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Abstract: Heart rate variability (HRV), as a safe and noninvasive marker of autonomic activity, is becoming a prescreening tool for
the prediction of cardiovascular complications such as myocardial infarction and heart failure after cerebral stroke. With good
reproducibility and quantitative assessment of autonomic nervous system function, the association of some HRV parameters with
neurological functional prognosis and stroke recurrence has been widely reported. However, current studies on the relationship
between HRV and the clinical outcomes of stroke remain controversial. Previous studies on HRV have mainly focused on stroke
prognosis or its role as a clinical biomarker, whereas other roles have rarely been explored. In this article, we review recent advances
in the role of HRV in cerebral stroke according to current progress. Specifically, we summarized the role of HRV in the outcomes,
complications, treatments, and mechanisms of stroke, based on the latest research. Further, in-depth implications of HRV in stroke are
discussed.
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Introduction

Recently, crosstalk between the brain and the heart has received much attention." A complex neural network, including
certain higher cortical and subcortical forebrain areas regulates the activity and function of the heart.> Hypothalamic
function is affected by acute brain injury due to cerebral ischemia, hypoxia, and increased intracranial pressure, leading
to dysfunction of the autonomic nervous system (ANS) of the heart, and subsequently affecting the cardiac conduction
system, resulting in arrhythmia. Sudden cardiac death can occur in severe cases. ANS function has been proven to be
a predictive factor of death in patients with myocardial infarction and heart failure.® In critically ill patients, it may be
caused by adverse reactions in the body, leading to prolonged activation of the sympathetic nervous system and an
imbalance in the sympathetic and parasympathetic nerve outputs. Studies of patients with brain injuries have reported
similar findings regarding ANS dysfunction.*> Given that various neural anatomical regions controlled by the ANS are
susceptible to damage from trauma, stroke, bleeding, and inflammatory processes, autonomic dysfunction as a potential
marker of disease severity or predictor of neurological deterioration is particularly important in the treatment of critical
neurological illnesses. Therefore, quantitative physiological modeling of ANS function may be a promising and under-
utilized tool in critical neurological care.

Heart rate variability (HRV) refers to the time variation between successive cardiac cycles during sinus rhythm and
offers insight into the functioning of ANS.° It is considered a noninvasive electrocardiographic detection technique with
good reproducibility and quantitative assessment of ANS function. HRV derived from ECG waveforms has been used to
evaluate cardiac autonomic function related to neurological disorders.” Autonomic dysfunction is a potential complica-

tion after acute brain injury, such as stroke, in which HRV may undergo quantitative changes. Research has shown that
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HRV is the preferred method for evaluating autonomic dysfunction in critically ill patients owing to its simplicity,
noninvasiveness, and speed.® However, there is currently a lack of large-scale clinical evidence to confirm the diagnostic
and prognostic value of HRV in stroke patients. This review summarizes the latest progress in HRV measurements in
patients with cerebral stroke. We emphasize the clinical value of measuring HRV and discuss future application scenarios.

