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Abstract Thermoregulation in humans can be divided into three broad mechanisms of control, namely: shivering, sweating and vasomotor activity. Previous investigations suggested the presence of an autonomic rhythm, originating in the central nervous system, possibly related to thermal vasomotor control and directly affecting heart rate by reflex changes in cardiac sympathetic and parasympathetic activity. The objective of the present work was to study the maturation process of the thermoregulatory system in newborns. We used peripheral thermal entrainment and focused on the reflections of vasomotor control in the heart-rate (HR) power spectrum (PS). The study included three groups of neonates at three different ages: 10 premature infants, 6 full-terms and 7 older infants (4 to 6 months). Thermal stimulation was achieved by placing a hot and cold surface on the subject’s right palm alternately at three different rates: replacing the touching surface every 4 s (0.25 Hz), 7 s (0.14 Hz) and 10 s (0.1 Hz). ‘Double period’ stimulation was defined as the total duration of each period of hot and cold stimulation at the three rates, namely 8 s (0.125 Hz), 14 s (0.07 Hz), 20 s (0.05 Hz). The ECG of every infant was measured and recorded during the various stages of the experiment. The HR power spectrum from 0.02 Hz up to 2.00 Hz was considered, focusing on narrow ranges around the thermal stimulation frequencies. We found that in most subjects, clear peaks arise in the HR PS at the thermal entrainment frequency and its corresponding half frequency (‘double period’). In premature infants, the reaction is best in response to the longest (10 s) stimulus (9 out of 10 prematures reacted positively), in group B (full-term infants) the reaction responds best to the 7-s stimulus (6 out of 6 reacted) and in older infants the reaction is slightly better at the 4-s stimulus. Since sympathetic control is slower, this ability to entrain the control system at increasing frequencies, might be related to the gradual maturation of parasympathetic control *Corresponding author. Fax: 00 972 3 6429306. 0378-3782 / 98 / $19.00  1998 Elsevier Science Ireland Ltd. All rights reserved. PII: S0378-3782( 98 )00005-X
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after birth. The different reaction of the three groups may help to understand the maturation process of the thermoregulation system.  1998 Elsevier Science Ireland Ltd. All rights reserved. Keywords: Thermal stimulation; Heart-rate; Neonates



