tomography (CT) imaging provides faster scan times and broader availability but emits ionizing radiation, which restricts its use for repeated assessments14. Conventional Doppler ultrasound enables real-time assessment of blood flow dynamics through two complementary imaging modes: color Doppler and pulse wave Doppler (PWD). Color Doppler provides a qualitative overview of flow velocities across the field of view by scanning the medium line-by-line, but suffers from low frame rates and poor sensitivity to slow or deep flows. PWD offers quantitative temporal information about blood flow waveforms, but is limited to a single, user-defined region of interest. As a result, it is applicable for strong hemodynamics in arteries and veins and quantifies instantaneous pulse waveforms within a small field of view15. Photoacoustic and optical imaging techniques provide high contrast and spatial resolution for vascular imaging, particularly in superficial tissues. However, their strong dependence on optical access significantly limits their applicability to deep-seated structures such as the spinal cord16. Contrast-enhanced ultrasound improves the visualization of blood flow through the use of microbubble agents; however, the requirement for contrast injection raises safety concerns in intraoperative settings, rendering it less suitable for real-time assessment of vascular pulsatility17.

[bookmark: _Hlk194966861][bookmark: _Hlk196223060]In recent years, ultrafast ultrasound has advanced rapidly with great potential in vascular imaging18. Unlike traditional focused beam scanning, ultrafast Doppler uses multi-angle compounded plane wave techniques, which enhance ultrasound imaging sensitivity by about 50-fold and highly improve the detection of small vessels15,19,20. A complete Doppler spectrum can be obtained for each pixel in the image, facilitating the acquisition of comprehensive information on blood flow velocity and direction21. This can be used to estimate vascular indices such as resistivity index (RI) and pulsatility index (PI) throughout the imaging area. Notably, in 2014, Demene et al.22 applied ultrafast Doppler technology to neonatal cerebral blood flow imaging, presenting a detailed distribution map of cerebral vascular RI in neonates. This advancement provides a new tool for understanding the mechanisms of cerebral blood flow autoregulation and the pathogenesis of related diseases in preterm and term infants. In 2020, Bourquin et al.23,24 proposed dynamic ultrasound localization microscopy (DULM) based on ultrafast ultrasound technology to achieve in vivo measurements of pulsatile microcirculation in the rodent brain and extended this technique to three-dimensional imaging, offering a new dimension for quantitative analysis. 

[bookmark: _Hlk198038661]Towards vascular imaging of the spinal cord, in 2021, Zang et al.25 achieved spinal cord microvascular imaging without contrast agents using ultrafast Doppler, with an imaging resolution comparable to the transmitted wavelength. Sui et al.26. employed a random sampling method based on robust principal component analysis (RPCA) to achieve fast, high signal-to-noise ratio ultrafast Doppler imaging of microcirculation in the brain and spinal cord. Pezet et al.27 observed vascular reconstruction following chronic spinal cord injury. In 2022, Yu et al.28 achieved ultrafast super-resolution ultrasound localization microscopy of spinal cord microcirculation in rats based on RPCA, with imaging resolution reaching 13–16 μm, significantly smaller than the 100 μm wavelength. Further studies involved continuous observation and quantitative analysis of microcirculation in the spinal cord penumbra following spinal cord injury29. In 2023, Yan et al.30 utilized ultrafast ultrasound vector Doppler to perform vectorized imaging of small-vessel blood flow in human spinal cord tumors and assessed sequence-related safety in detail based on experimental sequence parameters. In 2024, Agyeman et al.31 conducted the first functional ultrasound imaging of the spinal cord in humans, which demonstrated the integration of spinal cord functional responses to electrical stimulation. Khaing et al.32 validated the correlation between perfusion imaging indicators and injury severity in both rats and humans following acute traumatic spinal cord injury. However, the detection and analysis of hemodynamic indices in spinal cord pulse waves still require further investigation.

Chiari malformation represents a significant and prevalent disorder impacting the spinal cord. It induces dynamic alterations in cerebrospinal fluid and spinal cord compression, disrupting spinal cord blood flow and vascular regulation, which may result in abnormal venous drainage33, increased vascular resistance34, and potential spinal cord ischemia35. Observation of spinal cord pulse waves facilitates a deeper understanding of spinal cord hemodynamic changes, offering valuable insights for diagnosing and treating Chiari malformation and other spinal cord disorders36.

[bookmark: _Hlk194958633]This study presents a comprehensive protocol for utilizing ultrafast Doppler vascular imaging to intraoperatively monitor spinal cord physiological parameters in humans, with a specific focus on its application in a patient with Chiari malformation. This method enables real-time acquisition of high-frame-rate ultrafast Doppler data during exposure of the spinal cord, followed by post-processing to generate pixel-wise maps of RI and PI.

