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ABSTRACT

Bioelectronic medicine -- the therapeutic modulation of neural circuits controlling organ function through targeted
electrical stimulation of peripheral nerves -- offers a paradigm-shifting alternative to pharmacological treatment for
chronic inflammatory and metabolic diseases. This study developed and evaluated three vagus nerve stimulation (VNS)
protocols -- conventional open-loop VNS, closed-loop adaptive VNS triggered by real-time heart rate variability (HRV)
biomarkers, and kilohertz frequency alternating current (KHFAC) nerve block -- for anti-inflammatory neuromodulation in
a rat model of LPS-induced systemic inflammation (n = 12/group). Closed-loop adaptive VNS reduced serum TNF-alpha
by 78.4 +- 6.2% (vs 54.8 +- 8.4% for open-loop VNS; p < 0.001) while delivering 62% fewer total stimulation pulses,
demonstrating superior efficacy with reduced off-target stimulation. KHFAC nerve block at 20 kHz selectively inhibited
C-fibre afferent signalling (conduction block threshold 2.4 +- 0.4 mA) while preserving A-fibre efferent motor function,
enabling selective afferent neuromodulation inaccessible to conventional VNS. The closed-loop system achieved
real-time HRV-triggered stimulation with latency of 124 +- 18 ms using an embedded microcontroller (ARM Cortex-M4)
with on-device machine learning classification of inflammatory state. Histological assessment confirmed no nerve
damage at 4 weeks for all three protocols. These findings establish closed-loop adaptive VNS as a more efficacious and
energy-efficient anti-inflammatory neuromodulation strategy and demonstrate KHFAC as a novel fibre-selective
modulation tool for bioelectronic medicine.
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1. Introduction

Chronic inflammatory diseases -- including
rheumatoid arthritis, inflammatory bowel disease
(IBD), sepsis, and metabolic syndrome -- affect
over 500 million people globally and are primarily
managed by immunosuppressive pharmacotherapy
with significant systemic side effects
(opportunistic infections, metabolic toxicity,
cancer risk). Bioelectronic medicine -- the targeted
electrical stimulation of neural circuits that
reqgulate immune and organ function -- offers a
fundamentally different therapeutic approach by
harnessing the body's endogenous neural-immune
regulatory pathways rather than introducing
exogenous chemicals (Pavlov and Tracey, 2017).
The cholinergic anti-inflammatory pathway (CAP)
-- whereby vagus nerve efferent signals inhibit
macrophage TNF-alpha production through
alpha-7 nicotinic acetylcholine receptor
(alpha7nAChR) activation on splenic macrophages
-- provides the mechanistic foundation for vagus
nerve stimulation (VNS) as an anti-inflammatory
therapy, validated in preclinical models and
early-phase clinical trials for rheumatoid arthritis
and Crohn's disease (Koopman et al., 2016).

1.1 Open-Loop vs Closed-Loop VNS
Current clinical VNS devices (SetPoint Medical,
LivaNova) deliver predetermined stimulation
parameters (frequency, pulse width, current
amplitude, duty cycle) irrespective of the patient's
real-time inflammatory state -- an 'open-loop'
approach analogous to fixed-dose
pharmacotherapy. Open-loop VNS has several
limitations: excessive stimulation during
non-inflammatory periods wastes energy and
(hoarseness,

stimulation

increases side effects
bradycardia);
inflammatory flares fails to suppress cytokine

surges; and fixed parameters do not adapt to the

cough,

insufficient during

circadian variation of inflammatory activity (Bhanu
et al., 2020). Closed-loop adaptive VNS -- adjusting
stimulation parameters in real time based on
physiological biomarkers of inflammatory state --
promises to deliver the right dose of stimulation at
the right time, analogous to closed-loop insulin
delivery in diabetes.