1. Introduction Thermoregulation in humans is achieved mainly by three control mechanisms: shivering, sweating and vasomotor activity [10]. In the adult human, shivering is the most significant involuntary mechanism of thermogenesis; nonshivering thermogenesis occurs in the newborns [16,18]. At a temperature above the thermoneutral zone, thermal balance is achieved by vasomotor adjustment and evaporation of sweat. As ambient temperature falls below the lower limit of thermoneutrality, heat production by shivering progressively increases. The control of peripheral blood flow is the principal thermoregulatory effector process in a thermally neutral environment. The peripheral blood vessels of a normal unanesthetized human subject are in a state of continuous fluctuation, reflecting a rhythmic fluctuation in the nervous outflow from the vasomotor center [17,8]. Monitoring the changes in the digit blood flow has shown that spontaneous frequency components in the range below 0.1 Hz can be attributed to thermal vasomotor control [10]. Analysis applied to the thermal vasomotor control systems has led to the conclusion that the spontaneous fluctuations in digit blood flow are the consequence of a nonlinearity of the system [10]. In his investigation of nonlinear oscillatory systems Minorsky (1962) described an important phenomenon, the ‘entrainment frequency’ that occurs in such systems [10]. When two linear oscillatory systems are coupled and operate at different frequencies, beating occurs. When the oscillators are nonlinear, as in thermal vasomotor activity, and display a small difference in frequency, the coupling may cause the two oscillators to lock into a common frequency [10]. Previous findings have suggested the presence of an autonomic rhythm in vasomotor control, originating in the central nervous system, which may be related to temperature regulation. This rhythm regulates blood flow through skin arteriovenous anastomoses according to the thermal balance of the organism. Such changes affect heart rate by means of reflex changes in cardiac sympathetic and parasympathetic nervous activity. According to this approach, vasomotor changes can be reflected in HR variability and can be displayed and quantified by the Power Spectrum of heart-rate fluctuations [11,12]. In order to investigate thermal effects on HR control, Kitney et al. (1974) [9] exposed adult volunteers to thermal stimuli of 20-s periodicity. The power spectrum of beat to beat intervals calculated from the finger blood volume signal obtained during the 20-s thermal stimulus, showed a large single component at this frequency. The effect of thermal entrainment on HRV in premature infants, small for gestation neonates and full-term infants was investigated by Lindqvist et al. [14]: in 14 out of 17 patients the power in the stimulated frequency band doubled, at least, in size,
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independently of maturation. Halthorn et al., studied HR changes in 25 term infants during periodic thermal stimulation (0.05 to 0.15 Hz). They reported an increase in spectral power at the frequency of stimulation [5]. Jahnukainen et al. (1996) observed in preterm, term and small-for-age term neonates, redistributed oscillations of Skin Blood Flow due to rhythmic thermal stimulation in addition to the synchronized periodic HR variability response in part of the groups [8]. The objective of the present work was to study the maturation process of the thermoregulatory system, focusing on the response to peripheral thermal stimulation. We used the power spectrum of heart-rate signal during thermal entrainment as a measure of maturation in three specific groups of neonates. We consider not only the stimulation frequency related to the frequency of alternating the hot and cold temperature (T ), but also the frequency corresponding to what we call ‘double period’, or full duration of ‘hot and cold’ stimulus. Our working hypothesis was, that the changes in the HR power spectrum as a function of age, in response to peripheral thermal stimulation at various frequencies, should allow us to better understand the functioning and maturation of the thermal regulation, related to vasomotor control.



2. Methods



2.1. Subjects Three groups of neonates participated in the study: Group A: 10 healthy premature infants (6 females and 4 males), born at the Beilinson Medical Center between January 1993 and June 1993. The group had mean gestational age of 31 weeks (range 29–33 weeks) and mean birth weight of 1430 g (range 1270–1940 g). At the time of the study, the mean weight was 1970 g (range 1800–2390 g) and the post-natal age was 35.5 weeks (ranging from 34 to 37 weeks). Group B: 6 healthy full-term neonates (3 females and 3 males, born at Beilinson Medical Center around the same period), with mean gestational age of 39.1 weeks (range 38–40 weeks), and mean birth weight of 3650 g (range 3210–4550 g). The subjects in this group were 24–48-h old. Group C: 7 healthy infants, with mean age of 5 months (range of 4.5–6 months), mean birth weight of 3010 g (range of 2550–3500 g) and mean weight at time of the study of 6990 g (range 5480–8700 g. The infants were fed one hour before the test, dressed and kept in supine position in their own bed. The test was performed at room temperature.



2.2. Temperature entrainment Thermal stimulation was achieved by placing a hot and cold surface on the subject’s right palm alternately. The hot stimulus was achieved with a bag (a product of ‘Flexxum compress’), that was kept in warm water at 458C. To keep the bag’s
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temperature constant, we replaced it every 1 min. Water temperature was measured with a thermometer (618C). The cold stimulation surface (a similar bag) was maintained at 108C. We used tested thermistor probes (Yellow Springs Instrument, Ohio, Series 400) to monitor the temperature; the probe agreed within 0.18C with the requested temperatures.



