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I. OBJECTIVES


The objectives of this experiment were to use BioPac Pro to perform statistical analysis pertaining to Heart Rate Variability (HRV) on ECG signals of different subjects.  Using this data and analysis, possible medical applications of HRV were considered.

II. INTRODUCTION 


Heart rate variability refers to beat-to-beat alterations in heart rate.  It is known to reflect the regulation of the sinoatrial node, the natural pacemaker of the heart by the autonomic nervous system.  Therefore, higher HRV implies better control of the sinoatrial node and reflects a healthy individual. Lower HRV implies that the Autonomic Nervous System is not as responsive, meaning the subject’s pacemaker has less control over the heart rate, and the body in general has less control over Cardiac System.  This is of importance because these individuals are more susceptible to Sudden Cardiac Death (SCD).


The autonomous nervous system controls the heart rate.  Because of the numerous factors that affect heart rate, heart rate variability from beat to beat is to be expected.  These factors include: (1) the autonomic nervous system, (2) reflexes due to internal bodily changes, (3) intrinsic mechanisms of adaptation by the myocardium, (4) effect of extrinsic mechanisms.  Within each category are various specific mechanisms that affect the heart rate.


Both the sympathetic and parasympathetic systems control the SA node.  Sympathetic activity encourages automaticity while parasympathetic activity discourages it.


The different reflexes that affect heart rate include the Baroreceptor reflex, the Bainbridge reflex, respiratory sinus arrhythmia, the chemoreceptor reflex, and the ventricular receptor reflex.  These reflexes have simple mechanisms.  An increase in blood pressure causes a decrease in heart rate while an increase in blood volume causes an increase in heart rate.  Reflexes play a role in the onset of respiratory sinus arrhythmia. Peripheral chemoreceptor stimulation propagates through primary and secondary reflex mechanisms.  The ventricular receptor reflexes are also initiated by sensory receptors within the ventricular walls.


Intrinsic mechanisms of cardiac muscle allow adaptations to changing hemodynamic conditions.  The Frank-Starling mechanism and rate-induced regulation are two primary intrinsic mechanisms.  The Frank-Starling mechanism is based on the resting length of myocardial fibers.  Rate-induced regulation is derived from heart rate frequency changes.


Extrinsic factors such as nervous and chemical control from without affect the heart as well.  The sympathetic nervous system, the left stellate ganglion, in particular, alters the effects of heart function.  In addition, calcium channels are activated in the cell membranes, increasing the strength of the contractions of the heart.  Under the parasympathetic system, the vagus nerves inhibit the cardiac pacemaker, atrial myocardium, and AV conduction tissue.  Various hormones, such as adrenomedullary, adrenocortical, thyroid, insulin, glucagon, and anterior pituitary hormones affect contractility.  Oxygen and carbon dioxide levels also affect the heart via the amount of oxygen present in the brain and its effect on the activity of chemoreceptors.


These factors have necessary and reasonable mechanisms of action.  The wide variety of ways heart rate can be regulated shows the reason why heart rate variability is present in ECGs.

Heart Rate Variability was measured in this experiment using parameters based on Time Domain Analysis such as statistical and geometric measures.  

Statistical measures include:

NN - Normal to normal R-R: value of R-R intervals for normal beat. Obtained in real time or post-processing using the Rate function
SDANN - Standard deviation of the average NN interval calculated over short periods: usually 5 minutes.

RMSSD - Square root of the mean squared differences of successive NN intervals.

SDSD - Standard deviation of differences between adjacent NN
NN50 count - Number of pairs of adjacent NN intervals differing by more than 50 ms.

pNN50 - NN50 count divided by the total number of all NN intervals.

Geometric measures include:

HRV triangular index - Integral of the density distribution divided by the maximum of the density distribution.

TINN - Baseline width of the distribution measured as a base of a triangle, approximating the NN interval distribution HRV. 

