
Gen. Physiol. Biophys. (2005), 24, 147—159 147
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Abstract. Ultraweak photons which are spontaneously emitted from a living body
may be applicable as a non-invasive tool to characterize the physiological state
of the living body. We investigated changes in the intensity of ultraweak photon
emission, body temperature and the cardiovascular autonomic activity induced by
epinephrine injection to rats. A high dose of epinephrine can make changes to the
cardiovascular autonomic activity or body temperature. Photon emission of the
dorsal part, rectal temperature and heart rate variability (HRV) were measured
from eight Sprague-Dawley rats. The intensities of photon emissions for saline in-
jections, which were used as a control, decreased from 13042 ± 71 counts/min at
the start of measurements to 8709 ± 915 counts/min at 1 h after the injections.
In the case with epinephrine injections, the intensity of photon emission reduced
slowly from 13361 ± 354 counts/min to 11040 ± 433 counts/min. Rectal temper-
ature increased in both saline- and epinephrine-injected rats, but one hour after
the injections the temperature in the epinephrine case was slightly higher than
that in the saline case. The standard deviation of the QRS wave complex inter-
val (RR interval) increased from 1 to 4 (p < 0.05) and the spectral ratio of the
low frequency component to the high frequency component in the HRV data LF
(0.19 ∼ 0.74 Hz) / HF (0.78 ∼ 2.50 Hz) decreased from 0.81 to 0.26 (p < 0.05) in
the case of epinephrine injection while no change was found in the case of saline in-
jection. Thus, ultraweak photon emission was closely related to the cardiovascular
autonomic activity.
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Abbreviations: ECG, electrocardiogram; EEG, electroencephalogram; HRV,
heart rate variability; QRS, combination of Q, R, and S wave; RR interval, time in-
terval between the consecutive R waves in ECG signal; SDNN, standard deviation
of the RR interval; RMSSD, root mean square of successive differences; PSD, power
spectral density; LF, low frequency (0.19–0.74 Hz); HF, high frequency (0.78–2.50
Hz); PMT, photomultiplier tube.

Introduction

Intrinsic and endogenous photon emission from various biological systems such as
cells, tissues, and animals has been investigated in recent years (van Wijk and van
Aken 1991; Kobayashi et al. 1999; Voeikov et al. 1999; Kim et al. 2003). This photon
emission was referred to as ultraweak photon emission because of its extremely
weak intensity of a few up to several thousands of photons per second. Based on
several experiments related to bio-photon communication (Albrecht-Buehler 1992;
Popp et al. 1994; Shen et al. 1994), it was suggested that the central nervous
system would be a good subject to study both photon communication/regulation
and microtubular photon guidance (Grass et al. 2004). Neurons are large cells with
wide arborization and have an active metabolism for photon emission. They also
contain little pigment and are characterized by a prominent cytoskeleton consisting
of hollow microtubules.
On the other hand, it is known that cardiovascular autonomic activity relates

to several centers controlled by a series of parallel pathways involving specific re-
gions of the central nervous system extending from the cerebral cortex to the spinal
cord (Spyer 1993; Dampney 1994). A correlation between electroencephalogram
(EEG) and heart rate variability (HRV) in deep anesthesia has been proposed and
an animal study has been designed to analyze simultaneously these two oscillatory
signals (Troncoso et al. 1995). The HRV represents a fluctuation of the time inter-
val between the consecutive beats in the ECG. In this circumstance, it is timely to
investigate a correlation between the intensity of ultraweak photon emission and
the HRV measurements through animal experiments. In this paper we report our
experimental results that showed simultaneous changes in the photon emission in-
tensity and the HRV measurements for rats. In order to make some changes in
HRV, we injected epinephrine into rats and measured the photon emission, electro-
cardiogram (ECG), as well as the rectal temperature.

Materials and Methods

Animal preparation

Male Sprague–Dawley rats (Hanlym Lab. Animal Co., Korea) between 240 and
260 g body weight were maintained on a 12 : 12 h light : dark cycle with diet and
water available ad libitum. All animals were handled in accordance with National
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Institute of Health Guidelines for the humane care of laboratory animals. In or-
der to detect ultraweak photon emissions from the rats, we used a photomultiplier
tube (PMT, H6180-01, Hamamatsu, Japan) and associated data acquisition sys-
tems. The minimum photosensitive area of the PMT was 15 mm diameter and the
sensitive wavelength range was from 300 nm to 650 nm. The peak response at 400
nm is 3.2× 105 cps/pW. A special dark box (70× 90× 500 mm3) was designed for
the elimination of unnecessary background noise and for the detection of photons
from the rat.
Before each measurement the sympathomimetic drug was prepared in such a

