Pediatric Cardiology (2018) 39:869-883
https://doi.org/10.1007/500246-018-1881-0

REVIEW ARTICLE

@ CrossMark

Heart Rate Variability and Cardiopulmonary Dysfunction in Patients
with Duchenne Muscular Dystrophy: A Systematic Review

Talita Dias da Silva'2® - Thais Massetti*© - Tania Brusque Crocetta*® - Carlos Bandeira de Mello Monteiro®
Alex Carll?® . Luiz Carlos Marques Vanderlei*© - Carlie Arbaugh® - Fernando Rocha Oliveira’ -
Luiz Carlos de Abreu’® . Celso Ferreira Filho® - John Godleski*® - Celso Ferreira®

Received: 4 December 2017 / Accepted: 4 April 2018 / Published online: 25 April 2018
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract

Duchenne muscular dystrophy (DMD) is a genetic recessive disorder with progressive muscle weakness. Despite the general
muscle wasting, degeneration and necrosis of cardiomyocytes have been the main causes of morbidity and death in indi-
viduals with DMD. Cardiac failure is generally preceded by disturbances in heart rate variability (HRV), and non-invasive
measurement of the autonomic nervous system has been an important tool to predict adverse cardiovascular events. Hence,
the application of HRV to study autonomic modulation in DMD individuals, and the establishment of correlations between
HRYV and heart/lung diseases, age, and mortality will have the potential to improve quality of life and life expectancy of
individuals with DMD. In order to evaluate the state of the art in this field, we conducted a systematic search in Medline/
PubMed and BVS (virtual library in health) databases. We selected 8 studies using pre-defined criteria and meta-analysis
revealed decreased parasympathetic activity and increased sympathetic predominance in individuals with DMD as major
observations. Moreover, there is a strong association between diminished HRV and myocardial fibrosis with DMD. These
patterns are evident in patients at early-stage DMD and become more prominent as disease severity and age increase. Thus,
data minning clearly indicates that HRV assessment can be used as a predictor for sudden death in individuals with DMD.
The use of the HRV, which is inexpensive, ubiquitously available in clinics and hospitals, and a non-invasive analysis tool,
can save lives and decrease the morbity in DMD by alerting care givers to consider autonomic nervous system intervention.
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Abbreviations pNNS50 Percentage of differences between RR inter-
DMD Duchenne muscular dystrophy vals with an absolute value greater than 50 ms
HRV Heart rate variability CVir Coefficient of variation of the RR interval
BVS Virtual library in health P,CO, Partial pressure of carbon dioxide (CO,) in the
Mean RR  Mean of the RR intervals arterial blood
RMSSD  Square root of the mean of squared differences LF Low frequency
between successive beat intervals HF High frequency
SDNN Standard deviation of all normal RR interval VLF Very low frequency
SDANN  Standard deviation of the means of normal-to- ANS Autonomic nervous system
normal heart periods obtained from all 5-min BNP Brain natriuretic peptide
periods throughout the whole data series FS Fractional shortening
SDNNi Average of the standard deviations of all TTE Trans-thoracic echocardiography
normal-to-normal intervals calculated from all TD Tissue doppler imaging
5-min periods of a 24-h recording period MRI Magnetic resonance imaging
cMR Cardiac magnetic resonance
LGE Late gadolinium enhancement
- ] WMA Wall motion analysis
P4 Talita Dias da Silva o .
fi.talitadias @gmail.com QMT Quantitative muscle testing
ACE Angiotensin-converting enzyme inhibitors
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PRISMA  Preferred reporting items for systematic
reviews and meta-analyses

