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The retinal microvasculature is one of the few sites where the microcirculation can be directly and 
non-invasively visualized in vivo, offering a unique window into ocular disease and systemic health. 
In this study we developed and validated a novel imaging platform integrating a custom-built one-
lead electrocardiogram (ECG) with laser Doppler holography (LDH), a high-speed imaging technique 
that captures Doppler-induced phase shifts, for real-time cardiac cycle-resolved assessment of retinal 
hemodynamics.  Twenty-five healthy adults were imaged (five images per eye), with 563 cardiac 
cycles meeting analysis quality criteria. Internal system latency combined with synchronization offset 
amounted to less than 5 ms. LDH-derived beat-to-beat intervals closely tracked ECG R-R intervals, 
with small mean differences (~ 3 ms), demonstrating excellent temporal stability without measurable 
drift. ECG-retina latencies, defined as time from the ECG R-peak to LDH peak systolic velocity (R-PSV), 
maximal systolic upslope (R-MaxSlope), and 50% PSV amplitude (R-PSV½), were measured. R-PSV½ 
mean ± SD was 128 ± 18 ms and showed the highest repeatability (ICC = 0.78, median CV = 4.8%). ECG-
retina latencies were moderately associated with age and heart rate, in exploratory analyses. This 
integrated ECG-LDH platform provides repeatable, synchronized, high-speed, cardiac-resolved retinal 
hemodynamic measurements and establishes a quantitative framework for studying the eye-heart 
relationship.
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Retinal vessels share structural and functional characteristics with systemic and central nervous system 
microvasculature1–4. Due to their anatomical features, they provide a unique opportunity to directly and non-
invasively visualize the microcirculation in vivo, offering an unparalleled window into both ocular disease 
and systemic health1,2,5. Measuring blood flow changes can advance our understanding of ocular physiology 
and pathophysiology with impaired blood flow being linked to many ocular conditions, including glaucoma, 
diabetic retinopathy and age-related macular degeneration6–13. Beyond ophthalmology, these accessible retinal 
features are increasingly recognized as a potential source for biomarkers of systemic health - helping drive the 
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field of Oculomics, where ocular images serve as a non-invasive window to systemic disease, with findings 
in cardiovascular and metabolic disorders, neurodegenerative conditions such as Alzheimer’s disease and 
Parkinson’s disease, multiple sclerosis, among others14–21.

While several imaging modalities exist to characterize ocular blood flow, they each have their limitations. 
Color Doppler imaging (CDI) measures real time flow in the larger retrobulbar vessels supplying the eye, 
however the technique is operator-dependent, lacks spatial resolution for imaging smaller vessels and typically 
requires manual measurement of output parameters22,23. Optical coherence tomography angiography (OCTA) 
provides high-resolution detailed maps of retinal and choroidal vasculature, but lacks dynamic, temporal 
information24,25. Conversely, laser speckle offers temporal resolution of retinal blood flow, but is limited by 
noise, relatively low spatial resolution and conventional methods provide only relative perfusion, though recent 
approaches can estimate flow velocity more directly26.

Laser Doppler holography (LDH) is a new imaging device that provides full-field, high-speed assessment 
of retinal blood flow by capturing Doppler-induced phase changes in holographic recordings of backscattered 
laser light27–30. The device records 3.5-second videos and outputs extensive data including arterial and venous 
velocities, waveform morphology throughout the cardiac cycle, resistivity and pulsatility index, among other 
derived metrics (Fig. 1). Because retinal blood flow is inherently pulsatile and exhibits characteristics of the 
cardiac cycle - coupling LDH to an electrocardiogram (ECG) would allow for alignment of flow pulses to the 
cardiac cycle to enable cardiac cycle-resolved hemodynamic analysis. ECG-based alignment has the potential to 
also provide a common temporal reference to synchronize LDH data with other ECG-gated modalities, including 
echocardiography, even if acquisitions are performed on different days or in different locations - providing a 
reliable key for cross-modality alignment.

