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A B S T R A C T

Flow-mediated dilation (FMD) is the non-invasive gold standard for assessing endothelial dysfunction, an early 
and reversible marker of atherosclerosis, yet its uptake is limited by the cost, complexity, and operator depen
dence of ultrasound. This study presents an optical method that quantifies endothelial dysfunction using a 
compact, low-cost, fully automated diffuse speckle pulsatile flowmetry (DSPF) device. The system offers a new 
Reactive-Hyperemia–Flow-Volume (RHFV) index that achieves a strong correlation (r = 0.87) with clinical ul
trasound FMD index and high discriminative performance for endothelial dysfunction (AUC = 0.8475), 
demonstrating accuracy comparable to Doppler ultrasound. By enabling convenient, reliable evaluation of 
endothelial dysfunction at the point of care, this optical technology holds substantial promise as a primary-care 
screening tool for cardiovascular risk stratification and longitudinal monitoring, with the potential to improve 
prevention pathways and broaden access to vascular health assessment. Trial registration: NHG DSRB, 2022/ 
00223. Registered 28 April 2022.

1. Introduction

Cardiovascular disease (CVD) remains the leading global cause of 
mortality, responsible for 17.9 million deaths annually, with athero
sclerosis as the underlying cause of stroke, myocardial infarction, and 
peripheral arterial disease [1–3]. Early detection of atherosclerosis is 
widely recognized as one of the most effective strategies to mitigate 
long-term cardiovascular damage. One promising avenue for early 
screening is the assessment of endothelial dysfunction, which reflects 
the initial stage of vascular damage [4]. The endothelium plays a vital 
role in vascular regulation through nitric oxide (NO) signalling [5]. 
Reduced NO availability leads to a pro-inflammatory and pro- 
thrombotic phenotype, laying the foundation for atherogenesis [5,6]. 
Endothelial dysfunction has been identified as a universal marker across 
all major cardiovascular risk factors and has shown a strong association 

with future cardiovascular events [5,7,8]. Conventional endothelial 
assessment methods have variable limitations. For example, the coro
nary endothelial function test is invasive, thus unsuitable for large 
population fast screening. Peripheral tools, such as peripheral arterial 
tonometry (PAT) and reactive hyperemia Index (RHI), are complemen
tary but less NO-specific, shallow or environment-sensitive, and show 
variable agreement with conduit-artery function [7].

Flow-mediated dilation (FMD) is an established non-invasive tech
nique used to assess endothelial function by measuring the vasodilation 
of the brachial artery in response to shear stress during reactive hyper
emia [9]. Endothelial dysfunction detected by this method is considered 
an early event in the development of atherosclerosis [10]. FMD has been 
shown to correlate with coronary endothelial function, as well as with 
the severity and extent of coronary atherosclerosis, making it a surrogate 
marker for vascular health [11]. Additionally, FMD is reversible with 
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risk factor modification, making it a compelling and therapeutic marker 
of response [12,13]. However, FMD has several limitations: ultrasound 
systems are expensive, the technique is operator-dependent and requires 
rigorous training, and inter-operator variability can be substantial [14]. 
New users typically need 6 weeks of hands-on training to achieve 
acceptable reproducibility, and measurements remain time-consuming 
with notable inter-operator variability [15]. These challenges restrict 
its application outside of specialized clinical environments, limiting its 
accessibility in primary care and large-scale community screening 
programs.

In recent years, many advances have been made in noninvasive 
vascular assessment based on optical technology. Various optical 
methods, such as diffuse correlation spectroscopy (DCS) [16], laser 
speckle contrast imaging (LSCI) [17], and photoacoustic imaging (PAI) 
[18], have a wide range of applications in both pre-clinical and medical 
research fields. However, some challenges limit the clinical application 
of these techniques in endothelial function assessment, for example, DCS 
typically requires high-power lasers and high sensitivity single photon 
counting detectors, LSCI is limited by shallow penetration depth 
(<1mm), while PAI requires expensive instruments and high power 
pulsed lasers. Diffuse Speckle Pulsatile Flowmetry (DSPF), also known as 
diffuse speckle contrast analysis (DSCA), is an emerging optical tech
nique for blood flow assessment [19,20]. Based on the analysis of laser 
speckle patterns formed by the diffused light scattered by the tissue in 
vivo, DSPF evaluates blood flow rate and tissue perfusion non-invasively 
[21–23]. It offers a high measurement frequency of > 300 Hz, deep 
tissue penetration (1 – 20 mm), and a simpler, more cost-effective sys
tem architecture [24,25]. DSPF has demonstrated significant potential 
in hemodynamic monitoring and the early diagnosis of peripheral artery 
disease [26]. Similar technologies like speckle contrast optical spec
troscopy (SCOS) and diffuse speckle contrast flowmeter (DSCF) have 
been reported to monitor blood flow in the brain, muscles, and tumor 
tissues, assisting in the diagnosis and treatment of the relevant medical 
conditions [27–34]. However, most of the reported diffuse laser speckle 
devices still rely on a PC or laptop for system control and user inter
facing, which limit their portability, increase the wiring complexity and 
restrict deployment in clinical settings. Based on our knowledge, a fully 
integrated single-unit DSPF for FMD-aligned testing has not been 
reported.

