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Measuring fast dynamic processes with dynamic light scattering over wide fields of view
is critical for applications ranging from blood flow imaging to characterizing complex
fluids, yet is often limited by the need for expensive, high frame rate cameras. Here, we
introduce sinusoidal intensity modulation speckle imaging (SIMSI), a technique that
overcomes this hardware limitation by encoding information about fast dynamics into
images captured with long camera exposures. Within each exposure, we sinusoidally
modulate the illumination intensity, yielding frequency selective speckle variance
measurements that sample the power spectral density (PSD) of intensity fluctuations.
By sweeping the modulation frequency across exposures, SIMSI maps the PSD while
preserving high signal-to-noise long exposures. We fit the measured spectra with a
flexible model and report a spectral cutoff frequency f- as a flow index. In controlled
flow microfluidic phantoms, SIMSI PSD estimates agree with the reference PSD
measurements from a coaligned high-speed detector, and the derived . varies linearly
with the imposed flow velocity (R* > 0.999). In vivo in the mouse cortex, the SIMSI
derived f; maps distinguish vascular compartments with distinct spectral signatures.
Finally, SIMSI tracks the spatiotemporal evolution of cortical blood flow changes for
ten days following ischemic stroke. SIMSI provides a robust and accessible method for
wide field, frequency domain characterization of fast dynamics using standard cameras.
This advance enables a richer characterization of complex systems and has wide ranging
applications in biomedicine, engineering, and physics.

cerebral blood flow imaging | laser speckle contrast imaging | light intensity modulation |
power spectral density | dynamic light scattering

Temporal intensity fluctuations arising from dynamic light scattering in biological
tissue carry rich physiological and biophysical information, most notably microvascular
blood flow, tissue perfusion, and particle diffusion, through the temporal intensity
autocorrelation function g»(7) and its Fourier dual, the power spectral density (PSD)
(1-3). In principle, wide-field imaging of these dynamics would allow quantitative
mapping of perfusion and flow heterogeneity over large fields of view, enabling new
insights in basic neuroscience, stroke and oncology monitoring, and intraoperative
guidance (4-8). In practice, however, the decorrelation timescales of g»(7) range from
microseconds to milliseconds, demanding sampling rates well beyond those of standard
scientific cameras. Although high speed detectors can resolve these dynamics, they are
constrained by cost, instrument complexity, or field of view.

To bridge this gap to direct temporal characterization, a diverse range of wide-field
techniques has emerged. Hardware accelerated approaches pursue direct, fast sampling:
dynamic light scattering imaging (DLSI) acquires pixelwise g2(7) using high frame rate
cameras (9); large format single photon avalanche-diode (SPAD) arrays now integrate
on chip autocorrelation for massively parallel diffuse correlation measurements (10, 11);
and event-based neuromorphic sensors provide microsecond-latency readout for speckle
dynamics (12). A complementary strategy uses camera architectures to reformat time
into space, such as rolling shutter speckle imaging (RSSI), which exploits the row-wise
readout of commodity CMOS sensors to recover temporal decorrelation in a single frame
(13, 14).

An alternate strategy has been to develop computational methods that infer fast
dynamics from time-integrated measurements made with standard cameras. This includes
laser speckle contrast imaging (LSCI), multiexposure speckle imaging (MESI), and
speckle contrast optical spectroscopy (SCOS), and related speckle visibility approaches
(15-20). Recently, a time domain variant using pulsed intensity modulation has enabled
wide-field mapping of quasi—g»(7) with ordinary cameras (21). Collectively, these
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advances extend temporal reach or interpretability, but they either
demand specialized, high-throughput sensors (limiting cost and
field of view) or rely on simplified models that reduce sensitivity to
multiscale dynamics. Moreover, when photon budgets are tight,
approaches that rely on very short integration windows (short
exposures or low duty cycle pulsed illumination) can become
photon-limited and degrade the precision of speckle-visibility
statistics.