PICO Population intervention comparison outcome
SMD Standard mean differences

SD Standard deviation

Introduction

Duchenne muscular dystrophy (DMD) is a X-linked reces-
sive disorder affecting approximately 1 in 5000 males [1, 2].
The disease is characterized by progressive muscle wasting,
which affects to a variable extent the functionality of appen-
dicular and axial muscles. Furthermore, muscles controlling
vital functions, such as respiration and cardiac movement,
are frequently affected [3]. In this context, the main cause
of death in DMD patients was respiratory failure, but the
development of personal devices for respiratory support
have significantly increased life expectancy of patients with
DMD. More recently, progressive cardiac disorders are the
main cause of DMD patient loss and morbity [4, 5].
Degeneration and necrosis of cardiomyocytes are among
the main traits of the Duchenne syndrome. Interestingly,
the majority of DMD patients are free of cardiovascular
symptoms, which limits the use of conventional diagnostic
methods to prevent heart failure and death of individuals.
However, DMD patients often exhibit abnormalities in cir-
cadian rhythm and heart rate variability (HRV), progressing
to severe congestive heart failure [4, 6-11]. Thus, assess-
ment of cardiac electrophysiology could provide patterns of
dysfunction that could forecast the course of decline [12].
Accordingly, resting heart rate is a simple measurement with
important prognostic implications [13, 14]. In addition, HRV
provides a well-characterized, non-invasive means to quanti-
tatively and indirectly assess the autonomic nervous system
(ANS) that controls cardiac physiology. The approach is
based on fluctuations of intervals between consecutive heart
beats (RR intervals) [13]. Indeed, alteration in HRV has been
demonstrated to predict adverse cardiovascular events .
Since 1995, several studies have assessed HRV of indi-
viduals with DMD. Reviewing the role of HRV in DMD
has considerable merit to identify common influences of
sympathetic and parasympathetic branches of the ANS,
pulmonary diseases, age and/or stage of the disease, influ-
ence of medication on improving autonomic modulation,
and the use of HRV as a predictor of sudden death. Since
heart failure has recently been identified as the leading cause
of death in DMD patients, a current working hypothesis is
that HRV may provide a reliable tool not only for assessing
autonomic-cardiac modulation, but also for predicting risk
of heart failure and mortality in DMD patients. The goal
of this review is to improve our understanding of the influ-
ence of DMD on the ANS and, thereby, provide support
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for better therapies for individuals with DMD. Despite the
relevance of this subject, there have been no meta-analyses
on the relationship of DMD and HRV focusing upon the
prognosis of cardiac decline. Thus, this work aims to synthe-
size our knowledge of autonomic modulation in individuals
with DMD and establish correlations with heart diseases and
progression of DMD.

Method

This review was performed according to the Preferred
reporting items for systematic reviews and meta-analyses
(PRISMA) guidelines, thus providing a comprehensive
framework which objectively assesses indicators of quality
and risk of biases of included studies [15]. The protocol for
this review was not previously registered.

The scientific works were screened in the Medline/Pub-
Med and BVS (virtual library in health) databases for the
following inclusion criteria: study populations with diag-
nosis of DMD and analysis of heart rate variability. There
were no restrictions on minimum sample size. Articles were
excluded if they (1) were not data-based (e.g., books, theo-
retical papers, or secondary reviews), (2) were not written
in the English language, (3) had populations not explicitly
identified as having a diagnosis of DMD, or (4) did not
include heart rate variability analysis.

All identified studies were collected in EndNote Web
(Thomson Reuters) and duplicates were removed. The article
search occurred in Medline/PubMed, PubMed Central, and
Web of Sciences databases, through keywords that should
be in all fields. We included articles that showed the terms:

“Muscular Dystrophy, Duchenne” AND “heart rate
variability”

“Muscular Dystrophy, Duchenne” AND “heart rate
variability” OR “autonomic nervous system”

Finally, reference lists of retrieved studies were thor-
oughly searched for additional relevant studies. Key words
and combinations of key words were used to search the elec-
tronic databases and were organized following the Popula-
tion Intervention Comparison Outcome (PICO) model. In
this model, the search strategy was organized based on the
topics: population (P), intervention (I), control group (C),
and outcome (O), and several searches in the aforementioned
databases.

To select the articles, we used three steps as outlined in
Fig. 1: (Step 1) looking for articles in databases and reading
the titles and abstracts; (Step 2) exclusion of works by analy-
sis of title, abstract, and other inclusion criteria; and (Step 3)
full-text analysis of findings within eligible articles [16, 17].

After performing the initial literature searches, each study
title and abstract was screened for eligibility according to
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Fig. 1 Steps used in study
selection

Search for articles in
databases

the inclusion criteria by TDS. Full texts of all potentially
relevant studies were subsequently retrieved and further
examined for eligibility. The PRISMA flow diagram (see
Fig. 2) provides more detailed information regarding the
selection process of studies.

Although the Cochrane Collaboration tool for assessing
the risk of bias can be useful when studies on a review topic
are numerous, given the relatively low number of papers on
HRYV and DMD, we believe that this tool would prohibitively
diminish the number of papers in this review. We believe

Exclusion of works by

redetermined criteria
: Analysis of eligible

studies

that in the future the use of this tool would be feasible in an
updated review of the topic.

Data Analysis

We conducted a meta-analysis (using metafor package in
R software, version 3.1.2) to compare “DMD” to “Con-
trol” subjects in the studies that presented absolute val-
ues of mean standard deviation of all normal RR intervals
(SDNN), square root of the mean of squared differences

Fig.2 Procedures for determi-
nation of eligibility. Adapted = Articles identified
from Moher et al. [18] S PubMed/MedLine and Web of Science
§ “Muscular Dystrophy, Duchenne” AND “heart rate variability”
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between successive beat intervals (RMSSD) and percentage
of differences between RR intervals with an absolute value
greater than 50 ms (pNN50), (mean + SD) using “standard
mean differences” (SMD) +95% confidence intervals (CI).
Random effects models were used, as were appropriate tests
for heterogeneity.

