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Abstract.
The paper discusses spectral methods for analyzing heart rate variability, which is a dynamic,
non-stationary variable. Today the analysis of heart rate with mathematical methods is a current
task as diseases of the cardiovascular system, and disability and mortality in humans as a result
of them are very common worldwide. In our modern age, technologies need to be of assistance
to medicine and to help both improve the health of individuals and take appropriate preventive
measures to protect the health of people. Electrocardiography and long-term monitoring of
Holter are well-established, non-invasive medical methods for cardiovascular activity testing.
Spectral analysis of the heart rate variability makes it possible to evaluate the work of the heart
and to give an estimate of its condition in the coming days. Spectral analysis of variability is
performed in three frequency ranges and can be done with different mathematical methods.
This paper uses a Welch periodogram method to analyze records of healthy individuals and
patients with arrhythmias. The analysis was performed on real Holter continuous cardiac
records on patients with proven cardiac disease, diagnosed by a cardiologist, and on people
without cardiovascular problems. The presented numerical and graphical results are obtained
using the MATLAB software program, created by the authors. The comparative analyses show
differences in the studied frequency parameters between patients with arrhythmia and healthy
individuals. The conducted research and the obtained results can be useful in the clinical
practice of cardiologists.
Keywords: arrhythmia; cardiovascular system; healthy individuals; mathematical methods;
Welch periodogram
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1. Introduction
From the analysis of cardiac data, several parameters can be drawn, they are very indicative
of the functioning of the human cardiovascular system. The variability in intervals between
heart beats, known in the scientific literature as Heart Rate Variability, is an effective
characteristic that is obtained in a non-invasive manner and can be used to evaluate and predict
the activity of the heart and the overall health of the human body (Acharya et al., 2006).
Spectral analysis of HRV is an indirect way of assessing the influence of the autonomic
nervous system on the activity of the human heart and is a means of monitoring the factors
(environment, individual's internal state, stress, etc.) affecting the health of individuals. The
autonomic nervous system has two parts: the parasympathetic nervous system, which acts when
the body is at rest, and the sympathetic nervous system, which regulates the body in motion.
The Spectral analysis of HRV is characterized by low frequency variable (LF) and high
frequency variable (LF). The ratio of Power in the LF area and the HF area (LF/HF) assesses
the sympathetic balance of the human body.
When performing a spectral analysis of 5 minutes HF, typically 2 peaks are observed in
power spectra: in low frequency area (0.04-0.15 Hz) and high frequency area (0.15-0.4 Hz)
(Kleiger et al., 2005).
Reduced HRV values are a predictor of the risk of death from cardiac problems and after
myocardial infarction (Kleiger et al., 2005). The studies must be conducted on the data with
good quality of information and a normal sinus rhythm of the time sequence. The ectopic
complexes and artifacts must be removed from the interval series, the series of normal intervals
(NN intervals) are formed, and mathematical methods of analysis are applied to it.
The cardiac data used for mathematical analysis can be 5 minutes (short term extracted by
electrocardiograph) and 24 hours (long term extracted by Holter).
The studies presented in this paper were conducted at Medical University - Varna, Bulgaria
with Holter (24 hours records). The analysis was applied to the records obtained by Holter's
second channel lead. Two types of individuals were studied: patients with different types of
arrhythmias and healthy individuals. The records were made with the help of modern Holters,
which were purchased for a research project under the National Science Found, Republic of
Bulgaria. The resulting records of healthy and diseased individuals are stored in a created
database of cardiology records. All records are accompanied by a diagnosis by a cardiologist.
A cardiovascular disease arrhythmia
Arrhythmias can be associated with different symptoms, but sometimes individuals with
heart rhythm disorders can go on without symptoms. The most common symptom is
palpitations (unpleasant sensation of cardiac contractions). On the other hand, not all
individuals who have palpitations can have an arrhythmia. Often complaints start suddenly;
patients report the cardiac arrest, accompanied by anxiety and fear.
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In an accelerated heart rate, except heartbeat can be monitored and fatigue, shortness of
breath and fatigue. Some of the rhythmic disorders that occur with a very high heart rate can
lead to loss of consciousness and are life-threatening. Often, no complaints are accompanying
slow heart activity. Fatigue, dizziness, and more pronounced bradycardia may be observed,
which may start suddenly, and there may also be loss of consciousness.
Ventricular tachycardia is a common heart rhythm disorder caused by abnormal signals in
the lower chambers of the heart. This is an arrhythmia that results in a series of three or more
ventricular complexes with a frequency of 100-250 beats/minute.
A premature ventricular contraction (PVC) is a common type of ventricular arrhythmia. In
this arrhythmia, the heartbeat is caused by the ventricles (the so-called Purkinje fibers in them),
not by the sinoatrial node. PVC produces a heartbeat that occurs long before the time when a
normal sinus rhythm usually occurs. This arrhythmia causes interruption of normal heart
activity originating from the sinus node. When an individual was diagnosed with a heart
condition, then this arrhythmia can be dangerous for the subject (Arrais et al., 2018).

