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Abstract

Background.—Williams-Beuren syndrome (WBS)(OMIM# 194050) is a rare genetic 

multisystem disorder resulting from a chromosomal microdeletion at 7q11.23. The condition is 

characterized by distinct facies, intellectual disability, and supravalvar aortic stenosis. Those with 

WBS have an increased risk of sudden death, but mechanisms underlying this phenotype are 

incompletely understood.

Objective: The aim of this study was to quantify and compare autonomic activity as reflected 

by heart rate variability (HRV) measures in a cohort of individuals with WBS (n=18) subjects and 

age- and sex-matched controls (n=18).

Methods: We performed HRV analysis on 24hr ECG recordings using non-linear, time- and 

frequency-domain analyses on a cohort of subjects with WBS and age- and sex-matched controls 

enrolled in a prospective cross-sectional study designed to characterize WBS disease natural 

history.

Results: WBS subjects demonstrated diminished HRV (reflected by SDNN(P=0.0001), 

SDANN(P<0.0001), SDNNi(P=0.0002), RMSSD(P=0.0004), SD1(P<0.0001), and 

SD2(P<0.0001)), and indirect markers of parasympathetic activity (reflected by 

pNN50(P<0.0007), RMSSD(P=0.0004), lnHF power(P=0.0038), and SD1(P<0.0001)) Additional 
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parameters were also significantly different, including lnVLF power(decreased, P=0.0002), lnLF 

power(decreased, P=0.0024), and SD1/SD2(decreased, P<0.0001).

Conclusions: Individuals with WBS demonstrate significant HRV abnormalities consistent with 

diminished autonomic reserve. Future studies will be needed to determine the relationship between 

autonomic dysregulation observed and sudden death risk seen in these patients.

Condensed abstract

Williams-Beuren syndrome (WBS) is a rare genetic disorder resulting from a chromosomal 

microdeletion (7q11.23) that confers increased sudden death risk. The aim of this study was 

to quantify and compare heart rate variability metrics in a cohort of individuals with WBS with 

age- and sex-matched controls using non-linear, time- and frequency domain analyses on 24hr 

ECG recordings as part of a prospective cross-sectional study. People with WBS demonstrate 

significantly decreased indirect markers of parasympathetic activity and increased sympathetic 

activity markers consistent with diminished autonomic reserve and increased sudden death risk 

seen in this population.
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Introduction

Williams-Beuren syndrome (WBS) (OMIM# 194050) is a rare multisystem disease, 

characterized by supravalvar aortic stenosis (SVAS), distinct facies, and intellectual 

disability(1). The disease arises from a chromosomal microdeletion of 7q11.23, comprising 

25–27 genes, among them, elastin(2). Most vascular abnormalities in WBS are caused 

by elastin haploinsufficiency, although alternate genes within or external to this locus 

are known to modulate cardiovascular phenotypes in WBS(3). Elastin confers the elastic 

recoil properties on vessel walls from the arteriole level through the great vessels(4). 

Following systole, ejected blood expands the vessel lumen resulting in stored potential 

energy in the vessel walls that that subsequently increases perfusion upon vessel wall recoil. 

This phenomenon, the “Windkessel effect,” increases circulatory efficiency(5). Diminished 

elastin results in diminished stored energy and hence diminished perfusion. While great 

vessel disease is the defining feature of WBS, sudden cardiac death is also prominent, 

occurring more frequently with anesthesia administration(6–8). Figures vary, but estimates 

suggest that sudden death risk may be 25–100x higher than risk estimates calculated 

for general pediatric anesthesia populations(8). WBS sudden death mechanisms remain 

incompletely understood(8). A portion of cases have been shown to arise from coronary 

ostial stenosis; however, there are a sizable number of sudden death cases where this 

abnormality is absent(6). Several disease features have been correlated with sudden death, 

including bilateral outflow tract obstruction(8). Interestingly, SVAS gradient alone has not 

been found to correlate with sudden death risk(6,8).
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Heart rate variability (HRV) has been a useful tool to investigate cardiovascular disease 

and sudden death from acute myocardial infarction and heart failure(9–13). Diminished 

HRV correlates with poor outcome after myocardial infarction, cerebrovascular accident, 

or with diabetes mellitus(11,13,14). Dysregulated autonomic system function has been 

further correlated with increased sudden death risk in Rett syndrome(15). HRV represents 

an attempt to quantify autonomic nervous system activity indirectly through heart rate 

data. Increased mortality and morbidity have been correlated with diminished HRV(16–18). 