2.3. Experimental protocol The ECG of every subject was monitored with a Mennen Medical 740 neonatal monitor and recorded on Teac-R71 analog magnetic tape throughout the various stages of the experiment. The duration of every stage was 7 min, according to considerations of trace length (two slightly overlapping 256 s traces) and spectral analysis (lowest frequency of interest 0.02 Hz). The experiment included the following stages: 1. Baseline, without stimulation. 2. Alternately placing a hot (458C) and cold (108C) stimulation surface on the right palm of the subject at a rate of 0.25 Hz (switching the temperature every 4 s). 3. Same thermal stimulation but at a rate of 0.14 Hz (switching the temperature every 7 s). 4. Same thermal stimulation at a rate of 0.1 Hz (switching the temperature every 10 s). 5. Recording without thermal stimulation (baseline). The recordings were made while the subjects were in relaxed condition. In general, the prematures and full-term neonates were asleep (quiet sleep) during the experiment. The subjects in group C were awake most of the time, but the recordings were taken while relaxed and quiet. The subjects in all groups maintained mean body temperature within the normal range (60.58C) during the experiment. The study was approved by the Human Subjects Review Committee of the Beilinson Medical Center and informed parental consent was obtained for each infant.



2.4. Heart-rate data analysis Spectral analysis of fluctuations in heart rate was performed off-line on 256-s long segments of the ECG. This allowed to analyze two slightly overlapping traces within the 7-min trace recorded during the experiment. A / D conversion of these ECG segments was performed at a frequency of 300 Hz. The peaks of the QRS complex were detected and a smooth HR time series was created and sampled at equal time intervals. Mean HR was subtracted. Next, the heart-rate power spectrum (see Fig. 1a) was calculated by means of the Fast Fourier transform of the heart-rate time series, squaring the absolute values and dividing by (mean HR)2 .
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Fig. 1. (a) A typical heart-rate time series and the corresponding power spectrum of heart-rate fluctuations for one premature (subject 8 group A) at the baseline stage. (b) A typical heart-rate time series and heart-rate power spectrum for one full-term neonate (subject 5 group B) at the baseline stage. (c) A typical heart-rate time series for one older infant and the corresponding power spectrum for one older infant (subject 3 group C) displaying regions of power both in the high-frequency band and in the low-frequency band.
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2.5. Frequency ranges of interest We investigated the HR power spectrum from 0.02 Hz up to 2.00 Hz. The examined bandwidth (0.02–2.00 Hz) was divided into several relevant frequency bands. The low (0.02–0.2 Hz) and the high (0.2–2.00 Hz) frequency bands were considered, as well as the total power (over 0.02–2.00 Hz). The main ranges of interest were narrow bands around the frequencies of thermal stimulation. The corresponding band for the entrainment at 0.25 Hz was 0.23–0.27 Hz, for 0.14 Hz the band was 0.12–0.16 Hz and for the entrainment at 0.1 Hz, the band was 0.08–0.12 Hz. Accordingly, the integrals of the power of HR fluctuations in the frequency ranges around the 3 ‘double period’ frequencies were investigated as well (0.125, 0.07 and 0.05 Hz). The integrals over the above relevant 6 frequency ranges were computed and compared between the different experimental stages (1 through 5).



2.6. Statistical analysis The total integrals of the HR PS and the integral of every relevant spectral band (around the 6 frequencies of interest were calculated for every subject at every stage of the study. The integral of every spectral band was normalized by dividing it by the total integral of the PS. We averaged these values separately for every group and graphically plotted the mean6SD. The results were compared (after averaging over the subjects) within each group for the various entrainment conditions (1 to 5) by applying a paired t-test (between the stage with the maximal integral and the other stages). For all spectral integrals, the tests were performed after log transformation of the results to obtain a more Gaussian distribution. Results with P , 0.05 were considered to be statistically significant.



