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Abstract: We present detailed measurement results of optical attenuation’s 
thermal coefficients (referenced to the temperature of the skin surface) in 
different depth regions of in vivo human forearm skins using optical 
coherence tomography (OCT). We first design a temperature control 
module with an integrated optical probe to precisely control the surface 
temperature of a section of human skin. We propose a method of using the 
correlation map to identify regions in the skin having strong correlations 
with the surface temperature of the skin and find that the attenuation 
coefficient in these regions closely follows the variation of the surface 
temperature without any hysteresis. We observe a negative thermal 
coefficient of attenuation in the epidermis. While in dermis, the slope signs 
of the thermal coefficient of attenuation are different at different depth 
regions for a particular subject, however, the depth regions with a positive 
(or negative) slope are different in different subjects. We further find that 
the magnitude of the thermal coefficient of attenuation coefficient is greater 
in epidermis than in dermis. We believe the knowledge of such thermal 
properties of skins is important for several noninvasive diagnostic 
applications, such as OCT glucose monitoring, and the method 
demonstrated in this paper is effective in studying the optical and biological 
properties in different regions of skin. 

©2015 Optical Society of America 

OCIS codes: (170.4500) Optical coherence tomography; (170.3660) Light propagation in 
tissues; (170.1470) Blood or tissue constituent monitoring. 

References and links 

1. P. H. Tomlins and R. K. Wang, “Theory, developments, and applications of optical coherence tomography,” J. 
Phys. D Appl. Phys. 38(15), 2519–2535 (2005). 

2. K. V. Larin, M. S. Eledrisi, M. Motamedi, and R. O. Esenaliev, “Noninvasive blood glucose monitoring with 
optical coherence tomography: a pilot study in human subjects,” Diabetes Care 25(12), 2263–2267 (2002). 

3. R. He, H. Wei, H. Gu, Z. Zhu, Y. Zhang, X. Guo, and T. Cai, “Effects of optical clearing agents on noninvasive 
blood glucose monitoring with optical coherence tomography: a pilot study,” J. Biomed. Opt. 17(10), 101513 
(2012). 

4. K. V. Larin, M. Motamedi, T. V. Ashitkov, and R. O. Esenaliev, “Specificity of noninvasive blood glucose 
sensing using optical coherence tomography technique: a pilot study,” Phys. Med. Biol. 48(10), 1371–1390 
(2003). 

5. R. V. Kuranov, J. Qiu, A. B. McElroy, A. Estrada, A. Salvaggio, J. Kiel, A. K. Dunn, T. Q. Duong, and T. E. 
Milner, “Depth-resolved blood oxygen saturation measurement by dual-wavelength photothermal (DWP) optical 
coherence tomography,” Biomed. Opt. Express 2(3), 491–504 (2011). 

6. O. K. Adegun, P. H. Tomlins, E. Hagi-Pavli, D. L. Bader, and F. Fortune, “Quantitative optical coherence 

#226673 - $15.00 USD Received 10 Nov 2014; revised 21 Dec 2014; accepted 22 Dec 2014; published 12 Jan 2015 
(C) 2015 OSA 1 Feb 2015 | Vol. 6, No. 2 | DOI:10.1364/BOE.6.000500 | BIOMEDICAL OPTICS EXPRESS 500 



tomography of fluid-filled oral mucosal lesions,” Lasers Med. Sci. 28(5), 1249–1255 (2013). 
7. E. C. Cauberg, D. M. de Bruin, D. J. Faber, T. M. de Reijke, M. Visser, J. J. de la Rosette, and T. G. van 

Leeuwen, “Quantitative measurement of attenuation coefficients of bladder biopsies using optical coherence 
tomography for grading urothelial carcinoma of the bladder,” J. Biomed. Opt. 15(6), 066013 (2010). 

8. E. Regar, M. Gnanadesigan, A. F. Van der Steen, and G. van Soest, “Quantitative Optical Coherence 
Tomography Tissue-Type Imaging for Lipid-Core Plaque Detection,” JACC Cardiovasc. Interv. 6(8), 891–892 
(2013). 

9. F. J. van der Meer, D. J. Faber, I. Çilesiz, M. J. van Gemert, and T. G. van Leeuwen, “Temperature-dependent 
optical properties of individual vascular wall components measured by optical coherence tomography,” J. 
Biomed. Opt. 11(4), 041120 (2006). 

10. J. Laufer, R. Simpson, M. Kohl, M. Essenpreis, and M. Cope, “Effect of temperature on the optical properties of 
ex vivo human dermis and subdermis,” Phys. Med. Biol. 43(9), 2479–2489 (1998). 