[bookmark: _Hlk198044906]PROTOCOL: 
[bookmark: _Hlk194921392]This study involved human subjects, and all procedures were conducted in accordance with protocols approved by the Human Research Ethics Committee, Huashan Hospital affiliated with Fudan University (2021-065). Informed consent was obtained from all participants. The implementation was solely intended for preliminary research and validation purposes, not for clinical diagnosis. Relevant FDA-recommended safety indices were assessed to ensure compliance with established safety standards. Patients included in this study were diagnosed with Chiari malformation. The inclusion, exclusion, and withdrawal criteria for participants are provided in Supplementary File 1. The reagents and equipment used are listed in the Table of Materials.

[bookmark: _Hlk194395164]1. Instrument preparation

1.1 [bookmark: _Hlk194398567][bookmark: _Hlk184654362] Prepare the ultrasound imaging system.

1.1.1 Connect the 128-channel linear array to the programmable ultrasound system.

[bookmark: _Hlk194920846][bookmark: _Hlk196325791][bookmark: _Hlk196212753]NOTE: Protect the ultrasound probe using a custom-designed housing, modeled with 3D software and fabricated by 3D printing. The probe used in this study was a miniaturized customized version rather than a commercial version. The ultrasound system platform employed in this study has previously been applied in several studies for the investigation of human vascular imaging37–40.

1.1.2 Set the center frequency of the transducer to 15.625 MHz, corresponding to 100 μm spatial resolution.

1.1.3 Ensure the pitch between adjacent elements is configured as 0.1 mm.

1.2  Calibrate the device, test the code, and ensure that the system is operating correctly.

1.3  Set up a platform for stable imaging.

1.3.1 Adjust the arm to the desired position and lock it securely to prevent movement.

1.3.2 Ensure that the probe remains fixed throughout the imaging session.

NOTE: This setup minimizes shaking and positional shifts caused by manual operation, improving the stability and consistency of probe positioning during imaging.

2. Ultrasound sequence preparation

2.1 [bookmark: _Hlk194405083] Set an appropriate imaging depth according to the B-mode ultrasound imaging.

2.2  Set the compounded frame rate to 1000 Hz.

2.3  Set the acquisition time to 0.4 s.

2.4  Transmit 11 tilted plane waves uniformly spaced between –10° and +10°, with a pulse repetition frequency of 11,000 Hz.

[bookmark: _Hlk183010550]NOTE: Tilted plane waves are emitted at various angles relative to the probe's lateral axis. In this study, 11 plane waves were evenly distributed from –10° to +10°.

3. Probe positioning 

3.1 [bookmark: _Hlk194936751] Cover the ultrasound probe with a sterile protective bag for medical instruments (Figure 1A).

3.1.1 Apply a generous amount of ultrasound gel inside the sterile bag.

3.1.2 Insert the probe into the bag.

3.1.3 Secure the probe inside the bag with a rubber band.

[bookmark: _Hlk194937274]NOTE: Acoustic coupling was achieved by applying sterile ultrasound gel to the inner surface of the sterile bag, which enclosed the probe. The bag itself was placed directly in contact with human tissue, allowing effective ultrasound transmission without direct contact between the coupling medium and the tissue. 

3.2  Secure the probe with the robotic arm (Figure 1B).

3.2.1 Position the probe precisely on the exposed surface of the spinal cord following laminectomy.

3.2.2 Stabilize the probe using the robotic arm to maintain consistent positioning during imaging.

[bookmark: _Hlk194965038]NOTE: The pneumatic robotic arm was used to stabilize the ultrasound probe. Although it lacks automatic scanning capabilities, the arm enables precise manual positioning and stability throughout the data acquisition process. The arm, equipped in the operating room, was manually controlled and fixed by the primary surgeon. At first, all major joints were secured, followed by fine adjustment of the terminal joint that holds the probe under B-mode ultrasound guidance.

4. Data acquisition 

4.1 [bookmark: _Hlk194408083] Set an appropriate imaging depth according to the B-mode ultrasound imaging.

4.2  Use real-time B-mode ultrasound imaging to identify the appropriate imaging plane.

4.3  Locate the herniated cerebellar tonsils and spinal cord.

NOTE: Confirm proper alignment when both the spinal cord and the cerebellar tonsils are clearly visualized within the same imaging plane, with distinguishable boundaries and appropriate anatomical orientation. In the B-mode image, ensure that the cerebellar tonsils appear superior to the spinal cord, and that the dorsal and ventral margins of the cord are symmetrically defined. After confirming the anatomical orientation, acquire a single ultrafast Doppler image to verify the presence and stability of vascular signals.

4.4  Terminate the B-mode sequence and initiate the ultrafast sequence for data acquisition.

NOTE: Perform the procedure under normal room temperature conditions. The imaging duration is short, and the probe did not exhibit any noticeable temperature increase during acquisition. This method provides a clear visualization of spinal cord structures during surgery, allowing for precise probe adjustments to achieve optimal vascular imaging, and enables comparison with preoperative MRI images. In the case presented in this study, the original imaging depth range was 0.5 to 9.5 mm. The actual imaging depth was held constant across all panels.