HRV Measurements

Commonly used HRV analysis methods in clinical practice include linear and non-linear analyses. Linear methods mainly
include time- and frequency-domain analyses. Non-linear analysis methods include scatter plots, non-linear predictions,
and parameter estimation. In the routine clinical evaluation of HRV, time-domain analysis and frequency-domain analysis
are the most widely used methods, where certain indicators have become independent risk factors for cardiovascular
events.” Time-domain analysis is a statistical analysis of the 24-hour RR interval. The indicators of time-domain analysis
mainly include the standard deviation of beat-to-beat intervals (SDNN), standard deviation of the average sinus RR
interval every 5 min (SDANN), mean of the standard deviations of successive 5-min RR intervals over 24 h(SDNN
index), root mean square of the difference (rMSSD) between all adjacent sinus RR intervals within 24 h, number of
heartbeats with a difference of more than 50 ms between all adjacent RR intervals within 24 h (NN50), and percentage of
NN50 to all sinus heartbeats (pNN50).'® SDNN mainly reflects the overall HRV of the body. SDANN reflects changes in
sympathetic nervous system function, and its value is negatively correlated with the sympathetic nervous system activity.
A decrease in the SDANN value indicates an increase in the sympathetic nervous system activity. The rMSSD and
PNN50 reflect changes in vagus nerve function, and their values are positively correlated with vagus nerve activity.
A decrease in rMSSD and pNNS50 values indicated a decrease in vagus nerve activity. The frequency-domain analysis
method is another analysis method converts the interval between heartbeats into a spectrum, and calculates the power
spectral density. The parameters involved in the frequency-domain analysis method mainly include the low-frequency
power (LF), high-frequency power (HF), and LF/HF values. In the range of 0.15-0.50 hz (HF), the parasympathetic
nervous system has a more significant regulation of heart rate. In the range of 0.04—0.15 hz (LF), HRV is jointly regulated
by the sympathetic nervous system and the parasympathetic nervous system. HF mainly reflects the activity of the vagus
nerve, whereas LF is regulated by both the vagus and sympathetic nerves but mainly reflects the activity of the
sympathetic nervous system. The LF/HF ratio reflects the balance between the sympathetic and parasympathetic in the
body."" Initially, linear methods such as time-domain analysis and frequency-domain analysis were heavily employed for
its calculation, but the last decade has seen a steady rise in non-linear approaches using methods from chaos theory and
fractal analysis,'? especially with the progress of machine learning and data processing algorithms. It is important to note
that these methodologies for HRV have some limitations, particularly regarding their complexity and the potential for
misinterpretation in clinical settings, such as first pass effect for endovascular treatment in large vessel occlusion

14

stroke,'® presence of early ischemic changes involving cortical areas,'® clot features along with patients’ clinical

features. '’

The Role of HRV in the Outcomes of Ischemic Stroke

The relationship between HRV and neurological function in patients with ischemic stroke was also explored (Table 1).
Aftyka et al'® retrospectively investigated whether HRV could predict favorable or unfavorable stroke outcomes.
Prolonged hospitalization was also considered. The study included 59 patients with acute ischemic stroke (AIS), with
unfavorable outcomes in 22 patients. Night HRV was analyzed using nocturnal ECG recordings from 10 p.m. to 6 a.m.
data from 24 h Holter ECG during hospitalization. They employed an original and innovative non-linear measure to
analyze HRV, which was based on symbolic dynamics consisting of comparing the “length of the longest words”. The
modified Rankin scale (mRS) score was assessed at 3 months follow-up. The results showed that the non-linear, symbolic
method for HRV analysis could be a predictor of prolonged hospitalization and an increased risk of clinical progression in
AIS. Recently, Wu et al'” performed frequency-domain analysis of HRV, including TP, LF, HF, LF/HF ratio, and LF%.
A time-domain HRV parameter, mean RR, was also used. A comparison of HRV parameters and 3-month behavioral
functional outcomes in 58 patients showed that RR was significantly correlated with other variables. A decreased mean
RR may result in unfavorable outcomes in patients with ischemic stroke. Further, using univariate and multivariable
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Table | Recent Studies on the Relationship of HRV and Cerebral Stroke

volunteers were included.
® 90 male
® Mean age 54.7 years

HF, LF%, HF%, LF/HF) indices
were calculated.

