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Abstract: Ultra-weak photon emission (UPE) is a general feature of living biological systems. To gain further insights into 

the origin of UPE and its physiological significance, the aim of the present study was to investigate the connection between 

hemodynamics (HD), oxygenation (OX), and UPE. Therefore, during venous and arterial occlusion (VO, AO), changes of 

UPE and surrogates of HD as well as OX were measured simultaneously using two photomultipliers and near-infrared spec-

troscopy, respectively. We showed that (1) changes in UPE correlate significantly nonlinearly with changes in oxyhemoglo-

bin (Δ[O2Hb]), deoxyhemoglobin (Δ[HHb]), and hemoglobin difference (Δ[HbD] = Δ[O2Hb]−Δ[HHb]), indicating a complex 

association between UPE and tissue HD/OX; (2) UPE decreases significantly during AO but not during VO; (3) UPE in-

creases significantly after AO; and (4) the view that ROS are the source of UPE is generally supported by the present study, 

although some  findings remain unexplained in the context of the theory of ROS-mediated UPE generation. In conclusion, 

the present study revealed new insights into the interplay between HD, OX, and UPE and opens up new questions that have 

to be addressed by future studies. 
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1.  Introduction 

Living biological systems spontaneously emit ultra-weak 

light (~102 photons/s cm2 [1]) in the wavelength range of at 

least 200–800 nm from their surface. Previous experiments 

have shown that this ultra-weak photon emission (UPE) is 

associated with the relaxation of electronically excited 

states of molecules, e.g., lipids [2] and proteins [3]. The 

excited states are mainly consequences of oxidation reac-

tions caused by reactive oxygen species (ROS). Reactions 

involving singlet molecular oxygen (1O2) [4] and triplet 

states of carbonyl [3] have been identified as causing UPE 

in particular. Early studies have demonstrated that UPE of 

isolated organs is highly oxygen dependent [5]. The de-

crease of UPE after application of antioxidative enzymes 

[6] supports the findings of ROS-based UPE generation.  

Up to now, only a few studies [7–11] have investigated 

the effect of a temporally local shortage in blood supply 

(ischemia) and blood oxygenation (hypoxia) on UPE of 

intact organisms, some of these focusing on humans. To 

gain further insights into the interplay between UPE dy-

namics, changes in hemodynamics (HD) (i.e., blood 

flow/volume) and oxygenation (OX), the aim of the present 

study was to measure UPE, surrogates of HD and OX sim-

ultaneously for the first time on a human using two pho-

tomultipliers and near-infrared spectroscopy (NIRS). 

 

2.  Material and Methods 

2.1.  NIRS and UPE Measurement 

Surrogates of HD and OX were measured using a wireless 

NIRS device [12]. The NIRS device uses LEDs with two 

different wavelengths (760 and 870 nm) to deter-mine 

absorption changes with a sampling frequency of 100 Hz. 

For the current study we selected four light paths (source-

detector separation: 25 mm) from the device. The area of 

the probed tissue was 25 × 37.5 mm in total. 

The UPE measurement was performed using a specially 

designed dark chamber with two compartments for record-

ing on both human hands. On top of each chamber a single-

photon counting photomultiplier tube (PMT) (Electron 

Tube 9235B, Electron Tubes Ltd., Ruislip, UK) was placed. 

The spectral sensitivity of the PMT was 200–650 nm. Sub-

jects were dark-adapted and then inserted their left and 

right hand into the compartments of the dark chamber. 

The measurement was controlled using Labview (National 

Instruments, Austin, USA). 

 

2.2.  Measurement Procedure 

Two healthy male adults participated in the study (ages: 28 

and 44 year). Prior to the measurement, the hands of the 

subjects were covered for 45 min with black gloves to re-

duce delayed luminescence [13]. The subjects then posi-

tioned their hands in the dark chamber. UPE of the palm 

side was measured. This side was selected for measure-

ment because commonly it has stronger emission than the 

dorsal side of the hand [14, 15]. The NIRS optode was 

placed on the left forearm, in parallel to the flexor digi-

torum profundus muscle, ~7 cm below the crook of the arm. 

A blood pressure cuff was placed around the left upper 

arm. The experimental setup is shown in Fig.1. The meas-

urement protocol was as follows: (1) 0–6 min: baseline 

recording; (2) 6–11 min: venous cuff occlusion (VO) (at 40 

mmHg); (3) 11–21 min: reperfusion; (4) 21–31 min: arterial 

occlusion (AO) (at 200 mmHg); (5) 31–40 min: reperfusion. 



Three measurements were made in total (i.e., one subject 

was measured twice).    

