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BACKGROUND: Autonomic dysfunction has been revealed in patients with acute ischemic stroke and is associated with poor
prognosis. However, autonomic nervous system function assessed by heart rate variability (HRV) and its relationship with clini-
cal outcomes in patients undergoing intravenous thrombolysis (IVT) remain unknown.

METHODS AND RESULTS: Patients who did and did not undergo IVT between September 2016 and August 2021 were prospec-
tively and consecutively recruited. HRV values were measured at 1 to 3 and 7 to 10days after stroke to assess autonomic
nervous system function. A modified Rankin scale score >2 at 90days was defined as an unfavorable outcome. Finally, the
analysis included 466 patients; 224 underwent IVT (48.1%), and 242 did not (51.9%). Linear regression showed a positive
correlation of IVT with parasympathetic activation-related HRV parameters at 1 to 3days (high frequency: $=0.213, £=0.002)
and with both sympathetic (low frequency: =0.152, P=0.015) and parasympathetic activation-related HRV parameters (high
frequency: =0.153, P=0.036) at 7 to 10days after stroke. Logistic regression showed HRV values and autonomic function
within 1 to 3 and 7 to 10days after stroke were independently associated with 3-month unfavorable outcomes after adjusting
for confounders in patients who underwent IVT (all P<0.05). Furthermore, addition of HRV parameters to conventional risk
factors significantly improved risk-predictive ability of 3-month outcome (the area under the receiver operating characteristic
curve significantly improved from 0.784 [0.723-0.846] to 0.855 [0.805-0.906], P=0.002).

CONCLUSIONS: IVT positively affected HRV and autonomic nervous system activity, and autonomic function assessed by HRV
in acute stroke phase was independently associated with unfavorable outcomes in patients undergoing IVT.
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worldwide, of which ischemic stroke represents

1% to 87% of total strokes, and the economic
costs of treatment and poststroke care are substan-
tial.'=® The age-standardized incidence rate, death rate,
and disability-adjusted life-year rates caused by isch-
emic stroke remain at high levels throughout the world,*
although the specific treatments for acute ischemic
stroke, such as intravenous thrombolysis (IVT), have

Stroke is a leading cause of mortality and disability

been innovated for several decades.® Previous studies
have shown that nearly half of patients with stroke fail to
achieve favorable outcomes even after VT treatment.®
Therefore, it is essential to identify a reliable predictor of
IVT clinical outcomes and explore potential intervention
targets to improve the prognosis of these patients.

The autonomic nervous system (ANS), comprising
the sympathetic and parasympathetic nervous sys-
tems, plays a major role in maintaining homeostasis
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CLINICAL PERSPECTIVE

What Is New?

e |Intravenous thrombolysis positively affected
heart rate variability and autonomic nervous
system activity with a different time frame in pa-
tients with acute ischemic stroke.

e |Lower heart rate variability values at 1 to 3 and
7 to 10days after stroke were independently as-
sociated with unfavorable outcomes in patients
with acute ischemic stroke after intravenous
thrombolysis, and addition of heart rate vari-
ability parameters to conventional risk factors
significantly improved the predictive ability of 3-
month unfavorable outcomes.

What Are the Clinical Implications?

e Heart rate variability and autonomic nervous
system function in the acute phase of stroke
after intravenous thrombolysis could be consid-
ered as reliable predictors of clinical outcomes
and intervention targets to improve outcomes in
these patients.

Nonstandard Abbreviations and Acronyms

ANS autonomic nervous system

HF high-frequency

HRV heart rate variability

IVT intravenous thrombolysis

LF low-frequency

NIHSS National Institutes of Health Stroke
Scale

RMSSD the square root of the mean of the sum
of squares of the differences between
adjacent normal-to-normal intervals

TOAST Trial of Org 10172 in Acute Stroke
Treatment

TP total power

throughout the body during unpredictable and uncon-
trollable environmental perturbations.” Previous stud-
ies have reported disturbed central autonomic control
in patients with ischemic stroke may result in sudden
cardiac death.® Poststroke autonomic dysfunction ob-
served in humans has also been replicated in animal
models.®'® Additionally, autonomic function has been
strongly linked to poor prognoses in patients with isch-
emic stroke."" However, to the best of our knowledge,
few studies have investigated ANS function alterations
in patients who undergo IVT in the hyperacute phase
of ischemic stroke; hence, its predictive value remains
unclear.
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Heart rate variability (HRV), the beat-by-beat vari-
ance in heart rate, reflects the level of ANS function.
It has been used in several studies, because its mea-
surement is noninvasive, and it is more readily available
for clinical application.'? Therefore, our study used HRV
analysis and aimed to explore (1) the impact of IVT on
HRV and ANS function in acute ischemic stroke and
(2) the association between ANS function assessed by
HRV and functional outcomes in patients undergoing
IVT.

METHODS

The data that support the findings of this study are
available from Dr Zhen-Ni Guo (zhen1ni2@jlu.edu.cn)
or Dr Yi Yang (yang_yi@jlu.edu.cn) upon reasonable
request.

Participants and the Study Protocol

This observational cohort study prospectively and
consecutively recruited patients with acute ischemic
stroke who were admitted to the Stroke Center at The
First Hospital of Jilin University and received 0.9mg/kg
recombinant tissue plasminogen activator IVT therapy
within 4.5 hours after stroke onset between September
2016 and August 2021 (IVT group). We excluded pa-
tients who (1) were <18years of age; (2) were treated
with combined endovascular and IVT therapy; (3) had
a premorbid modified Rankin Scale score >2; (4) had
a medical history of hyperthyroidism and anemia or
were classified into the cardioembolic stroke category
according to the TOAST (Trial of Org 10172 in Acute
Stroke Treatment) criteria,’® which may undermine
hemodynamic stability; and (5) were unable to com-
plete all beat-to-beat recordings.

