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Abstract

Purpose: Heart rate variability (HRV) is acknowledged as a useful tool to estimate autonomic
function. Fast Fourier transform (FFT) and autoregressive model (AR) are used for power spectral
analysis of HRV. However, there is little evidence of agreement between FFT and AR in relation to
HRV following food intake in females. In the present study, we applied both FFT and AR after food
intake during the follicular and luteal phases, and compared raw low-frequency (LF) and high-
frequency (HF) powers, and LF/HF ratio obtained with the two power-spectral analytical methods.
Methods: All subjects participated in two sessions: follicular phase session and luteal phase ses-
sion. In each session, R-R intervals were continuously recorded before and after meals, and power
spectral analysis of heart rate variability was performed. We analyzed low-frequency power (LF:
0.04 - 0.15 Hz) and high-frequency power (HF: 0.15 - 0.40 Hz) by using FFT and AR. LF and HF
power were computed for each 30 sec, 1 min, 2.5 min, and 5 min of the 5-min R-R data before meal
intake and at 20, 40, 60 and 80 min after meal intake. The LF/HF ratio was calculated as an index
of sympathovagal balance. Results: In the present study, after 30 sec and 1 min of segment analy-
sis, there was little interchangeability between AR and FFT in LF, HF, and LF/HF ratio in both fol-
licular and luteal phases. In 2.5 min or 5 min of segment analysis, there was interchangeability
between FFT and AR in LF and HF, but not in the LF/HF ratio in both follicular and luteal phases.
Additionally, FFT underestimated HRV compared with AR, and the extent of underestimation in-
creased with increasing AR value. Conclusion: FFT underestimated HRV compared with AR, and
FFT correlated poorly with AR when the analysis segment was shortened.
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1. Introduction

Stress is known to affect cardiovascular changes, which are usually related to autonomic nervous system activity
changes [ 1]. Spectral analysis of heart rate variability (HRV) provides a sensitive, non-invasive measure of car-
diac autonomic regulation, and HRV is acknowledged as a useful tool to estimate autonomic function [2]. Two
main frequency components of HRV have been demonstrated: low frequency (LF: 0.04 - 0.15 Hz), reflecting
both sympathetic and parasympathetic nervous system activity, and high frequency (HF: 0.15 - 0.40 Hz), re-
flecting the activity of the parasympathetic nervous system [2]. Consequently, the LF/HF ratio represents the
sympathovagal balance [2].

In a frequency domain analysis of HRV, two spectral methods are usually used: the fast Fourier transform
(FFT) [3] and the autoregressive model (AR) [4] [5]. Recent studies showed that FFT and AR spectral estima-
tion methods do not lead to equal results [6]-[8]. In addition, to date, there are few reports on whether FFT and
AR data processing of HRV after food intake provides similar results. The frequency resolution is in inverse
proportion to the temporal resolution in FFT [9]. Therefore, it is postulated that the frequency resolution in FFT
diminishes in short-time analysis and discordance occurs between FFT and AR.

In the present study, we applied both FFT and AR spectral analysis after food intake in the follicular and lu-
teal phases and compared raw LF and HF powers, and LF/HF obtained with the two methods.

2. Methods
2.1. Participants

The subjects were seven healthy female students with body mass index (BMI) < 25 kg/m” (not overweight or
obese). The inclusion criteria were female gender and age of 20 to 24 years. The exclusion criteria were past and
current smoking, alcoholism, high-performance athletes, medication use, oral contraceptive use, irregularity of
menstrual cycle, parity, and body mass index > 25 kg/m’. All subjects were carefully informed about the pur-
pose and potential risks of this experiment, and all gave written informed consent to participate. The study pro-
tocol was approved by the Human Ethics Committee of the Graduate School of Human Development and Envi-
ronment, Kobe University in 2012.

