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ABSTRACT Intermittent hypoxia (IH) produces autonomic dysfunction that promotes the development
of arrhythmia and hypertension in patients with obstructive sleep apnea (OSA). This paper investigated
different heart rate variability (HRV) indices in the context of IH using a rat model for OSA. Linear and
non-linear HRV parameters were assessed from ultra-short (15-s segments) and short-term (5 min) analyses
of heartbeat time-series. Transient changes observed from pre-apnea segments to hypoxia episodes were
evaluated, besides the relative and global impact of IH, as a function of its severity. Results showed an
overall increase in ultra-short HRV markers as immediate response to hypoxia: standard deviation of normal
RR intervals, SDNN = 1.2 ms (IQR: 1.1-2.1) vs 1.4 ms (IQR: 1.2-2.2), p = 0.015; root mean square of
the successive differences, RMSSD = 1.7 ms (IQR: 1.5-2.2) vs 1.9 ms (IQR: 1.6-2.4), p = 0.031. The
power in the very low frequency (VLF) band also showed a significant increase: 0.09 ms2 (IQR: 0.05-0.20)
vs 0.16 ms2 (IQR: 0.12-0.23), p = 0.016, probably associated with the potentiation of the carotid body
chemo-sensory response to hypoxia. Moreover, a clear link between severity of IH and short-term HRV
measures was found in VLF and LF power, besides their progressive increase seen throughout the experiment
after each apnea sequence. However, only those markers quantifying fragmentation levels in RR series were
significantly affectedwhen the experiment ended, as compared to baselinemeasures: percentage of inflection
points, PIP = 49% (IQR: 45-51) vs 53% (IQR: 47-53), p = 0.031; percentage of short (≥3 RR intervals)
accelerated/decelerated segments, PSS= 75% (IQR: 51-81) vs 87% (IQR: 51-90), p= 0.046. These findings
suggest a significant deterioration of cardiac rhythm with a more erratic behavior beyond the normal sinus
arrhythmia, that may lead to a future cardiac condition.

INDEX TERMS Intermittent hypoxia, heart rate variability, obstructive apneas, hypoxia rat model.

I. INTRODUCTION
Obstructive sleep apnea (OSA) is a chronic health condition
characterized by repeated apnea episodes during patients’s
sleep, resulting in sustained exposure to intermittent hypoxia
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(IH), large negative intrathoracic pressure, and arousals.
This chronic condition has been extensively associated with
several cardiovascular consequences, such as systemic hyper-
tension, heart failure, coronary artery disease, arrhythmias
and stroke [1]–[4]. Although the underlying mechanisms
linking IH to cardiovascular diseases in OSA patients remain
unclear, it has been suggested that an elevated sympathetic
tone of the autonomic nervous system (ANS) [5], oxidative
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stress and endothelial dysfunction [2], [6], inflammation, and
atherosclerosis [3], [7] may be contributing factors.

A large number of research studies made use of human and
experimental OSA models of chronic intermittent hypoxia
(CIH), to link OSA to cardiovascular diseases. In partic-
ular, animal models make possible to partially reproduce
the pathological conditions whose replication in humans is
restricted for safety reasons. In the context of sleep apnea,
mice and especially rat models are most commonly used
in experiments conducted to understand the physiological
mechanisms involved in the disease. However, the protocols
implemented to induce IH can differ greatly from study to
study, and range from subjecting the animals to intermittent
exposure of hypobaric hypoxia (by reducing FiO2 %) to
simulate altitude using static and dynamic hypoxic environ-
ments [8], to directly obstructing the animals’ airways to
induce hypoxic episodes such as those in OSA patients [9],
[11]. This may affect the respiratory, cardiovascular, and
nervous systems in different ways, leading to therapeutic
and/or pathogenic effects. The characteristics of IH pro-
tocol, including the severity and duration of the hypoxic
episodes, the number of episodes/day and the repetitive pat-
tern over time are crucial for understanding the final impact
of IH. Typically, chronic IH tends to be pathogenic, whereas
modest exposures to IH (i.e., 9–16% inspired O2 and few
episodes) are more likely to produce beneficial effects with-
out pathology [12].