During the same period, patients who presented
with acute ischemic stroke and who were admitted to
the hospital within 3days after stroke onset but did not
receive IVT treatment or endovascular therapy were
prospectively and consecutively enrolled in the non-
IVT group to obtain reference values. The exclusion
criteria for the non-IVT group were the same as those
listed in 1, 3, 4, and 5 above for the IVT group.

Beat-to-beat recordings were obtained for each
participant in the IVT and non-IVT groups at 1 to 3 and
7 to 10days after stroke onset. In addition, clinical out-
comes were assessed using the modified Rankin Scale
scores taken at 90days after stroke from a structured
telephone interview using a validated questionnaire.'*®
A modified Rankin Scale score of <2 was defined as
a favorable outcome, and a score of >2 was defined
as an unfavorable outcome. This prospective obser-
vational study was registered (NCT05028868) and ap-
proved by the Ethics Committee of the First Hospital
of Jilin University (2015-156). Written informed consent
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was obtained from all participants, who had the right to
withdraw from the study.

Data Collection

Demographic characteristics, risk factors, systolic and
diastolic blood pressure and heart rate at admission,
serum fasting glucose, stroke severity at admission
measured using the National Institutes of Health Stroke
Scale (NIHSS) score, onset to admission time, stroke
subtypes classified according to the TOAST criteria,'®
and antihypertensive medication were documented in
patients in the IVT and non-IVT groups. Additionally,
systolic and diastolic blood pressure, heart rate, and
NIHSS scores were recorded at 1 to 3 and 7 to 10days
after stroke onset when beat-to-beat signals were
measured. Blood pressure and heart rate were meas-
ured in the brachial artery using an automatic blood
pressure monitor (Omron 711). Serum fasting glucose
levels were measured the morning following admission
after overnight fasting. The risk factors included ciga-
rette smoking, alcohol consumption, hypertension,
diabetes, dyslipidemia, and previous ischemic stroke.
Cigarette smoking was defined as having smoked
at least 1 cigarette per day for 1year or more.'®
Alcohol consumption was defined as consuming 1 or
more alcoholic drinks per day during the past year.'®
Hypertension was defined as self-reported history of
hypertension, taking oral antihypertension drugs, or
receiving a clinical diagnosis of hypertension during
hospitalization."” Diabetes was defined as having a
history of diabetes, taking oral hypoglycemic agents
or insulin, or receiving a clinical diagnosis of diabetes
during hospitalization."” Dyslipidemia was defined as
having a history of any type of dyslipidemia, taking oral
antidyslipidemic drugs, or having at least 1 of the fol-
lowing findings during hospitalization: total cholesterol
>5.18mmol/L, triglycerides >1.70mmol/L, low-density
lipoprotein cholesterol >3.37 mmol/L, and high-density
lipoprotein cholesterol <1.04mmol/L."""® In addition,
the onset to recombinant tissue plasminogen activator
bolus time and admission capillary blood glucose were
collected for patients in the IVT group.

HRV Analysis

HRV measurements were used to assess ANS func-
tion in this study in accordance with international
standards.”® As previously reported,?® beat-to-beat
monitoring was measured noninvasively using a servo-
controlled plethysmograph (Finometer model 1; FMS,
Rotterdam, the Netherlands) on the middle finger. All
investigations were performed in a quiet examination
room, with a controlled temperature ranging from 20
°C to 24 °C between 9:00 am and 10:00 am to avoid
the impact of circadian rhythm on HRV, which may be
a potential confounder. All participants were asked to

J Am Heart Assoc. 2023;12:e028778. DOI: 10.1161/JAHA.122.028778

HRV After IVT

relax in a supine position for 10 minutes in the room be-
fore the examination. Ectopic beats and artifacts were
automatically detected, visually reviewed, and removed
using linear interpolation.?! Additionally, data involving
ectopic beats occurring at a rate of >20% during HRV
measurements were excluded.?? The software pro-
cessed beat-to-beat recordings and generated heart
period patterns.

In the time domain, the square root of the mean of
the sum of squares of the differences between adjacent
normal-to-normal intervals (RMSSD) was analyzed. In
the frequency domain, based on a fast Fourier trans-
form, the Welch method was used to determine the
power spectral density of the interval time series in the
low-frequency (LF; 0.04-0.15Hz) and high-frequency
(HF; 0.15-0.40Hz) ranges, as well as the total power
(TP; <0.40Hz). Physiologically and pathologically, TP
was used to reflect the sum of sympathetic and para-
sympathetic activity, LF power was used to reflect
sympathetic activity, and RMSSD and HF power were
used to reflect the activation of parasympathetic car-
diac regulation.'®2® The RMSSD, TP, LF, and HF power
components were log-transformed to ensure a normal
distribution of the parameters.

