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Background-—It has never been possible to immediately evaluate heart rate variability (HRV) during exercise. We aimed to visualize
the real-time changes in the power spectrum of HRV during exercise and to investigate its relationship to the ventilatory threshold
(VT).

Methods and Results-—Thirty healthy subjects (29.1�5.7 years of age) and 35 consecutive patients (59.0�13.2 years of age)
with myocardial infarctions underwent cardiopulmonary exercise tests with an RAMP protocol ergometer. The HRV was
continuously assessed with power spectral analyses using the maximum entropy method and projected on a screen without delay.
During exercise, a significant decrease in the high frequency (HF) was followed by a drastic shift in the power spectrum of the HRV
with a periodic augmentation in the low frequency/HF (L/H) and steady low HF. When the HRV threshold (HRVT) was defined as
conversion from a predominant high frequency (HF) to a predominant low frequency/HF (L/H), the VO2 at the HRVT (HRVT-VO2)
was substantially correlated with the VO2 at the lactate threshold and VT) in the healthy subjects (r=0.853 and 0.921,
respectively). The mean difference between each threshold (0.65 mL/kg per minute for lactate threshold and HRVT, 0.53 mL/kg
per minute for VT and HRVT) was nonsignificant (P>0.05). Furthermore, the HRVT-VO2 was also correlated with the VT-VO2 in these
myocardial infarction patients (r=0.867), and the mean difference was �0.72 mL/kg per minute and was nonsignificant (P>0.05).

Conclusions-—A HRV analysis with our method enabled real-time visualization of the changes in the power spectrum during
exercise. This can provide additional information for detecting the VT. ( J Am Heart Assoc. 2018;7:e006612. DOI: 10.1161/
JAHA.117.006612.)
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E xercise is of great importance in the prevention of
cardiovascular diseases as well as appropriate nutrition

and sleep. Previous reports showed that aerobic physical
activity had a great effect on primary and secondary

prevention of cardiovascular diseases.1–3 Although a car-
diopulmonary test (CPX) is the only way to determine the
ventilatory threshold (VT) noninvasively in clinical practice,
assessment of the VT requires an expensive analyzer and
expertise. Furthermore, it is incidentally difficult to confirm
the VT because of the inconsistency among the several
factors required for detecting the VT.4 An alternative method
is needed to easily and precisely detect the VT without
expensive analyzers and expertise.

Heart rate variability (HRV) is widely used to noninvasively
evaluate cardiac autonomic nervous activity, and is associated
with mortality and morbidity in patients with myocardial
infarctions (MI) and left ventricular dysfunction.5–7 Power
spectral analysis of the HRV mainly describes the high-
frequency component (HF; 0.15–0.4 Hz) and low-frequency
component (LF; 0.04–0.15 Hz). The HF reflects the cardiac
parasympathetic nervous tone.8,9 To date, although the power
spectral analysis of the HRV using conventional methods such
as the fast Fourier Transform method (FFT) or autoregressive
method can evaluate the HF and LF in a steady state, it is

From the Department of Cardiology (Y.S., Y.K., T.S., K. Akita, S.I., F.Y., K.M.,
T.N., T.K., N.N., Y.A., K.F., S.T.) and Institute for Integrated Sports Medicine
(K. Azuma), Keio University School of Medicine, Tokyo, Japan; Cardiovascular
Center, International University of Health and Welfare Mita Hospital, Tokyo,
Japan (Y.T.).

Accompanying Videos S1 and S2 are available at http://jaha.ahajournals.
org/content/7/1/e006612.full#sec-28

*Dr Shiraishi and Dr Katsumata contributed equally to this work.

Correspondence to: Yoshinori Katsumata, MD, PhD, Department of Cardi-
ology, Keio University School of Medicine, 35 Shinanomachi, Shinjuku-ku,
Tokyo 160-8582, Japan. E-mail: goodcentury21@gmail.com

Received May 10, 2017; accepted November 21, 2017.

ª 2018 The Authors. Published on behalf of the American Heart Association,
Inc., by Wiley. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial License, which permits use, distribu-
tion and reproduction in any medium, provided the original work is properly
cited and is not used for commercial purposes.

