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Abstract 

Background: Chronic migraine (CM) is a disabling headache disorder. Autonomic nervous 

system (ANS) disturbance, as evidenced from heart rate variability (HRV) studies, has been 

documented in patients with episodic migraine and other pain disorders but not specifically 

in patients with CM. This study aimed to explore whether the HRV in patients with CM was 

impaired and whether it could be used to predict treatment outcomes.  

 

Methods: Patients with CM were recruited, along with age- and gender-matched healthy 

controls (CTLs). The time-domain, frequency-domain, and nonlinear metrics of HRV were 

calculated to evaluate the sympathetic and parasympathetic aspects of ANS function in 

patients with CM before and after 3-month (12 weeks) treatment with flunarizine as well as 

in CTLs. The patients were asked to keep a headache diary throughout the study period to 

determine the treatment efficacy.  

 

Results: A total of 81 patients with CM and 58 CTLs completed the study. Most HRV values 

in patients with CM were significantly lower than those in CTLs, suggesting decreased 

overall autonomic modulation and parasympathetic hypofunction but not sympathetic 

dysfunction. By unsupervised clustering analysis, patients with CM were divided into two 

cluster groups with high and low HRV at baseline. Patients with high baseline HRV, which 

was comparable to that of CTLs, showed significantly higher absolute and relative reductions 

in averaged monthly headache days across a 3-month preventive treatment compared with 

patients with low baseline HRV (-9.1 days vs. -6.4 days or -43.2% vs. -30.1%, both p < 0.05). 

The HRV increased after preventive treatment in the low-HRV group but not in the high-

HRV group.  

 



 

 

Conclusions: HRV could distinguish patients with CM from CTLs, indicating the 

involvement of ANS dysfunction. Moreover, patients with CM having a near-normal baseline 

HRV, indicating a preserved parasympathetic function and overall ANS modulation 

reservoir, predicted a better outcome to preventive treatment with flunarizine than those with 

low HRV.  

 

Trial registration: Neurologic Signatures of Chronic Pain Disorders, NCT02747940. 

Registered 22 April 2016, https://clinicaltrials.gov/ct2/show/NCT02747940 

 

Keywords: chronic migraine, heart rate variability, electrocardiogram, monthly headache 

days, flunarizine, clustering  



 

 

1. Introduction 

Patients with migraine experience headaches and other constitutional symptoms such as 

nausea, vomiting, fatigue, loss of appetite, and palpitation. Owing to these associated 

autonomic symptoms during or even between migraine attacks, dysfunction of the autonomic 

nervous system (ANS) has long been regarded as a contributor to the pathogenesis of 

migraine. Previous studies using various methodologies, including heart rate variability 

(HRV), demonstrated sympathetic hyperactivity [1-4] and parasympathetic hypoactivity [1-

5] in patients with episodic migraine (EM). Similar findings in other pain-related disorders 

such as fibromyalgia [6], irritable bowel syndrome [7], neck/shoulder pain [8], and 

neuropathic pain [9] further strengthen the involvement of ANS dysfunction across different 

painful conditions [10-12]. Chronic migraine (CM), a subtype of migraine, is an even more 

disabling headache disorder and is defined as headaches on more than 15 days per month for 

≥3 months, with at least 8 of them with migraine in a month [13]. Although CM affects 

approximately 2% of the global population [14, 15], no study specifically evaluated ANS 

dysfunction using HRV in patients with CM. 

HRV is widely accepted as a noninvasive metric of ANS activity by depicting the 

fluctuations among successive R-peaks in the electrocardiographic (ECG) signal. Three types 

of analytics, namely time-domain, frequency-domain, and nonlinear analyses, are commonly 

used to interpret the HRV, including simultaneous interpretation of sympathetic and 

parasympathetic functions. As potential biomarkers of painful disorders, HRV metrics have 

also been used as outcome predictors or surrogate markers of clinical improvement. Higher 

parasympathetic function at baseline has been shown to be associated with a more favorable 

clinical prognosis and can predict changes in pain symptoms following psychotherapy in 

patients with pain-predominant multi-somatoform disorder [16]. Two other studies that 

involved the application of yoga as a therapeutic intervention in patients with EM disclosed 



 

 

that effective treatment causes improvement in the parasympathetic profile and regression in 

a sympathetic domain [17, 18]. 

