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Abstract 

Histograms are commonly used to measure heart rate variability (HRV), particularly for measurements over a 

24-hour period. In this study, a five-class density histogram (FCDH) is proposed to extend the application of 

histograms for short-term HRV evaluation. The cumulative density, an index derived from the FCDH, is compared 

with conventional time- and frequency-domain measures, namely (1) low-frequency power (LF); (2) high-frequency 

power (HF); (3) the power ratio (LF/HF); (4) triangular interpolation of NN intervals (TINN); and (5) the HRV 

triangular index (HRVi). A total of two hundred subjects participated in the HRV assessment. They came from four 

equal-sized groups: the healthy young (Young), the healthy old (Old), patients with coronary artery disease, and 

patients with congestive heart failure. After 7 days and 14 days, 46 subjects from the Young and Old groups were 

retested following the same protocol in order to examine the reliability of the FCDH. Results show significant 

differences between the four groups for the indices of cumulative density, LF, HF, TINN, and HRVi (p < 0.001), but 

not for LF/HF (p = 0.269). The cumulative density shows good-to-excellent interclass correlation (ICC) with an 

average ICC = 0.783 (95% confidence interval 0.676-0.864), which is higher than the average ICCs of LF (0.695), 

LF/HF (0.669), TINN (0.686), and HRVi (0.615), but lower than that of HF (0.893). The cumulative density derived 

from the FCDH is thus a valid and reliable method for short-term HRV assessment. 
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1. Introduction 

Hon and Lee found a diminished beat-to-beat variation in 

the fetal heart rate and treated it as an indicator of distress [1]. 

Since then, heart rate variability (HRV), a measurement of the 

beat-to-beat variations in the instantaneous heart rate or R-R 

intervals, has received a lot of research interest. HRV is 

regarded as an indicator of the health status of the autonomic 

nervous system [2-4]. Aberrant HRV is always associated with 

disorders of internal secretion or the cardiovascular system, 

such as coronary artery disease (CAD) [5,6] and congestive 

heart failure (CHF) [7,8]. Therefore, HRV plays an important 

role in the assessment of the cardiovascular system and overall 

health. 

A number of methods are available for HRV calculation. 

They are generally categorized as time-domain, frequency- 

domain, and nonlinear methods [2-4]. The histogram, a 

geometrical time-domain representation of a frequency 
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distribution, and the indices derived from it, such as the 

triangular interpolation of NN intervals (TINN) and the HRV 

triangular index (HRVi), are widely used for measuring 

long-term HRV [2-4]. For example, shape variance and a 

decreased variation were found in patients with CHF using 

24-hour RR histograms [7,8]. 

The histogram is particularly suitable for long-term HRV 

due to its ease of implementation and relative insensitivity to 

the quality of the R-R interval series [2-3,9]. The major 

disadvantage of the histogram, however, is the exigency to the 

length of the series. In practice, recordings of at least 20 min, 

preferably 24 hours, should be used to ensure a valid histogram 

[2,3]. An excessively short series usually reduces the reliability 

of a histogram. Therefore, histograms are considered 

inappropriate for the assessment of short-term HRV. 

In this study, a cumulative density based on a five-class 

density histogram (FCDH) is proposed as a quantitative index 

for HRV evaluation. The proposed index is particularly suitable 

to short-term (five to ten minutes) HRV, for which it has a 

higher reliability than those of widely used HRV measures. 
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2. Materials and methods 

2.1 Subject selection 

Two hundred subjects aged between 18 and 80 years old 

participated in this study. Prior to any evaluation, each subject 

was given a detailed description of the objectives and 

requirements of the experiment. Following this discussion, an 

informed consent form was read and signed up by each subject 

before the test. Subjects had neither severe organ damage, 

psychiatric disorders, nor any participation in clinical trials in 

the past three months. The subjects fell into four equal-size 

groups: the healthy young (Young), the healthy old (Old), 

patients with CAD, and the patients with CHF. The criteria of 

age were under 35 years for the Young group and over the age 

of 45 for the Old group. No subject from either the Young or 

the Old group was found to have any abnormality by means of 

ultrasonic cardiograms (UCGs), blood lipid and glucose 

checks, and electrocardiograms (ECGs). Subjects in the CAD 

group were diagnosed based on the results of ECGs and UCGs 

by the chief physician of the Department of Cardiology in Qilu 

Hospital of Shandong University. Subjects in the CHF group 

were accord with classes II - III of the New York Heart 

Association (NYHA) Functional Classification and had a left 

ventricular ejection fraction of less than 0.50, as obtained from 

UCGs. The protocol was reviewed and approved by the 

Clinical Ethics Committee of Qilu Hospital of Shandong 

University. 