Although in many experiments that make use of rats the
animals are conscious, in many others, they are anesthetized.
In such cases, cardiovascular functioning can be affected,
and the control performed by the autonomic nervous system
(ANS) may be partially blocked. Other factors such as the
dose, type, and method used during anesthetic administration
may also disrupt the control system in different ways [38].
Nonetheless, a recent study was able to report alterations in
sympathetic nerve activity, sympathetic peripheral chemore-
flex sensitivity and central sympathetic respiratory coupling
after IH in anesthetized rats [14].

To assess the effects induced by hypoxia on cardiac signals,
a rat model for recurrent apnea, simulated through periodic
airway obstruction, was used [9]. The model was imple-
mented using an external control device that varied the fre-
quency and duration of the induced apnea episodes. Different
sensors including flow and pressure transducers, skin elec-
trodes and a pulse oximeter allowed continuous monitoring
of cardiac and respiratory activity throughout the experiment.
In previous work using the same model, the effects of the
anesthesia were assessed through PPG signal analysis [9].
In that study, no relevant changes for heart rate variability
(HRV) spectral parameters were observed during hypoxia.
More recently, the overall effect on cardiac rhythm caused
by IH was investigated using non-linear HRV markers [15],
but limited to comparing pre- and post-IH measures.

In the present study, we aimed at evaluating the transient
response of the autonomic control to hypoxia, besides the
cumulative impact to cardiac functioning of IH, simulated

by controlled sequences of recurrent apnea. To achieve these
goals, the ANS activity was assessed by ultra-short and
short-term HRV analysis using ECG instead of PPG signals,
applied during hypoxic episodes and during basal segments
of normal respiration, respectively. Basal segments were
extracted at the beginning and end of the experiment, but also
between sequences of recurrent apnea of different severity.

II. MATERIALS AND METHODS
A. POPULATION DATA
Six male and healthy Sprague-Dawley rats (mean weight:
437±27 g) were intraperitoneally anesthetized with urethane
(1g/1kg). The rats were connected to a system that controls a
nasal mask with one tube open to the atmosphere and another
connected to a positive pressure pump, thus preventing the
animal from rebreathing. OSA episodes were simulated by
obstructing the airways in the tubes using electrovalves con-
trolled by BIOPAC Systemsr (CA, USA) equipment and its
associated software. The electrodes, nasal mask and SpO2
sensor were placed on the rats after the animals had been
anesthetized and shaved (Fig. 1). The experimental design
regarding themodel was approved by the Institutional Animal
Care and Ethics Committee of the Hospital Clínic, Barcelona.
All the experiments were performed in accordance with the
European Community Directive (2010/63/UE) and Spanish
guidelines (RD 53/2013) for the use of experimental ani-
mals. Several physiological signals were acquired during
spontaneous breathing and simulated OSA episodes. Respira-
tory flow signal, respiratory pressure and electrocardiogram
(ECG) signals (leads I and II) were registered using the
BIOPAC System. The photoplethysmography (PPG) signal
and SpO2 were measured by a MouseOx Plusr pulse oxime-
ter (STARR Life Sciences Corp, PA, USA) positioned on the
leg of the rats [9].

B. EXPERIMENTAL OSA MODEL
Two consecutive protocols were conducted during the exper-
iment [9]. In both cases, recurrent apnea sequences were
induced for 15-min intervals, preceded and followed by
15-min periods of normal breathing (see Fig. 1-b). Apnea
index (AI) of 20, 40, and 60 events/hour were used in the first
protocol (P1) [10], while the duration of the apnea episodes
was 15 s (Fig. 2-a). In the second protocol (P2), the AI was
fixed to 60 events/hour and the episodes lasted 5, 10, or 15 s
in each sequence [11]. The order of the apnea sequences
as a function of AI or apnea duration was randomly fixed
alongside the experiment. However, the number of sequences
with the same AI or with the same duration, was evenly
distributed within the population (two rats for each case) as
it is shown in Fig. 2. Both protocols were set to investigate
to what extent the AI or the duration of the apnea episodes,
affect HRV markers. In that sense, rats had previously been
anesthetized to acquire signals at rest and to obtain suitable
ECG records for analysis.