Parameters based on Frequency Domain Analysis were also used to gain a more complete understanding of the data.  Spectral Analysis is, along with Statistical and Geometric Measures, a way to measure and evaluate heart rate variability (HRV).  Unlike these methods performed in the time domain, Spectral Analysis is done in the frequency domain. Therefore it provides information about the autonomic nervous system that is not readily available through time-domain analysis.  Some of the information it supplies is on the balance between the sympathetic and parasympathetic systems, in turn helping for a better diagnosis of pathologies involving autonomic nervous system, e.g. myocardial infarction, hypertension.

By performing and then squaring the FFT of the ECG in Biopac, we can calculate the power (in ms2) for three distinct frequency ranges:

Very Low Frequencies (0 to 0.04 Hz)

Low Frequencies (0.04 to 0.15 Hz)

High Frequency (0.15 to 0.4 Hz)

We can also calculate the total power of the signal. In addition, we can calculate normalized power values for LF and HF values where:

LF norm = LF/(Total Power – VLF)X100

HF norm = HF/(Total Power – VLF)X100

To determine balance between parasympathetic and sympathetic system, calculate ratio of LF/HF.  

Lastly, one of the different ways that scientists and doctors can view spectral analysis is by looking at the Power Spectral Density vs. Frequency plots, where PSD is simply the Power (i.e. FFT2) divided by the frequency.

All the data was obtained from a fixed interval of ECG data, which can be either long term or short term, however in this experiment short term analysis was used.

III. MATERIALS

· Computer

· BIOPAC MP30 Data Acquisition Unit

· BIOPAC Software: Biopac Student Lab PRO
· BIOPAC electrode lead set (SS2L)

· BIOPAC Electrodes (EL503) -- 3 per subject

· Electrode gel and abrasive pad (BIOPAC GEL1 and ELPAD)

IV. METHODS

The subject’s skin was lightly abraded with abrasive pads and gel was put on the spot of electrode contact.  The electrodes were attached to the subject’s right wrist, left ankle, and right ankle and the connector cables were attached to the proper leads.  The subject was asked to lie in supine position and remain in a relaxed state throughout the trial.  BioPac Pro was used to record 10 minutes of ECG data.  From recorded data, we performed calculations to obtain parameters that characterize HRV. BIOPAC PRO has built-in functions that allowed us to calculate these parameters easily. Using the methods detailed in BIOPAC PRO Lesson H32, we were able to calculate these parameters in the time and frequency domain. 

V. Results

Time domain analysis

Figure 1: Statistical Measures

	Subject
	SDANN (R-R Stdev) (sec)
	RMSSD (sec)
	SDSD (sec)
	NN50 (#)
	PNN50 (%)

	Boy 1
	0.0558
	0.001295
	0.002586
	564
	0.0833

	Boy 2
	0.09803
	0.003882
	0.11108
	576
	0.0909

	Girl 1
	0.02045
	0.000695
	0.000695
	0
	0

	Girl 2
	0.02058
	0.000348
	0.000348
	0
	0


Figure 1 shows a table that contains the statistical measures of heart rate variability. The SDANN calculations were done by finding the standard deviation of the RR intervals over the whole 10 minute period. Both male subjects have SDANN numbers that are significantly higher (100-300% more) than the females subjects. Both female subjects had RMSSD values that were of the same order of magnitude. However, both males had values that were 1 order of magnitude greater than the females’. The NN50 count shows that the girls had no instances where the RR interval for consecutive beats differed by more than 50 msec showing less beat-to-beat variation. 

Figure 2: HRV Histogram used for Geometric Analysis
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Figure 2 shows the histogram of one of the female subjects calculated using BioPac. This represents the number of times there was an RR interval within a certain range (usually around 20msec intervals). From this graph the HRV triangular index and the TINN numbers are calculated. 


