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Abstract

This study aims to explore the effects of heat and cold stress on the radial pressure

pulse (RPP) and heart rate variability (HRV). The subjects immersed their left hand

into 45°C and 7°C water for 2 minutes respectively. Sixty healthy subjects (age 25 +

4 yr; 29 men and 31 women) were enrolled in this study. All subjects underwent the

supine temperature measurements of the bilateral forearms, brachial arterial blood

pressure, HRV and RPP with a pulse analyzer in normothermic conditions and

thermal stresses. The power spectral low-frequency (LF) and high-frequency (HF)

components of HRV decreased in the heat test and increased in the cold test. The heat

stress significantly reduced radial augmentation index (Alr) (p<0.05), but the cold

stress significantly increased Alr (p<0.001). The spectral energy of RPP did not show

any statistical difference in 0~10Hz region under both conditions, but in the region of

10~50Hz, there was a significant increase (p<0.001) in the heat test and significantly

reversed in the cold test (p<0.01). The changesin Alr induced by heat and cold stress

were significantly negatively correlated with the spectral energy in the region of

10~50Hz (SEio-504z), but not in the region of 0~10Hz (SEq.i0nz). The results

demonstrated that the SE;o.504, Which only possessed a small percentage in total pulse

energy presented more physiologic characteristics than the SEq 1014, Under the thermal

stresses.
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I ntroduction

Theradial pressure pulse (RPP), which is derived from the heart’s pumping action

and transmitted from the heart to the end of theradial artery, is regulated by

sympathetic nerve activity (SNA). The RPP conveys much information about the

physiology of the cardiovascular system. For example, it carries the effects of

meditation on the cardiovascular system (1). Dating back two thousand years ago, the

Chinese doctors placed their fingertips on patients’ wrists to pal pate the pulse

property for diagnosis. Nowadays, a study has confirmed the quantitative

characteristics of the pulse signals from RPP (2). By RPP, we can evaluate the

augmentation index, elasticity of the artery, and pulse wave velocity, etc. Studies have

indicated that the radial augmentation index (Alr) and radial diastolic augmentation

(DALI) can reflect the left ventricular load (3, 4). Peripheral blood pressure pulse

transmits along the arterial tree and is reflected to become a retrograde wave when the

pulse encounters the resistance of the arterial wall. Asaresult, increasing the

peripheral resistance may induce the higher degree of reflected waves which then

resultsin higher amplitude of Alr (5). The peripheral vascular vasomotion is

generated and modulated by the SNA (6, 7). Studies have demonstrated that lowering



the temperature induces peripheral vasoconstriction and decreases vasomotion; these

responses are reversed if the temperature israised (8).

The first procedure of the cold pressor test was to immerse the subjects’ arms into

1~7 °C water for 1~6 minutes, which resulted in high-stressed responses including a

rise in blood pressure and heart rate (9, 10). The spectral analysis of HRV is a

guantitative tool for evaluating the autonomic nervous system of heart (11, 12). The

high-frequency component (HF, 0.15~0.4 Hz) of HRV reflects cardiac vagal nervous

activity, and the low-frequency component (LF, 0.04~0.15 Hz) is mediated by both

cardiac vagal and SNA; therefore, the ratio of low to high frequency component

(LF/HF) is an index of cardiac sympatho-vagal balance. The HF power (HF %),

normalized to the total spectral power, is regarded as an indicator of parasympathetic

activity (13). The spectral analysis of HRV is often used to assess the effects of heat

and cold tests (14). Besides the evaluating Alr in the time domain, the spectra

transformed into frequency domain are mostly used for the periodic waves to

represent the dynamics carried in the waves by obtaining the sums of the spectral

energy (SE). In normal individuals, the spectral energy within 0~10 Hz (SEq.1042) took

more than 99.1% of the total energy of the radial pressure waveforms, with less than

0.9% of energy within 10~50Hz (SEio.5012), and it had large variations above 10Hz

for patients who had acute illness or under metabolic stress (15, 16). Spectral



harmonic peaks have been studied to observe how the heart distributes blood into the

arterial system under normal and abnormal situations (17). Therefore, RPP always

exhibits some specific characteristics in the spectral domain. However, the spectral

characteristics of RPP for humans under heat and cold-stress have not been well

studied. This study aims to explore the spectral and time-domain effects on the RPP

and HRV in heat and cold stress.