Statistical Analysis
All statistical analyses were performed using SPSS ver-
sion 26.0 (IBM, Armonk, NY), Stata 15.0 (StataCorp,
College Station, TX), and MedCalc 19.5.6 (MedCalc
Software, Ostend, Belgium). The distribution of data
was assessed using a 1-sample Kolmogorov-Smirnov
test. Normally continuous variables are expressed as
mean value+SD, and the Student t test was used to
compare independent samples. Nonnormally distrib-
uted variables are expressed as the median (interquar-
tile range) and were compared using the Mann-Whitney
U test. Categorical variables were measured using fre-
quencies, and the difference between the 2 groups was
explored using the x? test or Fisher exact test. HRV indli-
ces measured 1 to 3days and 7 to 10days after stroke
onset were compared using a paired-sample t test.
Univariate and multivariable linear regression mod-
els were used to explore the effect of IVT on HRVW.
Residual analysis was used to evaluate the premise
conditions for linear regression. The 4 models applied
in the sensitivity analysis were as follows: (1) unad-
justed; (2) adjusted for age and sex; (3) adjusted for
age, sex, and vascular risk factors (including cigarette
smoking, alcohol consumption, hypertension, diabe-
tes, dyslipidemia, and previous ischemic stroke); and
(4) adjusted for age, sex, vascular risk factors, and clini-
cal data (including systolic and diastolic blood pressure
and heart rate at admission, serum fasting glucose,
NIHSS score at admission, onset to admission time,
TOAST, and antihypertensive medication).
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Univariate and multivariable logistic regression anal-
yses were used to investigate the association between
HRV and 3-month clinical outcomes in patients under-
going IVT. The adjustments in the first 3 models were
the same as those in linear regression. Considering the
changes in vital signs and NIHSS scores along with
patient conditions, systolic and diastolic blood pres-
sure, heart rate, and NIHSS score during each period
replaced the admission measures in the last model.
Finally, the last model was adjusted for age, sex, vas-
cular risk factors, and clinical data (including serum
fasting glucose, onset to recombinant tissue plasmin-
ogen activator bolus time, TOAST, antihypertensive
medication, and systolic and diastolic blood pressure,
heart rate, and NIHSS score during each period).

To evaluate whether HRV would further increase
the predictive value of conventional risk factors, 3 no-
mogram models were established in patients in the
IVT group. Variables with P values <0.1 on univariate
between-group comparisons and those variables with
established outcome-predictive values according to
the literature were eligible for inclusion in the multivari-
able analysis, and variables were selected using the
backward elimination method. The model discrimina-
tion was measured by calculation of the area under the
receiver operating characteristic curve (AUC-ROC) and
model fit was tested by the Hosmer-Lemeshow x? test.
To further assess model calibration, the calibration
plot was undertaken for the measurement between
observed and predicted probabilities. For internal val-
idation of the predictive model, we performed 10-fold
cross-validation. In addition, the clinical usefulness of
the nomogram models was determined using decision
curve analysis to quantify the net benefit. Additionally,
we used AUC-ROC, the integrated discrimination im-
provement, and net reclassification index to evaluate
the incremental predictive value of HRV parameters
beyond conventional risk factors. Comparison of the
2 ROC curves was based on the method of Delong et
al.®* All tests were 2-tailed, and statistical significance
was set at P<0.05.

RESULTS

Initially, 622 patients were screened, of whom 65
patients received endovascular therapy after IVT, 78
patients had a medical history of hyperthyroidism
and anemia or were classified into the cardioembo-
lism stroke category, and 13 patients were unable to
complete all beat-to-beat recordings because of dis-
charge or rejection. The final analysis included 466
patients with acute ischemic stroke, of whom 224
patients underwent IVT (IVT group: 48.1%), and 242
did not (non-IVT group: 51.9%). Of the patients who
did not receive IVT, 220 (90.9%) were not admitted
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to the hospital within the IVT time window. A further
22 patients had contraindications of IVT. In detail, 5
patients (2.1%) had ischemic stroke within 3months,
4 patients (1.7%) had a history of intracranial hemor-
rhage, 2 patients (0.8%) had platelets <100 000/mm?,
3 patients (1.2%) had coagulopathy, 1 patient (0.4%)
had severe head trauma within 3months, 1 patient
(0.4%) had intracranial surgery within 3months, 1 pa-
tient (0.4%) had intra-axial intracranial neoplasm, and
5 patients (2.1%) or their relatives refused to receive
IVT. Table 1 shows a comparison of baseline char-
acteristics between both groups. Patients in the IVT
group had a higher proportion of dyslipidemia (IVT
versus non-IVT: 81.7% versus 74.0%, P=0.045) and a
lower proportion of previous ischemic stroke history
(IVT versus non-IVT: 13.8% versus 25.2%, P=0.002).
The systolic (IVT versus non-IVT. median 157.00
versus 151.50mmHg, P=0.011) and diastolic blood
pressure (IVT versus non-IVT: median 92.00 versus
87.00mmHg, P=0.038) and NIHSS (IVT versus non-
IVT: median 6.00 versus 3.00, P<0.001) on admission
were significantly higher in patients with IVT com-
pared with those without IVT. Additionally, the TOAST
distribution was significantly different between the 2
groups (P=0.003). There was a higher percentage of
patients in the IVT group with large artery atheroscle-
rosis (IVT versus non-IVT: 37.5% versus 32.2%) and
small artery occlusion (IVT versus non-IVT: 51.3%
versus 44.6%), and a lower percentage of patients
with other determined causes or undetermined
causes (IVT versus non-IVT: 11.2% versus 23.1%). No
differences were found in age, sex, or other vascular
risk factors, including smoking, alcohol consumption,
hypertension, diabetes, serum fasting glucose, heart
rate, and NIHSS score on admission.

Time Course of HRV

All HRV values, including RMSSD, TP, LF, and HF
power, decreased significantly 7 to 10days after
stroke compared with those measured 1 to 3days
after stroke in the IVT and non-IVT groups (Figure 1A).
This phenomenon implies decreased ANS function in
acute ischemic stroke within 7 to 10days after stroke,
regardless of IVT therapy.