Figure 3: Geometric Measurements

	Subject
	HRV Triangular Index
	TINN (msec)

	Boy 1
	15.12
	227.2

	Boy 2
	14.98
	241.8

	Girl 1
	12.85
	63.2

	Girl 2
	12.84
	63.2


Figure 3 shows the two geometric measurements that were calculated in this experiment using BioPac. The Triangular index gives the ratio of the total number of heart beats in the sample over the number beats at the most frequent RR interval range. On average the male subjects’ indices were 16.7 % higher than the female subjects’. The TINN numbers are measures of the range of RR interval values encountered. This range is the highlighted section in Figure 2. The males’ TINN values were four times greater than the females’ showing that their heart rates varied at a range four times greater than the females.

Frequency Domain Analysis – Spectral Analysis


Utilizing the Fast Fourier Transform operation in Biopac, as well as Parseval’s relationship (which states that the power is the square of the FFT), we were able to calculate the power values for the ECGs of the four different subjects.  In particular, power values for 3 specific frequency ranges, Very Low Frequencies (0.0 to 0.04 Hz), Low Frequencies (0.04 to 0.15 Hz), and High Frequencies (0.15 to 0.40 Hz), as well as normalized power values and a LF/HF ratio were calculated and are provided in the tables below.

Figure 4: Power Values (ms2) for Different Frequency Ranges for Four Subjects

	Power (ms2)
	Very Low Frequency (ms2)
	Low Frequency (ms2)
	High Frequency (ms2)

	Girl 1
	4.259
	1.559
	0.123

	Boy 1
	10.382
	14.705
	3.672

	Girl 2
	4.406
	1.468
	0.0995

	Boy 2
	93.687
	18.01
	14.889


Figure 4 shows the power values for the three different frequency ranges for the four different subjects (VLF, LF, and HF).  Immediately, it should be noted that the power values for the two girls were very similar among all three frequency ranges, while the values for the boys were not only greater, but also showed greater variation.  This mirrors the trend determined in the time domain analysis. The power values are expressed in ms2.

Figure 5: Normalized Power Values and LF/HF Ratio for Four Subjects

	
	Low Frequency normalized Power (unitless)
	High Frequency normalized Power (unitless)
	Total Power (ms2)
	LF/HF Ratio (unitless)

	Girl 1
	92.67
	20.659
	5.94
	12.69

	Boy 1
	80.02
	6748.9
	28.76
	4.00

	Girl 2
	93.65
	15.597
	5.97
	14.75

	Boy 2
	54.74
	48983.3
	126.57
	1.20


Figure 5 provides several different measurements.  The first two columns provide the normalized power values (unitless) for both the low and the high frequency ranges, which were calculated according to the formulas: 

LF normalized Power = LF Power /(Total Power – VLF Power)X100 

HF normalized Power = HF/(Total Power – VLF)X100

The third column provides the total power values (ms2) calculated over the entire frequency range (this was necessary in the calculation of the normalized power values), while the last column provides the Low Frequency Power/High Frequency Power ratio (unitless) for the four different subjects.  It should be noted that as with the time domain analysis, the girls showed very similar results, while the boys illustrated considerably more variation in their results.

Figure 6: Sample Power Spectral Density Plot
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 Figure 6 provides a representative power spectral density plot, which plots the power spectral density (Power/frequency) vs. frequency.  The calculations of the power values provided in the previous figures were done with a normal power vs. frequency plot.

VI. Discussion
Time domain analysis

Time domain analysis done on BioPac was in general efficient and simple to use. Of the five statistical measurements taken in this experiment the two most pertinent to heart rate variability would be the SDANN and RMSSD values, as these are direct measurements of the amount the heart rate varied over the 10 minute time period. Boy 2 had the highest values for both SDANN and RMSSD with 0.09803 secs and 0.003882 secs respectively and his and boy 1’s values were significantly greater than the girls’ values. The RMSSD values the women had values that were of the same order of magnitude (10-4 secs) and the men’s values were greater in magnitude with 10-3 secs. This shows that throughout the entire 10 minute period the males had higher HRV than the females. As for the beat-to-beat variation, the girls had NN50 counts of zero. This shows that the RR intervals for two consecutive beats never differed by more than 50 msecs. The men had NN50 numbers of 564 and 578 showing that they had higher beat-to-beat variation than the women. The statistical measurements shown in Figure 1 reveal that the male subjects had higher heart rate variability compared to the women. This is a trend that was noticed throughout all of the results. 