11. S. J. Yeh, O. S. Khalil, C. F. Hanna, S. Kantor, X. Wu, T. W. Jeng, and R. A. Bolt, “Temperature dependence of 
optical properties of in vivo human skin,” Proc. SPIE 4250, 455–461 (2001). 

12. R. O. Esenaliev, K. V. Larin, I. V. Larina, and M. Motamedi, “Noninvasive monitoring of glucose concentration 
with optical coherence tomography,” Opt. Lett. 26(13), 992–994 (2001). 

13. R. A. Gabbay and S. Sivarajah, “Optical coherence tomography-based continuous noninvasive glucose 
monitoring in patients with diabetes,” Diabetes Technol. Ther. 10(3), 188–193 (2008). 

14. R. V. Kuranov, V. V. Sapozhnikova, D. S. Prough, I. Cicenaite, and R. O. Esenaliev, “In vivo study of glucose-
induced changes in skin properties assessed with optical coherence tomography,” Phys. Med. Biol. 51(16), 
3885–3900 (2006). 

15. Y. Zhang, G. Wu, H. Wei, Z. Guo, H. Yang, Y. He, S. Xie, and Y. Liu, “Continuous noninvasive monitoring of 
changes in human skin optical properties during oral intake of different sugars with optical coherence 
tomography,” Biomed. Opt. Express 5(4), 990–999 (2014). 

16. Y. Hori, Y. Yasuno, S. Sakai, M. Matsumoto, T. Sugawara, V. Madjarova, M. Yamanari, S. Makita, T. Yasui, T. 
Araki, M. Itoh, and T. Yatagai, “Automatic characterization and segmentation of human skin using three-
dimensional optical coherence tomography,” Opt. Express 14(5), 1862–1877 (2006). 

17. C. K. Lee, M. T. Tsai, F. Y. Chang, C. H. Yang, S. C. Shen, O. Yuan, and C. H. Yang, “Evaluation of Moisture-
Related Attenuation Coefficient and Water Diffusion Velocity in Human Skin Using Optical Coherence 
Tomography,” Sensors (Basel) 13(4), 4041–4050 (2013). 

18. A. J. Coleman, T. J. Richardson, G. Orchard, A. Uddin, M. J. Choi, and K. E. Lacy, “Histological correlates of 
optical coherence tomography in non-melanoma skin cancer,” Skin Res. Technol. 19(1), 10–19 (2013). 

19. X. Guo, Z. Guo, H. Wei, H. Yang, Y. He, S. Xie, G. Wu, X. Deng, Q. Zhao, and L. Li, “In vivo comparison of 
the optical clearing efficacy of optical clearing agents in human skin by quantifying permeability using optical 
coherence tomography,” Photochem. Photobiol. 87(3), 734–740 (2011). 

20. A. Hojjatoleslami and M. R. Avanaki, “OCT skin image enhancement through attenuation compensation,” Appl. 
Opt. 51(21), 4927–4935 (2012). 

21. J. Welzel, M. Bruhns, and H. H. Wolff, “Optical coherence tomography in contact dermatitis and psoriasis,” 
Arch. Dermatol. Res. 295(2), 50–55 (2003). 

22. A. I. Kholodnykh, I. Y. Petrova, K. V. Larin, M. Motamedi, and R. O. Esenaliev, “Precision of measurement of 
tissue optical properties with optical coherence tomography,” Appl. Opt. 42(16), 3027–3037 (2003). 

23. Y. Yang, T. Wang, N. C. Biswal, X. Wang, M. Sanders, M. Brewer, and Q. Zhu, “Optical scattering coefficient 
estimated by optical coherence tomography correlates with collagen content in ovarian tissue,” J. Biomed. Opt. 
16(9), 090504 (2011). 

24. A. I. Kholodnykh, I. Y. Petrova, M. Motamedi, and R. O. Esenaliev, “Accurate measurement of total attenuation 
coefficient of thin tissue with optical coherence tomography,” IEEE J. Sel. Top. Quantum Electron. 9(2), 210–
221 (2003). 

25. V. V. Tuchin and V. Tuchin, “Tissue optics: light scattering methods and instruments for medical diagnosis,” 
Bellingham: SPIE press, (2007). 

26. M. Kinnunen, R. Myllylä, T. Jokela, and S. Vainio, “In vitro studies toward noninvasive glucose monitoring 
with optical coherence tomography,” Appl. Opt. 45(10), 2251–2260 (2006). 

27. A. Knüttel and M. Boehlau-Godau, “Spatially confined and temporally resolved refractive index and scattering 
evaluation in human skin performed with optical coherence tomography,” J. Biomed. Opt. 5(1), 83–92 (2000). 