This study presents a novel custom-built one-lead ECG system synchronized and integrated into an LDH 
device for real-time hemodynamic assessment. We demonstrate the feasibility and repeatability of this system, 
providing a proof-of-concept for the eye-heart hemodynamic axis and laying the foundation for future studies 
exploring the relationship between ocular blood flow and systemic vascular health.

Methods
Study population
This study was a prospective cross-sectional observational study conducted in the New York Eye and Ear 
Infirmary of Mount Sinai, New York, New York, United States. The study was conducted in accordance with the 
Declaration of Helsinki and the study protocol was approved by the Institutional Review Board of Icahn School 
of Medicine at Mount Sinai, New York, NY, USA (protocol code: STUDY-24-01722; date of approval: February 
12th, 2025). A written informed consent was signed by all study subjects before the start of this study.

Twenty-five healthy adults (≥ 18 years) with no ocular or uncontrolled systemic disease were recruited and 
imaged between October and November 2025 and were imaged on the LDH device integrated with our custom 
one-lead ECG.

System design
ECG data was acquired using a custom-built single lead recording system based on an Arduino Nano 
microcontroller and a SparkFun AD8232 heart rate monitor breakout board. The AD8232 provided analog 
amplification and filtering for a simple three electrode, single lead ECG configuration. The Arduino Nano’s 
analog-to-digital converter sampling rate was set to 500 Hz (every 2 ms), providing adequate temporal resolution 

Fig. 1.  Representative laser Doppler holography (LDH) output. (a) LDH image showing the optic nerve head 
with segmented retinal vessels (arteries in orange, veins in blue). To protect biometric privacy, the vascular 
architecture has been synthetically modified using AI. (b) Velocity spectrograms (mm/s) over the 3.5-second 
acquisition in the arteries (top, orange) and veins (bottom, blue), showing pulsatile waveform morphology.
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to capture cardiac features such as the QRS complex while allowing stable real-time data acquisition. The ECG 
system was used alongside the LDH setup, allowing concurrent acquisition.

At the start of each scan, the LDH system recorded a single Unix timestamp, derived from the host computer’s 
nanosecond-resolution clock. Simultaneously, the ECG continuously recorded time points with nanosecond-
resolution Unix timestamps from the same host computer. During post-processing, the LDH start timestamp 
was aligned with the closest ECG timestamp, and the offset was quantified across all scans by subtracting the 
LDH start timestamp from the corresponding ECG timestamp, yielding an average synchronization offset of 
1.17 ± 1.88 ms. This offset was not corrected in post-processing to preserve native acquisition timing and avoid 
introducing artificial temporal shifts.

Image acquisition and feature extraction
Each participant underwent ECG recording with simultaneous LDH imaging of both eyes, with each eye imaged 
five times during a single session. Blood pressure (BP) and intraocular pressure (IOP) were measured on the 
same day, just before imaging. LDH data were acquired using Holovibes v14.11.12. The LDH camera has an 
acquisition frame rate of 37 kHz (0.03 ms). Each LDH recording lasted 3.5 s, reflecting the default acquisition 
duration of the current device. Doppler image reconstruction uses a Short-Time Fourier Transform (STFT) with 
a window size of 512 samples and a window stride of 512 samples (no overlap), resulting in an effective frame 
rate of 72.3 Hz (13.83 ms) for the reconstructed Doppler images. Doppler hologram rendering was performed 
with HoloDoppler v2.9.8, and downstream LDH signal analysis with EyeFlow v2.9.10.2.