 

2.3.  Signal Processing and Data Analysis 

All calculations were performed using Matlab (Mathworks, 

Natick, Massachusetts, USA). The UPE signal (IL(t)) from 

the left hand was corrected by subtracting the dark count 

of the PMT (ID(t) = 6 counts/s (cps)): IL'(t) = IL(t)−ID(t). Af-

terwards, the sum of all values of IL'(t) for every minute of 

recording time was calculated and all obtained values were 

divided by 60, leading to the final signal IL''(t) 

= {IL'(ti)} | i = 1, 2, …, 40} which contained the corrected 

UPE signal of the left hand, expressed in “cps.”  
From the absorption changes measured using NIRS, 

concentration changes in µM (relative to the first value 

obtained by the measurement) of oxyhemoglobin (Δ[O2Hb]) 

and deoxyhemoglobin (Δ [HHb]) were calculated for every 

light path using the modified Lambert-Beer law [16]; the 

differential pathlength factor (DPF) was 4.48 (for 760 nm) 

and 3.81 (for 870 nm) [17]. Additionally, the following sig-

nals were calculated: total hemoglobin concentration 

(Δ[tHb] = Δ[O2Hb] + Δ[HHb]) and hemoglobin difference 

(Δ[HbD] = Δ[O2Hb] − Δ[HHb]). Δ[O2Hb] and Δ[HHb] are 

associated with HD and OX, Δ[tHb] primarily with HD 
(especially blood volume changes [18]), and Δ[HbD] with 
OX changes [19].  

All NIRS signals were then downsampled to a sampling 

frequency of 1 Hz and smoothed using robust local scatter-

plot smoothing (LOESS) with a window size of 30 s to get 

rid of physiological noise (such as heart pulsation and 

Mayer waves). Finally, for all the four signals (Δ[O2Hb], 

Δ[HHb], Δ[tHb], and Δ[HbD]), the mean signal was calcu-

lated by averaging the signals from all four light paths 

having the same source-detector separation of 25 mm.  

For further analysis, the NIRS signals and the UPE 

signal (of the left hand) from all three experiments were 

averaged leading to one signal each. Additionally, the 

mean values for 60-s long segments of the signals were 

calculated. To reduce the variance in the averaged UPE 

signal, the UPE signals were normalized so that that the 

average of each signal was equal to the average of all sig-

nals. The UPE signal of the right hand was not used for 

further analysis since it was recorded only as a control 

signal.  

Two types of analysis were performed: (1) significance 

of NIRS and UPE changes depending on the 5 phases of 

the experiment, and (2) correlation between NIRS and 

UPE signals and their significance thereof. For the correla-

tion analysis we empirically determined the mathematical 

function with the best fitting and we calculated the Pear-

son correlation between the fitting function and the NIRS 

and UPE signals. Unconstrained nonlinear minimization of 

the sum of squared residuals was used for the fitting. For 

calculating the p-values of the changes a Wilcoxon rank 

sum test was used. The p-values for the regression coeffi-

cients were computed using a Student’s t distribution for a 

transformation of the correlation. 

3.  Results 

Figure 2a shows the time courses of the UPE, Δ[O2Hb], 

Δ[HHb], Δ[tHb], and Δ[HbD] signals obtained. It is evident 

that NIRS signals between experiments differ only slightly 

and are consistent between experiments. In contrast, for 

UPE it is evident that relatively larger and more complex 

fluctuations occur which may obscure small VO and/or AO 

related changes. The following significant (p < 0.05) chang-

es were observed: During the VO, Δ[HHb]and Δ[tHb] in-

crease, Δ[HbD] decreases. After the VO, i.e., the first reper-

fusion phase, Δ[HHb], Δ[tHb], and Δ[HbD]  return to base-

line values. During the AO, Δ[O2Hb] and Δ[HbD] decrease, 

Δ[HHb] and Δ[tHb] increase, UPE decreases above the 

baseline level. After the AO, i.e., the second reperfusion 

phase, Δ[O2Hb], Δ[tHb], and Δ[HbD] show a transient in-

crease, and Δ[HHb] a transient decrease. At the same time, 

UPE increases slowly.   

Figure 2b shows the averaged signals that were used 

for the correlation analysis. It was found that the UPE and 

NIRS signals showed a correlation when an exponential 

function of the form y = [ exp( x)]−1 with three free pa-

rameters (, , ) was used for correlation analysis. UPE 

correlates significantly (p < 0.001) with Δ[O2Hb], Δ[HHb], 

and Δ[HbD]: r(UPE/ Δ[O2Hb]) = 0.7182 (p = 1.8146·10−7), 

r(UPE/Δ[HHb]) = −0.7431 (p = 3.989·10−8), and r(UPE/  

Δ[HbD]) = 0.7425, (p = 4.1513·10−8). The correlation be-

tween UPE and Δ[tHb] was not significant  

r(UPE/Δ[tHb]) = −0.2229 (p = 0.4668). 