Results
Study Selection

Distinct databases were searched and 38 works focused on
DMD and HRV were identified. Next, the 38 articles were
evaluated based on the redundancy, originality, and language
(English). These criterions excluded 25 out the 38 papers.
Further analysis screened out five works that did not include
any analysis of HRV indices. The remained 8 studies were of
an empirical nature designed as a cross-sectional case con-
trol [4, 11, 19, 20], cross-sectional [5, 21], prospective case
control cohort [19], and a prospective cohort [7] (Table 1).
Together, the dataset comprises 549 DMD and 142 healthy
participants, and covers distinct ethnic groups: Japanese [5,
7,19, 22], German [21], Indian [4], Italian [11], and Ameri-
can [20].

The study conducted by Yotsukura et al. [19] was the first
study to analyze HRV in DMD patients. They investigated
whether HRV and circadian rhythm were useful in assess-
ing autonomic dysfunction in DMD by comparing patients
with different stages of DMD (mild, moderate, and severe)
to normal patients. They found significant increases in rela-
tive sympathetic influence and decreases in parasympathetic
modulation. The pattern was highly associated with disease
progression and severity, and indicated that HRV and cir-
cadian rhythm of HRV are useful in assessing autonomic
dysfunction in DMD. These findings were later validated
[22] with a broader case control cohort study. Specifically,
they observed progression of autonomic imbalance in DMD
over a 9-year period as indicated by decreases in multiple
linear HRV parameters. Specifically, the authors determined
that progression of DMD was accompanied by a significant
progressive reduction in LF and HF indices, denoting an
increase in sympathetic tone and reduced vagal activity.
The most interesting finding was that there was a significant
decrease in the Mean RR, SDNN, and SDNN index in the
patients with DMD who died within 6 months.

The relationship between HRV and respiratory function
was examined by Lanza et al. [11] and Mochizuki et al. [5].
The study made by lanza et al. [11] showed weak correla-
tions between forced vital capacity and HRV indices, while
Mochizuki et al. [5] found that HRV index [CVrr coefficient
of variation of the RR interval (%)] was negatively corre-
lated with P,CO,. Based on the results, the authors proposed
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that low HRV may indicate respiratory insufficiency in
patients with DMD, since 73% of those with CVrr <3%
had hypercapnia, and 47% of them had severe hypercapnia.

Lanza et al. [11] also found no correlation between HRV
and left ventricular ejection fraction. However, Thomas et al.
[20] concluded that HRV decreased, manifesting as a pre-
dominance of sympathetic modulation (decreased SDANN,
SDNN, RMSSD, and LF) and decreased parasympathetic
modulation (decreased HF) prior to the onset of heart failure
and associated with myocardial fibrosis. The authors suggest
that the persistent activation of the sympathetic nervous sys-
tem in DMD can be a driving force in the pathological for-
mation of myocardial fibrosis. The authors also evaluated the
effect of beta blocker use on HRV and found no significant
difference on the HRV indices between DMD patients using
beta blockers and DMD patients who did not; however, the
authors did not appear to control for age or disease severity.

Dittrich et al. [21] evaluated Holter ECG and HRV
parameters, Brain natriuretic peptide (BNP), trans-thoracic
echocardiography (TTE), tissue Doppler imaging (TD), and
magnetic resonance imaging (MRI) with late gadolinium
enhancement (LGE) and segmental wall motion analysis
(WMA) to assess diagnostic procedure efficiency of cardiac
dysfunction in DMD. They concluded that MRI with seg-
mental LGE and WMA were better than TTE and TD in
exploring regional distribution and severity of myocardial
damage. ECG and HRV abnormalities were common in their
DMD population, but not highly predictive for segmental
and global left ventricular dysfunction. Another important
finding of this study was that 76% of DMD patients had
altered HRYV, and the authors concluded that the clinical pat-
tern of cardiomyopathy in DMD patients aged 6-20 years
was heterogeneous and not strictly age-dependent.

Inoue et al. [7] compared HRV indices with serum levels
of BNP and Fractional Shortening (FS), finding that even
when BNP and FS were normal, DMD patients presented
with decreased SDNN. The mean heart rate at night was
71 beats/min, compared to the mean heart rate throughout
the day of 57 beats/min. This heart rate difference had higher
sensitivity and specificity compared to other measures in
predicting abnormalities in SDNN. Also, the power of HF
and pNN50 decreased with age, but LF/HF and SDNN did
not vary with age. These findings again indicated HRV
decreases with the severity of the disease and age.

