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Label-free functional imaging of vagus
nervestimulation-evokedpotentials at the
cortical surface

Check for updates

Laura RoaFiore1,3 , Trevor Meyer1,3, Thaissa Peixoto1 & Pedro Irazoqui1,2

Vagus nerve stimulation (VNS) is an FDA-approved stimulation therapy to treat patientswith refractory
epilepsy. In this work, we use a coherent holographic imaging system to characterize vagus nerve-
evoked potentials (VEPs) in the cortex in response to VNS stimulation paradigms without electrode
placement or any genetic, structural, or functional labels. We analyze stimulation amplitude up to
saturation, pulse width up to 800 μs, and frequency from 10 Hz to 30 Hz, finding that stimulation
amplitude strongly modulates VEPs response magnitude (effect size 0.401), while pulse width has a
moderate modulatory effect (effect size 0.127) and frequency has almost no modulatory effect (effect
size 0.009) on the evoked potential magnitude. We find mild interactions between pulse width and
frequency. This non-contact label-free functional imaging technique may serve as a non-invasive
rapid-feedback tool to characterize VEPs and may increase the efficacy of VNS in patients with
refractory epilepsy.

Epilepsy is a neurological disorder characterized by predisposition for
unprovoked seizures with a high risk of recurrence. Its prevalence and
burden are relatively high, with 7.60 per every 1000 people affected over a
lifetime1,2. While a portion of patients with epilepsy may become seizure-
free through treatment with anti-epileptic drugs (AEDs), 2040% of patients
will continue tohave seizures3. Thesepatients have “refractory" epilepsy, and
treatment options range from surgical resection of epileptogenic zones to
implantation of surgical stimulation devices.

One treatment falling within the latter category is vagus nerve stimu-
lation (VNS). VNS has been an FDA-approved treatment for medically
refractory epilepsy for over two decades, and its use has lately expanded to
medication-resistant depression, inflammation control, metabolic syn-
drome, and rehabilitation aid for stroke4. This treatment involves the sur-
gical implantation of a pulse generator near the patient’s clavicle and
electrical leads that terminate in electrodeswrapped around the vagusnerve.
The system delivers electrical impulses to the vagus nerve at programmed
intervals to modulate the activity of the nerve. There are many adjustable
stimulation parameters defining the applied stimulation for each patient—
including amplitude, pulse width, and frequency—which must be decided
and fine-tuned individually after implantation.

Original parameters for clinically implanted VNS devices came from a
study conducted on dogs in 19925. These parameters were later employed in
the initial clinical trials for VNS in epileptic patients and later on in patients
with depression6–8. It was later suggested that modifying these stimulation

parameters could optimize the efficacy outcomes of treatment in refractory
patients9; however, population studies across animals, as well as clinical
studies examining this theory, were widely variable in result, making it
difficult to compare and contrast parameter optimization. Additionally,
some of these studies reached contradictory conclusions on effective para-
meter combinations—further confounding the process of parameter
selection10,11. The dilemma facing these studies was largely the same and
arose primarily due to the difficulty in obtaining feedback on the efficacy of
chosenparameters.As the clinical endpoint forVNSparameter selection is a
reduction in seizure frequency, determining success requires weeks to
months of waiting to determine the rate of spontaneous seizure occurrence
—a process that is plagued by many confounding variables that simulta-
neously impact seizure onset.

Unfortunately, as these previous studies underscore, optimizing sti-
mulation parameters for individual patients remains a tedious process
without any rapid-feedback tools like functional imaging protocols to
improve efficacy.Manufacturer guidance suggests that clinicians beginwith
the most efficacious settings for their device and electrode, and make
incremental changes based on observed seizure-reduction in the weeks to
months after each change12. Some studies have also used pain and percep-
tion thresholds as reference points for calibration, or other peripheral
mechanisms like heart rate and heart rate variability4,11,12. The starting value
for stimulation intensity (current amplitude) is 0.25mA in nearly all
patients. Depending on the patient’s responsiveness to this initial intensity,
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stimulation is then increased to a range of 1.25—2.00mA over the next few
months. Themost prevalent stimulation settings outside of the intensity are
pulse width 250—500 μs, frequency (20–30Hz), and time cycling (30 s on
and 3–5 minutes off).

Prior investigations into central nervous system responses to VNS
involve the use of methodologies such as functional magnetic resonance
imaging (fMRI) as well as electroencephalography (EEG). However, these
studies have often produced conflicting results even on the functional
response to stimulation. Recent work using EEG has found that VNS sti-
mulation at 10Hz can produce changes to EEG power13,14; however, these
results directly contradictfindings frompriorEEGstudies,which found that
stimulation frequencies did not produce any observable effects on EEG
power15,16. Recent fMRI findings showed distinct differences in effects
between invasive VNS and transcutaneous VNS17. Additionally, invasive
EEG studies on acute invasive VNS have found opposing effects of similar
stimulation parameters on EEG spectral and broadband power18,19. A more
recent finding suggests that while there may be variable results across cor-
tical networks in the stereotactic EEG of different patients, in some indivi-
duals, there are distinctly similar responses with certain stimulation
paradigms13. A possible explanation for the high variability in functional
imaging results across the prior literature lies in EEG and fMRI’s lack of
highenough spatiotemporal resolution to capture the subtle effects of VNS
on cortical circuits.

Several problems thus remain with VNS: namely, there is no label-free
modality with a high enough spatiotemporal resolution to visualize a
patient’s VNS-evokedneural response in the cortex as required to tune their
stimulus parameters for enhanced treatment efficacy.We utilize a coherent
optical system to characterize the dynamics of vagus nerve-evoked poten-
tials (VEPs) at the cortical surface. Visualization of theVEPmodulationwas
then recorded as a function of the stimulation amplitude, pulse width, and
frequency. We demonstrate that VEPs are strongly modulated by stimu-
lation current amplitude and moderately modulated by stimulation pulse
width, while there is little to no short-term modulation as a result of sti-
mulation frequency. We find that an effect size analysis supports these
conclusions, with stimulus amplitude having the largest effect size and sti-
mulus frequency having the smallest.

