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A B S T R A C T   

Objective: Low-frequency oscillations (LFOs) observed in near-infrared spectroscopy (NIRS) reflect 
autonomic physiological processes, and may serve as useful indicators for detecting and moni-
toring circulatory dysfunction. The aim of this study was to reveal whether LFOs can be used as 
vascular perfusion biomarkers to differentiate different types and degrees of vascular lesions 
based on clinical patient data. Materials and Methods: In this study, healthy controls, ischemic 
stroke patients and peripheral atherosclerosis patients completed a resting-state LFO detection 
experiment. LFOs were collected simultaneously at peripheral right and left earlobes, fingertips 
and toes, along with coherence and phase shift analyses processing. Results: The results showed 
that the coherence coefficients of symmetric peripheral positions and the absolute value-phase 
shifts of fingers and toes can be used to distinguish healthy individuals, ischemic stroke pa-
tients and peripheral atherosclerosis patients. The symmetric earlobes’ absolute value-phase shifts 
could be used to differentiate mild and severe ischemic stroke patients; the coherence coefficients 
and absolute value-phase shifts of the symmetric toes could be used to differentiate mild and 
severe peripheral arteriosclerosis patients. The accuracy of differentiating between types of pa-
tients was 70%; those with different degrees of peripheral atherosclerosis was 85%, and those 
with different degrees of ischemic stroke was 72%. Conclusions: LFOs can serve as vascular 
perfusion biomarkers to differentiate types and degrees of vascular lesions. Therefore, LFOs have 
the potential to provide valuable patient information to assist researchers and clinicians in 
identifying specific peripheral circulatory damage subgroups.   

1. Introduction 

Low-frequency oscillations (LFOs) in the range of 0.01–0.15 Hz, are normally observed in functional imaging studies, such as blood 
oxygen level-dependent functional magnetic resonance imaging (BOLD fMRI) [1] and functional near-infrared spectroscopy (fNIRS) 
[2]. They have been found to travel with the blood flow to different parts of the body [3], and may have value in indicating the 
presence of abnormal blood circulation. However, no studies have been conducted to validate this hypothesis in clinical patients with 
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different types of vascular injuries. There have also been no studies to provide LFO-based parameters that can be used to distinguish 
between these types. This is not conducive to the further development and application of LFOs. 

In several pioneering studies, LFOs has been observed in infants [4] and adults [5]. The origins of these oscillations remain unclear, 
and the terminology to describe them is confusing (e.g., spontaneous oscillations [6], low-frequency waves or oscillations [7]). They 
are often interpreted as indications of the activity of related neurons in different parts of the brain. Some of these LFOs are nonneuronal 
and reflect autonomic physiological processes. Most studies define the center frequency to be around 0.1 Hz [8], but the range of 
frequencies varies, with a common range being 0.04–0.15 Hz [9]. 

Initially, most scholars focused on LFOs in the brain and ignored the periphery. In 2012, a concurrent NIRS and fMRI study revealed 
a strong correlation between the LFOs measured in the periphery (NIRS signals) and those in the brain (BOLD fMRI) with varying time 
delays [10]. These findings are the first to indicate the potential value of peripheral LFOs in the study of systemic blood circulation. 
However, only three peripheral positions (left and right toes and left finger) were detected in their study. The signal detection positions 
were not comprehensive. Subsequent studies [11] have included improvement of the signal detection position, which was set as left 
and right earlobes, left and right fingers and left and right toes, and three experimental states have been explored: resting state, paced 
breathing and passive leg raising. The results show that the symmetrical transmission of LFOs in healthy subjects at resting state 
indicates that these signals may originate from the heart/lung system. These signals can travel with the blood throughout the body, 
suggesting that these signals may be able to serve as biomarkers for evaluating vascular integrity. However, these studies have only 
focused on healthy subjects; there have been no studies of patients with vascular injury to verify LFOs’ effectiveness in assessing 
vascular injury disease. Further, a study [12] was conducted to detect LFOs in stroke patients, and it was found that embolization broke 
the symmetry of LFO transmission. This confirmed that LFOs could be used as biomarkers for vascular perfusion to distinguish healthy 
subjects from stroke patients. However, this study did not indicate whether LFOs could distinguish patients with different types and 
degrees of vascular injuries. In addition, in the aforementioned studies, feature extraction and analysis only focused on time domain 
correlation and delay estimation, but ignored frequency domain. 