2.2. Experimental Procedures

The experiments were conducted from 2012 to 2014. All subjects participated in two sessions according to a
randomized crossover design. In the first session, the subjects were randomly assigned to: 1) follicular phase
session or 2) luteal phase session. If the first session was conducted in the follicular phase, the second session
was conducted in the luteal phase in the same menstrual cycle. If the first session was conducted in the luteal
phase, the second session was conducted in the follicular phase in the next menstrual cycle. Participants were
determined as being in the follicular or luteal phase based on the occurrence of menstruation and ovulation.
Ovulation was recognized by a surge in luteinizing hormone detected using two self-examination kits for lutei-
nizing hormone (L-check FT; Nipro Co., Ltd, Osaka, Japan and P-check; Mizuho Medy Co., Ltd, Saga, Japan).
On the day before testing, the subjects finished their meals by 21:00 h and went to sleep before 24:00 h. They
abstained from drinks containing caffeine, food containing capsaicin, alcohol, and sports activity for 24 h prior
to each testing day. After overnight fasting, each subject arrived at the laboratory between 08:00 h and 08:30 h
and rested in the supine position for 20 min in an environmentally controlled room (temperature, 23°C - 26°C;
relative humidity, 50% - 60%). A test meal was served for the meal intake trial at 09:50 h, and the subjects fi-
nished eating by 10:05 h. The R-R intervals, the time interval between two consecutive R waves in the electro-
cardiogram, were continuously recorded before and after meals using an ambulatory electrocardiograph monitor
(Active Tracer AC-301A; GMS Inc., Tokyo, Japan) with a sampling rate of 1 kHz. The test meal contained 395
kcal of energy, 15.5 g of protein, 11.3 g of fat, 57.5 g of carbohydrate (energy %: protein/carbohydrate/fat
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15/62/23).

2.3. Heart Rate Variability

Power spectral analysis of HRV was performed using a fast Fourier transform and 16th-order autoregressive
model [10] by Kubios HRV analysis software 2.0 (Biomedical Signal and Medical Imaging Analysis Group,
Department of Applied Physics, University of Kuopio, Finland) [11].

We analyzed low-frequency power (LF: 0.04 - 0.15 Hz) and high-frequency power (HF: 0.15 - 0.40 Hz) as
HRYV parameters before meal intake and at 20, 40, 60 and 80 min after meal intake. LF power reflects sympa-
thetic and parasympathetic modulation of the heart, whereas HF power primarily reflects parasympathetic mod-
ulation of the heart [2]. LF and HF power were computed for each 30 sec, 1 min, 2.5 min, and 5 min of the
5-min R-R data. The LF/HF ratio was calculated as an index of sympathovagal balance [2]. The mean of each
30-sec, 1-min, 2.5-min, and 5-min HRV was used for statistical analysis.

2.4. Data Analysis

Reliability was analyzed using the intra-class correlation coefficient (ICC), classifying the values as low (ICC <
0.40), good (ICC = 0.40 to 0.75), and excellent (ICC > 0.75) [12]. Bland-Altman plots were drawn to look at the
agreement between AR and FFT. The statistical level for significance was established at 0.05. Statistical analy-
sis was performed using SPSS®™ 22.0 J for Windows (IBM Inc., Tokyo, Japan).

3. Results

The mean height, body weight, and BMI of the participants were 157.9 + 5.3 cm, 52.0 = 6.1 kg, and 20.9 + 2.2
kg/m?, respectively.

Results of ICC in LF are shown in Table 1. In 30 s segment of analysis, an excellent correlation (ICC > 0.75)
was found 60 min after meal intake in the follicular phase and 20 min after meal intake in the luteal phase. In 1
min segment of analysis, an excellent correlation was found before meal intake and 20 and 60 min after meal
intake in the follicular phase, and 20 and 80 min after luteal phase. In 2.5 min segment of analysis, an excellent
correlation was found at all time points in both phases except 40 min after meal intake in luteal phase. In 5 min
segment analysis, an excellent correlation was found at all time points in both phases.