Other technologies can extract similar in-vivo neural activation,
including calcium imaging (GCaMP6), optogenetics, and electrical
recordings using high-density grids and shanks, yet each brings limitations.
GCaMP6 and optogenetics introduce extended experimental timelines to
allow for viral or genetic adoptions of fluorescent tags, which can risk
additional adverse events, complicate housing, add husbandry protocols,
and put limitations on animal age. Also, fluorescent-based systems often
image only a few cells, which does not capture bulk firing, or suffer from

saturation when viewing large areas and networks during times of strong
activation like we see in VEPs. Other drawbacks of more invasive techni-
ques, like high-density electrode recordings, include the breakingof thedura
and the insertion of foreignmaterial, which risks disrupting or harming the
delicate neural circuits of interest. Our label-free, non-contact techniques
avoid each of these disruptions, supporting convenient, easy-to-use rapid-
feedback imaging of the natural untouched neural tissue without the need
for labels by merely observing reflected infrared light at skin-safe power
levels. Holographic techniques also support high spatial resolution across a
large field of view (FOV) that can capture the dynamics of entire cortical
regions with great fidelity.

The use of coherent holographic imaging to visualize the dynamics and
modulation of vagus-evoked potentials at the cortical surface explored in
this study is a novel, promising step towards visualizing neural responses to
VNS for the purpose of enabling objective, quantitative feedback of sti-
mulation efficacy. This manuscript aims to demonstrate the validity of this
functional imaging technique and to thoroughly characterize vagus-evoked
responses as they relate to the following VNS stimulation parameters:
amplitude, pulse width, and frequency. Success in quantifying VNS sti-
mulation parameters in rodents will motivate future studies in translating
this functional imaging technique to humans.

Results
Electrical validation
It was first necessary to validate the concordance of the recorded optical
signal with a recorded electrical signal at the site of imaging. For this reason,
a twisted pair electrode (see “Effect Size and Interaction”)was used to record
evoked electrical activity on an exposed section of the cortex during VNS
stimulation. The optical signal was recorded concomitantly with the elec-
trical signal during stimulation, and the signals were compared. The rising
edge of the optical signal grew in tandem with the electrical signal (see Fig.
1B), confirming a correlating dose-dependent response behavior in both the
electrical and optical recordings. This protocol was confirmed in multiple
animals (N = 4 animals), and shape-matching, dose-dependent responses
were observed between both signals.While the shape of the signal following
the initial stimulus-locked response sometimes varied, there was always a
correlation between the shape and magnitude of the initial upward deflec-
tion in both signals. One notable observation from Fig. 1 is that the shape of
the first minimum of the signal, which is sometimes double or single-
peaked, consistently matches across trials and animals.

Amplitude characterization
The amplitude characterization test demonstrated a clear increase in the
responsemagnitude as stimulationcurrent amplitude increased (seeFig. 2A,

Fig. 1 | Comparison of the electrical signal (green)
with the optical signal (blue). The stimulus artifact,
present only in the electrical signal, was easily
visually separated from the dose-dependent
response and is redacted with green vertical bars to
simplify interpretation. A Full FOV showing the
cortex with a twisted pair electrode in view. The
optical ROI was placed in between the electrode tips
while avoiding large vasculature, and is outlined in a
blue dotted circle. The electrode tips sourcing our
differential recording are outlined in a green dotted
circle. B Representative application of stimulus with
no, low, medium, and high amplitude, respectively.
C Representative examples of responses from four
animals. Although animals often had different
response shapes, the rising edge considered in this
study was a consistently matching feature.
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toppanel), bothwithin and across animals (N = 10animals, 30 trials).When
averaged across all trials across all animals, the resultant average
input–output response to current amplitude was exponential in nature (see
Fig. 2A, middle panel), as is expected from neural input–output curves in
prior literature20,21. To perform significance tests, normalized neural
responses were placed into quartile bins according to the normalized
amplitude tested. These binswere as follows: 0–0.25, 0.25–0.5, 0.5–0.75, and
0.75–1.0 of the maximum amplitude tested, and significance between each
bin was tested with Welch’s t test (see “Statistical analyses” for statistical
methodology). There was a high level of significance between the neural
responses categorized in all quartiles. P values between each quartile were
extremely significant (see Fig. 2A, bottom panel). All of these response
patterns remainedconsistent after the application of a paralytic and after the
cessation of diaphragmatic deflection following euthanasia injection. Data
for these trials can be found in the supplementary information (Supple-
mentary Fig. 3). These paralyzed and post-mortem controls, along with the

electrical validation results, support that the measured response originated
from stimulus-triggered aggregate neural responses and was not driven by
motion artifact or other physiological correlates.

Pulse width characterization
The pulse width characterization test also demonstrated an increase in the
neural response signal magnitude as stimulation pulse width increased,
although it was slightly lessmarked than that for amplitude (see Fig. 2B, top
panel). Thiswas observedbothwithin and across animals (N = 9animals, 27
trials). As with amplitude, when averaged across all trials across all animals,
the resultant average input–output response to pulse width followed an
upward trend (see Fig. 2B, middle panel). To perform significance tests
across animals, normalized neural responses were placed into quartile bins
according to the normalized pulse widths of 0–0.25, 0.25–0.5, 0.5–0.75 and
0.75–1.0 of the maximum pulse width tested. There was a high level of
significance between the neural responses categorized in each quartile as

Fig. 2 | Analysis of response curves considering response magnitude related to
stimulus amplitude, pulse width, and frequency. Statistical significance is indi-
cated in relevant figures. ****p < 1E-04(A). VNS was performed using sets of ran-
domized parameters (amplitude, pulse width, frequency), holding other parameters
constant. As amplitude values increased, the neural response recorded optically also
increased correspondingly. Pulse width demonstrated a similar relationship.
Increases in frequency were not observed to have a strong relationship to neural
responses. A Top—Amplitude response curves from all animals. Center—average

amplitude response curve, with a 95% confidence interval. Bottom—Comparison of
response magnitude from stimulus amplitude quartiles. B Top—Pulse Width
response curves from all animals. Center—average pulse width response curve, with
a 95% confidence interval. Bottom—comparison of response magnitude from sti-
mulus pulse width quartiles. C Top—frequency response curves from all animals.
Center—average frequency response curve, with a 95% confidence interval. Bottom
—comparison of response magnitude from stimulus frequency quartiles.
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p values between all quartiles were at 1.19E-05 and lower. Just as with the
amplitude characterization, these response patterns remained the same in
paralyzed and post-mortem trials.