Impact of IVT on HRV

Table 1 shows the differences in HRV parameters be-
tween patients in the IVT and non-IVT groups. Within
1 to 3days after stroke onset, RMSSD, TP, and HF
power were significantly higher in patients who under-
went VT than in those who did not; however, no in-
crease was observed in LF power. This indicated that
within 3 days after stroke onset, parasympathetic activ-
ity was significantly increased; however, the increase
of sympathetic activity was not observed in patients
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Table 1. Comparison of Baseline Characteristics and HRV Parameters Between Patients With IVT and Without IVT
Variables IVT (n=224) Non-IVT (n=242) Xz P value
Demographics
Age, y 57.95+10.80 57.41+£11.43 -0.521 0.603
Sex, men, n (%) 182 (81.3%) 210 (86.8%) 2.660 0.108
Vascular risk factors
Cigarette smoking, n (%) 125 (55.8%) 134 (55.4%) 0.009 0.925
Alcohol consumption, n (%) 109 (48.7%) 112 (46.3%) 0.264 0.607
Hypertension, n (%) 125 (55.8%) 134 (55.4%) 0.009 0.925
Diabetes, n (%) 53 (23.7%) 56 (23.1%) 0.018 0.895
Dyslipidemia, n (%) 183 (81.7%) 179 (74.0%) 4.009 0.045
Previous ischemic stroke, n (%) 31 (13.8%) 61 (25.2%) 9.487 0.002
Clinical data
Admission SBP, mmHg 157.00 (140.00-175.00) 151.50 (135.00-168.00) -2.534 0.011
Admission DBP, mmHg 92.00 (81.00-102.00) 87.00 (79.00-98.00) -2.072 0.038
Admission heart rate, bpm 75.00 (66.00-85.00) 75.00 (67.00-80.00) -0.772 0.440
Serum fasting glucose, mmol/L 5.50 (4.80-7.13) 5.39 (4.77-6.87) -0.276 0.783
Admission NIHSS score 6.00 (4.00-10.00) 3.00 (2.00-7.00) -8.165 <0.001
Onset to admission time, h 2.25 (1.562-2.91) 8.17 (6.50-20.56) -17.146 <0.001
TOAST 11.628 0.003
LAA 84 (37.5%) 78 (32.2%)
SAO 115 (51.3%) 108 (44.6%)
ODC or undetermined cause 25 (11.2%) 56 (23.1%)
Antihypertensive medication, n (%) 99 (40.9%) 67 (29.9%) 6.136 0.013
HRV variables
1-3d
SBP, mmHg 140.50 (121.00-161.00) 141.00 (126.00-162.00) -0.679 0.497
DBP, mmHg 71.50 (62.00-87.00) 74.00 (63.00-84.00) -0.025 0.980
Heart rate, bpm 68.00 (61.00-76.00) 68.00 (62.00-76.00) -0.334 0.738
NIHSS 3.00 (1.00-6.75) 3.00 (1.00-6.25) -0.134 0.894
RMSSD, ms, log 1.47+0.32 1.36+0.23 -4.210 <0.001
TP, ms?, log 2.98+0.51 2.89+0.45 -2.023 0.044
LF power, ms?, log 2.32+0.56 2.24+0.49 -1.679 0.094
HF power, ms?, log 2.33+0.66 2.13+0.50 -3.5682 <0.001
7-10d
SBP, mmHg 138.00 (118.50-153.00) 140.00 (122.00-156.00) 0.949 0.343
DBP, mmHg 70.00 (61.00-82.00) 70.50 (60.00-83.00) -0.265 0.791
Heart rate, beats/min 68.00 (61.00-74.00) 68.00 (62.00-75.00) -1.023 0.306
NIHSS 3.00 (1.00-6.00) 2.00 (1.00-5.00) -1.183 0.237
RMSSD, ms, log 1.42+0.32 1.32+0.23 -3.833 <0.001
TP, ms?, log 2.87+0.57 2.76+0.42 -2.425 0.016
LF power, ms?, log 2.18+0.61 2.06+0.46 -2.432 0.015
HF power, ms?, log 2.21+0.70 2.03+0.52 -3.232 <0.001

Age, RMSSD, TP, LF, HF, and LF/HF are expressed as mean+SD and were analyzed using the Student t test. Admission SBP, admission DBP, admission
heart rate, serum fasting glucose, admission NIHSS score, and onset to admission time are expressed as median (interquartile range) and were compared using
the Mann-Whitney U test. The other variables are expressed as n (%) and were analyzed using the x? test or Fisher exact test. DBP indicates diastolic blood
pressure; HF, high frequency; HRV, heart rate variability; IVT, intravenous thrombolysis; LAA, large artery atherosclerosis; LF, low frequency; NIHSS, National
Institutes of Health Stroke Scale; ODC, other determined cause; RMSSD, square root of the mean of the sum of the squares of differences between adjacent
normal-to-normal intervals; SAO, small artery occlusion; SBP, systolic blood pressure; TOAST, Trial of Org 10 172 in Acute Stroke Treatment; and TP, total power.

who underwent IVT compared with those who did not. with those who did not, suggesting that both sympa-

Within 7 to 10days, all parameters were significantly  thetic and parasympathetic activation were increased
increased in patients who underwent IVT compared in patients who underwent IVT at 7 to 10days.
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Figure 1.

Heart rate variability in patients with and without IVT.

A, Time course of heart rate variability values in patients with IVT (n=224) and without IVT (n=242). B, Comparisons of
heart rate variability in patients with IVT (n=224) and those without IVT who were admitted to the hospital within the IVT
time window (n=22). HF indicates high frequency; IVT, intravenous thrombolysis; LF, low frequency; RMSSD, square root
of the mean of the sum of the squares of differences between adjacent normal-to-normal intervals; and TP, total power.
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To eliminate the impact of demographic informa-
tion and vascular risk factors on HRV and ANS func-
tion, we further explored the correlation between
IVT and HRYV, using multivariable linear regression
analysis. Table 2 shows that IVT was positively cor-
related with RMSSD and HF power after consider-
ing confounders within 3 days after stroke. When the
measuring time was prolonged to 7 to 10days after
stroke, a positive correlation was observed between
IVT and all HRV parameters, RMSSD, TP, LH, and
HF.