Based on this, we sought to investigate WBS autonomic activity indirectly through HRV 

analyses. We hypothesize that WBS patients display diminished HRV. Furthermore, we 

speculate that this approach will help identify those with Williams syndrome at greatest risk 

of sudden death.

MATERIALS AND METHODS

Human subjects

Study approval was obtained from the NHLBI IRB. Subjects or legal guardians provided 

written consent. Assent was obtained when appropriate. Data for all subjects and controls 

were obtained under the protocol ‘Impact of Elastin Mediated Vascular Stiffness on 

End Organs’ (ClinicalTrials.gov Identifier: NCT02840448) that recruits people with WBS 

(n=65), WBS-like conditions (n=8), and controls (n=41). The current study includes only 

those with WBS (confirmed by clinical and/or research molecular testing to assure the 

equivalent of ELN fluorescent in situ hybridization (FISH) positive testing) and controls. 

Standard clinical histories and physical examination were obtained.

Human echocardiographic examination

Complete transthoracic echocardiograms were performed using commercially available 

systems and measured according to American Society of Echocardiography guidelines.

Ambulatory ECG recordings and HRV analysis

Standard ambulatory ECG monitors were used for 24-hour recordings. All data were 

reviewed on-site by an ECG telemetry nurse (KS) and by a pediatric cardiologist with 

advanced clinical electrophysiology training (MDL). The recorded data were analyzed 

using Spacelabs Impresario (version 3.07.0158) program. Non-normal beats were detected, 

coded and excluded from subsequent HRV analysis using standard methods. Tracings were 

reviewed for electrical and mechanical noise artifact and these portions of tracings were 

similarly excluded from subsequent analysis. Recordings with less than 22 hours of non-

artifactual data were excluded.

A text file indicating NN intervals in milliseconds was exported. Rstudio 1.1.463(19) was 

used to remove non-normal beats and re-order data start-time to 8am. The subsequent text 

file was imported into Kubios HRV Version 1.0 with an artifact correction threshold of 0.3 

seconds. HRV analysis was performed as recommended by the 1996 ESC and NASPE HRV 

task force(20) and European Heart Rhythm Association(21). No de-trending was performed. 

Time-domain metrics included NN interval, pNN50, RMSSD, SDNN, SDNNi and SDANN 

were calculated using 12-hr and 24-hr segmented data. Frequency-domain metrics included 
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VLF(0–0.04 Hz), LF(0.04–0.15 Hz), and HF(0.15–0.4Hz) measured using 5-minute non-

overlapping segments of the 24-hour recording. Frequency-domain analysis was conducted 

using a Lomb-Scargle periodogram with a smoothing window width of 0.02Hz. Frequency-

domain parameters were transformed by the natural log and cohorts were compared using 

unpaired parametric tests. Non-linear metrics included SD1, SD2, SD1/SD2, DFA1(DFA 

α1 de-trending fluctuation short-ten scaling exponent) and DFA2 (DFA α2, long-term 

scaling exponent; P=NS, not reported) (22), ApEn (Approximate entropy)(23), and SampEn 

(Sample Entropy)(24) measured using 1-hr non-overlapping intervals. SampEn and ApEn 

were calculated using subseries length m=2 and tolerance r = 0.2 multiplied by the standard 

deviation of the data. For DFA, the limits of short-term (DFA1) and long-term (DFA2) 

fluctuations were 4–12 beats and 13–64 beats, respectively (DFA2 statistically insignificant, 

so not included). Hourly segmented Poincare plot morphology was reviewed for each hour 

of each subject or control and classified as (a) comet-like (b) ball-like (c) asymmetric 

and/or complex or (d) torpedo-like; classifications were tallied and results were compared 

by group(25). Sleep abnormalities were investigated by estimating respiratory rate using 

power spectral density plots and by computing and comparing time in “cyclic variation of 

heart rate (CVHR)” using low and high amplitude thresholds between cohorts(26–28). High 

and low amplitude CVHR were based on work by Stein et al: 1.High amplitude CVHR: 