Here, we introduce sinusoidal intensity modulation speckle
imaging (SIMSI), a frequency domain approach that overcomes
these limitations by enabling measurement of rapid speckle
dynamics with only standard, low frame rate cameras. The
principle is to modulate the illumination intensity with a
sinusoidal waveform at a chosen frequency, f,,, within a single,
long camera exposure. We show that the speckle variance,
K?(T, f,,), provides a frequency localized sample of the PSD of
the intensity fluctuations at f* = f;,. By sweeping the modulation
frequency across successive frames, SIMSI builds the full PSD
without requiring high frame rate acquisition or assuming a
specific form of the PSD or g2(7). Crucially, the use of long
integration times for each spectral point makes the measurement
highly photon-efficient, a critical advantage for low-light imaging
conditions. To characterize the measured PSD, we fit a flexible
model, P(f) = a(1+ (f/£)")~! + b, to extract flow-related
maps (here, a spectral cutoff frequency f;) for wide-field imaging.
This work first validates SIMSI in controlled flow phantoms and
healthy mouse cortex, and then applies it to track cerebrovascular
changes following ischemic stroke. This advance provides an
accessible and robust method for quantitative, wide-field analysis
of dynamic systems with broad applications in biomedicine and
materials science.

Results

Principle of SIMSI. When coherent light scatters from dynamic
media, such as biological tissue, it creates a random interference
pattern known as speckle (15, 22). The temporal fluctuations of
this pattern carry rich information about the motion of scatterers,
such as blood cells. In LSCI, these dynamics are quantified by the
speckle contrast, K(7'), which measures the degree of blurring
over a camera exposure time 7. The normalized speckle variance,
K?(T), for a constant illumination is related to the sample’s
intensity autocorrelation function, g2(7), by

2

A
/(; (T —71)p2(7)d7r — 1. (1]

Since g»(7) enters through an integral operator, recovering
a compact decorrelation metric from K2(7) is generally not
feasible without additional assumptions (e.g., a parametric family
for g1(7) and additional terms such as static scattering and
noise). While powerful, such assumptions can be challenged by
heterogeneous, multiscale dynamics in living tissues and may
be susceptible to model mismatch (23-25). Furthermore, the
appropriate model form can vary within a single image (9).

To overcome this limitation, one can modulate the illumi-
nation intensity within the camera exposure. Our recent work
(21) has shown that using short pulsed modulation can directly
sample the time-domain intensity autocorrelation function,
2(7). However, this approach can be limited by low photon
throughput due to the low duty cycle of the short pulses. Here,
we introduce a fundamentally different approach by shifting the
measurement from the time domain to the frequency domain.
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This is justified by the Wiener—Khinchin theorem, which states
that for a stationary process the PSD, P;(f), is the Fourier
transform of the autocorrelation function and thus contains
identical information about the dynamics. This shift to the
frequency domain enables frequency-resolved measurements that
can be used to map the PSD of the intensity fluctuations, and the
continuous sinusoidal modulation improves photon efficiency.

As we show in a detailed derivation (S/ Appendix, Note S1),
applying a sinusoidal modulation m(z) = % + %cos(2ﬂfmt)
(Fig 1) establishes a direct relationship between the measured
speckle variance and the sample’s PSD, Py (f):

K h) = [ P ey
IR [2]
+ %/_OO Pr(f) sinc® ((f — fou) T)df — 1.

Here sinc(x) = sin(zx)/(zx). Eq. 2 defines the SIMSI
measurement operator: for fixed exposure 7', each acquisition
at modulation frequency f;, yields a speckle-variance statistic
K?(T, f;,) that is a known, frequency-localized (band-averaged)
linear functional of the intensity-fluctuation PSD Py (f), with
an effective bandwidth on the order of 1/ 7. Note that for fixed
T, the first term is constant across f;,, while the second term
shifts with f;, and carries the spectral dependence used to map
the PSD shape. By varying f;,, we can build up the shape of the
PSD. The width of this weighting band, and thus the spectral
resolution of the measurement, is inversely proportional to the
camera exposure time, 7.

To the best of our knowledge, no established model exists for
the PSD of speckle fluctuations from blood flow. We therefore
introduce a phenomenological model based on a modified
Lorentzian function, P(f) = a(1+ (f/£)’)~! + &. In this
model, the cutoff frequency f serves as a flow-related spectral
index under the stated geometry and optical conditions; y is the
spectral exponent describing the steepness of the decay; 4 is the
amplitude of the dynamic signal; and 4 is a static offset term.
The validation and application of this framework are presented
in the following sections.