[bookmark: _Hlk184258385]5. Analysis of spinal cord pulsatile blood flow signal before therapy (Figure 2)

5.1  Generate power Doppler images of spinal cord vasculature. (Figure 3)

NOTE: Probe stability was evaluated through power Doppler imaging analysis. The consistent visualization of spatially distinct vessels devoid of smearing artifacts demonstrates the efficacy of the robotic arm in preserving a stable acoustic window during acquisition.

5.1.1 Perform beamforming on the acquired radiofrequency data.

5.1.2 Apply the singular value decomposition (SVD)-based spatiotemporal filtering method to separate tissue signals from blood flow signals and remove high-frequency noise. Set appropriate thresholds to extract the desired blood flow components.

[bookmark: _Hlk196226021][bookmark: _Hlk194939226][bookmark: _Hlk198046643]NOTE: The ultrasound image signal comprises components of soft tissue, blood flow, and random noise. SVD-based spatiotemporal filtering separates these components based on their spatiotemporal characteristics41. This method decomposes the ultrasound image data into singular vectors and their corresponding singular values. By setting a filtering threshold of the singular values, large singular values are associated with eigenvectors representing tissue components with strong spatiotemporal correlation, medium singular values correspond to dynamic blood flow signals, and small singular values mainly represent noise. In this study, the SVD thresholds were set to retain singular components 80–380 prior to electrocautery treatment and 50–380 after surgical intervention. This threshold was empirically determined based on prior experience.

5.1.3 Demodulate the filtered blood flow signal into in-phase/quadrature (IQ) complex signals . Compute the mean signal intensity at each pixel to obtain the power Doppler image  (Equation 1)15.  is the number of frames acquired.

                                           (1)

NOTE: Eligible Doppler data are characterized by clear vascular depiction and a high signal-to-noise ratio. If vascular visualization is suboptimal, revisit step 5.1.2 and adjust the SVD threshold range accordingly.

5.2 . Perform time-frequency analysis of the Doppler signal (Figure 4).

5.2.1 Segment the blood flow signal using a short-time window (Figure 4A).

5.2.2 Apply the Fast Fourier Transform (FFT) to estimate power spectral density at each pixel (Figure 4B).

[bookmark: _Hlk194941354]NOTE: The window length was chosen to sufficiently cover at least one cardiac cycle, ensuring that both systolic and diastolic frequency components could be reliably identified. A Hann window was used to reduce spectral leakage, and adjacent windows were overlapped to enhance temporal resolution. In this study, FFT was applied using a Hann window of length 80 with a 70% overlap.

5.2.3 Slide the window continuously to obtain the time-varying mean Doppler frequency.

5.3 [bookmark: _Hlk196216491] Calculate RI and PI maps (Figure 4C and Figure 5A–D).

5.3.1 Analyze the average Doppler frequency of blood flow signals over time at specific pixels (Figure 4C).

NOTE: The validity of frequency analysis can be confirmed by observing periodic fluctuations in the average Doppler frequency that correspond to the cardiac cycle.

5.3.2 Determine blood flow velocity and its variations to calculate RI (Equation 2)15 and PI (Equation 3)15.  is peak systolic velocity,  is end-diastolic velocity, and  is the mean flow velocity.

                                                                                (2)

	(3)

5.3.3 Simplify the RI and PI calculation using Doppler frequency. Calculate RI (Equtaion 4) and PI (Equation 5) across the entire spinal cord. is the average Doppler frequency within a defined time window15.

                        	(4)

                  	(5)

[bookmark: _Hlk196222281][bookmark: _Hlk196332864][bookmark: _Hlk196222317]NOTE: Due to blood flow, the ultrasound signal undergoes a frequency deviation known as Doppler shift, which is related to the blood flow velocity  (Equation 6).  represents the Doppler frequency shift,  denotes the speed of sound in human soft tissue,  is the transmitted frequency of the ultrasound probe, and  is the angle between the ultrasound beam and the direction of blood flow15.

                                                                (6)
The average Doppler frequency represents the mean value of the shift within a specific time window. Since  is proportional to the Doppler shift, it can be approximated by evaluating the average Doppler frequency at each pixel over time.

[bookmark: _Hlk196217037][bookmark: _Hlk196217061]5.4 Statistical analysis of RI and PI

5.4.1 Use logical masks to extract valid RI and PI values from regions of interest, and exclude outliers using the interquartile range (IQR) method.

5.4.2 Perform a weighted Student’s t-test to evaluate differences between pre- and post-surgical conditions, accounting for the pixel-wise data structure.

