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This article presents KARDIA, a Matlab (MathWorks Inc., MA) software developed for the

analysis of cardiac interbeat interval (IBI) data. Available functions are called through a

graphical user interface and permit the study of phasic cardiac responses (PCRs) and the

estimation of time and frequency domain heart rate variability (HRV) parameters. Scaling

exponents of heartbeat fluctuations are calculated with the detrended fluctuation analysis

(DFA) algorithm. Grand average and individual subject results can be exported to spread-

sheets for further statistical analysis. KARDIA is distributed free of charge under the terms

of GNU public license so that other users can modify the code and adjust the program’s
hasic cardiac responses

BI

eart rate variability

etrended fluctuation analysis

omputer software

performance according to their own scientific requirements.

© 2009 Elsevier Ireland Ltd. All rights reserved.

researchers. Two of the most sophisticated and user-friendly
atlab

. Introduction

ime intervals between successive heartbeats are obtained
rom electrocardiographical (ECG) recordings and provide a
ay to measure heart rate patterns, either in resting states

heart rate variability; HRV) or as response to external stim-
li (phasic cardiac responses; PCRs). Many commercial data
cquisition programs provide algorithms to subtract interbeat
ntervals (IBIs) from ECG recordings and to calculate some of
he most common HRV parameters. The problem of PCR anal-

sis, however, is not addressed by these programs and most
esearchers depend on custom software to calculate heart rate
hanges in response to experimental stimuli. In addition, HRV

∗ Corresponding author. Tel.: +34 958243753.
E-mail address: peraka@ugr.es (P. Perakakis).

169-2607/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights res
oi:10.1016/j.cmpb.2009.10.002
analysis is a field that has gained considerable interest in
recent years and a significant number of new metrics deriving
from statistical physics have been proposed as complemen-
tary to traditional time and frequency domain measures [1].
At the same time, older algorithms are continuously being
refined, and advanced methods are being tested in order to fur-
ther improve the assessment of autonomic function in health
and disease [2].

As an alternative to commercial software, several free
HRV analysis programs are also available to cardiovascular
are Ecglab [3] and POLYAN [4]. Ecglab is a Matlab toolbox
that performs not only HRV analysis, but also R-wave peak
detection from raw ECG recordings. HRV analysis functions

erved.
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user
Fig. 1 – The graphical

calculate most common time domain measures, spectral anal-
ysis parameters and also present time–frequency graphs and
metrics. Importantly, its open source philosophy allows users
to modify the existing algorithms according to their spe-
cific needs. POLYAN is another open source Matlab software
designed for the simultaneous analysis of several recording
signals for the assessment of autonomic regulation. Its HRV
analysis algorithms calculate both time and frequency domain
metrics and provide elaborate graphs that facilitate the under-
standing and interpretation of numerical results. Another
useful, and freely available HRV analysis program [5], also
provides common estimates of time and frequency domain
measures.

In this article we present KARDIA (“heart” in Greek), a Mat-
lab software designed for the analysis of PCRs and HRV. Kardia
is an open source project hosted by sourceforge, which means
that it is subjected to continuous development by an increas-
ing number of researchers [6]. Its main advantage compared
to the programs presented above is its capacity for simul-
taneous analysis of multiple datasets, calculation of grand
average statistics across subjects and experimental conditions
and generation of analytic spreadsheets that can be directly
subjected to further statistical analysis by related software.

Furthermore, KARDIA performs PCR analysis based
on event codes corresponding to external stimuli pre-
sented under specific experimental conditions. These phasic
responses are calculated by coherent averaging which pro-
vides a valid estimation of event-related changes as unrelated
fluctuations are cancelled out. Results are compared to a

baseline period prior to the stimulation where nonspecific
fluctuations are expected [7]. The assessment of phasic heart
rate responses is a fundamental index of emotional modu-
lation during affective picture processing [8] or an important
interface of KARDIA.

measure of orienting and attention [9], just to cite two exam-
ples.

2. Program description

KARDIA is intended to be a useful tool for researchers with no
specific programming skills and therefore all functionalities
are directly available from an intuitive graphical user interface
(GUI).