Custom software was used to align the ECG and LDH signals (Fig. 2A). Because blood flow can show different 
waveform patterns, such as a delayed peak after a plateau or the presence of multiple peaks, relying on peak 
timing can be inconsistent31. For this reason, when analyzing the LDH signal we not only evaluated peak systolic 
velocity (PSV), the time of maximum velocity during systole, but also defined two additional timing markers: (1) 
MaxSlope - point of maximal velocity increase (maximum dv/dt) during the systolic upstroke, and (2) PSV½ - 
the point at which the systolic upstroke reaches 50% of the pulse amplitude, where pulse amplitude is defined as 
the difference between the PSV and the preceding diastolic minimum. These provide alternative timing markers 
that are less directly affected by variations in peak morphology. MaxSlope and PSV½ were calculated from 
the reconstructed LDH waveform via interpolation, allowing sub-frame interpolation of waveform features. 
However, the effective temporal resolution of the reconstructed LDH signal remains 13.83 ms. Accordingly, 
temporal values were derived from interpolation-based (sub-frame) estimates, however they are reported 

Fig. 2.  Signal synchronization and hemodynamic feature extraction. (a) 3.5-second trace of the synchronized 
electrocardiogram (ECG) and laser Doppler holography (LDH) signals. (b) Automated detection of ECG 
R-peaks (green). (c) Automated detection of LDH metrics for each cardiac cycle: peak systolic velocity (PSV, 
red), maximal systolic upslope (MaxSlope, purple), and 50% PSV amplitude (PSV½, orange).
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rounded up to the nearest millisecond to avoid overstating precision relative to the underlying signal resolution. 
Feature extraction and calculation of all temporal parameters were performed using fully automated custom 
MATLAB scripts (version R2021b; MathWorks, Natick, MA, USA); R-wave peaks were detected from the ECG, 
LDH metrics were extracted for each cardiac cycle, and intervals and latencies (described below) were computed 
(Fig.  2B,C). All acquisitions and software-derived outputs underwent a predefined manual quality control 
review by a single grader (KW). Images or waveforms were excluded if the optic nerve was poorly centered, 
vessel segmentation was inaccurate, image clarity or registration was insufficient, or if selected waveforms were 
noisy, affected by motion artifacts, or did not include a complete cardiac cycle. Automated feature detection was 
also manually verified to ensure correct identification of R-wave peaks and LDH metrics within the same cardiac 
cycle.

Statistical analysis
To quantify the variability of each system, intervals within the same image were averaged to obtain an image-
level average. Averages from different images from the same eye in the same participant were then compared to 
derive the coefficient of variation (CV) for the ECG and for the LDH intervals, and median CVs were reported.

ECG-LDH temporal stability
To verify the temporal stability between the ECG and the holography systems, we compared ECG R-R intervals 
to LDH PSV, MaxSlope and PSV½ beat-to-beat intervals. For an interval to be included in the analysis, both 
beats forming the interval must have passed the manual quality control.

Difference between the LDH and ECG beat-to-beat intervals (LDH minus ECG) was calculated for each 
interval and analyzed with Bland-Altman, reporting the mean difference (bias) ± SD, the 95% confidence interval 
(CI) of the mean, and the 95% limits of agreement (LoA; calculated as the mean difference ± 1.96 SD). Statistical 
significance of the mean differences was assessed using a one-sample t-test against zero. Due to the paired nature 
of LDH and ECG intervals, physiologic beat-to-beat variability affects both signals equally; consequently, the 
differences observed in the beat-level analysis should primarily reflect measurement error.

Repeatability of ECG-retina latencies
Latency from the ECG R-peak to each LDH metric (PSV, MaxSlope, PSV½) was computed (R-PSV, R-MaxSlope, 
R-PSV½). Beat-level values for each of the latencies were averaged for each image, defined as the image-level 
mean, and then averaged across all images within each eye, defined as the eye-level mean, to calculate between-
eye summary statistics. All available beats within each image were included, with the number of analyzable beats 
per image varying across acquisitions. Image-level and eye-level values were computed as simple (unweighted) 
means, so that each image contributed equally, maintaining the image as the unit of repeatability. Within-eye 
repeatability was quantified using the intraclass correlation coefficient [ICC (1,1)] and within-eye variability was 
assessed with the CV and reported as the median CV across eyes, both from image-level data; a beat-to-beat 
approach was avoided as it would capture physiologic beat-to-beat variability rather than repeatability of the 
imaging.

