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Objective: The diurnal rhythm profile of human basal pain sensitivity and its association
with sympathetic nerve activity are not fully understood. This study aimed to examine
rhythmic changes in experimental pain sensitivity and skin sympathetic nerve activity in
healthy volunteers.

Methods: Thirty healthy volunteers were included in the study. Experimental pain
sensitivity, including pressure pain threshold and tolerance, cold pain threshold (CPT)
and tolerance, skin sympathetic nerve activity, and cardiovascular parameters (including
heart rate, cardiac output, and peripheral vascular resistance) at six time points
throughout the day (08:00, 12:00, 16:00, 20:00, 00:00, and 04:00) were sequentially
measured. Circadian rhythm analysis was performed on the mean values of the different
measurements and individual subjects.

Results: Significant differences were found in experimental pain sensitivity, skin
sympathetic nerve activity, and non-invasive cardiovascular parameters at different time
points (P < 0.05). The minimum measured values of all four types of experimental pain
sensitivity were consistently observed at 04:00. Rhythmical analysis showed that the
mean values of pressure pain threshold (meta2d P = 0.016) and skin sympathetic nerve
activity (meta2d P = 0.039) were significant. Significant diurnal rhythms in pain sensitivity
and skin sympathetic nerve activity existed in some individuals but not in others. No
significant correlation between experimental pain sensitivity and skin sympathetic nerve
activity was found at any time point (P > 0.05).

Conclusion: Significant diurnal fluctuations were observed in different pain sensitivities
and skin sympathetic nerve activity. No significant correlation between experimental pain
sensitivity and sympathetic excitability at different times was found; the reasons for these
phenomena remain to be further studied.

Clinical Trial Registration: [www.ClinicalTrials.gov], identifier [ChiCTR2000039709].
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INTRODUCTION

Pain, one of the five vital signs, is now defined as an unpleasant
sensory and emotional experience associated with, or resembling
that associated with, actual or potential tissue damage (Raja
et al., 2020). Even with the rapid development of different
analgesic drugs and analgesic methods, acute and chronic
pain is still the most common problem in patients, and the
treatment and relief of pain remain challenging. Human basal
pain sensitivity, measured by experimental pain stimulus, is
one of the main factors that affect the human body’s response
to noxious stimulation and related analgesic effect (Lotsch
et al., 2017; Nahman-Averbuch et al., 2019; Wen et al., 2020).
Therefore, clarifying and studying the factors that affect human
pain sensitivity can help predict the degree of pain and
guide pain treatment.

A diurnal rhythm is a periodic or rhythmic change in the
physiological or behavioral characteristics of an organism, with
a periodicity of approximately 24 h, which regulates behavior,
organs, and cells in living organisms (Hastings et al., 2003;
Mohawk et al., 2012). The circadian system is tightly coupled with
processes that control both sleep and metabolism (Huang et al.,
2011). Combining the literature on pain rhythm, we found that
a variety of pain has obvious diurnal qualities, but different types
of pain have different rhythm characteristics (Junker and Wirz,
2010). For example, the pain peak of rheumatoid arthritis and
osteoarthritis occurs in the morning, but neuropathic pain peaks
usually occur during the evening time (Gilron and Ghasemlou,
2014). The peak for migraine is often in the morning or at
noon, but the peak for cluster headache is mostly at midnight
(Burish et al., 2019). However, although the diurnal rhythms of
different types of pain have been demonstrated, research on the
diurnal rhythms of basal pain sensitivity remains lacking. And the
mechanism of diurnal rhythm in pain remains unclear. A recent
report has simply summarized the interaction between chronic
pain and circadian rhythm (Warfield et al., 2021), including
the effect of interrupting circadian clock gene expression after
injury and its role in the induction and maintenance of chronic
pain, and the effect of chronic pain on peripheral and central
circadian rhythm.