Frequency characterization
The frequency characterization test did not demonstrate as much of an
effect on theneural response signalmagnitude as frequency increased, either
within animals or across animals (N = 5 animals, 15 trials) (see Fig. 2C, top
panel). When averaged across animals and trials, the neural response to
frequency was minimal (see Fig. 2C, middle panel), and while there was
significance between the first quartile and all other quartiles (see Fig. 2C,
bottom panel), Welch’s t test revealed there was no significance between
other quartile relationships.

Parameter effect size and interaction
Stimulation current amplitude had the largest overall effect size (d = 0.401),
which follows the above results for amplitude characterization, demon-
strating that the neural response magnitude is highly responsive to incre-
ments in amplitude (see Fig. 3A, left panel). The overall effect size for pulse
width is smaller (d = 0.127), but still demonstrates an influence on stimulus
response magnitude, which follows the results for pulse width character-
ization where the response magnitude was moderately responsive to
increments in pulse width. Lastly, the overall effect size for frequency was
negative and minimal (d =−0.009), which correlates with its largely insig-
nificant effect on the neural responsemagnitude (seeFig. 2C) and seemingly
suggests that frequency can actually inhibit the magnitude of neural
response Fig. 4.

Effect sizes were also grouped by condition tested (i.e., low versus high
parameters, low versus middle parameters, and middle versus high para-
meters), where the effect sizes retained the same pattern (see Fig. 3A, right
panel). Amplitude’s effect size is larger in all conditions, although its effect
size is weaker for the mid—high parameter conditions, possibly due to
response saturation. Pulse width’s effect size is moderate in the low–high
and low—mid parameter conditions, although its effect size becomesmuch
smaller in the mid—high condition. Frequency’s effect size is small but still
present for the low–high and low—mid conditions, but becomes nearly
negligible in the mid—high parameter condition.

There are no interactions present between amplitude and pulse width
or amplitude and frequency (see Fig. 3B, all panels and Fig. 3D, all panels).
There were interactions observed between pulse width and frequency; the
interaction between pulse width and frequency in the low—mid parameters
indicates an increase in neural response magnitude when mid-range fre-
quencies are combinedwithmid-range pulsewidths in comparison to other
low—mid combinations. A more compelling interaction is observed
betweenpulsewidth and frequency in themid—highparameter interaction,
where combiningmid-rangepulsewidthwith amid-range frequencygives a
stronger VEP response than other mid—high combinations. There is no
interaction between pulse width and frequency in the low—hi parameter
condition. This implies the largest responses are elicited frommiddle pulse
widths and middle frequencies.

Discussion
This study has used coherent holographic imaging to record the dynamics
and modulation of vagus-evoked potentials at the cortical surface in vivo.

Fig. 3 | Analysis of Cohen’s D values of effect size
for VEP response related to amplitude (abbre-
viated “Amp" or “A"), pulse width (abbreviated
“Pulse" or “P"), and frequency (abbreviated
“Freq" or “F"). A Left—overall effect size for each
parameter, showing amplitude with the greatest
effect size (d = 0.401), pulse width with a moderate
effect size (d=0.127), and frequency with the lowest
(0.009). Right—effect size of each condition, illus-
trating which parameter magnitudes have the
greatest effect.B Interaction plots for amplitude and
pulse width. All plots have no intersecting points,
indicating no interaction. C Interaction plots for
frequency and pulse width. Pulse width and fre-
quency have interactions, with P-MID and F-MID
showing a larger response than P-HI F-HI and P-LO
F-LO. D Interaction plots for amplitude and fre-
quency. All plots have no intersecting points, indi-
cating no interaction.
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The results suggest that changes in stimulus amplitude initiate the greatest
modulation of aggregate neural responsemagnitude, while changes in pulse
width drive moderate modulation of neural response magnitude, and
changes to stimulation frequency weakly modulate or do not modulate
neural responsemagnitude. These conclusions persisted throughparameter
randomization at every step to avoid bias and were supported both in
isolated characterizations where all other stimulation parameters are held
constant and in parameter effect size characterizations where multiple
parameter settings were exhaustively combined, each at low, medium, and
high magnitudes. These conclusions remain consistent in each of these
stimulation contexts across three replicates in each animal. Overall, this
study illustrates and quantifies the impact of VNS parameters on cortical
response, introduces a non-contact, label-free optical recording method for
probing the dynamics and modulation of these responses, and provides a
foundation for future investigations into neuromodulation dynamics in
other areas innervated by afferent vagal pathways.

Interactions between frequency and pulse width were identified, sug-
gesting that frequencies that are too high or too low may cause response
magnitudes to break down. Upon closer inspection of individual responses,
it is observed that the lower frequencies tested allowed the tissue velocity to
return to a baseline between pulses, while higher frequencies initiated new
responses before the previous response returned to baseline. The specific

timing (frequency) and duration (pulse width) of this new activation during
recovery towards baseline likely have an optimal value that may maximize
response magnitude, particularly in animals where long-lasting responses
were observed. These observed response timing patterns were consistent
within individual animals but widely variable between animals.