Results of ICC in HF are shown in Table 2. In 30 s segment of analysis, there was no excellent correlation. In
1 min segment of analysis, an excellent correlation was found 40 and 60 min after meal intake in the follicular
phase and in 20, 40, 60, and 80 min after meal intake in the luteal phase. In 2.5 min segment of analysis, an ex-
cellent correlation was found at all time points except 20 min after meal intake in the follicular phase. In 5 min
segment of analysis, an excellent correlation was found at all time points in both phases.

Results of the ICC for LF/HF ratio are shown in Table 3. In 30 s segment of analysis, there was no excellent
correlation found. In 1 min segment of analysis, an excellent correlation was found 40 min after meal intake in
the follicular phase and before meal intake and 20 and 80 min after meal intake in the luteal phase. In 2.5 min
segment of analysis, an excellent correlation was found 20, 40, 60, and 80 min after meal intake in the follicular
phase and 20 min after meal intake in the luteal phase. In 5 min segment of analysis, an excellent correlation
was found before meal intake and 20, 40, and 60 min after meal intake in the follicular phase and 20, 60, and 80
min after meal intake in the luteal phase.

Results of Bland and Altman analysis in LF, HF, and LF/HF ratio are shown in Tables 1-3, respectively. In
terms of agreement between FFT and AR, broad 95% level of agreement was found in 30 s of segment analysis
compared with 2.5 min or 5 min of segment analysis in LF, HF, and LF/HF ratio.

4. Discussion

FFT and AR are mainly used in the context of short-term HRV signals. In the present study, within 30 s and 1
min segments, many of the data showed little interchangeability between FFT and AR in LF, HF, and LF/HF ra-
tio in both the follicular and luteal phases. In 2.5 or 5 min of segment analysis, many of the data showed inter-
changeability between FFT and AR in LF and HF, but not in LF/HF ratio in the follicular or luteal phases. Addi-
tionally, FFT underestimated HRV compared with AR, and the extent of underestimation increased with in-
creasing AR value. These data show that the agreement increases according to the length of analysis segment,
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Table 1. Intra-class coefficient, bias, and limits of agreements of the differences in low frequency between fast Fourier

transform and autoregressive model.

Follicular phase

ICC (95% CI)

Bland Altman
Bias (95% LoA)

Luteal phase

ICC (95% CI)

Bland Altman
Bias (95% LoA)

30 s segment of analysis

Before

20 min after

40 min after

60 min after

80 min after

0.048 (~0.188, 0.278)
0.101 (-0.135, 0.327)
0.136 (~0.101, 0.358)
0.872 (0.802, 0.919)"

0.164 (-0.072, 0.383)

—5142 (54,643, 44,358)
—5961 (~96,237, 84,315)

—2227 (—49,733, 45,278)

236 (—3535, 4006)

—1171 (—24,126, 21,784)

0.461 (0.255 - 0.627)
0.792 (0.685 - 0.865)"
0.660 (0.504 - 0.774)
0.032 (-0.203 - 0.264)

0.727 (0.595 - 0.821)

~411 (-4514, 3692)
~392 (-2840, 2055)

~743 (-5918, 4432)

—1105 (—17,476, 15,266)

—232 (2383, 1919)

1 min segment of analysis

Before

20 min after

40 min after

60 min after

80 min after

0.813 (0.661 - 0.901)"
0.803 (0.643 - 0.895)"
0.701 (0.483 - 0.837)
0.952 (0.907 - 0.975)"

0.712 (0.478 - 0.852)

430 (3956, 4816)
—452 (—6248, 5346)
~514 (—6323, 5296)

0.1 (2035, 2035)

12 (-2229, 2253)

0.676 (0.447 - 0.822)
0.791 (0.625 - 0.889)"
0.649 (0.407 - 0.806)
0.613 (0.356 - 0.784)

0.873 (0.764 - 0.934)"