The different duration of 15, 10 and 5 s used for mechanical
airway obstructions, were selected because these might result
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FIGURE 1. (a) Experimental setup of the rat model for OSA. Two electrovalves (EV) and a positive pressure pump were used. Signals acquired: respiratory
flow (V’) and pressure (P), arterial oxygen saturation (SpO2); photoplethysmography (PPG) from Mouse Ox Plusr and two ECG leads from BIOPAC
systemr. b) Time-course of the SpO2 signal during protocol P1. B1, B2, B3 and B4 indicate basal periods of normal respiration. A1, A2 and A3 represent
periods of apnea sequences.

FIGURE 2. a) Protocol 1 (P1): Recurrent apnea sequences of 15-s duration
episodes simulated during 15-min intervals, preceded and followed by
15-min periods of normal respiration. b) Protocol 2 (P2): Recurrent apnea
sequences of 5, 10 or 15-s duration, all them simulated at 60 events/hour
during 15-min intervals, preceded and followed by 15-min periods of
normal respiration.

in transient SpO2 drops to 75±2%, 83±2% and 85±1%,
respectively [11]. In our database, relative drops in oxygen
saturation during apnea episodes varied between 5% and 23%
among all rats.

C. ECG PREPROCESSING
Raw ECG signals sampled at 1250 Hz were preprocessed
before the automatic extraction of the evaluatedmarkers. This
included ECG resampling at 10 kHz, baseline drift attenu-
ation via cubic spline interpolation [16], 4th order bidirec-
tional Butterworth low-pass filtering at 45 Hz to retain main
QRS components by removing power-line interference and
high-frequency noise and finally, automatic QRS complex
detection [17] followed by a visual inspection to exclude
noisy beats in noisy ECG segments. The resampling step

was performed to improve time resolution for R peak detec-
tion [18], considering that the heart rate range in rats is
significantly faster than in humans (around 300-500 bpm).
The final location of the R peaks was determined from
the non-filtered ECG based on detected QRS complexes,
and used to generate the RR time-series analyzed in the
study.

D. HEART RATE VARIABILITY ANALYSIS
The analysis of the HRV included linear and non-linear
methods to characterize different stages and phases of the
designed protocol. Three analyses were performed: a) an
ultra-short term analysis to evaluate the transient response to
apnea events; b) the impact of IH severity as a function of
AI values; c) the cumulative effects of IH over the course of
the experiment. In the first analysis, markers were evaluated
in short segments of 15 s, taken before the onset and during
each apnea episode. In the two remaining analyses, markers
were evaluated in selected segments of 5-min duration (short-
term analysis). Moreover, a) and b) were performed only
for protocol P1 because of its different AI values, while the
analysis in c) included both the P1 and P2 protocols.

1) TEMPORAL-DOMAIN ANALYSIS
From the RR time-series, we obtained temporal parame-
ters such as the standard deviation of normal RR intervals
(SDNN), the root mean squares of the successive differences
of NN intervals (rMSSD), and the percentage of differences
between adjacent NN intervals greater than x ms (pNNx, %).
In human studies, the value of x is typically set to 50 ms
to distinguish between physiological and pathological condi-
tions. To adapt this parameter to the rats, we tested different
values of x (6, 8 and 10 ms) according to their normal range
of RR intervals [19]. All markers were considered in the three
analyses previously mentioned.
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2) FREQUENCY-DOMAIN ANALYSIS
The spectral parameters were obtained using two different
approaches depending on the segment length. The first one
used the power spectral densities (PSD) estimated byWelch’s
method using a Hanning window. Before estimating the PSD,
the RR interval time-series were interpolated at 15 Hz using
the cubic spline approach to make the time-series evenly sam-
pled. Next, these series were analyzed using half-overlapping
segments of 512 samples. Hanning windowing is intended to
attenuate side effects which lead to spectral leakage. Finally,
the PSDs were integrated within the three bands described
below to obtain the spectral markers. This approach was only
used for those analysis involving 5-min segment length.