2.2 Data acquisition 

All tests took place in a quiet room at a controlled 

temperature of 22 °C. Participants took no medications and 

smoked no cigarettes before the experiment. Participants were 

firstly asked to lie supine on a clinical bed for a 10-minute rest 

prior to the experiment. Standard limb lead II ECGs were 

recorded for 5 to 10 minutes using a cardiovascular system 

status monitor (CVFD-I) developed by the Institute of 

Biomedical Engineering, Shandong University, at a sampling 

frequency of 1000 Hz. A band-pass filter with a 0.05-125 Hz 

bandwidth was used for signal filtering. The R-peaks (ti, ri) of 

the ECG were extracted using the wavelet transform modulus 

maxima method [10]. Then, the R-R interval series were 

constituted from the R-peaks as: zi = ti+1-ti. Due to possible 

artifacts in the original R-R interval series, preprocessing was 

employed to remove them; artifacts can lead to statistical bias 

in HRV analysis [11]. Time series s, with improved quality, 

was thus obtained. Subsequently, the FCDH was constructed 

and the index of cumulative density was obtained. Forty-six 

subjects from the Young and Old groups were retested 

following the same protocol after 7 and after 14 days, 

respectively, in order to examine the reliability of the method. 

2.3 FCDH and cumulative density 

After preprocessing, the FCDH is obtained from the time 

series s. The range of the new series srange was calculated as: 

srange = smax-smin                                    (1) 

where smax and smin are the maximum and the minimum of the 

series, respectively. 

The left-step-length Hl and the right-step-length Hr are 

defined as: 

Hl = [smedian - (smin + a)] ／5                         (2) 

Hr = [(smax - a) - smedian] ／5                          (3) 

where a = 0.1 × srange. Samples within (smin, smin + a) or (smax-a, 

smax) are discarded in order to decrease the stochastic 

fluctuation of the time series and to improve the reliability of 

the algorithm. 

Suppose that si (i = 1, 2, … , M) is the point of the R-R 

interval series. The points of the time series are classified into 

five classes following the classification shown in Fig. 1. The 

criteria of the five classes are shown in Table 1. 

smediansmin smax

a a2*Hl 2*Hl 2*Hr 2*HrHl+Hr

Class 1 Class 2 Class 3 Class 4 Class 5  

Figure 1. Schematic diagram of FCDH for R-R interval series. 
 

Table 1. Conditions, ranges, and numbers for the five classes. 

Class Condition Range Number 

Class 1 smin + a ≦ si < smedian-3*Hl r1 = 2*Hl N1 

Class 2 smedian-3*Hl ≦ si < smedian-Hl r2 = 2*Hl N2 

Class 3 smedian-Hl ≦ si < smedian+Hr r3 = Hl + Hr N3 

Class 4 smedian + Hr ≦ si < smedian + 3*Hr r4 = 2*Hr N4 

Class 5 smedian + 3*Hr ≦ si < smax-a r5 = 2*Hr N5 

The proportion of each class is defined as: 

pi = Ni / M,  i = 1, 2, …, 5                           (4) 

where Ni is the number of points in the i-th class and M is the 

length of the R-R interval series. 

Then, the distribution density of each class is calculated 

as: 

ρi  = pi / ri, i = 1, 2, …, 5                             (5) 

where pi is the proportion of the i-th class and ri is the range of 

the corresponding class. The FCDH is plotted by showing ρi in 

the height, erected over each class. 

A cumulative density is defined as the sum of the 

distribution densities of the five classes as: 

ρc = ∑ρi, i = 1, 2, …, 5                              (6) 

2.4 Statistical analysis 

All statistical analyses were performed using the 

Statistical Package for Social Sciences (V16, SPSS Inc., 

Chicago, IL, USA). Data were assessed for normality using the 

Kolmogorov-Smirnov test. Chi-squared tests were used to 

compare the data from different groups. A one-way analysis of 

variance (ANOVA) test was applied to test for differences 

between patients and control groups as well as between age 

groups. Multiple comparisons were applied using the least 

significant difference (LSD) method for data with 

homogeneous variances and Tamhane’s T2 method for data 

with heterogeneous variances. A box plot was used to 



Five-class Density Histogram 289 

summarize the data in graphic form. The reliability of the 

algorithms was assessed by the interclass correlation 

coefficient (ICC). The reliability was considered to be 

moderate and high for ICC values of between 0.60 and 0.80 

and above 0.80, respectively [12]. p values less than 0.05 were 

considered to be statistically significant. 