1.2 KHFAC Nerve Block: Fibre-Selective
Modulation

Conventional VNS
(sensory) and efferent (motor/autonomic) fibres

activates both afferent

non-selectively, producing side effects from

unwanted afferent activation (laryngeal,
pharyngeal). Kilohertz frequency alternating
current (KHFAC, 1-100 kHz) produces reversible
block in fibres, with

smaller-diameter unmyelinated C-fibres blocked at

conduction nerve
lower current thresholds than larger myelinated
A-fibres -- enabling selective block of afferent
C-fibre signalling while preserving efferent A-fibre
function (Bhanu et al., 2021). This fibre selectivity
is particularly relevant for anti-inflammatory VNS,
where the therapeutic efferent
should be

afferent-mediated side effects are suppressed.

cholinergic

pathway activated while

1.3 Study Objectives
This study aimed to: (i) develop and characterise

three VNS protocols (open-loop, closed-loop
adaptive, KHFAC nerve block) for
anti-inflammatory neuromodulation; (ii) evaluate
anti-inflammatory efficacy (TNF-alpha, IL-6,
IL-1beta suppression) in a rat LPS-induced
systemic inflammation model; (iii) implement and
validate a real-time closed-loop system using HRV
biomarkers and embedded machine learning; (iv)
characterise KHFAC fibre-selective conduction
block thresholds; and (v)
biocompatibility at 4 weeks for all

assess  nerve
three

stimulation protocols.

2. Literature Review

Bioelectronic medicine has emerged from the
convergence of neuroscience, immunology, and
bioengineering. The following review covers the
mechanistic foundations and clinical evidence for
VNS-based anti-inflammatory therapy and the
emerging KHFAC nerve block paradigm.

2.1 The Cholinergic Anti-Inflammatory
Pathway

Tracey (2002) discovered that vagus nerve
efferent stimulation inhibits TNF-alpha production
by splenic macrophages through acetylcholine
release activating alpha7nAChR, establishing the
neural circuit linking the nervous and immune
systems. Subsequent work demonstrated that the
CAP requires the spleen: splenectomised animals
lose the anti-inflammatory response to VNS, and
splenic nerve stimulation alone reproduces the
effect (Rosas-Ballina et al., 2011). The CAP
operates as a reflex: vagus afferents detect
peripheral cytokines (via IL-1 receptors on nodose
ganglion neurons), transmitting inflammatory
signals to the nucleus tractus solitarius (NTS);
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efferent vagal output then suppresses macrophage
cytokine production -- completing an inflammatory
reflex arc analogous to the baroreceptor reflex for
blood pressure.

2.2 Clinical VNS for Inflammatory Disease

Koopman et al. (2016) conducted the first clinical
trial of VNS for rheumatoid arthritis (n = 17),
demonstrating significant TNF-alpha reduction
(42% at 12 weeks) and clinical improvement
(DAS28-CRP score reduction 1.8 +- 0.9) in
biologic-naive and biologic-refractory patients. The
SPARC study evaluated VNS for Crohn's disease (n
= 16), showing clinical remission in 37.5% at 12
months with reduced CRP and faecal calprotectin.
Both studies wused open-loop VNS (SetPoint
Medical bioelectronic medicine platform) with
fixed parameters (1 mA, 250 ps, 10 Hz, 60 s on/5
min off), and both identified inconsistent efficacy

across patients -- motivating adaptive,
personalised stimulation strategies.

2.3 Closed-Loop Neuromodulation

Closed-loop neuromodulation systems

continuously monitor a physiological biomarker
and adjust stimulation parameters in real time. For
deep brain stimulation in Parkinson's disease,
beta-band oscillatory power in the subthalamic
nucleus serves as the feedback signal, enabling
adaptive DBS that reduces stimulation energy by
30-50% while maintaining equivalent symptom
control (Little et al., 2013). For anti-inflammatory
VNS, heart rate variability (HRV) -- specifically the
high-frequency component (HF-HRV, 0.15-0.40
Hz) reflecting cardiac vagal tone -- provides a
non-invasive real-time biomarker of vagal activity
that correlates with inflammatory state (Bhanu et
al., 2019). Reduced HF-HRV during inflammatory
episodes indicates vagal withdrawal, providing the
trigger for adaptive VNS delivery.

2.4 KHFAC Nerve Block: Mechanism and
Applications

KHFAC at frequencies of 5-100 kHz produces
reversible, non-damaging conduction block by
maintaining sodium channels in an inactivated
state through continuous sub-threshold membrane
depolarisation (Bhanu et al.,, 2021). The
frequency-dependent fibre selectivity arises from
differences in fibre diameter, membrane time
constant, and length:
unmyelinated C-fibres (0.4-1.2 pm) are blocked at
lower current amplitudes than larger myelinated

internodal smaller

A-fibres (5-20 pm) at frequencies > 10 kHz. The
VBLOC Therapy system (Medtronic) applied
intermittent KHFAC to the vagus nerve for obesity
treatment, demonstrating 24.4% excess weight
loss at 12 months in the ReCharge trial -- the first
application of KHFAC nerve block.
Application of KHFAC to selectively block vagal
afferents while preserving

clinical

anti-inflammatory
efferents has not been previously investigated.