M ethods

Subjects

Sixty healthy subjects (29 men and 31 women) participated in the study. The mean

age in men was 25.1+ 4.0 yr, and 24 .7+ 4.3 yr in women. The protocol and informed

consent were approved by IRB in China Medica University Hospita

(DMR97-1RB-191). In order to exclude participants with acute illness, al subjects

underwent a detailed medical examination including a medical history survey and a

physical examination. A written informed consent was obtained from each participant

before the experiment. Consumptions of caffeinated and alcoholic beverages as well

as smoking were forbidden for a period of 24 hours prior to the test.

Testing protocol

All subjects participated in two tests at normothermic conditions by immersing

their left hands into 45°C water and 7°C water, respectively. The experimental



procedures are shown in Fig. 1. During the experiment, the room temperature was
maintained at about 26~27°C . The subjects were instructed to lie down in the supine
position, and relax for 20 minutes. During the last 2 minutes, the subjects sat up and
subsequently lay down again to take the measurements including the temperatures on
their both forearms, the blood pressure (BP), heart rate (HR), 5-minute ECG as well
as the radia pulse at the right wrist. These data were used as the variables for
control-1. Afterwards, the subjects immersed their left hands into 45°C water for a
period of 2 minutes. After removing hands out from the water the subjects were gone
through the same measurement procedures. When the heat test was finished, the
subjects rested for 10 minutes and then repeated the prior procedures with the water
temperature being changed from 45°C to 7°C. The measurements before the 7°C
water immersing were recorded as control-2 variables.
Measurements
Skin temperature

An infrared thermometer (Omni-Nure TE-HBI, Constant healthcare technology Co.,
Ltd., Taiwan) was used to record the skin temperature on the inner sides of both
forearms 3 cm below the elbow joint by slightly touching the skin.
Hemodynamics

BP (systolic, diastolic blood pressure) and heart rate were measured by the



Panasonic Diagnostec Upper Arm Blood Pressure Monitor (Matsushita electric Works,

Ltd. Osaka Japan) through a cuff wrapped around the left upper arm.

Pulse and analysis

The right RPP was recorded by the Pulse analyzer (designed by China Medica

University, Taiwan) consisting of a high-fidelity pressure sensor and a stable X-Y-Z

axial moveable framework. The examinations were carried out with each subject lying

in the supine position, shown in Fig. 2A. When the sphygmogram showed the greatest

amplitude, as in Fig. 2B, the RPP was considered suitable to be recorded. The

electrical pulse signal from the sensor was digitized and fed into a computer for

processing through fast Fourier transformation in order to obtain the sums of the

SEo.104z and SEigsonz. The corresponding spectrogram of 0~10 Hz and 10~50 Hz

bands are shown in Fig. 2C and 2D. In Fig. 3, Alr was calculated as (late systolic

pressure — diastolic pressure) / (systolic pressure — diastolic pressure) x 100%, and

DAl was calculated as (early diastolic pressure — diastolic pressure) / (systolic

pressure — diastolic pressure) x 100% (3).

HRV and analysis

The HRV anayzer (designed by China Medica University, Taiwan) with

one-channel electrocardiograph (Lead I11) was used to record the surface ECG from

the subjects in the lying position for five minutes. The analogue ECG signals were



immediately converted into digital signals. R-R intervals were measured after the R

waves were detected. The ECG signals contained abnormal complexes or artifacts

were discarded. Parameters of the HRV spectral analysis were computed from the

sequence of norma R-R intervals by means of the fast Fourier transformation. LF

(0.04~0.15 Hz) and HF (0.15~0.5 Hz) were determined by integrating the power

spectrum density in the respective frequency range. Then, the normalized unit, HF% =

100 x HF/ (LF+HF), and LF/HF were cal cul ated.

Statistical methods

In addition to the calculation of mean + SD, the paired t-test was used to compare

the temperature difference between two forearms in the baseline condition, and the

variance changed from normothermic condition to the thermal stress condition.

Pearson’s correlation analysis was used to study the variables between the spectral

energy of RPP and Alr induced by heat and cold. All tests were two-sided; P<0.05

was taken as significant. Statistical analysis was performed by the Statistical software

SPSS 15.1 for Windows (SPSS Inc.).

Results
All subjects completed the experimental trials and measurements. The responses of

physiological variables, HRV and RPP are presented in Table 1. There was significant



difference in the baseline temperatures of the left and right forearms (p= 0.000043).

