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Abstract
Background: Skin blood �ux (SkBF) changes caused by drinking cold water are generally associated with
vagal tone and osmotic factors in the digestive system. However, the distribution and regulation of
bilateral blood �ow are not symmetrical but exhibit a certain laterality. The aim of this study was to
analyze the laterality of skin blood �ux after drinking saline (0.9%) at different temperatures by
monitoring blood �ux in the bilateral lower extremities.

Methods: A total of 60 subjects were recruited for this study, and all subjects completed all
measurements. Subjects were randomly divided into a 4 °C group, 10 °C group and 30 °C group. For every
subject, skin blood perfusion of bilateral Zusanli acupoints (ST 36) was recorded simultaneously before
and after drinking 500 ml of 0.9% saline using a PeriFlux System 5000. The electrogastrogram (EGG) was
also monitored, and the dominant frequency of the EGG and heart rate variability were analyzed.

Results: The results indicated that after drinking saline at different temperatures, the laterality index of
skin blood �ux at the lower extremities was different. Drinking 30 °C saline can increase the laterality
index of the lower extremities. The results of wavelet analysis showed that the laterality index changes of
skin blood �ux were mainly re�ected in the frequency interval V (0.4-1.6 Hz). Stimulation at 4 °C and 10
°C resulted in a decrease in the dominant frequency (DF) of the electrogastrogram and an increased root
mean square of successive differences (RMSSD) of the RR interval. There was a weak negative
correlation between the laterality index of frequency interval I or II and root mean square of successive
differences.

Conclusion: There was laterality of blood perfusion in the lower extremities after drinking saline at
different temperatures.

Background
Although people prefer to drink cold water[1], few reports have studied the effects of water temperature
on healthy humans[2-4]. Especially, studies about the effect of water temperature on blood �ux are
scarce. Scientists have suggested that the water effect does not depend on gastric distension, but on the
water osmolality, which could cause an autonomic cardiovascular response in humans through osmotic
sensing nerve �bers in the intestinal or portal circulation[5,6]. On the other hand, the results shown that
water intake activates distinct gastrointestinal vagal afferent in a temperature-dependent pattern and
might affect cardiac vagal tone[7].

A previous work suggested that oral glucose intake inhibits hypothalamic neuronal activity than
intravenous (IV) glucose administration more effectively[8], but oral intake saline results in minimal
variations in serum albumin, hematocrit, and hemoglobin compared to IV infusion[9]. These studies
indicated that, in addition to osmotic pressure and temperature mechanisms, the different autonomic
responses of digestive tract might result in systemic regulation of peripheral blood perfusion.
Furthermore, some works have indicated that the cutaneous microvasculature mirrors the vascular
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function of other parts of the body[10-12]. Therefore, skin blood �ow can be used to explore the
regulation of gastrointestinal autonomic function after stimulation. According to previous studies[13,14],
the cutaneous blood perfusion of both sides is different.

Therefore, we hypothesized that ingestion of saline at different temperatures in�uences human
cutaneous blood perfusion, which will lead to lateralization of the regulation of blood perfusion. To test
these hypotheses, we compared, with a randomized control design, the cutaneous blood perfusion
changes in response to different temperatures of saline and additionally evaluated their potentially
differential impacts on EGG DF and cardiovascular variables.

Methods
Inclusion and exclusion criteria

Eligible subjects had to be heathy and between the ages of 18 and 60 years. All participants were
requested to avoid alcohol, tea and coffee for at least 24 hours prior to the test. None of the subjects had
any diseases or were taking any medication affecting cardiovascular or autonomic regulation.

Participants and groups

A total of 60 healthy subjects were enrolled in the study, and all subjects completed measurements and
were included in the statistical analysis. All of the subjects lived in Beijing, and all of them were Chinese.
The general characters are presented in Table 1. All experiments took place in a quiet, temperature-
controlled (24-26 °C) laboratory. On arrival at the laboratory, subjects were asked to empty their bladders.
Following a period of cardiovascular stability (40 min), a baseline recording was then made for at least
15 min. Then, over a 5 min period, the test subjects ingested 500 mL of 0.9% saline at different
temperatures, and EGG and skin blood �ux were monitored. The experimental design, signal recording
and analysis process were shown in Figure S1.

Electrogastrogram measurement protocol and analysis

The subjects maintained a supine position. Eight cutaneous electrodes were placed on the abdomen of
the participant and connected to DC ampli�ers. The EGG recordings were processed with a NeurOne
system (NeurOne, MEGA electronics Ltd, Finland). The data were digitized with a sampling rate of 10000
Hz and then downsampled at 1000 Hz. EGG data were analyzed with the FieldTrip toolbox[15], and the
analysis code for EGG analysis was provided by Rebollo, I[16].