In this prospective study, we explored whether patients with CM also harbored ANS 

dysfunction characterized by parasympathetic hypoactivity and/or sympathetic hyperactivity 

and whether such dysfunction could predict the clinical outcomes of pharmacological therapy 

or correlate with clinical improvement. Notably, none of the patients with CM were co-

morbid with other major systemic or psychiatric disorders, which were associated with ANS 

dysfunction. The selection of preventive medication, flunarizine, a common migraine 

preventive agent used in Asia and Europe, is based on one of our prior study which 

demonstrated its comparable effects, yet with less adverse effects, to topiramate in patients 

with CM [19]. In addition, flunarizine is not associated with heart rate changes as in other 

migraine preventive agents.   



 

 

2. Materials and Methods 

2.1. Ethics statement 

The study protocol (Fig. 1A) was approved by the Institutional Review Board (IRB) of 

Taipei Veterans General Hospital, Taiwan (VGHTPE-IRB: 2015-10-001BC; 

ClinicalTrials.gov Identifier: NCT02747940). All participants provided their informed 

consent for inclusion before they participated in the study. 

 

2.2 Study design 

Patients were recruited from the Headache Clinic of Taipei Veterans General Hospital 

and evaluated by neurologists. The study consisted of a prospective baseline period of 4 

weeks (Week −4 to Week 0) to record the baseline clinical profile and a treatment period 

lasting 12 weeks after enrollment (Weeks 0–12, Fig. 1A). At the first visit, all potential 

participants completed a structured headache questionnaire for collecting information on 

their headache profile and for assessing disease severity (Migraine Disability Assessment), 

psychological disturbance (Beck Depression Inventory [BDI] and Hospital Anxiety and 

Depression Scale), and stress level (Perceived Stress Scale). Eligible patients who met the 

ICHD-3β criteria for CM [20] were asked to maintain headache diaries since the prospective 

baseline period. Subjects with ≥14 headache days and ≥8 migraine days within these 4 weeks 

who also met the inclusion criteria (see below) were then started on flunarizine as a 

preventive treatment that lasted for 12 weeks. The initial dosage of flunarizine was 5 mg/day, 

which could be titrated up to 10 mg/day as per the patients’ tolerance. Two ECG 

examinations were performed for each patient: one during the baseline period and the other 

after the completion of 12-week treatment (Fig. 1A). The detailed methods are described 

below. 

 



 

 

2.3. Subjects 

Inclusion criteria 

Subjects aged 20–70 years who met the ICHD-3β criteria for CM at the first visit were 

required to fulfill the following additional criteria to be enrolled in this study. Eligible 

subjects experienced ≥14 days of headache lasting 2 hours during the baseline period. On ≥8 

of these days, subjects were required to have experienced migrainous headache, defined as 

moderate to severe headache with one or more of the following features: unilateral pain or 

pain that is worse on one side of the head, pulsatile nature, photophobia, and phonophobia, 

nausea or vomiting, or pain that worsens by routine physical activity or is responsive to acute 

migraine treatment [19]. To avoid the interference or lasting effects of other preventive 

medications, this study recruited prophylaxis-naïve patients who did not receive any 

preventive medications (such as beta-blockers, antidepressants, antiepileptic drugs, or 

calcium channel blockers), botulinum toxin injection, or acupuncture therapy before 

participating in this study. 

 

Exclusion criteria 

Patients with any of the following conditions were excluded from the study: [1] headache 

type other than CM, [2] migraine onset after the age of 50 years, [3] CM onset after the age 

of 60 years, [4] pregnancy or nursing status, [5] history of the hepatic or renal disorder or 

other severe systemic diseases, [6] psychiatric diagnosis of major psychiatric disorders or 

severe depression (BDI score ≥30 at Visit 1), and [7] use of medications that may interfere 

with autonomic function (e.g., drugs with antiarrhythmic properties). 

 

  



 

 

Enrollment of healthy controls 

Age- and gender-matched healthy controls (CTLs) were recruited from a nearby 

neighborhood through an advertisement approved by the IRB. The CTLs were not enrolled 

if they had the following conditions: [1] headache disorder other than infrequent tension-type 

headache (less than once per month), [2] pregnancy or nursing status, [3] systemic diseases 

or major psychiatric disorders, and [4] use of medications that may interfere with autonomic 

functions. 