PCRs time-locked to specific events may be calculated using
either weighted averages or a range of interpolation meth-
ods. Common time and frequency domain HRV statistics are
also estimated. The power spectrum is calculated using either
fast Fourier transform or parametric methods, and scaling
exponents of IBI fluctuations are computed using DFA [10].
Individual subject results and grand average statistics can also
be exported to Excel spreadsheets for further statistical anal-
ysis.

KARDIA was entirely written in Matlab scripting lan-
guage. All functions are contained within a single m-file
(kardia.m), although the complete software package includes
the software logo, a matrix with GUI-related information, doc-
umentation and sample data stored in different subfolders.
The open access policy, guaranteed through the General Pub-
lic License (GPL), allows more experienced users to adapt the
code to address their own specific needs.

2.1. The graphical user interface
KARDIA’s GUI is divided into four different panels (Fig. 1): the
load data and event information panel (top-left), the PCR anal-
ysis panel (bottom-left), the HRV analysis panel (center) and
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he results panel (right). The interface allows the user to load
everal data files simultaneously, manually set the analysis
arameters and plot graphs of the results. A toolbar with four

con buttons at the top of the main window offers direct access
o specific functionalities, such as save as, export to and help.

.1.1. Load IBI data and event information panel
BI data must be provided as a numeric vector saved in a

atlab mat-file. Data from several subjects may be imported
imultaneously from different mat-files for analysis. Work-
ng with mat-files guarantees compatibility with almost all
-wave detection programs since there are many freely avail-
ble algorithms that convert from almost any file format to
atlab mat-file. The IBI data vectors can either be in the form

f time intervals between adjacent R-waves (IBI series) or R-
ave peak times relative to the beginning of the recording (the

umulative sum of IBI series).
Event-related information for each subject needs to be

aved in separate mat-files. An event is defined by its onset time
n seconds or milliseconds from the beginning of the record-
ng together with an identifying code specific to the type of
he event. Onset times are saved as a numeric vector and the
odes are stored in a cell structure as string variables. Hence,
very event file must include two different variables of the
ame length: the onset time variable and the event codes vari-
ble. According to the experimental design the same event
tructure can be used for all subjects or different event files
an be imported and matched with each subject’s dataset. In
he latter case, different event structures must be imported
ndividually for each subject.

.1.2. PCR analysis panel
he first step in performing PCR analysis is to select the events

conditions) that should be averaged. The user then needs
o define a baseline period, before the event’s onset as well
s the event’s duration. A drop-down menu offers a choice
f algorithms that can be used to calculate the heart rate
hanges during the event: “mean”, “CDR”, “constant”, “linear”
nd “spline”.

The “mean” algorithm applies the fractional cycle counts
ethod described in [11] whereby every IBI [t0, t1], [t1, t2] is

aken as a cardiac cycle. For an analysis window with onset
ime at T0 and duration T1 − T0 the number of cycles within
he window [T0, T1] is counted. Cycle [ti−1, ti] is counted as one
f T0 ≤ ti−1 < ti ≤ T1, as (ti − T0)/(ti − ti−1) if ti−1 < T0 < ti ≤ T1,
s (T1 − ti−1)/(ti − ti−1) if T0 ≤ ti−1 < T1 < ti and as (T1 − T0)/(ti −

i−1) if ti−1 < T0 < T1 < ti. Having defined the cycle count within
window, the mean heart rate is given by the ratio of this

ount to the total window length [11]. Reyes del Paso and Vila
12] showed that this fractional counting procedure is equiva-
ent to the weighted averages method proposed by Graham in
978 [13] which is the standard procedure used in psychophys-
ological research.

The algorithm “CDR” can be used to calculate the Cardiac
efense Response, according to the paradigm established by
ila et al. [14]. The heart response elicited by an intense audi-
ory stimulus is calculated during 80 s after the onset of the
timulus and is expressed in terms of second-by-second heart
ate changes compared to a baseline of 15 s prior to the pre-
entation of the stimulus. These second-by-second heart rate
b i o m e d i c i n e 9 8 ( 2 0 1 0 ) 83–89 85

values are subsequently averaged across a group of partici-
pants based on 10 points corresponding to the medians of 10
progressively longer intervals: 2 of 3 s, 2 of 5 s, 3 of 7 s and
3 of 13 s. This simplified representation facilitates statistical
analysis without altering the topographic characteristics of
the response [14].