DOI: 10.1161/JAHA.117.006612 Journal of the American Heart Association 1

ORIGINAL RESEARCH

info:doi/10.1161/JAHA.117.006612
info:doi/10.1161/JAHA.117.006612
http://jaha.ahajournals.org/content/7/1/e006612.full#sec-28
http://jaha.ahajournals.org/content/7/1/e006612.full#sec-28
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


difficult to assess it during high-intensity exercise, where
heart rates drastically change. A power spectral analysis of
the HRV using the maximum entropy method (MEM) enables
elucidation of the changes in the HF and LF from short time-
series data of the RR intervals.10,11 However, real-time
changes in the power spectrum of the HRV during exercise
are understudied.

This study aimed to investigate whether the power spectral
analysis of the HRV every heartbeat using the MEM combined
with recordings of the RR intervals at 1000 Hz could enable
the visualization of the HF, LF, and the ratio of the LF to HF
(L/H) during incremental exercise. In addition, we elucidated
the relationship between the HRV and both the VT and VT
threshold (lactate threshold [LT]) in healthy subjects and
patients with MIs.

Methods
The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Study Sample and Ethical Approval
A total of 30 healthy volunteers were recruited by online public
subscription, and 35 consecutive patients with MIs who
underwent a CPX from February 2014 to December 2015 in
the Keio University Hospital were enrolled in the present study.
The healthy volunteers had a broad spectrum of aerobic

capacities and fitness levels, but none were athletes. They had
no comorbidities, such as hypertension, diabetes mellitus, or
active lung diseases. The exclusion criteria of the MI patients
included frequent ectopic beats, atrial fibrillation, 2- or 3-degree-
conduction block, pulmonary hypertension, specific cardiomy-
opathies other than an ischemic pathogenesis, more than
moderate primary valvular heart disease, <3 months after an
acute MI, and respiratory quotient (RQ) <1.05 in the symptom-
limited peak exercise. Despite that the respiratory quotient
values of each healthy subject were >1.10, 6 (17%) of the
patients with MIs had an RQ of <1.10 because of fatigue or
skeletal-muscular complaints. The study protocol was approved
by the Institutional Review Board of Keio University School of
Medicine (permission numbers: 2014023, 20150319), and was
conducted in accordance with the Declaration of Helsinki. All
subjects provided written informed consent.

Experimental Procedure
The CPXs were performed with the RAMP protocol ergometer
in both healthy volunteers and patients with MIs, simultane-
ously visualizing the changes in the power spectrum of the
HRV on another personal computer. In healthy subjects who
provided written informed consent, the blood lactate concen-
trations were measured during the CPX. The VT, LT, and HRV
threshold (HRVT) were assessed in our laboratory just after
the CPX to investigate the relationship among them.

Exercise Testing Protocol
All the subjects were examined under standard conditions
between 2 and 6 PM. CPX was performed within 1 to 3 hours
after a meal and any caffeinated beverages were restricted
3 hours before exercise. There were no subjects who smoke. On
the day of CPX, the subjects avoided heavy physical activity
before CPX. The height and body weight were measured using a
stadiometer (TANITA Corporation, Japan) upon arrival at the
laboratory. An incremental cycle exercise was carried out in a
quiet roommaintained at a constant temperature (22–24°C). The
subjects performed the test in the upright position on an
electronically braked ergometer (Strength Ergo 8; Mitsubishi
Electric Engineering Company, Japan). At first, the subjects
rested for 2 minutes on the ergometer until the heart rate (HR)
and respiratory condition slowed down. Following a 2-minute
rest, the subjects performed a 2-minute warm-up pedaling at
0 W, and then exercised with a progressive intensity until the
subjects could no longer maintain the pedaling rate (volitional
exhaustion). Every 1 minute, the intensity was increased by 20-
W increments for healthy men, and 15-W increments for healthy
women and MI patients. The pedaling frequency was set at
60 rev/min. The incremental exercise testing time ranged from
10 to 20 minutes, depending on the exercise capacities of each

Clinical Perspective

What Is New?

• A high-frequency component (HF), low-frequency compo-
nent (LF), and ratio of the low-frequency component and
high-frequency component (L/H) during incremental exer-
cise were instantaneously visualized by a power spectral
analysis of heart rate variability (HRV) using the maximum
entropy method.