way that an ampule of 0.75 ml epinephrine (1 mg/ml, Daihan Pharm. Korea) was
mixed with 0.75 ml saline. Ketamine (150 mg/kg, i.p.) was used in our experiment
to anesthetize rats. For the administration of epinephrine, a 24-gauge catheter
(Dukwoo Medical, Korea) was injected into the ventral part of the rats. Epinephrine
was intraperitoneally injected into the rats at a speed of 1 ml/min. For measurement
of an untreated rat, 1.50 ml saline was injected in the same way for the purpose of
obtaining control data.
Three metal needles were used for our ECG sensors. Two needles were injected

into the front limbs of an anesthetized rat and the third one was injected into the left
leg of the rat. For measuring rectal temperature, we used a K-type thermocouple.
After the setup of the catheter, the ECG needles and the thermocouple, the rat
was moved into a dark box for the measurement of photon emissions. The position
of the PMT was above the dorsal part which is 10 cm from the head of the rat. The
height between the PMT and the dorsal part was 5 cm. The electric wires from the
ECG needles and the thermocouple were connected into the signal amplifiers and
the analog/digital converter which were outside the dark box. A small plastic pipe
was connected between the catheter and the syringe for the drug administration.
Experiments were performed in a dark room in which the dark box was contained.
After 10 min control period inside the dark box, the drug was injected for 2 min.
After that all the signal measurements were continued for an hour. The experiments
were done during day time (10 o’clock – 18 o’clock). The room temperature during
the experiments was kept constant between 21 and 23◦C.

Data acquisition and analysis

The ECG signal was transferred to the amplifiers (National Instruments, SCXI-
1000, SCXI 1125, USA) and the A/D converter (National Instruments, DAQ-AI-
16XE-50, USA). The sampling rate for the ECG was 1000 Hz and the time res-
olution for the RR intervals (time interval between the consecutive R waves in
ECG signal) was 1 ms. The ECG signal was saved on a personal computer every
5 min. The ECG is characterized by a recurrent sequence of five principal waves,
denoted by P, Q, R, S and T. QRS complex is a combination of the Q, R and S
waves. After QRS peak detection by the method described in Pan and Tomkins
(1985) and Nagin and Selishchev (2001), a time series of RR intervals was ob-
tained. For the analysis of HRV, several Fortran programs were implemented. The
time domain analysis was made by the calculation of statistical properties such as
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the mean of the RR interval, the standard deviation of the RR interval (SDNN),
and the root mean square of successive differences (RMSSD) of the RR intervals.
The frequency domain analysis was made by cubic spline function curve fitting
to the data of the RR intervals, re-sampling at 0.1 s, followed by power spectral
density (PSD) analysis. There were two kinds of method for the PSD analysis
which were classified as nonparametric and parametric. The advantages and dis-
advantages of the two methods were described well in Task force of the European
Society of Cardiology and the North American Society of Pacing Electrophysiol-
ogy (1996) and Balocchi et al. (2000). In most instances, both methods provide
comparable results. We used the parametric method of the autoregressive model
with order 12. The relevant computer algorithm can be obtained from Press et
al. (1992). The ratios of low frequency to high frequency (LF/HF) components
of power spectral densities were calculated from the power spectral analysis. The
ranges of LF and HF were taken as 0.19 ∼ 0.74 Hz and 0.78 ∼ 2.50 Hz, respec-
tively. Paired Student’s t-tests were used to compare the data before and after the
injection, and the corresponding one-tail p-values for each HRV measurement were
also presented.

Figure 1. Changes in ultraweak photon emissions of saline- and epinephrine-injected rats.
The photon emissions were presented in counts per minute over the whole experimental
time period. 10 min after the start of measurement (0 min in the figures) 2 ml saline and
2 ml epinephrine (0.5 mg/ml) were injected for 2 min intraperitoneally using a catheter.
Afterwards, the photon emissions for a rat from the dorsal part were continuously mea-
sured for an hour. Data points represent the mean ± S.D. which were calculated from
the results of four rats for each treatment. Comparisons of photon emission between the
saline and epinephrine were made by unpaired t-test. * p < 0.05.
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Results