Furthermore, considering the influence of onset
to admission time on IVT, we excluded patients who
did not receive IVT because of exceeding the time
window for IVT (n=220). No difference was found in
terms of onset to admission time between patients
with IVT (median [interquartile range]: 2.25 [1.52—
2.91] hours) and those without IVT who were admit-
ted to hospital within the time window for IVT (n=22,
median [interquartile range]: 2.17 [1.46-3.37] hours,
P=0.410). As shown in Figure 1B, within 1 to 3days
after stroke onset, RMSSD and HF power measured
in patients with IVT were higher than those mea-
sured in patients without IVT who were admitted to
the hospital within the time window for IVT; however,
no difference was observed in TP and LF power.
Within 7 to 10 days, all parameters were significantly
higher in patients who underwent IVT compared
with those who did not because of contraindication
or rejection.

These results indicated that IVT was associated
with increased parasympathetic activation within
3days after stroke and was related to both increased

HRV After IVT

sympathetic and parasympathetic activation 7 to
10days after stroke. This suggests that IVT could im-
prove ANS function in patients with acute ischemic
stroke, and the time course for sympathetic and para-
sympathetic system function improvement was distin-
guished. In detall, this improvement mainly presented
as enhanced parasympathetic functioning within
3days after stroke and in both sympathetic and para-
sympathetic activity at 7 to 10days after stroke.

Association Between HRV and Outcomes
in Patients Who Underwent IVT

Among the 224 patients in the IVT group, 91 (40.6%)
had favorable outcomes, and 133 (59.4%) had unfa-
vorable outcomes. Table 3 compares patients’ de-
mographic characteristics and HRV parameters with
different outcomes. Patients with unfavorable out-
comes have a higher proportion of hypertension and
higher systolic and diastolic blood pressures on admis-
sion than those with favorable outcomes.

For HRV parameters, RMSSD, TP, LF power, and
HF power obtained within 1 to 3days and 7 to 10days
after stroke in patients with unfavorable outcomes
were all significantly lower than those in patients with
favorable outcomes (all P<0.05). After adjusting for
major covariates, lower HRV values at both 1 to 3days
and 7 to 10days after stroke were independently as-
sociated with the 3-month outcomes, indicating that in
patients with IVT, HRV and ANS function after stroke
were reliable predictors of 3-month clinical outcomes
and could be regarded as intervention targets to im-
prove patient outcomes (Table 4).

Table 2. Association Between Intravenous Thrombolysis and Heart Rate Variability Parameters

Adjusted vascular risk
Unadjusted Adjusted age +sex factors* Adjusted stroke data’

Variables B P value [ P value B P value B P value
1-3d

RMSSD, ms, log 0.107 <0.001 0.110 <0.001 0.108 <0.001 0.128 <0.001

TP, ms?, log 0.090 0.044 0.098 0.027 0.093 0.037 0.074 0.180

LF power, ms?, log 0.082 0.094 0.095 0.049 0.083 0.088 0.061 0.320

HF power, ms?, log 0.194 <0.001 0.203 <0.001 0.196 <0.001 0.213 0.002
7-10d

RMSSD, ms, log 0.099 <0.001 0.100 <0.001 0.096 <0.001 0.088 0.008

TP, ms?, log 0.1 0.016 0.119 0.010 0.121 0.009 0.119 0.043

LF power, ms?, log 0.121 0.015 0.131 0.008 0.131 0.008 0.152 0.015

HF power, ms?, log 0.184 <0.001 0.190 <0.001 0.185 <0.001 0.153 0.036

Univariate and multivariable linear regression analysis was used to explore the association between intravenous thrombolysis and heart rate variability
parameters. HF indicates high frequency; LF, low frequency; RMSSD, square root of the mean of the sum of the squares of differences between adjacent
normal-to-normal intervals; TOAST, Trial of Org 10172 in Acute Stroke Treatment; and TP, total power.

*Adjusted for age, sex, and vascular risk factors (including cigarette smoking, alcohol consumption, hypertension, diabetes, dyslipidemia, and previous

ischemic stroke).

fAdjusted for age, sex, vascular risk factors, and clinical data (including admission systolic blood pressure, admission diastolic blood pressure, admission
heart rate, serum fasting glucose, admission National Institutes of Health Stroke Scale score, onset to admission time, TOAST, and antihypertensive medication).

J Am Heart Assoc. 2023;12:e028778. DOI: 10.1161/JAHA.122.028778



Quetal

HRV After IVT

Table 3. Comparison of Demographic Characteristics and HRV Parameters Between Patients With Favorable and
Unfavorable Outcomes in Patients With Intravenous Thrombolysis