• Furthermore, the conversion from a predominant HF to a
predominant L/H, which was defined as the HRV threshold,
was strongly correlated with the ventilatory threshold in a
subset of patients with myocardial infarction as well as
healthy subjects.

What Are the Clinical Implications?

• By evaluation of the HRV during exercise, optimal exercise
intensity can be determined without an expensive analyzer
and expertise.

• Real-time assessment of HRV with ECG through a wireless
data transfer system can offer a rigorous aerobic exercise in
accordance with the day-to-day physical conditions of
patients.
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subject. After the exercise tests were terminated, the subjects
were instructed to stop pedaling and to stay on the ergometer for
3 minutes (recovery phase). No attempt wasmade to control the
breathing frequency during or after the test. A 12-lead ECG
continuously recorded theHR. The blood pressurewasmeasured
every minute with an indirect automatic manometer.

Respiratory Gas Analysis
The expired gas flows were measured using a breath-by-
breath automated system (Vmax; Nihon Koden, Tokyo, Japan).
The respiratory gas exchange, including the ventilation,
oxygen uptake (VO2), and carbon dioxide production, were
monitored continuously and measured using a 10-second
average. This system was subjected to a 3-way calibration
process, involving a flow volume sensor, gas analyzer, and
delay time calibration.

The peak VO2 was calculated as the average oxygen
consumption during the last 30 seconds of exercise. The
ventilation/carbon dioxide (ventilator efficiency) slope (venti-
lation–carbon dioxide production slope) was based on data
from the onset of exercise to the respiratory compensation
point, and it was obtained by a linear regression analysis of
the data acquired throughout the entire period of exer-
cise.12,13 The resting HR was defined as the average of the
HRs in the sitting position for 2 minutes before the exercise.

HRV Measurement
The ECG data were stored with a sampling rate of 1000 Hz by
an LRR-03 (Crosswell, Yokohama, Japan). A Reflex Meijin
(Crosswell, Yokohama, Japan) was used to automatically
measure the RR intervals (beat-to-beat fluctuations in the HR)
of the subjects at 1000 Hz during the CPX. The data of the RR
intervals were instantaneously stored for real-time analyses.
Based on the data of the RR intervals, the power spectral
densities were computed continuously by the MEM analyzing
the RR intervals for 30 seconds using the Reflex Meijin. After
storing the data of the RR intervals for the first 30 seconds at
rest, the power continued to be quantified as an HF and LF
component with updating the data every heartbeat. With the
continuous analyses of every heartbeat, the power spectrum,
such as the HF, LF, and L/H, was projected on the screen
without delay during the CPX.

LT Determination
In a total of 21 healthy subjects who provided written
informed consent, the blood lactate concentrations were
measured during incremental exercise. The blood lactate
values were obtained via auricular pricking and squeezing the
ear lobe gently to obtain a capillary blood sample every

2 minutes during the CPX. The samples were analyzed
immediately for the whole blood lactate concentration
(mmol/L) using a standard enzymatic method on a lactate
analyzer (Lactate Pro; ARKRAY, Japan).

The LT was determined through graphical plots. A visual
interpretation was independently made of each subject by 2
experienced researchers to locate the first rise from baseline.
If the independent determinations of the stage at LT differed
between the 2 researchers, a third researcher adjudicated the
difference by independently determining VT. The 3 research-
ers then jointly agreed on the LT point.

VT Determination
The VT was determined classically through the procedures
described by Gaskill et al (ie, the ventilatory equivalent,
excess carbon dioxide, and modified V-slope methods).4 First,
2 of 3 experienced researchers independently and randomly
evaluated the VT of each subject through the 3 methods. The
researchers used all 3 methods to assess concurrent
breakpoint and to eliminate false breakpoint. Second, if the
VO2 values determined by the independent researchers were
within 3%, then the VO2 values for the 2 investigators were
averaged. Third, if the VO2 values determined by the
independent evaluators were not within 3% of one another,
a third researcher then independently determined VO2. The
third VO2 value was then compared with those of the initial
investigators. If the adjudicated VO2 value was within 3% of
either of the initial investigators, then 2 VO2 values were
averaged.

HRVT Determination
The HRVT was identified as follows: coefficient of component
variance (CCV) L/H elevated to a value of >0.1, following a
decrease to a value of <5 ms2 in the HF continuously for
60 seconds. The CCV L/H was defined as an index in which
the L/H was divided by the square root of the RR interval.14

The CCV L/H was used to minimize any considerable variation
in the L/H because of the heart rate.