28. S. Neerken, G. W. Lucassen, M. A. Bisschop, E. Lenderink, and T. A. Nuijs, “Characterization of age-related 
effects in human skin: A comparative study that applies confocal laser scanning microscopy and optical 
coherence tomography,” J. Biomed. Opt. 9(2), 274–281 (2004). 

29. J. Welzel, “Optical coherence tomography in dermatology: a review,” Skin Res. Technol. 7(1), 1–9 (2001). 
30. G. Freckmann, S. Hagenlocher, A. Baumstark, N. Jendrike, R. C. Gillen, K. Rössner, and C. Haug, “Continuous 

glucose profiles in healthy subjects under everyday life conditions and after different meals,” J. Diabetes Sci. 
Tech. 1(5), 695–703 (2007). 

31. D. Faber, F. van der Meer, M. Aalders, and T. van Leeuwen, “Quantitative measurement of attenuation 
coefficients of weakly scattering media using optical coherence tomography,” Opt. Express 12(19), 4353–4365 
(2004). 

32. H. C. Kraemer, “Correlation coefficients in medical research: from product moment correlation to the odds 
ratio,” Stat. Methods Med. Res. 15(6), 525–545 (2006). 

#226673 - $15.00 USD Received 10 Nov 2014; revised 21 Dec 2014; accepted 22 Dec 2014; published 12 Jan 2015 
(C) 2015 OSA 1 Feb 2015 | Vol. 6, No. 2 | DOI:10.1364/BOE.6.000500 | BIOMEDICAL OPTICS EXPRESS 501 



33. L. V. Fausett, “Applied numerical analysis using MATLAB,” Pearson (2008). 
34. M. Lin, X. Zhai, S. Wang, Z. Wang, F. Xu, and T. J. Lu, “Influences of supra-physiological temperatures on 

microstructure and mechanical properties of skin tissue,” Med. Eng. Phys. 34(8), 1149–1156 (2012). 
35. N. Charkoudian, “Skin blood flow in adult human thermoregulation: how it works, when it does not, and why,” 

Mayo Clin. Proc. 78(5), 603–612 (2003). 
36. R. Graaff, J. G. Aarnoudse, J. R. Zijp, P. M. A. Sloot, F. F. M. de Mul, J. Greve, and M. H. Koelink, “Reduced 

light-scattering properties for mixtures of spherical particles: a simple approximation derived from Mie 
calculations,” Appl. Opt. 31(10), 1370–1376 (1992). 

1. Introduction 

Optical coherence tomography (OCT) is a noninvasive imaging technique that has been 
extensively used for study of the optical properties of superficial layers of biological tissues 
[1]. Optical properties, such as the absorption coefficient ( aμ ), (reduced) scattering 

coefficient ( sμ ) and anisotropy factor that are dependent on the tissue state, can provide 

possibilities of improved non-invasive diagnosis. 
Optical scattering coefficient sμ  at certain depth regions of in vivo human skin is found 

to have strong correlation with blood glucose and OCT were proposed and demonstrated for 
non-invasive glucose monitoring by measuring sμ  in such regions [2,3]. Unfortunately, 

temperature can substantially alter the measured values of sμ  and causes measurement errors. 

Previous in vivo studies [4] indicated that moderate skin temperature fluctuations on the order 
of ± 1°C had little effect on accuracy, but substantial change ( ± several degrees Celsius) 
significantly affected the OCT signal slope. However, no detailed studies have been 
performed on the temperature-dependent attenuation or scattering coefficient of in vivo 
human skin in different layers, although such studies may prove important for improving the 
accuracy and repeatability of OCT based noninvasive glucose monitoring. In addition, the 
detailed knowledge of the temperature dependencies of the attenuation coefficient ( tμ ) in 

different depth regions of tissues may also be valuable for other noninvasive diagnostic 
measurements [5–8]. 

In a previous study, a decreasing of the refractive index and tμ  with increased 

temperature was observed in the samples of individual vascular wall components [9]. In 
another study, temperature induced changes in the optical properties of in vitro human dermis 
and subdermis were studied with a wide wavelength range from 650 nm to 1000 nm [10]. The 
direction of change with temperature in the optical scattering was found to be different in 
dermis and in subdermis: sμ  has a negative slope with temperature in subdermis and positive 

slope in dermis. However, a living human skin tissue with complicated structures and 
material compositions has an exquisite system of self-regulation, the results from such in vitro 
experiments may not be useful for the in vivo applications, particularly for OCT based 
glucose monitoring applications. 