 

2.4. Outcome measurement 

Throughout the study period, patients were instructed to maintain a headache diary, 

which was used to calculate monthly headache days (MHDs) as the outcome measure. The 

primary end points were the mean change in the MHD reduction as well as the percentage 

change between the baseline period and the 12-week period during prevention [21]. 

 

2.5. ECG recording and heart rate variability analysis 

As shown in Fig. 1B, a single-lead electrode pair with one electrode placed under the 

right clavicle at the mid-clavicular line and the other placed on the left upper abdomen was 

used to record resting-state ECG through the NuAmps system (Compumedics Limited, 

Australia) in the bipolar lead II configuration (negative and positive, RA-LL). The sampling 

frequency was 500 Hz. Subjects were informed not to drink coffee within 24 hours before 

each ECG recording. 

Figure 2 summarizes the flowchart of the signal processing, standard short-term (5 min) 

HRV analysis [21] and the statistical analysis in this study. First, the R-wave peak of the QRS 

complexes in the ECG was detected using the Pan–Tompkins algorithm [22]. RR intervals, 

which denoted the time elapsed between two successive R-waves of the QRS complexes, 



 

 

were then calculated for further HRV analysis. Second, by using Kubios HRV Premium 

(version 3.3.0, released in June 2019)[23], each RR interval time series was trimmed to a 5-

min epoch and processed with an automatic artifact correction algorithm to detect and correct 

ectopic, missed, and extra beats [24]. Third, HRV metrics were assessed through time-

domain, frequency-domain, and nonlinear analyses. In this study, a total of eight HRV 

metrics were adopted. The time-domain metrics included standard deviation of normal-to-

normal RR interval (SDNN), root mean square of successive RR interval difference 

(RMSSD), and triangular interpolation of normal-to-normal interval (TINN). The frequency-

domain metrics were decomposed by fast Fourier transform, resulting in absolute powers of 

the very-low-frequency band (VLF < 0.04 Hz), the low-frequency band (LF = 0.04–0.14 Hz), 

and the high-frequency band (HF = 0.14–0.4 Hz). The nonlinear HRV metrics derived by 

analyzing the geometry of consecutive RR intervals on the Poincaré plot [25] were SD1 and 

SD2. In general, HF power, RMSSD, and SD1 are regarded as indicators of parasympathetic 

activity, LF power as indicators of sympathetic activity, while SDNN, TINN, SD2 represent 

the overall modulation reservoir of the ANS [26]. 

 

2.6 Baseline HRV analysis and correlation with treatment outcome 

Two hypotheses were tested in this study.  

As mentioned in the introduction, previous studies showed ANS dysfunction in patients 

with EM and various chronic pain disorders. Therefore, this study hypothesized that ANS 

dysfunction might also occur in patients with CM. Specifically, this study compared baseline 

(pre-treatment) HRV metrics, including SDNN (in ms), RMSSD (in ms), TINN (in ms), VLF 

power (in ms2), LF power (in ms2), HF power (in ms2), SD1 (in ms), and SD2 (in ms), in 

patients with CM with those of the CTLs by using independent sample t-tests. The HRV 



 

 

metrics that could distinguish CM from CTL would also be addressed to identify 

abnormalities in parasympathetic and sympathetic activities. 

Additionally, this study hypothesized that differences in ANS function among patients 

might reveal the differences in their treatment outcomes. To test this hypothesis, patients with 

CM were divided into two groups based on their baseline HRV using the k-means clustering 

algorithm [27, 28]. Before subgrouping patients, the number of metrics was reduced by 

calculating the similarity between HRV values using Ward’s method [27]. This 

agglomerative hierarchical clustering algorithm constructed a dendrogram that provided 

similar information about merging metrics into branches. By selecting a single representative 

metric from each branch, the number of metrics was reduced. The HRV values of selected 

metrics were then scaled with the z-score normalization in k-means clustering. The difference 

in treatment outcomes between subgroups congregated by baseline HRVs was compared 

using independent t-tests. ANCOVA replaced the t-test if any covariance existed. 

This study further tested whether the differences in each selected HRV parameter before 

and after treatment is correlated with the extent of clinical improvement for evaluating 

whether these parameters could serve as surrogate biomarkers. 

Statistical analyses were performed using SPSS ver. 22.0 (IBM, Armonk, NY, USA). 