Physiological associations
Differences between the eyes were assessed with paired Wilcoxon signed-rank tests, with right and left eye 
measurements treated as paired observations within each participant. Sex differences were assessed using 
Wilcoxon rank-sum tests applied to subject-level eye-averaged parameters. Spearman rank correlations were 
used to assess relationships between systemic and retinal parameters, with a single value per subject (right 
and left eye measurements were averaged). Spearman correlations were used rather than Pearson correlations 
because several variables were not normally distributed. p < 0.05 were considered statistically significant.

All statistical analyses were performed using R version 4.5.1 (R Foundation for Statistical Computing, 
Vienna, Austria).

Temporal variables are reported in milliseconds and rounded up to the nearest integer to reflect the effective 
temporal resolution (13.83 ms) of the reconstructed LDH signal, whereas hemodynamic amplitude measures are 
reported with native computational precision.

To protect participants biometric privacy, the vascular architecture in the representative LDH image (Fig. 1A) 
was synthetically modified using ChatGPT (version ChatGPT-4o, OpenAI, San Francisco, CA; accessed January 
7, 2026). The corresponding hemodynamic data (Fig. 1B) remains unaltered.

Results
25 participants (50 eyes) were imaged, with 774 cardiac cycles identified. After quality control, 563 beats 
remained for analysis. Demographic and hemodynamic variables are summarized in Table 1.

For the entire cohort, ECG R-R interval variability was low with a median CV of 3.4%. LDH-derived beat-
to-beat intervals showed median CVs of 4.5% for the PSV-interval, 4.2% for the MaxSlope-interval and 4.2% for 
the PSV½-interval. These findings indicate minimal variability for both systems, with ECG showing a slightly 
lower variability.

ECG-LDH temporal stability
From the 563 beats included in the analysis, there were 333 beat-to-beat intervals that met the interval inclusion 
criteria.

The mean ECG R-R interval was 761 ± 14 ms. Differences between the LDH and the ECG beat-to-beat 
intervals were small for all three metrics (2–4 ms), corresponding to < 0.5% of the average R-R interval (Table 2). 
The PSV-interval mean difference approached statistical significance and showed relatively wide LoA. In 
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contrast, the MaxSlope- and PSV½-intervals showed statistically significant mean differences from ECG timing, 
but with narrower LoAs (Table 2; Fig. 3).

Repeatability of ECG-retina latencies
Mean ± SD, ICC and median CV for PSV amplitude and the three ECG-retina latencies are summarized in 
Table 3. ICC values ranged from moderate to strong (0.65–0.78), with median CVs ranging 4.8-6.0%, indicating 
good repeatability for all metrics. R-PSV½ had the best results for both ICC and CV.

Fig. 3.  Bland-Altman plots comparing laser Doppler holography (LDH)-intervals to ECG-intervals. 
Agreement between ECG R-R intervals and the three LDH timing metrics intervals: peak systolic velocity 
(PSV, left), maximal systolic upslope (MaxSlope, center), and 50% PSV amplitude (PSV½, right). The blue lines 
represent the mean difference (bias) between the laser LDH and the ECG. The dashed red lines represent the 
95% limits of agreement (LoA). All three metrics show minimal systematic bias, with mean differences around 
3 ms. PSV½-interval and MaxSlope-interval showed narrower LoA and tighter clustering of points around the 
mean, indicating a closer agreement with R-R, compared to the PSV-interval.