In this paper, we present, to our knowledge, the first-in-class fully 
integrated, self-contained, and compact standalone DSPF system based 
on a single board computer (SBC) for simultaneous monitoring of blood 
flow and volume. All data acquisition, processing, and display functions 
are integrated into a single compact unit, eliminating the need for 
external computing or auxiliary hardware. Moreover, a new measure
ment protocol has been validated for the FMD assessment through a 
clinical study with a novel biomarker, Reactive-Hyperemia–Flow-Vol
ume (RHFV) index, which is derived from synchronized blood flow 
index (BFI) and blood volume index (BVI) signals. This marker was 
validated against the current gold standard FMD measurement for 
assessing endothelial function. Our findings demonstrate a strong cor
relation between the RHFV index and traditional Doppler FMD mea
surements, with comparable diagnostic performance in distinguishing 
subjects with and without endothelial dysfunction.

2. Materials and methods

2.1. Instrument design

Diffuse speckle pulsatile flowmetry (DSPF) is a non-invasive optical 
technique for measuring blood flow in deep tissues. The fundamental 
principle involves illuminating biological tissue with a coherent light 
source, such as a laser, and extracting blood flow information from the 
speckle pattern formed by scattered light. The fluctuations in speckle 
intensity reflect the movement characteristics of red blood cells within 
the tissue. The speckle contrast (K) quantifies these fluctuations by 

calculating the ratio of the standard deviation (σ) of intensity to the 
mean intensity (I). Where the equation is [35]: 

K =
σ
I 

The essence of DSPF lies in leveraging the relationship between speckle 
contrast and the normalized electric field autocorrelation function, from 
which the Blood Flow Index (BFI) can be derived [24]: 

BFI =
1
K2 =

I2

σ2 

Moreover, the device can measure blood volume through laser absorp
tion, yielding a Blood Volume Index (BVI). BVI is defined as the inverse 
of the mean detected intensity at 785 nm because hemoglobin absorp
tion increases with blood volume. Under a fixed geometry, increases in 
local blood volume reduce detected intensity via the Beer–Lambert 
relationship. Consequently, the BVI can be estimated by calculating the 
inverse of the mean intensity (I) received at the detection end [24]: 

BVI =
1
I 

Here, we present a fully integrated, compact, and cost-effective DSPF 
system capable of high-frame-rate measurement of both blood flow and 
blood volume for FMD testing. Fig. 1(a) shows the instrument archi
tecture housed in a 25 × 15 × 14 cm, ~1 kg chassis comparable to a 
clinical blood-pressure unit. Subsystems include a 785 nm low-noise 
laser module, precision multimode-fiber fixtures that butt-couple to 
the sensor for stable channel geometry, and a high-speed CMOS. An 
embedded SBC with a touchscreen replaces an external PC and executes 
the entire workflow, system control, real-time acquisition, processing, 
and display, within the instrument. The controller orchestrates laser 
drivers and temperature regulation, schedules closed-loop control of the 
laser module, and streams camera data (USB3/DMA) at high frame 
rates. On-device algorithms perform background flattening, ROI map
ping, speckle-contrast computation, cycle-peak detection, and motion/ 
quality control (including lightweight AI denoising), rendering results 
instantly on the touchscreen. The system logs raw and processed data, 
supports secure export (e.g., USB/Wi-Fi), and provides calibration, 
firmware update, and audit utilities, delivering a self-contained, clinic- 
ready platform without any external computer.