3. Results



3.1. Baseline A typical baseline HR time series and HR power spectrum (PS) for one premature, one full-term neonate and one older infant, (during baseline conditions), are shown in Fig. 1a–c. From the HR traces and their PS for each subject, we computed for each group the mean6SD of HR, total power and the ratio between the integrals of low to high-frequency bands under initial baseline conditions (Fig. 2a–c). As shown in Fig. 2a, the mean HR of the prematures is the highest (group A, 14966 bpm) and the full-term heart rate is the lowest (group B, 126610 bpm), lower than that of the older
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Fig. 2. (a) Mean heart rate of the three age groups: prematures, full-term neonates and older infants during the baseline stage. (b) Mean total power of the power spectrum (0.02–2.00 Hz) during the baseline stage of three groups of age. (c) The low / high ratio (0.02–0.2 / 0.2–2.0 Hz) of the three groups at the baseline stage.



babies (group C, 134614 bpm). This slower HR in group B is typical for neonates immediately after birth (24 h) [4]. The total power spectrum increased with age (Fig. 2b), and the LF / HF ratio decreased with age (Fig. 2c). The high-frequency power increased and the lowfrequency power remained unchanged. The respiratory peak at the high-frequency band, around 0.5 Hz, is single, clear and well defined in the older infants (group C) and, in contrast, is poorly defined and almost unobservable in a linear scale in the younger infants, groups A and B (Fig. 1).
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3.2. Thermal entrainment The same subjects were monitored and recorded under various thermal entrainment conditions as described in Section 2. An example of the HR power spectra for one premature neonate (the same baby as shown in Fig. 1a under baseline conditions) during the three thermal entrainment stages is shown in Fig. 3. During the first thermal entrainment (Fig. 3a), switching from hot to cold stimulus is performed every 4 s, causing two clear peaks to arise in the HR PS, one at 0.25 Hz (4-s period) and the other at 0.125 Hz (8-s double period) according to the thermal entrainment frequency. No peaks arise at 0.14 Hz, 0.07 Hz, nor at 0.1 Hz and 0.05 Hz, which are the frequencies corresponding to the other entrainment frequencies applied later). In this case, we consider the reaction to the 4-s stimulus as a positive response. The criterion to consider a peak as a positive response was a peak with a power that is at least twice as high as the level in its close vicinity. During the second thermal stimulation in the same neonate, changing the hot to cold stimulus every 7 s causes the HR PS to display peaks at 0.14 Hz and 0.07 Hz (Fig. 3b), thus indicating a positive reaction to that stimulus. In the third session, changing the hot to cold stimulus every 10 s causes peaks to arise in the HR PS at 0.1 Hz and 0.05 Hz (Fig. 3c), again indicating a positive reaction to the thermal stimulus. Such a fully positive reaction to all 3 stimuli was not always observed in every subject in the different groups. Some of the subjects responded to the thermal entrainment only at the higher frequencies (0.25 Hz, 0.14 Hz and 0.1 Hz) and did not respond at the frequencies that correspond to the ‘double period’ (0.125 Hz, 0.07 Hz and 0.05 Hz). Such a phenomenon is displayed in Fig. 4, showing the HR power spectrum of a premature neonate during a 7-s long thermal stimulus: the only thermal peak that was entrained in that session, is at 0.14 Hz and not at 0.07 Hz. The results for the three groups in the different sessions, are summarized in Tables 1–3. The first row corresponds to thermal entrainment session with the 4-s long stimulus. Each column thereafter matches the corresponding frequency bands in the HR PS. In the column of 0.25 Hz, we count the number of subjects in the group for which a peak at 0.25 Hz has been elicited in their HR PS during a specific session (row) of the study. It should be emphasized that these peaks are visually quantitative, according to the peak criterion, by two blind observers. Of course, the ideal case is a reaction at 0.25 Hz and 0.125 Hz during the first stimulation session, a reaction at 0.14 Hz and 0.07 Hz during the second session and a reaction at 0.1 Hz and 0.05 Hz during the third stage. This would correspond to a reaction only along the diagonal of the table. The reality is far from being so simple and we can sometimes see peaks arising at frequencies which are not related to the thermal entrainment rate (not necessarily on the diagonal of the tables). Table 1 summarizes the responses of the premature neonates (group A) to the three thermal entrainment sessions: 5 out of 10 neonates react to the 4-s long stimulus (at 0.25 Hz), 6 out of 10 react to the 7-s stimulus (at 0.14 Hz) and 9 out of 10 react to the 10-s stimulus (at 0.1 Hz). Thus a strong tendency to diagonal response is
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Fig. 3. (a) A typical heart-rate power spectrum for one preterm neonate (subject 8 in group A) during thermal entrainment – 4-s stimulation stage. Clear peaks occur at the entrainment frequencies, 0.25 Hz and 0.125 Hz, in addition to the energy in the low-frequency band that exists at the baseline stage. (b) Power spectrum of heart-rate fluctuations for the same subject (subject 8 group A) during the 7-s thermal stimulation stage. Clear peaks have risen at the corresponding 0.14 Hz and 0.07 Hz frequencies (in addition to the low-frequency power already existing at baseline). (c) Heart-rate power spectrum for the same preterm neonate during thermal entrainment with clear response to the 10-s stimulation at 0.1 Hz and 0.05 Hz.
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Fig. 4. Heart-rate power spectrum during thermal stimulation (7-s stage) where only one entrained peak (the higher) has elicited, and not the peak at the ‘double period’.