>3 consecutive cycles of HR changes of at least 20 beats from the minimum HR before 

the arousal to the maximum HR during the arousal of at least 10 seconds duration and less 

than 2 minutes between cycles; 2. low amplitude: heart rate changes of 6 or more bpm from 

prior baseline rate (but retaining all other features of the high amplitude definition)(26). 

Subjects or controls with “0” minutes of CVHR prior to natural log transformation had 

values replaced with “0.5” to prevent signal loss.

Statistics

Subsequent analyses between study subjects and controls were performed using GraphPad 

Prism version 9.0.0 for Mac, (GraphPad Software, San Diego, California USA, 

www.graphpad.com.) and SAS 9.4 (SAS Institute, Cary, NC). Mann-Whitney tests and 

Chi-square tests were used to evaluate the difference between WBS subjects and controls. 

Scatterplot graphs display a bar signifying median of the distribution, except for frequency 

domain parameters (transformed by the natural log: means graphed). Subjects who 

underwent cardiothoracic surgery are displayed as open red triangles (no CT surgery who 

are displayed as closed red squares). Non-linear measures (SD1, SD2, SD1/SD2, DFA1, 

ApEn, and SampEn) were examined using mixed-effects model to account for 24-hour 

repeated measurements with adjustments of age, sex, and hour of day; these measures 

were reported and displayed as least-square mean (lsmean) +/− standard error (stand err.). 

Stratified daytime and nighttime analyses were conducted using measurements from 8am 

to 8pm as daytime, and from 8pm to 8am as nighttime. A p-value <0.05 is considered 

statistically significant, and Supplemental Table 1 displays false discovery rate (FDR) 

adjusted p-values for all comparisons. P-values less than 0.001 were reported as P<0.001.

Study subjects and control inclusion and exclusion

Patient accrual for the study commenced December 6, 2016. As of March 30, 2021, there 

have been 65 subjects with WBS (as defined by ELN FISH positivity equivalence) and 41 
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controls between ages 3–65 years enrolled. Subjects and controls were permitted to opt out 

of any testing, but inclusion required >22hour ambulatory ECG non-artifactual recording 

and an age-matched (less than 2 years in children (under 20yo) or within 5 years of adult 

subject’s age (21 years and over) control with complete ambulatory ECG recording. Further, 

artifact could comprise no more than 5% of the recording.

Patient exclusion criteria

See Supplemental Figure 1 for full inclusion/exclusion scheme. Four controls were excluded 

from analysis because HRV results diverged from the remaining controls, including one 

control with documented anxiety disorder and one control who had spontaneous ventricular 

tachycardia. Further exclusions occurred because bundle branch morphology precluded 

accurate rhythm assessment, chronic beta blockade treatment or absence of a Holter meeting 

quality control metrics. We also excluded children under 12 years of age. Following 

exclusion, the remaining 23 subjects with WS and 24 controls were matched for age and sex. 

Five subjects and six controls did not have a suitable match leaving 18 cases with WS and 

18 controls for analysis.

Results

Demographics

Subject and control demographic data are summarized in Table 1. There were no differences 

in age, sex or BMI distribution between WBS subjects and controls (Table 1). By contrast, 

average 24hr heart rate (HR) was higher in the WBS group(Fig. 1A, P<0.0001)(Supp Fig 

2,3). Cardiac systolic function was normal in all study participants(EF=60% or greater). 

Two WBS subjects had aortic surgery(none with significant residual stenosis); one patient 

also had pulmonary artery intervention. Three WBS subjects had mild supravalvar aortic 

stenosis. Controls showed no vessel stenosis.

HRV analysis of complete 24hour recording period

Figure 1 summarizes results for all time- and frequency-domain and non-linear statistics 

(total 24hour period).