~40 (-3313, 3233)
466 (~3260, 4192)
0 (~3098, 3098)
~107 (-2318, 2105)

127 (~1619, 1873)

2.5 min segment of analysis

Before

20 min after

40 min after

60 min after

80 min after

0.943 (0.832 - 0.981)"
0.939 (0.822 - 0.980)"
0.890 (0.692 - 0.963)"
0.987 (0.959 - 0.996)"

0.979 (0.935 - 0.993)"

5 min segment of analysis

Before

20 min after

40 min after

60 min after

80 min after

0.996 (0.977 - 0.999)"
0.899 (0.526 - 0.982)"
0.996 (0.973 - 0.999)"
0.985 (0.916 - 0.997)"

0.987 (0.927 - 0.998)"

~15 (~2029, 1999)
189 (~2786, 3163)
430 (4590, 5450)
~115 (-989, 758)

~246 (=995, 502)

~189 (=524, 147)

—241 (-2944, 2463)
—236 (~1132, 660)
213 (-976, 1403)

~243 (-863, 376)

0.898 (0.713 - 0.966)"
0.974 (0.920 - 0.992)"
0.728 (0.341 - 0.904)
0.801 (0.487 - 0.931)"

0.937 (0.817 - 0.980)"

0.980 (0.888 - 0.997)"
0.991 (0.948 - 0.998)"
0.860 (0.391 - 0.975)"
0.923 (0.623 - 0.986)"

0.974 (0.856 - 0.995)"

76 (1204, 1357)
292 (=606, 1190)
533 (-2363, 3428)
134 (=782, 1050)

—43 (779, 694)

—99 (567, 370)
—27 (~543, 490)
—155 (—1245, 935)
184 (=311, 679)

10 (—477.2, 496.9)

Before, before food intake; 20 min after, 20 min after food intake; 40 min after, 40 min after food intake; 60 min after, 60 min after food intake;
80 min after, 80 min after food intake; 1CC > 0.75; ICC, intra-class coefficient; CI, confidence interval; LoA, limit of agreement.

indicating no interchangeability in short length of analysis segment. In previous studies, comparisons between
FFT and AR were conducted during exercise [13] [14] in patients with hypertension [15], in patients with di-
abetes [16], and in subjects performing orthostatic [8] or tilt tests [7]. The results of these studies showed dis-
cordance between FFT and AR. However, there is little evidence on interchangeability of FFT and AR in meal
intake condition. Pivik et al. reported that LF/HF decreased after 340 kcal of meal intake in children, in which
FFT was used for power spectral analysis of 3-min segments [17]. Conversely, Pivik et al. reported that LF/HF
increased after 340 kcal of meal intake in another experiment, in which FFT was also used for analysis of 3-min
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Table 2. Intra-class coefficient, bias, and limits of agreements of the differences in high frequency between fast Fourier
transform and autoregressive model.

Follicular phase

ICC (95% CI)

30 s segment of analysis

Before

20 min after

40 min after

60 min after

80 min after

0.006 (=0.228 - 0.239)
0.505 (0.308 - 0.661)
0.137 (=0.100 - 0.359)
0.303 (0.075 - 0.501)

0.001 (—0.232 - 0.235)

1 min segment of analysis

Before

20 min after

40 min after

60 min after

80 min after

0.165 (=0.173 - 0.469)
0.686 (0.460 - 0.828)
0.801 (0.642 - 0.895)"
0.899 (0.810 - 0.948)"

0.743 (0.548 - 0.862)

Bland Altman
Bias (95% LoA)

~5850 (—49,050, 37,349)
~990 (~7385, 5406)
~1209 (~13,578, 11,160)

—698 (—4144, 2748)

—8514 (—132,440,
115,412)

~1811 (~17,764, 14,142)
~266 (~2074, 1543)
~176 (~1926, 1573)

~85 (~839, 670)

-91 (909, 727)

Luteal phase

ICC (95% CI)

