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Abstract

Background: Heart Rate Variability (HRV) is a phys-
iological marker of the autonomic activity of the heart. For
patients with cardiological diseases it has been used for
risk stratification and health prediction. Other applica-
tions extend from psychology to sports science. However,
in case of heart rate changes many standard measures are
unreliable.

Methods: A new geometric measure for HRV is intro-
duced. It is based on relative RR intervals, the difference
of consecutive RR intervals weighted by their mean.

Results: The proposed measure is simple, robust and
reasonable for computing HRV. It can be applied even to
short RR sequences with artifacts and missing values.

1. What is HRV?

Heart Rate Variability (HRV) analyzes the physiological
phenomenon of the oscillation in the interval between con-
secutive heart beats [1]. It is a measure of neurovegetative
activity and the autonomous function of the heart.

1.1. Areas of research using HRV

HRV takes part in the everyday life of amateur and pro-
fessional sport through the development of mobile mon-
itoring systems and smartphone applications, touted as a
simple tool to improve performance, minimize risk of in-
juries and to avoid overtraining. Basis of almost all ap-
plications are the measures summarized in the outdated
Guidelines of the European Society of Cardiology [1] of
1996, providing also the variety of clinical uses (e.g. for
risk stratification and health prediction in patients with car-
diological diseases) and implications. A more recent sur-
vey article about HRV analysis [2] describes physiological
relevance and analysis techniques for HRV. In addition to
the mentioned areas it is used in psychophysiology as a
stress indicator or as strength of self-regulation [3]. HRV
Biofeedback methods are established and used in remedial
medicine for prognostic purposes and performance objec-
tification.

In the following I will concentrate on common measures
and their difficulties.

1.2. Common HRV measures

Time domain methods

The standard HRV measurements, given in the guide-
lines [1], are related to the variance of RR intervals. RRi

denotes the time from the ith to the i+1st R peak. RR is
the average interval, giving n intervals in total.

SDNN :=
√

1
n−1

∑n
i=1

(
RRi − RR

)2
(1)

RMSSD :=
√

1
n−1

∑n−1
i=1 (RRi+1 − RRi)

2 (2)

pNN50 := P (|RRi+1 − RRi| > 50ms) (3)

Spectral methods

The power spectrum f(λ) of the RR tachogram (some-
times spline interpolated) offers information about sym-
pathetic and parasympathetic activity [4]. It has been es-
tablished to take the ratio of the power of low and high
frequency bands:

LF/HF ratio :=

∫ 0.15 Hz
0.04 Hz f(λ) dλ∫ 0.40 Hz
0.15 Hz f(λ) dλ

(4)

Geometric methods

Based on a histogram of RR intervals with bin size
1/128 sec, the HRV triangular index is given by the most
frequent value X (mode) with its absolute frequency k:

HRV triangular index := n/k (5)

A triangular interpolation of the discrete distribution of RR
intervals (histogram counts) is used for the TINN measure:

TINN :=M −N (6)

M and N are vertices of the triangular function T , with
T (t)=0 for t≤N and t≥M . The modal bin is identical to
the sample distribution: T (X)=k. T receives the values
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of linear functions by connecting (N, 0) with (X, k) and
(X, k) with (M, 0). The triangular function with the best
fit to the sample distribution defines M and N .

Using the return map of RR intervals, also known as
”Poincaré plot” (e.g. [5]), HRV can be measured as the
ratio of the standard deviation SD2 along the identity line
(RRi+1=RRi) and the standard deviation SD1 along the
perpendicular axis (RRi+1=− RRi):

SD1/SD2 ratio :=
SD1
SD2

=

√
1
2 · σ(RRi+1 −RRi)√
1
2 · σ(RRi+1 +RRi)

(7)

SD1 is based on successive differences, therefore named as
”short term HRV”, whereas the SD2 is based on the sum-
mation of successive RR intervals like a moving average.
Its deviation represents the ”long term HRV”.

1.3. Criticism of common HRV measures

The guidelines concede that further studies of HRV are
desirable: ”[...] the significance and meaning of the dif-
ferent measures of HRV are more complex than generally
appreciated and there is a potential for incorrect conclu-
sions [...]”. The main problems from my point of view are
discussed in the following:

Every time domain measure which is based on absolute
differences of RR intervals is influenced by the average
heart rate and by heart rate changes per se. To obtain the
same HRV, absolute differences have to be stable. Even
when the average heart rate increases. When a heart rate
of 60 bpm varies ±0.1 sec, the RR sequence would look
like [0.9 1.1 0.9 1.1]). The same variation of ±0.1 sec
would not be possible for a stress situation with 150 bpm.
Such a RR sequence would look like [0.3 0.5 0.3 0.5].
This is unphysiological and without relation to heart ca-
pacity/capability. Remarkable would be a variability of
±0.04 sec, which corresponds to ±10%. The comparable
RR sequence would be [0.36 0.44 0.36 0.44]. Furthermore,
the average heart rate and heart rate changes can act as con-
founding variables for diseases and for HRV. The associ-
ation between Sepsis and HRV measured by RMSSD [6]
could just be a confounding effect of tachycardia, which
reduces the RMSSD by definition and which is a SIRS cri-
teria (Systemic inflammatory response syndrome, part of
Sepsis definition) at the same moment. Similarly some re-
searchers showed that the prognostic information of HRV
is contained completely in heart rate for risk prediction af-
ter acute myocardial infarction [7].