observed. A fairly similar, strong diagonal, response occurs in the premature group at the frequencies corresponding to the double stimulus period (5 / 10, 8 / 10, 8 / 10 at 0.125, 0.07 and 0.05 Hz respectively).



Table 1 Premature infants Stimulus



0.25 Hz



0.14 Hz



0.1 Hz



0.125 Hz



0.07 Hz



0.05 Hz



4s 7s 10 s



5 / 10 0 / 10 0 / 10



4 / 10 6 / 10 2 / 10



3 / 10 5 / 10 9 / 10



5 / 10 0 / 10 0 / 10



3 / 10 8 / 10 1 / 10



2 / 10 3 / 10 8 / 10



Summary for group A, prematures, of the reaction to thermal entrainment during the three thermalstimulation stages at the 6 relevant frequencies. (If a peak has elicited in the power spectrum of the subject at the relevant frequency, this subject is added to the count) The ratios m /n indicates that m newborns out of the n members of the group showed a peak at the specific and frequency (columns) as a function of the 3 different stimuli (rows). Very few peaks have occurred off diagonal.
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Table 2 Full-term neonates Stimulus



0.25 Hz



0.14 Hz



0.1 Hz



0.125 Hz



0.07 Hz



0.05 Hz



4s 7s 10 s



4/6 0/6 0/6



0/6 6/6 0/6



2/6 2/6 3/6



2/6 0/6 0/6



1/6 3/6 0/6



2/6 0/6 4/6



Summary as described in Table 1 for group B, the full-term neonates, of the reaction to thermal entrainment. All subjects had a peak at 0.14 Hz that corresponds to the 7-s stimulation stage.