0.101 (=0.223 - 0.244)
0.566 (0.383 - 0.706)
0.101 (=0.136 - 0.326)
0.085 (=0.151 - 0.313)

0.145 (-0.091 - 0.367)

0.336 (0.007 - 0.599)
0.934 (0.873 - 0.966)"
0.814 (0.662 - 0.902)"
0.940 (0.885 - 0.969)"

0.970 (0.942 - 0.985)"

Bland Altman
Bias (95% LoA)

—21986 (—245,683, 201,712)

—594 (~4061, 2874)
~1154 (~7865, 5556)
~1102 (7853, 5649)

~871 (~6348, 4606)

~1334 (—11,094, 8425)

—12 (-1167, 1144)
~326 (~1520, 867)
~20 (-462, 423)

—23 (-271, 224)

2.5 min segment of analysis

Before

20 min after

40 min after

60 min after

80 min after

0.963 (0.888 - 0.988)"
0.730 (0.346 - 0.905)
0.945 (0.839 - 0.982)"
0.932 (0.804 - 0.978)"

0.955 (0.866 - 0.985)"

5 min segment of analysis

Before

20 min after

40 min after

60 min after

80 min after

0.949 (0.737 - 0.991)"
0.909 (0.565 - 0.984)"
0.948 (0.730 - 0.991)"
0.981 (0.892 - 0.997)"

0.860 (0.392 - 0.975)"

~376 (~1514, 762)
—244 (~1736, 1248)
-25 (-982, 931)
—64 (~592, 463)

~76 (-475, 323)

~374 (~1241, 493)
~100 (-711, 512)
~155 (~946, 637)
-35 (=305, 235)

—182 (=796, 432)

0.988 (0.964 - 0.966)°
0.997 (0.991 - 0.999)°
0.989 (0.965 - 0.966)"
0.916 (0.761 - 0.972)"

0.976 (0.927 - 0.992)"

0.997 (0.980 - 0.999)"
0.980 (0.887 - 0.997)"
0.978 (0.880 - 0.996)"
0.989 (0.939 - 0.998)"

0.986 (0.920 - 0.998)"

~100 (~828, 628)
7 (~196, 211)
~16 (-249, 218)
-22 (=521, 476)

—33 (—248, 183)

~73 (=475, 328)
~133 (=631, 365)
78 (~293, 448)
36 (—143, 215)

~3 (~180, 174)

Before, before food intake; 20 min after, 20 min after food intake; 40 min after, 40 min after food intake; 60 min after, 60 min after food intake;
80 min after, 80 min after food intake; ICC > 0.75; ICC, intra-class coefficient; CI, confident interval; LoA, limit of agreement.

segments [18]. This indicates that FFT results are unstable in 3-min analysis segments in food intake condition,
although both experiments were conducted by the same researchers using the same protocol. Also, these results
indicate that signals of HRV in meal intake may be non-stationary. The underlying mechanism of these results is
unclear. FFT uses a window function for spectral analysis. However, the frequency resolution is in inverse pro-
portion to the temporal resolution in FFT [9], which may involve discordance between FFT and AR in short-

time analysis.

There are some limitations to be considered. First, the number of participants was relatively small. Second,
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Table 3. Intra-class coefficient, bias, and limits of agreements of the differences in low frequency/high frequency ratio
between fast Fourier transform and autoregressive model.

Follicular phase

Luteal phase

ICC (95% CI)

30 s segment of analysis

Before
20 min after
40 min after
60 min after

80 min after

0.142 (—0.094 - 0.364)
0.634 (0.470 - 0.756)
0.631 (0.466 - 0.753)
0.651 (0.492 - 0.768)
0.359 (0.137 - 0.547)

1 min segment of analysis

Before
20 min after
40 min after
60 min after

80 min after

0.493 (0.195 - 0.707)
0.746 (0.553 - 0.863)
0.788 (0.619 - 0887)"
0.661 (0.424 - 0.813)
0.642 (0.397 - 0.802)