The effect of temperature on the absorption and scattering of human skin in vivo was 
studied with near infrared spectroscopy, and the scattering coefficient sμ  was observed to 

have a positive slope with temperature between 22°C and 42°C [11]. However, the human 
skin is a multilayer structure and the optical properties of various skin layers are expected to 
be different. Near infrared spectroscopy can measure the diffused reflection of light from a 
tissue at a fixed region of depth, however it cannot obtain optical properties as a function of 
depth in a particular skin layer. On the other hand, OCT technique can overcome such a 
limitation and enables in vivo cross-sectional imaging of the tissue microstructure with a 
spatial resolution on the order of tens of microns. Consequently, it can be used to investigate 
the temperature-dependent optical properties of skin in different layers in vivo and the results 
can be directly applied to OCT based glucose measurements. 

In this paper, we report our detailed studies of optical attenuation coefficients as a 
function of temperature in different layers of in vivo human forearm skins, the same body 
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areas used for OCT glucose monitoring [12–15]. We take the advantage of high spatial 
resolution of a swept-wavelength OCT system to obtain the attenuation coefficients in 
different skin layers. In order to precisely control the skin temperature, we design and 
fabricate a micro temperature control chamber integrated with a two dimensional (2D) 
scanning probe to set the skin in the probe scanning area at any temperature between 28 and 
42 degrees with a stability of ± 0.2°C. A programmable temperature controller is used to 
control the chamber with predetermined temperature variation profile. We propose a novel 
method of using the correlation map to identify regions in the skin having different degree of 
correlation with temperature. When ramping the skin temperature up and down, we find that 
the tμ  in the high correlation regions follows the temperature change closely without any 

hysteresis in its thermal response. We observe a negative thermal coefficient of attenuation in 
the epidermis. However in dermis, the slope signs of the thermal coefficient of attenuation are 
different at different depth regions for a particular subject, however, the depth regions with a 
positive (or negative) slope are different in different subjects. We further find that the 
magnitude of the thermal coefficient of tμ  is greater in epidermis than in dermis. We believe 

that the knowledge of such thermal properties of skins is important for several noninvasive 
diagnostic applications, especially for OCT glucose monitoring and that the method proposed 
and demonstrated in this paper is effective for studying the optical and biological properties in 
different regions of skin. 

2. Measurement methods 

2.1 Measurement fixture 

A commercial fiber-based swept source OCT system from Thorlabs centered at 1300 nm was 
used in our laboratory experimental investigation. With a coherence length of 6 mm and a 
wavelength scanning range of 100 nm, the system has a depth measurement range of the 
back-reflected signals of approximately 3 mm and an axial spatial resolution of 12 μm in air 
or approximately 8.7 μm in tissue with a refractive index of 1.38 [16]. With a transverse 
spatial resolution measured around 25 μm, the system can acquire a 3D-OCT image of 3.75 
mm × 3.75 mm × 3 mm (x × y × z) comprising 152 pixels × 152 pixels × 512 pixels in 8 
seconds. In addition, each A-scan of the OCT image consists of 4 averaged A-scans in order 
to improve the signal to noise ratio (SNR). 
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Fig. 1. (a) Schematic of a temperature-controlled OCT probe consisting of a miniature 
temperature chamber with an integrated optical scanning probe; (b) Programmed (red) and 
measured (green) temperature variation on the surface of a human skin from 28°C to 42°C 
with 2°C steps. The temperature can be stabilized to be within ± 0.2°C to the programmed 
setting temperatures in less than 5 minutes. 

A schematic diagram of the miniature temperature chamber with an optical scanning 
probe used in this study is shown in Fig. 1(a). The walls of the chamber are made with 
thermal insulating materials and two thermal electric coolers (TEC) are placed inside of the 
chamber for heating and cooling the air inside the chamber. A desk-top programmable 
temperature controller is place outside of the chamber with wires connecting to the TEC’s to 
control the temperature inside the chamber with any desired temperature profiles. The OCT 
optical scanning probe is located at the top of the chamber and there is an opening at the 
bottom of the chamber for light to go through. The opening is directly in contact with the 
human skin under test and a temperature sensor connecting to the temperature controller is 
placed at the edge of the opening to monitor the temperature of the skin and feed the 
information to the temperature controller, which uses Proportion Integration Differentiation 
(PID) algorithm to precisely control the skin temperature with a stability of ± 0.2°C in the 
steady state, as shown in Fig. 1(b). An optical scanning probe is placed on the top of the 
chamber and the height adjustment screws can be used to adjust the distance between the 
probe and human skin to focus optical beam onto the surface of skin by an objective lens 
inside the scanning probe. 