 

4.  Discussion, Conclusion, and Outlook    

The changes observed in Δ[O2Hb], Δ[HHb], Δ[tHb] and 
Δ[HbD] during and after the occlusions are in agreement 
with previous studies (e.g., [19]). 

Fig. 1 Measurement setup. 1: near-infrared spectroscopy (NIRS) data recording, 2: subject, 3: occlusion cuff, 4: attached NIRS device, 5: 

light shielded opening of the dark chamber to insert the hand, 6: dark chamber, 7: PMT, 8: power supply and PMT controlling electronics, 9:
PMT controlling and measurement. 



The UPE changes agree, to some extent, with findings 

from other studies: (1) A decrease in UPE during AO was 

reported by [7, 10, 11], in agreement with our results. It is 

also in agreement with findings of [8] who found a decrease 

of UPE in brain tissue after cardiac arrest of a rat, indicat-

ing that hypoxia is associated with a UPE decrease. (2) A 

smaller decrease in UPE during VO (compared to AO) on 

human subjects was reported by [10, 11]; the decrease in 

UPE measured in our study was not significant. (3) A re-

turn of UPE to baseline level in the reperfusion phase was 

observed by [10, 11], partially in agreement with our re-

sults since UPE increased in our study after the AO in the 

second reperfusion phase but not reached the baseline 

level. Our results also agree with findings that during 

hyperoxia (by changing the oxygen of the inhaled air), 

brain tissue of the rat showed an UPE increase above base-

line level [9]. A peak in lucigenin-enhanced chemilumines-

cence (corresponding to an increased 1O2 production) in the 

reperfusion phase after hypoxia in rat brain tissue was 

found in another study [20].  

The finding that UPE correlates significantly with 

Δ[O2Hb], Δ[HHb], and Δ[HbD] in a nonlinear manner indi-

cates a complex relationship between UPE and HD/OX. 

Regarding the molecular processes underlying the correla-

tion, changes in ROS concentration could be a factor link-

ing the two. However, there are some discrepancies: (1) 

previous studies showed an increase in ROS during hypox-

ia (occlusion) [21, 22]; consequently, hypoxia should in-

crease UPE which contradicts the results of our study and 

observations [7, 8, 10, 11]. Though, on the one hand, ROS 

formation depends on oxygen while, on the other, ROS are 

generally formed under various stress conditions. In the 

situation examined here, hypoxia may initially lead to 

limited oxygen supply and decrease in ROS formation, 

while an extended period of hypoxia may result in stress 

which then results in enhanced ROS formation.  

During hyperoxia (reperfusion), a strong increase in 

ROS occurs: the enzyme xanthine oxidase reacts with O2 

leading to the formation of ROS (especially superoxide 

anion (O2
•−), hydrogen peroxide (H2O2), and hydroxyl radi-

cals (OH•)) [23]. Consequently, UPE is expected to strongly 

increase during reperfusion. Indeed, we found an increase 

(albeit a relatively small one) while other studies [10, 11] 

did not.  

The exact origin of UPE measured from the hand is un-

known. It has been estimated that about 60% of the UPE is 

based on internal sources. The rest may be attributable to 

oxidative processes on the skin surface [24].  

Since the present work was only a pilot trial, there were 

certain limitations that need to be addressed in further 

Fig. 2 Overview of the measured Δ[O2Hb],  Δ[HHb], Δ[tHb], Δ[HbD], and UPE signals before, during, and after VO and AO on the forearm. 

(a) Shows the signal from each experimental trial, (b) depicts the averaged signals and standard errors from all three measurements. 



studies: (1) small sample size and number of trials, (2) 

relatively short rest periods between the occlusions, (3) no 

direct measurement of OX (the usage of a multidistance 

NIRS algorithm is suggested), and (4) measurement of 

UPE and HD/OX at different muscle compartments of the 

arm. Further studies should extend the analysis of the 

relationship between UPE and HD/OX – especially since 

UPE could deliver some new information about hemody-

namic and metabolic changes in tissue and the primary 

source of UPE.  

In conclusion, we showed that (1) changes in UPE cor-

relate significantly nonlinearly with Δ[O2Hb], Δ[HHb], and 
Δ[HbD], indicating a complex association  between UPE 

and tissue HD/OX; (2) UPE decreases significantly during 

AO but not during VO; (3) UPE increases significantly 

after AO; and (4) the view that ROS are the source of UPE 

is generally supported by the present study, although some 

findings  remain  unexplained. 
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