The oscillatory components of the ANS calculated from
the PSD were defined as follows: the very low frequency
band (VLF: 0.01 to 0.20 Hz), the low frequency band (LF:
0.20 to 0.75 Hz) and the high frequency band (HF: 0.75 to
2.50 Hz) expressed in ms2 [19]–[21]. The normalized ver-
sions of these markers (VLFno, LFno and HFno) were also
computed in relation to the total power, obtained as the sum of
the three components. The ratio LF/HF was computed from
the normalized components, but considering the total power
as the sum of LF and HF in this case.

In the second approach, aimed for the ultra-short-term
analysis, we used the smoothed pseudo-Wigner-Ville distri-
bution (SPWVD) to obtain the time-frequency maps from
which the spectral markers were estimated. Because the clas-
sic spectral analysis requires stationary data to estimate the
ANS modulation accurately, and because the signals in the
experiment may be non-stationary, spectral characteristics
must be analyzed using a time-frequency (TF) approach to
track temporal variations. Indeed, spectral markers derived
from SPWVD have been evaluated in clinical and experi-
mental studies, demonstrating a strong correlation with tra-
ditional HRV spectral markers [22], [23]. The Wigner-Ville
distribution (VWD) is a quadratic time-frequency method
defined as the Fourier transform of the instantaneous autocor-
relation function [24]. Since WVD is affected by significant
interference terms, a smoothing kernel function 9(τ, υ) is
introduced to attenuate these interferences while maintaining
a suitable time-frequency resolution, with τ and υ repre-
senting the domain variables of time and frequency lags,
respectively [25]. Being ARR(τ, υ) the Ambiguity Function
of the RR time series, xRR(t), the SPWVD is defined as:

ARR(τ, υ) =
∫
∞

−∞

xRR(t +
τ

2
)x∗RR(t −

τ

2
)e−j2πυtdt (1)

9(τ, υ) = exp

−π
[(

υ

υ0

)2

+

(
τ

τ0

)2
]2λ (2)

CRR(t, f ) =
∫ ∫

9(τ, υ)ARR(τ, υ)ej2π (tυ−tf )dtdυ (3)

where t and f denote time and frequency, respectively, while
λ sets the roll-off of the kernel. The parameters of the ker-
nel function were adjusted to υ0 = 0.06 and τ0 = 0.03,
obtaining temporal and spectral resolutions of 16.7 seconds

FIGURE 3. a) Representative ECG segment extracted during baseline with
the associated RR intervals. b) RR interval time-series representing 60-s
segments, extracted during the initial and final basal periods of the
experiment. Red and blue triangles indicate inflection points detected on
these segments. Heart rate (HR), respiratory rate (BR) and PIP values are
displayed at the top of the graphs.

and 0.033 Hz, respectively. This combination led to an effi-
cient interference terms cancellation for the lowest TF filter-
ing [26]. Then, HRV indices weremeasured as the total power
in VLF, LF and HF bands, in specific 15-s segments from the
SPWVD.

3) NON-LINEAR HRV ANALYSIS
To quantify abnormal fluctuations in the RR time-series
beyond normal sinus arrhythmia (NSA), we computed a set
of non-linear parameters that evaluate the level of fragmen-
tation in the cardiac rhythm, whose increase is associated
with the disruption of the neuroautonomic control system
of the sinoatrial node [27]. Basically, these parameters esti-
mate the number of changes in the heart rate acceleration
sign (i.e., inflection points in RR time-series), translated into
more rapid changes between acceleration and deceleration
segments in the RR time-series. The parameters are defined
as follows:
• PIP: represent the percentage of inflection points (IP) for
a given segment of the RR time-series. This is equivalent
to the number of zero-crossing points, found in the first
derivative of the time series, in relation to the total
segment length.

• IALS: the inverse average length of the acceleration and
deceleration segments. These segments represent con-
secutive RR intervals between adjacent inflection points
whose differences are negative or positive.

• PSS: the percentage of RR intervals in short segments,
defined as the acceleration or deceleration segments that
lasted ≥ 3 RR intervals.

Fig. 3 shows two segments of the RR time-series, extracted
during the initial and final stages of the experiment for a
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FIGURE 4. Mean values of the temporal HRV markers (SDNN , RMSSD, RR,
pNN6) before and during apnea episodes evaluated during protocol P1
(30 episodes per rat). Filled circles represent individual mean values for
each rat, while boxplots indicate the median and interquartile range of
the group at different stages.

particular recording. It reveals that most of the IP detected
were due to respiration modulation and that this modulation
is less stable after IH, as observed during the final seg-
ment. Since these fragmentation parameters can be highly
influenced by both the heart rate (HR) and respiratory rate
(BR), their relationships during the above segments were also
investigated.