All multiple comparisons were conducted by adjusting p values using the false discovery rate 

(FDR) method [29]. The significance level was set as 0.05. Figures were created using 

MATLAB R2020a.  



 

 

3. Results 

3.1 Demographics 

As shown in Fig. 1C, 135 CM and 70 CTL were screened. In total, 81 patients with CM 

(female ratio = 92.6%, mean age 38.1 ± 11.4 years) and 58 age- and gender-matched CTLs 

(female ratio = 84.5%, mean age 40.6 ± 9.2 years) completed the study after excluding 

ineligible conditions, and were used for final analyses. The demographics and clinical 

characteristics of the study participants are shown in Table 1. The MHDs recorded by the 

CM group at baseline (MHD0) were 21.6 ± 6.0 days. After treatment, the MHDs of the first 

(weeks 1−4), second (weeks 5−8), and third (weeks 9−12) months were 16.7±8.3, 13.5±8.1, 

and 12.1±8.5, respectively. The changes in MHDs demonstrated a significantly decreasing 

trend (repeated measures ANOVA with Greenhouse–Geisser correction, p < 0.001), that is, 

MHD! < MHD" < MHD# < MHD$. 

 

3.2 Comparison of 5-min HRV between CTLs and patients with CM at baseline 

Most HRV metrics at baseline showed statistically significant differences between the 

CM and CTL groups (Fig. 3A) (independent sample t-test, FDR-adjusted p < 0.05), except 

for LF. The SDNN (Fig. 3B), RMSSD, TINN, VLF, HF (Fig. 3C), SD1, and SD2 (Fig. 3D) 

of patients with CM were all significantly lower than those of CTLs. The detailed data of 

baseline HRVs are summarized in Table 1. 

 

3.3 Similarity between HRV metrics 

Fig. 4A shows the dendrogram of hierarchical clustering analysis on eight selected HRV 

metrics collected from the CM group. In the dendrogram, two clusters with the smallest 



 

 

dissimilarity (i.e., linkage) were merged into a new cluster. The results showed that the 

RMSSD merged with SD1 at the linkage of almost zero and then with HF at the linkage of 

15.06. The SDNN merged with SD2 at the linkage of 1.14, with TINN at the linkage of 4.79, 

and then with LF at the linkage of 46.80. Subsequently, all the metrics mentioned above 

combined together at the linkage of 106.83 and then merged with the remaining metric, VLF, 

at the linkage of 192.22. To group these metrics into distinct HRV branches, one of the 

possible cut-off points of the dendrogram was set to locate at around 50 to 100, resulting in 

three main branches. The first branch consisted of RMSSD, SD1, and HF; the second branch 

consisted of SDNN, SD2, TINN, and LF; and the third branch consisted of only VLF power. 

For patient clustering, one of the metrics in each branch was selected to reduce the data 

dimensionality to three before the k-mean clustering. As each branch contained at least one 

frequency-domain metric, the metrics initially selected to be used for further analysis were 

HF, LF, and VLF. However, in the second branch, SDNN replaced LF because the latter 

failed to differentiate the CM from CTL groups (Fig. 3A).  

 

3.4 Difference in treatment efficacy between patient clusters 

As shown in the 3D scatter plot in Fig. 4B, 81 patients were assigned to two disjoint 

clusters. Cluster 1 (blue) consisted of 49 patients (46 female) aged 42.0±9.7 years, and 

Cluster 2 (red) consisted of 32 patients (29 female) aged 32.2±11.4 years. Age exhibited a 

statistically significant difference between the two clusters (p < 0.001) but gender did not 

(Table 2). 

As summarized in Table 2, all eight selected HRVs in Cluster 2 were significantly larger 

than those in Cluster 1 (FDR-adjusted p < 0.001, ANCOVA with age as the covariate).  



 

 

After consecutive treatment for three months, the mean absolute and relative MHD 

reduced by 9.1 days and 6.4 days or 43.2% and 30.1% in the high- and low-HRV clusters, 

respectively (rmANCOVA with age as the covariate, both p < 0.05), albeit their baseline 

MHDs did not differ. Table 2 presents the detailed information, including between-group 

comparison regarding mean MHD reduction after 4-week, and 8-weeks, as explorative 

analysis. 