We validated the relationships between each VO2 at the LT,
VT, and several HRVTs (HRVT and HRVT-1, 2, 3, and 4) to
establish which HRVT was the best threshold for clinically
predicting the VT or LT. Each HRVT was defined as follows.
HRVT-1 was defined as an index in which the CCV L/H
elevated to a value of >0.1, following by a decrease to a value
of <5 in the HF continuously for 8 heartbeats. HRVT-2 was
defined as an index in which the CCV L/H elevated to a value
of >0.35, following by a decrease to a value of <5 in the HF
continuously for 8 heartbeats. HRVT-3 was defined as an
index in which the CCV L/H elevated to a value of >0.35,
following by a decrease to a value of <10 in the HF
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continuously for 8 heartbeats. HRVT-4 was defined as an
index in which the CCV L/H elevated to a value of >0.35,
following by a decrease to a value of <1 in the HF
continuously for 8 heartbeats.

Statistical Analyses
The results are represented as the mean�SD or median with an
interquartile range for continuous variables and as percentages
for categorical variables, as appropriate.Multiple comparisons of
theHF, LF, L/H, and coefficient of the variation in theRR intervals
involving each period of the incremental exercise were made
using a mixed-effect model with the restricted maximum
likelihood analyses. The null hypothesis indicated that the mean
difference was equal to zero. The relationships among the
studiedmethodsof the LT, VT, andHRVTwere investigatedby the
Pearson correlation coefficient test. In addition, the Bland and
Altman techniquewas applied to verify the similarities among the
different methods (LT, VT, and HRVT).15 This comparison was a
graphical representation of the difference between the methods
and the average of these methods. All probability values were 2-
tailed, and P values of <0.05 were considered to be statistically
significant. All statistical analyses were performed with SPSS
version 24.0 software (SPSS Inc., Chicago, IL).

Results

Study Subjects
The baseline characteristics of the healthy subjects are summa-
rized in Table 1. The healthy subjects were predominantly male
(70%), with an average age of 29.1�5.7 years. Table 2 demon-
strates the patient background in theMI patients. TheMIpatients
were predominantlymale (80%), with an average age and LVEF of
59.0�13.2 years and 53.3�9.1%, respectively. Thirty-four
(97%) patients were taking b-blockers.

Real-Time Visualization of the HRV
The power spectrum of the HRV during the CPX, such as the
HF, LF, and L/H, was completely visualized in both the healthy
subjects and MI patients. Figure 1B and Video S1 show the
power spectrum density during exercise. The HF (yellow area
in Video S1) decreased drastically with a peak shift linked with
the breathing rate (Table 1) to a high frequency after starting
the exercise and disappeared after the VT. Based on these
raw data, the changes in the HF, LF, L/H, and HR during the
CPX in healthy men were projected on the screen in real time
(Figure 1A and Video S2). After starting the exercise, a
continuous increase in the HR and decrease in the HF were
observed without a change in the L/H. Then a drastic shift in
the power spectrum of the HRV occurred with a periodic

augmentation in the L/H and steady low HF until the recovery
phase. Similar trends were observed in all healthy subjects
(Figure 2) and the HF significantly decreased after the VT,
compared with that before and the L/H became significantly
elevated (Table 3). We identified the conversion from the
dominant HF to the dominant L/H as the HRVT, which was
easily detected by our method in all healthy subjects.

In MI patients, the changes in the HF, L/H, and HR were
similar to that in the healthy subjects (Figure 1C), and the HF
had also shown a significant decrease after the VT, compared
with that before with a significant increase in the L/H
(Table 4). However, some cases had a very low HF at rest with
a periodic augmentation in the L/H and steady low HF just
after starting the exercise until the recovery state (Figure 1D),
and a vacillated pattern of the HF during the exercise period
(Figure 1E).