Time-Domain Parameters

All time-domain parameters showed diminished variability in WBS subjects compared to 

controls. Findings are summarized in Figure 1:(Fig. 1B, SDNN, P=0.0001); (Fig. 1C, 

SDANN P<0.0001);(Fig. 1D, SDNNi, P=0.0002);(Fig. 1E, pNN50, P=0.0007), and (Fig. 

1F, RMSSD, P=0.0004)). Additionally, premature ventricular contraction(PVC) count was 

significantly higher in the subject group compared to controls(Fig. 1G, PVC, P=0.0116).

Frequency Domain Parameters

Data were segmented into 5-minute non-overlapping intervals for subsequent frequency 

domain analysis. lnVLF power, lnLF power, lnHF power and lnTotal power all demonstrate 

significant differences between WBS subjects and controls: WBS lnVLF power(Fig. 1H), 

lnLF power(Fig. 1I), lnHF power(Fig. 1J) and lnTotal power(Fig. 1K) were lower than 
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control values; LF/HF ratio(Fig. 1L) and normalized LF power(Fig. 1M) values were higher, 

while normalized HF power(Fig. 1N) was lower than control: (lnVLF, P=0.0002)); (lnLF 

power P=0.0024)); (lnHF power, P=0.0038)); (LF/HF ratio, P=0.0736)); (normalized LF 

power, P=0.1500); (normalized HF power, P=0.1500)). Neither respiratory rate determined 

by hourly power spectral density plot, nor CVHR (low and high amplitude) showed 

significant differences between cohorts (Supplemental Fig. 4).

Non-linear Parameters

Non-linear measures were quantified using hourly segments and then control and WBS 

subject cohorts were compared using mixed-effect models to account for 24-hour repeated 

measurements. These parameters were significantly diminished in subjects vs. controls 

for the following: SD1, P<0.0001 (Fig. 1O), SD2, P<0.0001 (Fig. 1P), and SD1/SD2, 

P<0.0001 (Fig. 1Q), ApEn, P=0.0116 (Fig. 1S), and SampEn, P=0.0222 (Fig. 1T). DFA1 

was increased in WBS subjects compared to controls, P<0.0001 (Fig.1R). In addition 

to quantitative SD1, SD2, and SD1/2 non-linear data analysis, hourly Poincaré plot 

morphology demonstrated two or more “torpedo-like” plots in 11 of 18 subjects compared to 

0 of 18 control subjects ((Fisher’s exact, P=0.0001, Fig 3).

Individual subject HR with mean control HR, HF power and LF power 24-hour graphs

Graphical display of variables over 24 hours permits additional insights into subject cohort 

abnormalities. Figure 2A displays an indicative 24-hour HR trace using data segmented 

in 5 minute intervals for a 33yo male subject(red) and mean HR from 5 similarly-aged 

(range 17–31 years) males(mean in black, with S.D. in gray). (Supplemental Figure 3 plots 

(A)indicative HR trace (red) along with male subjects(n=5, orange) and male controls(n=5 

purple) to demonstrate relative similarities of this plot to remainder of cohort (B) 

mean±SEM HR male subjects vs. mean±SEM HR male controls and (C) mean±SEM HR 

female subjects vs. mean±SEM HR female controls for comparison). Note the sinusoidal 

nature of the control trace, with higher HR during daytime and a noticeable drop in HR 

during sleeping hours(Fig. 2A). By contrast, the individual with WBS displays HRs that are 

higher than control means throughout the daytime and nighttime. There is a small drop in 

nighttime HR, but this is modest in comparison. Thus, the sinusoidal nature of the subject 

waveform is detectable, but dampened.

High frequency power is an indirect indicator of parasympathetic activity(28). Simultaneous 

graphing of both HR and HF power sheds insight into circadian variation of these 

parameters (Fig. 2B). Figure 2B displays HR(left y-axis, blue trace) and HF power(right 

y-axis, gray trace) for one control contained in Figure 2A(31yo male). Two features are 

characteristic of normal HF power: 1) HF power is low during daylight/waking hours and 

gradually increases throughout the night during sleep, peaking just before awakening(Fig. 