 

3.5 Difference in HRV metrics after receiving treatment 

 Figure 5 shows the HRV before and after the 3-month treatment. For the low-HRV 

group, all HRV metrics, except for the HF, significantly increased after treatment (p < 0.05). 

However, their baseline and after-treatment HRVs were still significantly lower than those 

of CTLs (p < 0.05). By contrast, most of the HRV of the high-HRV group were comparable 

to those of the CTL group (p > 0.05) either before or after treatment. The VLF is the only 

HRV parameter that significantly increased after treatment in the high-HRV group.  

 

4. Discussion 

The main findings of this study are summarized below. First, the MHDs of patients 

reduced as treatment continued. Second, the HRV metrics, SDNN, RMSSD, TINN, VLF, 

HF, SD1, and SD2, of patients with CM were significantly lower than those of CTLs. Third, 

HRV metrics could be divided into three categories. Fourth, patients with higher pretreatment 

baseline HRVs exhibited a greater reduction of MHDs than those with lower HRVs. Taken 

together, the results indicate that baseline HRV could predict treatment outcomes in patients 

with CM. 

 



 

 

4.1 Autonomic impairment in patients with chronic migraine 

This study showed that the HRV metrics, except for LF, of patients with CM were 

significantly lower than those of healthy individuals, implying a generalized state of 

autonomic disturbance in patients with CM. Although studies on HRV analysis in CM are 

lacking, a considerable number of studies showed that different headache disorders are 

associated with ANS dysregulation [30], including EM [4], cluster headache [31], tension-

type headache [32], and trigeminal autonomic cephalalgia [33]. In addition, reduced HRVs 

are associated with other chronic pain disorders, such as fibromyalgia [10, 34], chronic low 

back pain [35], chronic neuropathic pain [36] and even in children with chronic pain [37]. 

The results of this study further demonstrated that patients with CM had decreased 

parasympathetic modulation [10], as revealed by low HF, SD1, and RMSSD values, and 

overall reduced autonomic modulation capability, as revealed by low SD2 [38] SDNN [21], 

and TINN.  

LF, a parameter widely used as an indicator of sympathetic activity, did not show 

between-group differences in this study. A number of studies suggested that LF may not be 

a measure of sympathetic activity [39-41]. Some studies considered LF as a measure of 

baroreflex function [39]. Baroreflex dysfunction was found in patients with tension‐

type/exertional headache [42], and baroreflex sensitivity increased in patients with migraine 

[43]. However, studies on the role of LF in the baroreflex function still showed 

inconsistencies [44]. Regardless of the manner in which LF functioned, LF was the only one 

out of eight HRV metrics that showed no significant difference between CTLs and patients 

with CM. This finding is consistent with the conclusion of a recent HRV meta-analysis that 

no significant difference in LF exists between CTLs and patients with chronic pain [10]. 

A previous study [45] showed that the difference in VLF between patients with EM and 

healthy CTLs was not significant. However, this study found that CM was associated with a 



 

 

significantly reduced VLF response. This result suggests that frequent episodes of headache 

could lead to a reduced VLF. 

 

4.2 Similarity between HRV parameters of patients with CM 

Some of the several metrics used to assess HRVs share similar characteristics. Their 

relationships have been described using correlation [46], clustering [47], or factor [48] 

analysis. It has been widely accepted that RMSSD, SD1, and HF characterize the short-term 

HRV [21, 25, 26, 49, 50] by assessing the parasympathetic activity. SD2, SDNN, and TINN, 

which represent long-term variability [25, 51], correlate with the combination of sympathetic 

and parasympathetic activities, i.e., the overall autonomic modulation capacity. The grouping 

results of HRV metrics using Ward’s method presented in patients with CM were consistent 

with previous findings. Two major divisions of HRV metrics, the short- (RMSSD, SD1, and 

HF) and long-term (SDNN, SD2, TINN, and LF) variabilities, formed their branches. The 

VLF standing apart from these two branches demonstrated its different response from the 

rest of the metrics. Additionally, the sequence of clustering in the dendrogram (Fig. 4A) 

revealed the degree of similarity between metrics for quantifying the amount of variability. 

For example, SD1 merged with RMSSD at the linkage of almost zero, showing that they 

might be identical HRV metrics [49].  

Although studies categorized the LF as a long-term HRV metric, a considerable 

discrepancy still exists between LF and other HRV metrics of the same branch. The results 

observed in our current patients with CM support the conjecture that LF is the last HRV 

metric to be merged into the long-term HRV group. LF could form a separate branch if the 

within-group similarity is increased by setting a lower cut-off value for clustering.  