Table 1. Three VNS protocols: stimulation
parameters, mechanism, and published
efficacy benchmarks

Protoc  Paramete Mechani Publish Key Limit
ol rs sm ed TNF- ation
alpha R
eductio
n
Open-1 | 1 mA, 250 CAP 40-60% ( | Fixed
oop ps, 10 Hz, efferent | preclinic  dose; no a
VNS duty-cycle @ activatio | al) daptation
d n
Closed Adaptive: @ CAP + Not previ  Requires
-loop 0.5-2 mA, feedback ously biomarker
VNS HRV-trigg @ control reported | sensor
ered
KHFA 20 kHz, Afferent | Not previ  Onset
C 1-5 mA, co C-fibre ¢ | ously response;
block | ntinuous onductio | tested (a | power
n block nti-infla

m.)
Combi  Adaptive Efferent | Not previ | System co
ned (C | VNS + activatio | ously mplexity
L+KH | selective n + tested
FAC) block afferent

block

Sham | Electrode | None 0% (endo | Reference
VNS (¢  implanted, toxin baseline
ontrol) | no current control)

CAP: cholinergic anti-inflammatory pathway; HRV: heart
rate variability; KHFAC: kilohertz frequency alternating
current. Open-loop parameters based on Koopman et al.
(2016) clinical protocol. CL: closed-loop.

3. Materials and Methods

3.1 VNS Electrode and Stimulator Design
Bipolar platinum-iridium cuff electrodes (inner
diameter 0.5 mm, contact width 0.5 mm,
inter-contact spacing 1 mm; MicroProbes for Life
Science) were implanted on the left cervical vagus
nerve of Sprague-Dawley rats. Stimulator:
custom-designed current-controlled stimulator
(ARM Cortex-M4 microcontroller, STM32F407;
DAC output through Howland current source;
compliance voltage +-12 V; current range 0.01-10
mA; frequency range 1 Hz - 50 kHz). ECG
acquisition: single-lead ECG from subcutaneous
electrodes; R-peak detection and HRV
computation (RMSSD, HF power 0.75-2.5 Hz for
rats) computed on-device in real time. Closed-loop
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random forest classifier (8 HRV
features; labelled

inflammatory/non-inflammatory epochs) running

algorithm:
trained on 48

on-device; classification latency 124 +- 18 ms.

3.2 Stimulation Protocols

Five experimental groups (n = 12 rats/group): (1)
Open-loop VNS: 1 mA, 250 ps biphasic, 10 Hz, 60 s
on / 300 s off; initiated 5 min pre-LPS. (2)
Closed-loop adaptive VNS: same pulse parameters
but delivered only when HRV classifier detects
inflammatory state (HF-HRV < threshold); current
amplitude scaled 0.5-2.0 mA proportional to
inflammatory severity score. (3) KHFAC block: 20
kHz sinusoidal, 2.5 mA; applied to proximal vagus
(afferent direction) simultaneously with
conventional VNS distally (efferent activation). (4)
Combined closed-loop + KHFAC: adaptive VNS
(efferent) + 20 kHz block (afferent) triggered by
HRV classifier. (5) Sham: electrode implanted, no
stimulation delivered.

3.3 LPS-Induced Inflammation Model

Systemic  inflammation was induced Dby
intraperitoneal LPS injection (Escherichia coli
0O111:B4, Sigma-Aldrich; 5 mg/kg; t = 0). VNS
initiated 5 min before LPS injection and continued
for 4 h. Blood samples collected att =0, 1, 2,4 h
via jugular vein cannula. Serum cytokines:
TNF-alpha, IL-6, IL-1beta by Luminex multiplex
immunoassay (Bio-Rad Bio-Plex). HRV recorded
continuously throughout the 4 h protocol. Heart
rate monitored for bradycardia safety (stimulation
paused if HR < 250 bpm in rats). All experiments
performed under isoflurane anaesthesia (1.5-2%)
to control for stress-induced HRV confounds.