BioPac has a histogram function that allows one to see a geometric interpretation of time domain for the ECG. A sample histogram is shown in Figure 2. Of the two geometric measurements made in this experiment, the most significant for heart rate variability would be the TINN values because they show the range of values for the RR intervals over the 10 minute periods. The men’s values of 227.2 and 241.8 msecs were four times greater than the women’s values of 63.2 and 63.2 msecs. This is significant because this shows that the lowest and highest RR interval values were around 80 msecs lower and higher than the women’s values showing much larger variation than the women. Comparing the geometric data with the statistic measurements, the geometric interpretation is easier to comprehend because it is more visual. Therefore TINN values and the histogram could be better suited for clinical purposes.

Frequency Domain Analysis – Spectral Analysis


As with the time domain analysis, spectral analysis, also known as frequency domain analysis, is a key tool used by physicians to examine and evaluate heart rate variability.  However, before analyzing the data immediately, one must know a little about the nature of spectral analysis.  Spectral analysis, performed in our case by utilizing the Fast Fourier Transform operation, determines the power values for three different frequency ranges (Very Low Frequency, Low frequency, and High Frequency), each of which correspond to different physiological activities.  The Very Low Frequencies (0 to 0.04 Hz) corresponds to activity related to long-term regulatory mechanisms such as the rennin-angiotensin system; however, because the frequency range is so small, clinicians often have a difficult time deciphering the true meanings of these values.  On the other hand, the Low Frequencies (0.04 Hz to 0.15 Hz) is hypothesized to be related to the activity of the sympathetic nervous system; that is, increases and decreases in the power values of this range correspond to similar changes in the activity of the sympathetic nervous system, part of the Autonomic nervous system.  Examples of such activities often include hemorrhages and coronary occlusions.  Lastly, the High Frequency range (0.15 Hz to 0.40 Hz) is hypothesized to correspond to the other half of the Autonomic nervous system, the parasympathetic nervous system; since the signal itself is due to intra-thoracic pressure changes that occur when one breathes, mediated by the vagus nerve, the high frequency power values thus give a good representation of the parasympathetic nervous system activity.


That being said, however, it is often difficult, as was in our case, to actually decipher the immediate meaning of our data collected with Biopac.  As with our case, the power values (unnormalized) for all three frequency ranges were much more similar for the girls than for the boys; that is, as with the time domain analysis, the male data showed much greater variation, a conclusion that was already drawn from the HRV triangular index.  That the values were also greater would seem to suggest that the parasympathetic and sympathetic contributions of the males may have been greater; however, since the total power and very low frequency values are different for different subjects, normalization is necessary. 


Although we are indeed able to see some clear differences among the male and female data for our data sample, because of not only the relatively “newness” of clinical applications of heart rate variability, but also the absence of a large database for the majority of the population, we were unable to determine whether our data was similar or aberrant to normal populations.  In turn, any suggested differences between the genders, due to the small size of our data sample, cannot be conclusive since we do not have normalized or literature values with which to compare.   Nevertheless, one can also see from the data the necessity of the LF/HF ratio and the normalized data; while the LF/HF ratio provides crucial information about the actual balance of the parasympathetic and sympathetic nervous systems, the normalized data ensures that a proper comparison is possible for different subjects.  Normalization is particularly important, as power values would otherwise be misleading; for example, even though the male unnormalized power values for the LF and HF ranges were considerably larger than those of the female data, we see the opposite trend in the normalized values (the same trend is seen with the LF/HF ratio); had one only looked at the unnormalized values, he/she would have arrived at what may have otherwise been a misleading conclusion.  