Given the above state of the research and existing problems, the contributions of the present study are: 1) We investigated the 
frequency domain characteristic differences among LFOs in three subgroups: ischemic stroke, peripheral atherosclerosis patients and 
healthy controls, and in two degrees: mild and severe ischemic stroke, mild and severe peripheral atherosclerosis patients, confirming 
that LFOs as hemodynamic parameter variations can be used to distinguish types and degrees of vascular injuries. 2) We clarified the 
classification boundary between types and degrees of patient subgroups, and provided reference standards for further research and 
clinical application of LFOs. 

2. Materials and methods 

2.1. Participants 

We prospectively recruited 25 ischemic stroke patients (7 F, 18 M, age = 70.1 ± 11.4 y.o.; mean ± SD, range = 44 to 90 y.o.) and 14 
peripheral atherosclerosis patients (6F, 8 M, age = 74.2 ± 12.9 y.o.; mean ± SD, range = 51 to 87 y.o.) from Rocket Force Charac-
teristic Medical Center. We also recruited 25 healthy subjects (12F, 13 M, age = 35.5 ± 10.0 y.o.; mean ± SD, range = 21 to 59 y.o.) as 
controls. The Institutional Review Board at McLean Hospital and Rocket Force Characteristic Medical Center approved the protocol. 

Fig. 1. LFO detection experiment for (a) ischemic stroke patients and (b) peripheral arterial disease patients, (c) specific LFO position detection and 
(d) MRO system for LFO detection. 
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Experienced clinicians and their teams were invited to discuss the clinical diagnosis results of all patients in this study. Less than 60% 
vascular stenoses was considered mild to moderate, while greater than 60% was considered severe. After adjusting for National 
Institute of Health stroke scale (NIHSS) and limb muscle strength, 14 and 11 patients with mild and severe ischemic stroke, and 8 and 6 
patients with mild and severe peripheral atherosclerotic disease were categorized, respectively. 

2.2. Procedure 

Each experiment began with an explanation of the procedure to each participant or their guardian, and then giving them informed 
consent. We cleaned each participant’s left earlobe (LE), right earlobe (RE), left index fingertip (LF), right index fingertip (RF), left 
index toe (LT) and right index toe (RT) with alcohol swabs to ensure a stable connection, and placed six pulse oximeter probes at the 
peripheral measurement positions, as shown in Fig. 1(a) and (b). The specific signal acquisition positions are shown in Fig. 1(c). In the 
processes of LFO acquisition, the patient’s movements may produce motion artifacts, resulting in the uncertainties signals. Under 
normal circumstances, the experiment would last about 12 min, and we would delete any unstable data at either end of the data 
segment to increase overall stability, and retain 10 min of data from six peripheral positions. The participants were in a supine position 
on a comfortable bed with their eyes open, in a room with dim light, an indoor temperature of 25 ◦C, relative humidity of 30%–40%, 
and air pressure of 100k Pa. They were instructed to relax and breathe evenly, and asked to remain still in a resting state (RS) during the 
experiments. 

Typically, pulse oximeters measure only a single channel and remove low frequency signals with a high-pass filter to focus on the 
cardiac waveform. To record LFOs at multiple peripheral positions, we had to develop our own multichannel NIRS oximeter 
[multichannel research oximeter (MRO)] based on standard photoplethysmograph hardware with modified acquisition software [13]. 
The MRO sampling frequency was 31.25 Hz, which was sufficient to sample LFOs (0.01 Hz–0.15 Hz) without aliasing. The device is 
shown in Fig. 1(d). 

2.3. LFO processing and analysis 

According to the modified Beer-Lambert law, we transformed data measured by two wavelength (660 nm and 920 nm) light sources 
into the concentration changes of oxygenated hemoglobin (Δ[HbO]) and deoxygenated hemoglobin (Δ[HbR]), respectively [14]. In 
several existing studies, optical path difference factor (DPF) values approximating tissue thickness have been calculated through 
Monte Carlo simulation and human experimental data. Therefore, we used DPF values slightly greater than the mean thickness of the 
earlobes, fingertips and toes in this study [15]. We performed further data processing and analysis with MATLAB (The MathWorks, 
Inc.). Through the zero-phase Butterworth band-pass filter (MATLAB function of filtfilt.m, butterworth order = 3), we extracted the 
low-frequency oscillations in the frequency range of 0.01 Hz–0.15 Hz [11]. Two methods were applied to reduce the impact of motion 
artifacts: (1) we used cubic-spline interpolation [16] to remove the motion artifacts of unexpected sudden movements (e.g., sweeping 
gestures and sudden head movements); (2) we used kurtosis-based wavelet filter [17] to remove the motion artifacts of spontaneous 
quivers (i.e., stroke patients’ neurological disorders due to vascular thrombosis). To increase the sample set’s fault tolerance, we 
processed the data through a moving window, and divided 600 s data into 11 subsets. All 11 subsets were included in the analysis, and 
this allowed us to assess the phase shifts’ stability and calculate the coherence over the entire data set. 