Probe engineering prioritizes contact stability and clinical workflow. 
As shown in Fig. 1(b), the multi-purpose arm probe integrates two 
multimode fibers in a rotatable fixture, preserving fiber tips spacing 
while allowing angular alignment to the radial artery. Attachment is via 
elastic band for rapid screening or disposable adhesive patch for longer 
sessions. The probe is 3D-printable, supporting low-cost, reproducible 
manufacturing. In this study it was deployed on the radial artery at the 
wrist, enabling hands-free, gel-free measurements with robust speckle 
dynamics throughout cuff occlusion and reperfusion periods.

2.2. Clinical validation protocol

The validation study was conducted in Tan Tock Seng Hospital 
(TTSH) in Singapore (DSRB approval reference 2022/00223). We 
recruited 20 healthy volunteers with normal endothelial function and 20 
individuals with diabetes. Simultaneous data collection was performed 
with the new DSPF device and longitudinal B-mode images of the 
brachial artery with concurrent Doppler pulse wave velocity were 
captured using ultrasound (TerasonTM). To enable simultaneous acqui
sition and preserve the ultrasound gold-standard protocol, the Doppler 
probe was positioned on the proximal radial artery (forearm) according 
to clinical FMD practice, while the optical DSPF probe was secured over 
the radial artery at the wrist, downstream of the upper-arm occlusion 
cuff, as shown in Fig. 2(a). This configuration prevented physical 
interference between probes and eliminated temporal/environmental 
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confounders across modalities. The validation protocol is aligned with 
the FMD procedure performed by a trained operator adhering to 
consensus guidelines at room temperature (22–24 ◦C) [9]. With the 
participant in supine position, arm at heart level with elbow supported, 
a blood pressure cuff was placed on the participant’s left forearm below 
the olecranon process, and a DSPF wearable probe was secured to the 
subject's wrist using an elastic strap to measure blood flow signals in the 
radial artery. We adhered to the three phases of the standard FMD 
measurement: 

(i) Baseline: simultaneous measurement of blood flow and blood 
volume by DSPF device for 1 min in the relaxed state. The base
line diameter of the brachial artery was measured by Doppler 
Ultrasound for 1 min;

(ii) Occlusion: The compression cuff was inflated to 200 mmHg to 
occlude blood flow in the brachial artery for 5 min;

(iii) Reperfusion: simultaneous measurement of blood flow, blood 
volume by DSPF device and continuous imaging of the brachial 
artery by Doppler ultrasound for 3 min.

Before processing the collected data, it will undergo preliminary 
screening according to the following criteria to ensure the quality of 
experimental data: 1) During the experiment, the subject's tested arm 
exhibited no motion or other body movement. 2) The signal-to-noise 
ratio of the test results for the ultrasound device and DSPF device 
remained stable and consistent throughout the entire testing process. 3) 
No abnormal signals (sudden drops or spikes in data) were observed in 
the experimental results. FMD analysis was performed using an edge 
detection software (Bloodflow Analyzer, Reeds Electronics) to track the 
brachial artery diameter accurately. FMD was calculated by taking the 

difference between peak and baseline brachial artery diameter × 100%. 
The blood flow and blood volume data were used to calculate the DSPF 
device index with the specific algorithm.

2.3. Data processing algorithms

Local vasodilation during reactive hyperemia is driven by shear 
stress, which increases with blood speed. While Doppler ultrasound in
fers shear by measuring peak flow velocity, DSPF directly quantifies red 
blood cell motion through rapid speckle-contrast fluctuations, and red 
blood cell volume through the light absorption, thus producing the 
Blood Flow Index (BFI) and the Blood Volume Index (BVI) [25]. Because 
vasodilation reflects the vessel’s response to elevated shear and flow, BFI 
and BVI can capture the same physiological stimulus that underlies 
diameter changes in FMD testing. Therefore, in contrast to Doppler ul
trasound devices which assess endothelial dysfunction during FMD 
testing by directly measuring changes in vessel diameter before and after 
occlusion, DSPF device offers an alternative approach by simultaneously 
measuring both BFI and BVI. To evaluate whether DSPF device can 
evaluate endothelial function comparable to Doppler ultrasound, we 
have conducted a Flow-Mediated Dilation (FMD) test using the radial 
artery at the crook of the arm using probes from both DSPF device and a 
Doppler ultrasound device (DUD) simultaneously. The acquisition of 
FMD data from DUD is well known as the edge-detection method, while 
the DSPF device measures the BFI and BVI signal directly. As shown in 
Fig. 3(a), compared to the baseline phase, the vessel diameter increased 
during the reperfusion phase, and the BFI also showed an elevation 
during reperfusion.