Physiological variables

Changes in physiological variables are shown in Fig. 4. In the heat test, the mean

heart beat slowed down, and the systolic and diastolic pressure decreased, but these

responses were not significantly different with that in control-1. The temperature in

the left hand significantly increased than that in normothermic control-1 (p<0.01) and

it significantly decreased in the right hand (p<0.01). In the cold test, systolic and

diastolic pressure significantly increased (p<0.01), and temperatures in both hands

significantly decreased (p<0.01).

Heart rate variability (HRV)

Changes in the spectral components of HRV are shown in Fig. 5. The power

spectrum of HRV revealed a decreased power for the LF and HF components after

heat stress and an increased power after cold stress. These changes were not

significantly different in this experiment. There was no significant difference in

LF/HF either, but the HF% significantly increased by comparing the 7°C water

immersion with normothermic control-2 (p<0.05).

Radial pressure pulse

Changesin the parameters of RPP are shown in Fig. 6. There were no statistical

differences in the amplitudes of p1, p2 or p3 in the heat test nor the p2, or p3in the



cold test, but there was a statistical decrease in the pl in the cold test (p<0.05). The

heat test significantly reduced the Alr and DAI (p <0.05), but the cold test

significantly increased the Alr (p<0.001) and DAI (p<0.05). In SEy.101z, there was no

statistical differencein the heat or cold test. However, SEjo.s01, Significantly increased

(p<0.01) in the heat test and significantly reversed in the cold test (p<0.01). Pearson’s

correlation analysis demonstrated that the changesin Alr induced by the heat and cold

stress were significantly negatively correlated with the induced changes in SE1o.5012

(Pearson’s correlation coefficients: r=-0.289, p=0.02519; r=-0.315, p=0.01424,

respectively), but the changesin Alr were not significantly correlated with that in

SEo.104z (Pearson’s correlation coefficients: r=-0.112, p=0.39482; r=-0.139, p=0.2884,

respectively).

Discussion

The significant findings of this study are that the spectral energy of radial artery can

be altered by heat and cold stress from the skin surface, and these changes did not

converge in lower frequency bands, 0~10Hz, but in higher frequency bands, 10~50Hz,

and the variables induced by heat and cold in Alr and SEjgs0n, Were significantly

negative correlation. The results demonstrate that the SE;.s0n, Which only possesses a

small percentage in total pulse energy presents more physiologic characteristics than



the SEq.101, iN the thermal stresses.

In baseline condition, the mean skin temperature (T«) of the right hand was
significantly higher than that of left hand. The result is consistent with the study by
Luis Rodrigues et a. (1998), which revealed that the right forearm was more motoric
than the left one (18). It increased during the heat stress while decreased under cold
stress (Fig. 4). Although the heat and cold stimulation were carried out only on the | eft
hand, the Tg changes of both hands showed significant difference. The heat
stimulation in the left hand induced the T« to be increased significantly in the hand
itself, while the T« in the right hand significantly decreased. The physiological study
has showed that the microcirculation is a functional system by the reflex of the
automatic feedback system. For example, the skin blood flow is reflectively
modulated by the vasodilator and vasoconstrictor in response to the change in skin
temperature, and the subcutaneous vasomotor activity is synchronous on bilateral
limbs (19, 20). Therefore, the heat stress induced the vasodilatation of the left hand by
directly contacting with hot water, and at the same time it resulted in the loss of
dermal heat in the right hand synchronously. The result reveals that the subcutaneous
thermoregulation is systemic after undergoing heat and cold stress. This result is
similar to the study by Bozdemir H. et al. (1998), that cold stress causes systemic

vasomotor changes (21). Figure 5 presents that HF% is a significant increase after 7°C



immersion and both LF and HF increase in the cold test while decreasing in the heat

test, which reveal that skin surface cooling can augment the cardiac sympathetic and

vagal nervous activity, but the skin surface heating is reversed. The responses in this

experiment are consistent with prior study by Hirayanagi et al. (1999). (22)

Skin surface cooling induces peripheral vasoconstriction and decreases vasomotion.