The coherence is an extension of the Pearson’s correlation coefficient. The difference from the correlation is that the coherence is 
time-locked, and used to evaluate the spectral cross-correlation of the normalized power spectra [18]. The coherence coefficients can 
reflect the frequency domain similarity of LFOs in different parts. The coherence coefficients are calculated as follows [19][]: 

Rxy(f )=
⃒
⃒Pxy(f )

⃒
⃒2

|Pxx(f )| ·
⃒
⃒Pyy(f )

⃒
⃒

[19]

(1)  

where Pxy(f) represents the mutual power spectrum of two signals, while Pxx(f) and Pyy(f) respectively represent the self-power 
spectrum of signal x and y. 

It has been suggested that the phase of oxygenation and deoxygenation is the key to understanding hemodynamic mechanisms and 
brain function [20]. Taga et al. [21] have used oxygenation and deoxygenation and its phase-locking index to spatially evaluate brain 
development in infants. These studies suggest that the phase difference is an important biomarker for analyzing the hemodynamic 
characteristics. The phase difference between singals x and y can be expressed as: 

Δφ(t) =φx(t) − φy(t)
[21] (2)  

where φx(t) and φy(t) represent the real-time phase of vectors x and y respectively. 
We used a rank-sum test to extract the significant differences. In order to reduce the error rate in the positive results, we used the 

Benjamini-Hochberg method to correct the results [12]. Finally, we used discriminant analysis (the MATLAB function classify.m) to 
establish classified boundary equations between patients with different types and degrees. The focus of this study’s analysis was 
oxy-hemoglobin (Δ[HbO]), which has a higher signal-to-noise ratio (SNR) than deoxy-hemoglobin (Δ[Hb]) [22,23]. However, it is also 
possible that the veins (which contain more Δ[Hb]) are less reactive to blood pressure variation than the arteries (which contain more 
[HbO]), but Δ[Hb] demonstrated the least magnitude and SNR in the LFOs. Therefore, we excluded the Δ[Hb] from the following 
discussion. A flowchart of LFO extraction and processing, and data analysis methods, is shown in Fig. 2. 
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Fig. 2. LFO extraction, processing and analysis methodology.  

Fig. 3. The peripheral positions corresponding to different LFOs characteristics (a). The significant differences for (b) coherence coefficients, (c) 
phase shifts and (d) absolute value-phase shift variance among healthy controls, ischemic stroke patients and peripheral atherosclerosis patients, 
showing peripheral sources in symmetric and asymmetric positions for a paired-sample rank-sum test. p < 0.001(***), p < 0.01(**), p < 0.05(*). 
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3. Results 

3.1. The characteristic differences in LFOs among patients of different types 

We analyzed the coherence coefficients, phase shifts and absolute value-phase shifts of the LFOs from 64 volunteers of three 
types—25 healthy controls, 25 ischemic stroke patients and 14 peripheral atherosclerosis patients, as shown in Fig. 3. The peripheral 
positions corresponding to different LFOs characteristics are shown in Fig. 3 (a). 

The results showed that the correlation coefficients for the symmetric and asymmetric peripheral positions were higher in healthy 
controls than in ischemic stroke patients and peripheral atherosclerosis patients. It should be noted that there was little overlap be-
tween the distribution of symmetrical peripheral coherence coefficients between healthy controls and the two types of patients 
(ischemic stroke and peripheral atherosclerosis patients, marked ①). The mean and standard deviation of the coherence coefficients in 
the symmetrical positions were 0.8 ± 0.09, 0.87 ± 0.08 and 0.85 ± 0.08 in the healthy subjects, while they were 0.66 ± 0.13, 0.7 ±
0.12 and 0.77 ± 0.13 in the ischemic stroke patients, and 0.69 ± 0.12, 0.71 ± 0.10, 0.70 ± 0.11 in the peripheral atherosclerosis 
patients. There were significant differences in the symmetric peripheral positions’ coherence coefficients (p < 0.001) between healthy 
controls and ischemic stroke patients and peripheral atherosclerosis patients, as shown in Fig. 3 (b). 