2. Literature Review
HRV analysis methods have been established in the scientific literature and used in the
development of software systems for the analysis of HRV data.
The use of mathematical transformations by which time series are transformed from
temporal to another domain to perform spectral analysis is a preferred method in HRV analysis:
discrete cosine transform (Martis et al., 2014), discrete Fourier transform (Panina et al., 1996);
fast Fourier transform (Chemla et al., 2005), wavelet transform (Isler & Kuntalp, 2007),
Hilbert-Huang transform (Li et al., 2011).
The authors Chua et al. (2008) and Saliu et al. (2002) use second-order statistics (suitable
for Gaussian distribution signals and linear systems) for HRV spectral analysis. But human
heart activity cannot be described as a linear system and its action does not correspond to the
distribution of Gauss. For this reason, the authors are looking for ways to address this
discrepancy.
Non-traditional methods of analysis have been created over the years. Trigonometric
regressive spectral (Rudiger et al., 1999) is a method that uses trigonometric regression
functions to describe time intervals. The authors have been successfully applied this method in
analyzing data from patients with diabetes and hypertension.
The authors (Krafty et al., 2014) describe the use of the penalized sum of squares for spectral
analysis of HRV. The proposed method is applied to study the efficacy of the method of adults
with insomnia and assumptions have been made about the efficacy of the healing process.
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In a paper (Ling et al., 2017), the authors present the results of a study of pediatric patients
with ventricular arrhythmias and with myocarditis by determining parameters in the time
domain. The results obtained were compared with those of a healthy control group.
The classification of cardiac disorders caused by arrhythmias present authors (Jovic, Jovic,
2017). The researchers propose a new method (symbolic dynamics method and alphabet
entropy) through which they perform automatic classification of cardiac arrhythmias; the
surveys were conducted on a public database (PhysioNet MIT-BIH Arrhythmia Database).

3. Nonparametric methods for HRV analysis
HRV spectral analysis is a non-invasive, easy-to-apply mean for assessing cardiac activity,
for monitoring fluctuations of autonomic function, and for monitoring the effect of the
administered medication on a patient. HRV analysis of short-term records evaluates the
dynamic activity of the heart over short intervals. HRV analysis of long-term records is suitable
for making predictions about the development of a patient's disease.
When performing spectral analysis, the Power Spectral Density (PSD) is most often
determined. This method provides information on how the power of the signal depends on the
specific frequency.
The means of the spectrum analysis include parametric (based on the autoregressive model
and the moving average model) and nonparametric (based on the Fourier Transform and based
on the wavelets) methods. The advantage of the autoregressive model is that it does not
interpolate the input data, which shortens the analysis time; however, its disadvantages are its
complexity, the need to select an appropriate model for analyzing the input data, and this choice
has a significant impact on the results obtained (Malik M. 1996), (Li et al., 2019). The authors
of (Chemla et al., 2005) and (Silva et al., 2009) show that in some cases this method is not
suitable for use (for example, in the study of patients with diabetes).
Discrete Fourier Transform, Fast Fourier Transform, and Welch Periodogram are
nonparametric mathematical methods for HRV frequency analysis. Тhe spectral analysis of the
HRV is performed on the input data without being processed.
The Discrete Fourier Transform and Periodogram, which is created through this
transformation, is a popular method for spectral analysis of HRV. This Fourier transform is
very well studied and is suitable for the study of continuous, evenly distributed sequences. The
time series of heart rate intervals are uneven, dynamic, and therefore Discrete Fourier
Transform is not the most appropriate choice for spectral analysis of HRV. Algorithms using
Fast Fourier Transform have the advantage of delivering results at low CPU time. The method
does not produce correct results in a short series of data (for example 1-2 minutes) (Zeimen et
al., 2013).
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Both Discrete Fourier Transform and Fast Fourier Transform have prerequisites for
introducing distortions and harmonics that do not actually exist in the signal spectrum (Krafty
et al., 2014). For this reason, the input series is interpolated and a uniformly distributed
sequence is created (Malik, 1996).
The Welch method turns out to be the most suitable of nonparametric methods by averaging
the received periodograms from the time series RR overlapping intervals (Malik, 1996),
(Welch, 1967).
The input data of cardiological intervals are divided into blocks (that in most cases overlap).
The data points of each block are received varying degrees of weight by assigning them to a
normalization factor. Usually, the normalization factor is calculated using a window function.
This is followed by calculating the periodogram for each block, then averaging the resulting
periodograms (Welch, 1967):
2
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Where:
U – normalization factor;
K - elements in the blocks;
Num – number of blocks that overlapped;
𝑤(𝑗) − window function;
𝑥𝑖 (𝑗) – input data;
f - frequency.