The changes in ultraweak photon emissions of saline- and epinephrine-injected rats
are shown in Fig. 1. The photon emissions are presented in counts per min over the
whole experimental time periods which were composed of a 10-min dark adaptation
period, a 2-min injection time and a 1-h measurement period afterwards. Data
points represent the mean ± SD which were calculated from the results of four rats
for each treatment. In the saline case, the intensity of photon emission continuously
decreased from 13,000 counts/min at the start to 8700 counts/min 1 h after. This
time course of photon emission was similar to several cases when the anesthetized
rats were left in the dark box without any saline injection for an hour. In the
epinephrine case, the intensity of photon emission showed a slow decrease and a
slight increase 30 min afterwards. Clear distinctions were evident within 50 min.
The measurements of rectal temperature were made simultaneously and the

signals for rectal temperature were transferred and calibrated in units of degrees
Celsius. As shown in Fig. 2, the changes in rectal temperatures were seen to occur
in completely different patterns from those of photon emission. The rectal temper-
ature increased just after both saline and epinephrine injections. Their patterns of
increase were almost identical for the two cases. At 60 min, however, it eventually
showed a discrepancy in the rectal temperature.
We analyzed the data for the correlation between the rectal temperature and

Figure 2. Changes in rectal temperatures of saline- and epinephrine-injected rats. In the
same conditions as described in Fig. 1, the signal for rectal temperature was transferred
and calibrated in units of degrees Celsius. Comparisons of rectal temperature between the
saline and epinephrine were made by unpaired t-test. * p < 0.05.



152 Yoon et al.

 50
 100
 150
 200
 250

 0  10  20  30  40  50  60  70

 

Time (min)

Rat4

 50

 100

 150

 200

 250

 0  10  20  30  40  50  60  70Pe
ak

 R
R

 in
te

rv
al

s 
(m

s)

Rat3

 50

 100

 150

 200

 250

 0  10  20  30  40  50  60  70

 

Rat2

 50

 100

 150

 200

 250

 0  10  20  30  40  50  60  70

 

Rat1

Figure 3. Peak RR intervals during the whole time period of the saline-treated measure-
ments. Four rats (Rat1, 2, 3, 4) were used and 1.5 ml saline for each rat was injected.
ECG signals were measured at 1000 Hz sampling rate and RR intervals were calculated
by the QRS complex detection.

photon emission by the nonparametric correlation method. There was no correla-
tion between them in the case of saline injection (the nonparametric correlation
coefficient, Spearman r = −0.45; two-tailed p-value = 0.268). However, significant
correlation between the temperature and photon emission was shown in the case
of epinephrine injection (Spearman r = −0.76 and two-tailed p-value = 0.037).
With the ECG signals, we could obtain the RR intervals for HRV measure-

ments during the whole time period of the saline-treated measurement as shown
in Fig. 3. Four rats (Rat1, 2, 3, 4) were used and 1.5 ml saline for each rat was
injected. We could see that the patterns of RR intervals were more or less uni-
form over the whole experimental time period. In Fig. 4, the RR intervals during
the whole time period of the epinephrine-treated measurement are also presented,
which were measured with four rats (Rat5, 6, 7, 8) injected with 1.5 ml epinephrine.
Visible changes in the RR intervals occurred at about 20 min after the drug in-
jection and their response times were not as rapid as shown in the case of rectal
temperature.
In Fig. 5, the PSD for a 5-min time period of RR interval variability data for

saline injection are presented. The solid line is for the control time period (5–10
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Figure 4. Peak RR intervals during the whole time period of the epinephrine-treated
measurements. Four rats (Rat5, 6, 7, 8) were used and 1.5 ml epinephrine was injected
for each rat.

min) before the injection of 1.5 ml saline. The dotted line is for the time period
(50–55 min) after the injection of saline. Fig. 6 presents the PSD for a 5-min time
period of RR interval variability data for epinephrine injections. The solid line is
for the control time period (5–10 min) before the injection of 1.5 ml epinephrine
(0.5 mg/ml). The dotted line is for the time period (50–55 min) after the injection
of epinephrine. Overall values for the PSD of epinephrine showed variations from
the PSD values for the control time periods larger than those for the corresponding
variations in the saline case. Fig. 7 shows LF/HF values of saline- and epinephrine-
injected rats as the measurement time elapsed. The LF/HF decreased drastically
after the epinephrine injections. We presented the time courses of photon emission
due to the ephinephrine injection subtracted by the saline effect and the LF/HF
simultaneously in Fig. 8.
In Table 1, we present various HRV measurements of the data before and after

the treatment with saline and epinephrine injections into eight rats. Paired t-tests
were used to compare the data before and after the injection, and the corresponding
one-tail p-values for each HRV measurement are presented in the columns for “After
injection”. Table 1 shows an increase in RMSSD (p = 0.01) due to the saline
injection. RMSSD was known to be an estimate of short-term components of HRV
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Figure 5. PSD for a 5-min time period of RR interval variability data for saline injections.
The solid line is for the control time period (5–10 min) before the injection of 1.5 ml saline.
The dotted line is for the time period (50–55 min) after the injection of saline. PSD was
obtained using a parametric method on an autoregressive model with order 12.