According to the Poiseuille’s law, the small decrease in the lumen of small arteries

and arterioles may significantly increase blood pressure and peripheral vascular

resistance which results in an increase of reflection wave. In contrast, heat induces

peripheral vasodilatation and increases vasomotion to decrease blood pressure and

reflection wave (8, 23, 24). In Fig. 4 and 6, the heat stress decreases systolic and

diastolic pressure, and significantly reduces the Alr and the DAI, which are associated

with periphera vasodilatation (3). The cold stress significantly increases the systolic

and the diastolic pressure and significantly increases the Alr and the DAI, which are

associated with periphera vasoconstriction (25).Through these results, it is

comprehended that the heat decreases the |eft ventricular load while the cold increases

the left ventricular load (3). Figure 6 presents that the SEy.101, Showed no statistical

change in both experiments. In the heat test, the SEi0.501, Significantly increased, but

the response was significantly reversed in the cold test. In cardiovascular physiology,

the vascular smooth muscles are innervated by nerve fibers and exposed to recurrent



oscillated stimuli; thus, the motion of vessels is influenced by nerve activity. Both

heat and cold stresses can significantly increase peripheral SNA (9, 26). Most of the

sympathetic nerve discharge is between 2 and 6 Hz, and it would be increased to 50

Hz during acute stress, which maximizes the arterial and arteriolar tension (27). The

increased impedance of vessels is proportional to the frequency. Such a variation in

the tension of vascular wall will lead to the fluctuation of blood pressure pulse with

the higher natural frequency response (28). Hence, it is inferred that the tension

fluctuation of the time-domain pressure pulse may correspond to the fluctuation of a

relatively higher frequency band (10~50 Hz). The result that SE;o.s0n, iS Negatively

correlated to Alr is consistent with the theory.

The RPP measured at the end of the radial artery which is adjacent to the small

arteries and arterioles. Hence, the RPP has its own blood pressure, and receives the

higher fluctuation frequency of blood flow pressure from the retrograde waves of the

small arteries and arterioles. Energy dissipation of blood flow is necessary to

overcome periphera vascular resistance (29). The reductions of periphera vascular

lumen and vasomotion under cold stress induce energy dissipation and increase the

amplitude of reflection waves; subsequently higher frequency energy, SEio.sonz iS

decreased. In contrast, the increases of peripheral vascular dilatation and vasomotion

in heat stress decrease energy dissipation and reduce the amplitude of reflection



waves; higher frequency energy, SEio-s01z, 1S increased subsequently.

In conclusion, our study demonstrates the following results: 1) The skin
temperature of the right hand is significantly higher than that of the left hand. The
change of T induced by local skin heat and cold on the left hand is systemic. 2) The
heat reduces Alr and DAI, which indicates a decrease of |eft ventricular load; the cold
increases Alr and DAI, which indicates an increase of left ventricular load. 3) The
SE10-501z Which only possesses a small percentage in total pulse energy presents more

physiologic characteristics than the SEq.104, Under the thermal stresses.

Acknowledgement
This study was made possible with a grant from the Committee on Chinese

Medicine and Pharmacy, Department of Health, Executive Yuan, Taiwan.

Reference

1. Chuan-Yi Liu, Ching-Chuan Wei, Pei-Chen Lo. Variation analysis of
sphygmogram to assess cardiovascular system under meditation. eCAM 20009;
6(1):107-112.

2. 'Young JJeon, Jaeuk U Kim, Hae J Lee, Jeon Lee, Hyun H Ryu, YuJLee et a. A



clinical study of the pulse wave characteristics at the three pulse diagnosis

positions of Chon, Gwan and Cheok. eCAM 2009; doi:10.1093/ecam/nep150.

Munir S, Jiang B, Guilcher A, Brett S, Redwood S, Marber M, et al. Exercise

reduces arterial pressure augmentation through vasodilation of muscular arteries

in humans. Am J Physiol Heart Circ Physiol 2008; 294: H1645-H1650.

David Gallagher, Audrey Adji, Michael F O Rourke. Validation of the transfer

function technique for generating central from peripheral upper Limb pressure

waveform. AJH 2004; 17: 1059-1067.

Michel E Safar, P Lacolley. Disturbance of macro- and microcirculation: relations

with pulse pressure and cardiac organ damage. Am J Physiol Heart Circ Physiol

2007; 293: H1-H7.

. Steven S Segal. Regulation of blood flow in the microcircul ation.

Microcirculation 2005; 12: 33-45.

Holger Nilsson, Christian Aalkjaar. Vasomotion: mechanisms and physiological

importance. Molecular Interventions 2003; 3: 79-89.

D L Kellogg, Jr. In vivo mechanisms of cutaneous vasodilation and

vasoconstriction in humans during thermoregulatory challenges. J Appl Physiol

2006; 100: 1709-1718.