Dhargave et al. [4] and Mochizuki et al. [5] were the
only research groups to use short-term HRV measures (5
and 3 min, respectively) in DMD patients. Both found that
short-term HRV was as reliable as long-term analysis and
indicated relative sympathetic dominance in DMD patients
compared to controls.

The studies reviewed presented heterogeneous samples with
regard to age, level of disease, and medication. Some stud-
ies encouraged patients to avoid medication for 48 h before
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measurement [19, 22]. In the study conducted by Inoue et al.
[7], patients did not receive medication during the duration of
the study. Thomas et al. [20] compared DMD patients with
and without beta blockers and found no differences between
the two groups.

Meta-analyses—Synthesis of Results

Meta-analyses of experimental outcomes, including the calcu-
lation of weighted mean effect sizes (Cohen’s d), 95% CI, I*%,
heterogeneity, and p values from a random effects model, were
assessed with the metafor package in R (http://CRAN.Rproj
ect.org/package=metafor) [23]. All error bars in random for-
est plots are 95% CI; random forest plots were generated with
metafor and custom R scripts. The indices SDNN, RMSSD,
and pNN50 were chosen for being the indices present (with
mean and standard deviation values) in the four articles with
control group evaluation.

The results of standardized mean difference (SMD) and
95% CI for each comparison are shown in Table 2.

HRV Analysis

Modulation of heart rate depends on the integration of sym-
pathetic and parasympathetic input, and this is best reflected
by short-term oscillations in beat intervals [24]. HRV analyses
may be performed by several methods, including time domain,
frequency domain, and non-linear analysis [10, 12, 13, 25].
However, the studies analyzed by this review only used linear
indices: time and frequency domains.

Time Domain

The most common time domain indices were: RMSSD (ms),
pNN50 (%), SDNN (ms), SDANN, and SDNN:i.

RMSSD is the square root of the mean of squared differ-
ences between successive beat intervals and calculated accord-
ing to the following equation [26]:

(RR RR, )
RMSSD = \/ Z Ay

where RRi is any individual RR interval and N is the number
of RR intervals in the series of selected data. Along with
pNNS5O0, defined as the percentage of differences between
RR intervals with an absolute value greater than 50 ms,
RMSSD positively correlates with relative parasympathetic
dominance over cardiac rhythm. SDNN, which represents
sympathetic and parasympathetic activity, is the standard
deviation of the mean for all normal RR intervals expressed
in milliseconds. The SDANN (ms) is the standard deviation
of the means of normal-to-normal heart periods obtained
from all 5-min periods throughout the whole data series,
and the SDNN index (ms) is the average of the standard
deviations of all normal-to-normal intervals calculated from
all 5-min periods of a 24-h recording period [27-29]. A
study by Mochizuki et al. [5] also reported the index CVrr,
which is the coefficient of variation of RR interval (SDNN/
MeanRR*100), which is considered to reflect overall HRV
(i.e., sympathetic and parasympathetic activity) [30].

Frequency Domain

The most common frequency domain indices were low
frequency (LF), high frequency (HF), very low frequency
(VLF), and LF/HF ratio (low frequency/high frequency
ratio).

Power spectral analysis describes the periodic oscillations
of the heart rate decomposed at different frequencies and
amplitudes by Fast Fourier Transformation [31], with regard
to oscillations in cardiovascular parameters. The HF compo-
nent (0.15-0.4 Hz) is considered to indicate vagal influence
over the heart, while the LF component (0.04-0.15 Hz) is
believed to reflect both sympathetic and vagal influence and
has been correlated with baroreflex sensitivity [25, 28]. The
etiology of changes in VLF (<0.003-0.004 Hz) remains
unclear, but VLF has been shown to predict adverse cardiac
events in heart failure patients [20]. The LF/HF ratio is an
index for overall sympatho-vagal balance. A ratio greater
than one is an estimate of sympathetic dominance, while a
LF/HF ratio less than one is associated with parasympathetic
dominance [22, 31, 32].