Quantitative Validation of SIMSI in Controlled Flow Phantoms.
To evaluate the performance of SIMSI, we imaged a microfluidic
flow phantom containing a tissue-mimicking scattering solution
with precisely controlled flow rates (corresponding to 0.0 to
10.4 mm/s), spanning physiological ranges. We first demon-
strated the ability of SIMSI to map flow dynamics by generating
maps of the fitted curoff frequency, f;. Representative f; maps,
alongside their corresponding speckle contrast (K) maps, clearly
distinguish the channel from the static background at both low
(0.2 mm/s) and high (8.3 mm/s) flow velocities, with higher £,
values corresponding to faster flow (Fig. 2B).

The core principle of SIMSI, its ability to accurately measure
the PSD, was validated by comparing our measurements against
a coaligned, high-speed SiPM reference (26, 27). Across a wide
range of flow velocities, the normalized K 2 values measured
by SIMSI at different modulation frequencies show excellent
agreement with the reference PSD curves measured by the SiPM
(Fig. 2C). This confirms that our method accurately samples the
underlying dynamics.

Building on this, we confirmed the quantitative accuracy of our
derived flow metric. The mean cutoff frequency, (f;), extracted
from the channel region of interest (ROI) exhibits a strong
linear correlation (R? > 0.999) with the programmed flow
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Fig. 1. Principle and implementation of SIMSI. (A) Simplified schematic of the optical setup. (B) Conceptual timeline of the SIMSI measurement principle. The
rapidly fluctuating speckle intensity from the sample, /(t), is modulated by a continuous sinusoidal waveform, m(t), within a single camera exposure of duration
T. This approach decouples the measurement of fast dynamics from the camera’s acquisition speed. (C) The measurement process in the frequency domain.

The measured speckle variance K2(T, fm) provides a frequency-localized weighting of the underlying PSD, with an effective bandwidth set by 1,7 through a sinc

2

kernel. By varying fm, the full shape of the PSD can be mapped. (D) Example workflow of SIMSI. A representative high-resolution map of the cutoff frequency
(fc), derived from SIMSI measurements of the mouse cerebral cortex, demonstrates the technique's ability to visualize the microvasculature.

velocity (Fig. 2D). Furthermore, SIMSI provides sufficient spatial
resolution to resolve the characteristic parabolic flow profile
within the microfluidic channel, as shown in the cross-sectional
profiles of f: (Fig. 2 E and F). Together, these results validate
SIMSI as a quantitative method for sampling the intensity-
fluctuation PSD and for producing a repeatable flow-related
spectral index under controlled phantom conditions. Direct
experimental comparisons to conventional MESI (16) and 2P-
MESI (21), including a photon-limited regime, are provided in
SI Appendix, Note S3 and Figs. S3 and $4).

High-Resolution Mapping of Cerebrovascular Dynamics in the
Healthy Mouse Cortex. Having validated SIMSI in controlled
phantoms, we next sought to evaluate its performance for blood
flow imaging in vivo. We performed wide-field imaging through
a cranial window over the cortex of healthy mice (Fig. 34). The
resulting cutoff frequency (f7) maps, generated from the SIMSI
data, reveal the surface cortical vasculature with excellent detail.
Different types of vessels are clearly resolved and distinguished
from the surrounding parenchyma, which exhibits lower f; values
(Fig. 3B).

To quantify these observations, we performed an ROI analysis
on different vascular and tissue compartments. This analysis con-
firmed that SIMSI can quantitatively differentiate these regions,
with ROIs placed on cortical vessels showing a significantly higher
mean f; than those in the parenchyma, consistent with expected
differences in flow-related dynamics between resolvable surface
vessels and the surrounding parenchyma (Fig. 3C). Furthermore,
we validated the accuracy of the underlying spectral measurement
in vivo by comparing SIMSI data with measurements from a
coaligned, high-speed SiPM. For ROIs placed on representative
vessels, K2 values measured by SIMSI align with the reference
PSD curves acquired by the SiPM (Fig. 3D).

PNAS 2026 Vol. 123 No. 17 e2524940123

Finally, we assessed physiological consistency at vessel bifurca-
tions via a conservation of flow analysis (Fig. 3£) (24, 28). Prior
work in speckle-visibility imaging has shown that decorrelation
rate indices derived from speckle (e.g., ICT) depend not
only on red blood cell speed but also on caliber-dependent
sensitivity, such that diameter scaling reduces systematic cal-
iber effects for resolvable surface vessels in reflectance geom-
etry (24). Under steady conditions, a diameter-scaled index
is therefore expected to be conserved across a bifurcation
(parent — daughters) as an empirical surrogate for flow
conservation (28).