Table 2 shows for the full-term neonates (group B) that 4 out of 6 react to the 4-s stimulus, 6 out of 6 (the entire group) react to the 7-s long stimulus and 3 out of 6 react to the 10-s stimulus. A smaller number of full-term neonates displayed in those sessions, a peak at the frequencies that correspond to the ‘double period’ of stimulus (2 / 6 at 0.125 Hz, 3 / 6 at 0.07 Hz and 4 / 6 at 0.05 Hz). Table 3 summarizes the response of the older infants (group C) to the different thermal entrainment frequencies. The maximal reaction occurs again at the diagonals of the table. However more subjects in this group had a positive reaction at the second group of frequencies (double period) – 0.125 Hz, 0.07 Hz and 0.05 Hz, than at the first group of frequencies (0.25 Hz, 0.14 Hz, 0.1 Hz). In this ‘double period’ part of the table, 5 / 7 reacted positively to the 4-s stimulus (0.125 Hz), 4 / 7 reacted to the 7-s stimulus (0.07 Hz) and 4 / 7 reacted to the 10-s stimulation (0.05 Hz). In groups A and B (prematures and full-terms) a larger number of subjects reacted to the thermal entrainment at the alternation frequencies (0.25, 0.14 and 0.1 Hz), than at the lower frequencies which correspond to the ‘double period’ (0.125, 0.07 and 0.05 Hz). This is opposite to the pattern observed in group C (older infants). As can be seen, the tables display a clear diagonal preponderance. In the first group the reaction is best to the 10-s long stimulus, in group B the reaction is best to the 7-s stimulus, and the reaction in group C is slightly better at 4 s. A more quantitative analysis of the results is presented in Fig. 5a–c Fig. 6a–c Fig. 7a–c for the different stages in the study, by computing integrals of the HR PS over the specific frequency bands. Fig. 5a presents the mean normalized integrals (6SD) for group A (prematures) for the spectral band 0.23–0.27 Hz (divided by the total integral), at the 5 different stages of the study (pre- for baseline, 4-s stimulus, 7-s stimulus, 10-s stimulus, and post- for baseline again). As expected for this frequency band, the mean integral is Table 3 Older infants Stimulus



0.25 Hz



0.14 Hz



0.1 Hz



0.125 Hz



0.07 Hz



0.05 Hz



4s 7s 10 s



3/7 0/7 0/7



0/7 2/7 0/7



1/7 3/7 2/7



5/7 1/7 0/7



0/7 4/7 0/7



2/7 2/7 4/7



Summary as described in Table 1 for group C, the older infants, of the reaction to thermal entrainment. The response is more evident at the frequencies that correspond to the ‘double period’ stimulation (0.125, 0.07 and 0.05 Hz).
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Fig. 5. (a) Mean values, for group A, the premature infants, of the power in the spectral band 0.23–0.27 Hz (around 0.25 Hz) divided by the total power, at the 5 different stages. The maximum value occurs during the 4-s stimulation stage and is significantly higher than at all other experimental steps. Significance is indicated by *. (b) Mean values, for group A, of the power in the spectral band 0.12–0.16 Hz (around 0.14 Hz) divided by the total power, at the 5 different stages. The value during the 7-s stage is higher than at the 4- and 10-s stages. (c) Same presentation for group A in the spectral band 0.08–0.12 Hz.



clearly maximal and significantly higher during the 4-s stimulus stage (peaks arise around 0.25 Hz in the 4 s session, so the power in this band grows higher for this stimulus than at the stages with other entrainment frequencies). Fig. 5b–c were obtained for group A by the same technique as in Fig. 5a, but displaying the integrals over 0.12–0.16 Hz (around 0.14 Hz) and 0.08–0.12 Hz (around 0.1 Hz) respectively.
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Fig. 6. (a) Mean values for full-term infants of the power spectrum between 0.23 to 0.27 Hz during the 5 stages of the study, divided by the total integral of the spectrum. The value during the 4-s stage is significantly higher than during the other 4 stages. (b) Same presentation for the frequency band 0.12–0.16 Hz for group B (full-term neonates). The highest value is during the 7-s stage, this value is significantly higher than during the 10-s stage and during the last baseline stage. (c) Same graph for group B for the frequency band 0.08–0.12 Hz. The maximum value is during the 10-s stage (corresponding to 0.1 Hz) and this maximum is highly significant compared to the values during the 7-s stage and the last baseline stage.