Furthermore, some studies have shown that the autonomic
nervous system also has a diurnal rhythm in its regulatory
effect on the body. Previous studies in a middle-aged population
have used heart rate variability to measure the function of
autonomic nerves, suggesting that the sympathetic nervous
system of the heart is the most excitable in the afternoon,
while the parasympathetic nervous system is the most excitable
at night (Li et al., 2011). The autonomic nervous system is
pathophysiologically related to both acute and chronic pain
(Di Franco et al., 2009; Doroshenko et al., 2021). When
a stress response occurs, extensive sympathetic activation
can temporarily increase the nociceptive threshold through a
combination of neurological and endocrine effects (Doroshenko
et al., 2021). In clinical practice, sympathetic nerve block has been
used for the treatment of various types of pain (visceral, vascular,
and neuropathic pain); for example, abdominal ganglion block
can effectively improve pain (Alexander, 1994; Jang et al., 2015;

Baek and Erdek, 2019; Salman et al., 2021). Additionally, one
report suggests that perioperative beta-blocker use is associated
with reduced prescription opioid use at 30 days after surgery
(Starr et al., 2019), indicating that sympathetic nerve activity may
be associated with pain intensity. Therefore, we speculate that the
diurnal rhythm of the autonomic nervous system may be related
to the diurnal rhythm of pain sensitivity.

In recent years, a new method (neuECG) has been used to
non-invasively record electrocardiograms (ECGs) to estimate
human skin sympathetic nerve activity (Doytchinova et al.,
2017). Therefore, combined with the established methods for
measuring human basal pain sensitivity, this technique allows
us to assess diurnal changes in sympathetic responsiveness and
to analyze its association with basal pain sensitivity. Based on
the above information, this study aimed to recruit volunteers to
test experimental pain sensitivity, skin sympathetic nerve activity,
and basic vital signs, and to explore the diurnal rhythm changes
and potential associations between human pain sensitivity and
sympathetic nerve activity.

MATERIALS AND METHODS

Subjects
This study was designed as a healthy volunteer trial to
determine the diurnal rhythm of basal pain sensitivity, skin
sympathetic nerve activity, and their association. The study
protocol was approved by the Medical Ethics Committee of
the Second Affiliated Hospital of Chongqing Medical University
(Ethics Committee Approval Document No.: 2020-97-1) and
registered in the China Clinical Trial Center (Registration No.:
ChiCTR2000039709). All subjects provided informed consent
prior to the study.

From November 2020 to January 2021, 30 healthy volunteers
(15 women and 15 men) from the Second Affiliated Hospital of
Chongqing Medical University were recruited. Inclusion criteria
were: between 18 and 35 years old, no known physical and
mental diseases, able to understand and sign the informed
consent and able to cooperate with the experiment, and right-
handedness. Exclusion criteria were: complicating hypertension,
coronary heart disease, diabetes, Parkinson’s disease and similar
conditions, pacemakers/defibrillators, ventricular assist devices,
and other devices installed in the heart; headache, low back
pain, neuropathic pain and other acute and chronic pain; use
of anti-inflammatory drugs, opioids, or related disease treatment
drugs in the recent 3 months; pregnant or menstruating; inability
to tolerate or cooperate with the study protocol, and heavy
smoking or alcohol use.

Study Protocol
The test protocol was performed as shown in Figure 1. Skin
sympathetic nerve activity, the basic vital signs (non-invasive
cardiac displacement, blood pressure, heart rate, etc.), and
pressure pain and cold pain thresholds (CPTs) were sequentially
measured by the researchers at six different time points. All
included subjects were asked to sleep in the same women’s
or men’s dormitory and live in the same activity room and
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FIGURE 1 | Flow chart of the study. (A) Each subject was tested in the chronological order from test point 1 to test point 6. (B) Each parameter was measured
according to the listed sequence.

FIGURE 2 | The pilot experiment based on laboratory members. (A–D) Show the change trend of the experimental pain thresholds (including PPT, PTO, CPT and
CTO) at the six time points. Data are presented as mean ± standard deviation. PPT, pressure pain threshold; PTO, pressure pain tolerance; CPT, cold pain threshold;
CTO, cold pain tolerance.
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dining room in the hospital during the test procedure. During
the experiment, they were required to refrain from strenuous
exercise, eating spicy and stimulating food, and drinking coffee
or milk tea. Light exposure was sustained from 08:00 to 22:00,
while dark was sustained from 20:00 to 08:00. Subjects were
given standardized instructions before the test to familiarize
them with the study protocol. Each subject was required to
repeat the test procedure six times a day (24 h) at 08:00, 12:00,
16:00, 20:00, 00:00, and 04:00, respectively (Figure 1), and all
participants were asked to rest for 10 min before each test. All
measuring equipment was placed in a quiet sampling room, and
the test procedure was performed there. When the six sequential
tests were performed, the subject would be invited to enter the
sampling room. And when test procedure was completed during
“dark” period, the subjects would be asked to stay in dark room
again. The test procedures were performed in the same room,
which was maintained at 25◦C, by the same investigators.