3.4 KHFAC Conduction Block
Characterisation

KHFAC block thresholds characterised in a
separate acute electrophysiology protocol (n = 8
rats). Compound action potential (CAP) recorded
from the vagus nerve distal to the KHFAC
electrode during proximal electrical stimulation
(single pulses, 0.1 ms, suprathreshold). KHFAC
applied at frequencies 5, 10, 20, 40 kHz at
amplitudes 0.5-5 mA. Block threshold defined as
minimum current producing >= 90% reduction in
CAP amplitude. Fibre selectivity: C-fibre block
threshold (slow CAP component, conduction
velocity < 2 m/s) vs A-fibre block threshold (fast
component, > 10 m/s). Onset response (transient
neural activation before block establishment)

characterised by recording spontaneous activity
during KHFAC onset.

3.5 Chronic Biocompatibility and Statistical
Analysis

Chronic biocompatibility: separate cohort (n =
4/group) implanted for 4 weeks with continuous
daily stimulation (1 h/day per assigned protocol).
At 4 weeks: vagus nerve harvested; H&E;, luxol
fast blue (myelin), and toluidine blue (fibre
morphology) histology; fibre count, axon diameter
distribution, and myelin thickness measured on 1
um semi-thin sections (n = 3 sections per nerve).
Statistics: one-way ANOVA + Tukey HSD for
paired t-test  for
within-group time-course; Pearson correlation for
HRV vs cytokine relationships. All analyses R
v4.2.1; p < 0.05. IACUC:
WEUDS-IACUC-2021-BIOELEC-024.

cytokine comparisons;

Table 2. Closed-loop VNS system
specifications and on-device ML classifier
performance

Compone Specificatio Performan Clinical
nt n ce Relevance
Microcont ARM Power: 42 Implantable-
roller Cortex-M4 mW active  grade power
(168 MHz, budget
1MB Flash)
ECG acqui  Single-lead, 1 | R-peak: Real-time
sition kHz sampling  99.4% HRV
sensitivity | computation
HRV comp RMSSD + HF | Update Inflammator
utation power rate: 5s y state
(0.75-2.5 Hz  window tracking
rat)
ML Random Accuracy: Inflammator
classifier | forest (8 91.4% (CV) |y state
features, 50 detection
trees)
Classificat = R-peak -> 124 +- 18 Real-time
ion stim trigger ms closed-loop
latency feasible
Stimulatio | 0.01-10 mA, 1  Current Covers VNS
n output Hz - 50 kHz accuracy + KHFAC
+-2.4% range

ML: machine learning; CV: 10-fold cross-validation on 48
labelled epochs. HRV features: RMSSD, SDNN, HF
power, LF/HF ratio, pNN50, SD1, SD2, sample entropy.
Classification: inflammatory (HRV  depressed) vs
non-inflammatory (HRV normal).

4. Results

4.1 Anti-Inflammatory Efficacy: Cytokine
Suppression

Serum cytokine results at 4 h post-LPS are
presented in Table 3. Closed-loop adaptive VNS
achieved the highest TNF-alpha suppression (78.4
+- 6.2% reduction vs sham), significantly
exceeding open-loop VNS (54.8 +- 8.4%; p <
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0.001) and KHFAC alone (324 +- 7.8%; p <
0.001). The combined protocol (closed-loop +
KHFAC) achieved 82.4 +- 5.8% TNF-alpha
suppression -- marginally above closed-loop alone
(p = 0.28). IL-6 suppression followed the same
rank order: closed-loop 72.8 +- 7.4% > open-loop
48.4 +- 9.2% > KHFAC alone 28.4 +- 8.4%.
Critically, closed-loop VNS delivered 62% fewer
total stimulation pulses than open-loop (mean
14,400 vs 38,400 pulses over 4 h), demonstrating
that demand-driven stimulation is both more
efficacious and more energy-efficient -- the
bioelectronic equivalent of targeted versus

continuous-infusion pharmacotherapy (Figure 1).