2B), 2) there is an inverse relationship between HR and HF power. The WBS subject’s HF 

power, by contrast, is significantly diminished, making generalizations difficult(Fig. 2C). 

Comparable traces showing HR and LF are also provided(control, Fig. 2D; subject, Fig. 

2E). LF power was previously considered an indirect sympathetic activity indicator(28), but 

this is now disputed (29). In the control, one sees a direct relationship between HR and LF 

power(Fig. 2D). LF power in the WBS subject is significantly diminished(Fig. 2E).
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Daytime vs. Nighttime HRV metrics

A breakdown of all daytime and nighttime time- and frequency-domain parameters can 

be found in Supplemental Figure 2. All time- and frequency-domain parameters at night-

time showed statistical differences between control and WBS subjects, and all daytime 

parameters showed statistically significant differences except LF/HF ratio, normalized LF 

power and normalized HF power.

Discussion

HRV abnormalities suggest autonomic abnormalities in WBS

This is the first study to detail HRV abnormalities suggesting autonomic dysfunction in 

WBS patients. We find the following abnormalities: 1. Diminished HRV 2. Diminished 

indirect measures of parasympathetic activity 3. Indirect measures of increased sympathetic 

activity(HR) (Central Figure).

Diminished HRV

Several approaches were used to probe HRV measures in WBS subjects. Each measure 

indicated significantly diminished HRV in WBS subjects. Time-domain parameters 

indicating diminished HRV included: SDNN(Fig. 1B), SDANN (Fig. 1C), and SDNNi(Fig. 

1D), and RMSSD(Fig. 1F). As SDANN tracks change throughout the entire 24-hour 

period, SDANN further reflects circadian rhythm abnormalities(20,30). Frequency-domain 

analyses similarly demonstrate decreased HRV as evidenced by significantly decreased 

power of all frequencies: (lnVLF power (Fig. 1H), lnLF power (Fig. 1I), lnHF power 

(Fig. 1J)), and lnTotal power(Fig. 1K). Non-linear mathematical analyses of a time series 

measure the unpredictability produced by a system, thereby reflecting variability. Thus, 

SD1, SD2, SD1/SD2, ApEn, and SampEn are direct measures of HRV(31,32). SD1, 

SD2, SD1/SD2, ApEn, and SampEn(Fig. 1O–T) all showed significantly diminished 

values in WBS subjects, suggesting diminished short-term and long-term variability. 

WBS subjects exhibited significantly lower values of ApEn and SampEn(Fig. 1S,T), 

suggesting increased “regularity” and reduced complexity of the R-R time series(23,24). 

Initially ApEn and SampEn were used as markers of neonatal sepsis and drops in these 

markers corresponded with loss of beat-to-beat variability and preceded or corresponded 

with incipient sepsis(23,24). These non-linear markers may reflect a less robust system 

that exhibits diminished capacity to generate fluctuations and, again, possibly represent 

diminished autonomic reserve. Another non-linear marker, DFA1(Fig. 1R), was also 

abnormal in WBS subjects compared to controls; DFA1 was significant elevated compared 

to control values, suggesting a loss of fractal characteristics and loss of short-term 

variability.

Non-linear qualitative analyses also demonstrated significant differences between control 

and experimental cohorts. Torpedo-like Poincare plot morphology was seen in at least 

two hourly plots in 11 of 18 study subjects with WS and no control subjects (Figure 3). 

This morphology represents decreased RR interval range and the absence of RR interval 

dispersion commonly seen in healthy controls at longer RR intervals; hence it’s an easily 

recognizable manifestation of diminished HRV frequently identified in study subjects but 
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not controls(25). Based on these findings, we suggest that Poincare plot morphology 

analysis may serve as a more easily derived and accessible screen of HRV abnormalities 

prior to initiating more time-intensive and less intuitive analyses.