3. Results and discussion 

3.1 FCDH results 

The characteristics of FCDH subjects are shown in 

Table 2. Figure 2(a) shows a histogram with an even 

distribution from a young healthy subject; Fig. 2(b) shows a 

concentrated distribution from a subject from the Old group. A 

more intensive centripetalism is shown in the distribution of a 

subject from the CAD group in Fig. 2(c). Fig. 2(d) shows a 

more concentrated distribution from a subject from the CHF 

group. 

  
(a) (b) 

  
(c) (d) 

Figure 2. Typical FCDHs for individual subjects from (a) the Young 

group (ρc = 0.026), (b) the Old group (ρc = 0.044), (c) the 

CAD group (ρc = 0.055), and (d) the CHF group 

(ρc = 0.063). 
 

Table 2. Subject characteristics. 

Group Young Old CAD CHF 

Age (years) 25 ± 5 56 ± 8 59 ± 9 60 ± 12 

Sex (M/F) 31/19 24/26 24/26 33/17 

Height (cm) 170 ± 7 165 ± 7 164 ± 7 166 ± 8 

Weight (kg) 62 ± 10 66 ± 12 71 ± 11 69 ± 12 
BMI (kg/m2) 21.2 ± 2.5 24.0 ± 3.1 26.2 ± 3.6 24.9 ± 4.2 

HR (beats/min) 68 ± 8 67 ± 8 68 ± 11 73 ± 11 

Abbreviations: BMI: body mass index; HR: heart rate. 

The cumulative density was compared with frequency- 

domain parameters (low-frequency power (LF: 0.04-0.15 Hz), 

high-frequency power (HF: 0.15-0.4 Hz), and their ratio 

(LF/HF)) and conventional histogram parameters (TINN and 

HRVi). The box plots shown in Fig. 3 show the statistical 

distribution of the cumulative density, the frequency-domain 

parameters, and the conventional histogram parameters for the 

Young, Old, CAD, and CHF groups. An increased cumulative 

density and decreased LF, HF, TINN, and HRVi were found 

for all four groups. The cumulative density of the four groups 

follows normal distributions (p > 0.05) and heterogeneous 

variance (p < 0.001). The frequency-domain parameters were 

log-transformed because of their non-normal distributions. 

After log-transformation, the variance of HF was 

heterogeneous (p = 0.012) and those of LF (p = 0.111) and 

LF/HF (p = 0.969) were homogeneous. The conventional 

histogram parameters were calculated for the series with 

normal distribution and homogeneous variance. Results of the 

ANOVA test are shown in Table 3. Significant differences 

among the four groups were found in the cumulative density, 

LF, HF, TINN, and HRVi (p < 0.001), but not for LF/HF 

(p = 0.269). 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3. Box plots for (a) cumulative density, (b-d) frequency-domain 

parameters, and (e-f) conventional histogram parameters for 

the four groups. 

Table 3. Cumulative density, frequency-domain parameters, and conventional histogram parameters for the four groups. 

 Young Old CAD CHF F test 

c abcde 0.0238 ± 0.0087 0.0406 ± 0.0129 0.0566 ± 0.0268 0.0732 ± 0.0376 p < 0.001 

LF (ln)abcdef 6.37 ± 0.95 5.03 ± 1.02 4.14 ± 1.06 3.16 ± 1.32 p < 0.001 
HF (ln)abcde 6.40 ± 1.11 4.94 ± 0.99 4.14 ± 1.24 3.50 ± 1.41 p < 0.001 

LF/HF (ln) -0.03 ± 0.93 0.08 ± 1.00 -0.01 ± 0.97 -0.29 ± 1.02 p = 0.269 

TINN (ms) abcde 306.32 ± 111.14 183.16 ± 74.83 138.42 ± 74.36 108.7 ± 52.36 p < 0.001 
HRVi abce 13.21 ± 7.37 7.82 ± 2.75 6.85 ± 4.36 5.37 ± 2.52 p < 0.001 

Note: a Significant difference between the Young and Old. b Significant difference between the Young and CAD. 
c Significant difference between the Young and CHF. d Significant difference between the Old and CAD. 
e Significant difference between the Old and CHF. f Significant difference between the CAD and CHF. 
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Table 4. Interclass reliability coefficient (ICC) values for the cumulative density, frequency-domain parameters, and conventional histogram 

parameters across the three test sessions. 