4.2 HRV Biomarker Dynamics and
Closed-Loop Performance

HRV dynamics during the 4 h LPS protocol
confirmed the of HF-HRV as an
inflammatory state biomarker (Table 4). Sham
animals showed progressive HF-HRV decline from
baseline (4.2 +- 0.8 ms2) to nadir at 2 h post-LPS
(1.4 +- 0.4 ms2; 67% reduction), correlating with
peak TNF-alpha (Pearson r = -0.82; p < 0.001).
The closed-loop classifier correctly identified
91.4% of inflammatory epochs (sensitivity) and

validity

88.2% of non-inflammatory epochs (specificity),
triggering VNS delivery within 124 +- 18 ms of
inflammatory state detection. Closed-loop VNS
animals showed partial HRV preservation (nadir
2.8 +- 0.6 ms2; 33% reduction from baseline),
with  VNS-mediated
restoration (Figure 2).

consistent vagal tone

4.3 KHFAC Fibre-Selective Conduction Block

KHFAC block thresholds are presented in Table 4.
At 20 kHz, C-fibre block threshold was 2.4 +- 0.4
mA while A-fibre block threshold was 4.8 +- 0.8
mA -- a 2.0-fold selectivity ratio (p < 0.001),
confirming fibre-diameter-dependent block. At 10
kHz, selectivity was reduced (ratio 1.4); at 40 kHz,
selectivity increased (ratio 2.4) but required
higher absolute currents (C: 3.8 mA; A: 9.2 mA),
increasing power consumption. The 20 kHz
frequency provided the optimal selectivity-power
balance. Onset response (transient activation
before block establishment) lasted 84 +- 12 ms at
20 kHz -- shorter than the 200-500 ms reported for
lower frequencies -- producing a brief HR dip of 8
+- 3 bpm that resolved spontaneously. At 2.5 mA /
20 kHz, C-fibre CAP amplitude was reduced 94.2
+- 3.4% while A-fibre amplitude was preserved at
88.4 +- 4.8% of baseline, confirming selective

afferent block (Figure 3).

4.4 Chronic Biocompatibility

Histological assessment at 4 weeks of daily
stimulation showed no significant nerve damage
for any protocol (Table 5). Myelinated fibre counts
were preserved at > 95% of contralateral
unoperated nerve for all groups (open-loop: 97.2
+- 2.4%; closed-loop: 98.4 +- 1.8%; KHFAC: 96.8
+- 2.6%). Myelin thickness was unchanged
(KHFAC: 1.42 +- 0.18 pm vs contralateral 1.48 +-
0.16 ym; p = 0.54). No Wallerian degeneration,
axonal swelling, or inflammatory infiltrate was
observed in any group. The KHFAC group showed
minimal perineural fibrosis (grade 1 on a 0-4 scale)
--  not significantly different from sham
electrode-only controls (grade 0.8 +- 0.4; p =
0.62). The radar analysis (Figure 4) integrates all
performance dimensions across the four active
VNS protocols.

Table 3. Anti-inflammatory efficacy at 4 h
post-LPS: cytokine suppression (% reduction
vs sham) by VNS protocol

Protoc TNF-al IL-6 R IL-lbe Total Energ
ol pha Re educti ta Red Pulses y (m])
ductio on (%) uction (4h)
n (%) (%)
Sham 0 (refer O (refe 0 (refe 0 0
(no ence) rence) | rence)
stim)
Open-lo 54.8 +- |48.4 42.4 38,400 | 24.8
op VNS 8.4 +-9.2 +-8.8
Closed-l 78.4 +- | 72.8 64.2 14,400 | 9.6%*
oop 6.2%* +-7.4%  +-7.8% *
VNS
KHFAC 324 +- 28.4 22.8 N/A 42.8
block 7.8 +-8.4 +-7.2 (cont.)
(alone)
Combin 82.4 +- | 76.4 68.8 14,400 52.4
ed (CL+ 5.8%* +-6.8% | +-7.4%
KHFAC)

*Significantly best in column (Tukey HSD, p < 0.05).
Cytokine reduction: % decrease from sham group mean.
Total pulses: cumulative VNS biphasic pulses over 4 h
experiment. Energy: total electrical energy delivered.
KHFAC: continuous sinusoidal (not pulsed); energy
calculated from current and impedance. CL: closed-loop.
N/A: KHFAC is continuous waveform.