In Fig. 3 (c), the phase shifts between fingers and toes (including LF-LT, RF-LT, RF-LT, RF-RT) in the peripheral arteriosclerosis 
patients were significantly different from those in the ischemic stroke patients and healthy controls. However, there was considerable 
overlap in the phase shift distribution. Therefore, we conducted additional analyses of the absolute value-phase shifts, as shown in 
Fig. 3 (d). The results showed that the absolute value-phase shifts between the fingers and the toes in the peripheral arteriosclerosis 
patients were significantly greater than those in the healthy controls (p < 0.001) and the ischemic stroke patients (p < 0.001). There 
was little overlap in absolute value-phase shift distribution between peripheral arteriosclerosis patients and other subgroups (Marked 
②). This may have been due to emboli in the lower extremities of peripheral arteriosclerosis patients increasing the spectral difference 
between the blood flow to the fingers and toes. The mean and standard deviation of absolute value-phase shifts between fingers and 
toes were 1.23 ± 0.61, 1.21 ± 0.60, 1.07 ± 0.57 and 1.06 ± 0.56 in the healthy subjects, while they were 1.06 ± 0.80, 1.0 ± 0.80, 1.17 
± 0.82 and 1.17 ± 0.81 in the ischemic stroke patients, and 2.27 ± 0.91, 2.16 ± 1.03, 2.31 ± 0.69 and 2.01 ± 0.86 in the peripheral 
atherosclerosis patients, as shown in Fig. 3 (d). 

3.2. The characteristic differences in the LFOs in patients of different degrees 

We further explored the differences of LFO characteristics between different degrees in ischemic stroke patients and peripheral 
arteriosclerosis patients, as shown in Fig. 4. The results showed that there were significant differences in LF-RF coherence coefficients 
(p < 0.05) and LE-RE absolute value-phase shifts (p < 0.001) between mild and severe ischemic stroke patients. Among them, the 
difference in LE-RE absolute value-phase shifts was greater (Marked ④). There were significant differences in symmetric peripheral 
coherence coefficients (LE-RE: p < 0.01, LF-RF: p < 0.001, LT-RT: p < 0.001) and asymmetric finger and toe absolute value-phase shifts 
(LF-RF: p < 0.05, LT-RT: p < 0.001) between mild and severe peripheral arteriosclerosis patients. The results showed that there was 
little overlap between mild and severe peripheral arteriosclerosis patients in LT-RT coherence coefficients (Marked ③) and LT-RT 
absolute value-phase shifts (Marked ⑤), as shown in Fig. 4 (a) and (b). Although there were significant differences in the absolute 

Fig. 4. Correlation coefficients (a) and absolute value-phase shifts (b) of the symmetric peripheral positions in mild and severe patients. Correlation 
coefficients (c) and absolute value-phase shifts (d) of finger and toe positions in mild and severe patients. p < 0.001(***), p < 0.01(**), p < 0.05(*). 
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value-phase shifts of the fingers and the toes (LF-LT: p < 0.001, LF-RT: p < 0.001, RF-LT: p < 0.01) between mild and severe in pe-
ripheral arteriosclerosis patients, there was considerable overlap in data distribution. Thus, the coherence coefficients or phase shifts in 
fingers and toes are not suitable for distinguishing degrees or types, as shown in Fig. 4 (c) and (d). 

3.3. Classifying observations using discriminant analysis 

We used discriminant analysis to categorize three types and two degrees of subgroups, to further validate LFOs’ effectiveness in 
differentiating between types and degrees of vascular injury disease. Based on the analysis results in Figs. 3 and 4, we used the 
coherence coefficients of symmetric positions (Marked ① in Fig. 3 (b)) and absolute value-phase shifts of fingers and toes (Marked ② in 
Fig. 3 (d)) as input to distinguish subgroup types; the coherence coefficients of LT-RT (marked ③ in Fig. 4 (a)) and absolute value-phase 
shifts of LT-RT (Marked ⑤ in Fig. 4 (b)) were used to distinguish the degrees of peripheral atherosclerosis subgroups; the absolute 
value-phase shifts of LE-RE (Marked ④in Fig. 4 (b)) were used to distinguish the degrees of ischemic stroke patients. Finally, we 
identified the classification boundary equations (classify.m in MATLAB) between different subgroup types and degrees, as shown in 
Fig. 5. 