NOTE: Statistical analyses of RI and PI were conducted at the pixel level, and group differences were visualized using boxplots with significance levels indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001).
[bookmark: _Hlk194942049]
6. Patient management and safety of imaging protocols

6.1  Monitor vital signs closely. Continuously monitor heart rate, blood pressure, respiratory rate, oxygen saturation, and body temperature during imaging. Ensure the patient’s safety and comfort throughout the procedure.

NOTE: Intraoperative neurophysiological monitoring (such as somatosensory evoked potentials and motor evoked potentials) is also conducted, considering nerve damage may occur during the surgery.

6.2  Ensure appropriate probe pressure. Use the robotic arm to maintain stable and adequate pressure on the probe. Avoid excessive force that could damage the surface of the spinal cord.

6.3  Maintain communication with the surgical team. Communicate clearly with the surgical team throughout the imaging process. Respond promptly to any patient discomfort or unexpected situations.

7. Acquisition and analysis of spinal cord pulsatile blood flow signal after therapy

7.1 Repeat the steps described in step 5 to analyze the spinal cord blood flow signal after treatment.

[bookmark: _Hlk194936481]NOTE: After electrocautery treatment, the cerebellar tonsils retracted with reduced volume, blunted edges, and restored anatomical relationships with surrounding tissue structures (Figure 6). Data acquisition was performed at two distinct intraoperative time points: prior to electrocautery treatment and after surgical intervention. Currently, the exploration of RI and PI remains at a preliminary stage and has not been implemented for real-time surgical guidance. As a result, shortly after rapid data acquisition, the surgical procedure continued without significant interruption. Then, the collected data were processed offline (approximately 5–10 min, details of the processing steps and timing are provided in Supplementary File 2), ensuring no impact on the surgical workflow. In the future, if RI and PI can be used to assist intraoperative decision-making, they are expected to be integrated without disrupting the surgical timeline.

[bookmark: _Hlk198048856]REPRESENTATIVE RESULTS:
[bookmark: _Hlk194947737]Ultrafast Doppler offers high sensitivity, enabling high temporal resolution imaging of the spinal cord vasculature network. Compared to color Doppler, power Doppler offers a higher signal-to-noise ratio (SNR)42. An appropriate threshold range was used for the SVD-based spatiotemporal filter, enabling the identification of valid blood flow signals and the imaging of blood flow direction. Figure 3E,F presents the power Doppler images of the spinal cord in a Chiari malformation patient obtained using ultrafast Doppler. These two figures illustrate the descent and extension of the cerebellar tonsils into the spinal canal prior to electrocautery treatment and after surgical intervention. The tonsils display a distinct boundary separating them from the spinal cord. After electrocautery treatment (Figure 6), the cerebellar tonsils retract into the cranial cavity, significantly reducing their downward extension. The spinal cord appears visibly decompressed, and the blood supply shows a significant improvement, as evidenced by the increased visibility and apparent dilation of vessels (Figure 3F). Increased space is observed at the level of the foramen magnum, suggesting improved cerebrospinal fluid flow.

[bookmark: OLE_LINK48][bookmark: OLE_LINK49][bookmark: _Hlk194949028][bookmark: _Hlk194957151]As illustrated in Figure 4, by analyzing the temporal changes in mean Doppler frequency at each location within the image, we can calculate the peak systolic and end-diastolic blood flow velocities, which then enable the calculation of the blood flow parameters, RI and PI. As shown in Figure 5A–D, quantitative data mapping derived from power Doppler images generates RI and PI maps of the spinal vasculature in the Chiari malformation patient. Arteries and veins exhibiting differing RI and PI values are observed. As shown in Figure 5E,F, by analyzing and comparing the distributions of RI and PI values prior to electrocautery treatment and after surgical intervention, both the mean and median values indicate significant improvements in spinal cord hemodynamics. For RI, the mean value decreased from 0.47 to 0.32, and the median dropped from 0.45 to 0.30. For PI, the mean decreased from 0.63 to 0.39, while the median declined from 0.61 to 0.38. These reductions were statistically significant (***p < 0.001). The elevated RI and PI values observed prior to electrocautery treatment, as indicated by both mean and median measurements, suggest restricted blood flow and increased vascular resistance resulting from compression of the spinal cord vasculature. These parameters are beneficial for understanding blood flow variations and the complexity of pulsatile flow during the cardiac cycle, as well as in identifying and differentiating normal and pathological blood flow patterns. This offers a new perspective for the diagnosis and treatment of spinal cord-related disorders.

[bookmark: _Hlk198045723]FIGURE LEGENDS:

Figure 1: Probe fixation using a robotic arm. (A) The probe covered with custom-made housing is enclosed in a sterile medical-grade protective bag. Acoustic coupling is achieved by applying sterile ultrasound gel to the inner surface of the bag. The sterile protective bag is then stabilized with a robotic arm and placed in direct contact with the exposed spinal cord tissue. The yellow box in (A) indicates the acoustic window. (B) The ultrasound probe fixed by the robotic arm.

Figure 2: The processing pipeline for the acquisition and analysis of spinal cord pulsatile blood flow signal.