Relationship Between the LT, VT, and HRVT
First, a total of 30 healthy subjects were evaluated to
investigate the relationship between the HRVT and VT or LT.
The relationship between the LT, VT, and HRVT or the other
HRVTs (HRVT-1, 2, 3, 4) showed that the HRVT was the best
threshold for clinically predicting the VT (Table 5). The

Table 1. Subject Background in the Healthy Volunteers
(n=30)

Characteristics

Demographic and anthropometric data

Age, y 29.1�5.7

Male, n (%) 21 (70)

Height, cm 169.9�8.6

Weight, kg 61.9�11.9

BMI, kg/m2 21.3�2.5

Rest Warm-Up VT Peak

Cardiopulmonary test data

HR, bpm 78�10 87�11 127�14 181�9

SBP, mm Hg 125�14 134�14 161�26 184�23

DBP, mm Hg 77�13 73�13 76�14 82�16

BR, /min 17�4 22�3 26�4 46�10

VO2, mL/kg
per minute

4.7�0.7 8.1�1.5 23.3�5.3 41.7�8.1

WR, watt ��� 0 101�39 201�62

RQ ��� ��� 0.94�0.05 1.25�0.08

VE-VCO2 slope 23.9�2.4

The values are the mean�SD or numbers (percentages). BMI indicates body mass index;
BR, breathing rate; DBP, diastolic blood pressure; HR, heart rate; RQ, respiratory
quotient; SBP, systolic blood pressure; VE-VCO2, ventilation–carbon dioxide production;
VO2, oxygen uptake; VT, ventilatory threshold; WR, work rate.
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relationship between the LT, VT, and HRVT is shown in
Figure 3, which describes the strong relationships between
each threshold (r=0.907 for LT and VT; r=0.853 for LT and
HRVT; and r=0.921 for VT and HRVT; for all P<0.001) in the
healthy subjects (Figure 3A, 3C, and 3E). The Bland-Altman
plot revealed that the mean difference between each
threshold (�0.26 mL/kg per minute for LT and VT,
0.65 mL/kg per minute for LT and HRVT, 0.53 mL/kg per
minute for VT and HRVT) was nonsignificant (P>0.05). These
findings clarified that there was no bias between the mean
values, which displayed strong agreements between the LT,
VT, and HRVT. Further, when the power spectrum density in
the HF was defined as 0.15 to 1.0 Hz, the relationship also
exhibited a good correlation between the HRVT and VT
(r=0.831; P<0.001), and the mean difference was 2.10 mL/
kg per minute (Figure 4) and was nonsignificant (P>0.05).

Secondly, among the MI patients, the HRVT was not able to
be clarified automatically in only 3 patients because they had
a vacillated pattern of the HF during the exercise period
(Figure 1E). In the remaining MI patients, the relationship

between the VT and HRVT was also assessed. Similarly, a
good correlation was observed between the VT and HRVT
(r=0.867) (Figure 5A). The Bland-Altman plot described a
strong agreement in the MI patients (Figure 5B).

Discussion
In the present study, we demonstrated that the HF, LF, and L/
H during incremental exercise were instantaneously visualized
by a power spectral analysis of the HRV using the MEM.
Furthermore, the conversion from a predominant HF to a
predominant L/H, which was defined as the HRVT, was
strongly correlated with both the LT and VT in a subset of MI
patients as well as healthy subjects. The real-time HRV
assessment could be applicable for the detection of the VT.

Although many reports have examined the HRV during
exercise by using a power spectral analysis,16–20 they have
described that an HRV analysis by conventional methods (eg,
fast Fourier Transform and autoregressive method) was not
possible to estimate the precise values of the HF, LF, and total

Table 2. Subject Background of the Patients With MIs (n=35)

Characteristics

Demographic and anthropometric data Medication

Age, y 59.0�13.2 b-Blocker, n (%) 34 (97)

Male, n (%) 28 (80) ACEI or ARB, n (%) 20 (57)

Height, cm 165.1�7.2 Antiplatelet drug 30 (100)

Weight, kg 67.6�9.7 Statin, n (%) 32 (91)

BMI, kg/m2 24.7�2.7 Laboratory data

Hypertension, n (%) 16 (46) eGFR, mL/min per 1.73 m2 64.0�16.0

Diabetes mellitus, n (%) 9 (26) HbA1c, % 6.0�1.0

Dyslipidemia, n (%) 24 (69) BNP, pg/mL* 32.7 (15.1–61.2)