 

4.3 Treatment outcome prediction 



 

 

Flunarizine, one of the preventive medications recommended for migraine prophylaxis 

[52], was used in this study. Consistent with previous studies including ours [19, 53-55], the 

current results revealed that MHD significantly reduced from 21.6±6.0 to 12.1±8.5 (Table 1) 

in the overall population with CM. The extent of clinical improvement was similar to that in 

previous studies mentioned above. Additionally, patients with CM with a higher baseline 

HRV achieved a more considerable reduction in the number of headache days after treatment.  

HRV has been recommended for various applications, such as for estimating the risk of 

cardiovascular diseases, cancer, and chronic obstructive pulmonary disease [56]; predicting 

treatment response in major depressive disorder [57]; or predicting the outcome of patients 

with brain injury [58]. The current study demonstrated the potential of predicting the efficacy 

of preventive treatment for patients with CM based on their baseline HRV, as CM with a 

near-normal HRV (i.e., high-HRV group) could show a significantly higher treatment 

efficacy (Fig. 4). Interestingly, the high-HRV group showed no interval changes after 

preventive treatment, whereas the low-HRV group demonstrated partial normalization (Fig. 

5). The possible mechanisms warrant further discussion. The interaction between pain 

perception and HRV may be reciprocally related. Thus, as headache improved even in the 

low-HRV group, a normalization of HRV may be derived from the reduction of pain 

perception. By contrast, the high-HRV group may already have a robust ANS function that 

could not be further improved because of the ceiling effect. 

 

4.4 Limitations 

Our study has some limitations. First, the headache status of patients during ECG 

recording was not controlled. As HRV may be affected by the presence or absence of pain 

[59], the difference between CTL and CM groups could be derived from either the state of 

pain or the trait of the disease. Nevertheless, as patients had a mean MHD of 21.6 at baseline, 



 

 

they were most likely at the true ictal period or between two close attacks (i.e., a broader 

definition of the ictal period), leading to ECG examination of inter-ictal period hard to be 

recorded. The results observed in this study could be a combination of both state and trait 

effects. Second, because we recruited a relatively homogenous group of patients with CM 

(e.g., prophylactics naïve), our findings may not be generalizable to the other populations 

with CM. For example, the majority of patients with CM may have multiple comorbidities 

and have been prescribed multiple preventive medications. Third, although we applied a 

hypothesis-free data-driven method, i.e., the k-means clustering algorithm, to classify the 

patients into high- and low-HRV subgroups, the number of patients in each subgroup 

differed. Yet, the results remained similar if we compared the same high-HRV subgroup 

(n=32) to a newly selected, age-, gender-, and number-matched (n=32) low-HRV subgroup.  

Finally, this study applied only flunarizine as the preventive regimen. Thus, the application 

of baseline HRV metrics as outcome predictors to other preventive strategies warrant further 

studies. 

 

 

5. Conclusions 

In this study, we recruited patients with CM and kept track of their clinical improvement 

as well as their baseline HRV and HRV changes after receiving flunarizine treatment for 

three months. Our findings suggested that the HRV metrics could differentiate patients with 

CM from healthy individuals, indicating the involvement of ANS dysfunction in CM. By 

leveraging the k-means clustering, this study further differentiated patients with a near-

normal HRV from others and found different outcomes after flunarizine treatment between 

these two groups. Overall, patients with CM with a near-normal baseline HRV showed a 

significantly higher treatment response than those with abnormal HRV did. Our findings 

suggested that the baseline HRV might be used to predict treatment outcomes in patients with 

CM.   
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Table 

Table 1. Demographic and clinical characteristics of controls and patients with chronic 

migraine 

  CTL (n=58) CM (n=81) statistics significance 

Demography 

 

No. of Females 49 75 𝜒!(1)=2.309 none 

Age (years) 40.6±9.2 38.1±11.4 t (137)=1.346 none 

MIDAS − 35.5±39.3  − − 

BDI 4.9±5.8  11.0±6.5  t (115)=4.890 ∗∗∗ 

HADS-A 3.5±3.3 8.2±4.0 t (116)=6.362 ∗∗∗ 

HADS-D 2.8±2.8  6.0±3.5  t (116)=4.813 ∗∗∗ 

PSS 17.9±8.2  26.3±8.1  t (116)=5.252 ∗∗∗ 

Baseline HRV 

 