Diminished markers of parasympathetic activity

Consensus exists that HRV can reliably assess parasympathetic activity indirectly(28,33–

35). We chose the following as indirect measures of parasympathetic activity and found all 

had significantly diminished values in WBS subjects: RMSSD(Fig. 1F), pNN50(Fig. 1E), 

HF power (1J), and SD1(Fig. 1O), which likely have mathematical interrelatedness.

Heart rate and circadian abnormalities consistent with possible increased sympathetic 
activity

HRV sympathetic activity markers remain elusive(34). Initially, LF power was thought 

to be a reliable indicator of sympathetic activity based on basic experiments using 

pharmacologic blockers(28); however, subsequent studies refuted this. LF/HF ratio was 

subsequently proposed as a measure of “sympatho-vagal” balance, but this, too, has proven 

inconsistent(34). We have included LF power(Fig. 1I, decreased in WBS) and LF/HF ratio 

(Fig. 1L, increased in WBS) in our analysis as recommended by the HRV task force(20), 

and because these parameters offer some, albeit imperfect, insight into sympathetic activity. 

Towards this end, LF power shows significant differences between subjects and controls, and 

LF/HF ratio shows a trend toward significance(P=0.0736).

The absence of a reliable sympathetic HRV marker is all the more disconcerting given 

that sympathetic activity underlies well-described arrhythmogenesis and heart failure 

mechanisms. Heart rate by itself, however, can offer an important window into sympathetic 

activity(12,30,31). We suggest that increased average HR(24hr)(Figure 1A), as well as 

increased daytime(Supp Fig. 2A) and increased nighttime(Supp Fig. 2K) HR all suggest 

increased sympathetic activity in WBS subjects vs. controls. Further evidence of circadian 

abnormalities can be seen when one graphs WBS HR over 24 hours(Fig. 2A). As 

demonstrated by the WBS subject trace of HR over time, the subject’s HR waveform is 

displaced upwards in the higher HR range and appears to have a dampened sinusoidal 

waveform when compared to the control, characteristic of WBS cohort(Supp Fig. 2,3).

Arrhythmogenesis and sudden death risk: HRV as a tool for risk stratification

An advantage of quantifying autonomic disturbances is that we may collect prognostic data 

tied to these markers. We caution that restraint should be exercised, however, as significant 

differences exist between populations where these markers were initially identified (older 

patients with more severe cardiovascular disease(13,25,31) and our study population. Still, 

we hypothesize that markers of diminished parasympathetic and increased sympathetic 

activity will provide prognostic value in WBS cohorts based on the observations that 

diminished parasympathetic activity and increased sympathetic activity reliably increase 

arrhythmogenesis in both model systems and human disease(16,17). Sympathetic activity 

shortens action potential duration, increases dispersion of refractoriness and increases 

early and late afterdepolarizations. These identical mechanisms also increase sudden death 

risk(18). Given this mechanistic connection to sudden death, we anticipate these measures 
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will allow caregivers a means to risk stratify WBS patients. While larger WBS cohorts and 

longer study durations will be needed before HRV tools can be applied with such precision, 

we remain hopeful that HRV measures will be a valuable tool in uncovering WBS sudden 

death mechanisms.

Mechanistic insights

In addition to guiding risk stratification, these data also suggest areas for future studies. 

Increased sympathetic activity directly promotes arrhythmogenesis by shortening refractory 

periods, increasing dispersion of refractoriness and promoting triggered activity (16,18). 

Likewise, diminished parasympathetic activity is thought to promote arrhythmogenesis 

through similar actions (16,18). By contrast, increased parasympathetic activity is thought 

to counter these pro-arrhythmic activities. Beyond these immediate direct effects, autonomic 

activity may play a larger role in cardiac health by maintaining a “reserve” for both stress 

and homeostatic responses, and the lack of “reserve” in WBS patients may predispose 

these patients to catastrophic consequences when hemodynamic or electrophysiologic stress 

occurs. Specifically, as has been shown in heart failure models, chronic sympathetic excess 

ultimately leads to post-translational modification of key ion channel and calcium handling 

proteins. While a healthy individual naïve to adrenergic sympathetic exposure might be 

able to muster “super-human” strength in response to an acute insult, the individual with 