Fig. 3(a) shows a set of raw BFI data (the occlusion phase was 
omitted due to no useful information) for the FMD testing that was 

Fig. 1. (a) the schematic of the compact DSPF system, and (b) the multi-purpose probe design for the radial artery blood flow measurement.
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acquired from DSPF device. We selected 2,000 data points each from the 
baseline and reperfusion phases. The baseline data were sampled from 
the start of the measurement, while the reperfusion data were centered 
on the point of maximum value within that phase. Then, as illustrated in 
Fig. 3(b), we extract the BVI data with same method. Due to blood flow 
is pulsatile and periodic, we extracted the peak points from each cycle 

among those 2,000 points that serve as a noise-reduction filter, and then 
calculated the average value of these peak points to obtain four features 
from BFI and BVI data: 

BFIBaseline = (
∑n

i=1
ai)/n 

Fig. 2. (a) The clinical trial set up and time sequence for baseline, occlusion, and reperfusion phase, (b) a photo of the clinical trial, and (c) the workflow of the DSPF 
device and the DUD device for the FMD assessment.
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Fig. 3. (a) raw BFI and data of one run of FMD data acquisition from DSPF device and the selected data to calculate key features: BFIBaseline,BFIMaxReperfusion, with the 
comparison between the BFI data and the ultrasound image in the baseline and reperfusion phase, (b) raw BVI data of one run of FMD data acquisition from DSPF 
device and the selected data to calculate key features:BVIBaseline, and BVIMaxReperfusion, (c) the time delay between BFIMaxReperfusion and BVIMaxReperfusion among healthy 
subject and patient.
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BFIMaxReperfusion = (
∑n

i=1
bi)/n 

BVIBaseline = (
∑n

i=1
ci)/n 

BVIMaxReperfusion = (
∑n

i=1
di)/n 

The system acquires blood-flow (BFI) and blood-volume (BVI) signals 
simultaneously from the same field of view and clock, yielding intrinsic 
temporal co-registration. During the reperfusion phase, the analysis 
windows for BFI and BVI are anchored to their own peak times rather 
than a common marker. During the clinical trial, we consistently observe 
a short lag of the BVI peak after the BFI peak. As shown in Fig. 3(c), BVI 
peaks average delayed Δt = 45.7478 s after BFI peaks among healthy 
subject group (p = 2.6568× 10− 7), while patient group has delayed Δt 
= 48.8353 s (p = 1.2622× 10− 9). This timing offset is physiologically 
plausible given the measurement geometry: signals are acquired at the 
radial artery on the wrist while occlusion is applied at the upper arm. 
After cuff release, the velocity surge propagates distally and is detected 
by BFI almost immediately, whereas the volume response captured by 
BVI reflects slower processes: the artery and smaller downstream vessels 
gradually dilate, the pressure across the vessel wall settles back to 
normal, and more capillaries open and fill. These slower processes make 
the BVI reach its maximum after BFI. Therefore, we introduce the 
Reactive-Hyperemia–Flow-Volume (RHFV) index, which is calculated 
by above four features: 

RHFV = BFIBVI = (
BFIMaxReperfusion

BFIBaseline
)
(
BVIMaxReperfusion

BVIBaseline
)

Here, BFI is a surrogate of red blood cell motion speed (shear), and BVI is 
a surrogate of local blood volume (absorption). Because reperfusion 
exhibits an early velocity surge followed by slower volume expansion, 

BFIMaxReperfusion and BVIMaxReperfusion are identified at their own peaks in 
the reperfusion phase, baselines are computed from the initial resting 
segment. In log form, 

Log(RHFV) = BVI • Log(BFI) = (
BVIMaxReperfusion

BVIBaseline
) • Log(

BFIMaxReperfusion

BFIBaseline
)

showing that volume response weights the shear-linked velocity 
response, implementing a physiologic “AND” condition that rises chiefly 
when both components are present. This enhances specificity to shear- 
mediated vasoreactivity while mitigating scaling differences.