Table 2 Outcome measures

. - Outcome SMD (95% CI); Heterogeneity % Number of ~ Number

in the rr}eta—analyms of p value patients of stud-

comparisons between all ies

Duchenne muscular dystrophy

patients and healthy control SDNN —1.70 (=2.76, —0.65); p=0.0015  <0.0001 93.1 384 4

subjects in HRV measures RMSSD  —0.97 (—1.59, —0.36); p=0.0018 0.0006 82.6 384 4
pNN50 —1.03 (—1.55, —0.51); p=0.0001 0.0024 75.8 384 4

SDNN standard deviation of all RR intervals, RMSSD square root of mean squared differences of succes-
sive RR intervals, pNN50 percentage of differences between adjacent RR intervals > 50 ms
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Time Domain Analysis (SDNN, RMSSD, pNN50)

A total of four studies provided analyzable data for time
domain analysis of HRV (SDNN, RMSSD, and pNN50)
with 384 patients. A statistical difference was observed
in SDNN, RMSSD, and pNN50 (Figs. 3, 4 and 5, respec-
tively). During analysis, heterogeneity (p <0.01) of the
combined data was found for all time domain parameters.
One study, in which only the mean values were reported,
was not included in the analysis. Four studies did not
include a control group, and therefore, were not included
in the analysis.

For SDNN, DMD patients are estimated to present with
an SDNN that is on average about one and half stand-
ard deviations below the SDNN of controls (u*=-1.70
with 95% CI —2.76 to — 0.65), but there is a considerable
amount of heterogeneity in the findings (as indicated by
the large estimate of 2=1.05, the large I>=93.1% value,
and the significant Q(df =3)=155.1438, p <0.0001).

Meta-analysis of SDNN effect sizes on DMD and con-
trols is shown as a forest plot of standardized effect sizes
(Cohen’s d). Error bars indicate the 95% confidence inter-
vals of d. The weighted average mean effect size of all
studies is represented by the central vertices of a black
diamond; the outer vertices indicate the 95% confidence
intervals. Control and DMD samples sizes (n), mean and

standard deviations SDNN (SD) of the studies are given.
The I? of 93.1% indicates a high level of heterogeneity.

For RMSSD, similar to SDNN above, DMD patients
are estimated to present with a RMSSD that is on average
about one standard deviation below the RMSSD of con-
trols (u*=—10.97 with 95% CI —1.59 to —0.36), but there
is a considerable amount of heterogeneity in the findings
(as indicated by the large estimate of 7>=0.31, the large
I>=82.6% value, and the significant Q(df =3)=17.4120,
p=0.0006).

Considering pNN50, similar to SDNN and RMSDD
above, DMD patients are estimated to present with a pNN50
that is on average about one of the standard deviations below
the pNN50 of controls (u*=—1.03 with 95% CI —1.55 to
—0.51), but there is a considerable amount of heterogene-
ity in the findings (as indicated by the large estimate of
2=0.21, the large I*=75.8% value, and the significant
0(df=3)=14.3906, p =0.0024).

Discussion

The studies that met our meta-analysis criteria showed that,
even with heterogeneity in the results, the indices evaluated
(SDNN, RMSSD, and pNN50) were very significantly dif-
ferent in DMD patients when compared to controls. It is well

Author(s) and Year n SDNN(SD) n SDNN(SD) _*%Weight SMD [95% CI]
Duchenne Control ;

Thomas et al., 2015 74 86(26.5) 17 145(39.8) —a— 2528% -1.99[-2.60,-1.39])

Dhargave et al., 2014 124 53.4(26.9) 50 60.6(28.9) »—l* 26.83% -0.26[-0.59, 0.07)

Lanza et al., 2001 60 94.5(28.9) 28 164.7(44.6) —— 25.70% -2.01[-2.55,-147]

Yotsukura et al., 1998 17 97(24) 14 198(46) ——=— 2219% -2.76[-3.75,-1.78 ]

Overall (I-squared = 93.1%, p<.0001)

Fig.3 Meta-analysis comparing Duchenne muscular dystrophy
(DMD) to “Control” subjects for studies, which presented absolute
values of SDNN (mean=+SD in ms) using “Standard mean differ-
ences” (SMD)+95% confidence intervals (CI). Effect sizes and con-
fidence intervals are based on standardized mean differences in dis-

——i—— ;100.00% -1.70[-2.76 ,-0.65]

| | I I | 1
400 200 000

Standardized Mean Difference

crimination (d’). The polygon at the bottom of the panel represents
the summary effect calculated using a random effects model. The
square marker size indicates weight within the model. Weights are
from the random effects analysis
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Author(s) and Year n RMSSD(SD) n RMSSD(SD) %Weight SMD [95% CI)
Duchenne Control :
Thomas et al., 2015 74 30(19.7) 17 45(29.5) '—l—1 2529% -0.68[-1.22,-0.15]
Dhargave et al., 2014 124 52.1(33.2) 50 64.6(43.2) v—l—a 28.75% -0.34[-0.67,-0.01)
Lanza et al., 2001 60 39.5(17.5) 28 T724(34.3) —a— 26.10% -1.35[-1.85,-0.86)
Yotsukura et al., 1998 17 29(9) 14 47(11) — 19.86% -1.76[-2.59,-0.93]