[bookmark: _Hlk194956936][bookmark: _Hlk194938553][bookmark: _Hlk196214129][bookmark: _Hlk194964686][bookmark: _Hlk196228137]Figure 3: Intraoperative imaging results. (A) The MRI image clearly shows the cerebellar tonsils descending and extending into the upper cervical spinal canal. The red box marks the area captured by the ultrasound probe. (B) Schematic of the experimental setup. The green rectangular area in (B) represents the imaging region. (C) and (D) show the intraoperative B-mode ultrasound results. (E) and (F) display the spinal cord power Doppler images obtained during surgery using ultrafast Doppler imaging in a patient with Chiari malformation, highlighting hemodynamic changes before and after surgical intervention. The dashed lines outline the cerebellar tonsils and spinal cord boundaries. Color arrows indicate representative vascular structures. The imaging depth was held constant across all panels. The actual imaging depth was held constant across all panels (0.5–9.5 mm). As the cerebellar tonsils had retracted postoperatively, leaving an empty space above the spinal cord, the field of view in (E) and (F) was adjusted to better highlight postoperative changes in the spinal cord. Scale bars: 2 mm.

Figure 4: Schematic of the spinal cord pulsatile blood flow signal analysis process. (A) Selecting a single pixel in the spinal cord and accessing the IQ complex signal at the pixel. (B) Estimating the power spectral density using the Fourier transform within a short-time window (80 points). (C) A sliding window is applied to the time series to generate a spectrogram along with the corresponding mean frequency and blood flow velocity. RI and PI are calculated based on the peak systolic velocity  and end-diastolic velocity 

[bookmark: _Hlk194970048][bookmark: _Hlk196262792][bookmark: _Hlk196262758][bookmark: _Hlk194970450]Figure 5: RI and PI results images. (A–D) show the spatial distribution of RI (A,C) and PI (B,D) within the spinal vasculature of a patient with Chiari malformation. Pre-surgery images are shown in (A) and (B), and post-surgery images in (C) and (D). The color scale ranging from 0 to 1.2 represents pixel-wise RI and PI values, with higher values indicating increased vascular resistance or pulsatility. According to Equation 4 and Equation 5, both RI and PI are dimensionless quantities. The jet colormap was used for visualization, where blue indicates lower values and red represents higher values. (E) and (F) present boxplots comparing the distributions of RI and PI between pre- and post-surgery conditions. Each boxplot summarizes all valid pixel values (***p < 0.001; n = 80,785 vs. 31,405 for RI in (E); n = 46,817 vs. 17,563 for PI in (F)), where n refers to the number of valid pixels included in the analysis. The red asterisk denotes the mean, and the horizontal line represents the median.

[bookmark: _Hlk194968295]Figure 6. Intraoperative microscopic photos. Intraoperative microscopic image showing the cerebellar tonsils retracted cranially after electrocautery (outlined in blue). Prominent subarachnoid vessels (highlighted in red) are visible over the medullary surface, confirming decompression.

Supplementary Figure 1: SNR comparison at different frame rates based on power Doppler images before and after surgical intervention. (A–F) display power Doppler images acquired at 1000 Hz (A,D), 500 Hz (B,E), and 250 Hz (C,F), respectively. The top row (A–C) shows images obtained prior to electrocautery treatment, while the bottom row (D–F) shows those obtained after surgical intervention. Three ROIs were selected for SNR analysis, marked by yellow squares and numbered 1, 2, and 3. These ROIs correspond to blood flow, while adjacent regions indicated by black squares correspond to background. (G) and (H) show the quantified SNR values in the three ROIs across different frame rates before and after surgery. Scale bars: 2 mm.

Supplementary Figure 2: Impact of frame rate on RI values in the spinal cord before and after surgical intervention. (A–F) display RI maps calculated from ultrafast Doppler signals acquired at frame rates of 1000 Hz (A,D), 500 Hz (B,E), and 250 Hz (C,F). The top row (A–C) shows RI distributions prior to electrocautery treatment, while the bottom row (D–F) shows RI distributions after surgical intervention. All images are visualized using consistent color bars scaled to each frame rate for optimal dynamic range. The colorbar range represents the pixel-wise RI values, where warmer colors (e.g., red) indicate higher RI values and cooler colors (e.g., blue) indicate lower RI values. The jet colormap was used for all RI maps. (G–I) show boxplots comparing the distribution of RI values across all valid pixels between pre- and post-surgery at three different frame rates: (G) 1,000 Hz (n = 80,785 vs. 31,405), (H) 500 Hz (n = 16,387 vs. 9,797), and(I) 250 Hz (n = 3,671 vs. 1,264). Asterisks denote significance levels (*p < 0.05, ***p < 0.001). Scale bars: 2 mm.