The results showed that the classification boundary between the healthy controls and the clinical patients was y = 0.25 x + 2, and 
between the ischemic stroke patients and the peripheral atherosclerosis patients it was y = 220 x − 173.8, as shown in Fig. 5 (a). The 
classification boundary between the peripheral atherosclerosis patients with different degrees was y = 1.25 x + 0.84, and between the 
ischemic stroke patients with different degrees, it was y = 0.55, as shown in Fig. 5 (b) and (c). The accuracy of differentiating between 
types of patients was 70%; those with different degrees of peripheral atherosclerosis was 85%, and those with different degrees of 
ischemic stroke was 72%. These results demonstrated that LFOs can be used to identify the types and degrees of vascular injuries. 

4. Discussion 

4.1. Differences in lower limb arteries, carotid arteries and severe paralysis patients 

We screened out 5 patients with lower limb ischemia (weakened lower limb skin elasticity, dark, or even broken skin), 4 patients 
with bilateral carotid artery stenosis (dizziness, loss of memory, slurred speech), and 4 patients with severe paralysis from all subjects, 
and discussed the transmission characteristics of LFOs in patients with different symptoms, as shown in Fig. 6. The results showed that 
the LE-RE coherence coefficients were lower in carotid artery stenosis and severe paralysis patients than in lower limb ischemia 

Fig. 5. Discriminant analysis was used to classify the observed data and further establish classification boundaries for types (a) and degrees (b)(c) of 
patient characteristic data. 

Fig. 6. Coherence coefficients (a) and phase shifts (b) for LFOs in patients with different circulatory disorders.  
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patients, with the lowest in severe paralysis patients. The LT-RT phase shifts were significantly greater in lower limb ischemia patients, 
while the LE-RE phase shifts were greater in carotid artery and severe paralysis patients. These findings indicated that different 
vascular stenosis locations have different effects on local blood flow. When the blood exits the heart at the ascending aorta, there are 
divergent pathways for blood traveling to different locations in the body. When lesions or narrowing occur on different vascular 
pathways, the blood travels to its specific destination in the earlobes, fingers and toes, or the draining veins of the brain. The fre-
quencies and amplitudes of the signals it carries may be affected differentially by physiological effects resulting from regional cir-
culatory changes, as well as local oxygen demands and vasodilation [10]. Therefore, these effects can account for variations between 
the LFO signals recorded at the different sites. 

4.2. The interaction between neurotic and nonneurotic LFOs 

Several studies have demonstrated the neuronal component in the global Blood Oxygen Level Dependent (BOLD) signal [24,25]. 
We believe that both neurotic and nonneurotic LFOs contribute to the changes in hemodynamic parameter data, and this has been 
demonstrated in many multimodal [26,27] and invasive studies [28]. Mayer waves (~0.1 Hz) are systemic changes in arterial 
pressure, and they also are thought to contribute to LFOs, although the origin and purpose of these fluctuations is still debated [29]. 
Studies have associated LFOs measured in the head using NIRS with arterial pressure signals. Spectral coherence between mean arterial 
pressure and oxy-hemoglobin concentration change (Δ[HbO]) in the low-frequency range has been found to be useful in studying 
global (and regional) autoregulation [30]. The phase angle between arterial blood pressure and Δ[HbO] or deoxy-hemoglobin con-
centration change (Δ[Hb]) around 0.1 Hz has been shown to be sensitive to carbon dioxide levels [31]. 

The above studies show that there is a close interaction between neurotic and non-neurotic LFOs. In this paper, we used the non- 
neurogenic components of these LFOs to track abnormal blood circulation. However, we do not deny neurogenic LFOs’ contribution to 
the overall blood circulation. Since LFOs include both neuropathic and non-neuropathic components, we believe that LFOs have the 
potential to be used not only to assess diseases of clinical vascular injury, but also to be used to explore both central and peripheral 
interactions. 

4.3. Application prospects of LFOs in the detection of vascular injury diseases 

Many reports have indicated an association between comorbidities such as diabetes mellitus, history of heart failure, coronary heart 
disease, and atrial fibrillation or risk factors (smoking history) and stroke and peripheral arterial disease, or some combination of these 
outcomes [32]. Although the mechanism has not been elucidated, these factors undoubtedly affect neurological and/or hemodynamic 
changes. Thus, these factors are commonly used to assess ischemic stroke patients or peripheral arterial disease. However, this 
assessment method may lead to evaluation errors, such as patient description errors or clinical experience issues. Although some 
researchers have investigated neurological disorders, cerebrovascular diseases or peripheral arterial disease by examining electro-
encephalograph signals [33–35], this method remains challenging. 