2.2 Obtaining attenuation coefficient 

Figure 2(a) shows a typical OCT volume image of a section of skin taking from the volar side 
of the forearm of a human subject, while Fig. 2(b) is one-dimensional distribution of back 
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scattered light intensity as a function of depth (the attenuation curve) obtained from Fig. 2(a) 
using the following steps: 1) identify the skin surface of the OCT volume by an image 
identification algorithm, and then realign all A-scans of the OCT volume to the surface to 
reconstruct a new 3D image; 2) Take an average of all A-scans in the reconstructed OCT 
volume to obtain an one-dimensional signal in order to suppress the speckle noise and 
minimize motion artifacts so as to improve the measurement precision of backscattering 
signal of the skin under test. The error bars in Fig. 2(b) indicate the standard deviation of the 
A-scan data at the selective points with an interval of 100μm. Note that the OCT signals were 
acquired in the logarithmic scale in dB and the one-dimensional attenuation curve was 
normalized from the dB intensity. As shown in Fig. 2(b), the OCT attenuation curve has 
distinctive signatures corresponding to different skin layers to be discussed next. Figure 2(c) 
is a text book illustration of a typical skin structure, showing the locations of epidermis and 
different types of dermis. 

 

Fig. 2. (a) 3D OCT image obtained from the volar side of forearm skin ; (b) One-dimensional 
distribution of light intensity vs depth obtained by averaging all A-scans in the reconstructed 
OCT 3D image from (a); (c) Text book illustration of the skin layered structure. 

The slope of the normalized one-dimensional attenuation curve at different layers is 
calculated at the specific depth by using a linear least-square fit method. Within the 
homogeneous skin layers, the decay of the OCT signal with depth follows the Beer-Lambert 
law. 

 -
0

t zI I e μ=  (1) 

where t s aμ μ μ= +  is the attenuation coefficient, 0I is the incident light intensity, z is the 

geometric depth inside the tissue. The attenuation coefficient was used as a common 
parameter to analyze optical properties of skin tissues with OCT in most of literatures [17–
21]. Some literatures suggest that in the NIR spectral range, sμ  of most tissues is much 

greater than aμ , and tμ  can be approximated as sμ  and is a good estimate of the local 

scattering properties [22–26]. However, in this paper we concentrate on studying the thermal 
effect on the attenuation coefficient, and choose not to distinguish the relative contributions 
from scattering and absorption. 

2.3 Relationship between attenuation coefficients and skin structure 

As shown in Fig. 2(b), the OCT attenuation curve has two maxima resulting from two bright 
reflection regions, with the skin surface identified as the first reflection maxima B. The region 
between the first maxima and the local minima C is identified as epidermis [16,27], which is 
an outer, nonvascular and nonsensitive layer of the human skin. It largely consists of outward 
moving cells and keratinocytes that are formed by division of cells in the basal layer. With a 
thickness of 90 to 100 μm, the epidermal layer scatters light strongly, causing the OCT 
backscattered light to attenuate rapidly with depth. 
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The layer between the first minima C and the second maxima D in Fig. 2(b) corresponds 
to a junction of epidermis and upper dermis papillary layer [28]. The second maxima D is 
caused by the light reflection from dermal fibers and its location is identified as border of 
dermis [29], which is the second or middle layer of skin that is just below the epidermis. The 
dermis is divided into two layers. The superficial area adjacent to the epidermis is called the 
papillary dermis. This layer has a thickness around 120 μm [16] that begins from the second 
maxima D and contains smaller and more loosely distributed collagen fibers but has more 
ground substance than in that of the underlying reticular dermis layer. The reticular dermis 
layer is made of thicker collagen fibers arranged parallel to the surface of the skin. 
Extracellular matrix and interstitial fluid exist between these fibers, as illustrated in Fig. 2(c). 
Therefore, the skin can be subdivided into several homogeneous layers in different depths and 
the effect of temperature on optical attenuation in these layers is expected to be different. 

2.4 Experiments on human subjects 

The experiments were carried out on 9 volunteers aged 24 to 33 years. The selected subjects 
were in good health without taking any medication and had no strenuous exercise before the 
experiment. All experiments reported in this paper were performed within 80 minutes. 
Because the blood glucose can significantly affect the scattering coefficient of the human skin 
[12–14], each subject was tested 150 min after meal when his blood glucose was stable [30]. 
In addition, the blood glucose of each subject was also monitored during the experiment in 
order to make sure that the blood glucose was stable to minimize its influence on the optical 
scattering properties. In order to avoid measurement uncertainties of the optical properties of 
tissue [31] caused by the variations of optical beam’s focal point, special attention is paid to 
keep the distance between the optical lens of the OCT scanning probe and the skin surface 
fixed in the experiment. The OCT signals were acquired from the volar side of the forearm 
skin and the skin area selected for each subject in the experiments generally had no fine hairs 
and was cleaned before each individual experiment to eliminate the influences of dirt and 
dead skin particles. The skin temperature was constantly monitored and recorded during the 
process of data acquisition. Time interval between OCT acquisitions for 3D images was 10 
seconds. 