KARDIA also includes algorithms to calculate instanta-
neous heart rate at a sample rate defined by the user using
a choice of three different interpolation methods: “constant”,
“linear” or “spline” interpolation. The “constant” method
assigns the same value to every point between two IBIs. The
“linear” method interpolates two adjacent IBIs with a straight
line and the “spline” method uses a cubic spline function to
interpolate the IBI series.

The user is further required to define the analysis window
duration for the “mean” method, or the sample rate for the
interpolation algorithms. The option also exists to calculate
the heart period instead of heart rate changes and whether
or not to subtract the baseline heart rate (or heart period)
value when graphically representing the results. When all
parameters are set, the program plots a grand average across
all subjects for the selected conditions as well as individual
graphs for each subject. Clicking on any of KARDIA’s embed-
ded graphs opens a new figure with the same plot that can
be processed and saved in the same way as ordinary Matlab
figures.

2.1.3. HRV analysis panel
HRV analysis is performed on a single epoch over the entire IBI
series. The user is asked to select one event code and set the
epoch’s start and end time relative to the onset of the selected
event.

2.1.3.1. Spectral analysis. Spectral analysis of HRV is used for
the assessment of the variance of IBI fluctuations in specific
frequency bands that correspond to identifiable physiologi-
cal processes such as the vagally mediated respiratory sinus
arrhythmia (RSA) and the baroreflex. As a first step, the IBI
series is interpolated by cubic splines at a user-defined sam-
ple rate (2 or 4 Hz). The interpolated series is subsequently
detrended, either by removing the best straight-line fit, or by
subtracting the mean value. Next, the signal is multiplied by a
window function (Hanning, Hamming, Blackman or Bartlett)
to reduce artifacts on the frequency spectrum due to signal
truncation. The discrete Fourier transform (DFT) is calculated
by means of fast Fourier transform (FFT) algorithm for a num-
ber of points defined by the user (the FFT algorithm requires
that the number of data points is a power of 2). The Fourier
power spectral density (PSD) is then obtained from the squared
absolute value of the DFT which is multiplied by the sampling
period and divided by the number of samples in the signal. In
addition, a coefficient described in [15] is used to remove the
effect of the window function from the total signal power.

Alternatively, Matlab’s arburg function that uses Burg
method to fit an autoregressive (AR) model of variable order to

the IBI signal, can be applied [16]. The power spectrum is then
calculated from the squared absolute value of the AR system
parameters, multiplied by the sample period and the variance
of the white noise input to the AR model.
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By default, the frequency spectrum is divided into three
bands: VLF (0–0.04 Hz), LF (0.04–0.15 Hz) and HF (0.15–0.5 Hz). It
is relatively easy, however, to modify these settings in the rel-
evant part of the program code in kardia.m. The area under the
PSD curve represents the statistical variance and is calculated
separately for each frequency band by means of numerical
integration. KARDIA graphically represents the PSD for each
subject and condition together with key time domain statistics
and the HF and LF variance.

2.1.3.2. Detrended fluctuation analysis. DFA is an algorithm
introduced by Peng et al. [10] that has proven to be very
successful in quantifying the correlation properties of non-
stationary time series derived from biological, physical and
social systems. DFA has been applied to diverse research
fields such as economics [17], climate change [18], DNA [19],
neural networks [20] and cardiac dynamics [10]. In its appli-
cation to HRV, the IBI series (of length N) is first integrated,
to calculate the sum of the differences between the ith inter-
beat interval B(i) and the mean interbeat interval B̄ : y(k) =∑k

i=1[B(i) − B̄]. Next, the integrated series y(k) is divided into
boxes of equal length n (measured in number of beats). Each
box is subsequently detrended by subtracting a least-squares
linear fit, denoted yn(k). The root-mean-square (RMS) fluctua-
tion of this integrated and detrended time series is calculated
by

F(n) =

√√√√ 1
N

N∑
k=1

[y(k) − yn(k)]2 (1)

The algorithm is then repeated over a range of box sizes to
provide a relationship between the average fluctuation F(n) as
a function of box size n. Normally, F(n) will increase as box
size n becomes bigger. A linear relationship on a log–log graph
indicates the presence of fractal scaling whose exponent is
given by the gradient (usually referred to as the ˛ exponent).
For uncorrelated time series (white noise), the integrated y(k)
is a random walk, which yields an exponent of ˛ = 0.5. A
scaling exponent larger than 0.5 indicates the presence of pos-
itive correlations in the original time series such that a large
IBI is more likely to be followed by another large interval,
while 0 < ˛ < 0.5 indicates anti-correlations such that large
and small IBI values are more likely to alternate. The spe-
cial case of ˛ = 1.5 is obtained by the integration of highly
correlated Brown noise, while ˛ = 1 corresponds to 1/f noise
that reflects a balance between the step by step unpredictabil-
ity of random signals and highly correlated Brownian noise
[21].