 

Metric Mean interval (ms) Mean difference (LDH-ECG) ± SD (ms) 95% CI of the mean difference (ms) Limits of agreement (ms) p-value

PSV-interval 765 4 ± 36 0–8 -66-74 0.051

MaxSlope-interval 764 2 ± 21 0–4 -39-44 0.048

PSV½-interval 764 3 ± 21 1–5 -38-43 0.011

Table 2.  Bland-Altman agreement between LDH-derived beat-to-beat intervals and ECG R-R intervals. 
Comparison of beat-to-beat intervals (n = 333) of ECG R-R and LDH-derived timing metrics. LDH = laser 
Doppler holography; ECG = electrocardiogram; SD = standard deviation; CI = confidence interval; PSV = peak 
systolic velocity; MaxSlope = maximal systolic upslope; PSV½ = 50% PSV amplitude.

 

Median (Q1, Q3)

Age (years) 32 ± 14*

Sex 12 F (48%), 13 M (52%)

Systolic BP (mmHg) 121 (107, 130)

Diastolic BP (mmHg) 78 (74, 82)

Heart rate (bpm) 76 (70, 81)

MAP† (mmHg) 95 (85, 98)

IOP (mmHg)

 OD 16.7 (14.5, 18.2)

 OS 16.3 (14.0, 19.7)

Mean OPP‡ (mmHg)

 OD 46.9 (38.7, 48.4)

 OS 46.3 (40.6, 50.1)

Table 1.  Demographic and hemodynamic characteristics of the study cohort (N = 25). Data are presented as 
median (Q1, Q3) unless otherwise specified. Q1, Q3 = first, third quartile; BP = blood pressure; MAP = mean 
arterial pressure; IOP = intraocular pressure; OD = right eye (oculus dexter); OS = left eye (oculus sinister); 
OPP = ocular perfusion pressure; *Reported as Mean±standard deviation; †MAP = DBP + 1/3(SBP - DBP); 
‡Mean OPP = 2/3MAP-IOP.
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Physiological associations
Mean ± SD PSV amplitude across eyes was 27.05 ± 3.41  mm/s, and the latencies ranged from 126 to 181 ms 
(Table 3). There was no difference between the eyes for IOP, PSV amplitude, R-MaxSlope and R-PSV½ (p-values 
0.263-1.000). A very small but statistically significant inter-eye difference was observed for R-PSV (median 
difference 2 ms, p = 0.041). PSV amplitude and ECG-retina latencies were similar between the sexes, with 
no statistically significant differences (p-values 0.935–0.979). For full inter-eye and sex comparison data see 
Supplementary Tables S1 and S2.

ECG-retina latencies demonstrated weak-moderate negative correlations with age, with the strongest 
correlation observed between age and R-PSV½ (ρ = -0.49, p = 0.015). Heart rate was negatively correlated with 
all three ECG-retina latencies (ρ ranging − 0.43-(-0.44), p-values all < 0.05). Ocular perfusion pressure (OPP) 
measures showed weak correlations with ECG-retina latencies, with some associations approaching statistical 
significance. PSV showed no significant correlations with systemic variables or perfusion pressure measures. 
Full correlation coefficients and p-values are provided in Supplementary Table S3.

These analyses are exploratory and based on a small pilot cohort (N = 25). No multivariable adjustment was 
performed, and multiple comparison corrections were not applied. Consequently, these findings should be 
interpreted cautiously and primarily serve to generate hypotheses for future studies.

Discussion
Retinal vasculature, as a direct extension of the systemic circulation, offers a unique, non-invasive window into 
microcirculatory dynamics that mirror the health of the heart and brain. While previous research has linked 
ocular and cardiac blood flow, technological limitations have limited our ability to capture cardiac-resolved 
high-speed hemodynamics in real-time. To address this, we integrated a one-lead ECG with an LDH device, and 
developed custom synchronization software. This system creates a novel platform for cardiac-resolved dynamic 
retinal blood flow imaging, and provides high precision, quantitative measurements for the field of Oculomics. 
The aim of this study is to describe the development and validation of this combined LDH ECG system.