Before the experiment, a pre-experiment of pain measurement
was carried out to validate the feasibility of the experimental
pain measurements. In this study, six experimental pain
measurements were performed within 24 h, and it was unknown
whether previous sequential experimental pain measurement at
any time point affected the next pain measurement. A search
of the literature searching did not reveal related evidence. Thus,
we designed a pilot study to perform sequential experimental
pain measurements at 30 min intervals. Ten healthy laboratory
members in our research group were had pain measurements
taken every half an hour in 1day. The method of pain
measurement was the same as that used in the experimental
design. The results of the pilot study showed that no significant
change was found in tests performed at 30 min intervals
(Figure 2), indicating that previous sequential experimental pain
measurement at any time point did not affect the next pain
measurement in the current protocol. Thus, in the current
protocol, the use of a 4-h interval was feasible.

Skin Sympathetic Nerve Activity Test
The skin sympathetic nerve activity was tested using an AD
Instruments device, which includes a bioelectric amplifier,
PowerLab 26T, five electrocardiogram cables, and a USB
connector connected to the computer. The LabChart software
that matches the device is required to be installed on the
computer, and the ten channels are set in the LabChart software,
which was described in a previous study (Kusayama et al., 2020).
This device can collect nerve ECGs and filter out the signal of the
skin sympathetic nerves by setting the channels. The frequency
range of adult ECGs is 0.05–150 Hz (Kligfield and Okin, 2007),
and most myopotential signals are less than 100 Hz (McAuley
et al., 1997). However, the frequency of the skin sympathetic
nerve can range from 0 to > 2,000 Hz, and the amplitude can
range from 0.5 to 100 µV (Kusayama et al., 2020); hence we
could set the channel frequency to filter out the voltage of the skin
sympathetic nerve. The skin is innervated by sympathetic fibers
(Donadio et al., 2006), and the skin sympathetic nerve activity can
assess sympathetic tone to some extent.

During the test procedure, the subjects were asked to sit in
an upright position and rest calmly for 10 min. Skin sympathetic

nerve activity was recorded using the device and analyzed using
LabChart software. Finally, the average voltages of channels 7 and
8, after 10 min of calm rest, were recorded to reflect the skin
sympathetic nerve activity (Kusayama et al., 2020).

Pressure Pain Measurement
In this study, a hand-held electromechanical pressure meter
(YISIDA-DS2; Hong Kong, China) was used according to the
established measurement protocol reported in a previous study
(Duan et al., 2014). The measured site was the brachioradialis
lateralis region of the elbow joint of the left forearm. Six adjacent
markers were made on the skin in this area to ensure that the
researchers could repeat the tenderness threshold measurements
using the same measurement points. A soft pad was placed under
the left arm, and the pressure meter was vertically placed in
the marked spot, and the pressure was increased at a rate of
approximately 3.0 kg/cm2/s, starting at 0 kg/cm2. To avoid tissue
damage, the maximum force was no more than 50 kg/cm2. The
subjects were asked to say “pain” as they began to feel it during
the stimulation, and the researcher recorded the pressure value
displayed on the LCD screen as the pressure pain threshold
(PPT). When the subjects could not tolerate the pain, they said
“stop,” and the pressure value at this time was recorded as the
pressure pain tolerance (PTO). During the test, the subjects were
asked to turn their heads to the other side of the test limb so that
they could not see the recorded value.

Cold Pain Measurement
The subjects’ CPT was measured using a container filled with ice
water maintained at 4◦C (Klatzkin et al., 2010). At the beginning
of the test, subjects were instructed to immerse their right hand
vertically into the ice water container until it reached the wrist
line, without touching the sides and bottom of the container,

TABLE 1 | Characteristics of included subjects.