Overall (I-squared = 82.6%, p=.0006)

Fig.4 Meta-analysis comparing Duchenne muscular dystrophy
(DMD) to “Control” subjects for studies which presented absolute
values of RMSSD (mean+SD in ms) using “Standard mean differ-
ences” (SMD)+95% confidence intervals (CI). Effect sizes and con-

- 5100.00% -0.97[-1.59,-0.36 ]
-3.00 -1.50 0.00

Standardized Mean Difference

fidence intervals are based on standardized mean differences in dis-
crimination (d’). The polygon at the bottom of panel represents the
summary effect calculated using a random effects model. The square
marker size indicates weight within the model

Author(s) and Year n pNN50(SD) n pNN50(SD) %Weight SMD [95% CI)
Duchenne Control '
Thomas et al., 2015 74 10(11) 17 21(13.8) —— -0.94[-1.49,-040]
Dhargave et al., 2014 124 21.7(18.8) 50 30.3(21.2) - -044[-0.77,-0.11]
Lanza et al., 2001 60 11.6(8.5) 28 27.3(14.1) —a— -1.47[-1.97,-0.97]
Yotsukura et al., 1998 17 97) 14 19(6) —_ -1.48[-2.28 ,-0.68)
Overall (I-squared = 75.8%, p=.0024) B -1.03[-1.55,-0.51)
250 -1.00

Fig.5 Meta-analysis comparing Duchenne muscular dystrophy
(DMD) to “Control” subjects for studies which presented absolute
values of RMSSD (mean=+SD in ms) using “Standard mean differ-
ences” (SMD)+95% confidence intervals (CI). Effect sizes and con-

known that RMSSD and pNN50 are measurements that pre-
dominantly reflect parasympathetic modulation of the heart,
and all studies found pNNS50 to be lower in DMD patients
than in controls suggesting sympathetic dominance in DMD.

@ Springer

Standardized Mean Difference

fidence intervals are based on standardized mean differences in dis-
crimination (d’). The polygon at the bottom of panel represents the
summary effect calculated using a random effects model. The square
marker size indicates weight within the model

SDNN reflects overall variability and when lower is
described as a strong predictor of death, stroke, and myocar-
dial infarction [25]. All studies analyzed in this meta-analy-
sis showed lower SDNN in DMD patients when compared to
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controls. We can conclude—in agreement with Inoue et al.
[7]—that HRV impairment may be considered as a preclini-
cal marker of cardiovascular dysfunction in DMD patients.

Given that heart failure has recently been identified as
responsible for most of the deaths among DMD patients,
it is essential to obtain an early diagnosis in order to pro-
long life expectancy and quality of life for these patients.
As a result, we found it necessary to conduct a systematic
review to characterize HRV in males with DMD, and gain a
better understanding of autonomic modulation and perhaps
prognosis.

All studies included in the review evaluated just linear
indices, as we can see in the time domains (r'MSSD, SDNN,
SDNNi, SDANN, and pNN50) and frequency domains
(LF, HF, and LF/HF ratio). SDNN and HF were the indices
that were abnormal in the most papers reviewed [4, 7, 11,
19-22], suggesting restricted tone of the parasympathetic
system for people with DMD and reduced overall heart rate
variability.

Chu et al. [33] conducted a study with mice also dem-
onstrating a preeminence of sympathetic modulation and
suggesting that the etiology of cardiac muscle disease might
be caused by autonomic dysfunction. However, none of the
papers conducted non-linear analysis, which can better
express the complex nature of heart rate variability; linear
methods can not detect this as well [12].

Furthermore, the studies analyzed in this review showed
restricted tone of the parasympathetic system and/or pre-
dominance of sympathetic tone in children as young as
5 years of age (Table 1).

HRV x Age—Disease Stage

Thomas et al. [20] showed decreased HRV in DMD patients
as young as 5 years old. Yotsukura et al. [19] showed
decreased HRV when compared to controls, a difference
that increased with disease stage. Yotsukura et al. [22]
showed that LF and HF power decreased and LF/HF ratio
increased in advanced stages of DMD. All the time domain
parameters were lower in DMD patients when compared to
controls. These three studies demonstrate that autonomic
impairment is present in patients with DMD in an early age/
disease stage, but heart failure and dyspnea (present in a late
stage of the disease) seems to increase the sympathetic activ-
ity. Inoue et al. [7] also found that HF power and pNN50
decreased with age. Mochizuki et al. [S] found a correla-
tion with HR and age, but no correlation with CVrr(%).
Lanza et al. [11] showed that HF decreased and LF/HF ratio
increased with age.