Results
Characteristics of patients. Investigations were performed on 44 Holter monitoring
Records of 3 groups of Individuals (16 Healthy individuals, 17 patients with Ventricular
tachycardia and 12 patients with PVC Arrhythmia).
The presented results are obtained based on spectral analysis on a 5 min block from long
term (24 hours) records. The results were obtained using a software program created by the
authors. The five minute blocks are part of the cardiology record through the day and the
obtained results correspond to the daily activity of the studied subjects.
Statistical analysis. The obtained results are presented as mean ± standard deviation (mean
±SD). A T test was used for statistical processing of the results. The values of the parameters
at which 𝑃𝑣𝑎𝑙𝑢𝑒 is less than or equal 0.05 (5%) are considered statistically significant.
Table 1 presents the results of the analysis of heart rate variability in the frequency range of
the two types of arrhythmias studied and a healthy control group. The studies conducted include
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the Power in Low Frequency (0.04-0.15 Hz) area and the Power in High Frequency (0.15-0.4
Hz, HF) area and the LF / HF ratio known as sympathetic balance.
Table 1: Frequency Domain HRV measures

A group with
Ventricular
tachycardia

LF

HF

LF/HF

[𝑚𝑠 2 ]

[𝑚𝑠 2 ]

292.71±98.44

264.77±103.12

1.11±0.43

247.16±83.09

303.05±11.94

0.82±0.74

1308.38±104.62

788.23±96.63

1.66±0.49

<0.0001

<0.001

<0.001

N=17
Group with
PVC Arrhythmia
N=12
Healthy
Group
N=16
𝑃𝑣𝑎𝑙𝑢𝑒

Source: the authors

The results in Table 1 show high average values of the spectrum in the low frequency range
in healthy individuals (1308.38 𝑚𝑠2 ), these values are significantly lower in the group of
patients diagnosed with Ventricular tachycardia (292.71 𝑚𝑠 2 ) and they are even lower in the
PVC Arrhythmia patient group (247.16 𝑚𝑠 2 ). In the high frequency range, the highest values
are again in the group of healthy individuals (788.23 𝑚𝑠 2 ), lower values were obtained in the
PVC Arrhythmia patient group (303.05 𝑚𝑠 2 ) and the lowest values in the Ventricular
tachycardia patient group (264.77 𝑚𝑠 2 ). The sympathovagal balance ratio in the healthy group
has values that are within the values for healthy individuals recommended by the variability
standard (Malik, 1996). The sympathovagal balance ratio of the two arrhythmia groups has
values that correspond to people with health problems (Malik, 1996).
Power spectral density (PSD) of HRV performed by the Welch Periodogram method is
presented in Figures 1, 2 and 3. PSD is obtained at Very low, Low and High Frequencies in
𝑠 2 /𝐻𝑧. Figure 1 (healthy subject) shows high values for Power spectral density in all three
frequency ranges studied. This is an indicator of high HRV values and indicates good overall
health of the individual being tested.
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Figure 1: PSD of a healthy subject

Source: the authors

Figure 2 (patient diagnosed with Ventricular tachycardia) shows low values for Power
spectral density in the Low Frequency and High Frequency ranges. Values in the Very Low
Frequency area are high. Low PSD values in the LF and HF area are indicative of low HRV
values and are an indicator of the poor health status of the individual being tested.
Figure 3 (patient diagnosed with PVC Arrhythmia) shows low values for Power spectral
density in the Low Frequency and High Frequency areas. Very Low Frequency values are
higher than PSD values in LF and HF areas. The studied patients have low levels of HRV,
which indicates a health problem.
Figure 2: PSD of a patient with Ventricular tachycardia