Author, Population Study Design HRV Measurement Outcomes Evaluation Results
(Year)
Wang et al'® | 191 patients with mechanical Retrospective The initial 72 h of hourly heart All-cause mortality at 3-month. Increased mean heart rate per
(2024) thrombectomy treated after cohort study rate information after MT Change in mRS score at |4-day 10-bpm, heart rate SD and CV
acute ischemic stroke therapy was acquired. and 3-month per 5-unit were all associated
® 58.6% male HRYV using 2 statistical with the increased risk of
® Mean age 65.5 years methodologies, ie SD and CV mortality
® 5| (26.7%) died at 3-month were calculated.
follow-up
Wu M) 58 patients with ischemic stroke | Prospective The frequency-domain HRV The behavioral functional The median of RR mean,
etal'’ ® 56.9% male cohort study parameters included TP, LF, HF, outcome was represented by alongside specific clinical factors
(2024) ® Mean age 70 years LF/HF ratio, and LF%. a mRS score at 3-month. and neurological function at
A time-domain HRV parameter, admission, may serve as potential
the RR mean was also examined. prognostic indicators for
3-month outcome in ischemic
stroke.
Dimova 42 acute stroke patients. Prospective HRYV was assessed at rest, in Acute stroke lesions were The results suggest that HRV
Vetal' ® |6 women study a supine position and individual marked on diffusion-weighted alteration after acute stroke
(2024) ® Mean age 66 years breathing rhythmus for 5 min. images employing MRIcroN and might be due to affecting resting-
20 matched controls. The VC, RMSSD, LF, and HF, co-registered to a Tl-weighted state brain networks.
® |0 women frequency bands were used. structural volume-dataset.
® Mean age 60.7 years
Nelde 1755 stroke patients with 96 Retrospective HRV parameters were SDNN, Based on HRYV and other large- HRYV along with HR and blood
A et al® SAP. cohort study RMSSD, LF, HF, LF/HF. scale clinical data warehouses to pressure metrics during the first
(2024) ® 960 males predict SAP using automated 48 h after admission exhibited
® Mean age 73.8 years machine learning. distinct differences between
patients with SAP diagnosis and
those without.
Filchenko 359 acute ischemic stroke Prospective HRV-parameters were The main outcome of the study High blood pressure variability,
I et al? patients with 20% developed longitudinal represented in 3 main domains: was a composite of fatal and high nocturnal HRV and
(2023) a future CCVE. observational the time domain was non-fatal future CCVE that endothelial function contribute
® |29 females cohort study represented by rrHRV, SDNN, included ischemic or to the risk for future CCVE after
® Mean age 67.1 years SDSD, TI, RMSSD, and pNN50. hemorrhagic stroke, transient stroke.
The frequency domain was ischemic attack, myocardial
represented by nulf power, infarction, unplanned
nuHF power, nuLF/nuHf ratio, LF | hospitalization for unstable
power, HF power and VLF angina or heart failure and urgent
power. Lastly, non-linear revascularization.
measurements were represented
by SD1 and SD2 from Poincaré
plots, SD1/SD2 ratio, DFAI,
DFA2 and ApEn.
Qu Yeta® 466 patients with acute stroke, Prospectively In the time domain, the RMSSD A modified Rankin scale score Lower HRYV values at | to 3 and
(2023) of which 224 underwent IVT study. was analyzed. In the frequency 22 at 90 days was defined as an 7 to 10 days after stroke were
(48.1%), and 242 did not (51.9%) domain, LF, HF, TP were unfavorable outcome. independently associated with
® VT group:182 male, mean analyzed. unfavorable outcomes in patients
age 57.95 years with acute ischemic stroke after
® Non-IVT group: 210 male, IVT, and addition of heart rate
mean age 57.41 years. variability parameters to
conventional risk factors
significantly improved the
predictive ability of 3-month
unfavorable outcomes.
Qu Yeta® 122 patients with ICH and 122 Prospective Time domain (SDNN, CV) and A modified Rankin Scale score 2 | The time domain and absolute
(2023) age- and sex-matched study frequency domain (TP, VLF, LF, 3 at 3 months was defined as frequency domain HRV

a poor outcome.

parameters (total power, LF, and
HF) in the ICH group were
significantly decreased within 7
days and 10-14 days. And LF%
and HF% measured at 10-14
days were independently
associated with 3-month
outcomes.

(Continued)
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Table | (Continued).