With the proposed RHFV, our DSPF platform can achieve a non- 
invasive, fully automated workflow for endothelial function FMD 
assessment. In contrast to Doppler ultrasound based FMD, the method 
requires no handheld transducer, gel, or operator-dependent caliper 
measurements, the closed-loop cuff inflation/deflation and real-time 
analysis at 330 Hz produce a single RHFV within minutes. By preser
ving pulsatility, supporting multi-site probes, and standardizing acqui
sition and analysis on device, this approach improves reproducibility 
and scalability while retaining the physiological specificity of shear- 
mediated vasodilation, constituting a substantive methodological 
advance over traditional FMD testing.

3. Results and analysis

We analyzed two datasets from 40 participants, including 20 patients 
with diabetes and 20 healthy individuals. Each subject underwent flow- 
mediated dilation (FMD) testing with a Doppler ultrasound device and 
with the DSPF device.

Fig. 4(a) shows the cross-method correlation between the DSPF- 
derived RHFV index and the Doppler-derived FMD index (FMDDUD), 
which demonstrates a strong linear relationship between the two mo
dalities across the full index range (patients in red, healthy in blue), with 
correlation coefficient is r = 0.870. This correlation is highly significant 
(t≈10.88; two-sided p ≪ 0.001) and the approximate 95% confidence 
interval for correlation coefficient by Fisher’s z-transform is 0.77–0.93. 

Fig. 3. (continued).
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The regression band indicates good agreement over the dynamic range, 
including higher DSPF values where ultrasound indices are likewise 
elevated, with no single outlier dominating the fit.

To evaluate the overall diagnostic performance of DSPF device 
compared to the Doppler ultrasound in FMD-based endothelial 
dysfunction assessment, we plotted the receiver operating characteristic 
(ROC) curves, as shown in Fig. 4(b), we report area under the curve 
(AUC), optimal operating points highlighted in the plots (threshold, 
sensitivity, specificity), Youden’s index, and accuracy. Under the same 
testing conditions, the Doppler ultrasound ROC achieved an AUC of 0.81 
(95% CI 0.64–0.93). At the displayed threshold of 7.1, the true-positive 
rate (TPR) was 0.80 and the false-positive rate (FPR) 0.30, yielding 
sensitivity = 0.80, specificity = 0.70, Youden’s index = 0.50, and 

accuracy = 0.75. The DSPF ROC achieved a higher AUC of 0.85 (95% CI 
0.69–0.96). At the displayed threshold of 1.11, TPR = 0.90 and FPR =
0.20, corresponding to sensitivity = 0.90, specificity = 0.80, Youden’s 
index = 0.70, and accuracy = 0.85.

Both evaluation methods demonstrate a statistically significant dif
ference between the healthy group and the diabetes group, indicating 
that vascular health is markedly reduced in diabetes patients compared 
to healthy individuals. The correlation and ROC analyses support both 
the discriminative and convergent validity of the DSPF device for 
endothelial dysfunction screening. First, DSPF’s AUC (0.85) is compa
rable to, and numerically exceeds, Doppler ultrasound’s AUC (0.81), 
with overlapping confidence intervals, indicating similar overall diag
nostic accuracy in this cohort. At the indicated operating point, DSPF 

Fig. 4. (a) The correlation between FMDDUD index and RHFV index, while correlation ratio r = 0.87, (b) the ROC curve of DUD and DSPF method to distinguish the 
patients and healthy subjects, while the FMDDUD has 0.8 sensitivity and 0.7 specificity, the DSPF index (RHFV) has 0.9 sensitivity and 0.8 specificity.
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provides a more favorable trade-off, translating into better balanced 
classification and higher accuracy. Second, the strong cross-method 
correlation shows that DSPF’s continuous index tracks the physiolog
ical changes captured by ultrasound FMD, supporting use of DSPF as a 
quantitative surrogate in settings where ultrasound is impractical. 
Clinically, higher sensitivity at a reasonable specificity suggests DSPF 
can serve as an effective front-line, portable screen to flag individuals for 
confirmatory testing or intervention, particularly in primary-care and 
community environments. The tight correlation further implies DSPF 
may be suitable for longitudinal monitoring of endothelial function, 
therapy response, or disease progression.

4. Discussion

This work introduces a fully integrated, multi-channel DSPF plat
form, a new optical FMD measurement protocol, and an accompanying 
analysis pipeline that together deliver real-time, operator-independent 
assessment of endothelial function. The clinical validation protocol was 
intentionally aligned with ultrasound FMD to enable head-to-head 
comparison while exploiting the strengths of optics. Cuff occlusion/ 
release followed standard timings while the optical probe was secured 
on the wrist to stabilize measurement during inflation/deflation. The 
high frame rate (330 Hz) acquisition captured the fast transients that are 
typically blurred by temporal averaging in single mode fiber based DSPF 
systems. Importantly, the DSPF index is computed from peak-of-cycle 
features in predefined baseline and reperfusion windows, preserving 
physiological timing and reducing susceptibility to baseline drift.