Supplementary Figure 3: Impact of frame rate on PI values in the spinal cord before and after surgical intervention. (A–F) display PI maps calculated from ultrafast Doppler signals acquired at frame rates of 1000 Hz (A,D), 500 Hz (B,E), and 250 Hz (C,F). The top row (A–C) shows PI distributions prior to electrocautery treatment, while the bottom row (D–F) shows PI distributions after surgical intervention. Each map uses a frame-rate-specific colorbar range to enhance contrast. The pixel-wise PI values are encoded using the jet colormap, where warmer colors (e.g., red) indicate higher PI values, and cooler colors (e.g., blue) represent lower PI values. (G–I) show boxplots comparing the distribution of PI values across all valid pixels between pre- and post-surgery conditions at three different frame rates: (G) 1,000 Hz (n = 46,817 vs. 17,563), (H) 500 Hz (n = 50,495 vs. 17,899), and (I) 250 Hz (n = 3,227 vs. 1,073). Asterisks denote significance levels (*p < 0.05, ***p < 0.001). Scale bars: 2 mm.

Supplementary Figure 4: SNR comparison at different numbers of angles based on power Doppler images before and after surgical intervention. (A–F) display power Doppler images acquired using 11 angles (A,D), 9 angles (B,E), and 7 angles (C,F), respectively. The top row (A–C) shows images obtained prior to electrocautery treatment, while the bottom row (D–F) shows those obtained after surgical intervention. Three ROIs were selected for SNR analysis, marked by yellow squares and numbered 1, 2, and 3. These ROIs correspond to flow, while adjacent regions are indicated by black squares. (G) and (H) show the quantified SNR values in the three ROIs across different numbers of angles before and after surgery. Scale bars: 2 mm.

Supplementary Figure 5: Impact of the number of plane wave angles on RI values in the spinal cord before and after surgical intervention. (A–F) display RI maps calculated from ultrafast Doppler data acquired using 11 angles (A,D), 9 angles (B,E), and 7 angles (C,F). The top row (A–C) shows RI distributions prior to electrocautery treatment, while the bottom row (D–F) shows RI distributions after surgical intervention. To enhance image contrast and preserve dynamic range, each map is displayed with its own frame-specific colorbar. The RI values are visualized using the jet colormap, with warmer colors (e.g., red) representing higher RI values and cooler colors (e.g., blue) representing lower values. (G–I) show boxplots comparing RI values across all valid pixels between pre- and post-surgery conditions for each angular configuration: (G) 11 transmit angles (n = 80,785 vs. 31,405), (H) 9 angles (n = 63,118 vs. 26,972), and (I) 7 angles (n = 64,825 vs. 30,519). Asterisks indicate statistical significance (***p < 0.001). Scale bars: 2 mm.

[bookmark: _Hlk196227645]Supplementary Figure 6: Impact of the number of plane wave angles on PI values in the spinal cord before and after surgical intervention. (A–F) display PI maps calculated from ultrafast Doppler signals acquired using 11 angles (A,D), 9 angles (B,E), and 7 angles (C,F). The top row (A–C) corresponds to imaging prior to electrocautery treatment, while the bottom row (D–F) shows data after surgical intervention. Each colorbar is scaled independently to maximize dynamic range, and all images are visualized using the jet colormap. Warmer colors (e.g., red) represent higher PI values, while cooler colors (e.g., blue) indicate lower pulsatility. (G–I) present boxplots comparing the PI distributions across all valid pixels between pre- and post-surgery conditions under different angular configurations: (G) 11 angles (n = 46,817 vs. 17,563), (H) 9 angles (n = 25,093 vs. 11,193), and (I) 7 angles (n = 26,282 vs. 14,046). Asterisks indicate significance levels (**p < 0.01, ***p < 0.001). Scale bars: 2 mm.

Supplementary Figure 7: Evaluation of SVD thresholding before and after surgical intervention. (A) and (B) Normalized singular value spectra used to guide SVD-based filtering. (A) Prior to electrocautery treatment, a threshold range of 80–380 was applied to suppress dominant low-rank tissue clutter. (B) After surgical intervention, a broader low-rank structure was observed, and the lower threshold was adjusted to 50 to preserve more flow signal components.

Supplementary File 1: Inclusion criteria, exclusion criteria, and withdrawal criteria for participants.

Supplementary File 2: Post-processing workflow and timing.

[bookmark: _Hlk198045545]DISCUSSION: 
[bookmark: _Hlk196483757]In this study, ultrafast Doppler imaging was employed intraoperatively to extract the blood flow of the human spinal cord. Spectral analysis and calculation of the RI and PI were subsequently performed on the blood flow signals, providing power Doppler images of spinal cord vasculature and corresponding RI and PI maps of the patient with Chiari malformation. In the context of ultrafast ultrasound, small vessels refer to vessels with diameters on the order of 100 micrometers, while vessels smaller than 100 micrometers were classified as microvessels30,43. 