 Test 1 Test 2 Test 3 F test ICC (95% CI) 

c  0.034 ± 0.012 0.032 ± 0.013 0.032 ± 0.012 p = 0.677 0.783(0.676 - 0.864) 

LF (ln) 5.35 ± 0.82 5.59 ± 1.13 5.63 ± 1.02 p = 0.359 0.695(0.559 - 0.804) 

HF (ln) 5.54 ± 1.04 5.65 ± 1.17 5.68 ± 1.15 p = 0.829 0.893(0.833 - 0.935) 
LF/HF (ln) -0.18 ± 0.80 -0.07 ± 0.88 -0.06 ± 0.94 p = 0.746 0.669(0.527 - 0.786) 

TINN (ms) 211.30 ± 77.76 232.43 ± 95.13 233.07 ± 89.92 p = 0.404 0.686(0.547 - 0.798) 
HRVi 9.54 ± 2.99 9.64 ± 3.95 9.57 ± 3.11 p = 0.989 0.615(0.460 - 0.748) 

 

These findings reflect the dynamic balance between the 

sympathetic and parasympathetic nervous systems controlled 

by the autonomic nervous system (ANS). A healthy balance 

between the sympathetic and parasympathetic nervous systems 

produces an ongoing oscillation, an orderly increase and 

decrease in the heart rate [2,4]. However, an abnormal balance 

can lead to a diminished variability that is usually associated 

with ageing and illness. Both the parasympathetic and the 

sympathetic activities decline during ageing, but the former 

usually declines faster than the latter [13]. In contrast, the 

patients with CAD and CHF have lower parasympathetic 

activity but higher sympathetic activity, which leads to 

decreased HRV, both time-and frequency-domain parameters 

[5-8,14,15]. The proposed method allows HRV imbalances to 

be detected from the density distribution of R-R intervals. It is 

thus a valid method for HRV assessment for both young and 

old healthy populations and for patients with CAD or CHF. 

3.2 Test-retest reliability 

In order to examine the test-retest reliability of the 

algorithm, 46 healthy subjects who participated in the first test 

were retested following the same protocol after 7 days and 14 

days, respectively. The subjects were 20 females and 26 males 

(age 43 ± 16 years; height: 168 ± 8 cm; weight: 64 ± 11 kg; 

BMI: 22.5 ± 3.0 kg/m2; HR: 67 ± 8 beats/min). All data were in 

normal ranges. 

All the cumulative densities in the three tests followed 

normal distributions (p > 0.05) and homogeneous variance 

(p = 0.918). The TINN and HRVi also met the requirements of 

normal distribution (p > 0.05) and homogeneous variance 

(p > 0.05). The box plot in Fig. 4 shows the distribution of the 

cumulative density, the frequency-domain parameters, and the 

conventional histogram parameters across the three tests. They 

have similar distributions. More detailed information about the 

three tests is shown in Table 4. The LF, HF, and LF/HF were 

log-transformed. Data after transformation shows 

homogeneous variance (p > 0.05). No significant difference 

was found among the three tests in all the parameters. A 

good-to-excellent reliability was found in the test-retest 

analysis of cumulative density, with an ICC = 0.783 (95% 

confidence interval: 0.676-0.864), which is higher than those of 

LF (ICC = 0.695), LF/HF (ICC = 0.669), TINN (ICC = 0.686), 

and HRVi (ICC = 0.615), but lower than that of HF 

(ICC = 0.893). 

In addition to the validity test, the reliability of HRV 

measurement should be examined before clinical application.  

Previous studies showed that time-domain parameters of 

HRV calculated from a long-term observation, such as over 24 

hours, usually exhibit very high test-retest reliability, whereas 

those calculated from a series of a short period of time (e.g., 

less than  

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4. Box plots for (a) cumulative density, (b-d) frequency-domain 

parameters, and (e-f) conventional histogram parameters for 

the three tests of reliability. 

15 min), usually exhibit poor reliability [12], which is 

consistent with our results of TINN and HRVi. These findings 

indicate that the traditional time-domain parameters have 

acceptable reliability only for long-term HRV analysis. There 

are inconsistent assessement results of frequency-domain 

parameters: some show that these parameters are reliable 

[16,17] but some show otherwise [12,18]. This inconsistency 

may result from the differences in experimental protocols used, 

the participants involved, the data collection method, or the 

preprocessing algorithm. In this study, for the series recorded 

for 5 to 10 min, the proposed method has good-to-excellent 

test-retest reliability with an ICC = 0.783 (95% confidence 

interval: 0.676-0.864), which is similar to the reliabilities of 

previous time-domain methods for long-term HRV assessment 

[12]. The cumulative density has better reliability than those of 

LF, LF/HF, TINN, and HRVi. 
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4. Conclusion 

This work examined the validity and reliability of a five- 

class density histogram for the non-invasive assessment of HRV. 

The results indicate that the FCDH is an effective, reliable, and 

simple method that is suitable to short-term HRV assessment. 

The validity of the algorithm will be further examined using a 

larger healthy population as well as patients with various 

cardiovascular diseases. 
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