The results of our study showed that LFOs can distinguish patients with different types and degrees of vascular injury diseases, 
indicating that LFOs can be serve as perfusion biomarkers with the potential to influence the field of peripheral arteriosclerosis 
rehabilitation. Therefore, LFOs serve as natural tracking tools for abnormal changes in blood circulation, providing valuable infor-
mation about patients that can assist researchers and clinicians in identifying specific biological subgroups. The development of pe-
ripheral LFOs for peripheral arterial disease research offers the following advantages. Firstly, LFOs are slow and spontaneous 
hemodynamic variations that can be treated as natural “tags” on the blood flow. Therefore, they are suitable for studying circulatory 
injury diseases. Peripheral LFOs may not be utilized directly to reflect the physiological state of the brain. The function of these LFOs is 
to reflect systemic physiological circulatory effects. Secondly, single tissue structures in peripheral positions lead to signal-to-noise that 
is superior to that of functional brain studies in which light must penetrate multiple layers of scattering media (i.e., the skin and skull) 
before reaching the cortex. Lastly, LFOs based on changes in oxygenation levels are available through Near Infrared Spectroscopy 
devices, which are typically portable, and simple to use. This will aid in future clinical applications. 

4.4. Limitations of the study 

In this study, there were 64 patients with small patient data sets. Further studies should expand this data set of subjects and further 
optimize the classification boundaries in this study using large samples to improve LFOs’ accuracy in differentiating patients with 
different types and degrees of vascular injury. In addition, we will continue to expand the patients types and explore the ability to use 
LFOs to distinguish more vascular injury diseases. 

5. Conclusion 

Our study demonstrated that LFOs’ transmission characteristics reflect the changes in the physiological processes, which can be 
used to reflect the abnormal blood circulation changes in patients with different types and degrees of vascular injury diseases. 
Combined with their portability and accessibility, LFOs may offer clinicians an additional tool to incorporate into their practice to 
improve patient prognostication, treatment allocation, and assessment of therapeutic response. In addition, studying these signals 
could provide baseline references for exploring the overall feedback of pericentral interactions. 
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Table 1 
Mean, standard deviation, interquartile and median values of LFOs’ characteristics in healthy subjects.  

Positions LE-RE LF-RF LT-RT LF-LT RF-LT LF-RT RF- 
RT 

LE-LF RE-LF LE-RF RE- 
RF 

Coherence coefficients (A. 
U.) 

mean 0.8 0.87 0.85 0.67 0.67 0.71 0.69 0.63 0.62 0.63 0.62 
standard 
deviation 

0.09 0.08 0.08 0.09 0.1 0.09 0.1 0.09 0.1 0.08 0.09 

upper quartile 0.54 0.54 0.56 0.43 0.43 0.45 0.32 0.37 0.42 0.4 0.37 
lower quartile 0.57 0.6 0.61 0.46 0.43 0.5 0.4 0.39 0.42 0.41 0.39 
median 0.56 0.59 0.6 0.44 0.43 0.49 0.39 0.38 0.42 0.41 0.37 

Phase Shifts (rad/s) mean − 0.02 0.01 − 0.15 1.22 1.19 1.05 1.03 − 0.12 0 − 0.07 0.1 
standard 
deviation 

0.61 0.15 0.24 0.63 0.64 0.62 0.62 1.16 1.25 1.18 1.22 

upper quartile − 2.86 − 0.48 − 0.87 − 0.23 − 0.46 − 0.33 − 0.68 − 2.79 − 2.84 − 2.86 − 2.93 
lower quartile − 2.78 − 0.44 − 0.84 − 0.18 − 0.32 − 0.28 − 0.49 − 2.64 − 2.77 − 2.78 − 2.61 
median − 2.81 − 0.46 − 0.86 − 0.22 − 0.43 − 0.3 − 0.67 − 2.7 − 2.78 − 2.8 − 2.75 

Absolute value-Phase Shifts 
(rad/s) 

mean 0.29 0.12 0.22 1.23 1.21 1.07 1.06 0.94 0.99 0.97 0.98 
standard 
deviation 

0.53 0.1 0.18 0.61 0.6 0.57 0.56 0.68 0.76 0.68 0.73 

upper quartile 0.27 0.18 0.3 1.73 1.65 1.64 1.53 1.41 1.41 1.37 1.45 
lower quartile 0.07 0.05 0.09 0.79 0.72 0.65 0.64 0.38 0.37 0.43 0.32 
median 0.12 0.09 0.17 1.26 1.31 0.98 1.04 0.81 0.84 0.86 0.91  

Table 2 
Mean, standard deviation, interquartile and median of LFOs’ characteristics in ischemic stroke patients.   