E. STATISTICAL ANALYSIS
Results are expressed in median and interquartile range
(IQR). Paired observations obtained at different stages of the
experiment were compared using the Wilcoxon signed-rank
non-parametric test. The relationship between the fragmenta-
tion HRV parameters and both HR and BR was determined
using Pearson’s correlation coefficient. Similarly, the effects
of intermittent hypoxia considering the frequency of the
apnea episodes were also assessed. The significance level was
set to 0.05 in all analyses. Data were processed and analyzed
using custom MATLAB routines.

III. RESULTS
A. TRANSITORY RESPONSE OF AUTONOMIC CONTROL
DURING APNEA EPISODES
The results obtained for the temporal HRVmarkers as a result
of the ultra-short-term analysis during apnea episodes are
summarized in Fig. 4. The mean values were obtained using
all events of the P1 protocol and for each rat, considering that
their duration was the same (15 s).

As shown, the overall behavior of the markers presented
indicates a transient increase in HRV before and during apnea
episodes, reflected in greater SDNN (1.2 (IQR: 1.1-2.1) vs
1.4 (IQR: 1.2-2.2) ms, p = 0.0156) and RMSSD (1.7 (IQR:
1.5-2.2) vs 1.9 (IQR: 1.6-2.4) ms, p= 0.0312) values, as well

FIGURE 5. a) Time-frequency map of the RR interval time-series during
three consecutive apnea episodes of 15-s duration. b) Power spectral
density evaluated for 15-s segments before (in blue) and during (in red)
the apnea episodes. In A), VLF, LF and HF frequency bands are delimited
by the horizontal dashed lines (in white) and in B), by the dashed vertical
lines (in black).

as a slight increase in the average cardiac period given by the
mean RR values, 161 (IQR: 156-166) vs 162 (IQR: 157-167)
ms, p = 0.0156. The pNN6 marker was the most suitable
and sensitive among the different pNNX variants analyzed,
which also showed a slight increase during apnea episodes.
However, among these markers, only pNN6 did not change
significantly from pre-apnea to obstructive segments, as con-
firmed by the corresponding p-value (p = 0.1250).

In addition, Fig. 5-a shows the time-frequency map
obtained during an isolated apnea episode as well as the
preceding and subsequent seconds. The PSD of these seg-
ments which are delimited by the vertical lines (15 seconds
before and during the episode) are also shown. A remarkable
increase in the power of the VLF band during apnea can be
observed, as well as a shifting of the dominant frequency
within the HF band due to respiratory effort occurring in
that interval, despite airway obstruction. The transient shift
of the dominant frequency is accompanied by an increase
in power (see Fig. 5-b), thus affecting the total power in
that band. Results of the spectral parameters were obtained
only from SPVWD as illustrated in Fig. 5 for this ultra-
short analysis. Table 1 summarizes the mean values for the
frequency-domain markers, and the statistics obtained when
comparing the pre-apneic and apneic segments. Significant
increased values were found only for markers VLF , LF
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TABLE 1. Average values (median and inter-quartile range (IQR)) for the
spectral parameters of ultra-short-term HRV analysis evaluated before
and during apnea episodes for the whole population.

FIGURE 6. Spectral markers evaluated for three representative rats after
recurrent apnea sequences with different AI values. The order of the
simulated sequences was different in each animal according to the fixed
AI values (20, 40 and 60 events/hour). BEG stands for basal values
measured at the beginning of the experiment.

and VLFno assessed from the inter-recording analysis (see
Table 1). Moreover, when analyzing these markers sepa-
rately for each rat, we found more meaningful increases from
basal segments to apnea episodes when performing the intra-
recording analysis (30 episodes per rat). Table 2 summarizes
the average values of VLF and VLFno, evaluated before and
during apnea episodes for all rats. As the table shows, a clear
increase occurred during apnea episodes, supported by their
significant p-values. Except for the first rat, all of them were
less than 0.001.