[bookmark: _Hlk196479110]Ultrafast Doppler imaging utilizes plane wave transmission, covering the entire imaging area in a single transmission, resulting in a frame rate that is several hundred times higher than that of traditional Doppler43. This advantage addresses the trade-off between ROI size and temporal resolution, enabling ultrafast Doppler to perform a highly sensitive monitoring of blood flow dynamics21. It is demonstrated that ultrafast Doppler can be used to measure intraoperative changes of blood flow in the spinal cord and assess related hemodynamic parameters of the patient, including RI and PI. While precise replication of the imaging plane across acquisitions is inherently challenging, several factors helped ensure consistency in this study. Firstly, the acoustic window was narrow, which inherently restricted large probe movements. Secondly, imaging alignment was guided using both B-mode anatomical landmarks and vascular features. As a result, the acquired planes were sufficiently comparable for analysis. RI and PI provide critical information on vascular resistance and blood flow pulsatility, assisting in the assessment of cerebral perfusion and intracranial pressure changes44. During cranial and spinal surgeries, variations in RI and PI can indicate cerebrospinal fluid dynamics abnormalities or the risk of spinal cord ischemia45. The consistent post-surgery reduction in RI and PI suggests effective decompression and the restoration of more favorable perfusion conditions within the spinal vasculature. These findings demonstrate that ultrafast Doppler not only enables real-time visualization of spinal blood flow, but also allows for the quantification of functional improvements, thereby providing valuable guidance for intraoperative adjustments and supporting postoperative functional preservation. 

[bookmark: _Hlk196211719][bookmark: _Hlk196479120]This research employed a 128-element linear array operating at a center frequency of 15.625 MHz and a pitch of 0.1 mm between adjacent elements, with a maximum penetration depth of approximately 20 mm. The available acoustic window was relatively small, making it difficult to accommodate most clinically used ultrasound probes. Due to the limited operating window of the human spinal cord and a safe distance filled with coupling agent between the probe and spinal cord, the actual start imaging depth may be 5–10 mm from the probe, which places the region of interest in the far field. In this scenario, the SNR may be compromised, primarily due to sound wave attenuation and increased noise from far-field imaging, especially within complicated clinical conditions, potentially reducing image clarity and signal reliability43. Similarly, Agyeman et al.31 employed functional ultrasound imaging (fUSI) to assess the hemodynamic effects of electrical stimulation at the T10 thoracic level with a 15 MHz linear array. Clinical limitations prevented the researchers from imaging the same 2D spinal cord plane across patients. In some cases, the transverse plane is located at 6–10 mm deeper than those cases presenting a full cross-section in the field of view. Thus, the imaging predominantly revealed the large vessels in the dorsal half of the spinal cord in their study. The same probe enabled full cross-sectional imaging of the spinal cord and identification of the intraspinal tumor blood supply in a separate case30. In addition, deep penetration can often be achieved by reducing the emission frequency. Advanced clutter filtering algorithms can also be applied to enhance the blood flow component extraction and further small vessel imaging. Although this study focused on two-dimensional imaging, advanced modalities such as three-dimensional ultrasound localization microscopy and four-dimensional ultrafast vector Doppler offer new possibilities for high-resolution, volumetric mapping of spinal cord hemodynamics in future applications46,47.


[bookmark: _Hlk196229766][bookmark: _Hlk198042419]The pulsatility measurement for the spinal cord using ultrafast Doppler is highly dependent on frequency shift estimation. Due to the insufficient framerate limited by the accumulating energy safety, spectral aliasing can appear in regions of small vessels, which may lead to unstable frequency shift estimation under poor SNR conditions30. Several approaches have been proposed to optimize this process. In 2016, Posada et al.48 proposed an anti-aliasing method based on interleaved pulse repetition frequencies, which utilized two distinct imaging frequencies to obtain Doppler velocity values corresponding to different aliasing multiples, and subsequently solved for the aliasing-free Doppler velocity. Similarly, in 2021, Poree et al. introduced a dual-wavelength anti-aliasing technique, which combined different wavelengths to derive Doppler velocities with varying aliasing multiples49.