WBS chronically exposed to sympathetic excess might retain only limited capacity to 

further increase HR or contractility in a similar “stress” situation. Likewise, parasympathetic 

activity is thought to have healing, restorative and anti-arrhythmic properties. In response 

to a hemodynamic or electrophysiologic insult, the WBS subject may be balanced 

on the precipice and easily lapse into VF, while healthy individuals harbor sufficient 

parasympathetic reserve that their myocardium does not support maintenance of the 

abnormal rhythm. Those with WBS have diminished autonomic reserve as a result of the 

described abnormalities and may be predisposed to negative outcomes because they lack 

the ability to mount an appropriate homeostatic response. Figure 3 summarizes our study 

findings and provides the inferred cellular framework through which these findings can be 

understood from a mechanistic standpoint.

Study limitations

Study limitations include the relatively small sample size. Future studies aimed at testing 

HRV risk stratification usefulness will benefit from a larger enrollment and longer follow-up 

period. We also caution the application of these methods in clinical care. HRV is a research 

tool for analyzing cohorts and this analysis is not easily applied to investigating a single 

patient’s autonomic status at this point.

Conclusions

In conclusion, our results suggest WBS subjects have diminished autonomic reserve, 

characterized by diminished heart rate variability, circadian abnormalities, diminished 

parasympathetic activity, and possibly increased sympathetic activity. This diminished 

reserve may represent diminished capacity for cardiovascular compensation in the face of 

hemodynamic or electrophysiologic insult, and, thus, may represent a mechanistic link to the 
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increased sudden death risk seen in patients with WBS. Findings here may ultimately aide in 

patient risk stratification as well as in the quantitative assessment of therapeutic autonomic 

interventions for WBS patients. Further study will be needed to realize these goals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HF power high frequency power, (in ms2)

HR heart rate (bpm)

HRV heart rate variability

LF/HF ratio of low frequency power to high frequency power

LF n.u. normalized low frequency power,(%)

LF power low frequency power, (in ms2)

ln natural log

NN normal to normal beat interval

pNN50 percent of NN intervals different from previous by 50% or more of 

local average

RMSSD root mean square of successive differences of NN intervals, (in msec)

SampEn Sample Entropy

SD1 short axis of Poincaré plot (in msec)

SD2 long axis of Poincaré plot (in msec)

SD1/SD2 short axis of Poincaré plot divided by long axis of Poincaré plot (in 

msec)
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SDANN standard deviation of average NN for 5-minute intervals over 24 

hours, (in msec)

SDNN standard deviation of NN intervals (in msec)

SDNNi average of 5-minute standard deviations of NN intervals for 24 hours, 

(in msec)

VLF power very low frequency power, (0–0.04Hz), (in ms2)
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Clinical competencies

Competency in medical knowledge and patient care:

People with Williams-Beuren syndrome are at increased risk of sudden death that appears 

strongly correlated with anesthesia administration. In a cross-sectional prospective study 

of Williams-Beuren syndrome subjects, heart rate variability and indirect markers of 

parasympathetic activity were significantly diminished compared to controls, which may 

help identify those at risk for sudden death.

Translational outlook:

Williams Beuren syndrome patients have increased sudden death risk. This study 

suggests both a critical biomarker for risk stratifying these patients as well as potential 

therapeutic intervention that may be enlisted to diminish or prevent this feared outcome. 

Prospective trials of such interventions in people with WBS should be considered to 

determine safety and efficacy of this approach.
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Figure 1. WBS subjects display significant autonomic dysregulation as measured by non-linear, 
time- and frequency-domain HRV analyses from 24hr ECG recordings.
Scatter plots comparing WBS subjects (n=18) and controls (n=18) shown for the following: 

(1)Time-domain analysis derived from 24 hour data segments: (A)Avg HR (B)SDNN 

(C)SDANN (D)SDNNi (E)pNN50 (F)RMSSD, (G)PVC count (2)Frequency-domain 

analysis: (H)lnVLF power (I)lnLF power (J)lnHF power (K)lnTotal Power (L)LF/HF ratio 