Taken together, we can speculate that disregarding the
presence of an autonomic imbalance at an early stage, age
and disease severity highly contribute to the worsening of
this imbalance.

HRV and Heart Failure Induced by Myocardial
Fibrosis

The study by Thomas et al. [20] demonstrated decreased
HRYV in DMD patients prior to the onset of heart failure, and
found an inverse correlation between HRV (SDANN) and
myocardial fibrosis. The authors demonstrated that by using
the association between positive Late Gadolinium Enhance-
ment (LGE) on cMR (cardiac Magnetic Resonance) and
SDANN, age, and maximal HR, the persistent activation of
the sympathetic nervous system seems to be a driving force
in the pathologic formation of myocardial fibrosis. In other
words, HRV can be associated with heart failure and it is a
useful tool to predict cardiac dysfunction that can lead to
early death, thus making it possible to predict prognosis and
consider treatment, aiming to increase the life expectancy of
patients with DMD, as occurred after treatment for respira-
tory insufficiency.

In the study by Inoue et al. [7], HRV data were compared
with serum levels of BNP and the SF of the left ventricle on
echocardiography. Although the BNP and SF were normal,
HRYV parameters were frequently abnormal, which shows
that the findings on the HRV indices preceded alterations
in global ventricular function (SF) and neurohumoral factor
(BNP) serum levels.

Posner et al. [34] investigated quantitative muscle testing
(QMT) and the cardiac function (FS) in DMD patients and
they found a significant relationship between skeletal muscle
and cardiac function in DMD patients. The authors suggest
that the cardiac function should be monitored, even when
the primary outcome measures are not cardiac in nature. In
order to explain the physiology of this impairment on car-
diac function, in a recent study, Barbin et al. [35] examined
diaphragm degeneration and cardiomyopathy in dystrophin-
deficient mdx mice, comparing exercised (swimming, to
accelerate the diaphragm degeneration) and sedentary. They
found fibrosis of the diaphragm and right and left ventricle,
as well as increased density of inflammatory cells/degen-
erating cardiomyocytes in both the right and left ventricles
with right ventricle predominance. There was also increased
wall thickness of the pulmonary trunk and right ventricle
which suggest pulmonary hypertension in those animals.
All those parameters were increased in mice with exercise.
The authors suggested that diaphragm degeneration may be
the main contributor to right ventricle dystrophic pathology.

The increase in sympathetic tone may be a compensa-
tory response to cardiac dystrophy that further drives DMD
patients towards heart failure (HF); it may be the primary
culprit of DMD-associated HF, or it may be a compensatory
mechanism that is mostly just secondary and has little effect
on progression of DMD patients towards failure. Because
these patients have fibrosis, it is certainly possible that the
HF is at least partly induced by increased adrenergic drive.
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HRV and Catecholamines

An important function of the heart is to adapt to increased
needs for tissue perfusion under normal physiological
conditions. This adaptation of the heart is achieved by the
activation of the sympathoadrenergic system (SAS) [36].
Thus, increased sympathetic activity stimulates the adrenal
medulla to produce and secrete increased amounts of adrena-
line and noradrenaline, as seen in the study of Dalmaz et al.
[37] in which the authors found increased amounts of uri-
nary catecholamine, mainly in a late stage of DMD, so this
increase in catecholamines seems to happen secondary to
the disease and probably as a compensatory way to improve
the decreased HRV.

In addition, Li et al. [36] stated that the SAS can persis-
tently be activated when the heart is under stress, leading
to a reduced beta-adrenergic response and it also may con-
tribute to the increase in catecholamines. In their study with
Mdx mice, they found that the hearts of Mdx mice partially
lose beta-adrenergic responses from a young age because of
myocyte loss, reduced potential for increasing myocyte con-
traction in mdx myocytes with enhanced myocyte contractile
function via molecular remodeling, and cellular desensitiza-
tion in response to the hyperactive SAS.

HRV and Beta Blockers

With a timely prognosis, the question remains if drugs for
regulating cardiac rate or cardiac protection improve HRV
to some degree. In this regard, only Thomas et al. [20] found
no treatment-related differences in HRV among those taking
beta blockers (despite a clear effect on heart rate), angioten-
sin-converting enzyme inhibitors, or angiotensin II recep-
tor blockers. Mochizuki et al. [5] also found no correlation
between CVrr and beta blocker use in DMD patients. That
is, despite reducing heart rate, beta blockers do not seem
to improve HRV. It is possible that the lack of difference
between HRV parameters in DMD patients with and without
beta blockers can be due to DMD patients who were given
beta blockers likely received it due to signs of heart failure.
As such, the beta blockers may have increased their HRV
to the extent that their HRV improved to be comparable to
DMD patients who did not need a beta blocker.