LE-RE LF-RF LT-RT LF-LT RF-LT LF-RT RF- 
RT 

LE-LF RE-LF LE-RF RE- 
RF 

Coherence coefficients (A. 
U.) 

mean 0.66 0.7 0.77 0.63 0.64 0.63 0.64 0.59 0.59 0.6 0.61 
standard 
deviation 

0.13 0.12 0.13 0.1 0.1 0.09 0.09 0.11 0.12 0.1 0.11 

upper quartile 0.36 0.31 0.41 0.34 0.32 0.34 0.38 0.28 0.31 0.38 0.37 
lower quartile 0.37 0.34 0.42 0.36 0.36 0.39 0.41 0.34 0.31 0.39 0.39 
median 0.37 0.31 0.42 0.35 0.36 0.37 0.4 0.32 0.31 0.39 0.38 

Phase Shifts (rad/s) mean − 0.08 − 0.03 0.07 0.94 0.87 0.89 0.84 − 0.02 − 0.15 0.11 − 0.01 
standard 
deviation 

0.87 0.52 0.34 0.94 0.95 1.12 1.15 1.55 1.29 1.44 1.21 

upper quartile − 2.94 − 2.79 − 0.83 − 3.07 − 3.07 − 3.09 − 3 − 3.06 − 2.98 − 3.13 − 3.1 
lower quartile − 2.91 − 2.14 − 0.8 − 1.8 − 3.06 − 3.08 − 2.93 − 2.95 − 2.89 − 3.1 − 3.01 
median − 2.93 − 2.3 − 0.81 − 2.87 − 3.07 − 3.09 − 2.96 − 2.99 − 2.91 − 3.1 − 3.03 

Absolute value-Phase Shifts 
(rad/s) 

mean 0.59 0.33 0.27 1.06 1.01 1.17 1.17 1.21 1.03 1.14 0.96 
standard 
deviation 

0.65 0.39 0.22 0.8 0.8 0.82 0.81 0.96 0.8 0.89 0.74 

upper quartile 0.71 0.4 0.38 1.7 1.41 1.55 1.77 2.04 1.54 1.91 1.43 
lower quartile 0.16 0.11 0.1 0.4 0.35 0.55 0.44 0.31 0.34 0.34 0.35 
median 0.37 0.2 0.21 0.81 0.89 1.01 1.05 1.01 0.86 0.82 0.82  
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The code generated and analyzed in this study is available from the corresponding author upon reasonable request. 

Data availability statement 

The datasets generated and analyzed in this study are available from the corresponding author upon reasonable request. 

Table 3 
Mean, standard deviation, interquartile and median of LFOs’ characteristics in peripheral atherosclerosis patients.    

LE-RE LF-RF LT-RT LF-LT RF-LT LF-RT RF- 
RT 

LE-LF RE-LF LE-RF RE- 
RF 

Coherence coefficients (A. 
U.) 

mean 0.69 0.71 0.70 0.61 0.63 0.61 0.62 0.59 0.59 0.60 0.60  

standard 
deviation 

0.12 0.10 0.11 0.07 0.08 0.04 0.06 0.08 0.08 0.08 0.09  

upper quartile 0.51 0.58 0.57 0.52 0.50 0.50 0.51 0.50 0.50 0.51 0.49  
lower quartile 0.52 0.58 0.57 0.52 0.53 0.50 0.52 0.52 0.50 0.51 0.49  
median 0.51 0.58 0.57 0.52 0.53 0.50 0.52 0.52 0.50 0.51 0.49 

Phase Shifts (rad/s) mean − 0.05 0.06 − 0.06 0.36 0.34 1.39 1.01 0.17 0.29 0.25 0.35 
standard 
deviation 