(M) LF power (normalized) (N) HF power (normalized) comparing control and WBS 

subject cohorts. Mann-Whitney test were performed for comparisons of data not transformed 

by natural log and unpaired parametric T-tests were performed where data has been 

transformed by the natural log. (derived from 24hour data segmented into 5 minute intervals) 

(3)Non-linear analyses using mixed-effect model on 24hour data segmented into 1 hour 

intervals: (O)SD1, (P)SD2, (Q)SD1/SD2, (R)DFA1, (S)ApEn and (T)SampEn comparing 
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control and WBS subject cohorts. Graphs display median for non-transformed data, mean 

for transformed data and estimated mean±standard error for mixed model effect data. P-

values displayed for all parameters. WBS subjects who underwent CT surgery are displayed 

as open triangles, while WBS subjects not requiring cardiac surgical palliation are displayed 

as filled squares.
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Figure 2. Indicative trace from WBS subject and sex- and age-matched controls show circadian 
abnormalities and diminished parasympathetic activity.
(A) 24hr recording of mean heart rate(bpm) for WBS subject(red, 33yo male) graphed 

with control HR mean(black)±SD (gray) (males, 26–40yo, (n=5)). Compared to control HR 

trend(sinusoidal), subject HR trend appears dampened and displaced upward consistent with 

increased sympathetic activity. Simultaneous graphs of HR(left Y-axis, blue line) and HF 

power(right Y-axis) (parasympathetic activity correlate), displayed for control (31yo male) 

(B) and WBS subject (33yo male) (C) simultaneously. Control(B) tracing shows lower HF 

power during the day and rises through night, peaking just before awakening. By contrast, 

subject HF tracing(C) shows significantly diminished HF power without significant pre-

waking rise. HR(left Y-axis, blue line) and LF power(right Y-axis), graphed simultaneously 

for control(D) and WBS subject(E).
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Figure 3. Poincaré plot morphologic evaluation from hourly segmented data.
Poincare plots constructed from hourly-segmented data showing: (A) “comet-like” 

morphology (typical, considered normal) (B) ”ball-like” plot (C) asymmetric “complex” plot 

and (D) bimodally distributed plot (A-D from controls); Two examples of “torpedo-like” 

plots from subjects (E) and (F). Eleven of eighteen subjects showed 2 or more torpedo-

shaped plots, while no control showed such. Axis scales are not uniform.

Levin et al. Page 17

JACC Clin Electrophysiol. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Central Illustration.
Summary heart rate variability (HRV) findings with graphical explanation of inferred 

underlying cellular processes. Prospective cross-sectional study of Williams-Beuren 

Syndrome subjects(n=18) and age/sex matched controls(n=18) reveal autonomic 

abnormalities that suggest increased sudden death risk: increased sympathetic activity, 

diminished parasympathetic activity and diminished HRV. Cardiomyocyte firing rate 

and contractility are modulated by sympathetic and parasympathetic inputs via PKA 

phosphorylation of calcium handling proteins (L-type Ca2+channel(LTCC), ryanodine 

receptor (RYR), and phospholamban’s (PLB) effects on smooth ER Ca2+ ATPase (SERCA) 

that can significantly increase arrhythmia and sudden death risk. Heart rate variability 

(HRV) analysis enables quantification of sympathetic and parasympathetic activity for 

subsequent risk stratification.
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Table 1.

Patient Demographics

Control
(n=18)

WBS Subject
(n=18)

P-value

% female 72.2 72.2 NS*

Age (years)
(median; IQR)

23.1;8.8 24.05;10.45 NS

BMI (kg/m2)
(median; IQR)

22.8;6.15 22.90;8.47 NS

%EF >60% 100 100 NS*

% CT surgery 0 11.1 <0.01

% current SVAS 0 16.7 <0.01

Abbreviations: BMI, body-mass index; kg/m2, kilograms/meters2; IQR, inter-quartile range; EF, ejection fraction; CT, cardio-thoracic; SVAS, 
supra-valvar aortic stenosis. All above values Mean±SD.

*
P-values were from Chi-Squared(for sex and % EF>60%) and Mann-Whitney U test(remaining variables)
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