KARDIA allows the user to define the minimum and max-
imum box size for the DFA analysis and whether or not to
implement a sliding windows (overlapping) version of the
algorithm which increases precision, but is computationally
more intensive.

2.1.4. Results panel

KARDIA’s results panel is further divided into three sub-
panels. The top sub-panel provides information on the
number of subjects, event files and conditions imported. After
importing data, the IBI series for each subject are plotted
n b i o m e d i c i n e 9 8 ( 2 0 1 0 ) 83–89

in this sub-panel. Users can use the arrow buttons to scroll
through subjects or type the name of a subject to directly see
their IBI plot.

The second sub-panel corresponds to the PCR analysis. At
any given moment, users can see the conditions selected, the
algorithm used as well as the analysis window defined. The
graph plots the grand average for each condition, but also
allows the user to inspect individual subject’s results through
the use of the arrows buttons.

The third sub-panel presents the results of the HRV anal-
ysis. HRV statistics are instantly updated each time the user
runs a new analysis of the data. The graph plots the power
spectrum and the DFA graphs for each subject and condition.
Once again, users can scroll through subjects by using the
arrows or by typing the name of the target subject. The same
is also true for differing conditions.

2.1.5. Toolbar buttons
The first toolbar button allows the user to save a mat-
file in the current directory containing all the data and
event information imported into KARDIA, as well as all the
parameter settings relevant to the current analysis. This
allows a previously ongoing analysis to be resumed and
all the required information, including data and parameter
settings, to be saved in a single file thus facilitating data
sharing.

The second toolbar button is used to export the numeri-
cal results of the last analysis performed (PCR and HRV) to an
excel file. The excel spreadsheet generated contains five dif-
ferent tabs: a “General” tab with information about subjects
and events, a “PCR” tab with the heart rate (or heart period)
estimates for each subject and condition, a “Grand Average
PCR” tab with the grand average results for PCR analysis, an
“HRV” tab with the measures of all subjects and conditions,
and a “Grand Average HRV” tab with the grand average HRV
statistics.

The last two toolbar buttons are for launching the “User’s
Guide” in pdf format and for opening a dialog window display-
ing the program’s copyright agreement, respectively.

2.2. System requirements

KARDIA requires less than 1 MB of free hard disk space. The
program will run on any operating system supporting Matlab
7.0 (The MathWorks Inc., MA) or later that has the Matlab Sig-
nal Processing Toolbox (The MathWorks Inc., MA) installed.
The program’s current version (v.2.7) has been tested in Mat-
lab R2007b on Mac OS X, version 10.5 (Apple Inc., CA), Ubuntu
8.10 Linux, and Microsoft Windows XP (Microsoft Inc., WA).

2.3. Installation procedure

After downloading and unzipping the KARDIA package, the
only step that needs to be followed is to add the package’s
folder and subfolders to Matlab’s path.
2.4. Availability

KARDIA is distributed free of charge under the terms of the
GNU General Public License as published by the Free Software
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Fig. 2 – The PCR results panel. The grand average over all
subjects indicates a potentiated bradycardia in the
unpleasant picture condition (blue line) compared to
control (green line). (For interpretation of the references to
color in this figure legend, the reader is referred to the web
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oundation [22]. Users are free to redistribute and modify it
nder the terms of the GNU license. KARDIA is freely available

or download at http://sourceforge.net/projects/mykardia/.

. Sample runs

ARDIA’s PCR module was tested on IBI data obtained from
4 subjects (15 female; 21 years ±1.7) in a picture viewing
aradigm. “Neutral” images (people) and “unpleasant” images

mutilated bodies) drawn from the International Affective Pic-
ure System [23] were presented to the subjects on a computer
creen while continuous ECG was being recorded. Each picture
resentation trial was initiated with a fixation cross lasting
rom 500 to 900 ms. The picture (neutral or unpleasant) was
ubsequently presented during 200 ms. A checkerboard mask
as then projected during 3 s, until the beginning of the next

rial. ECG was recorded from a bipolar chest lead, filtered
ith a high pass filter (0.5 Hz cutoff frequency) and sampled

t 240 Hz. R-wave detection and artifact correction were per-
ormed with Ecglab [3].

