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Oxidative stress in human facial 
skin observed by ultraweak 
photon emission imaging and 
its correlation with biophysical 
properties of skin
Katsuhiko Tsuchida1 ✉ & Masaki Kobayashi2

Oxidative stress is associated with skin ageing and disease in humans. However, it is difficult to 
evaluate the effects of oxidative stress on the skin in vivo using conventional invasive methods. In 
this study, we performed two-dimensional imaging of ultra-weak photon emission (UPE) generated 
by excited species in oxidative reaction to determine regional variations in oxidative stress in human 
facial skin and analysed the relationship between UPE intensity and biophysical properties in vivo. UPE 
imaging of the facial skin of volunteers revealed regional variations in oxidative stress. The nose, its 
surrounding regions, and the area between eyebrows showed higher UPE intensity than other facial 
regions, indicating high oxidative stress in these regions. In contrast, only the region surrounding the 
eyes showed age-related alterations in UPE intensity; moreover, wrinkle score in these regions was 
correlated with UPE intensity. These results suggest that oxidative stress in the skin induces wrinkle 
formation. UPE intensity was correlated with porphyrin score in the skin; however, no correlation was 
observed between UPE intensity and skin colour parameters. This study provides insights into the 
treatment of facial skin areas vulnerable to ageing and helps improve our understanding of topical skin 
diseases related to oxidative stress.

Oxidative stress can cause skin wrinkling and is known to be associated with skin diseases in humans. It has been 
suggested to play a role in the pathogenesis of human skin cancers1. Reactive oxygen species (ROS) are involved 
in the pathogenesis of several allergic and inflammatory skin diseases2. ROS can alter gene and protein function3 
to dysregulate intracellular and extracellular homeostasis, thereby impairing skin function. The mitochondria, 
along with enzymatic reactions in the cell, are major source of ROS4,5; in addition UV radiation also induces 
ROS production. UV radiation can cause skin complications by increasing ROS production6,7, and by oxidising 
squalene8,9 and other proteins10. Moreover, carbonylated protein levels in the stratum corneum of the skin are 
correlated with skin physiological parameters11.

Oxidative stress in the skin is conventionally measured using methods that require labelling with various 
molecules12. These were invasive and non-direct methods to investigate skin oxidation. However, ultra-weak 
photon emission (UPE), also known as biophoton emission, was recently used to assess oxidative stress in the 
skin non-invasively and directly.

UPE is generated by living organisms13, including humans14,15. The electronically excited species responsible 
for UPE are formed during lipid peroxidation and ROS-induced protein and nucleic acid oxidation16. Therefore, 
UPE imaging can be used for non-invasive label-free evaluation of the oxidative stress of the skin. UPE generated 
by the skin is visualised under highly-sensitive, cooled, charge-coupled device (CCD) cameras17. An increase in 
UPE was demonstrated in cancer-implanted nude mice by imaging18. We have previously shown the importance 
of two-dimensional UPE imaging in assessing acute oxidative stress in the skin caused by UV radiation19. We 
demonstrated that UV-induced UPE is generated not only by the epidermis but also the dermis. Moreover, the 
spectrum of UV-induced UPE showed a peak in the visible range.
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The face is a highly specialised component of the human body, and facial skin is exposed to various adverse 
environmental conditions, including UV. While several studies have been conducted on facial skin, there are only 
a few reports on the oxidative stress of facial skin due to the limitations of conventional methods. Considering 
that the human face shows site-specific differences in biophysical properties20,21, regional variations of oxidative 
stress are predicted. Regional differences of blood flow, trans-epidermal water loss, stratum corneum hydration, 
temperature, pH, and sebum content in the face were reported. Additionally, with ageing, wrinkles around the 
eyes are characteristically observed22.

Herein, we evaluated the oxidative stress of facial skin using UPE imaging. Moreover, age-related alterations 
in UPE in each facial area were examined. Additionally, we examined the relationship between UPE intensity 
and biophysical properties of the skin as assessed by commonly used devices. Based on these results, we have 
discussed the effects of oxidative stress on facial skin, particularly in skin diseases.

Results
Regional variations in UPE intensity of facial skin.  Photon emission from facial skin was captured in 
a dark room with double partition (Fig. 1a). UPE image of the facial skin is shown in Fig. 2. Regional variations 
in the UPE intensity were observed for different facial areas. As shown in Fig. 1b, 16 facial areas were defined, 
and the UPE intensity of each area was calculated. Figure 3a shows the mean UPE intensity in each area for all 
volunteers. The intensities of area between the eyebrows, eyelids, nose, around and under the nose and lip were 
significantly higher than that of the chin. The area between the eyebrows, the nose and around and under the nose 
showed significantly higher UPE intensity. Figure 3b shows the mapping of the UPE intensity normalised to that 
of the chin with the lowest intensity for relative comparisons.