Close inspection of the response characteristics demonstrates a delay in
cortical activation from stimulus application. This delay in evoked cortical
potentials is theorized to arise from synaptic signaling delays, as the initial
peripheral stimulation must traverse a polysynaptic pathway through the
nucleus tractus solitarius and other possible brainstem nuclei such as the
locus coeruleus and dorsal raphe nuclei before reaching cortical targets22. As
synaptic delays occur in a range of 0.5–1ms and the vagal afferent pathway
is polysynaptic in nature, this serves as a likely explanation for the 5ms
response delay23.

Notably, therewas also a small, repeatable timedelay (2–4ms) between
the optical signal and the electrical signal, with the electrical signal pre-
ceding, which could arise from several possible sources. One possible source
maybe attributable to howwemeasure our optical signal, aswe average over
a small region of interest (ROI) in the region where the electrode is placed,
meaning some distance is incorporated between the optical ROI and the
precise location of the electrode. Ultimately, this may create a time delay
between them due to the synaptic delays from the signal spatial spread.

Fig. 4 | Summary of experimental procedures used. (1) Rats were anesthetized with
an intraperitoneal injection of urethane. (2) Rats were intubated with an endo-
tracheal tube andmechanically ventilated according to body weight with the Rovent
system (Kent Scientific). A homeothermic system maintained body temperature
throughout the experiment. (3) A custom-made cuff electrode was surgically
implanted around the left vagus nerve. (4) Rats underwent a catheterization of the
femoral vein in order to later introduce paralytic agents and fluids. (5) Rats were
placed in a stereotaxic frame with a bite bar. A cranial window above the somato-
sensory andmotor cortical regions was made with a dental drill. (6) Silver electrodes

were placed over the exposed cortical regions using a micromanipulator (Sensapex).
These electrodes were connected to a differential amplifier (AM Systems), and
electrical signals were acquired (NI DAQ). (7) The frame was positioned under the
beam path of the optical system (denoted by the yellow beam. Color is for visual
purposes and does not denote wavelength, which was 1310 nm). Blood vessels were
used to change the coherence length of the optical system to bring the surface of the
cortex into focus, and an optical region of interest was chosen (teal circle). Figure
created with Biorender.com.
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Another alternativepossibilitymaybe that the electrodesdetect these signals
faster than the optical system. Electrodes directly capture information about
ionic currents and are designed to have nearly instantaneous temporal
resolution. While the optical system also has high temporal resolution, it is
possible that the detectors for the optical signal, as well as the necessary data
processing, may introduce small delays. Light scattering and the intrinsic
properties of the tissue may also affect the speed and accuracy of the optical
measurements, and these are properties that are harder to control than
electrical noise or artifacts. It is also possible that the electrical signal and
correlating ionic currents drive the correlating motion measured by the
optics, representing a cause-effect sequence visible in these delays. Due to
the reasons discussed above, we believe that the presence of a small time
delay in the optical signal is reasonable andmore intuitive than if the optical
signal occurred prior to the electrical signal in time. Additionally, the shape
and magnitude of the optical signal and electrical signal are well matched.

Prior studies have suggested that optimizing stimulus parameters can
take advantage of the neural circuitry of ascending vagal afferents. One
example of this is that the release of norepinephrine by the locus coeruleus is
increased by VNS24,25; however, while high amplitude and pulse width
demonstrably increase the firing rate of the locus coeruleus, modulation of
the stimulus frequency does not impact this firing rate22. The results of this
study suggest that this phenomenon is also present in the cortical response
to VNS. While vagus-evoked potentials are modulated by amplitude and
pulse width, there is little to no notable modulation by frequency. As VNS
changes the availability of norepinephrine in the cortex as a functionof locus
coeruleus firing activity, this result is perhaps to be expected.

Even in ideal acute stimulation procedures utilizing the same cuff
electrode and surgical procedures across several animals, significantly dif-
ferent activation and saturation thresholds were found, ranging from
200 μA to 800 μA, which follows the wide variability observed in other
animal studies and human applications. This variability further justifies the
need for a rapid-feedback method to individually tune stimulation para-
meters in each subject, which ismade possible on a short time scale with the
types of non-contact label-freemethods demonstrated here. The findings of
this study also serve as a quantitative justification for an updated parameter
tuning protocol, utilizing amplitude for coarse adjustments and pulse width
for finer adjustments.

The methodology developed in this study—in tandem with the
coherent optical system from26—to characterize evoked activity on the
cortical surface is an advancement in parameter tuning capabilities com-
pared to other functional imaging methods. This is due to the character-
ization of stimulation parameter effects as well as the non-contact, label-free
nature of the optical system. Importantly, this optical modality avoids the
presence of stimulus artifact. This is a serious limitation in electrical systems,
as the short neural response delays place a limit on the testable pulse widths
due to stimulus artifact. There is no other approach known to the authors
that can achieve similar spatial and temporal resolution using the non-
contact, label-free methodology.

Our digital holographing imaging (DHI) system is advantageous in
comparison to other conventional imaging and electrophysiological
methods (i.e., EEG, fMRI) in that it does not require labels (dyes, main-
tenance of transgenic lines, etc...) or contact-dependent methods (electrode
insertion, electrode placement). Conventional non-invasive or near non-
invasive brain imaging techniques fall into metabolic-based and
electrophysiology-based systems. The former are considered to have
excellent spatial resolution, but poor temporal resolution,while the opposite
is true in the latter. The coherent holography system is a contender for the
best of both, as it has a submillisecond temporal resolution and a spatial
resolution of 0.1mm3 26. Its field of view is also over 3mm in diameter. In
comparison to other functional imagingmethodologies, this spatiotemporal
resolution becomes an apparent advantage. In fMRI, for example, the
temporal resolution is limitedby the response time of hemodynamics, as the
response has a peak that typically occurs 5—6 s after the onset of a neural
stimulus. Neural activity tends to be much faster than the hemodynamic
response, and, thus, the temporal resolutionof this activity is blurredwhen it

is visualized through fMRI27. Spatially, fMRI is also limited compared to our
optical system, as its voxel size is ~3–4 V with clinical MRI machines27;
however, in research-specific systems with higher field magnets, MRI can
reach voxel sizes of < 0.5mm28. EEG is another commonly used tool to
understand functional activity and, like our optical system, has sub-
millisecond temporal resolution29; however, its spatial resolution is quite
poor, as it is only able to offer a resolution within a range of 5–8 cm at
best30,31.However,while the coherent optical systemmayhave the advantage
spatiotemporally, these conventional systems can be implemented non-
invasively and thus offer the greatest current clinical advantage—as this
system only offers a step towards more effective non-invasive imaging.