Unfavorable outcome
Variables Favorable outcome (n=91) (n=133) x//z P value
Demographics
Age, y 56.85+12.51 58.71+9.43 -1.268 0.206
Sex, men, n (%) 79 (86.8%) 103 (77.4%) 3.114 0.078
Vascular risk factors
Cigarette smoking, n (%) 55 (60.4%) 70 (52.6%) 1.336 0.248
Alcohol consumption, n (%) 49 (563.8%) 60 (45.1%) 1.650 0.199
Hypertension, n (%) 43 (47.3%) 82 (61.7%) 4.544 0.033
Diabetes, n (%) 24 (26.4%) 29 (21.8%) 0.625 0.429
Dyslipidemia, n (%) 75 (82.4%) 108 (81.2%) 0.053 0.817
Previous ischemic stroke, n (%) 1 (12.1%) 20 (15.0%) 0.394 0.530
Clinical data
Admission SBP, mmHg 148.00 (131.00-171.00) 163.00 (146.50-178.50) -3.037 0.002
Admission DBP, mmHg 86.00 (79.00-100.00) 95.00 (83.00-104.00) -2.796 0.005
Admission heart rate, bpm 74.00 (67.00-85.00) 76.00 (65.50-85.00) -0.051 0.959
Admission capillary blood glucose, mmol/L 7.20 (6.10-8.80) 7.30 (6.30-9.70) -1.029 0.304
Serum fasting glucose, mmol/L 5.26 (4.78-7.02) 5.54 (4.80-7.24) -1.070 0.285
Admission NIHSS score 5.00 (4.00-10.00) 7.00 (4.00-10.00) -1.896 0.058
Onset to rt-PA bolus time, min 187.00 (151.00-218.00) 187.00 (148.00-230.00) -0.563 0.574
TOAST 0.415 0.813
LAA 32 (35.2%) 52 (39.1%)
SAO 49 (53.8%) 66 (49.6%)
ODC or undetermined cause 10 (11.0%) 15 (11.3%)
Antihypertensive medication, n (%) 22 (24.2%) 45 (33.8%) 2.404 0.121
HRV parameters
1-3d
SBP, mmHg 134.00 (118.00-157.00) 145.00 (125.50-166.00) -2.299 0.022
DBP, mmHg 71.00 (59.00-82.00) 73.00 (63.00-90.50) -2.012 0.044
Heart rate, bpm 65.00 (60.00-72.00) 69.00 (63.50-78.00) -2.601 0.009
NIHSS 2.00 (0.00-3.00) 5.00 (3.00-8.00) -7.081 <0.001
RMSSD, ms, log 1.569+0.34 1.38+0.27 5.057 <0.001
TP, ms?, log 3.16+0.50 2.86+0.48 4.405 <0.001
LF power, ms?, log 2.45+0.55 2.23+0.55 3.035 0.003
HF power, ms?, log 2.59+0.69 2.15+0.58 5127 <0.001
7-10d
SBP, mmHg 139.00 (118.00-150.00) 138.00 (120.50-157.50) -0.844 0.339
DBP, mmHg 70.00 (60.00-80.00) 70.00 (61.00-85.00) -0.664 0.507
Heart rate, bpm 67.00 (59.00-73.00) 68.00 (62.50-74.00) -1.381 0.167
NIHSS 1.00 (0.00-2.00) 4.00 (2.00-7.00) -7.334 <0.001
RMSSD, ms, log 1.48+0.35" 1.38+0.30 2.252 0.025
TP, ms?, log 2.98+0.59* 2.79+0.54 2.494 0.013
LF power, ms?, log 2.31+0.64* 210+0.57* 2.567 0.011
HF power, ms?, log 2.36+0.74* 211+0.66 2.643 0.009

DBP indicates diastolic blood pressure; HF, high frequency; HRV, heart rate variability; LAA, large artery atherosclerosis; LF, low frequency; NIHSS, National
Institutes of Health Stroke Scale; ODC, other determined cause; RMSSD, square root of the mean of the sum of the squares of differences between adjacent
normal-to-normal intervals; rt-PA, recombinant tissue plasminogen activator; SAO, small artery occlusion; SBP, systolic blood pressure; TOAST, Trial of Org

10172 in Acute Stroke Treatment; and TP, total power.

*P<0.05 compared with that measured 1 to 3d after stroke onset. Age, RMSSD, TP, LF, HF, and LF/HF are expressed as mean+SD and were analyzed using
the Student t test. Admission SBP, admission DBP, admission heart rate, admission capillary blood glucose, admission NIHSS score, and onset to rt-PA bolus
time are expressed as median (interquartile range) and were compared using the Mann-Whitney U test. The other variables are expressed as n (%) and were
analyzed using the x? test or Fisher exact test. HRV indices measured 1 to 3days and 7 to 10days after stroke onset were compared using a paired-sample t test.

J Am Heart Assoc. 2023;12:e028778. DOI: 10.1161/JAHA.122.028778
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Incremental Predictive Value of HRV in
Patients Who Underwent IVT

Variables whose P value was <0.10 in univariate analy-
ses (as shown in Table 3) and those variables with es-
tablished outcome-predictive values according to the
literature (age, cigarette smoking, previous ischemic
stroke, serum fasting glucose, onset to recombinant
tissue plasminogen activator bolus time, and TOAST)
were further selected using the backward elimina-
tion method. Finally, Model 1 included age, previous
ischemic stroke, and NIHSS at 1 to 3days after onset.
Model 2 included Model 1 plus RMSSD at 1 to 3days
after onset. Model 3 included Model 2 plus NIHSS and
RMSSD at 7 to 10days after stroke. The 3 nomogram
models are shown in Figure 2. The AUC-ROC was
similar in full and test models, which suggested good
stability of the models. The calibration plot suggested
good predictive accuracy of the nomograms. Hosmer-
Lemeshow tests showed all P values >0.05, indicating
there is no statistical difference between the observed
and model-predicted probability of unfavorable out-
come (Table 5).

For Model 2, the AUC-ROC significantly improved
with the addition of RMSSD measured 1 to 3days
after stroke onset (from 0.784 [0.723-0.846] to 0.855
[0.805-0.906], P=0.002). Moreover, the risk reclas-
sification and discriminatory power appeared to be
substantially better (net reclassification index 62.12%,
P<0.001; integrated discrimination improvement
14.54%, P<0.001). Similar incremental predictive val-
ues were found in Model 3 (AUC-ROC from 0.784
[0.723-0.846] to 0.859 [0.809-0.908], P=0.001; net
reclassification index 74.03%, P<0.001; integrated dis-
crimination improvement 17.71%, P<0.001) (Table 5).
In decision curve analysis, the higher the curve, the
higher the net benefit is across a given range of thresh-
old probabilities. The results indicated that Model 2
and Model 3 showed a better clinical net benefit than
Model 1 over threshold probabilities of 0.2, suggest-
ing the net benefit gained by adding the HRV values
(Model 2 and Model 3) was greater than that in Model
1 (Figure 3).

When Model 2 and Model 3 were compared, no
difference was found in terms of AUC-ROC (P=0.709)
and integrated discrimination improvement (P=0.053).
However, the net reclassification index was signifi-
cantly increased in Model 3 compared with Model 2
(47.4%, P<0.001).