and this was compatible with the slight increase in LF/HF from 0.50 to 0.54. In
the case of epinephrine, the SDNN which was a typical index for the estimate of
overall HRV increased from 4 to 9 ms. The LF/HF value decreased drastically from
0.81 to 0.26 following the drug injection.

Discussion

The assessment of HRV is used to evaluate the dynamic features of the cardiovas-
cular control mechanism (Parati and Di Rienzo 2003). Through the comprehensive
and functional analysis of HRV, one can explore the functioning of the living body
reliably and non-invasively (Pumprla et al. 2002). Many experimental and clinical
studies were carried out with animals (Japundizic et al. 1990; Nijsen et al. 1998;
Aubert et al. 1999) and humans (Goldberger 1999; Nascente and Moreira 2002;
Stauss 2003; Gussak et al. 2004). The relation between autonomic control of heart
rate and EEG activity has been proposed for some clinical situations (Yli-Hankala
et al. 1990) and combined analyses of ECG and EEG were made simultaneously in
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Figure 6. PSD for a 5-min time period of RR interval variability data for epinephrine
injections. The solid line is for the control time period (5–10 min) before the injection of
1.5 ml epinephrine (0.5 mg/ml). The dotted line is for the time period (50–55 min) after
the injection of epinephrine.

order to quantify HRV and the cortical EEG in response to light onset in awaken-
ing rats. The concurrent spectral analysis was suggested as a test of the integral
reactivity of the nervous system.
It is known that LF/HF of HRV data represents an index of the sympatho-

vagal balance (Malliani et al. 1991; Muzi and Ebert 1993). Our experimental results
showed that changes induced by epinephrine injection in the HRV parameters could
be interpreted as a higher increase in the vagal than the sympathetic activity. This
is contrary to the changes in the HRV parameters which were induced by light
onset (Troncoso et al. 1995). LF oscillations are due to both vagal and sympathetic
input to the heart. HF components are induced by fluctuations in cardiac-vagal
input and they correspond to respiratory sinus arrhythmia controlled by medullary
vagal centres, carotid-aortic baroreceptors and atrium stretch receptors (Akselrod
et al. 1981). If a close connection exists between the autonomic control of HRV
and the subcortical sources of EEG, different physiological stimuli that induce a
change in one of them could also change the other. In Fig. 8, we present changes
in emitted ultraweak photon intensity of epinephrine-injected rats subtracted by
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Figure 7. Changes in the LF/HF of saline- and epinephrine-injected rats. Compar-
isons of the LF/HF between the saline and epinephrine were made by unpaired t-test.
* p < 0.05, ** p < 0.01, *** p < 0.001.

Figure 8. Changes in ultraweak photon emission intensities induced by epinephrine in-
jections and the corresponding changes in LF/HF for epinephrine-injected rats. The in-
tensities of photon emission were obtained by subtracting the saline injection data from
the epinephrine injection data. LF/HF for the saline-injected rats had uniform values
0.50± 0.04 and the change in LF/HF was produced by epinephrine injection. Significant
correlation between the LF/HF and photon emission (epinephrine-saline) was shown in
the case of epinephrine injection (Spearman r = –0.94, two-tailed p-value = 0.017).
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those of saline-injected rats, and also plotted the corresponding changes in LF/HF
of epinephrine-injected rats. LF/HF for the saline-injected rats had uniform val-
ues 0.50 ± 0.04 and the change of LF/HF was mainly produced by epinephrine
injection. The graph showed a tendency of anti-correlation between the photon
emission and LF/HF. In this study, we simultaneously measured the intensity of
photon emission and HRV of rats which were injected with saline and epinephrine.
If the ultraweak photon emission induced by the drug injection is involved in a
change in the physiology of the central nervous system, it is most probable that
the change in EEG goes with a change in HRV. A further investigation on spec-
trum distribution of the emitted light will be necessary for complete understanding
about the source of photon emission at the molecular level.
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