In order to address issues with selection bias in the stimulation para-
meters, stimulation parameter randomization was implemented rigorously
in several stages: Selected parameters were randomized anew in each of the
independent trials performedwith stimulation, with null trials incorporated
into this randomization. Additionally, interstimulation delays were created
to ensure the tissue’s return to baseline. We further imposed randomized
parameters in the parameter combination trials, where we exhaustively
combined parameter values and randomized the order in which we sti-
mulated with these combinations. Our observations remained consistent
through each randomized parameter application, across at minimum three
replicates in each animal, as well as in multiple experimental protocols.

Additionally, analysis for all experimental trials was blinded to the
stimulation parameters used in order to avoid confirmation and observer
bias while the data was analyzed. All analysis of the signal’s identification,
maximum displacement and other characteristics was completed without
knowledge of which parameters were changing or what the values of these
parameters were. To avoid sampling bias, all stimulation parameters and
combinations were based on a comprehensive range of stimulation para-
meters used in several animal studies of VNS, as these parameter ranges
represented the general population of parameters available for use in rodent
models.We did not attempt to include parameters that posed risks to nerve
structure and function, though someof these parameters have been effective
in human studies.

While frequency showed little to no effect on cortical activation, this
may be limited by the chosen stimulation protocols. Our brief stimulus
application never lasted longer than 5 s. This was chosen to contain enough
individual responses for sufficient averaging to generate clean repeatable
neural responses, while also being brief enough to enable consideration of a
wide range of stimulus parameters, parameter combinations, and replicates
within a reasonable experimental timeline. However, clinically effective
stimulation protocols often last for a minimum of 30 seconds and can be as
long as multiple hours or indefinite. Frequency may play a role in affecting
circuit dynamics at these longer time scales; however, this was outside the
scope of this study.

In initial experiments used for methodology development, we noticed
amplitude degradation over time that was attributable to the drying of the
exposed dura, leading to increased rigidity and dampening of the response
magnitude. We were able to correct this by keeping the cortical window
moist, applying frequent irrigation between recordings, and covering the
windowwithmoistened hemostatic foamduring extended periods between
recording sequences. It is critical to keep the cortical window moist and
compliant during all recordings, as only when this was true didwe see stable
response magnitude throughout multiple hours of recordings.

The DHI system measures tissue velocity, which has been shown to
correlate with neural activity. The mechanism behind this is still under
investigation, and tissue motion accuracy is affected by the vascularization
of the neural tissue—which experiences phases of both expansion-
contraction and high-low stiffness throughout the cardiac cycle. Noise
from vasculature was mitigated here by choosing ROIs which avoided
capturing blood vessels to maximize the signal-to-noise ration, preferential
weighting of non-cardiac pixels, and also by choosing stimulation periods
acrossmultiple cardiac cycles to allow for averaging acrossmultiple stimulus
applications and multiple cardiac cycles. Furthermore, VNS itself can
impact the cardiac cycle as its efferent projections innervate the heart.
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Periodically, itwas observed that select frequencies near the heart ratewould
recruit the heart tofire in syncwith stimulation. This caused cardiac artifacts
to become stimulus-aligned, persist through averaging, and obscure the
averaged neural response. Trials containing this phenomenonwere obvious
and were excluded from the results; however, this limited the precise fre-
quencies available for characterization in certain animals.Other stimulation
side-effects, including hemodynamic effects like blood vessel dilation, have
also been observed, and have been cited to occur 1 to 1.5 seconds from
stimulation onset32.While these are stimulus-locked, they do not occur on a
time scale that significantly distorts the shape of the millisecond-resolution
response considered in this study.

Confounding motion artifacts can also be introduced by side effects
from stimulation, including muscle twitching. While we mitigated this
limitation here with verification of our findings in paralyzed animals and in
post-mortem trials to remove correlatedmuscle activity, thismotion artifact
remains a relevant limitation of the system that must be continuously
monitored in all studies utilizing the DHI system.

This paper presents bothmethodology and analysis tools applied to an
accessible, well-established peripheral stimulation model. With this fra-
mework, implementation of these same procedures noninvasively is plan-
ned. Imaging VNS-evoked responses through skin and skull would provide
a clinically translatable, direct feedback measure for VNS patients who will
benefit from optimized stimulation parameters. The continued studies of
VNS-evoked responses will enable a better understanding and optimization
of neural activation from VNS afferent pathways in epilepsy subjects; fur-
thermore, continued study may lead to further insights into the therapeutic
mechanism behind VNS in epilepsy.

Correlation between neural activity and the optical response recorded
by the system has been confirmed primarily through the use of concurrent
electrical recording inourwork aswell as prior literature26; however, work to
elucidate the exact relationship between neuronal activity and this evoked
optical response is needed. Lefebvre et al., 2023 noted that, following
application of penicillin to the cortex to incite synchronous activity, EEG
sharp waves could be detected in a range of 75–25microvolts in amplitude,
and these corresponded tooptical velocity changes of 500microns/second26.
Future experiments expanding thisworkwould likely involve formingdirect
analogs between the evoked optical response and electrophysiological
measures such as firing rate or voltage. Specifically, conducting patch clamp
electrophysiology of primary neuronal cultures in tandemwith the coherent
optical system could form a path toward understanding the evoked optical
responses formed by single-cell firing activity.