DISCUSSION

The first major finding of this study was the positive
effect of IVT on ANS function assessed using HRV
in patients with acute ischemic stroke. Within 3days
after stroke, improvements were primarily observed
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Figure 2. Nomogram models for predicting 3-month unfavorable outcome.

Nomograms (left), ROCs (middle), and calibration plots (right) of Model 1, Model 2, and Model 3. Model 1 included age, previous
ischemic stroke, and NIHSS at 1 to 3days after stroke. Model 2 included Model 1 plus RMSSD at 1 to 3days after stroke. Model 3
included Model 2 plus NIHSS and RMSSD at 7 to 10days after stroke. Each nomogram was composed of 2 areas; the upper area was
designed to calculate the total score as the sum of scores for the model. In detail, a score was assigned for each variable by drawing a
line upward from the corresponding values to the score line. The total score was calculated as the sum of the individual scores of each
variable. The lower area was designed to get the probability (Prob) of patients to get an unfavorable functional outcome. ROCs were
used to measure the discrimination of each model. The full ROC area was calculated using data from all patients in the IVT group; test
ROC area was performed for 10-fold cross-validation. The areas under the ROC were similar in full and test models, which suggested
good stability of the models. Calibration plots were used to assess model calibration, and were undertaken for the measurement
between observed (y axis) and predicted probabilities (x axis). The blue line represents the performance of each nomogram model,
with 95% Cls measured by Hosmer-Lemeshow analysis (the green vertical line); the dashed line represents the reference line where
an ideal nomogram would lie. The calibration plot of Model 2 and Model 3 suggested good predictive accuracy of the nomograms.
NIHSS indicates National Institutes of Health Stroke Scale; RMSSD, square root of the mean of the sum of the squares of differences
between adjacent normal-to-normal intervals; and ROC, receiver operating characteristic.

in parasympathetic activity, and at 7 to 10days after unfavorable outcomes. Furthermore, addition of HRV
stroke, both sympathetic and parasympathetic activity parameters to conventional risk factors significantly
could be improved by IVT. The second major finding improved the predictive ability of 3-month unfavorable
was that lower HRV values at 1 to 3 and 7 to 10days outcomes. This indicated that for inpatients who un-
after stroke were independently associated with derwent IVT, HRV and ANS function after stroke were
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Table 5. Reclassification and Discrimination Statistics for 3-Month Outcome After Intravenous Thrombolysis by Heart
Rate Variability

AUC-ROC H-M NRI IDI

Estimate (95% Cl) X2 P value Estimate (95% CI) V4 P value Estimate (95% Cl) | Z P value
Model 1 0.784 (0.723-0.846) 10.682 0.220 Reference Reference
Model 2 0.855 (0.805-0.906) 10.756 0.216 62.12 (35.46-88.78) 4.566 <0.001 14.54 (9.54-19.54) 5.694 <0.001
Model 3 0.859 (0.809-0.908) 12.587 0.127 74.03 (47.37-100.69) 5.442 <0.001 17.71 (12.71-22.71) 6.548 <0.001

Model 1 included age, previous ischemic stroke,

and NIHSS at 1 to 3d after stroke. Model 2 included model 1 plus RMSSD at 1 to 3d after stroke. Model
3 included Model 2 plus NIHSS and RMSSD at 7 to 10d after stroke. AUC-ROC indicates the area under the receiver operating characteristic curve; H-M,
Hosmer-Lemeshow x? test; IDI, integrated discrimination improvement; NIHSS, National Institutes of Health Stroke Scale; NRI, net reclassification index; and

RMSSD, square root of the mean of the sum of the squares of differences between adjacent normal-to-normal intervals.

reliable predictors of 3-month clinical outcomes and
could be regarded as intervention targets to improve
patient outcomes.

To the best of our knowledge, this is the first study to
explore the effect of IVT on ANS function assessed by
HRV in patients with acute ischemic stroke. However,
a positive effect of thrombolytic therapy on cardiac au-
tonomic tone was demonstrated earlier in patients with
acute myocardial infarction.?®=?” Furthermore, Zabel et
al reported that patients with myocardial infarction in
the successful reperfusion group had preserved auto-
nomic tone compared with those who failed reperfu-
sion, indicating that thrombolysis-induced reperfusion
of the cardiac artery may contribute to autonomic
function improvement.?” Similarly, we considered that
this improvement in patients with stroke after IVT may
also be caused by partial or full recanalization of cere-
brovascular tissue, during which the brain—heart axis
may be the essential connector.?® Sympathetic and
parasympathetic regulation theories have been widely
accepted as mechanisms of brain—heart interaction
after stroke.?® Theoretically, sympathetic and para-
sympathetic outflow of the ANS is controlled by the
central nervous system and regulates cardiac function.
Ischemic brain lesions can cause cardiac ANS dys-
regulation and decrease HRV.3° Hyperacute recanal-
ization of ischemic lesions recovers central nervous
system control of the ANS and improves cardiac reg-
ulation of the ANS to some extent.®® Our results also
demonstrate that IVT is beneficial for the improvement
of sympathetic and parasympathetic activity within a
specific time frame. Within 3days after stroke, ANS
improvement mainly presented as enhanced parasym-
pathetic function, and at 7 to 10days after stroke, both
sympathetic and parasympathetic activity could be in-
creased by IVT. The mechanism underlying different
times for improving sympathetic and parasympathetic
system activity after IVT remain unclear. After stroke
onset, the activity of both sympathetic and parasym-
pathetic systems was decreased. Simultaneously,
the balance of the sympathetic and parasympathetic
system was upset, manifesting as a relative excitation
of the sympathetic nervous system.3 Interestingly,