When assessing time and interference in a complex system, it is often difficult to isolate individual components’ 
contributions to bias and measurement error. Here we present latency metrics defined as the time between the 
ECG R-peak and the appearance of systolic flow in the retinal circulation. This interval represents a composite 
timing metric reflecting the sequence from cardiac electrical activation and subsequent mechanical ejection, pulse 
propagation within the carotid-ophthalmic circulation, and arrival of flow at the retinal circulation. However, it 
is important to note that the current system does not allow quantification of the relative contributions of these 
individual components, and the resulting measure should therefore be interpreted as a composite timing metric.

The different latency metrics defined and used in this study represent alternative methods of detecting 
the same physiological transition within the LDH waveform, rather than distinct phenomena. Accordingly, 
differences between latency definitions primarily reflect feature-detection variability rather than separate 
vascular processes.

To verify accurate temporal alignment between the ECG and LDH signals, we evaluated three complementary 
aspects of timing: first, whether the two systems measure time consistently, referred to as “temporal stability”; 
second, whether the signals start simultaneously; and third, whether internal hardware introduces systematic 
latency. The following paragraphs describe these evaluations in detail.

To test temporal stability between the two systems, we compared the three LDH-derived beat-to-beat 
intervals with the ECG R-R intervals and found that they closely tracked each other, indicating consistent timing 
between the systems. While there was a statistically significant mean difference between the ECG R-R intervals 
and the MaxSlope and PSV½ intervals, the difference was small (~ 3 ms) relative to the mean R-R interval 
(761 ms), representing < 0.5% of the interval. For reference, the mean R-MaxSlope and R-PSV½ were ~ 127 
ms - almost 40 times larger than the difference. The SD appears large relative to the mean difference, primarily 
reflecting the very small mean bias, but also potentially due to a combination of additional factors. First, 
physiological variability, such as beat-to-beat fluctuations in breathing, IOP, autonomic tone, pulse propagation, 
and microvascular dynamics, can alter the morphology and timing of LDH waveforms. Second, temporal 
resolution limitations of the LDH signal (effective resolution ~ 13.8 ms) introduce inherent uncertainty in timing 
estimation, although interpolation improves sub-frame precision. Third, comparing easily detectable peaks 
of an electrical signal with peaks of a fluid waveform, which are susceptible to morphological variability and 
physiological changes, introduces expected variability in feature timing and can produce timing jitter in feature 

Metric Mean ± SD, across eyes ICC Median CV (%)

PSV amplitude (mm/s) 27.05 ± 3.41 0.75 5.2

R-PSV (ms) 181 ± 26 0.65 5.8

R-MaxSlope (ms) 126 ± 23 0.75 5.6

R-PSV½ (ms) 128 ± 18 0.78 4.8

Table 3.  Repeatability of LDH PSV amplitude and ECG-retina latencies. Mean values and repeatability metrics 
for PSV amplitude and R-peak to LDH timing latencies. SD = standard deviation; ICC = intraclass correlation 
coefficient (1,1); CV = coefficient of variation; PSV = peak systolic velocity; R-PSV = time from ECG R-peak to 
PSV; R-MaxSlope = time from ECG R-peak to maximal systolic upslope; R-PSV½ = time from ECG R-peak to 
50% PSV amplitude.
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detection despite consistent temporal alignment between the two signals. This is supported by our findings that 
PSV, which is more morphology-dependent, exhibits higher variability (SD ~ 36 ms) compared to MaxSlope 
and PSV½ (SD ~ 21 ms), indicating that feature definition significantly impacts timing precision. The relative 
contributions of physiological versus methodological factors could not be quantified in this study, as reference 
measurements were not available to isolate each source. Future studies with higher LDH frame rate acquisition 
or morphology-robust feature definitions should help isolate and provide the ability to reduce specific sources of 
variability. Overall, the very small mean bias indicates that the two systems measure time consistently without 
temporal drift between the two signals, while the observed variability reflects a combination of physiological and 
methodological factors inherent to waveform-based feature extraction.