Echocardiography data

LVEF, % 53.3�9.1

Rest Warm-Up VT Peak

Cardiopulmonary test data

HR, bpm 74�11 79�12 103�14 134�19

SBP, mm Hg 122�22 135�21 155�22 176�28

DBP, mm Hg 74�11 78�11 83�10 90�14

BR, /min 16�3 22�4 25�4 38�7

VO2, mL/kg per minute 3.7�0.7 7.1�1.4 15.8�4.1 23.7�7.4

WR, watt ��� 0 66�20 114�34

RQ ��� ��� 0.95�0.05 1.19�0.08

VE-VCO2 slope 27.2�4.4

The values are the mean�SD, or numbers (percentages). ACEI indicates angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; BNP, B-type
natriuretic peptide; BR, breathing rate; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; HbA1c, hemoglobin A1c; HR, heart rate; LVEF, left ventricular ejection
fraction; MIs, myocardial infarctions; RQ, respiratory quotient; SBP, systolic blood pressure; VE-VCO2, ventilation–carbon dioxide production; VO2, oxygen uptake; VT, ventilatory threshold;
WR, work rate.
*The BNP is expressed as the median and interquartile range.
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power at higher intensities (above the VT) because of the
short RR intervals and decrease in the HRV total
power.16,21–23 Those techniques have some weaknesses

and limitations, which need stationary data and cannot be
applied to the duration of drastic changes in the HR during
exercise. Furthermore, the fast Fourier Transform has a poor

Figure 1. Quantitative imaging of the power spectrum of heart rate variability during incremental exercise.
A, C, D, and E, Representative graphs of the high-frequency component (HF; red), coefficient of component
variance ratio of the low-frequency component to the HF (CCV L/H; blue) and heart rate (HR; green) with an
RAMP (15 W/min) protocol ergometer are shown in the healthy volunteer (A) and patients with myocardial
infarctions ([C]; a normal value of the HF, [D] a very low value of the HF, [E] a vacillated pattern of the HF). A
power spectral analysis of RR intervals measured at 1000 Hz, quantified the power spectral densities of the
HF and LF using the maximum entropy method. With updating the data every heartbeat, the HF and LF were
visualized as these graphs without a delay during the CPX. B, The power spectrum density (PSD) in a healthy
volunteer at every particular point during exercise: rest, warm-up, warm-up—ventilator threshold (VT), VT, VT—
peak, recovery. The vertical and horizontal lines show the power spectrum density and frequency,
respectively. CCV indicates coefficient of component variance; CPX, cardiopulmonary test; HF, high-
frequency component; L/H, the ratio of the LF to HF; 0W, warm-up; VT, ventilatory threshold.
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resolution because of the effect of the window shape and
width of the spectrum. The fast Fourier Transform is
insufficient for estimating the precise power spectral density

from short time-series data. The autoregressive method
presents a highly smoothed spectrum because of the small
value of the lag, which is considered to be possibly misleading.

Figure 1. Continued.
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On the other hand, the MEM does not depend on
stationary data.24,25 It enables the assessment of the HRV
based on an analysis of short-term RR intervals.10,24 As the
lower threshold of the LF component on the HRV analysis
using the MEM is 0.04 Hz, the time length of the shortest
time-series data required for the assessment of the LF

component is �25 seconds. We developed a new system
continuously updating the 30-second-series data of the RR
intervals every heartbeat to acquire the dynamic change in
the power spectrum density. Further, automatic recordings
and measurements of the RR intervals at 1000 Hz enabled an
analysis of a precise power spectrum density. Taken together,

Figure 2. Changes in the power spectrum of the heart rate variability during incremental exercise. Individual patient data during the
cardiopulmonary test for (A) the high-frequency component (HF), (B) low-frequency component (LF), (C) ratio of the LF and HF (L/H), and (D)
coefficient of variation of the RR intervals (CVRR). VT indicates ventilatory threshold.