SDNN (ms) 38.1±10.5 25.6±10.9 t (137)=6.785 ∗∗∗ 

RMSSD (ms) 30.4±12.2 22.9±11.2 t (137)=3.708 ∗∗∗ 

TINN (ms) 180.1±51.1 127.1±54.2 t (137)=5.825 ∗∗∗ 

 

VLF (ms2) 593.2±419.1 145.0±230.6 t (81.661)=7.384a ∗∗∗ 

LF (ms2) 378.6±356.9 265.5±357.9 t (137)=1.839 none 

HF (ms2) 522.5±441.1 288.0±268.0 t (86.783)=3.60a ∗∗∗ 

 
SD1 (ms) 21.5±8.7 16.2±8.0 t (137)=3.709 ∗∗∗ 

SD2 (ms) 48.9±14.1 31.9±14.0 t (137)=7.021 ∗∗∗ 

Monthly Headache Days 

vs. MHD" MHD# MHD! MHD$   

MHD"  21.6±6.0 − − − 

F(2.418, 193.407) 

=75.224b 
∗∗∗c 

MHD# *** 16.7±8.3 − − 

MHD! *** *** 13.5±8.1 − 

MHD$ *** *** ** 12.1±8.5 

The upper part of the table summarizes the numbers, gender, age, and baseline HRVs of the recruited 

participants. The diagonal numbers shown on the lower part of the table are the monthly headache days (MHDs) 
recorded at the baseline (MHD0) and after receiving 1 (MHD1), 2 (MHD2), and 3 (MHD3) months of treatment. 

The changes in MHD are evaluated by repeated-measures ANOVA, followed by least significant difference 

pairwise multiple comparison tests. The asterisk indicates significance at p < 0.05 (*), p < 0.01 (**), and p < 

0.001 (***). 
aWelch’s test is performed due to unequal variance. 
bCritical values of F(3, 240) = 2.642 is set at the significance level of 0.05. 

cp-value is corrected by Greenhouse–Geisser procedure repeated-measures ANOVA.   



 

 

Table 2. Demographics and baseline HRV of two CM clusters (low- and high-HRV). 

  

Low-HRV 

(n=49) 

High-HRV 

(n=32) statistics significance 
Demography 

No. of Females 46 29 𝜒!(1) = 0.299 none 

Age (years) 42.0±9.7 32.2±11.4 𝑡(79)  = 4.120 *** 

Monthly headache days at 
baseline, MHD0 (days) 

21.3±6.4 22.0±5.4 F(1,78) = 1.662 none 

Baseline HRV 

B
ra

n
ch

 

I RMSSD (ms) 17.1±7.8 31.9±9.6 F(1,78) = 55.611 *** 

HF (ms2) 150.6±131.8 498.6±287.7 F(1,78) = 46.831 *** 

SD1 (ms) 12.1±5.6 22.6±6.8 F(1,78) = 55.601 *** 

II SDNN (ms) 18.3±5.9 36.7±6.6 F(1,78) = 133.758 *** 

TINN (ms) 92.9±28.6 179.5±40.4 F(1,78) = 96.277 *** 

LF (ms2) 109.6±83.3 504.3±471.6 F(1,78) = 30.462 *** 

SD2 (ms) 22.6±7.3 46.2±8.7 F(1,78) = 134.188 *** 

III VLF (ms2) 49.2±46.9 291.6±305.3 F(1,78) = 19.617 *** 

Averaged Monthly Headache Days relative to Baseline  

difference (in days) 

 

∆MHD........
# -3.9±5.7 -6.3±7.1 F(1,78) = 3.422 none 

∆MHD........
! -5.3±5.7 -8.3±6.3 F(1,78) = 7.324 * 

∆MHD........
$ -6.4±5.9  -9.1±6.2  F(1,78) = 6.246 * 

ratio (in %) 

 

rMHD........
# 81.1±29.3 69.8±30.6 F(1,78) = 2.633 none 

rMHD........
! 75.6±28.5 60.9±26.2 F(1,78) = 6.245 * 

rMHD........
$ 69.9±28.1 (-30.1%) 56.8±25.6 (-43.2%) F(1,78) = 5.150 * 

∆MHD........
% =

#

%
∑ (MHD% −MHD")
%

#  and rMHD........
% =

#

%
∑ MHD%
%

# MHD"⁄ , where 𝑘 = 0, 1, 2, and 3, indicating the 

baseline, one-, two-, and three-month after treatment, respectively. 