Future work will also focus on characterizing VEP spatial dynamics
and may bring additional insight into the neural activation resulting from
VNS—dynamics that may be more difficult to study using other functional
imagingmodalities due to their lack of sufficient spatiotemporal resolution.
The DHI system uniquely offers a wide FOV with sufficiently fine spatial
resolution and multi-kilohertz sampling frequencies, all measured using
methods that do not contact or interfere with the delicate neural circuitry or
application of labels. These specifications are particularly well suited for
targetedneuromodulation experiments, where researchers aim tomaximize
or minimize activation of cortical regions by only adjusting attributes of the
applied stimulation. This can incorporate more sophisticated stimulation
strategies, including current steering or temporal interference stimulation
techniques, which preferentially activate isolated regions of a nerve and its
downstream targets. Preliminary data demonstrating spatially independent
response dynamics and modulated activation using current steering is
shown in the supplementary information (Supplementary Fig. 4), where we
attempted to independently control cortical responses of two areas of the
cortex. While these preliminary results are encouraging and relevant to
justify the potential impact of future work that these results will support, we
exclude them from the main text as neuromodulation objectives call for a
more focused study design and replicate to reach the statistical standardswe
have adhered to in our current results.

There is also potential for this technology to be translated to non-
invasive imaging of human cortical activity, and some initial feasibility

studies are ongoing and seeing early success. When considering the work
presented here, while our physical procedures and surgical techniques are
far from relevant in humans, the stimulation protocols we have developed
could be utilized directly into clinical simulation workflows to support the
comprehensive characterization of stimulation parameter effects. If paired
with aDHI system that is successful in human applications, this represents a
non-invasive cortical feedback tool with stimulation parameter testing
protocols that could provide excellent optimization of VEP dynamics,
performed with no preparatory steps within the time frame of an extended
doctor office visit.

Our work demonstrates the optical system’s ability to characterize and
image the dynamics of VNS-evoked neural activity in healthy animals;
however, in order for this to become clinically relevant further work must
understand how these dynamics are altered by seizure states and how VNS
treatment paradigms may return this activity to pre-seizure baselines. For
these data to be obtained, the optical system must be used to visualize and
monitor changes to VNS-evoked potentials in chronic models of epilepsy,
such as those induced by kainic acid. Additionally, important will be to
visualize how these dynamics change during seizure when VNS seizure-
reduction protocols such as those from prior literature are used5,33–35.

The combination of a novel imaging modality applied to a well-
established peripheral stimulation model demonstrated the ability to
characterize VNS-evoked neural responses and their dynamics in response
to peripherally-driven stimulation. The results show VNS-evoked cortical
responses increase as both stimulation current amplitudes and pulse widths
increase. The results also demonstrate that frequency has a minimal mod-
ulatory effect on these responses. Digital holographic imaging enabled non-
contact, label-free characterization and parameter tuning of VNS stimula-
tion, enabling rapid subject-specific parameter tuning. This technology
could lead the way toward a non-invasive feedback mechanism and tar-
geting strategies that may increase the efficacy of VNS in all patients with
refractory epilepsy.

Methods
Optical
Previous studies have found evidence of optical property fluctuations in
neural tissue in vitro that are well-correlated to concomitant neural
activation36–39. These optical changes have become of high interest, as these
signals represent a feasible functional imaging approach to capturing
aggregateneural responseswithout theneed for structural or functional tags,
such as those in calcium imaging or fluorescence spectroscopy.

To record functional imaging correlates of VNS, we make use of a
phase-driven coherent optical system called “digital holographic imaging”
developed by the Applied Physics Laboratory, to detect population-level
neuronal responses for use in vivo26. DHI is a label-free functional imaging
technique that uses holography to measure nanometer-scale tissue dis-
placements with high spatiotemporal accuracy.

Following the works presented by Lefebvre26, our optical imaging
systemuses an interferometer to illuminate the exposed cortical surfacewith
a coherent laser source (SLD1018P, ThorLabs) at skin-safe power. A
superluminescent diode source (SLD1018P, Thorlabs) with a center
wavelength of 1310 nm was split between an object beam and a reference
beamby a beam splitter. The collimatedobject beam illuminated the sample
plane at ~96mW. The light that scattered off of the neural tissue from this
collimated beam was collected and mixed with light from the reference
beam, forming a hologram. Complex image information from this holo-
gram was then gathered and reconstructed using a Fresnel transform.
Processing of this complex image was performed using custom MATLAB
software26. The phase information in these complex images is used to track
phase changes from optical scatterers within the tissue to calculate the
velocity of neuronal tissue displacement. This velocity profile serves as the
basis formeasuring aggregate cortical activation. Imaging frames recorded a
roughly 4mm-diameter area of tissue at a 64 × 64 resolution at 4 kHz, and
were triggered using customMATLAB and Python software26. Holograms
were acquired with a CRED3 camera (First Light Imaging, Axion Optics).
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In each animal, the imaging systemwas roughly focused on a section of
cortical surface near the primary somatosensory cortex with minimal vas-
culature, as this area has been shown to be activated in VNS paradigms32.
Rats were positioned and imaged on a floating table to limit artifacts from
movement. After progressively increasing stimulation amplitude to observe
a clear neural response, the region of interest was imaged at several depths
separated by 1mm. The depth at which the largest response occurred was
selected as the principal region of interest. The largest responsewas typically
noted at around 1–2mm below the surface of the dura.

Electrical
Twisted pair electrode. Twisted pair electrodes were prepared by
depositing 3–4 μmof parylene on two 0.25 mm-diameter silver wires and
twisting together. The ends of one end were cut to expose the wire tips to
the recording site, and the other ends stripped and connected to an AM
Systems Differential AC Amplifier (Model 1700) configured with
between 60 dB and 80 dB of gain and a bandpass filter from 10 Hz
to 10 kHz.