Source: the authors
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Figure 3 (patient diagnosed with PVC Arrhythmia) shows low values for Power spectral
density in the Low Frequency and High Frequency ranges. Values in the Very Low Frequency
range are higher than the PSD values in the LF and HF area. The patient under study has low
HRV values, which indicates a health problem.
Figure 3: PSD of a patient diagnosed with PVC Arrhythmia

Source: the authors

4. Conclusion
HRV is known as an indicator of the health of the human body. HRV analysis is an effective
means of determining the work of the heart. This study presents frequency analysis of the Holter
data of patients diagnosed with Ventricular tachycardia and PVC Arrhythmia. The results of
the analysis are compared with the results of the analysis of records of healthy individuals.
Based on obtained numerical and graphical results, the following conclusions can be made:
In patients diagnosed with Ventricular tachycardia and PVC Arrhythmia has observed a
significant reduction in Heart Rate Variability. In the heart disease arrhythmia, the power signal
attenuation is observed in the high frequency range and the low frequency range.

8

Acknowledgment
This research was carried out as part of the project “Investigation of the application of a new
mathematical methods for the analysis of cardiac data" № KP-06-N22/5, 07.12.2018, founded
by National Science Found, Bulgaria.

References
[1] Acharya, R. U., Joseph, K. P., Kannathal, N., Lim, C. M., and Suri, J. S. (2006). Heart Rate
Variability: a Review. Medical and Biological Engineering and Computing. [Online].
44(12), pp. 1031-1051. Available: https://link.springer.com/article/10.1007/s11517-0060119-0
[2] Kleiger RE, Stein PK, Bigger JT. Jr, (2005). Heart rate variability: Measurement and
clinical utility. Annals of Noninvasive Electrocardiology. [Online]. 10, pp. 88–101,
Available: https://doi.org/10.1111/j.1542-474X.2005.10101.x
[3] Panina, G., Khot, U. N., Nunziata, E., Cody, R. J., and Binkley, P. F. (1996). Role of
Spectral Measures of Heart Rate Variability as Markers of Disease Progression in Patients
with Chronic CHF Not Treated with Angiotensin-Converting Enzyme Inhibitors. American
Heart
Journal.
[Online].
131(1),
pp.
153-157.
Available:
https://www.sciencedirect.com/science/article/abs/pii/S0002870396900642,
doi:10.1016/S0002-8703(96)90064-2
[4] Chemla D., Young J., Badilini F., Maison-Blanche P., Affres H., Lecarpentier Y., Chanson
P., (2005). Comparison of fast Fourier transform and autoregressive spectral analysis for
the study of heart rate variability in diabetic patients, International Journal of Cardiology.
[Online]. 104, pp. 307 – 313, Available: https://www.ncbi.nlm.nih.gov/pubmed/16186061
[5] Martis, R. J., Acharya, R. U., Adeli, H., Prasad, H., Tan, J. H., Chua, K. C., Too, C. L.,
Yeo, S. W. J., and Tong, L. (2014). Computer aided diagnosis of atrial arrhythmia using
dimensionality reduction methods on transform domain representation. Biomedical Signal
Processing
and
Control.
[Online].
13,
pp.
295-305.
Available:
https://www.infona.pl/resource/bwmeta1.element.elsevier-156d3fa8-3f35-35ed-ac9b23a982c0b5c0
[6] Li, H., Kwong, S., Yang, L., Huang, D., and Xiao, D. (2011). Hilbert-Huang Transform for
Analysis of Heart Rate Variability in Cardiac Health. IEEE/ACM Transactions on
Computational Biology and Bioinformatics, [Online]. 8(6), pp. 1557-1567. Available:
https://ieeexplore.ieee.org/document/5728789, doi: 10.1109/TCBB.2011.43.
[7] Isler Y., and Kuntalp, M. (2007). Combining Classical HRV Indices with Wavelet Entropy
Measures Improves to Performance in Diagnosing Congestive Heart Failure. Computers in
Biology and Medicine, [Online].
37(10), pp. 1502-1510. Available:
https://www.ncbi.nlm.nih.gov/pubmed/17359959,
doi:
10.1016/j.compbiomed.2007.01.012