Motivated by this framework, we define a flow index FI =
D (f;), where D is the measured vessel diameter and (f;) is the
mean cutoff frequency within the vessel ROI. We then evaluate
conservation across Y-shaped bifurcations (FIp &~ Flp; + Flpy;
percent error defined in Methods). Across multiple bifurcations,
the mean percent error was less than 5%, supporting f; as
a robust, flow-related spectral index in vessels for mapping
spatial heterogeneity and longitudinal change, without implying
a universal conversion to absolute speed.

Longitudinal Monitoring of Vascular Dynamics Following
Ischemic Stroke. To demonstrate the utility of SIMSI for
tracking chronic blood flow dynamics, we applied it to a
photothrombotic stroke model in the mouse cortex, monitoring
cerebrovascular dynamics over a 10-d period alongside conven-
tional MESI (16). We use MESI here as an established reference
for longitudinal trend comparison. Following baseline imaging,
we induced a targeted ischemic injury in a surface arteriole. We
then imaged the subsequent evolution of blood flow dynamics at
multiple time points postocclusion (Fig. 4).

A direct visual comparison of the time-series maps shows that
SIMSI and MESI report broadly consistent spatial patterns and
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Fig. 2. Quantitative validation of SIMSI in a microfluidic flow phantom. (A) Microfluidic channel setup with tissue-mimicking scattering solution. (B)
Representative speckle contrast (K) maps and the corresponding fitted cutoff frequency (fc) maps at low (0.20 mm/s) and high (8.3 mm/s) flow velocmes
(C) Comparison of SIMSI measurements to reference PSDs across five different flow speeds. Discrete data points (symbols) represent the normalized K2 values
measured by SIMSI, which show excellent agreement with the corresponding PSD curves (solid lines) measured by a reference detector. (D) Mean fitted fc from
the channel ROI shows a strong linear correlation (R2 = 0.9997) with the controlled flow velocity. Error bars represent the SD within the ROI. (£ and F) Spatial

cross-sectional profiles of f. resolve the parabolic flow profile within the channel.

recovery trajectories (Fig. 44), while differing most strongly in the
ischemic core immediately after occlusion. At day 1, the SIMSI
cutoff frequency (f;) maps indicate a pronounced ischemic core
with markedly reduced perfusion. The inverse correlation time
(ICT) maps from MESI also clearly identify the ischemic region,
though the apparent suppression in the core is less extreme.
During the chronic phase, the day-6 f; map qualitatively shows
more recognizable microvascular features than the corresponding
MESI map, whereas this difference is not apparent by day 10.
This pattern is consistent with increased parenchymal perfusion

40f 9 https://doi.org/10.1073/pnas.2524940123

near the infarct by day 10, which reduces vessel-parenchyma
contrast for both methods.

We analyzed the temporal evolution of flow metrics within
four distinct regions of interest (ROIs) (Fig. 4B8). The SIMSI
data (top subplot) show a larger dynamic range at day 1, with f
in both the ischemic core and the targeted artery shifting to values
below 10 Hz. The MESI data (bottom subplot) track the same
overall trends across ROIs and time points, but the ICT values in
the ischemic core remain comparatively elevated. This divergence
is expected in the very low-flow regime: for time-integrated
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Fig. 3. High-resolution mapping and quantitative validation of cortical dynamics in a healthy mouse using SIMSI. (4) White light overview of the exposed
cortical surface through a cranial window, with the region mapped by SIMSI indicated by the dashed box. (Scale bar, 500 pm.) (B) Representative maps from
the indicated region: (Left) an averaged speckle contrast (K) image, and (Right) the corresponding fitted cutoff frequency (fc) map. The fc map clearly delineates
the microvasculature. (Scale bar, 500 ym.) (C) Quantitative differentiation of vascular features. An fc map with ROIs placed on representative vessels and
parenchyma is shown (Bottom), with the corresponding mean f¢ values (Top) demonstrating statistically distinct dynamic signatures. (D) In vivo validation of the
PSD measurement. Normalized k2 values measured by SIMSI (symbols) from representative ROIs show excellent agreement with the reference PSD curves
(solid lines) measured by a coaligned reference detector. (E) Physiological validation via conservation of flow. An fc map shows ROIs on a parent vessel (P) and
its two daughter branches (D1, D2) (Left). The calculated flow index (FI « Diameter x f¢) is conserved through the bifurcation, with the sum of daughter Fis
matching the parent Fl with low percent error across multiple analyzed bifurcations (Right).

speckle-variance measurements at feasible exposure times,
changes in correlation time can produce only weak changes in
K?(T), which limits sensitivity to near-stasis dynamics. In this
context, the reduced low-flow sensitivity is a practical limitation,
primarily when distinguishing near-zero flow from severely
reduced flow is important; it does not change the qualitative
conclusion that both methods capture partial reperfusion over
the subsequent 10-d period.