Two sets of experiments on the human subjects were performed in our investigation. The 
first experiment was designed to investigate the response time and repeatability of the 
temperature-dependent optical properties of the human skin, and was carried out with rapid 
temperature modulations on the four human subjects. During the experiments, the 
temperature was varied between 31°C and 39°C back and forth in each circle and repeated 
three times. The temperature changing rate is approximately 1.5 minutes per degree Celsius. 
During the measurement the volar side of the forearm of each subject was held in steady and 
was in contact with the bottom side of the miniature temperature-controlled chamber 
described in Fig. 1. 

The second experiment was performed at a wide range of temperature with a slow 
temperature variation rate so as to acquire sufficient OCT raw data to quantitatively analyze 
the correlation between optical scattering properties and temperature of the human skin. Five 
human subjects were studied in the experimental investigation. The skin surface temperature 
was raised from 29°C to 41°C with a step of 1°C, and each temperature step was held for 3.5 
minutes for acquiring sufficient data points. The time required to raise the temperature by one 
step (1°C) is about 1.5 minutes. 

2.5 Correlation analysis 

Because the diversity in skin’s composition, it is reasonable to assume that some regions of 
the skin are more correlated to temperature variations than other regions. For example, in 
some regions, the tμ  may increase with temperature (positive correlation region); in some 

regions it may decrease (negative correlation region); and in other regions it may not change 
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with temperature at all. Therefore, it is important to first quantify the correlation regions of 
each subject’s skin with temperature before further investigations. 

Figure 3 shows the correlation map of the skin in which the vertical axis is the starting 
position while the horizontal axis represents the depth range from OCT raw data for 
calculating tμ  at different temperatures of one subject in the first experiment shown in Fig. 

4c. For example, the skin surface in Fig. 2(b) corresponds to zero in the vertical axis of Fig. 3, 
while points C and D correspond to 70 μm and 190 μm in the vertical axis respectively. The 
point (375, 200) on the correlation map of Fig. 3 represents a value of tμ  calculated in a 

region starting at 200 μm from the skin surface and ending at a depth of 375 μm from 200 
μm. 

As shown in Fig. 2(b), tμ  for each temperature can be calculated for a selected segment 

with a starting position and a width of multiple of 25 μm (corresponding to 5 data points of 
OCT raw data). The first starting position is 0, corresponding to the skin surface, and the 
subsequent starting positions are N × 25 μm (N = 1, 2, 3….). That is, both the starting 
positions and the range for calculation have an increment of 25 μm. 

The correlation between and tμ  and the temperature, R, is obtained using Person product-

moment correlation [32]. The Pearson correlation coefficient is a well-established measure of 
correlation. It reflects the degree of linear relationship between two variables and is denoted 
by R. The R has range of + 1 (perfect correlation) to −1 (perfect but negative correlation) with 
0 denoting the absence of a relationship. Both variables do not need to be measured on the 
same scale (e.g., one variable can be ratio and one can be interval). Furthermore, the two 
variables can be measured in entirely different units. Therefore, it is suited to correlation 
analysis of tμ  and temperature. 

 1 1 1

2 2 2 2

1 1 1 1

( ) ( )

n n n

ti i ti i
i i i

n n n n

ti ti i i
i i i i

n T T
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−
=
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where T is temperature and n is the sample point of temperature. In practice, we used a 
MatLab (MatLab 2008a) function in our calculation [33]. 

 

Fig. 3. The map of correlation between tμ  and the surface temperature at different depth 

regions of a human forearm skin from 31°C to 39°C. The color bar on the right indicates the 
degree of correlation. The vertical axis is the region starting position while the horizontal axis 

represents the depth range from OCT raw data for calculating tμ  at different temperatures. 

The deep red regions have the highest positive correlation with the temperature while the deep 
blue regions have the highest negative correlation. Some regions have little or no correlation 
with temperatures at all. The color bar represents the magnitude of the correlation coefficient. 
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3 Results and discussions 

3.1 Temperature response of attenuation coefficient 

 

Fig. 4. Measured tμ  as a function of time when the surface temperature of the skin is 

modulated between 31°C and 39°C. Data were taken on the forearm skin of four different 
subjects (a-d) in depth regions of the highest degree of correlation with temperature. 