Age-related variations in UPE intensity of facial skin.  As shown in Fig. 4a,b, UPE intensities of 
the upper eyelids and areas around the corners of the eyes increased with age in 22-to-50-year-old volunteers. 
Furthermore, there were no age-related variations in the UPE intensity in 51-to-69-year-old volunteers.

Figure 4c shows Spearman’ rank correlation coefficient and p-value of each site in the face in the 
22-to-50-year-old and in 51-to-69-year-old volunteers (Fig. 4c). No significant age-related changes in UPE were 
observed in the sites other than the upper eyelids and areas around the corners of the eyes.

Correlation between UPE intensity and biophysical properties.  Figure 5 shows the relationship 
between UPE intensity and biophysical properties (e.g., wrinkling of skin, porphyrin). Wrinkle score around the 
right eyes significantly correlated with UPE intensity in 22-to-50-year-old volunteers (Fig. 5a). However, there 
was no correlation between the above-mentioned parameters in 51-to-69-year-old volunteers (Fig. 5b). Whereas 
porphyrin score was significantly correlated with UPE intensity in volunteers of all ages (Fig. 5c), skin colour 
parameters were not (L*, a*, b*; Fig. 6).

Discussion
UPE imaging revealed regional variations of oxidative stress in human facial skin. Thereafter, the relationship 
between UPE intensity and biophysical properties of facial skin was investigated. Site-specific oxidation of facial 
skin may help elucidate the causes of various skin conditions and diseases. Moreover, site-specific oxidation of 
certain areas of facial skin is possible due to oxidative stress caused by high levels of sebum23,24 and increased 

Figure 1.  UPE imaging of facial skin and UPE analysis sites. (a) Volunteers were rested in a dark room with 
double partition. UPE images of facial skin were captured using the cooled CCD camera for 15 min. (b) Facial 
illustration of the regions used for UPE analysis. Sixteen facial areas were defined and the UPE intensity for each 
area was calculated from the UPE images. 1: Forehead, 2: Area between the eyebrows, 3: Nose, 4: Area under 
the nose, 5: Lip, 6: Chin, 7–8: Corners of eyes, 9–10: Upper eyelids, 11–12: Lower eyelids, 13–14: Cheeks, 15–16: 
Area around the nose.

https://doi.org/10.1038/s41598-020-66723-1


3Scientific Reports |         (2020) 10:9626  | https://doi.org/10.1038/s41598-020-66723-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

susceptibility to oxidative stress by exposure to UV radiation. Regional variations of antioxidant function in facial 
skin are also suggested to contribute to site-specific oxidation of facial skin.

In this study, we examined chronic oxidation and its relationship with biophysical properties of facial skin. 
Vulnerability of the skin to oxidation could induce skin problems such as acne, rosacea, inflammation, and wrin-
kling. Our results showed a positive correlation between skin wrinkling and UPE intensity. Several studies have 
reported the high incidence of skin cancer of the nose in the face25,26, and our results have shown high oxidative 
stress in the nose. Furthermore, the role of oxidative stress in malignant melanoma and non-melanoma skin can-
cer1, and oxidative stress-associated carcinogenesis has been reported27,28. Increased oxidative stress can result in 
a higher incidence of skin cancer; hence, UPE imaging may be used for the prognosis of skin cancer.

Age-related variations in UPE intensity were observed only in the skin areas surrounding the eyes. The skin 
surrounding the eyes is thinner than that in other regions29, and experiences mechanical stress during facial 
movements and cosmetic application/removal during everyday life. This site is exposed to ultraviolet rays in 
the sunlight. Therefore, we propose that these functions with sun exposure cause age-related variations in 

Figure 2.  UPE image of facial skin. (a) Representative UPE image of facial skin. UPE imaging data were 
captured using a CCD camera with a 15-min exposure. The colour scale indicates signal intensity from 0 (black) 
to 5.0 (white). (b) Merged UPE image of facial skin with the regions used for UPE analysis.