We further analyzed pixel-value distributions within the
ischemic core ROI at key time points (Fig. 4C). At base-
line, both techniques show broad distributions consistent with

PNAS 2026 Vol. 123 No. 17 e2524940123

heterogeneous flow contributions. At day 1, the SIMSI distribu-
tion collapses into a tight, bimodal distribution in the near-stasis
regime (peaks at approximately 2 and 4 Hz), whereas the MESI
distribution is confined to substantially higher values with a long
tail, consistent with reduced sensitivity of time-integrated metrics
in this regime. By day 10, SIMSI reveals a recovered distribution
that is a single, narrow peak centered around 250 Hz, consistent
with the parenchymal flow component of baseline, while the
high-flow arterial component is absent—a pattern consistent
with persistent occlusion and/or chronic vascular remodeling of
the targeted vessel.

https://doi.org/10.1073/pnas.2524940123  50f 9
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Fig. 4. SIMSI provides a high-fidelity longitudinal account of ischemic injury and recovery. (A) Representative flow maps from a mouse cortex imaged
longitudinally before and after a photothrombotic stroke. The top row shows SIMSI maps of the cutoff frequency, fc (log scale), while the bottom row shows
conventional MESI maps of the ICT (log scale). Both colormaps are fixed across all time points for fair comparison. Outlines of the four ROIs used for quantitative
analysis are shown on the baseline SIMSI map. (B) Temporal evolution of mean flow metrics within the four ROIs. The top subplot displays the data from SIMSI,
while the bottom subplot shows the corresponding data from conventional MESI. Error bars represent the SD of pixel values within each ROI. (C) Comparative
distribution plots of pixel values within the Ischemic Core ROI at three key time points for SIMSI (Up) and conventional MESI (Bottom). The shape of each
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distribution represents the heterogeneity of flow within the region.

Methods

SIMSI Theory and Signal Processing. SIMS| relates the measured speckle
variance, K2(T, fiy), to the PSD of the detected intensity fluctuations, (),
through a known frequency-domain measurement operator. For the sinusoidal

modulation waveform m(t) = % + % cos(2zfmt) and an exposure time 7, the
resulting relationship is (complete derivation in S/ Appendix, Note S1):

K2(T, ) = / By sin () of
IR (3]
+ %/_oo Py(f) sinc ((f — f)T) df — 1,

where sinc(x) = sin(zx)/(zx). In all experiments, we chose fy such that
fmT € Z, under which the compact operator form in Eq. 3 holds (S/ Appendix,
Note S1).

https://doi.org/10.1073/pnas.2524940123

We parameterize the PSD with a flexible phenomenological model, P(f) =
a(1+ (7‘/)‘5)7)_1 + b, and report the cutoff frequency f; as a flow-related
spectral index. For each pixel, the set of measurements {K2 (T, fm,g)}é:1 was

fitusing a physics-informed, data-driven estimator; implementation details and
constraints are provided in S/ Appendix, Note S2.

Optical Setup. The primary SIMSI system was designed for validation and
high-resolution mapping. A 785 nm laser diode (L785P090, Thorlabs) served
as the coherent light source. The beam was collimated before entering an
acousto-optic modulator (AOM, AOMO 3100-125, Gooch & Housego), which
modulated the laser intensity. The modulated beam was then directed to the
imaging target. Backscattered light from the sample was collected by a camera
lens (AF NIKKOR 24 mm /2.8D, Nikon) and split by a 50:50 beamsplitter
(BSW17, Thorlabs). The transmitted arm (beamsplitter output) was focused by
a second lens (AF NIKKOR 50 mm /1.8D, Nikon) onto a camera (acA1920-155
um, Basler). The reflected light was focused onto a fiber-coupled (P3-780A-
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FC-2, Thorlabs) silicon photomultiplier (SiPM) (27) for coaligned, reference
measurements. The SiPM signal was filtered (500 kHz; EF506, Thorlabs) and
sampled at 1 MHz by a dataacquisition board (USB-6363, National Instruments).
The camera was operated in 8-bit mode for all measurements. The AOM was
driven with sinusoidal modulation frequencies matched to the exposure time to
satisfy the integer-cycle condition (fn T € 2Z).