Male (n = 15) Female (n = 15) P

Age (year) 28.3(4.01) 24.0(1.31) P = 0.001

Height (cm) 172.5(7.00) 158.3(5.02) P < 0.001

Weight (kg) 68.5(9.01) 50.0(5.42) P < 0.001

HADS-anxiety 3.60(2.53) 2.93(2.05) P = 0.441

HADS-depression 3.40(2.72) 2.47(1.51) P = 0.255

PSQI 5.40(2.77) 4.53(2.13) P = 0.346

PPT (kg/cm2) 11.15(4.21) 8.73(2.88) P = 0.078

PTO (kg/cm2) 24.79(5.92) 21.07(7.24) P = 0.134

CPT (second) 9.43(3.68) 11.70(4.76) P = 0.156

CPO (second) 28.59(15.53) 35.36(20.03) P = 0.326

MAP (mmHg) 92.73(9.05) 84.67(10.81) P = 0.035

HR (bpm) 78.67(6.63) 82.53(10.01) P = 0.223

SVR (dyn*s/cm5) 1,029.33(205.96) 900.67(132.63) P = 0.052

CO (L/min) 6.51(0.80) 6.93(0.69) P = 0.130

HADS, hospital anxiety and depression scale; PSQI, Pittsburgh sleep quality
index; PPT, pressure pain threshold; PTO, pressure pain tolerance; CPT, cold
pain threshold; CTO, cold pain tolerance; MAP, mean arterial pressure; HR, heart
rate; SVR, systemic vascular resistance; CO, cardiac output; aSKNA, average skin
sympathetic nerve activity. *Multiplier in units.
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and keeping it still to maintain the same immersion status for
all subjects. To avoid possible damage, the maximum time in
ice water was limited to 120 s. When their hands began to feel
pain, the subjects were asked to say “pain,” and the time was
recorded as the CPT. When the subjects could not tolerate it, they
took out their hands, and the time was recorded as the cold pain
tolerance (CTO).

Other Characteristic Parameters
Demographic data were collected for all subjects, who were
assessed using the Hospital Anxiety and Depression Scale
(HADS) to exclude possible subjects with severe anxiety and
depression or poor sleep quality. The HADS includes 14 items
that assess symptoms of anxiety and depression over the past
month (every item had scores of 0–3 on a scale of 0–21). The
Pittsburgh Sleep Quality Index (PSQI) was used to evaluate sleep
quality, time to fall asleep, sleep time, sleep efficiency, sleep
disorders, hypnotic drugs, and daytime dysfunction in the past
month (0–21 points).

Statistical Analysis
In this study, continuous data are summarized as the mean
(standard deviation) and qualitative data are summarized as

the number of subjects. As described in a previous study
(Wu et al., 2016), identifying periodic signals in time-
series data is important in studying the circadian clock. The
meta2d method is designed to analyze time-series datasets
in human research, including individual subjects with data
collected from the same person over time. Therefore, in
this study, meta2d analysis was chosen to determine whether
the measured values for the same person periodically and
regularly change over time within a 24 h period. First, the
meta2d method was used to estimate the circadian phases
of the simulated periodic profiles for the mean values of
different measurement parameters at the population level. The
rhythmicity of the different measurement parameters for each
subject was also analyzed using the meta2d method at the
individual level.

Additionally, a comparative analysis was performed
using SPSS software (IBM SPSS Statistics for Windows,
Version 20.0. Armonk, NY: IBM Corp.). Repeated ANOVA
was used to analyze the values of basic vital signs, skin
sympathetic nerve activity, PPT, and CPT at different
time points. Post hoc comparisons using LSD t-test were
used to compare values at different time points. Spearman
correlation analysis between experimental pain sensitivity and

FIGURE 3 | Values of pressure pain threshold (A), pressure pain tolerance (B), cold pain threshold (C), and cold pain tolerance (D) at six time points in a day (08:00,
12:00, 16:00, 20:00, 00:00, 04:00). Data are represented as mean value and standard error. ∗∗P < 0.01. PPT, pressure pain threshold; PTO, pressure pain
tolerance; CPT, cold pain threshold; CTO, cold pain tolerance.
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sympathetic nerve activity, as well as non-invasive cardiovascular
parameters, was performed. Statistical significance was set at
P < 0.05.