To align the signals and verify whether they start simultaneously, we used a common clock with centralized 
nanosecond-resolution Unix timestamping and performed a technical validation quantifying the offset between 
the two systems, showing an average offset of 1.17 ± 1.88 ms. For internal system latency, while we did not use an 
external trigger to directly measure it, the AD8232 ECG board has previously been shown to have an end-to-end 
latency under 3 ms32. Combined, these indicate that the total system offset is under 5 ms.

The temporal stability, minimal synchronization offset, and low internal hardware latency, together support 
the presence of accurate temporal alignment between the cardiac and retinal signals.

External validation of the temporal alignment is supported by our Mean R-MaxSlope of 126 ± 23 ms, which 
is comparable to heart-retina time (HRT) reported in a study coupling ECG to optical coherence tomography, 
where HRT was defined as the time from the R-wave peak to the sharpest rise of blood flow velocity, with a 
measured mean of 144 ± 19 ms33. The 18 ms difference may reflect differences between imaging modalities, as 
LDH provides a continuous blood flow waveform from which timing features are directly extracted, whereas 
OCT derives flow timing through additional processing steps, which may influence the detected timing of the 
systolic upstroke. Differences in study populations and use of different imaging modalities with fundamentally 
different optical and analytical mechanisms are also possible contributors. Nonetheless, both results are within a 
similar range, providing external validation to our findings.

In this pilot study, the ICCs of within-eye repeatability for the different ECG-retina latencies were moderate 
to strong (0.65–0.78), with low median CVs (4.8–6.0%). Among the three latencies examined, R-PSV½ had the 
highest ICC and the lowest CV, making it the most stable metric we examined, and suggesting this would be 
the most reliable metric for longitudinal and comparative studies. In contrast, timing based on the PSV peak 
showed greater variability, consistent with its sensitivity to waveform morphology. These results indicate this 
system provides repeatable measurements of cardiac cycle-resolved retinal blood flow, with R-PSV½ being the 
most robust latency metric.

We report for the first time mean ± SD for PSV amplitude and for the three latency metrics we defined. To our 
knowledge, these are the first quantitative values for LDH-derived metrics in a healthy cohort.

When comparing between the eyes, a small statistically significant difference was observed for R-PSV, 
however, the absolute magnitude of this difference was small, and no difference was observed for any of the other 
metrics. Given the modest sample size and multiple comparisons, this finding should be interpreted cautiously, 
as it may reflect statistical variability rather than a true physiological difference. Overall, these results support the 
use of either eye for future studies, in healthy control subjects.

No statistically significant differences between sexes were seen for PSV amplitude and ECG-retina latencies, 
despite higher OPP in males. ECG-retina latencies showed moderate associations with age and heart rate, but no 
significant association with OPP in healthy adults. PSV amplitude was not associated with systemic variables or 
OPP. Overall, these findings may reflect the presence of autoregulatory mechanisms that help maintain relatively 
stable retinal blood flow across the physiological range of OPP in healthy subjects.

LDH joins and complements existing non-invasive arterial waveform assessment techniques that reflect a 
growing interest in capturing cardiovascular dynamics across scales. For example, handheld optical systems 
have been developed to measure carotid pulse waveforms for non-invasive evaluation of cardiovascular and 
arterial health, while ultrasound-based approaches enable non-invasive estimation of carotid arterial pressure 
waveforms during physiological stress34,35. In addition, laser speckle-based technologies have been adapted into 
both device-based and wearable formats, including endoscopic systems for tissue-level blood flow visualization 
and wearable flowmetry systems for continuous monitoring of cerebral perfusion36,37. While these technologies 
demonstrate increasing portability and clinical feasibility, most focus on large-vessel or regional perfusion 
measurements and typically provide limited spatial resolution of individual microvascular flow dynamics.