For the photothrombotic stroke induction (29) and subsequent longitudinal
imaging, the optical path was modified. The 50:50 beamsplitter and the SiPM
branch were replaced with a dichroic mirrorto introduce afocused 520 nm green
laser beam (L520A2, 110 mW, Thorlabs) coaligned with the imaging axis. For
these sessions, a 5X Mitutoyo Plan Apo Infinity Corrected Long WD Objective
was used.

Microfluidic Flow Phantom Experiments. To quantitatively validate SIMSI
under controlled conditions, a microfluidic phantom was designed to simulate
blood flow in a simplified tissue environment. A single-channel microfluidics
device was fabricated from polydimethylsiloxane (PDMS) mixed with 1.8% w/w
titanium dioxide. This mixture was chosen to create a bulk medium with optical
properties mimicking those of biological tissue (30). The scattering solution
flowing through the channel was prepared by diluting 1 zzm latex microspheres
(51004, 10% w/w, Thermo Fisher Scientific) to a 4.8% v/v ratio with distilled water
to mimic the scattering properties of blood. This solution was driven through
the channel at controlled flow rates ranging from 0.0 to 10.4 mm/s using a
syringe pump (ALADDIN-100, World Precision Instruments), corresponding to
the physiological range of cerebral blood flow speeds.

Animal Subjects and Surgical Procedures. All animal procedures were
approved by the Institutional Animal Care and Use Committee (IACUC) of the
University of Texas at Austin. Experiments were performed on adult C57BL-
6 mice. Mice were anesthetized with 3% isoflurane in oxygen delivered via
a nose cone. During all surgical and imaging procedures, body temperature
was maintained at 37 °C with a feedback-controlled heating system (Harvard
Apparatus Homeothermic Monitoring System). During surgery, they received
carprofen (10 mg/kg) and dexamethasone (0.2 mg/kg). Every 24 h for the first
72 h postsurgery, they received carprofen (10 mg/kg).

Forthe surgical procedure, the mouse's head was fixed to a stereotaxic frame
(Narishige). After resecting the scalp to expose the skull, a 4-mm diameter
craniotomy was performed over the motor cortex using a dental drill. A 4-mm
round glass coverslip (#1.5, World Precision Instruments) was placed over the
exposed brain, and dental cement was applied to the perimeter to create an
airtight seal between the coverslip and the skull. A final layer of cyanoacrylate
was applied over the cement to fill any porous regions and ensure a durable,
sealed cranial window. Animals were allowed to recover fully from anesthesia
and were monitored for normal behavior before the first imaging session.

Imaging and Experimental Protocols. For all SIMSI experiments, data were
acquired at a set of modulation frequencies (fy) spanning 25 to 100 kHz
(25, 50, 100, 150, 200, 300, 400, 800, 1,600, 3,200, 6,400, 12,800, 25,600,
51,200, and 100,000 Hz). All modulation frequencies were selected such that
fmT was an integer number of cycles for T = 40 ms. The camera exposure was
set to 40 ms for each frequency, and 150 raw speckle images were acquired
per setting. For the phantom validation studies, this acquisition sequence was
repeated five times for each flow rate. Simultaneously, 80 seconds of reference
data was recorded with the coaligned SiPM for direct comparison.

Allinvivo experiments were conducted on anesthetized mice with implanted
cranial windows. For baseline measurements and validation in the healthy
cortex, data were collected from representative locations, with the full SIMSI and
SiPM acquisition sequence repeated 5 times at each location.

A photothrombotic stroke was induced by intraperitoneal injection of Rose
Bengal (15 mg/mL, 0.2 mL). After a 3-min interval, a 520-nm laser (20 mW;
0.3 mm beam diameter) was focused on a target descending arteriole to induce
thrombosis. Longitudinal imaging was then performed at baseline (prestroke)
and on days 0, 1, 3, 6, and 10 poststroke to track the full time-course of injury
and recovery.