Cuff electrode. A custom-made cuff electrode was made by sewing
75 μm Platinum Iridium wire into a silicone tube (AM Systems, catalog
#806700), creating two rows of electrical contacts on the inner surface
eachmeasuring 1 mm long and separated by a 1mmgap. The cuff’s outer
surface was insulated with a teflon coating on the wire and an additional
medical-grade silicone layer.

Stimulator circuitry. A mirrored Howland current source, as described
in ref. 40, was used with the addition of larger DC blocking capacitors
(labeled C2) to enable biphasic square wave stimulation. With the
cathode proximal, bursts of 50 negative-positive pulse pairs were applied,
cathode-first, with 200 μs between pulses. At least 35 seconds were
reserved after each pulse burst to allow for the tissue’s return to baseline.
Orofascial or neck-related musculature twitching (which can occur as
off-target effects of VNS) was not observed in any of the rats included in
this study. All control waveforms were generated using an NI USB-6353
DAQ at 250 kHz and custom-made scripts in MATLAB and Python.

Surgical
Female (N = 7274 ± 39 g; range 218–308 g; Envigo) and male
(N = 10,287 ± 27 g; range 237–324 g; Envigo) Long Evans rats were anes-
thetized with an intraperitoneal injection of urethane (1.4 g/kg). A
thermostatically-controlled heating padmaintained core body temperature
at 37 ∘C throughout the course of the experiment.

All surgical procedures were approved by the Johns Hopkins Uni-
versity Animal Care and Use Committee. Data from a total of 17 animals is
presented, and an additional 22 animals were used in methodology devel-
opment for this study. Animals were housed in same-sex pairs under a
12:12: light–dark cycle, with ad libitum access to food andwater. Additional
animal information can be found in the supplementary information (Sup-
plementary Table 1).

Cuff electrode implantation. A sagittal incision of ~3 cm in length was
made on the ventral aspect of the neck. The submaxillary gland and
connective tissue were retracted. The left sternomastoid and omohyoid
muscles were bluntly dissected and separated until the left vagus nerve
was revealed. The left vagus nerve was characterized as lying lateral to the
carotid artery and was isolated from the artery and the remaining vessels
in the carotid sheath. Once isolated, the nerve was sleeved into the lumen
of the cuff electrode. The cuff electrode was then sutured around its
circumference to secure the nerve inside and ensure appropriate elec-
trode contact. The leads from the electrode were drawn between the
subcutaneous fascia and musculature to the initial incision, which was
then sutured around the leads to secure them. Following the end of
imaging and recording, euthanasia (sodium pentobarbitol with pheny-
toin) was administered intraperitoneally.

Venous catheterization. The femoral vein of some study animals was
cannulated in order to administer rocuronium paralytic. An incision of
approximately 15 mm was made in the inguinal area, and a blunt dis-
section of the connective tissue was performed until the femoral vein and
arterywere revealed. The catheterwas connected to a three-way stopcock,
which was connected to two syringes containing heparizined saline (20
U/mL) and rocuronium (10 mg/mL), respectively. Using micro-
dissection scissors, a small cut in the vein was made at a 45-degree
angle, taking care not to cut through the vein. Fine tipped forcepswere fed
into the incision and opened, allowing for the placement of the catheter
into the vein. The catheter was fully inserted, after which all knots were
tightened, and the last silk piece was knotted around the venal tissue
holding the catheter.

Cranial window. Rats were then moved into a stereotaxic frame. The
scalp skin and subcutaneous fascia were resected to reveal the whole
dorsal area of the skull. The periosteum was removed, and a circular
craniotomy with a diameter of 5 mm was made using a dental drill over
an area encompassing a large region of the sensorimotor cortex. The dura
was kept intact for all surgeries and sterile lactated ringer’s solution
irrigation was used to maintain moisture throughout the duration of the
experiments. The moistened hemostatic foam was also used during
extended periods between imaging to reduce bleeding and maintain
hydration.

Paralytic and ventilation. In a subset of experiments (N = 8), some
rats were paralyzed with intravenous administration of rocuronium
(1 mg/kg). An endotracheal tube was used to intubate the animal, and the
Rovent system (Kent Scientific) was used to mechanically ventilate the
animal for the duration of the experiment. Rocuronium was applied
through the venous catheter with an initial bolus of 5 mg/mL and updates
of 1 mg/mL every 25minutes. Mechanical ventilation was stopped for up
to 10 seconds during optical recording to reduce motion.

Experimental
Electrical validation. In a subset of experiments, optical and electrical
signals were simultaneously recorded for the purpose of validating the
presence and dynamics of the optical signal. The tips of the twisted pair
electrode were positioned to lightly rest on the surface of the dura within
the optical recording FOV. Stimuluswas applied at increasing amplitudes
until a stimulus-locked response was observed in both electrical and
optical recordings. Low, medium, and high stimulus currents were
applied to verify coordinated response changes in both recordings.
Shorter pulse widths (≤ 200 μs) were required in these experiment trials
to avoid contaminating the electrical response with stimulus artifact, as
only at these shorter pulse widths was the stimulation artifact clearly
separable from the dose-dependent response also seen in the optical
signal. Notably, the optical response does not have this limitation as it is
not impacted by electrical stimulus artifact.

Amplitude characterization. First, a minimum current amplitude at
which no cortical response could be recorded was found. A maximum
current amplitude at which the cortical response reached a maximum
value, and saturated was also found. Within this range, a sequence of
trials with randomized current amplitudes was delivered at constant
pulse width (500 μs) and frequency (13 or 15 Hz to avoid heart rate
coupling), with 50 pulses per trial and at least 35s between trials. A null
trial (0 μA) was randomly placed in each sequence. This sequence of
amplitude sweeps was repeated for a total of three sweeps throughout the
course of the experiment.