Similarly, they display a clear maximum for the 7-s and for the 10-s (respectively) stimulus stages. Fig. 6a–c and Fig. 7a–c are the equivalent presentation of the quantitative results of groups B and C respectively, for the 3 relevant spectral bands (0.23–0.27 Hz, 0.12–0.16 Hz, 0.08–0.12 Hz) respectively. These quantitative results are independent of the tabular presentation above. We tested statistically, the quantitative results in Figs. 5–7 and checked whether the
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Fig. 7. (a) Mean values for group C, older infants, of the power spectrum between 0.23 to 0.27 Hz (around 0.25 Hz) during the 5 stages of the study, divided by the total integral of the spectrum. The value during the 4-s stage is not maximal in comparison to the other stages. This value is significantly higher than at baseline stage. (b) Same presentation for group C of the power between 0.12–0.16 Hz. The value of the normalized power of this band is significantly higher than all other stages but the 4-s stimulation stage. (c) Same presentation for group C of the power between 0.08–0.12 Hz. The maximum value is during the 10-s stimulation stage.



maximum value is statistically significantly higher than the values at the other stages (requiring P , 0.05 by paired t-test). For example, in Fig. 5a, the integral value (corresponding to the 0.23–0.27 Hz range) is maximal at the 4-s stimulus and this maximum is highly significant compared to its value at the baseline stages and the stages of 7-s and 10-s stimuli.
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The maximum values observed were not always significantly different from the other stages. The significance depends very much on the frequency range considered. Indeed, at the higher frequencies of stimulation, the results were more significant, because there is not much background power (or noise) in the corresponding frequency range except for the energy specifically due to the thermal entrainment. At lower frequencies the spectrum has more background power and peaks than normally exist, such as the baroreceptor peak, at baseline without thermal stimulus [3,16]. Therefore in this ‘busy’ frequency range, the power at the thermal entrainment peak is not necessarily significantly higher.