Figure 4 shows the effect of temperature modulation on the tμ  at a most temperature 

dependent depth region in a human skin in vivo. In the experiment, the miniature temperature 
chamber was placed on top of the forearm of a subject and the temperature of the skin in 
contact with the chamber was changed periodically between 31°C and 39°C with a total of 3 
cycles. For each subject, we first obtain a correlation map described in Section 2.4 and select 
a depth region in which tμ  has the highest degree of correlation with temperature to 

calculate tμ at each temperature, with the results shown in Fig. 4(a) to 4(d) for the four 

different subjects. In other depth regions with a high degree of correlation, similar 
dependences of tμ  on temperature are also found. The corresponding correlation maps for the 

first two subjects are shown in Fig. 5(a) and Fig. 5(b), with high positive correlation regions 
in red and negative correlation regions in blue. 

It is important to notice that 1) the depth regions of the highest degree of correlation R for 
different subject are different. For subject 1 in Fig. 4(a), we choose the depth region between 
500 to 700 μm with the highest degree of correlation (R = 0.989) to calculate tμ . This positive 

correlation region shown by the white circle in Fig. 5(a) corresponds to the reticular layer in 
dermis. For subject 2 in Fig. 4(b), tμ is calculated in the depth region between 200 to 450 μm 
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with the highest degree of correlation (R = 0.977) shown by the white circle in the correlation 
map (Fig. 5(b)), a region include the junction of papillary layer and reticular layer. For subject 
3 (Fig. 4(c)) and subject 4 (Fig. 4(d)), the depth regions with the highest negative temperature 
correlation between 250 to 400 μm (R = −0.928) and from 425 to 525 μm (R = −0.937) 
respectively are chosen to calculate tμ . 2) Because it is difficult to measure the temperature 

inside skin, we use the surface temperature of the skin to obtain the temperature dependence 
of tμ  in different skin layers, although there should be a temperature gradient along the depth 

of the skin. In fact, the results of Fig. 4 indicate that the variations of tμ  at different depth 

regions follow the surface temperature closely without hysteresis in its thermal response, 
which justify our use of the surface temperature of the skin as the reference to study the 
thermal coefficients in different skin layers, instead of using the actual temperature for each 
of the layers. When the positive correlation regions are chosen, such as the cases in Fig. 4(a) 
and Fig. 4(b), tμ increases with the surface temperature of the skin; while when the negative 

correlation regions are chosen (Figs. 4(c) and 4(d)), tμ  decreases with surface temperature. 3) 

The values of tμ  at each temperature are sufficiently repeatable in the three temperature 

cycles. 

 

Fig. 5. Correlation map between tμ  and temperature at different depth regions of two 

representative subjects in the first experiment. 

One of the major causes for the temperature dependent attenuation is believed to be the 
dependence of the refractive index mismatch between the scattering centers in the skin, such 
as papillary and collagen fibers, and the surrounding interstitial fluid. A larger mismatch 
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causes more scattering of light by the scattering centers, and therefore more attenuation of 
light. Another possible cause is the size change of such scattering centers due to the 
temperature variations [10,34]. 

In the upper dermis, the tissue optical properties, such as the scattering coefficient, may 
also be affected by blood perfusion induced by temperature variations. The venous plexus 
(upper blood net dermis) is a region below the papillary layer within a layer of 50 - 100 μm in 
depth. When temperature increases, blood perfusion increases via vasodilation and results in 
an increased heat dissipation in the skin. On the other hand, decreased skin temperature 
causes a decrease in blood perfusion. Reflex vasoconstriction substantially decreases 
convective transfer of heat [35]. Therefore, blood vessels can be vasodilation or 
vasoconstriction due to temperature variations in tissue, which in turn cause the refractive 
index mismatch and affect tissue’s optical scattering coefficient. 

The Mie theory can be approximated to give the following expression for the scattering 
coefficient of mixtures of spherical particles for simulating biological tissues [36]: 

 
2.090.37
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  = −  
   

 (3) 

where r is the average radius of scattering particles, sρ  is the density of particles, λ  is the 

wavelength of light, sn  is the refractive index of scattering particles and mn  is the refractive 

index of the surrounding medium. It is evident from Eq. (3) that sμ  is mainly affected by the 

refractive index mismatch between sn  and mn . The refractive index mismatch can be caused 

by temperature variation, glucose fluctuation and other physiological factors. The sμ  

increases as refractive index mismatch increases. Although its accuracy for describing the 
scattering in different layers of a skin might have not been proven, Eq. (3) still helps to 
understand quantitatively how the index-mismatch between the scattering centers and the 
surrounding interstitial fluid in the skin affect the scattering and thus attenuation. 

3.2 Epidermis 

 

Fig. 6. Measured tμ  from epidermis layer of the in vivo human skin (forearm area) versus 

temperature from 29 to 41°C, calculated in a depth region of 0–90 μm. The letters A through E 
refer to five different subjects. The solid lines are the least-squares fit to the experimental data 
of each subject. Each of the fitted slopes was labeled in the legend as its temperature 
coefficient. 