RMSSD and mean RR interval analysis

The analysis method can be referenced in our previous study[17-19]. The raw data of channel one were
exported in EDF format, imported into Kubio HRV software and analyzed [20]. The analysis parameter
was default. The root mean square of successive differences (RMSSD) was given by (1).
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Protocol for measurement of blood perfusion

Both legs were exposed, and bilateral Zusanli acupoints (ST 36) were marked by senior acupuncture
doctors. The acupuncture point ST 36 is located in the tibialis anterior muscle, 4 �ngerbreadths below the
kneecap and 1 �ngerbreadth lateral from the anterior crest of the tibia[21]. Blood perfusion signals were
recorded using a PeriFlux System 5000 (Perimed AB, Stockholm, Sweden) with a 64 Hz sample rate and
0.2 s time constant. An optical �ber probe connected with a Peri�ux 5000 was used to illuminate and
collect the scattered light from the skin tissue. The probe was attached to the surface of interest with two-
sided adhesive tape.

Mean blood perfusion analysis and wavelet analysis

The recorded �le of each subject was opened in PeriSoft (version 2.5.5, Perimed AB, Stockholm, Sweden)
for Windows. The detailed data were exported in txt format and then imported into MATLAB software and
analyzed. The laterality index of blood �ux every 10 min on both sides of ST36 was calculated as (1).

Previous studies indicated that blood �ux oscillations at frequencies from 0.0095 to 1.6 Hz might re�ect
different physiological rhythms[22], which can be separated into �ve frequency bands in the frequency
domain[23-26]. In the present study, wavelet analysis was performed on the blood �ux signal (10 min)
using a Morlet wavelet (The Mathworks Inc., Natick, MA, USA). For every frequency interval, the laterality
index was also calculated as (2).

Statistical analysis

Data are presented as the mean±SE. Mixed repeated-measures ANOVA was used to analyze between-
subject factors with R software[27] and fdrtool package[28] . All correlation analyses were conducted
using MATLAB software (MathWorks, Natick, Massachusetts, USA). All reported P values were two-sided,
and the level of signi�cance was de�ned as P<0.05. 

Results
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In this study, a total of 60 subjects were recruited, and all subjects were included in the �nal statistical
analysis. The order of stimulations was randomly generated for each subject. Detailed information on the
subjects is summarized in Table 1 (4 °C, N=20; 10 °C, N=20 and 30 °C, N=20). 

 
  
Table 1. Subject's sex composition and average age, height and weight
Group n Sex

(female/male)
Age
(years, mean±SD)

Height
(cm, mean±SD)

Weight
(kg, mean±SD)

 

4 °C 20 17/3 27±3 165.0±7.2 59.6±9.3  
10 °C 20 18/2 25±3 163.6±5.6 56.2±10.7  
30 °C 20 17/3 26±1 161.9±6.1 54.6±13.6  

EGG and ECG results

The results of EGG analysis are shown in Figure 1, the recording electrode position is shown in Figure 1A,
and the raw data of 8-channel gastrointestinal electrical signals recorded are shown in Figure 1B. The
spectral analysis of each signal is shown in Figure 1C. The statistical results of the main frequency
corresponding to the maximum power in each subject's 8-channel gastrointestinal electrical signals are
shown in Figure 1D. In the resting state, there was no signi�cant difference in the dominant frequency of
the subjects. 

Cold stimulation of the digestive tract will not only cause a change in the electrogastrogram but also be
accompanied by systemic reactions. The raw data of ECG and RR interval signal are shown in Figure 2A
and Figure 2B, respectively. The changes in the RR interval and RMSSD were also analyzed. The results
showed that the RR interval (Figure 2C) and RMSSD (Figure 2D) were increased with both 4 °C or
10 °C stimulation compared with 30 °C stimulation.

Skin blood �ux

The average responses of blood perfusion to stimulation at different temperatures over time are shown in
Figure 3. The recording position of both sides for blood perfusion is shown in Figure 3A, the raw data of
bilateral blood perfusion are shown in Figure 3B, the absolute value of bilateral blood �ow difference is
shown in Figure 3C, and the laterality change in bilateral blood perfusion under different temperature
stimulation conditions is shown in Figure 3D. In the �rst 10 min after stimulation, there was a signi�cant
difference between the changes induced by 30 °C stimulation and 4 °C stimulation. At the second and
third 10 min after stimulation, there were signi�cant differences between the changes induced by
30 °C stimulation and those caused by 4 °C and 10 °C. However, there were no signi�cant changes in the
changes induced by 4 °C and 10 °C.