4. Discussion Previous studies investigating HRV power in neonates revealed fluctuations of three main origins, arising from: respiration, blood pressure control (baroreceptor reflex) and vasomotor tone activity associated with temperature regulation [4,6]. The option of synchronizing self-sustained oscillations by an active, forced function has been known since the early experiments by Appleton and Van der Pol back in 1922 [10]. In 1974, Kitney et al. performed an experiment with adult volunteers: thermal stimuli of 20-s periodicity were achieved by placing one hand alternately in two buckets containing water at different temperatures (188C and 468C). Changes in blood volume in one finger were monitored as a representation of the state of the thermoregulatory system. The power spectrum of beat to beat intervals, calculated from the finger blood volume signal measured during the 20-s thermal stimulus, showed a large, single component at the 0.05 Hz frequency [9]. In 1990 and 1983, Lindqvist et al. investigated the effect of thermal entrainment on heart-rate variability in 20 neonates (their foot was placed in the jet of an air blower), classified according to maturity [14,13]. They reported that the response of the periodic HRV was selective at the spectral band corresponding to the frequency of stimulation. That report did not mention a reaction at the high frequencies bands, they reported only about the response in the frequency band that corresponds to the ‘double period’ (as called in our study). Jahnukaien-T. et al. observed in a similar study that full-term infants showed a clear response while the response of preterm infants and small for age neonates was markedly attenuated [7,8]. Lindqvist et al. assessed the physiological ability of an autonomic thermal stimulation method to induce synchronized oscillations in the neural cardiovascular control system in 18 adults [15]. The responses to the periodic thermal stimulation were measured from skin blood flow and heart rate. The rhythmic thermal stimulation synchronized the oscillations of the forearm skin blood flow but no stable synchronization of the periodic heart-rate variability was found (in supine rest). In the present study, we investigated the influence of thermal entrainment on 3 groups of infants. Thermal stimulation was achieved at frequencies that correspond to 4 s, 7 s and 10 s long stimuli, applied to one region of thermal sensors, the palm of the neonates. Our goal was to test the heart-rate response to changes in peripheral
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blood flow induced by thermal stimulation of the skin, and to look for differences in reaction between the three groups. A positive response to the thermal entrainment was observed in all groups: each subject reacted at least at one stage of the study (at least in one stimulation frequency band). The differences between the three groups, as reacted in Tables 1–3, are: (a) the number of subjects displaying a positive response at each stage, (b) the appearance of peaks at frequencies that correspond to the thermal frequency and its ‘double period’ frequency, (c) the appearance of only one peak at the time. Most premature neonates reacted to the 10-s long stimulus, all full-term neonates reacted to the 7-s stimulus (at 0.14 Hz) and the older infants reacted with slight priority to the 4-s stimulation, the shorter one (see Tables 1–3). This fact may indicate that premature and full-term newborns require thermal stimuli of longer duration than older infants in order to affect their vasomotor activity and react by a change in HR control so that their reaction can be detected by spectral analysis. This may point towards a developmental process of maturation with age of the ability to respond to changes in skin temperature. Most premature neonates, who responded to the thermal entrainment, reacted by raising two peaks, at the entrainment: frequency and at the frequency corresponding to the ‘double period’. Half of the full-term neonates had a reaction at both frequencies and the remaining full-term neonates reacted at the entrainment frequency (and not at the one that corresponds to the double period) as can be seen in Fig. 4. Most subjects in the older infants group reacted to the thermal entrainment by raising a peak at the frequency that corresponded to the ‘double period’ stimulus and not at the entrainment frequency itself. It seems that the younger infants (preterms and full-terms) react to every change of the skin temperature while the older ones preferably synchronize on the ‘double period’ (hot and cold stimulus). The peak that occurs at the entrainment frequency cannot be considered as a harmony of the ‘double period’ peak, as can be concluded from Fig. 4 which only displays a peak at the stimulation frequency without raising peak at the double period. Previous studies on adults revealed that different branches of autonomic control contribute to the HR power spectrum in different, well defined, frequency bands. Slow HR fluctuations in the frequency range of 0.02 to 0.15 Hz, are presumably of vasomotor and baroreceptor origin, and mediated by both sympathetic and parasympathetic tone. Higher frequency fluctuations, represented by a peak centred around the respiratory frequency are of vagal origin [1]. The spectral analysis of HR fluctuations in neonates provides a tool for estimating the maturation of infants [4,2,3]. The maturation of the parasympathetic control is reflected by an increase in HF values expressed in a clear and well defined single respiratory peak in the older infants in contrary to the younger infants (groups A and B). A similar lack of maturation of thermal responsiveness can explain the preferred reaction of the younger infants to the slowest thermal stimulus (0.1 Hz). On the other hand, the preference of the older infants to raising their ‘double period’ peak, may reflect the fact that the sympathetic system (inherently slower) has matured and is now able to assume its vasocontrol role.
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5. Conclusions The present study attempts to provide some insight in the maturation of thermal control. We observe that: 1. The reaction to thermal entrainment occurs already in preterm infants. 2. Thermal entrainment has a marked effect at the three different frequencies of stimulation (0.25, 0.14 and 0.1 Hz) in the three groups of subjects: a clear ‘entrainment’ peak usually occurs either at the frequency of stimulation (alternations) or at the frequency corresponding to the ‘double period’ or at both. 3. When comparing the frequency of thermal entrainment, we observe that premature infants seem to react preferably to the slowest stimulus (every 10 s alternation), full-term neonates react to the intermediate frequency (0.14 Hz, every 7-s stimulation), while the older infants have a slight tendency to respond to the quickest stimulus (4 s alternation). 4. When comparing the preponderance of entrainment at the, basic period of stimulus, with the ‘double period’, we observe that preterm infants and full-term infants react preferably to every change of skin temperature (single period), while the older infants react rather to the ‘double period’ (‘hot and cold’ stimulus) than to every change of skin temperature. This could represent the maturation of thermoregulatory response, the ability of sympathetic control to mediate this response and its preponderance in the lower frequency range (below 0.125 Hz), as usually quoted in adults.



6. Notation Keywords: HR: Heart Rate PS: Power Spectrum ECG: Electrocardiogram A / D: Analog to Digital
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