Table 3. Changes in Each Variable of the HRV Analysis Among Healthy Subjects (n=30)

Rest Warm-Up Warm-Up—VT VT—Peak Recovery P Value

HF, ms2 235.5�171.6 162.1�159.4 93.5�119.5 0.9�0.8 6.9�16.6 <0.001

LF, ms2 739.2�649.0 445.4�535.9 170.5�130.6 4.2�4.3 18.3�24.6 <0.001

L/H 5.2�4.7 4.1�2.9 4.0�2.9 7.4�3.8 10.4�7.8 <0.001

CVRR, % 6.0�1.6 5.9�1.7 3.9�1.2 1.4�0.4 2.7�0.7 <0.001

The data were compared using a mixed-effect model. CVRR indicates coefficient of variation of RR intervals; HF, high-frequency component; HRV, heart rate variability; L/H, ratio of LF and
HF; LF, low-frequency component; VT, ventilatory threshold.
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the development of the data collection, measurement, and
analysis enabled the real-time assessment of a low HF of <1
and L/H even during high-intensity exercise.

Although several studies have demonstrated that an
assessment of the HRV was related to the VT,26–28 this is
the first study to clarify that continuous monitoring of the HRV
aided in clinically detecting the VT without delay during CPX.
In this study, we compared several indexes of the conversion
from the dominant HF to the dominant L/H. No HF re-
elevations to a value of >5 continuing for 60 seconds were
added to the definition of the HRVT to predict the VT more
precisely because the HF fluctuated around the VT level in
certain cases. It is often difficult to determine the VT mainly
because of the inconsistency among the several factors
required for detecting the VT, such as the ventilation/VO2 or
carbon dioxide production/VO2 slope, and oscillations in the
minute ventilation. In such cases, the HRVT could help detect
the VT. Furthermore, as the HRVT can predict the VT with only
ECG monitoring, optimal intensity exercise (in the level of
aerobic exercise) can be performed even if they have no
expensive analyzer and expertise. Real-time assessments of

the HRV with ECG through a wireless data transfer system can
offer a rigorous aerobic exercise in accordance with the day-
to-day physical conditions of patients. This innovative system
might improve the persistence of cardiac rehabilitation in
outpatients by expanding this safer rehabilitation program
from hospitals to other institutions, such as commercial
fitness clubs that are close to patients’ homes.

Limitations
This study had some limitations. First, the HRV indicates the
variability of the RR interval, not a quantitative index of the
determination of the cardiac autonomic nervous activity during
exercise. Therefore, we need to cautiously estimate the
relationship between the HF and parasympathetic nervous
activity during exercise. Secondly, the applicability of the HF
(0.15–0.4 Hz) is limited by the requirement of a fixed breathing
rate, such as 15 breaths/min.29 It is also known that the
amplitude of the HF declines as the breathing rate increases,30

and the HF spectrum peak shifts toward a high frequency when
the breathing rate is increased.31 As in the previous studies, the

Table 4. Change in Each Variable of the HRV Analysis Among MI Subjects (n=35)

Rest Warm-Up Warm-Up—VT VT—Peak Recovery P Value

HF, ms2 60.3�57.6 54.5�62.1 28.7�32.7 3.3�6.9 23.1�37.1 <0.001

LF, ms2 115.9�145.1 105.4�134.8 47.3�66.9 7.6�10.8 45.3�85.2 <0.001

L/H 3.8�4.6 4.5�5.1 5.0�4.8 6.1�3.6 6.8�4.5 0.004

CVRR, % 2.5�0.9 2.9�1.0 2.1�0.7 1.7�0.4 2.9�0.9 <0.001

The data were compared using a mixed-effect model. CVRR indicates coefficient of variation of RR intervals; HF, high-frequency component; HRV, heart rate variability; L/H, ratio of LF and
HF; LF, low-frequency component; MI, myocardial infarction; VT, ventilator threshold.

Table 5. Relationships Between Each LT, VT, and HRVT in Healthy Subjects (n=30)

VO2 (mL/kg per min)

Correlation Coefficient

LT VT

LT* 23.7�3.7 ��� ���
VT 23.3�5.3 0.907† ���
HRVT: HF <5, CCV L/H >0.1, for 60 s 23.3�5.7 0.853† 0.921†