Figure 3.  Regional variations of UPE intensity in facial skin and mapping of oxidative stress. (a) UPE intensity 
of each site was averaged for volunteers of all ages (22–69 years,) and UPE intensities of the same sites on the left 
and right sides were averaged. Data are presented as means ± SD, and the number of data of each site were as 
follows: Forehead (n = 50); area between the eyebrows (n = 50); nose (n = 50); area under the nose (n = 45), lip 
(n = 40); chin (n = 46); corners of eyes (n = 50); upper eyelids (n = 49); lower eyelids (n = 49), cheeks (n = 49); 
area around the nose (n = 50). *P < 0.05, **P < 0.01 vs. UPE intensity of the chin and †P < 0.05, ††P < 0.01 (Steel-
Dwass test). (b) Facial illustration showing the mapping of oxidative stress level normalised by UPE intensity of 
the chin.
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UPE intensity and the oxidation induces wrinkling of the skin surrounding the eyes. It has been shown that 
ROS induces decrease and degradation of extracellular matrix (ECM) which is associated with wrinkling30. 
Additionally, previous reports established the relationship between skin wrinkling and oxidative stress using 
conventional methods such as surface shape evaluations and histological analyses31,32. Moreover, in contrast with 
conventional indirect methods, our method of using UPE allows direct evaluation of oxidative stress. We have 
previously shown that UV radiation induced UPE is generated not only in the epidermis, but also in the dermis19. 
Also, it has been reported that ROS formation during skin metabolic processes contributes to the spontaneous 
UPE from the skin33. Further, UPE derives from electronically excited species formed by ROS-induced lipid per-
oxidation, and protein and nucleic acid oxidation16. Considering the oxidative stress of the epidermis and dermis, 
it is reasonable to expect a correlation between skin wrinkling and UPE intensity.

UPE is also generated from UV-induced photosensitisation reaction with photosensitisers such as porphy-
rins. This may explain the correlation between UPE intensity and score of porphyrins excreted by bacteria. 
The conventional method of detecting porphyrins requires the use of a Wood’s lamp that emits long-wave UV 
radiation34. However, UPE detection may be useful to determine the levels of porphyrins without using UV 
radiation indirectly. Furthermore, porphyrin-induced oxidative stress is thought to be the major mechanism of 
porphyrin-mediated tissue damage35. Therefore, UPE-based detection methods can improve our understanding 
of porphyrin-related disorders. Finally, the a* value, which indicates skin redness, did not correlate with UPE 
intensity, although its relationship had been speculated because skin redness related to blood flow is affected by 
inflammation, which is related to the generation of oxidative stress36. This uncorrelation is most probably due to 
the absorption of visible light by blood37. It is therefore vital to examine the contribution of skin components, 
including blood, to UPE generation to further understand the underlying mechanisms. Additionally, the asso-
ciation between UPE and skin colour warrants further research since only the colour of cheek was measured in 
this study.

In conclusion, UPE imaging of facial skin revealed regional variations of oxidative stress and site-specific 
increases in oxidative stress with age. Moreover, a correlation was found between oxidative stress and biophys-
ical properties of the skin. In particular, it is suggested that wrinkles formation on the face area are influence by 
oxidative stress. This study provides insights into the treatment of facial skin areas vulnerable to aging and helps 
improve our understanding of skin diseases.

Figure 4.  Spearman’ rank correlation test between age and UPE intensity in facial skin. (a,b) A correlation was 
observed between age and UPE intensity for upper eyelids or corners of the eyes in 22-to-50-year-old volunteers 
(closed circles) but there was no correlation in 51-to-69-year-old volunteers (open circles). (c) Spearman’ rank 
correlation coefficient and p-value between age and UPE intensity of each site in the face in 22-to-50-year-old 
and in 51-to-69-year-old volunteers. ns: not significant, *p < 0.05, **p < 0.01 (Spearman’ rank correlation test).
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Methods
Volunteers.  Fifty healthy volunteers (Asian, female, aged 22–69 years) were enrolled in this study. The study 
was approved by the Ethics Committees of Shiseido Co. Ltd., and Tohoku Institute of Technology, all methods 
were carried out in accordance with the relevant guidelines and regulations, and written informed consent was 
obtained from all volunteers. The exclusion criteria for volunteers were severe atopy, allergies, sunburn, topical 
medication (except cosmetics), and other skin abnormalities in the face.

UPE imaging system.  A highly sensitive, cooled, CCD camera (600 series, Spectral Instruments Inc., AZ, 
USA) coupled with a specially designed high-throughput lens system was used for imaging. A back-illuminated 
CCD (original pixel format: 2048 × 2048, pixel size: 13.5 × 13.5 mm; CCD42-40, Teledyne e2v, UK) and a 
closed-cycle mechanical cryogenic cooler were incorporated in the camera system. The dark current of the CCD 
was 0.65 electron/pixel/h at −120 °C cooling and the readout noise was 4.5 electron rms. The lens system with a 
0.5 numerical aperture performance was specially designed to maximise the light collection efficiency for UPE 

Figure 5.  Spearman’ rank correlation test between UPE intensity and biophysical properties. (a,b) UPE 
intensity correlated with wrinkle score around the right eyes in 22-to-50-year-old volunteers (n = 34) but 
there was no correlation in 51-to-69-year-old volunteers (n = 16). (c) UPE intensity correlated with the facial 
porphyrin score for volunteers of all ages (22–69 years, n = 50). (d) Facial illustration indicating measurement 
areas for wrinkle score and porphyrin score assessment. UPE intensity corresponding to measurement areas 
was averaged. ns: not significant, **p < 0.01, ***p < 0.001 (Spearman’ rank correlation test).