. Victor RG, Leimbach W, Jr., Seals DR, Wallin BG, Mark AL. Effects of the cold



10.

11.

12.

13.

14.

15.

pressor test on muscle sympathetic nerve activity in humans. Hypertension 1987,

9: 429-436.

Laura A Mitchell, Raymond A R MacDonald, Eric E Brodie. Temperature and the

cold pressor test. The Journal of Pain 2004; 5: pp 233-238.

Y oung-Chang P Arai, Takahiro Ushida, Takako Matsubara, Kazuhiro Shimo,

Hiroshi Ito, Y uko Sato, et al. The influence of acupressure at extra 1 acupuncture

point on the spectral entropy of the EEG and the LF/HF ratio of heart rate

variability. eCAM 2008; doi:10.1093/ecam/nen061.

Li-Wei Chien, Miao-Hsiang Lin, Hsueh-Y u Chung, Chi-Feng Liu.

Transcutaneous electrical stimulation of acupoints changes body composition and

heart rate variability in postmenopausa women with obesity. eCAM 2009;

doi:10.1093/ecam/nepl45.

Task Force of the European Society of Cardiology and the North American

Society of Pacing and Electrophysiology. Heart rate variability: standards of

measurement, physiological interpretation and clinical use. Circulation 1996; 93:

1043-65.

Y amazaki, Fumio, Ryoko Sone. Modulation of arterial baroreflex control of heart

rate by skin cooling and heating in humans. J Appl Physiol 2000; 88: 393-400.

LY Wei, CT Lee, P Chow. A new scientific method of pulse diagnosis. AmJ



Acupunct 1984; 12: 205-218.

16. Flerida Imperia-Perez, RN, MN, Marion McRae, RN, M Sc. Protocols for practice:

applying research at the bedside. Critical Care Nurse 2002; 22 (1).

17. Ching-Chuan Wei, Chin-Ming Huang, Yin-Tzu Liao. The exponentia decay

characteristic of the spectral distribution of blood pressure wavein radial artery.

Computersin Biology and Medicine 2009; 39 (5): 453-459.

18. Luis Rodrigues, Luis Marcelo Pereira. Basal transepidermal water loss: right/left

forearm difference and motoric dominance Skin Research and Technology 1998; 4:

135-137.

19. Irwin M Braverman. The cutaneous microcircul ation. Cutaneous Microcircul ation

2000; 5 (1).

20. Kamijo, Yoshi-Ichiro, Kichang Lee, Gary W Mack. Active cutaneous vasodilation

in resting humans during mild heat stress. J Appl Physiol 2005; 98: 829-837.

21. Bozdemir H, SaricaY, Demirkiran M. The effects of cold stress test on vasomotor

tonus in normal controls. Neurol India 2002; 50:531-4.

22. Hideki Kinugasa, Kaname Hirayanagi. Effects of skin surface cooling and heating

on autonomic nervous activity and baroreflex sensitivity in humans. Experimental

Physiology 1999; 84: 369-377.

23. Ernesto L Schiffrin. Remodeling of resistance arteries in essential hypertension



24,

25.

26.

21.

28.

29.

and effects of antihypertensive treatment. AJH 2004; 17:1192-1200.

Loring B Rowell. Reflex control of the cutaneous vasculature. The Journal of

Investigative Dermatology 1977; 69:154-166.

David G Edwards, Matthew S Roy, Raju Y Prasad. Wave reflection augments

central systolic and pulse pressures during facial cooling. Articlesin Press AmJ

Physiol Heart Circ Physiol 2008.

Cui, Jian, Mithra Sathishkumar, Thad E Wilson, Manabu Shibasaki, Scott L Davis,

Craig G Crandall. Spectral characteristics of skin sympathetic nerve activity in

heat-stressed humans. Am J Physiol Heart Circ Physiol 2006; 290:

H1601-H16009.

Kenney, Michael J. Frequency characteristics of sympathetic nerve dischargein

anesthetized rats. Am J Physiol Regulatory Integrative Comp PhysioZ 1994; 267

(36): R830-R840.

Yoshio Kinefuchi, Haruo Fukuyama, Toshiyasu Suzuki, Masahiro Kanazawa,

Mamoru Takiguchi. Development of a new catheter-tip pressure transducer. Tokai

J Exp Clin Med 1999; 24:85-92.

Rosel EA, Rizzoni D. Pathophysiology and clinical meaning of small resistance

artery remodeling. Curr Hypertens Rep 2005; 7(2): 79-80.