Author, Population Study Design HRV Measurement Outcomes Evaluation Results
(Year)
Tian Yetal®® | 4676 acute ischemic stroke A multicenter HRVs were generated from ECG | All neuroimaging markers of Decreased HRV parameters,
(2023) patients. prospective recordings in participants who CSVD, including WMH, EPVS, including RMSSD and SDNN,
observational received 24-h Holter monitoring | lacunes, CMBs, and BA, were were partly associated with the
clinical cohort within 7 days of hospitalization. analyzed according to a 3.0 Tesla | presence, severity, and imaging
study. Two most commonly time- MRI. markers of CSVD.
domain HRYV indicators were
used including SDNN and
RMSSD.
Tian Yetal”® | A total of 5743 participants A prospective HRV parameters were SDNN, The primary outcome was The combination of HRV and
(2023) ® 3316 males multiple - a time-domain HRV parameter, recurrent stroke (including ABCD2 score might efficiently
® Mean age 62.0 years centers study. calculated by the standard recurrent ischemic stroke and stratify the risk of |-year
deviation of all normal N-N recurrent hemorrhagic stroke) at | recurrent stroke
intervals (R-R intervals) over | -year follow-up. After MS/TIA. Moreover, lower
24 h in milliseconds (ms). SDNN was independently
related to recurrent stroke in
patients with MS/TIA,
Especially for those with low-to-
moderate traditional vascular
risk factors.
Aftyka 59 patients with AIS Retrospective Night HRV was analyzed from The mRS score was assessed for | Results showed the non-linear,
Jetal' ® 58% were females study the nocturnal ECG recordings 3 months follow-up. symbolic method for HRV
(2023) ® Mean age 65.6 + 13.2 years from 10 p.m. to 6 a.m data from analysis could be as a predictor
24 h Holter ECG during of prolonged hospitalization and
hospitalization. They employed increased risk of clinical
an original and innovative non- progression in AlS.
linear measure was to analyze
HRYV, which was based on
symbolic dynamics consisting of
comparing the “length of the
longest words”.
Nelde 287 stroke patients Retrospectively HR was calculated as the number | The short-term unfavorable The examined HRV parameters
Aetal'? ® 45.6% female observational of beats per minute. Five HRV functional outcome after stroke were not associated with the
(2023) ® Mean age 74.5 years cohort study measures were considered in indicated through mRS score of outcomes after stroke at
this study: SDNN, RMSSD, LF >2 at discharge. discharge.
HF, and LF/HF.
Von 308 patients with AIS Prospective HRV parameters were assessed Endpoint of recurrent stroke, HRYV did not predict recurrent
Rennenberg ® 37% female study during the in-hospital stay using myocardial infarction or death of | vascular events or functional
R et al* ® Median age 69 years a 10-min section of each patient’s | any cause and the respective outcome in patients with AlS.
(2021) ECG recording at day and individual events were assessed
nighttime, calculating time and 12 months after the index
frequency domain HRV stroke. Patients’ functional
parameters. outcome was measured by mRS
at 12 months.

Abbreviations: AlS, acute ischemic stroke; CCVE, cerebro-cardiovascular events; CV, coefficient of variation; CSVD, cerebral small vessel disease; HF, high frequency; ICH,
intracerebral hemorrhage; IVT (intravenous thrombolysis); LF, low frequency; mRS, modified Rankin Scale; RMSSD (root mean square of successive differences); SAP, stroke-
associated pneumonia; SD, standard deviation; TP, total power.

logistic regression analyses, they concluded that the median RR mean, alongside hemoglobin concentration and
neurological function at admission, may serve as potential indicators for functional outcome in ischemic stroke. The
study was limited by a short follow-up of 3-month. The sensitivity and specificity of potential predictive factors should
be investigated to determine their clinical value.

In contrast, some researchers have reported that the HRV parameters examined were not associated with outcomes
after stroke at discharge.'”> This observational cohort study included 287 stroke patients. Five HRV measures were
considered: SDNN, RMSSD, LF, HF, and LF/HF ratio. The results showed no significant differences between the groups.
Another study has reported similar results. In a study of 308 patients with AIS,?® HRV parameters were assessed during
the in-hospital stay using a 10-min section of ECG recordings at day and night, including time and frequency domain
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parameters. The endpoints of recurrent stroke, death, and mRS scores were assessed at 12 months after the index stroke.
These results suggest that HRV does not predict recurrent vascular events or functional outcomes in patients with AIS.
This could be because of its unstable nature, which is easily influenced by many immutable factors in acute clinical
settings, such as cardioactive drugs, circadian rhythm, and physical activity levels.