Within this group, some approaches incorporate ECG synchronization to align cardiac electrical activity with 
vascular signals, and a subset derives pulse arrival time (PAT), a metric describing the interval between cardiac 
electrical activation and peripheral pulse detection38. Conceptually, the ECG-retina latencies in our study are 
similar to PAT, although the terminal measurement reflects retinal microvascular flow rather than peripheral 
arterial waveform arrival. The ECG-retina latency observed in this study (~ 127 ms) falls within the range of 
reported PAT values (approximately 126 ms at the ear and 269 ms at the finger), supporting its conceptual 
similarity39.

Among biomarkers, PAT has been explored for assessing cardiovascular health, including arterial stiffness 
assessment and risk stratification38,40–43 The present ECG-synchronized LDH platform extends the concept of 
PAT to a system that provides direct visualization of microvascular hemodynamics with high temporal and 
spatial resolution. This distinguishes LDH from peripheral waveform-based approaches, which generally infer 
vascular properties indirectly from distal pulse detection. While the translational implications of these retinal 
timing metrics remain to be established, they provide a foundation for future studies in conditions associated with 
altered ocular hemodynamics. This includes ophthalmic conditions including glaucoma, diabetic retinopathy, 
and age-related macular degeneration, as well as broader systemic applications in Oculomics.
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This study has several limitations to acknowledge. The relatively small sample size and inclusion of only 
healthy subjects, while sufficient for system validation and assessment of repeatability, limit the generalizability 
of findings and the ability to detect small differences. Additionally, we demonstrate here repeatability in a single 
imaging session, and did not examine reproducibility over multiple visits. The reported correlations between 
ECG-retina latency metrics and age or heart rate are exploratory; the small sample size and absence of adjustment 
or multiple comparison correction limit the strength of these associations, which should be confirmed in larger 
studies. Image and waveform quality were assessed through manual review by a single grader; future work could 
focus on developing standardized automated quality-control approaches to reduce reliance on manual grading 
and improve reproducibility in larger datasets. Additionally, each LDH recording lasted 3.5 s, the only currently 
available recording length. This window captures multiple cardiac cycles but may not fully reflect beat-to-beat 
variability or longer-term hemodynamics, limiting repeatability estimates and physiological interpretations to 
the observed time window. Finally, we did not use an external hardware trigger to test internal system latency, 
however, the AD8232 ECG board has a previously reported end-to-end latency under 3 ms. In addition, we 
measured a synchronization offset of 1.17 ± 1.88 ms. Combined, these contribute a negligible offset compared to 
the measured biological ECG-retina latencies (~ 127 ms), providing sufficient resolution for capturing eye-heart 
hemodynamics.

Future directions include focusing on additional LDH-derived metrics not examined in this study, such as 
venous velocity, flow volume measures, and frequency-domain features. The ECG-based temporal alignment 
provides a platform to couple the LDH data with other ECG-gated devices such as echocardiogram, even if 
acquisitions are performed on different days or in different locations - facilitating multimodal studies of the eye-
heart relationship. In addition, LDH could be synchronized with other temporally resolved physiologic signals, 
such as electroencephalography. Extending acquisition beyond 3.5  s would allow assessment of beat-to-beat 
variability, respiratory influences, and a more complete characterization of ocular hemodynamics.

Conclusions
In summary, we have developed and validated a novel platform that integrates ECG with LDH to achieve cardiac 
cycle-resolved retinal blood flow measurements. Our results show that the system reliably synchronizes cardiac 
and retinal signals, and provides repeatable metrics of real-time hemodynamics, with R-PSV½ emerging as the 
most robust ECG-retina latency. Furthermore, this study provides preliminary normative data for healthy adults 
and demonstrates that retinal blood flow is relatively preserved across a physiological range of ocular perfusion 
pressure. This integrated ECG-LDH platform offers a new approach for exploring the eye-heart relationship, 
with potential applications in both clinical and research settings.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author on 
reasonable request. All key findings and summarized data supporting the results of this study are included in this 
published article and its supplementary files.

Code availability
The custom MATLAB scripts used are available from the corresponding author upon reasonable request.
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