At the end of the experiments following the injection of the euthanasia
compound, the cessation of diaphragmatic deflection was monitored, and
an additional amplitude characterization was performed for control pur-
poses. Additionally, to control formotion artifact in a population of animals
N= 8, a paralytic was administered throughout the stages of
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experimentation. In tandem with mechanical ventilation, the responses
recorded here served not only as verification that the responses were not
attributable to motion, but also as a control for the responses recorded
without auxiliary ventilation.

Pulse width characterization. After at least one amplitude character-
ization, an amplitude just above the threshold and below saturation was
chosen. A minimum pulse width at which no cortical response could be
recorded was found, and a maximum pulse width duration at which the
cortical response reached a maximal magnitude and experienced
saturation was also found. Within this range, a sequence of trials with
randomized pulse widths was performed at a constant amplitude and
frequency, with 50 pulses per trial and at least 35 s between trials. A null
trial (amplitude of 0 μA)was randomly placed in each trial sequence. This
sequence of pulse width sweeps was repeated for a total of three sweeps
throughout the course of the experiment.

Frequency characterization. To determine vagus-evoked potential
modulation as a function of stimulus frequency, a nominal literature-
based range of typical frequencies utilized in VNS11 was created from
10 Hz to 30 Hz. Frequencies above 30 Hz were not used to avoid dama-
ging the nerve. This range of frequencies was then used for stimulation.
The stimulation was delivered in blocked trials, with 50 pulses per trial
and at least 35 s between trials. A null trial (amplitude of 0 μA) was
randomly placed in each trial sequence.

Effect size characterization. After at least one sweep of each amplitude,
pulse width, and frequency characterization, a combinatorial protocol

was chosen to delineate the effect sizes for each parameter. In this
paradigm, low, medium, and high values for each parameter were
selected. These values were then used to create an array of randomized
combinations to test for the effect sizes of each parameter as well as
interactions between the low and high values, low andmedium values, as
well as medium and high values. This entire sequence of stimulus com-
binations was delivered in blocked trials, with 50 pulses per trial and at
least 35 s between trials. The whole trial sequence was randomized and
repeated three times over the course of the experiment, with at least
30minutes between each sequence. A null trial with a stimulus amplitude
of 0 μA was randomly placed within each sequence.

Data processing
Optical. The imaging data were processed using the methodology
described in ref. 26, generating velocitymeasurements for the entire FOV
over time, which correlated to the neural responses. To analyze response
characteristics and effect sizes, a single ROI of a diameter of 0.4 mm was
selected in a tissue area with minimal vasculature—specifically where
maximal signal-to-noise ratiowas observed (see Fig. 5C). All velocity data
within this ROI was averaged to mitigate phase noise from the optical
system. For each trial, the individual responses to each of the 50 stimulus
pulse pairs were temporally aligned and averaged, defining the evoked
response. The response magnitude was characterized by the initial
stimulus-aligned upward deflection in tissue velocity (see Fig. 5E), which
consistently occurred around 5 ms ± 1ms post-stimulation. The mini-
mum and maximum velocities along this deflection were annotated, and
the difference between these points defined the response magnitude for a
given trial. Any VNS-evoked response that did not have a deflection

Fig. 5 | Summary of imaging and stimulation
procedures. A Top—representative image of a
Cranial Window with vasculature. Bottom—cuff
electrode around the left vagus nerve.
B Visualization of stimulation protocol. Five
sequence types were used to consider electrical
validation, amplitude response, pulse width
response, frequency response, and randomized
combinations of parameters. Experiments consisted
of iterations of these sequences across ~300 min.
C Hologram magnitude image showing the imaged
tissue. This allows the selection of ROI coordinates
(teal circle), which avoids large vasculature.
D Velocity data from a selected ROI. 50 stimulus
pulses are applied (green bars), and in this trial,
responses can be seen after each individual stimulus
pulse. E Overlayed responses from an amplitude
sequence. Each individual trace represents the
response after temporal alignment and averaging of
all 50 pulses applied at that parameter setting.
B created using Biorender.com.
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greater in magnitude than spontaneous or baseline activity was
discarded.

Experimental. Comparisons across animals for the stimulus response
characteristics and parameter sensitivity analyses were achieved by
normalizing all response magnitudes to the maximum signal magnitude
observed in a particular animal. The stimulus parameters being tested
were also normalized to themaximum value of the range tested stimuli. A
description of the range of parameters applied can be found in the sup-
plementary information (Supplementary Table 1).

Statistical analyses. Data were examined for normality
(Shapiro–Wilk). Non-parametric results from amplitude, pulse width,
and frequency characterizations were presented as means ± standard
error of the mean and analyzed usingWelch’s two-tailed t test. Effect size
results were presented as standard deviations of the mean and calculated
usingCohen’sD assessment. A calculated p value of <0.05was considered
significantly different.

Effect size and interaction. The parameter effect size, or the value of
Cohen’s D, was determined by calculating the average normalized
response for twoparameter settings (e.g., for factorA low–high effect size,
the normalized velocity response for the low amplitude setting and high
amplitude settings were found separately, each including all other set-
tings of all other parameters) and taking the difference between the
means, then dividing by the standard deviation of the condition’s dataset
(i.e., low–high). (N = 8 animals). The parameter comparisons were as
follows: “low–high” stimulus parameters, “middle—high” stimulus
parameters, and “low—middle” stimulus parameters. Interaction plots
were then created for each parameter comparison to visualize the
interactions of stimulus factors, where parallel lines indicate no inter-
action and intersecting lines signify some interaction. Interaction plots
were calculated by finding the average normalized evoked response for a
condition-specific combination of parameters (i.e., A LO, AHI against P-
LO, P-HI) and plotting these against each other to understand whether
particular combinations of parameters could optimize the magnitude of
the evoked signal. Each interaction plot displayed the levels of one con-
dition on the horizontal axis and had a separate plotted line for each level
of the other condition. Amplitude is represented as factor “A" or “Amp",
pulse width is represented as factor “P" or “Pulse", and frequency is
represented as factor “F" or “Freq".
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