Because the blood �ow signal is composed of many components, bilateral blood �ow was transformed
by wavelet (Figure 4A), and the laterality index in different frequency intervals was calculated. The results
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showed that the difference was mainly re�ected in frequency V (0.4-1.6 Hz) (Figure 4F). There was no
signi�cant difference between other frequency intervals (Figure 4B-E).

 

To further analyze the possibility of blood �ow laterality, we analyzed the correlation between these
parameters. First, we con�rmed that there was no correlation between the DF and RMSSD (Figure S2) at
different temperature stimulation. There was also no apparent correlation between the laterality index
and the DF (Figure S3A-C) or RMSSD (Figure S3D-F). After wavelet transformation, we found that there
was a negative correlation between RMSSD and the laterality index of frequencies I at 4 °C stimulation
(Figure 5A and D), which was independent of other frequency intervals (Figure 5G, J and M). There was a
positive correlation between RMSSD and the laterality index of frequency II (Figure 5F), rather than other
frequencies (Figure 5C, I, L and O) at 30 °C stimulation. There was no correlation between the laterality
index of each frequency and RMSSD at 10 ℃ (Figure 5B, E, H, K and N). However, there is no correlation
between the laterality index and DF in any frequency interval (Figure S4).

Discussion
As Figure 6 shows, the main signi�cance of current work is that there was response laterality of blood
perfusion in the lower extremities after drinking saline at different temperatures, which means that
autonomic nerve function is different between left and right in the process of blood �ow regulation. The
present study demonstrated that drinking saline at different temperatures produced the changes of
cutaneous vascular movement, which means that regulation of cutaneous vascular might play an
important role in water temperature digestion.

A previous study[5] indicated that the water effect does not depend on gastric distension, but on the water
osmolality, which could cause an autonomic cardiovascular response in humans through osmotic
sensing nerve �bers in the intestinal or portal circulation[5,6]. However, in the current study, osmotic
pressure of saline at different temperatures is same, it is di�cult to conclude that the change in
sympathetic tone is caused by osmolality.

In peripheral, small changes in cutaneous vascular blood perfusion can shift cardiovascular control. A
decrease in the skin blood perfusion can lead to relative changes of sympathetic activation in
peripheral[29]. Which can be explained by the activation of temperature sensitive vagal afferent �bers
found in the digestive tract[30]. Water intake seems to activate different gastrointestinal vagal afferent
�bers in a temperature dependent manner and may affect subsequent cardiac vagal tone[7]. Our results
demonstrated that different water temperatures not only decreased the DF of EGG but also were
associated with a change in the mean RR interval and RMSSD. However, as shown in Fig 6, there is no
direct linear relationship between bilateral blood �ow laterality and RMSSD, but after decomposing the
blood �ow components, it is found that there is a linear relationship between speci�c components and
RMSSD. It is suggested that the regulation of peripheral blood �ow induced by stimulation at different
temperatures is selective. In the present study, the change trend of SkBF at bilateral ST 36 was different
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after drinking saline at different temperatures. As in previous �ndings[13,31], this phenomenon is de�ned
as laterality and can be described quantitatively by the laterality index.

Laterality tends to focus on the differentiation of left and right handedness and cerebral hemisphere
function. However, little attention has been given to the lateralization of blood �ow distribution. Our
previous studies have found that there are signi�cant differences in the distribution and regulation of
blood �ow in the same parts of both sides of the body[13,14], and such results have been con�rmed by
other research groups[32]. A previous study indicated that in young subjects, sympathetic vasoconstrictor
activation after drinking water was not accompanied by an increase in arterial blood pressure[33], which
suggested that the change in vascular tone in the limbs may be partially compensated by opposing
changes in other vascular beds[33]. Therefore, it is acceptable that the distribution of bilateral blood �ow
and its variation are asymmetric.

In this study, because the age of the recruited subjects is relatively concentrated, it can not represent all
age groups. The majority of the subjects recruited are female. Therefore, it is impossible to analyze the
changes of lower extremity blood �ow laterality index in different age groups and different gender groups,
which is the limitation of this study. In addition, the span of stimulation temperature setting is too large.
This is also the limitation of this study.

Conclusion
There was laterality of blood perfusion in the lower extremities after ingestion of saline at different
temperatures.