9

[8] Chua KC, Chandran V, Acharya UR, Lim CM. (2008) Cardiac state diagnosis using higher
order spectra of heart rate variability. Journal of Medical Engineering and Technology
[Online]. 32, pp. 145–155. Available: https://www.ncbi.nlm.nih.gov/pubmed/18297505,
doi: 10.1080/03091900601050862

[9] Saliu S, Birand A, Kudaiberdieva G., editors,(2002). Bispectral analysis of heart rate
variability signal. In: 2002 11th European Signal Processing Conference, Toulouse: IEEE,
[Online].Available:
https://www.eurasip.org/Proceedings/Eusipco/2002/articles/paper288.pdf
[10]
Rudiger H, Klinghammer L, Scheuch K. (1999). The trigonometric regressive spectral
analysis–a method for mapping of beat-to-beat recorded cardiovascular parameters on to
frequency domain in comparison with Fourier transformation. Comput Methods Programs
Biomed.
[Online].
58,
pp.
1–15.
Available:
https://www.ncbi.nlm.nih.gov/pubmed/10195642, doi: 10.1016/S0169-2607(98)00070-4
[11]
Ling N., C.-L. Li, Z.-Z. Wang, H.-N. Zhang, H. Xu, X.-J. An, (2018). Heart rate
variability in children with myocarditis presenting with ventricular arrhythmias, European
Review for Medical and Pharmacological Sciences; [Online]. 22: pp. 1102-1105,
Available: https://www.europeanreview.org/wp/wp-content/uploads/1102-1105.pdf
[12] Jovic A., Jovic F. (2017). ”Classification of cardiac arrhythmias based on alphabet
entropy of heart rate variability time series”, Biomed. Signal Process. Control. [Online]. 31,
pp.
217–230,
Available:
https://bib.irb.hr/datoteka/
829790.BSPC_JovicAndJovic_accepted_version.pdf
[13] Malik M. 1996. Task Force of the European Society of Cardiology and the North
American Society of Pacing and Electrophysiology, Heart rate variability - standards of
measurement, physiological interpretation, and clinical use. Circulation.; [Online]. 93,
pp.1043–1065.
Available:
https://www.escardio.org/static_file/Escardio/Guidelines/Scientific-Statements/guidelinesHeart-Rate-Variability-FT-1996.pdf
[14] K. Li, H. Rüdiger, T. Ziemssen, (May 2019). Spectral Analysis of Heart Rate
Variability: Time Window Matters, Front. Neurol., [Online].
Available:
https://doi.org/10.3389/fneur.2019.00545
[15] Chemla D, Young J, Badilini F, Maison-Blanche P, Affres H, Lecarpentier Y, et al.
(2005). Comparison of fast Fourier transform and autoregressive spectral analysis for the
study of heart rate variability in diabetic patients. Int J Cardiol. [Online]. 104, pp. 307–13.
Available:
https://www.sciencedirect.com/science/article/abs/pii/S0167527305001658,
doi: 10.1016/j.ijcard.2004.12.018
[16] Silva GJ, Ushizima MR, Lessa PS, Cardoso L, Drager LF, Atala MM, et al. (2009)
Critical analysis of autoregressive and fast Fourier transform markers of cardiovascular
10

variability in rats and humans. Braz J Med Biol Res. [Online]. 42, pp. 386–96. Available:
https://www.ncbi.nlm.nih.gov/pubmed/19330268,
doi:
10.1590/S0100879X2009000400012

[17] Ziemssen T, Reimann M, Gasch J, Rudiger H. (2013). Trigonometric regressive spectral
analysis: an innovative tool for evaluating the autonomic nervous system. J Neural Trans.
[Online].
120
(Suppl.
1),
pp.
S27–33.
Available:
https://www.ncbi.nlm.nih.gov/pubmed/23812502, doi: 10.1007/s00702-013-1054-5

[18] Welch P. (1967). The use of fast Fourier transform for the estimation of power spectra:
A method based on time averaging over short, modified periodograms. IEEE Transactions
on Audio and Electroacoustics.; [Online].
15(2), pp.70–73. Available:
https://pdfs.semanticscholar.org/e633/45b4243e2376720a4e66373fdffe7a7d6be0.pdf
[19] Arrais E.J., Valentim R., Brandão G., (July./Sept. 2018) Real-time premature
ventricular contractions detection based on Redundant Discrete Wavelet Transform, Res.
Biomed. Eng. [Online]. vol.34, no.3, pp. 187-197. Epub July 26, Available:
http://dx.doi.org/10.1590/2446-4740.01618

11