[bookmark: _Hlk196332973]Frame rate is an important acquisition parameter in ultrafast Doppler imaging, influencing both power Doppler image quality and the accuracy of derived hemodynamic indices such as RI and PI. The existing data were downsampled to evaluate the influence of frame rate and number of tilted angles. As demonstrated in Supplementary Figure 1, higher Doppler frame rates (e.g., 1000 Hz) produced visibly clearer power Doppler maps with enhanced vessel contrast and reduced background noise. Quantitative analysis across multiple ROIs further confirmed that SNR decreased with the reduction in frame rate. This improvement in image quality is crucial for stabilizing Doppler signal envelopes, which are used to extract RI and PI values. The RI and PI maps derived at 1000 Hz (Supplementary Figure 2 and Supplementary Figure 3) showed consistent vascular patterns and statistically robust reductions following surgical decompression, in line with expected physiological responses (i.e., reduced vascular resistance after relieving spinal cord compression). However, at lower frame rates (500 Hz and 250 Hz), although the overall trend of pre- to post-surgical reduction in RI/PI was preserved, the absolute values deviated from theoretical expectations. Moreover, the values became more dispersed, with reduced central tendency. This discrepancy may result from reduced temporal resolution and shorter ensemble lengths, which affect the accurate identification of systolic and diastolic peaks, especially in small or distal vessels. Recent studies have proposed methods that allow super-resolution imaging50,51 at reduced frame rates or with shortened acquisition durations, which may be borrowed to high-quality Doppler. 
[bookmark: _Hlk194961924]
[bookmark: _Hlk196227943]In coherent plane wave compounding (CPWC), the number of transmit angles used for beamforming affects image quality. Our results demonstrate that decreasing the number of transmit angles from 11 to 7 leads to reductions in Doppler signal quality and the stability of RI/PI measurements (Supplementary Figure 4). At lower angle numbers (7 and 9), RI/PI maps (Supplementary Figure 5 and Supplementary Figure 6) exhibited greater pixel-wise variability and a higher proportion of physiologically implausible values (e.g., RI > 3), likely due to insufficient flow compounding and reduced temporal averaging. However, using more angles inherently increases acquisition time and data volume, which may limit temporal resolution in real-time intraoperative settings. Recent work done by Afrakhteh et al. introduced a two-dimensional interpolation method to address the trade-off between angular resolution and acquisition speed in CPWC52.

[bookmark: OLE_LINK50][bookmark: OLE_LINK51][bookmark: _Hlk194967847][bookmark: _Hlk196265840][bookmark: _Hlk196265284][bookmark: _Hlk196265309]During pulse wave measurements, especially in dynamic or unstable environments such as during surgery or long-term monitoring, even slight patient movements may introduce deviations in the measurement. In ultrafast Doppler acquisition, the relatively short data collection period enables imaging to be performed during a relatively stable respiratory phase, typically immediately following a respiratory peak. A robotic arm was used to hold the ultrasound probe, ensuring both probe stability and procedural safety during intraoperative imaging. The probe and robotic arm remained stationary throughout the data acquisition period. Respiratory cycles under anesthesia generally last longer than 0.4 s. The probe movements are of sufficiently small amplitude to preclude reliable visual assessment, which serves as an indirect method for evaluating probe stability. Additionally, the SVD filtering process inherently suppresses a portion of motion-related components, thereby mitigating their influence. In this study, motion correction techniques were not applied (Supplementary Figure 7). However, by incorporating motion correction techniques such as cross-correlation-based motion compensation53 and Doppler-based motion compensation54, it is possible to effectively compensate for data distortions caused by patient movement, thereby enhancing the repeatability and reliability of pulse wave data. Researchers have proposed various motion correction methods to address such issues, including Doppler-based motion estimation for compensating local motion54, phase-correlation methods for correcting rigid motion55, a two-stage correction method for both rigid and non-rigid motion56, and deep learning methods for motion correction57. Future studies could incorporate these techniques to obtain more accurate pulse wave parameter measurements. 

[bookmark: _Hlk194956281][bookmark: _Hlk196174954][bookmark: _Hlk196322923]The clinical applicability for spinal disorders still requires further investigation. For instance, although measurement locations are standardized for radiologists, existing clinical RI measurements can only partially reflect vascular resistance within the vascular tree, primarily capturing values at entry points (large vessels) without accounting for local anatomical structures (i.e., vessel diameter). Current research suggests that ultrafast Doppler can account for local vessel diameter during measurement, allowing for global resistance assessment of the vascular tree by integrating RI measurements across the entire field of view and linearly modeling them with local vessel diameters15. One limitation of this study is the absence of postoperative clinical follow-up to directly correlate intraoperative hemodynamic changes with neurological outcomes such as reductions in RI and PI. The observed changes are consistent with improved vascular perfusion, although the clinical relevance of these alterations to long-term functional recovery remains unclear and requires further investigation. Future studies incorporating standardized outcome assessments and longitudinal follow-up are needed to determine the prognostic value of intraoperative resistivity mapping. Due to the acoustic attenuation posed by the vertebral canal—particularly the lamina—spinal cord imaging in healthy individuals without laminectomy is not feasible. Additionally, healthy segments are not allowed to be exposed. As a result, this study did not include a control group of healthy subjects or health segments. Instead, intra-individual comparisons were performed between preoperative and postoperative conditions. At the same time, future studies may incorporate more accumulated cases to enable more systematic preoperative comparisons across individuals.

In conclusion, the proposed ultrafast Doppler vascular imaging method, combined with RI and PI measurements, has the potential to serve as a useful tool for intraoperative physiological monitoring, offering a new perspective for the diagnosis and treatment of spinal cord disorders.
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