RESULTS

In this study, a total of 30 healthy subjects (15 women and 15
men) were included (age range: 22–34 years old). Demographic
and baseline data of all subjects are shown in Table 1. None of
the subjects were found to have related basic diseases, and no
anxiety, depression, or sleep disorder was found. In the study, at 4
AM the subject would be awakened to complete the test and then
continue to sleep. All subjects were able to successfully fall asleep
following the test.

The experimental pain measurements at different times are
shown in Figure 3 and Supplementary Figure 1. Rhythm
analysis showed that the subjects’ mean PPT had a significant
rhythm (meta2d, P = 0.016). However, no significant rhythm
was found in the mean values of PTO (meta2d, P = 0.354), CPT
(meta2d P = 0.084), and CTO (meta2d P = 0.577). Repeated
measures ANOVA showed that there were significant differences
in PPT (F = 9.745, P < 0.001), PTO (F = 10.6145, P < 0.001),
and CPT (F = 4.093, P = 0.007) at different time points, but
no significant differences in CTO (F = 2.110, P = 0.101) at
different time points. At the same time, across the six time
points, each pain index had its own peak and trough values.
The minimum average PPT was at 04:00 and the maximum at
16:00 [8.287 (2.7634) vs. 10.960 (3.5975) kg/cm2, P < 0.01]. The
minimum average value of PTO was at 04:00 and maximum at

FIGURE 4 | The mean values of average skin sympathetic nerve activity (A), mean arterial pressure (B), heart rate (C), peripheral vascular resistance (D), and cardiac
output (E) at six time points of the day (08:00, 12:00, 16:00, 20:00, 00:00, 04:00). The data are shown as the mean and standard error. ∗∗P < 0.01; ∗∗∗P < 0.001.
Askna, average skin sympathetic nerve activity; MAP, mean arterial pressure; HR, heart rate; SVR, systemic vascular resistance; CO, cardiac output.
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08:00 [17.840 (5.5037) vs. 22.930 (6.7692) kg/cm2, P < 0.01].
The minimum average CPT was at 04:00 and maximum at 12:00
[9.0430 (3.67695) vs. 11.0950 (6.06955) s, P = 0.119].

Measurements of skin sympathetic nerve activity and
cardiovascular parameters at six different time points are shown
in Figure 4 and Supplementary Figure 2. Rhythmic analysis
showed the subjects’ mean average skin sympathetic nerve
activity (aSKNA) rhythms had significant rhythmicity (meta2d
P = 0.039). The mean values of mean arterial pressure (MAP)
(meta2d P = 0.456), heart rate (HR) (meta2d P = 0.256), systemic
vascular resistance SVR (meta2d P = 0.198), and cardiac output
(CO) (meta2d P = 0.265) showed no significant rhythmicity.
Repeated ANOVA showed that there were significant differences
in aSKNA (F = 3.976, P = 0.009), HR (F = 21.234, P< 0.001), SVR
(F = 6.886, P < 0.001), and CO (F = 8.009, P < 0.001) at different
time points. However, there was no significant difference in MAP
(F = 1.190, P = 0.317) at different time points.

The minimum mean value of the average skin sympathetic
nerve activity was at 08:00 and maximum at 20:00 [0.8087
(0.10670) vs. 0.9426 (0.20395) µV, P < 0.01]. The minimum
mean value of SVR was at 12:00 and maximum at 16:00 [923.60
(164.324) vs. 1,121.70 (259.213) dyn∗s/cm5, P < 0.01]. The
minimum mean CO was at 04:00 and maximum at 12:00 [5.950
(0.9417) vs. 6.777 (0.8697) L/min, P = 0.001], and HR was
consistent with it, with a minimum at 04:00 and maximum at
12:00 [69.80 (8.487) vs. 81.03 (8.261) bpm, P < 0.001].

In addition, individual rhythm analysis was used to analyze
the diurnal rhythm of pain and skin sympathetic nerve activity

in each subject. When P-value less than 0.05 in meta2d analysis
for a measurement parameter, this subject would be grouped into
“rhythmic subjects” for this measurement parameter, while other
subjects would be grouped into “non-rhythmic subjects.” The
results are shown in Figures 5, 6. In the pressure pain test, 43%
(13/30) of the subjects’ PPT and 27% (8/30) of the subjects’ PTO
had a significant periodic signal. In the cold pain test, 43% (13/30)
of the subjects’ CPT and 40% (12/30) of the subjects’ CTO had a
significant periodic signal. The trends of subjects with significant
periodic signals are shown in Figure 5.