The Role of HRV in the Treatments of Ischemic Stroke

According to these guidelines,”” mechanical thrombectomy (MT) is usually recommended for patients with acute
ischemic stroke (AIS) due to large vessel occlusion (LVO). However, changes in the heat rate after MT may not have
drawn attention. Wang et al?’ explored the effect of heart rate on poor outcomes in patients with stroke treated with intra-
arterial thrombectomy. In a 191 population with 51 (26.7%) deaths at the 3-month follow-up, they found that increased
mean heart rate per 10-bpm, heart rate standard deviation (SD), and coefficient of variation (CV) per 5-unit were all
associated with an increased risk of mortality. However, HRV was calculated using two statistical methodologies, SD and
CV, from the initial 72h electrocardiograph monitor. Moreover, R-R interval analysis of heart rate was not conducted,
which included fewer parameters than most HRV analysis. Recently. A retrospective multicenter study suggested that
patients with minor stroke due to M2 occlusion and atrial fibrillation should be closely monitored for possible worsening
during BMM and, in this case, promptly considered for rMT.?® Therefore, HRV monitoring may serve as a simple and
convenient monitoring method. Intravenous thrombolysis (IVT) is an essential treatment modality for AIS. However, the
relationship between HRV and the clinical outcomes in patients undergoing IVT remains unclear. Qu et al** prospectively
recruited 466 patients, of which 224 underwent IVT (48.1%) and 242 did not (51.9%). HRV values were measured 1-3
and 7-10days after stroke using time-domain and frequency-domain analyses. An mRS score >2 at 90 days was
considered an unfavorable outcome. All HRV parameters, including RMSSD, TP, LF, and HF power, were found to
decrease significantly 7—10 days after stroke compared with those measured 1-3 days after stroke in the IVT and non-IVT
groups. Lower HRV parameters after stroke were independently associated with unfavorable outcomes in patients with
AIS after IVT. This study showed that IVT positively affected HRV at different time points in patients with AIS.
However, the longer duration (>10 days after stroke) of HRV alterations after discharge remains unknown.

The Role of HRV in the Complications of Ischemic Stroke

In addition to neurological function assessment using the mRS score, cerebral small vessel disease (CSVD) on MRI
could also be explored for its relationship with HRV in stroke patients. Tian et al** have investigated the effects of HRV
on cerebral small vessel disease. Based on 4676 participants from the Third China National Stroke Registry (CNSR-III)
study, the results showed that decreased HRV parameters, including RMSSD and SDNN, were partly associated with the
presence, severity, and imaging markers of CSVD. These findings suggest that ANS intervention may be a novel
therapeutic target for CSVD in stroke patients. Tian et al*> also explored the role of HRV in the risk of recurrent strokes.
Combined with the traditional ABCD?2 score, they found that the HRV parameter (SDNN) might efficiently stratify the
risk of 1-year recurrent stroke after an acute minor stroke (MS) or transient ischemic attack (TIA). Moreover, a lower
SDNN was independently associated with recurrent stroke in patients with MS/TIA, particularly in those with low-to-
moderate traditional vascular risk factors. These two studies demonstrated the value of HRV in predicting the prognosis
of stroke and its potential to become a target for intervention.

The incidence of cerebrovascular events (CCVE) is high in patients with ischemic stroke, with 6.2% being affected by
recurrent CCVE within one year.” Therefore, identifying predictive factors is important for guiding these populations.
Filchenko et al®' analyzed 359 patients diagnosed with AIS or transient ischemic attack. In this analysis, 20% of the
patients developed future CCVE. Cardiovascular parameters such as blood pressure, nocturnal heart rate, diurnal heart
rate, endothelial function, and arterial stiffness were assessed. Using multivariate Cox regression analysis, they concluded
that high blood pressure variability, high nocturnal HRV, and endothelial function prognosis could be associated with
CCVE risk. According to previous research, patients with stroke should be carefully monitored using HRV analysis to
avoid CCVE.