These findings contradict what is known about beta
blocker therapy: after myocardial infarction [38] and in
heart failure additional beta blocker therapy has been
shown to upregulate the fractal control of HRV in patients
with advanced congestive heart failure [39]. Similarly, de
Hartog et al. [40] found that ambient particulate matter
air pollution decreased HRV in coronary artery disease
patients, but beta blocker use partly inhibited this effect.
They found that for people without beta blockers HRV
was decreased compared to the people with beta blockers.

@ Springer

Perhaps beta blocker therapy does not work the same (with
regard to the ANS) in people with DMD as it does in other
populations. More studies are needed to better understand
the underlying physiology and pharmacology.

HRV and Respiratory Failure

The etiology of HRV decreases in DMD patients remains
only speculative. Mochizuki et al. [5] proposed that abnor-
mally low CVrr (coefficient of variation of RR inter-
val < 3%) results from respiratory insufficiency-induced
hypercapnia in patients with DMD [20]. Lanza et al. [11]
found a weak but significant correlation between auto-
nomic impairment and degree of respiratory failure. Poten-
tially corroborating these findings, Reis et al. [41] showed
that cardiac autonomic control of heart rate was associated
with inspiratory muscle weakness in coronary heart fail-
ure. Nevertheless, any causality between respiratory and
autonomic dysfunction remains only putative, and the two
may instead derive from a common unidentified mediator.
Taken together, these data suggest that impaired cardio-
autonomic regulation in patients with DMD likely results
from multiple components, potentially including not only
respiratory and mechanical cardiac dysfunction, but other
factors such as structural and functional abnormalities
of the sinoatrial node, neurohumoral, changes caused by
inactivity of patients, and abnormal mechanoreceptor- and
metaboreceptor-mediated reflexes originating from the dis-
eased skeletal muscles [11, 22].

HRV Analysis Protocol

According to time of analysis, the majority of the stud-
ies conducted HRV analyses using Electrocardiogram or
Holter for 24 h. Dhargave et al. [4] and Mochizuki et al.
[5] used 5- and 3-min analyses, respectively, but the results
were consistent with previous studies which used longer
(24-h) recording. Thus, it seems that short-term HRV anal-
ysis is a good tool to investigate for evidence of cardiac
autonomic dysfunction in children with DMD [4]. Short-
term analysis has been used recently by several research-
ers [13, 14, 42] who used a heart rate monitor for the RR
interval recording and consequently HRV analysis. This
method proved to be reliable and does not require patient
admission to a hospital for analysis (i.e., can be done on
an outpatient basis).

With 24-h analysis, Lanza et al. [11] and Inoue et al. [7]
affirm that mean heart rate during night provided the high-
est sensitivity and specificity for predicting abnormalities of
SDNN. Moreover, high frequency HRV was disproportion-
ately diminished during the night.
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HRYV as a Predictor of Death

Yotsukura et al. [19] showed that Mean RR, SDNN, and
SDNNi were significantly decreased in DMD patients within
6 months prior to death. These indices should be analyzed
carefully through long-term HRV measurement.

Future studies should evaluate the influence of beta block-
ers, angiotensin-converting enzyme inhibitors (ACE), and
steroid use on improving cardiac status of DMD patients [4].
It is important to evaluate HRV in people with DMD using
non-linear indices to predict and correlate heart failure and/
or muscle function, since these indices better express the
complex nature of HRV [12]. Without treatment, DMD tends
to culminate with fatal cardiorespiratory compromise in the
early- to mid-teens [43]. The aforementioned studies suggest
that HRV provides a useful and practical tool for predicting
DMD exacerbation and may help reveal effective therapies
by elucidating mechanisms of DMD-induced mortality.

Conclusion

A relative sympathetic dominance was evident in DMD
patients from an early stage of disease, and appeared to
become more prominent with an increase in disease sever-
ity and age. Although a few studies have observed correla-
tions between reduced HRV and pulmonary function, several
more have demonstrated worsening cardiac dysfunction with
age and disease severity. Thus, since a primary role for auto-
nomic imbalance in DMD is not well supported, continued
study is needed to fully define this possibility. Also medica-
tion to counteract the cardiac damage of this disease remains
unidentified.

Caution is needed in interpreting these results as the Chi-
Square tests demonstrated large statistical heterogeneity.
However, there were differences in SDNN, RMSSD, and
pNNS50 between DMD and controls in all studies. Moreover,
HRYV can be used as a preclinical marker of cardiovascular
complications in DMD patients, thereby enhancing diag-
nosis. Lastly, HRV assessment seemed to be a predictor of
sudden death through evaluation of the Mean RR, SDNN,
and SDNN:i indices.
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