As shown in Figure 6, 43% (13/30) of the subjects showed
significant changes in the diurnal rhythm of skin sympathetic
nerve activity, and the average skin sympathetic nerve activity
first increased from 08:00 and then decreased from 20:00.
The individual rhythm analysis of other related cardiovascular
indicators is shown in Figure 6.

The correlation between basal pain sensitivity, skin
sympathetic nerve activity, and cardiovascular indicators is
shown in Table 2. There was no significant correlation between
basal pain sensitivity and sympathetic nerve activity at any of the
time points. MAP showed a significant positive correlation with
PPT at three different time points.

DISCUSSION

In this study, it was demonstrated that the mean values of
mechanical pain threshold and skin sympathetic nerve reactivity

FIGURE 5 | The proportion of PPT (A), PTO (B), CPT (C), and CTO (D) in subjects with or without significant periodic signal. Red shows the population with
significant periodic signal, and blue shows the population without significant periodic signal. The change trend of the measured values with significant periodic signal
is shown. Values are presented as mean ± standard error. PPT, pressure pain threshold; PTO, pressure pain tolerance; CPT, cold pain threshold; CTO, cold pain
tolerance.
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FIGURE 6 | The proportion of skin sympathetic nerve voltage (A), mean arterial pressure (B), heart rate (C), peripheral vascular resistance (D), and cardiac output
(E) in subjects with or without significant periodic signal. Red represents the population with significant periodic signal, and blue represents the population without
significant periodic signal. The change trend of the measured values with significant periodic signal is shown. Values are presented as mean ± standard error.
aSKNA, average skin sympathetic nerve activity; MAP, mean arterial pressure; HR, heart rate; SVR, systemic vascular resistance; CO, cardiac output.

had significant diurnal rhythms. However, the individual rhythm
analysis showed that not all subjects had significant diurnal
rhythms, and there were differences among individuals with
different physiological indexes. In addition, there was no
significant correlation between the experimental pain threshold
and the skin sympathetic nerve reactivity at different time points.

Regarding the diurnal rhythm of pain threshold, previous
studies on the diurnal rhythm of pain only focused on pain
intensity at several specific time points (Koch and Raschka, 2004).
To the best of our knowledge, this study is the first to specifically
analyze the rhythmicity of human basal pain sensitivity through
rhythmicity analysis and to compare basal pain sensitivity at
different time points. The results of ANOVA analysis showed
that experimental pain sensitivity does differ significantly at
different time points over 24 h. Both pressure and CPTs were
lowest at 4 a.m., which is consistent with previous studies that
showed that pain was more intense at night (Toporikova et al.,
2017). However, in the met2d analysis, we found that in the

included population, only the mean value of the PPT showed
significant periodic signals. Cold pain may be affected by many
factors, such as the existing rhythm of body temperature in the
population (Refinetti, 2010). This may interfere with the rhythm
of subjects’ perception and tolerance to cold stimuli. Meanwhile,
one previous study has shown that there is no obvious rhythm
change in either the perception of thermal or cold stimuli or
the pain sensation generated by thermal stimulus (Strian et al.,
1989). Nevertheless, the findings of this study may be helpful for
clinical pain prediction and analgesia. For example, analgesia pre-
administration or intensification prior to the peak of pain can
be applied during clinical pain treatment. Therefore, based on
the diurnal rhythm characteristics of pain sensitivity, reasonable
and individualized time prescriptions be expected to optimize the
analgesic strategy.

Another important indicator found in this study was the
skin sympathetic nerve activity. We found that its mean values
also have obvious rhythmic fluctuations. After 08:00, the skin
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TABLE 2 | Correlation between basal pain sensitivity and skin sympathetic nerve
activity and cardiovascular index.