IBI data for all 24 subjects was imported into KARDIA
ogether with an event file for each subject containing the
nsets of the two types of events (neutral and unpleasant pic-
ure presentation). In the PCR panel we first chose to analyze
oth conditions (neutral and unpleasant) and then selected
0.5 s for “epoch start” and 3 s for “epoch end” boxes. The pro-
ram then uses a 500 ms period before stimulus onset to obtain
he baseline heart rate and calculates heart rate changes com-
ared to this baseline value for 3 s post-stimulus. We selected
he “mean” option to implement a weighted averages algo-
ithm, “bpm” to obtain the results in heart rate instead of heart
eriod as well as the value 0.2 for the “Time window” to calcu-

ate a weighted average heart rate value every 200 ms. We also
hecked the “Remove baseline” box to plot heart rate changes

gainst the baseline instead of absolute heart rate values in
he results graph.

Fig. 2 shows the result of the PCR analysis for the selected
arameters as it appears in KARDIA’s results panel. The

ig. 3 – The HRV results panel. (a) The spectral graph of a 5 min s
resents a spectral graph for the same subject after atropine adm
espiratory-related oscillations due to parasympathetic blockade
version of the article.)

grand average over all subjects is first plotted, but users
can use the arrows to scroll through the results for individ-
ual subjects. A potentiated bradycardia is observed in the
unpleasant picture condition (blue line) compared to control
(green line), as expected according to the literature on the
orienting reflex in humans [24]. The embedded graph does
not include a legend, but clicking it with the mouse left-
button opens the same plot in a new figure window that
includes a legend and can be edited and saved in various

formats.

The HRV module was tested comparing a 5 min resting
period before and after atropine administration. First, in HRV’s
“Epoch Data” panel, we chose the event code named “before

egment before atropine administration. In (b), which
inistration, we observe the elimination of

.

http://sourceforge.net/projects/mykardia/
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drug” and set “Epoch start” to 0 and “Epoch end” to 300.
This defined a specific epoch on the entire IBI record whose
onset coincided with the event code named “before drug”
(time 0) and lasting 5 min (300 s). Right after epoch selection,
the selected IBI epochs for each subject are displayed in the
HRV sub-panel of the results panel. The next step was to
select the spectral analysis parameters in the correspond-
ing panel. For this example we selected the default values:
2 Hz for the sampling rate, 512 points for the DFT, a “con-
stant” detrending method, Hanning as the window function
and FFT for spectral estimation. We repeated the same pro-
cedure choosing the label “after drug” as the event code in
the “Epoch Data” panel. Fig. 3 presents a comparison between
the two conditions. The absence of respiratory-related oscil-
lations due to parasympathetic blockade is obvious in the
second condition. Once again users can scroll through subjects
to quickly review snapshots of individual spectrograms and
statistics.

Finally, the Excel toolbar button can be used to save a spe-
cially formatted excel file with the results from all analyses
(PCR and HRV) performed. This file provides grand average as
well as individual statistics that are then amenable to further
processing with statistical packages like R, SPSS, etc.

4. Conclusion

KARDIA is currently in use by research laboratories at Harvard
Medical School and Boston University in the USA, at the Uni-
versities of Granada and Castellon in Spain, and at the Federal
University of Rio de Janeiro in Brasil. It has proven to be very
useful in a variety of psychophysiological experiments. Expe-
rienced and inexperienced researchers have profited from its
graphical user interface, reporting improved analysis time and
ease of data manipulation.

One of KARDIA’s main advantages over other available soft-
ware for IBI analysis is its ability to load data from many
subjects simultaneously through the GUI and to calculate
grand average PCRs and HRV statistics across all subjects. In
addition, the program saves all information about imported
datasets and numerical results in a single “mat” file that sub-
stitutes the numerous IBI and event information files and
facilitates data storage and sharing.

KARDIA is being actively maintained and developed. New
functionality is expected to be included in future versions,
such as algorithms for automatic IBI artifact detection and
nonlinear HRV analysis.
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