Data and Statistical Analysis. Spatial speckle contrast, K, was computed

from raw images using a 7 x 7 sliding window, and speckle variance was
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computed as k2. Parameter estimation for SIMSI used a physics-informed,
data-driven fitting approach that enforces consistency with the corresponding
forward model; details are provided in S/ Appendix, Note S2. We interpret
fc as a repeatable, flow-related spectral parameter under the stated optical
geometry rather than as a calibration-free absolute speed measurement across
conditions. ROIs for quantitative analyses were manually drawn over vesselsand
parenchymal regions.

For the conservation of flow analysis (24), vessel diameters were determined
from the fitted f- map using a semiautomated method. First, a line segment was
manually drawn perpendicular to the axis of the vessel of interest. An algorithm
then automatically extracted multiple parallel intensity profiles centered on and
adjacentto this line. These profiles were averaged to generate asingle, high-SNR
cross-sectional intensity profile of the vessel. This averaged profile was fitted to
a Gaussian function, and the vessel diameter was defined as the full width at
half maximum (FWHM) of the resulting Gaussian fit.

The flow index (FI) was calculated as FI = Diameter x (f,), where (f;) is the
meanf; withinthevessel ROI(24). Forbifurcationanalysis, the flow indices forthe
parentand two daughter vessels are denoted as Flp, Flpq, and Flp, respectively.
The percent error was calculated as |Flp — (Flp1 + Flpg)|/Flp x 100%.

This analysis follows prior speckle-visibility work in which diameter-scaled
decorrelation rate indices are used as empirical flow conservation surrogates at
bifurcations for resolvable surface vessels in reflectance geometry (24, 28).

Discussions and Conclusions

In this work, we developed and validated SIMSI, a method
that enables wide-field imaging of the PSD of fast tissue
dynamics using only standard, low frame rate cameras. We
have demonstrated that this technique is quantitatively accurate
through validation in controlled flow phantoms against a high-
speed reference detector. Furthermore, we have shown its utility
for high-resolution in vivo mapping, successfully differentiating
vascular compartments in the healthy mouse cortex based on
their dynamic signatures. Finally, we applied SIMSI to track
cerebrovascular changes longitudinally following ischemic stroke,
highlighting its potential for studying disease pathophysiology.
The central technical contribution of SIMSI is a within-
exposure encoding strategy that converts camera based speckle-
visibility measurements into frequency localized sampling of the
intensity-fluctuation PSD. Under sinusoidal modulation and
the integer-cycle condition used throughout this work, each
acquisition at modulation frequency f,, yields a speckle-variance

statistic K%(7; f,) corresponding to a known, narrowband
weighting of P;(f) centered near f,,, with spectral resolution on
the order of 1/7. Varying f,, therefore constructs a frequency-
domain representation while retaining photon-efficient long
exposures. By contrast, established speckle-visibility approaches
(LSCI/MESI/SVS) operate under constant illumination and infer
dynamics from how K varies with exposure time 7',

This shift in measurement operator also clarifies what is mea-
sured vs. what is inferred. SIMSI first acquires frequency-localized
PSD samples determined by (7; f5,); a compact descriptor is
then obtained by postprocessing. Here, we parameterize the
sampled PSD with a phenomenological model and report its
cutoff frequency f; as a flow-related spectral index. Accordingly,
J- is interpreted as a PSD-derived parameter whose relationship
to flow speed is validated empirically under the stated optical
conditions, rather than as a universal, calibration free conversion
to absolute velocity.

Beyond enabling direct PSD sampling, SIMSI offers a practical
advantage under photon-limited conditions. Because SIMSI
acquires all frequency points with the same exposure time T

and comparable mean irradiance, the uncertainty of ]/(\Z(T, )
is approximately uniform across f,, which simplifies weighting

https://doi.org/10.1073/pnas.2524940123
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and stabilizes PSD fitting. More importantly, the sinusoidal
waveform maintains a high within-exposure duty cycle, allowing
long, photon-efficient integrations while placing sensitivity at
selected fluctuation frequencies through the choice of f,. This
is especially important in the photon-limited regime: in the
matched microfluidic-phantom comparisons (S7 Appendix, Note
S3 and Figs. S3 and $4), conventional MESI and 2P-MESI
(21) did not return valid speckle-visibility statistics under a
fixed peak-irradiance constraint without increasing the effective
photon budget (e.g., higher peak power, additional averaging, or
substantial binning), whereas SIMSI remained well-posed and
continued to provide stable PSD measurements and f; over the
full flow range.