PPT P PTO P CPT P CTO P

aSKNA1 0.139 0.463 −0.050 0.793 0.103 0.589 0.102 0.606

aSKNA2 0.221 0.240 −0.061 0.749 −0.152 0.422 −0.093 0.638

aSKNA3 −0.072 0.706 −0.056 0.768 −0.056 0.768 −0.077 0.698

aSKNA4 −0.062 0.745 −0.020 0.917 −0.223 0.235 −0.181 0.358

aSKNA5 0.097 0.609 0.082 0.666 0.294 0.114 0.012 0.950

aSKNA6 −0.032 0.867 −0.184 0.331 −0.061 0.750 −0.210 0.284

HR1 −0.176 0.351 −0.060 0.753 0.115 0.546 −0.054 0.179

HR2 −0.191 0.313 −0.230 0.150 0.280 0.134 0.231 0.236

HR3 −0.207 0.271 −0.283 0.130 −0.181 0.337 0.110 0.578

HR4 −0.098 0.607 −0.141 0.459 −0.056 0.769 −0.013 0.947

HR5 −0.020 0.917 −0.060 0.753 −0.100 0.599 0.089 0.653

HR6 −0.07 0.714 −0.074 0.698 −0.061 0.750 0.132 0.502

CO1 −0.404 0.027 −0.412 0.024 −0.147 0.438 −0.261 0.179

CO2 −0.113 0.553 −0.005 0.979 0.268 0.152 0.313 0.105

CO3 0.077 0.686 0.208 0.270 −0.009 0.962 0.153 0.436

CO4 −0.449 0.013 −0.243 0.196 −0.199 0.291 −0.088 0.658

CO5 −0.246 0.190 −0.116 0.541 −0.243 0.196 −0.103 0.603

CO6 0.007 0.970 −0.009 0.963 −0.085 0.654 0.016 0.935

SVR1 0.431 0.017 0.253 0.177 0.084 0.661 0.021 0.916

SVR2 0.224 0.234 0.051 0.790 −0.127 0.504 −0.209 0.287

SVR3 0.164 0.387 −0.033 0.863 −0.005 0.978 −0.169 0.390

SVR4 0.584 0.001 0.337 0.069 0.154 0.417 0.045 0.818

SVR5 0.302 0.105 0.143 0.452 0.339 0.067 0.155 0.430

SVR6 0.287 0.124 0.235 0.212 0.211 0.262 0.033 0.869

MAP1 0.399 0.029 0.237 0.208 −0.011 0.953 −0.009 0.964

MAP2 0.177 0.350 0.114 0.550 0.047 0.804 −0.099 0.615

MAP3 0.338 0.068 0.248 0.186 0.016 0.934 −0.086 0.665

MAP4 0.454 0.012 0.125 0.509 0.059 0.755 −0.013 0.947

MAP5 0.211 0.263 0.116 0.541 0.033 0.861 0.030 0.880

MAP6 0.505 0.004 0.410 0.025 0.230 0.221 0.078 0.692

PPT, pressure pain threshold; PTO, pressure pain tolerance; CPT, cold pain
threshold; CTO, cold pain tolerance; MAP, mean arterial pressure; HR, heart rate;
SVR, systemic vascular resistance; CO, cardiac output; aSKNA, average skin
sympathetic nerve activity.

sympathetic nervous activity showed rising trends, and after
20:00, it showed a trend of gradual decline. This is consistent
with the phenomenon that the parasympathetic nerve often
predominates during the night (Li et al., 2011). The temporal
data of skin sympathetic nerve activity have not been reported
before, but some studies have confirmed that heart rate variability
shows obvious rhythmic characteristics (Singh and Rabkin,
2021), which are mainly affected by sympathetic excitability.
Importantly, it lines up nicely with the morning rise of cortisol,
a key biological stress response system (Adam et al., 2017),
which has a synergistic effect on the sympathetic nervous
system. As previously reported, cortisol follows a strong diurnal
rhythm: levels are high on waking, drop rapidly in subsequent
few hours after the awakening surge, and then drop more
slowly until reaching a nadir around bedtime (Pruessner et al.,
1997). In this study, experimental data on cardiac output and
heart rate also consistently showed a gradual decline from day
to night. However, according to the experimental results, the
rhythmic characteristics of other cardiovascular parameter mean

values were not significant. By analyzing the diurnal rhythm
of individual cardiovascular parameters, we found that some
participants had a significant diurnal rhythm while others did
not. Individual differences may be one of the reasons why
the diurnal rhythm of mean cardiovascular parameters was
not significant.