Ultimately, frequency domain analysis is becoming particularly relevant and important in a clinical setting due to the specific information that it provides about the balance of the autonomic nervous system, which is intrinsically linked to the overall health of the individual; it is this information that is not only crucial, but also unavailable through time domain analysis that renders spectral analysis especially useful.  From our investigations, the most important and informative values, since they not only provide direct information about the balance of the autonomic nervous system but also ensure that a comparison among different individuals is possible, are the LF/HF ratio and the normalized HF and LF powers, respectively.  One final analysis that is also prevalent, and also performed in our lab (see Figure 3) is that of Power Spectral Density Analysis, similar to the Power vs. Frequency analysis, only that Power is replaced with Power Spectral Density (Power/Frequency).

VII. Conclusions   

Heart rate regulation is affected by numerous sources, mostly in the autonomic nervous system.  Because so many factors can affect heart rate, heart rate variability is to be expected in the beat-to-beat measurement of heart rate.

Time domain and geometric analysis of heart rate variability showed that the SDANN and RMSSD are the two most pertinent statistical measurements to heart rate variability.  The statistical values obtained revealed greater HRV in the males than in the females that were tested.  In the histogram, the TINN values showed that the R-R intervals for the males were four times greater than that for the females.

Implementation of spectral analysis on the data showed that the normalized HF and LF powers and the LF/HF ratio contained direct information regarding sympathetic vs. parasympathetic activity as well as usefulness for comparison among individuals.

Low heart rate variability is an indicator of poor control by the autonomic nervous system.  The reason for low heart rate variability in illness has not been well studied.  

Further investigations could include a sample of a larger population to compare HRV in males vs. females.  Long-term observation of subjects may determine the change in heart rate variability in individuals in healthy versus unhealthy states.

VIII. Medical Implications 

In the field of Heart Rate Variability analysis (and in many medical areas), the signal coming from a patient is of vital importance.  This is because, among many other things, heart rate variability is a very sensitive tool for measuring the cardiac autonomic tone, which is contributed both by parasympathetic and sympathetic components of the autonomic nervous system (ANS).

Low HRV is a recognized indicator of autonomic nerve dysfunction which can lead to sudden cardiac death (SCD).  Patients suffering from type 2 diabetes, HIV/AIDS, left ventricular (LV) systolic dysfunction, or post myocardial infarction (MI), among many other conditions are at a higher risk of SCD because these diseases impair autonomic nerve function.  Of course, not all patients with these conditions die of SCD so it would be beneficial to determine which patients are most at risk for this fatality.

Many reports have identified low HRV as a risk factor for sudden death in patients after myocardial infarction, but what about the others at risk for SCD? Unfortunately, the full implications of low HRV are not yet clinically understood.  This is partially due to the controversy that persists about the clinical usefulness of HRV.  Part of the debate revolves around deciding whether HRV analyzed in short-term ECG is less predictive of SCD than analysis of long-term ECG.  Some researchers claim that the time frames are equally predictive and since HRV analyzed by short-term ECG would be easier to implement for large-scale screening think that it is the better option.  Others believe that short-term ECG analysis is useful for this purpose.

For healthy individual, substantial HRV indicates that autonomic nervous system is working well and has good control over cardiac system.  Decreased HRV implies decreased ANS function cause by various factors that influence HRV such as autonomic nervous system, reflexes, intrinsic mechanisms, hormones, arterial blood concentration changes, and many others.  To draw any conclusions from out experiment, a larger sample size is needed.  Furthermore, the most interesting data would come from studying the long term effects of HRV.  This could be done by looking at healthy individual and tracing them through time. This would establish a range of values for statistical measures within subjects over period of time allowing observation of percent increase/decrease of a parameter.  This information could possibly be correlated with disorder or be indicative of disorder.

IX. Recommendations

Heart rate variability has been studied in healthy individuals, in individuals with heart disease, in individuals with non-cardiac related diseases such as diabetes, and in fetuses.  In our study of four subjects, a marked difference of several HRV measurements between genders was observed.  One aspect of further study would be to monitor differences in heart rate variability between males and females.  Research into correlation between heart rate statistics and physiological processes could be conducted.  This information would provide more meaning to the values given in the calculations.  Another alternative would be to study long term heart rate variability changes.  Percent increase or decrease of a parameter could be used to represent a disorder.
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