Stroke-associated pneumonia (SAP) is a common complication in patients with stroke that can lead to poor outcomes.
HRYV, as a processed data indicator of heart rate and a component of vital signs, can also be evaluated for the occurrence
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of SAP. Nelde et al*® used multimodal and ANS parameters (HRV) with machine learning to predict clinically apparent
stroke-associated pneumonia in A development and testing study. In 1755 stroke patients with 96 SAP, HRV along with
HR and blood pressure metrics during the first 48 h after admission exhibited distinct differences between patients with
and without SAP. Whether altered HRV biomarkers could serve as potential targets for preventive measures is worth
considering. Modulation of HRV to mitigate the risk of SAP would be of interest in future research.

The Role of HRV in Hemorrhagic Stroke

ANS dysfunction after spontaneous intracerebral hemorrhage (ICH) is closely associated with patient prognosis.
Paroxysmal sympathetic hyperactivity is a serious ANS dysfunction characterized by a cluster of symptoms and
abnormal vital signs, and has been demonstrated to lead to poor outcomes in ICH.*° The relationship between HRV
and the clinical outcomes of ICH has also been reported.”> This prospective study included 122 patients with ICH and
122 age- and sex-matched volunteers. The analysis showed that the time domain and absolute frequency domain HRV
parameters (TP, LF, and HF) in the ICH group significantly decreased within 7 and 10-14 days. LF% and HF% measured
at 10—14 days were independently associated with 3-month outcomes. The hematomas of patients with ICH included in
this study were distributed in different locations, such as the basal ganglia, thalamus, lobar, brainstem, and cerebellum,
which could affect ANS function to varying degrees. Therefore, more reasonable screening criteria could lead to more
valuable results.

The Role of HRV in the Mechanisms of Stroke

HRV is affected by AIS; however, its underlying mechanisms are poorly understood. Dimova et al' explored the
underlying mechanisms by which AIS influences resting HRV from the perspective of brain connectivity. They
investigated 42 patients with acute stroke and recruited 20 healthy volunteers as the matched controls. Resting HRV
was recorded for 5 min using ECG electrodes (FAN, Schwarzer, Germany) attached to the extremities. VC and RMSSD
were calculated as the time-domain parameters. The low-frequency (LF) and high-frequency (HF) frequency bands of the
R-R intervals (RRI) were analyzed. Structural MRI and resting-state functional MRI (rs-fMRI) were performed. LF and
VC levels are frequently reduced in patients with stroke. Altered HRV parameters, such as HF power, reflect increased
vagal modulation and have been verified to be correlated with higher gain values of cerebral autoregulation in AIS
patients.>’ A higher vagal modulation was also associated with a later large infarct volume. Thus, understanding the
mechanisms of ANS interface with cerebrovascular control and larger infarcts can be useful as novel therapeutic targets.

Using independent component analysis (ICA), they revealed one covarying lesion pattern for the LF and a similar
pattern for the VC, predominantly affecting the right hemisphere. Activity in brain areas corresponding to these lesions
mainly affects limbic and salience ventral attention networks in the group with reduced LF power, but affects control and
default mode networks in the group with physiological LF power. These results suggest that HRV alterations after acute
stroke may affect resting-state brain networks. This study provides brain connectivity networks as an important tool for
elucidating the mechanisms by which AIS influences resting HRV, which would be instructive. However, additional
samples and standard statistical analyses are required to verify their relevance.

The cortical dynamic cerebral autoregulation impairment (dCA) after stroke could be a dysfunction of ANS
regulation of cerebral perfusion. Patients with vertebrobasilar artery ischemia (VBI) usually suffer from CBF (cortical
cerebral blood flow) disturbances and are frequently accompanied by ANS disturbance.’® However, it is uncertain
whether the ANS contributes to cortical CBF disturbances following stroke. Lakatos et al*>* assessed whether vertebro-
basilar artery ischemia (VBI) affects CBF regulation by using blood pressure and HRV analysis. HRV spectral analysis
revealed distinct HRV spectral peaks in patients with VBI compared with controls. The control group exhibited a strong
peak around 0.11 hz that was absent in the VBI. This implies that the mechanism responsible for the 0.11 hz peak of the
Mayer wave in controls (possibly sympathetic and/or myogenic) is suppressed in patients with VBI. The HRV spectra of
the patients exhibit a strong peak around 0.36 hz, implying that the mechanism responsible for this peak in the VBI
patients may be due to a dysregulated vagal tone caused by the ischemic stroke. Thus, patients with VBI and dCA
impairments exhibit signs of both sympathetic and parasympathetic dysregulation. The contribution of ANS failure
induced by infarction can be speculated.