Table 4. KHFAC fibre-selective block
thresholds and HRV dynamics during LPS
inflammation

Parameter Value Comparis p-va Clinical S
on lue @ ignifican
ce
C-fibre block 2.4 +- vs A-fibre: < 0. | Selective
(20 kHz) 0.4mA | 4.8 mA 001 | afferent
block
feasible
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Parameter Value Comparis p-va Clinical S
on lue ignifican
ce
A-fibre block | 4.8 +- 2.0x < 0. | Efferent
(20 kHz) 0.8 mA | C-fibre 001  preserved
threshold at 2.5 mA
Selectivity 2.0 +- vs 10 kHz: 0.00 20 kHz
ratio (20 0.3 1.4 8 optimal
kHz) frequency
Onset 84 +- vs 5 kHz: < 0. | Brief;
response 12 ms 420 ms 001 | clinically
duration acceptabl
e
HF-HRV 4.2 +- vs 2h < 0. | HRV
baseline 0.8 ms2 nadir: 1.4 001  tracks infl
(sham) ms2 ammation
HF-HRV 2.8 +- vs sham 0.00 | VNS
nadir 0.6 ms2 nadir: 1.4 2 preserves
(CL-VNS) vagal tone
TNF-HRV r= Across all < 0. HRV valid
correlation -0.82 animals 001  biomarker

C-fibre: unmyelinated afferent (conduction velocity < 2
m/s). A-fibre: myelinated (> 10 m/s). Selectivity ratio =
A-fibre threshold / C-fibre threshold. Onset response:
transient neural activation during KHFAC initiation.
HF-HRV: high-frequency heart rate variability (0.75-2.5
Hz for rats). CL-VNS: closed-loop VNS.

Table 5. Chronic biocompatibility at 4 weeks:
nerve histomorphometry for four VNS
protocols

Paramete Open- Close KHFA Sham Cont
r Loop d-Loo C Electr ralat
VNS p VNS ode eral

Myelinate @ 97.2 98.4 96.8 98.8 100
d fibre +-24 +-18 +-2.6 +-1.4 | (ref)
count (%)

Myelin 1.44 1.46 1.42 1.46 1.48

thickness | +- +- +- +- +-
(um) 0.16 0.14 0.18 0.16 0.16
Axon 3.84 3.88 3.78 3.92 3.94
diameter | +- +- +- +- +-
(um) 0.48 0.44 0.52 0.42 0.44
Perineural 1.2 +- 10+- [1.0+- 0.8+- 0 (no
fibrosis 0.4 0.4 0.4 0.4 ne)
(0-4)

Wallerian None None None None N/A
degenerat

ion

All nerve parameters: no significant difference between
any stimulation group and sham electrode (ANOVA p >
0.05 for all). Fibre count expressed as % of contralateral
unoperated nerve. Perineural fibrosis graded 0-4
(O=none, 4=severe circumferential fibrosis). 4 weeks of
daily 1 h stimulation per assigned protocol.

82.40

78.40
80

70

60 54.80

50

40

32.40

30

20

10

KHFAC alone Open-Loop VNS Closed-Loop VNS Combined CL+KHFAC

TNF-alpha Reduction vs Sham (%)

°

Figure 1. TNF-alpha suppression (% reduction vs
sham) at 4 h post-LPS by VNS protocol

82.40
= TNF-alpha (%)

80 | mmm IL-6 (%)
== |L-1beta (%)

Cytokine Reduction vs Sham (%)

20

sham KHFAC Open-Loop Closed-Loop Combined

Figure 2. Cytokine suppression profile: TNF-alpha,
IL-6, and IL-1beta by VNS protocol

5
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“D I
2
0 . l

C-fibre Block Afibre Block Selectivity Ratio x1

Figure 3. KHFAC conduction block: C-fibre vs A-fibre
threshold (mA) at 20 kHz
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-
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Figure 4. Multi-parameter VNS protocol comparison
(normalised 0-1)
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5. Discussion

This study provides the first systematic
comparison of open-loop, closed-loop, and KHFAC
vagus nerve stimulation protocols for
anti-inflammatory neuromodulation, establishing
closed-loop adaptive VNS as a more efficacious
and energy-efficient approach and demonstrating
KHFAC

neuromodulation tool.

fibre-selective block as a novel

5.1 Closed-Loop VNS: More Efficacy with Less
Stimulation

The 43% improvement in TNF-alpha suppression
of closed-loop over open-loop VNS (78.4% vs
54.8%) -- achieved with 62% fewer stimulation
pulses -- represents the most important finding of
this study. The mechanism is timing-dependent
efficacy: the cholinergic anti-inflammatory
pathway has an optimal activation window during
the ascending phase of inflammatory cytokine
production; VNS delivered outside this window
(during non-inflammatory periods in open-loop
duty cycling) wastes energy without therapeutic
benefit. The HRV-triggered closed-loop system
concentrates  stimulation  precisely
inflammatory episodes detected by vagal tone
depression, matching stimulation to the dynamic

during

need.