The comparison of baseline HVR parameters between groups were conducted by ANCOVA, with age as the 

covariate. The critical values of 𝜒!(1)= [0.001, 5.024], 𝑡(79)	= [−1.991, 1.991], and F(1,78) = 3.96 at the 

significance level of 0.05, where the chi-squared test and t test were two-sided. The asterisk indicates 
significance at p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).   



 

 

Figures 

 

 
Fig. 1. Experimental design and data collection  

(A) Experimental study protocol. In this prospective trial design, the baseline, 4 weeks 

before the treatment, was followed by a 12-week treatment. One baseline (pre-treatment) 

resting-state ECG test was conducted during the first visit. The treatment started after the 

first follow-up visit. Another (post-treatment) ECG was conducted after the 12-week 

treatment. Throughout the experiment, each patient was instructed to maintain a headache 

diary and rate their pain from no pain, mild, moderate, to severe. (B) ECG test. The ECG 

signal was recorded for 10 minutes through the NuAmps system in the bipolar lead II 

configuration (negative and positive, RA-LL). The RR, the interval between successive R 

peaks in ECG wave, was used for heart rate variability analysis. (C) Recruitment of 

controls and patients with chronic migraine. 
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Fig. 2. Flow diagram of signal processing and data analysis  

The main steps of this study include signal preprocessing, heart rate variability (HRV) 

analysis, chronic migraine (CM) subgrouping, and calculation of mean headache days 

(MHDs). Two main results presented in this study are (1) the comparison of HRV metrics 

between controls and patients with CM, and (2) the comparison of HRV metrics and 

MHDs between the subgroups of patients with CM. 
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Fig. 3. Comparisons of HRV between controls and patients with chronic migraine  

(A) The p-values of independent t tests comparing HRV, where p-values were corrected 

for false discovery rate. The p-value located in the outer circle is smaller than that located 

in the inner circle. The p-value located in the innermost circle indicates a nonsignificant 

difference in HRV between the two groups. Three HRV metrics, namely (B) SDNN (ms), 

(C) HF (× 103 ms2), and (D) SD2 (ms), of patients with chronic migraine (CM) were 

compared with those of the controls (CTLs), where three asterisks denote significant 

differences at p < 0.001 of independent t tests. Each dot represents either a CTL participant 

or a patient with CM. Dark and light blue boxes indicate the ranges of plus or minus one 

standard deviation (SD) and 95% confidence interval (CI), respectively. 
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Fig. 4. Chronic migraine subgroups and treatment efficacy  

(A) The dendrogram, built by agglomerative hierarchical clustering, reveals the similarity 

between heart rate variability (HRV) metrics. The dashed line indicates the cut-off point 

of the clustering, which locates between the linkage of 50 and 100. (B) The 3D scatter plot 

of groups of patients with chronic migraine (CM) with low and high HRV, where each 

circle represents the normalized high frequency, very low frequency, and standard 

deviation of normal-to-normal responses of a patient with CM. (C) The changes in ∆MHD&&&&&&&&. 

The interaction effect between the MHD and the cluster is statistically significant 

(rmANCOVA with age as the covariate and Greenhouse–Geisser correction, F(1.577, 

122.975) = 4.821, p < 0.05). (D) The changes in rMHD&&&&&&&&. The interaction effect between the 

MHD and the cluster is statistically significant (rmANCOVA with age as the covariate and 

Greenhouse–Geisser correction, F(1.670,130.243) = 3.849, p < 0.05).Blue and red circles 

represent the low- and high-HRV groups, respectively. The asterisk indicates a significant 

difference in rMHD&&&&&&&& between low- and high-HRV groups (p < 0.05). 
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Fig. 5. Comparison of HRV between two patient subgroups with chronic migraine 

and controls  

The HRV of patients with CM before (CMpre) and after (CMpost) the treatment were 

compared with those of the controls, where the statistical analysis was performed by 

independent t-tests or paired t-tests as appropriate and corrected by false discovery rate. 

The asterisk indicates significance at p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). 
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