Through this study, we found that there are great differences
in the diurnal characteristics of various physiological parameters
in different individuals. Individual variation in genetic
background, personal experience, and environmental factors
may contribute to this difference. This may be because
the diurnal rhythm of the response of different organ
systems in different subjects could be affected by different
environments, backgrounds, genes, etc. Eating time, sleeping
habits, cardiopulmonary adaptability, smoking, drinking,
and individual chronotype may affect the circadian rhythm
(Montaigne et al., 2018). An individual’s circadian rhythm can
also change with environmental changes, such as the effects
of artificial light (Khodasevich et al., 2021). Therefore, not
all subjects showed significant diurnal rhythms in various
physiological parameters. Thus, the data on diurnal rhythm may
not be applicable to all individuals, and it remains necessary
to consider the existence of individual rhythm differences in
clinical practice.

The experimental results of this study showed that there
was no significant association between basal pain sensitivity
and sympathetic nerve activity at different time points.
A previous study has shown that pain intensity is directly
related to cardiovascular sympathetic hyperactivity in patients
with fibromyalgia (Zamunér et al., 2015), indicating that
sympathetic nerve excitation may enhance the pathological
pain response. However, at present, no study has clearly
identified the association between sympathetic nerve excitation
and experimental pain sensitivity under normal conditions. Our
findings suggest that sympathetic nerve excitation may not affect
subjects’ immediate pain sensitivity. In contrast, previous studies
found that in healthy humans, stimulation of vagal afferents could
reduce experimental pain perception (Sedan et al., 2005; Busch
et al., 2013). It was also found that lower parasympathetic activity
was associated with higher pain sensitivity in fibromyalgia
patients and chemotherapy-induced neuropathy patients (Reyes
del Paso et al., 2011; Nahman-Averbuch et al., 2016). Therefore,
whether basal pain sensitivity is more likely to be related
to vagal nerve excitability deserves further investigation. In
addition, skin sympathetic nerve activity may not be applicable to
reflect subjects’ overall sympathetic activity; thus, the correlation
between basal pain sensitivity and sympathetic nerve activity
needs to be further studied. Because no clear association with
the skin sympathetic nerve tone was observed in this study, it is
important to consider other aspects which influence the diurnal
rhythm of pain. Based on the definition of pain, pain sensitivity
depends on an emotional experience. Mood and alertness are
known to change over 24 h, and one previous study demonstrated
that alertness could affect pain sensitivity (Alexandre et al., 2017).
Because the level of alertness fluctuates in a circadian manner,
with the lowest levels in the early morning and the highest levels
during daytime (Lok et al., 2019), this might affect the diurnal
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rhythms of pain. In addition, a recent article suggests that the
diurnal rhythms of pain are the complex result of distributed
rhythms across the entire pain system, particularly those of
the descending pain-regulating system and the systems that
interact with it, including opioids and the endocrine and immune
systems (Bumgarner et al., 2021). Thus, there is still much
to be learned in studying the mechanisms underlying the
diurnal rhythm of pain.

Several limitations should be considered when interpreting
the results of this study. First, this study was designed as an
exploratory study, and the sample size was relatively small; thus,
a larger sample size study may be needed to validate the current
findings. Second, the basal and demographic characteristics of
the included cohort are strictly limited. For example, the age
range, physical health status, and nature of work of the selected
subjects are similar. Thus, in other populations, the current
rhythmic results need to be further explored. Thirdly, although
these rhythms in this study could be circadian and controlled
by the circadian system, that would require further experiments.
In addition, body temperature and vagus nerve activity were
not included as measurement parameters in this study, and the
rhythmic correlation between basal pain sensitivity and these
factors remains to be studied in the future.

In summary, the present study describes the diurnal rhythm
and time point differences in cardiovascular parameters, skin
sympathetic nerve activity, and experimental pain sensitivity
in healthy subjects. Diurnal rhythm fluctuations of basal
pain sensitivity and skin sympathetic nerve activity do
exist, which may guide the application of time-differentiated
clinical analgesia and treatment of sympathetic nerve-related
diseases. However, we found that significant diurnal rhythms
in basal pain sensitivity and skin sympathetic nerve activity
existed in some individuals but not in others. Therefore,
it is necessary to clarify the characteristics of individual
diurnal rhythms in time-based differentiated treatments. In
addition, no significant correlation between experimental pain
sensitivity and sympathetic excitability at different times was
found, and the reasons for these phenomena remain to be
further studied.
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