B. IMPACT OF APNEA SEVERITY RELATIVE TO THE
NUMBER OF EVENTS AND TIME
The intra-recording effects on HRV markers as a function of
apnea episodes per hour, and thus associated with IH severity,
are shown for three representative examples in Fig. 6. All val-
ues used for AI in the designed protocol are represented,
including 20, 40 and 60 events/hour. A clear relationship
between the spectral markers and the AI values was observed
for the first two examples (Rats 1 and 5), despite the ran-
dom order used to simulate the apnea sequences. For Rat 1
in the left column, the markers steadily increased with the
successive increase in AI. However, for the rat in the sec-
ond column, the order of AI values was altered, which is

reflected in the higher values of the parameters after the sec-
ond sequence (AI = 60), followed by a decrease after the last
sequence in the final part of the protocol, when AI was set
at 40 events/hour. Finally, Rat 6 displayed a more random
behavior, but nevertheless showed a time-based progressive
increase in LF and HF markers regardless of AI.

Similarly, Fig. 7 (upper graphs) represents the distribu-
tion and average values of spectral markers measured at the
beginning of the first protocol and after different recurrent
apnea sequences, during normal respiration periods. In these
cases, the AI value used in each sequence was randomly
generated for each rat as described before, but the original
sequential order is maintained over time. As shown, both the
VLF and LF markers tend to increase over time, probably
due to the cumulative effect of IH and despite the differ-
ent values of AI in the apnea sequences. However, in the
middle graphs, the original order of the sequences over time
is no longer valid, and the average measures were pooled
according to AI values. This polling showed that, even when
similar sequences were simulated at different timing of the
protocol, their effects on the spectral markers were in part
associated with the applied AI. That is, the higher the number
of events/hour, the stronger the impact on the HRV markers.
Finally, in the bottom graphs the AI values associated with
each measure are specified by different colors. They showed,
for instance, that a value for AI equal to 60 events/hour caused
more impact on the VLF and LF markers if fixed at the end of
the protocol than when it was set at the beginning. Although
the results in Fig. 7 show a gradual increase in the markers,
the changes were not significant at least during the first
protocol (P1). The remaining markers including temporal and
fragmentation measures were found to be even less sensitive,
regardless of the severity of IH.

C. OVERALL EFFECTS CAUSED BY THE INTERMITTENT
HYPOXIA ON HRV MARKERS
Table 3 summarizes the results obtained for all markers rel-
ative to HRV analysis before and after completion of the
two protocols. Unlike the previous analyses, only the total
changes are considered to assess the global impact caused
by the whole set of the recurrent apnea sequences provoked
in each individual rat. Fragmentation markers (PIP, IALS
and PSS) and mean heart period significantly changed after
experiment completion. In both cases, the values of these
markers increased compared to baseline measures. None of
the remaining parameters varied significantly due to IH.

Fragmentation markers were correlated against the mean
heart rate (in beats/min) obtained for each animal, evalu-
ated during the initial and final stages. Results are shown
in Table 4, where a strong association (r = 0.79)was observed
after the experiment had finished compared to that found
when it started. However, when the same analysis was per-
formed against the mean BR values and the ratio given by
HR/BR, stronger correlation coefficients were found in both
the initial and final stages (r ≥ 0.85). Inmost rats, the HR and
BR parameters decreased in relation to the initial values. The
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TABLE 2. Standard and normalized VLF parameter evaluated in each rat. Average values were obtained from all events simulated during the first protocol
(N = 30) and computed before and during the simulated apnea episodes.

FIGURE 7. Spectral parameters computed during the initial basal period and after each sequence of
recurrent apnea (periods of normal breathing). Upper graphs illustrate the values distribution over time
after induced apnea sequences in their original order. Middle graphs show the values distribution after
pooling them by the number of episodes/hour applied in each apnea sequence. Bottom graphs reproduce
the information in the first row but showing the AI values corresponding to each measure with different
colors. AI = 20 (blue), AI =4 0 (red), AI = 60 (black). Gray marks represent the baseline measures.
Numbers above the horizontal lines indicate the p-values resulting from the statistical comparisons.