0.43 0.54 0.99 1.42 1.60 1.61 1.47 0.98 0.78 0.72 0.77 

upper quartile − 0.96 − 0.63 − 2.14 − 2.12 − 1.93 − 2.97 − 2.87 − 2.10 − 1.08 − 0.83 − 1.15 
lower quartile − 0.95 − 0.63 − 2.14 − 2.12 − 1.92 − 2.97 − 2.87 − 2.10 − 1.08 − 0.83 − 1.15 
median − 0.96 − 0.63 − 2.14 − 2.12 − 1.92 − 2.97 − 2.87 − 2.10 − 1.08 − 0.83 − 1.15 

Absolute value-Phase Shifts 
(rad/s) 

mean 0.66 0.36 0.730 2.27 2.16 2.31 2.02 1.12 1.21 0.85 0.94 
standard 
deviation 

0.73 0.57 0.81 0.92 1.03 0.7 0.86 0.75 0.92 0.69 0.64 

upper quartile 0.72 0.37 1.1 3 3.01 2.86 2.8 1.83 1.94 1.26 1.28 
lower quartile 0.19 0.07 0.16 1.86 1.48 1.98 1.54 0.5 0.48 0.33 0.45 
median 0.41 0.13 0.33 2.59 2.79 2.49 2.14 0.88 0.88 0.6 0.88  

Table 4 
p-values before and after correction for multiple comparisons about healthy subjects and stroke patients.   

Coherent Phase Shift Absolute value-Phase Shift 

Positions p-value Adjusted p -valuE p -value Adjusted p -valuE p -value Adjusted p -valuE 
LE-RE 2.54e-34 1.90e-33 0.026 0.065 4.22e-18 8.28e-17 
LF-RF 4.81e-51 7.22e-50 0.175 0.219 8.28e-17 4.22e-18 
LT-RT 5.93e-14 2.22e-13 4.99e-13 7.49e-12 9.69e-06 0.03 
LF-LT 8.67e-09 1.62e-08 1.34e-05 6.69e-05 0.0007 0.0007 
RF-LT 6.25e-05 8.52e-05 1.04e-07 7.81e-07 0.03 9.69e-06 
LF-RT 8.86e-18 4.43e-17 0.056 0.093 0.039 0.97 
RF-RT 3.13e-11 6.70e-11 0.084 0.125 0.32 0.76 
LE-LF 1.04e-07 1.73e-07 0.658 0.658 0.76 0.03 
RE-LF 2.15e-06 3.23e-06 0.132 0.179 0.81 0.82 
LE-RF 0.0001 0.0002 0.0261 0.065 0.97 0.32 
RE-RF 0.49 0.485 0.179 0.219 0.97 0.97  

Table 5 
p-values before and after correction for multiple comparisons about healthy subjects and peripheral atherosclerosis patients.   

Coherent Phase Shift Absolute value-Phase Shift 

Positions p -value Adjusted p -valuE p -value Adjusted p -valuE p -value Adjusted p -valuE 
LE-RE 3.98e-13 1.49e-12 0.03 0.05 3.33e-42 5.77e-17 
LF-RF 1.99e-32 2.99e-31 0.0.6 0.07 6.04e-29 4.37e-06 
LT-RT 1.34e-30 1.05e-29 0.007 0.007 6.68e-26 2.35e-10 
LF-LT 2.40e-10 6.01e-10 0.039 0.40 1.29e-20 6.04e-29 
RF-LT 1.25e-05 1.87e-05 0.034 0.04 5.77e-17 1.29e-20 
LF-RT 3.81e-23 1.90e-22 4.93e-16 7.39e-15 2.35e-10 3.33e-42 
RF-RT 3.41e-12 1.02e-11 2.51e-6 9.42e-6 4.37e-06 6.68e-26 
LE-LF 0.00093 0.00099 0.01 0.02 0.03 0.03 
RE-LF 0.00058 0.00067 0.02 0.04 0.03 0.05 
LE-RF 0.00048 0.00061 9e-3 0.02 0.05 0.03 
RE-RF 0.026 0.02637 0.03 0.05 0.86 0.86  
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Appendix A 

The median, mean, and standard deviation of LFOs’ characteristics were calculated for all healthy individuals, ischemic stroke 
patients and peripheral arteriosclerosis patients, as shown in Tables 1–3. We improved the judgment standard (p-value) to reduce the 
positive results’ error rates (FDR value). Then, we used the Benjamini-Hochberg method to correct the results. p-values before and after 
correction are shown in Tables 4–6; the correction can maintain a false-positive probability below 0.05. 
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