5.2 KHFAC: A New Modality for Bioelectronic
Medicine

The demonstration of selective C-fibre block at 2.4
mA while preserving A-fibre function at 20 kHz
opens a new therapeutic dimension for
bioelectronic medicine. By selectively blocking
vagal afferents, KHFAC can prevent the central
relay of peripheral inflammatory signals through
the nucleus tractus solitarius -- disrupting the
ascending arm of the inflammatory reflex while the
conventional VNS simultaneously activates the
descending anti-inflammatory efferent arm. The
32.4% TNF-alpha suppression by KHFAC alone
(without efferent activation) suggests that afferent
block contributes independently to
anti-inflammatory effect -- possibly by preventing
central sensitisation and sympathetic activation
that amplifies peripheral inflammation.

5.3 Clinical Translation Considerations
The closed-loop system's ARM Cortex-M4

implementation (42 mW power, 124 ms latency) is
compatible with implantable pulse generator (IPG)
form factors currently used for DBS and VNS
(Medtronic, Abbott). The random forest classifier's

91.4% accuracy for inflammatory state detection
from HRV -- while adequate for proof-of-concept --
requires improvement to > 95% for clinical
deployment to minimise false-negative missed
inflammatory episodes. Larger training datasets

from diverse patient populations (varying
autonomic baselines, medications, comorbidities)
and more sophisticated classifiers (LSTM

recurrent networks for temporal HRV patterns)
are being developed for the clinical-grade system.

5.4 Limitations

The LPS-induced inflammation model is an acute,
sterile inflammatory insult that does not fully
replicate the chronic, relapsing-remitting pattern
of clinical rheumatoid arthritis or IBD. Chronic
colitis (DSS model) and collagen-induced arthritis
models should be used to evaluate closed-loop
VNS efficacy over weeks to months. The HRV
biomarker was validated under anaesthesia --
conscious animal HRV is confounded by activity,
stress, and sleep state, requiring more robust
classification algorithms. The KHFAC onset
response (84 ms activation burst) may produce
undesirable physiological effects at higher current
amplitudes; charge-balanced onset mitigation
strategies are under development. The 4-week
biocompatibility study confirms short-term safety
but does not address potential long-term
KHFAC-specific effects on nerve ultrastructure
that may emerge over months to years.

6. Conclusion
This study establishes closed-loop adaptive vagus
nerve stimulation as a fundamentally superior
anti-inflammatory neuromodulation strategy
compared to conventional open-loop VNS --
achieving 78.4% TNF-alpha suppression with 62%
fewer stimulation pulses through HRV-guided
demand-driven delivery. The on-device random
forest classifier (91.4% accuracy, 124 ms latency)
confirms the feasibility of real-time closed-loop
bioelectronic medicine with embedded machine
learning. KHFAC nerve block at 20 KkHz
demonstrated 2.0-fold fibre-selective C-fibre block
(threshold 2.4 mA) -- a novel neuromodulation
modality enabling selective afferent blockade
while preserving anti-inflammatory efferent
function. The combined closed-loop VNS + KHFAC
protocol  achieved the  highest cytokine
suppression (82.4% TNF-alpha) with no nerve
damage at 4 weeks, representing the most
bioelectronic

comprehensive anti-inflammatory
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intervention evaluated to date. These findings
provide the preclinical foundation for clinical
translation of closed-loop adaptive VNS devices for
rheumatoid arthritis, inflammatory bowel disease,
and other chronic inflammatory conditions where
pharmacological  immunosuppression carries
unacceptable side effect burden.
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Appendix A

Closed-Loop HRYV Classifier Training and
Validation

This appendix provides the random forest classifier
training procedure, feature extraction methodology,
and cross-validation results for the on-device
inflammatory state detection algorithm used in the
closed-loop VNS protocol.

A.1 HRV Feature Extraction

A.2 Classifier Training and Performance
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