1062  hees Neuropsychiatric Disease and Treatment 2025:21



Wang et al

In general, the mechanisms underlying the relationship between HRV and stroke outcomes may due to heart—brain
interactions,® which are governed by the central autonomic network (CAN). This neural regulatory system integrates
prefrontal cortical regions (anterior cingulate, insular, orbitofrontal, and ventromedial cortices), limbic structures (central
amygdala, hypothalamus), and brainstem nuclei (periaqueductal gray, nucleus tractus solitarius, nucleus ambiguus,
ventrolateral/ventromedial medulla) to coordinate emotional, cognitive, and autonomic responses. Operating as an
integrative control hub, the CAN enables adaptive cardiovascular regulation through three primary mechanisms:
visceromotor pathways modulating parasympathetic (PNS) and sympathetic (SNS) outflow, neuroendocrine signaling,
and behavioral adaptations.

Central to this regulatory process is the prefrontal cortex, which exerts top-down control over the PNS via its
executive and emotional processing functions. Enhanced prefrontal activity promotes PNS dominance, evidenced by
increased HRV, while diminished cortical engagement heightens SNS activity.>>° This bidirectional relationship under-
pins the established association between elevated HRV and improved health outcomes, reflecting the cardiovascular
system’s sensitivity to integrated neural regulation of stress adaptation and homeostasis maintenance.

Future Prospects

Studies on the relationship between HRV and clinical outcomes of stroke remain controversial. However, some issues
must be addressed for practical applications. First, the optimal method of HRV measurement is still a topic of debate, and
which HRV indices are most appropriate in various stroke patient populations needs to be confirmed. In future research, it
will be necessary to control for variables such as age and sex to avoid selective bias. Secondly, HRV has been validated
as an effective biomarker for assessing ANS function and stroke prognosis. Therefore, the development of precise
wearable portable equipment for HRV analysis can guide clinical management and self-monitoring. Third, more animal
experiments and clinical trials, including neuroimaging, neuropathology, and molecular testing, are required to elucidate
the relationship between HRV and neurological function. Finally, large-scale randomized controlled clinical studies are
needed to clarify the clinical value of HRV in stroke patients.

The role of HRV in stroke patients cannot be limited to clinical prognosis assessments. For example, in stroke patients
undergoing motor imagery, action observation, and action execution interventions, RMSSD as an HRV parameter has
been demonstrated to be significantly different’’, given that motor imagery, action observation, and action execution
represent major paradigms of brain-computer interfaces (BCIs) to control the movement of objects for stroke
recovery,”**? ANS function evaluated by HRV could help determine whether patients actually engage in imagery during
the task. Therefore, HRV may contribute to the successful execution of novel experimental paradigms for BCIs. Vagus
nerve stimulation is an emerging, safe, and effective treatment for improving long-term moderate-to-severe arm
impairment after ischemic stroke.* However, the underlying mechanism remains unclear. Some believe that this could
be related to ANS rebalancing. However, Meng et al*' found that there was no significant difference in HRV analysis
between patients with stroke who underwent transcutaneous auricular vagus nerve stimulation and those who did not.
Despite the controversial results of limited studies, the noninvasive characteristic of HRV could be used for the
implication of vagus nerve stimulation in stroke rehabilitation.

Conclusions

HRV as an excellent non-invasive electrocardiographic method with superior reproducibility, enables quantitative
assessment of ANS function. Notably, alterations in HRV parameters have demonstrated significant predictive value
for functional recovery outcomes in post-stroke patients. Although the underlying mechanisms require further investiga-
tion, HRV monitoring has emerged as a valuable clinical tool for evaluating disease progression, informing diagnostic
strategies, and guiding therapeutic interventions in stroke management.
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