Figure 6.  Pearson’s correlation test between UPE intensity and skin colour parameters. There was no 
correlation between UPE intensity of the cheek (22–69 years, n = 49) and skin colour parameters [(a) L* value, 
(b) a* value, (c) b* value]. ns: not significant (Pearson’s correlation test).
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imaging. The lens magnification was 1/7, which corresponded to the imaging area of 200 × 200 mm. The total 
light collection efficiency to the surface of the subject was estimated to be 4.0 × 10−3. The CCD camera was oper-
ated in the 16 × 16 binning mode, with the actual pixel number of 128×128 (spatial resolution: 1.6 × 1.6 mm). 
Considering the signal-to-noise ratio of a single binned pixel, the minimum detectable number of photons for 
imaging was estimated to be approximately 110 photon/s/cm2 or 3.7 × 10−17 W/cm2 on the subject surface at the 
wavelength of 600 nm.

Figure 1a shows the construction of the UPE imaging system for facial skin. The imaging system consisted 
of a dark room with double partitions, cooled CCD camera with lens, and head-chin rest for fixing the face. A 
compressor for cryogenic cooler and a monitor were set outside of the dark room. An air fan was installed to 
prevent changes in the temperature and humidity in the dark room. All measurements were performed at 15 min 
exposure time.

Measurement procedure.  After washing the face with a facial cleanser to remove sebum from the surface 
affected by the external environment prior to measurement, volunteers wore black cape from the neck down 
to prevent the effects of luminescence from their clothes. Volunteers were rested in the dark room for 15 min 
to prevent the effect of delayed luminescence caused by external light. Spontaneous UPE images of facial skin 
were captured for 15 min. Wrinkle scores and porphyrin scores in the face were analysed using the VISIA system 
(VISIA Evolution, Canfield Scientific, NJ, USA)38 which analyses biophysical properties of skin from colour or 
UV photographs. Photographs of from the right and front sides of the face were taken. The photographs of right 
side were used for wrinkle analysis, while the ones of the front were used for porphyrin analysis. Wrinkle scores 
and porphyrin scores were calculated using factors such as the count, degree, and measurement area. Skin colour 
parameters (L*, a*, b*) of the cheek were measured using the CM-700d spectrophotometer (Konica Minolta, 
Tokyo, Japan).

Image analysis.  ImageJ software (National Institutes of Health, Bethesda, MD, USA) was used to analyse 
UPE images and measure UPE intensity. To remove noise from the images and blur them, the following features 
from the ImageJ software were applied: I. “Despeckle” and II. “Smooth”. The parts of black cape from the neck 
down were selected as background, the background intensity was subtracted to calculate the actual UPE intensity 
of the skin. UPE intensities of the 16 defined facial regions (Fig. 1b) were analysed and the UPE intensities of the 
same areas on the left and right sides were averaged. Sites that showed abnormal luminescence were excluded 
from analysis. Therefore, the number of valid data for each part of the face was as follows: 1: Forehead (n = 50), 
2: Area between the eyebrows (n = 50), 3: Nose (n = 50), 4: Area under the nose (n = 45), 5: Lip (n = 40), 6: 
Chin (n = 46), 7–8: Corners of eyes (n = 50), 9–10: Upper eyelids (n = 49), 11–12: Lower eyelids (n = 49), 13–14: 
Cheeks (n = 49), 15–16: Area around the nose (n = 50). To analyse the correlation between UPE intensity and 
biophysical properties, UPE intensities corresponding to measurement areas for evaluation of biophysical prop-
erties were averaged.

Statistical analysis.  The Steel-Dwass test was used to verify the regional variations of UPE intensity in facial 
skin. The correlation between age or biophysical properties parameters, other than skin colour and UPE intensity, 
was evaluated using Spearman’s rank correlation coefficient. The correlation between skin colour parameters and 
UPE intensity was evaluated using Pearson’s correlation coefficient.

Data availability
The datasets generated and/or analysed during this study have not been made publicly available due to the 
inclusion of personal information. They may be made available by the corresponding author upon reasonable 
request.
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