Spectral measures (e.g. LF/HF ratio) need signals with-
out distortions, missing and unreliable RR intervals. In-
terpolation techniques are required since the times series
of RR intervals are not equidistant. It is not applicable for
short signals and signals with ”NaNs”. Procedures like the

fast Fourier transform requires a lot of mathematical un-
derstanding.

The ”Poincaré plot” is indeed a good visualization of
RR intervals, which uncovers obvious artifacts while ECG
recording or QRS detection and which is suitable for diag-
nostic purposes (e.g. extra systoles). Standard deviations
are offered as HRV measures (equation 7) but outliers in-
fluence the SD measure in an extreme way (cf. figure 2).
Filtering methods (e.g. [8]) have to be used for elimina-
tion of artifacts. For longterm ECG recordings I would not
recommend the return map, since the change of the aver-
age heart rate increases SD2. Local return maps offer more
information or one plots the return map of absolute differ-
ences of successive RR intervals (just as it is in ECGLab
[9]).

For heart rate variability I want to introduce a new ge-
ometric measure based on relative RR intervals which is
more reliable.

2. Relative RR intervals

To compare consecutive RR intervals I define the rela-
tive RR interval for i = 2, . . . , n:

rri :=
2(RRi − RRi−1)

RRi + RRi−1
(8)

where n is the number of RR intervals. rr describes the
relative variation of consecutive RR intervals with distance
one, which is usually between −20% and +20%.
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Figure 1. Top: RR intervals in seconds and corresponding
relative intervals in percent. Bottom: The return map of
rr intervals (left) provide insights into heart beat dynamics
(quasi periodic orbit). The median distance to the center
point can be used as HRV (right: kernel density function).
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2.1. HRV based on relative RR intervals

Heart beat dynamics can be coherently represented us-
ing the return map of rr intervals. Figure 1 shows a short
sequence of RR intervals and its corresponding relative
RR intervals. The return map reveals a circular movement
around the center point. To exclude certain outliers, the
median distance to the center is suitable for HRV measure-
ment:

rrHRV := med ((di)i=2,...,n−1) (9)

with di as euclidean distance between (rri, rri+1) and cen-
ter point c, which is the average of relative RR intervals for
which |rri| < 20%. The interquartile range (IQR) of (di)
provides information about the annular intensity.

2.2. Advantages and case examples

It’s a standard principle and a kind of normalization of
data to take relative changes of RR intervals while com-
paring successive values. Therefore, the proposed HRV
measure (equation 9) is understandable and provides di-
agnostic possibilities of heart beat dynamics through its
visualization.
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Figure 2. Robustness of HRV measures using a raw se-
quence of RR intervals and the filtered sequence. Robust
against outliers and artifacts beside the new measure are
the HRV Triangular index and TINN. Spectral measures
are not suitable for sequences with missing values.

The measure can be applied even for short sequences
as well as for sequences with missing values. Figure 2
demonstrates the robustness against outliers and artifacts.

The synthetic signal in figure 4 shows the effect of heart
rate changes on HRV measures. Just rrHRV remains con-
stant for each of the five sequences of RR intervals.

Given a long term ECG (electrocardiogram) local heart
rate variability can be continuously measured by taking the
last 60 RR intervals for instance. Figure 3 shows an ex-
cerpt from a record of an indoor football playing man us-
ing a Polar heart rate sensor (Polar Electro Oy, Kempele,
Finland). There is a small break beginning at minute 86,
reducing the heart rate from about 170 to 100 beats per
minute. The immediate heart rate change is reflected in an
increased RMSSD and TINN and a very low SD1/SD2 ra-
tio due the prolonged shape of the ”Poincaré plot”. The RR
sequence is filtered from artifacts and therefore the LF/HF
ratio could not be computed anywhere.
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Figure 3. Continuous HRV measures during sports. Top:
RR tachogram (filtered from artifacts) and average heart
rate. Bottom: Retrospectively computed HRV measures of
60 successive RR intervals. For comparison, the standard
scores are shown (mean: zero, standard deviation: one).

3. Conclusions

Simple and reliable measures are even more necessary
in the face of technological progress. The proposed mea-
sure based on relative RR intervals is robust and reasonable
for heart rate variability. Furthermore relative RR intervals
can be used for filtering outliers and artifacts from RR se-
quences. rr intervals of higher grades, when comparing
RRi with RRi−d, can be used to evaluate the signal quality
and to detect pacemaker [10]. Taking relative intervals of
grade d reminds of auto-correlation.

A Matlab class containing the source code for comput-
ing HRV measures continuously and for artifact filtering is
available on GitHub (tag: MarcusVollmer/HRV/), as well
as a Matlab GUI showing animations of heart beat dynam-
ics and for comparison of HRV measures.
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Figure 4. Short synthetic signal with±5% variablity of RR intervals (jittered and downsampled to 128Hz). HRV measures
are given for constant heart rate conditions at 60 bpm (A,E) and 120 bpm (C) and for increasing (B) and decreasing heart
rates (D).
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