2.5 min segment of analysis

Before
20 min after
40 min after
60 min after

80 min after

0.748 (0.380 - 0.911)
0.939 (0.831 - 0.980)"
0.877 (0.660 - 0959)"
0.779 (0.442 - 0.923)"
0.809 (0.505 - 0.934)"

Bland Altman
Bias (95% LoA)

~1.527 (~19.756, 16.703)
0.025 (—4.342, 4.392)
0.009 (—2.931, 2.949)
0.564 (~3.203, 4.331)

~0.406 (~12.038, 11.225)

0.450 (~1.953, 2.853)
0.401 (~2.286, 3.100)
0.133 (~1.701, 1.966)
0.023 (~2.079, 2.126)
0.415 (~4.156, 4.986)

0.055 (~0.788, 0.897)
0.080 (~0.869, 1.030)
0.314 (=0.712, 1.339)
0.098 (~1.175, 1.371)
~0.160 (~1.252, 0.933)

ICC (95% CI)

0.514 (0.318 - 0.667)
0.668 (0.515 - 0.780)
0.522 (0.329 - 0.674)
0.188 (~0.048 - 0.404)
0.609 (0.438 - 0.738)

0.778 (0.604 - 0.882)"
0.844 (0.713 - 0.918)"
0.461 (0.155 - 0686)
0.733 (0.532 - 0.856)
0.758 (0.572 - 0.870)"

0.623 (0.160 - 0.861)
0.788 (0.461 - 0.927)"
0.717 (0.322 - 0.900)
0.737 (0.358 - 0.907)
0.743 (0.370 - 0.910)

Bland Altman
Bias (95% LoA)

0.427 (—2.434, 3.288)
0.878 (—6.124, 7.880)
0.275 (~3.469, 4.020)
-0.441 (-9.800, 8.918)
0.695 (~6.040, 7.430)

0.112 (~1.358, 1.594)
0.145 (=2.608, 2.897)
0.069 (-2.832, 2.970)
0.110 (~1.287, 1.508)
0.563 (=3.811, 4.937)

~0.093 (~1.132, 0.945)
0.835 (=2.108, 3.779)
0.233 (~1.444, 1.910)
0.018 (~0.840, 0.876)
0.385 (=3.232, 4.003)

5 min segment of analysis

Before
20 min after
40 min after
60 min after

80 min after

0.929 (0.646 - 0.987)"
0.881 (0.461 - 0.978)"
0.876 (0.445 - 0.978)"
0.916 (0.591 - 0.985)"
0.732 (0.051 - 0.948)

~0.037 (~0.490, 0.416)
0.329 (~1.094, 1.752)
0.329 (-0.818, 0.911)
0.260 (~0.608, 1.128)
0.340 (~1.606, 2.287)

0.565 (~0.236 - 0.909)
0.977 (0.875 - 0.996)"
0.613 (=0.166 - 0.921)
0.857 (0.379 - 0.974)"
0.946 (0.720 - 0.990)"

0.238 (~1.056, 1.532)
—0.080 (—0.850, 0.690)
~0.152 (~1.529, 1.225)
0.327 (~0.443, 1.097)
0.079 (~1.045, 1.203)

Before, before food intake; 20 min after, 20 min after food intake; 40 min after, 40 min after food intake; 60 min after, 60 min after food intake;
80 min after, 80 min after food intake; ICC > 0.75; ICC, intra-class coefficient; CI, confidence interval; LoA, limit of agreement.

the present results were provided by only one test meal. In the present study, we validated the hypothesis that the
discordance occurs between FFT and AR in short-time analysis, despite the small number of participants and the
present test meal. However, the further study should be conducted in large number of participants or by variable
patterns of meal.

5. Conclusion

In conclusion, FFT correlated poorly with AR when the length of the analysis segment was shortened. Addition-
ally, FFT underestimated HRV compared with AR, and the extent of underestimation increased with increasing
AR value.
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