List Of Abbreviations
SkBF: skin blood �ux;

DF: dominant frequency;

RMSSD: root mean square of successive differences;
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EGG: electrogastrogram

HRV: heart rate variability;

TCM: Traditional Chinese Medicine;
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SE: standard error;

ANOVA: analysis of variance
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Figures

Figure 1

EGG power spectra changes. (A) Cutaneous electrode position, red indicates recording electrodes, green
indicates reference electrode; black indicates ground electrode; (B) raw data of EGG; (C) power spectra of
EGG; (D) EGG peak frequency before and after stimulation. Before stimulation, F(2,57)=0.38, P=0.6884;
after stimulation, F(2,57)=6.45, P=0.003; for 4 °C stimulation, t=3.9819 Pcorr <0.001 (Pre VS Post, paired t
test); for 10 °C stimulation, t=4.9807 Pcorr <0.001 (Pre VS Post, paired t test); for 30 °C stimulation,
t=1.8492 Pcorr =0.24 (Pre VS Post, paired t test). Pcorr: corrected p value.
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Figure 2

Change in HRV. (A) ECG signal from channel 1. (B) RR intervals of ECG. (C) Change rate of mean RR,
F(2,57)=8.73, P =0.0005, **, Pcorr <0.01 (4 °C VS 30 °C); ##, Pcorr <0.01 (10 °C VS 30 °C ). (D) Change
rate of RMSSD, F(2,57)=3.75, P =0.029. *, Pcorr <0.05, (4 °C VS 30 °C). Pcorr: corrected p value. All values
are reported as the mean±SE.
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Figure 3

Blood perfusion in both sides. (A) Recording position at ST 36. (B) Raw data of blood �ux in both sides.
(C) The absolute value of the difference between two sides. (D) Laterality index of blood perfusion. Main
effect of stimulates: F(2,57)=5.749, P=0.0053; main effect of time: F(3,171)=5.268, P=0.00169;
interaction effect: F(6,171)=5.8, P<0.0001. Post hoc analysis revealed a signi�cant increase at 30 °C
group from the �rst session *, Pcorr<0.05, **, Pcorr<0.01 (4 °C VS 30 °C); #, Pcorr<0.05, ##, Pcorr<0.01 (10
°C VS 30 °C). Pcorr: corrected p value. All values are reported as the mean±SE.
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Figure 4

Change rate of different frequency intervals transformed by wavelet. (A) Wavelet analysis of blood �ux.
(B) Frequency interval I (0.0095-0.02 Hz), main effect of stimulates: F(2,57)=0.723, P=0.49; main effect of
time: F(3,171)=7.923, P<0.01; interaction effect: F(6,171)=0.954, P=0.458. (C) Frequency interval II (0.02-
0.06 Hz), main effect of stimulates: F(2,57)=0.952, P =0.392; main effect of time: F(3,171)=9.371, P<0.01;
interaction effect: F(6,171)=0.696, P=0.653. (D) Frequency interval III (0.06-0.15 Hz), main effect of
stimulates: F(2,57)=3.288, P =0.0445; main effect of time: F(3,171)=2.485, P=0.0624; interaction effect:
F(6,171)=2.7, P=0.0157. (E) Frequency interval IV (0.15-0.4 Hz), main effect of stimulates: F(2,57)=2.746,
P =0.0727; main effect of time: F(3,171)=2.392, P=0.07036; interaction effect: F(6,171)=3.172, P=0.0056.
(F) Frequency interval V (0.4-1.6 Hz), main effect of stimulates: F(2,57)=6.085, P =0.00403; main effect of
time: F(3,171)=3.159, P=0.0261; interaction effect: F(6,171)=5.1, P<0.001. Post hoc analysis revealed a
signi�cant increase at 30 °C group from the �rst session *, Pcorr <0.05, **, Pcorr <0.01 (4 °C VS 30 °C); #,
Pcorr <0.05, ##, Pcorr <0.01 (10 °C VS 30 °C). Pcorr: corrected p value. All values are reported as the
mean±SE.
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Figure 5

Relationship between laterality index of different frequency intervals and change rate of RMSSD. (A).
Frequency I at 4 °C. (B). Frequency I at 10 °C. (C). Frequency I at 30 °C. (D) Frequency II at 4 °C. (E)
Frequency II at 10 °C. (F) Frequency II at 30 °C. (G) Frequency III at 4 °C. (H) Frequency III at 10 °C. (I)
Frequency III at 30 °C. (J) Frequency IV at 4 °C. (K) Frequency IV at 10 °C. (L) Frequency IV at 30 °C. (M)
Frequency V at 4 °C. (N) Frequency V at 10 °C. (O) Frequency V at 30 °C. ρ, Spearman’s correlation
coe�cient; Pcorr, corrected p value.
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Figure 6

General illustration of the relationship. There was no signi�cant correlation between the laterality index of
lower extremity blood �ow and DF or RMSSD. Under the condition of 4 °C stimulation, there was a weak
negative correlation between the laterality index of frequency interval I and RMSSD after wavelet
transform. There was a weak positive correlation between the laterality index of interval II and RMSSD
under the 30 °C stimulation. Red line indicates Pcorr> 0.05; while green line indicates Pcorr< 0.05.
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