HRVT-1: HF <5, CCV L/H >0.1 22.4�5.1 0.801† 0.868†

HRVT-2: HF <5, CCV L/H >0.35 21.9�5.5 0.612† 0.729†

HRVT-3: HF <10, CCV L/H >0.35 21.0�5.9 0.617† 0.735†

HRVT-4: HF <1, CCV L/H >0.35 26.9�6.6 0.601† 0.722†

Each HRVT was defined as follows. HRVT: CCV L/H elevated to a value of >0.1, following by a decrease to a value of <5 ms2 in the HF continuously for 60 s; HRVT-1: CCV L/H elevated to
a value of >0.1, following by a decrease to a value of <5 ms2 in the HF continuously for 8 heartbeats; HRVT-2: CCV L/H elevated to a value of >0.35, following by a decrease to a value of
<5 ms2 in the HF continuously for 8 heartbeats; HRVT-3: CCV L/H elevated to a value of >0.35, following by a decrease to a value of <10 ms2 in the HF continuously for 8 heartbeats;
HRVT-4: CCV L/H elevated to a value of >0.35, following by a decrease to a value of <1 ms2 in the HF continuously for 8 heartbeats. CCV indicates coefficient of component variance; HF,
high-frequency component; HRVT, heart rate variability threshold; L/H, the ratio of low-frequency component to high-frequency component; LT, lactate threshold; VO2, oxygen uptake; VT,
ventilatory threshold.
*The data of LT were available in 21 healthy volunteers.
†Significant correlation P<0.001.
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Figure 3. Validity testing of the oxygen uptake (VO2) at the HRVT, LT, and VT in healthy subjects (n=30). The graphs in the left panel show the
relationship between each VO2 at the heart rate variability threshold (HRVT), ventilator threshold (VT), and lactate threshold (LT) (A, C, and E).
The graphs in the right panel show the Bland-Altman plots (B, D, and F), which indicate the respective differences between each VO2 at the
HRVT, LT, and VT (y-axis) for each individual against the mean of the VO2 at the HRVT, LT, and VT (x-axis). The dark lines in each Bland-Altman
plot represent a �1.96 SD.
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HF decreased drastically with a peak shift to a high frequency
after starting the exercise (Figure 1A, yellow area in Video S1).
These findings suggested that the HF was underestimated after
starting the exercise, particularly in the vicinity of the VT where
the breathing rate was around 24/min (Tables 1 and 2).
However, the relationship also showed a good correlation
between the HRVT and VT when the HF spectrum peak was
defined as 0.15 to 1.0 Hz, suggesting that the HF spectrum
peak shift may have had little effect on the assessment of the

HF during exercise. Thirdly, among the patients with MIs, there
were patients with low levels of the HF before and during
exercise or a fluctuating HF during exercise. Further, no
conversion from a dominant HF to a dominant L/H was
recognized automatically in the patients with a fluctuating HF.
Several factors that may explain the low or fluctuating HF could
potentially exist in patients with MIs: comorbidities (such as
hypertension or diabetes mellitus), use and/or dose of b-
blockers, LVEF, and the infarction area (eg, left anterior

Figure 4. Validity testing of the VO2 at the HRVT and VT; HF 0.15 to 1.0 Hz (n=30). The graphs in the left panel show the relationship between
each VO2 at the heart rate variability threshold (HRVT) and ventilator threshold (VT) when the HF was defined as 0.15 to 0.4 Hz (A). The graphs
in the right panel show the Bland-Altman plots (B), which indicate the respective differences between each VO2 at the HRVT and VT (y-axis) for
each individual against the mean of the VO2 at the HRVT and VT (x-axis). The dark lines in each Bland-Altman plot represent a �1.96 SD. AT
indicates ; HF, high-frequency component; VO2, oxygen uptake.

Figure 5. Validity testing of the VO2 at the HRVT, LT, and VT in patients with MI (n=32). The graphs in the left panel show the relationship
between each VO2 at the heart rate variability threshold (HRVT) and ventilator threshold (VT) (A). The graphs in the right panel show the Bland-
Altman plots (B), which indicate the respective differences between each VO2 at the HRVT and VT (y-axis) for each individual against the mean of
the VO2 at the HRVT and VT (x-axis). The dark lines in each Bland-Altman plot represent a �1.96 SD. LT indicates lactate threshold; MI,
myocardial infarction; VO2, oxygen uptake.
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descending coronary artery, left circumflex coronary artery,
and right coronary artery). Further research is warranted
to investigate the relevance of the HF to the patient
background.

Conclusions
This was the first study to show a real-time evaluation of the
power spectrum of theHRVduring theCPX inMI patients aswell
as healthy subjects. Given the difficult situation of deciding the
VT, the power spectrum assessment with an HRV analysis could
be helpful for improving the detection of the VT.
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