As with other speckle-visibility methods, SIMSI relies on two
practical assumptions: the detected field forms fully developed
speckle and the underlying dynamics are approximately station-

ary over the acquisition used to estimate K2. The sinusoidal
modulation changes how dynamics are encoded within an
exposure, but it does not alter photon transport; consequently,
the sampling volume and effective probing depth are governed
by the same factors as LSCI/MESI/SVS, namely the tissue
optical properties, illumination/detection geometry, and imaging
optics. For the wide-field reflectance configuration used here,
SIMSTI is therefore most sensitive to superficial cortical dynamics
within the penetration range expected for conventional speckle
contrast measurements, and the mapping between PSD-derived
parameters (including f7) and absolute speed should not be
assumed to transfer across different media or geometries without
calibration and validation. Likewise, in scattering regimes that
deviate substantially from the muldply scattered conditions
typical of cortical reflectance imaging (e.g., approaching a single-
scattering limit), the PSD can remain well-defined but its
interpretation and any mapping to scatterer motion require a
regime-specific forward model. Finally, although we emphasize f
for interpretability, the full parameter set (4, 6, v, /) is estimated
jointly under explicit constraints (S/ Appendix, Note S2), which
mitigates parameter tradeoffs (e.g., between y and f7) and
supports stable spatial mapping.

Our longitudinal stroke model demonstrates SIMSI’s ability
to provide sensitive mapping of cerebrovascular pathophysiology.
The enhanced sensitivity is particularly evident in low flow areas
surrounding the ischemic core. The measurement of the PSD
allows SIMSI to avoid the measurement saturation that can occur
in time domain analysis as flow becomes pathologically slow.
The result is a more accurate quantification of severe ischemia, as
seen in the significant reduction of the f; signal in the ischemic
core (Fig. 4 B and C). This finding has significant implications,
suggesting that the severity of ischemic injury in preclinical
models may be more profound than predicted by conventional
techniques.

Furthermore, the distributional analysis provides deeper in-
sight into the chronic recovery phase. While both methods
show a return toward baseline flow by Day 10, the SIMSI data
reveal a change in the underlying tissue composition (Fig. 4C).
The recovered Day 10 distribution is a single, unimodal peak
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centered at a value consistent with healthy parenchymal flow.
By comparing this to the heterogeneous baseline distribution,
it is clear that the high-flow arterial signature has vanished.
This provides a direct, quantitative signature of chronic vascular
remodeling, likely indicating a persistent occlusion of the targeted
vessel. This ability to quantitatively characterize changes in the
composition of flow populations, and thus provide specific
insights into neurovascular plasticity, is a key advantage of
SIMSP’s direct PSD measurement.

A related consideration for speckle-based blood flow measure-
ments is physiological nonstationarity within an exposure. Our
use of a relatively long exposure time, e.g., 40 ms, integrates
over fast physiological oscillations like the cardiac cycle (which
has a period of ~100 ms in mice). Therefore, the f; measured
in the highly pulsatile vessels should be interpreted as not an
instantaneous speed, but as a robust, time-averaged index of
dynamic activity over the exposure window. For the applications
demonstrated here, such as comparing vessel types and tracking
chronic changes over hours and days poststroke, this time-
averaged metric is highly effective and valid.

The SIMSI framework is also adaptable. Shorter exposure
times (e.g., 5 to 20 ms) could reduce averaging over physiological
oscillations, at the cost of reduced SNR per frame, and alternative
modulation/encoding strategies could be used to trade acquisition
time for decoding complexity. This work, focusing on PSD
measurement, complements our prior approach (21) that uses
pulsed modulation to sample the time-domain autocorrelation
function g»(7). More broadly, the ability to map the PSD
motivates future studies of whether disease or intervention alters
not only overall flow level but also spectral structure, potentially
providing contrast mechanisms beyond conventional speckle-
contrast imaging.

In conclusion, SIMSI decouples the dynamics-encoding
timescale from the camera acquisition rate and enables wide-
field PSD mapping with accessible hardware. By providing
a practical route to frequency-domain characterization of fast
dynamics under standard-camera constraints, SIMSI makes
characterization of complex dynamic systems practical for a broad
range of scientific and engineering disciplines.

Data, Materials, and Software Availability. Representative processed data
and MATLAB scripts have been deposited in Zenodo and are publicly available
at https://doi.org/10.5281/zenodo.19210840 (31). All other data are included
in the article and/or S/ Appendix.
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