HR/BR ratio was also reduced at the end of the experiment,
maintaining the same strong (negative) correlation with the
fragmentation values. Similar results were obtained for the
PSS and IALS markers as summarized in Table 4.

IV. DISCUSSION
In this study, we evaluated a set of HRV markers, including
temporal and frequency domain parameters, as well as mea-
sures to estimate the level of fragmentation in heartbeat time
series. We investigated how intermittent hypoxia, simulated

by well-controlled sequences of recurrent apnea, can affect
the cardiac functioning and the autonomic control response.
Three different analyses were carried out to assess: 1) the
transient effects during individual apnea episodes; 2) the
relative impact of recurrent apnea sequences as a function
of their severity and; 3) the overall impact of intermittent
hypoxia at the end of the experiment.

Particularly, the ultra-short analysis using 15 s was moti-
vated by the fact that in several clinical studies, segments
shorter than 5 min (10, 30 and 60 s) have been explored
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TABLE 3. Median and interquartile range of all HRV parameters,
including temporal, spectral and fragmentation markers. Values were
computed from short-term analysis (5 min) at the beginning and end of
the experiment.

TABLE 4. Pearson’s correlation coefficients r obtained between the
fragmentation markers of the HRV and the mean heart rate, mean
respiratory rate and their ratio, HR/BR.

and compared to the standard HRV analysis (5-min seg-
ments), considered as the benchmark in humans [28]. These
studies concluded that some parameters obtained from ultra-
short analysis remain as reliable surrogates of standard HRV
parameters, especially time-domain markers such as the
SDNN and RMSSD [29]. In the case of spectral markers that
require a minimal segment length to be estimated, a time-
frequency approach was applied so as to track possible tran-
sient changes. Compared to humans, the segment length can
be shorter in rats since the frequency bands limits are shifted
towards greater values, as described in section II-D2.
The results highlighted the following major findings. First,

from the ultra-short-term analysis, we found a transient
increase in HRV during apnea episodes, translated into higher
values of SDNN , RMSSD and RR, in relation to pre-apneic
values. Particularly, the increase in RMSSD may suggest
parasympathetic activation when obstructive apnea episodes
took place [30]. However, it might be associated with the
increase in the high-frequency power caused by the animal’s
respiratory effort during mechanical obstruction, as illus-
trated in Fig. 5-b. The breathing effort somehow maintains
the high-frequency oscillations, to an even greater extent
than that occurring during normal respiration, as relevant
changes in negative intrathoracic pressure may affect heart
rate through different mechanisms [31], [32]. Moreover,
absolute and normalized measures of VLF power estimated
from the pseudo Wigner-Ville distribution also showed a
significant increase during apnea events (p = 0.016 and p =
0.031, respectively), probably related to the potentiation of

the carotid body’s chemosensory response to hypoxia, which
occurred in most episodes where SpO2 dropped by more
than 3% [33]. Although in that study chemosensory response
was related to sympathetic activation measured from the LF
band, other studies in OSA patients have suggested VLF
power as a more reliable marker of sympathetic modulation
than traditional LF/HF and LF markers, specially in patients
with heart failure. Therefore, OSA seemed to be a powerful
enough stimulus to produce a sympathetic discharge in the
VLF range of the apnea cycle [34]. This finding was in line
with the results reported in Shiomi et al. [35], performed with
patients suffering from OSA, where increase in VLF power
and the presence of a shaped VLF peak, were synchronized
with episodes of respiratory arrest or hypoxemia (decreased
SaO2) that occurred at cycle lengths of 25-120 seconds.
Lianj et al. [36] also studied the impact of mixed patho-
logical respiratory events including hypopneas, obstructive
and central sleep apneas, reporting increased VLF and LF
power compared to normal respiration segments. The influ-
ence of sleep stages has also been evaluated independently
for pathological respiration and in combination with cortical
arousals, with the latter having the greatest impact on LF
power [37]. In our study, most of the spectral parameters
increased transiently during obstructive apneas, but only VLF
and TP changed significantly, the latter as a result of the VLF
increase. It was also the case for the intra-recording analysis
performed over protocol P1, where VLF and VLFno signifi-
cantly increased (p <0.001) in most rats (see Table 2). The
major difference with respect to the aforementioned studies
concerns the length of the analyzed segments and the time-
frequency approach used to properly evaluate the spectral
markers.