J Am Heart Assoc. 2023;12:e028778. DOI: 10.1161/JAHA.122.028778

previous studies reported that thrombolytic therapy
promoted the recovery of the cardiac autonomic im-
balance in patients with acute myocardial infarction,?
which suggested thrombolytic therapy may have an
earlier and more significant effect on parasympathetic
improvement. Similarly, in patients with stroke, we
considered that IVT can also balance ANS function
by improving parasympathetic activity earlier. It should
be noticed that patients in the IVT group had higher
admission NIHSS scores than patients in the non-IVT
group. According to a previous study, patients with
higher admission NIHSS scores may have more severe
autonomic dysregulation.®* Therefore, in our study, pa-
tients in the IVT group may also have more severe ANS
activity decline than patients in the non-IVT group. At 1

— Al

== None
— = Model 1
—— Model 2
— Model 3

Net Benefit

Threshold Probability

Figure 3. Decision curve analysis of the nomogram models.
The x axis represents thresholds for risk of unfavorable outcomes,
and the y axis represents net benefits hinged on different
thresholds. The higher the curve, the higher the net benefit is
across a given range of threshold probabilities. The black line
assures that all patients develop an unfavorable outcome,
whereas the gray dotted line assures that no patients develop
an unfavorable outcome. The other 3 lines display the net benefit
of the prediction of the 3 models, respectively. Models 2 and
3 showed a better clinical net benefit compared with Model 1
over threshold probabilities of 0.2, and the net benefit gained by
adding the HRV values (Model 2 and Model 3) was greater than
that in Model 1. Model 1 included age, previous ischemic stroke,
and NIHSS at 1 to 3days after stroke. Model 2 included Model 1
plus RMSSD at 1 to 3days after stroke. Model 3 included Model
2 plus NIHSS and RMSSD at 7 to 10days after stroke. NIHSS
indicates National Institutes of Health Stroke Scale; and RMSSD,
square root of the mean of the sum of the squares of differences
between adjacent normal-to-normal intervals.
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to 3days and 7 to 10days after stroke onset, patients
in the IVT group presented increased ANS activity than
patients in the non-IVT group, suggesting ANS activity
was significantly improved by IVT.

Previous studies have concluded that abnormal
HRV and autonomic function are associated with poor
prognosis in patients with ischemic stroke.®*=3" Qur
study further indicated that this association applies
to patients with ischemic stroke after thrombolytic
therapy. Additionally, we established 2 HRV-based
nomogram models, Model 2 and Model 3, to evalu-
ate whether adding HRV parameters would further
increase the predictive ability of 3-month unfavorable
outcomes in patients who received IVT. We verified a
substantially better discrimination power according to
a significant increase in the AUC-ROC, net reclassifica-
tion index, and integrated discrimination improvement
in these 2 models. However, in the decision curve anal-
ysis, the net benefit of using Model 2 or 3 over Model
1 is limited. For example, at the risk threshold of 0.2 in
Models 2 and 3, the estimated net benefit is around
55%, whereas in Model 1 it is around 50%. Meaning
only about 5% of patients with acute ischemic stroke
who received IVT would actually benefit from imple-
menting HRV monitoring at 1 to 3 and 7 to 10days
after stroke in everyday clinical settings. Although this
might not appear to be a significant proportion, due
to the large population base receiving VT, the appli-
cation of this model has the potential to benefit tens
of thousands of patients, with high economic and so-
cial value. Therefore, HRV and ANS function measured
at 1 to 3days and 7 to 10days after stroke could be
considered reliable predictors of 3-month clinical out-
comes and intervention targets to improve outcomes.
However, the pathophysiological mechanism underly-
ing the relationship between autonomic function and
stroke outcomes has not been fully elucidated. First,
as mentioned above, ischemic brain lesions can in-
crease the risk of arrhythmia, leading to unstable ce-
rebral blood flow, which may enhance ischemia or
cause hemorrhagic transformation and worsen clinical
outcomes.®® Second, because the sympathetic and
parasympathetic nerves also modulate the inflamma-
tory reflex,®® poststroke autonomic dysfunction may
promote the production of proinflammatory cytokines
associated with secondary brain injury. In addition,
cardiovascular complications, hyperglycemia, and
blood—brain barrier dysfunction caused by autonomic
dysfunction are also believed to influence outcomes.*°

Our study has several limitations. First, because the
present study was conducted in patients during hos-
pitalization, HRV and ANS changes after discharge
(>10days after stroke) remain unknown. A longitudinal
study of multiple time point measurements could be
valuable for depicting the profile of autonomic function.
Second, this was an observational study in a single
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stroke center; thus, causal inferences cannot be made,
and additional multicohort studies are needed to con-
firm the present study’s results. Third, the stroke se-
verity assessed by NIHSS scores at admission were
significantly different between patients in the IVT and
non-IVT group, indicating baseline ANS activity may
also differ between the 2 groups.3* However, to enable
patients to receive IVT as early as possible, beat-to-
beat recordings before IVT were unavailable, and the
admission HRV values and ANS function condition re-
main unclear. Further studies are needed to verify our
conclusion. Finally, the onset to admission time be-
tween patients in the IVT and non-IVT group differed.
However, in the present clinical practice, most of the
patients receive IVT if they are admitted to the hospital
within the time window, because IVT is the highest rec-
ommended therapy for patients with acute ischemic
stroke. It may be difficult to recruit patients who do not
receive IVT but are admitted to the hospital within the
time window; hence, further animal studies are needed
to resolve this issue.

CONCLUSIONS

IVT positively affected HRV and autonomic nervous
activity, and ANS function assessed by HRV in the
acute phase of ischemic stroke was independently
associated with unfavorable outcomes in patients un-
dergoing IVT. Furthermore, HRV and ANS function in
the acute phase of stroke could be considered reliable
predictors of clinical outcomes and intervention targets
to improve outcomes in these patients.
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