Validation study results provide convergent and discriminative val
idity. Across 40 participants, the RHFV index correlated strongly with 
the Doppler FMD index, indicating that continuous optical metrics track 
the same vascular responsiveness captured by ultrasound diameter 
change. We emphasize that DSPF index (RHFV) does not measure 
conduit artery diameter. Rather, it is a reactive-hyperemia–derived op
tical surrogate that reflects the hemodynamic consequences (blood flow 
and volume changes) of upstream vasodilation in distal vessels. This 
functional index correlates with ultrasound FMD in our cohort, sup
porting its use as a surrogate readout for endothelial responsiveness in 
contexts where ultrasound is impractical. In classification analyses, 
DSPF achieved higher sensitivity and specificity than the DUD. These 
findings support DSPF as both a quantitative surrogate for ultrasound 
FMD and a practical front-line screen in settings where ultrasound is 
unavailable or impractical. The strong cross-method agreement further 
suggests suitability for longitudinal monitoring of endothelial recovery 
or decline under lifestyle or pharmacologic interventions.

From a technological standpoint, the platform advances the field by 
linking optical hardware constraints to physiological interpretability. 
Multimode collection increases photon throughput, allowing low laser 
power (<5 mW per channel) while sustaining high SNR, and the fixed 
fiber-to-sensor registration stabilizes the measurement kernel across 
sessions. At the same time, dual-signal (BFI/BVI) acquisition adds 
redundancy: when motion or illumination changes perturb one channel, 
the other can serve as a timing or plausibility check. Embedding 
denoising, artifact rejection, and index computation on device stan
dardizes analysis across sites and operators—an essential step toward 
multi-center reproducibility, regulatory clearance, and real-world 
deployment.

The translational implications are substantial. Because the device is 
portable, low-power, and hands-free, it can be deployed in primary care, 
community screening, and rehabilitation settings to identify endothelial 
dysfunction before structural atherosclerosis is overt. Beyond diabetes 
risk stratification, the same protocol can be adapted to evaluate pe
ripheral arterial disease, microvascular angina/HFpEF, hypertension 
and vascular aging, and perioperative or critical-care states where 
microcirculatory adequacy is prognostically important. By reducing cost 
and operator dependence while preserving physiological specificity to 
shear-mediated vasodilation, DSPF has the potential to shift endothelial 

testing from specialist labs to point-of-care pathways, with expected 
downstream benefits in prevention, triage, and outcome tracking.

5. Conclusion

This study presents a novel, fully-integrated, compact, and portable 
DSPF system for non-invasive assessment of endothelial function. The 
optical FMD approach is operator-independent and gel-free, with a 
wearable probe and on-device acquisition/processing that standardize 
measurements and reduce inter-operator variability. Our findings 
demonstrate that the proposed portable DSPF device delivers endothe
lial-function assessments equivalent in accuracy to Doppler ultrasound. 
The proposed DSPF system offers several key advantages over tradi
tional Doppler ultrasound-based methods, including affordability, 
portability, and multi-channel capability. Through the introduction of a 
new optical-based, reactive hyperemia flow and volume index, the 
RHFV, we demonstrated a strong correlation (r = 0.87) against the 
clinical gold standard, FMD measurements via Doppler ultrasound de
vice, while the proposed DSPF device has comparable diagnostic per
formance in distinguishing subjects with and without endothelial 
dysfunction (AUC = 0.85). Because optical probe samples the wrist 
radial artery, local responses may include contributions from micro
vascular perfusion and downstream hemodynamics in addition to 
conduit artery behavior, accordingly, we avoid claiming direct diameter 
measurement and frame RHFV index as a physiologically coupled 
surrogate.

This research paves the way for the development of a scalable and 
user-friendly tool for vascular health screening in decentralized and 
resource-limited healthcare environments, particularly in the context of 
diabetes and other cardiovascular risk factors. Further studies are war
ranted to explore the potential of this technology in broader clinical 
applications, including the assessment of coronary microvascular 
dysfunction, peripheral arterial disease, hypertension, and vascular 
aging.
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