The second important finding concerns the impact of apnea
severity on HRV measures evaluated during initial and sub-
sequent basal segments of normal respiration. We consid-
ered the number of events/hour used in each sequence to
assess its impact to hypoxia-induced HRV changes. Spectral
markers and more specifically VLF and LF values increased
over time following each sequence of intermittent hypoxia,
regardless of the AI values, suggesting a cumulative hypoxia-
induced effect over the course of the experiment. Further-
more, a pooled analysis of the apnea sequences showed that,
despite their distinct temporal location within the experiment,
changes in spectral markers were also related to AI values.
Importantly, this analysis was performed only during protocol
P1 where the apnea episodes presented the same duration,
as opposed to those used in protocol P2, and therefore, similar
drops in oxygen saturation level are expected to occur during
the hypoxic episodes of the same recording. Nevertheless,
the cumulative time of exposure to IH did no appear to
produce and maintain significant changes after each apnea
sequence, even at the end of protocol P1.

Finally, when all HRV markers were compared together,
only those estimating fragmentation levels in the RR time-
series were significantly affected after completion of the
two protocols. Our results demonstrated that fragmentation

19050 VOLUME 9, 2021



D. Romero, R. Jané: Global and Transient Effects of Intermittent Hypoxia on HRV Markers

levels increased (between 5% and 10%, p < 0.05) at the
end of the experiment, when all simulated sequences had
been finished. In addition, we found that mean respiratory
rate and its relationship to mean heart rate were highly cor-
related with fragmentation parameters (|R| ≥ 0.85). This
suggests that heart rate and respiratory rate could be used
to obtain indirect measures of fragmentation levels, or even
to adjust or normalize fragmentation estimates. For instance,
in the study conducted by Costa et al. [27], fragmentation
in RR time-series was demonstrated to increase with age in
healthy subjects, as well as in patients with heart diseases
such as coronary artery disease (CAD). However, fragmen-
tation tends to be higher in patients with CAD than in healthy
subjects of similar ages. They also showed that fragmentation
level seems not to be affected by mean heart rate; however,
our study demonstrated a strong correlation with breathing
rate and the ratio HR/BR, even under different conditions.
Nevertheless, our results should be interpreted with caution
due to the small size of the population, and possible effects
induced by anesthesia on the cardiovascular system [38].

The study was subject to some limitations, notably the
small sample size that may hamper the strength of the statis-
tic analyses. Likewise, only three categories were estab-
lished when setting the frequency and duration of the apnea
episodes. This fact did not allow to account for a wide
range of values to represent the hypoxia severity. Moreover,
although randomly, these categories were applied for each
individual rat, thus limiting the estimation of the underlying
relationship with the changes observed in HRVmarkers. One
possible alternative might be performing similar analyses
using polysomnographic (PSG) recordings acquired in OSA
patients from larger cohorts. However, although a wide range
of disease severity values may be obtained, it should be con-
sidered that in these patients apneas have varying durations
and occur at non-periodic intervals. In such a case, pooling
the apnea events within narrow duration ranges would be
suitable to assess transient responses for different durations.
Moreover, evaluating PSG recording segments with the high-
est obstructive event frequency, adjusted by events duration,
would better to assess OSA patient’s risk for a future cardiac
condition.

V. CONCLUSION
Our results have shown that the HRV increases as the
first transient response to hypoxia during apnea episodes.
Although some markers were slightly sensitive to hypoxic
episodes in the ultra-short analysis, only fragmentation mea-
sures captured significant global changes due to intermit-
tent hypoxia. Further studies must evaluate the impact of
the heart and respiratory rates on these fragmentation sig-
natures. The number of events/hour also seems to have a
relative impact on HRV markers, validating the clinical rele-
vance of the Apnea-Hypoapnea Index (AHI) in OSA patient’s
prognosis. Such alterations of autonomic control, mainly
driven by an increased sympathetic activity, may favors the
development of cardiac arrhythmias in these patients. In the

future, the application and usefulness of these markers in the
assessment of OSA patients should be tested, together with
the ultra-short HRV analysis adapted to the human heart’s
physiology.
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