Figure 6 shows the temperature dependence of tμ  in epidermis for the five subjects (A-E). 

The temperature coefficient for each subject is obtained using a least-square fit to the 
experimental data and the value of the slope is used to label each curve. As can be seen in 
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Fig. 6, the values of the temperature coefficients are different for different subjects, but all 
decrease with temperature and have values in the range from −0.026 to −0.038 mm−1/°C. 

3.3 Dermis 

 

Fig. 7. Attenuation coefficient tμ  as a function of temperature in different depth regions from 

29°C to 41°C of two different subjects and their corresponding correlation maps. The color bar 

in (a) and (c) represents the magnitude of tμ , while the color bar in (b) and (d) represents the 

degree of correlation. The tμ  as a function of temperature in different depth regions are quite 

different in the dermis, some having positive slopes while others negative, corresponding to 
the positive (yellow to red) and negative (green to blue) correlation regions in the 
corresponding correlation map (b) and (d). In (a) and (c), Roman numbers I-VI are used to 
differentiate regions with positive and negative slopes, with neighboring regions have opposite 
slope signs. 

In the dermis layer, the dependence between tμ  and temperature were found to be different at 

different depth regions for each subject, with some regions of positive slope and others 
negative. For the five subjects, the regions with positive and negative slopes seemed to vary 
randomly in the dermis, likely due to biological variability. Figure 7(a) and Fig. 7(c) show the 
typical temperature dependence of tμ  with temperature at different depth regions in the 

dermis of two subjects. It is evident that tμ has different slopes with temperature in different 

depth of regions, with positive slopes in regions I, III, V (Fig. 7(a)) for the first subject and II, 
IV, V (Fig. 7(c)) for the second subject, while negative slopes in regions II, IV, VI (Fig. 7(a)) 
for the first subject and I, III, VI (Fig. 7(c)) for the second subject. 
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Fig. 8. Average tμ  obtained by averaging tμ  of all positive correlation regions (a) and all 

negative correlation regions (b) in dermis of in vivo human skin versus temperature from 29 to 
41°C for the five subjects. The solid lines are calculated by using least-squares fit for the 
experimental data of the subjects under test. Each of the fitted slopes was labeled in the legend 
as the temperature coefficient. 

As mentioned in Section 3.3, the dependences of tμ  on temperature in different regions in 

the dermis layer are different. We postulate that regions with positive correlation are made 
with the same types of tissue while the regions with negative correlation are made a different 
type of tissue. Therefore, it makes sense to find out the average attenuation coefficient of the 
issues of the type with positive correlation and the negative correlation respectively. Figure 8 
shows the dependence of tμ  on temperature in the regions of positive correlation (a) and 

negative correlation regions (b) in the dermis for the five subjects. For each subject, tμ  in all 

the positive (or negative) correlation regions with absolute correlation coefficients greater 
than 0.9 (corresponding to the deep red and deep blue regions in Fig. 7(b) and Fig. 7(d) were 
first calculated and then were averaged at each temperature for obtaining an averaged tμ  with 

the positive (or negative) correlation. Curve-fitting of tμ  vs. temperature curve yields the 

slope of tμ  as a function of temperature (the temperature coefficient) for each individual 

subject with its value labeled in the legend. In Fig. 8(a), tμ  increases with temperature and 

the temperature coefficients range between 0.009 to 0.019 mm−1/°C for all five subjects. 
Figure 8(b) shows tμ  decreases with temperature with temperature coefficient between 

−0.010 to −0.020mm−1/°C for the five subjects. 
The positive or negative correlation region between tμ  and temperature may represents 

different types of tissues in the dermis. The positive slope may indicate that the refractive 
index mismatch between the scattering centers and the surrounding interstitial fluid (ISF) 
increases with temperature, while the negative slope may indicate the mismatch decreases 
with temperature in the corresponding regions of different biological composition. 

4. Summary and discussions 

We have investigated the temperature dependence of optical attenuation coefficient of in vivo 
human skin with optical coherence tomography in this pilot study. We design and build a 
miniature temperature chamber integrated with an OCT scanning probe for placing on the 
volar side of the forearm of a testing subject to precisely control the local temperature of the 
skin under investigation. We propose and demonstrate a method of using the correlation map 
to calculate the degrees of correlation in different depth regions and identify the depth regions 
having strong correlation with temperature variations. When the local temperature of the skin 
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is modulated between 31°C and 39°C, we observe that the attenuation coefficient tμ  of each 

subject follows the temperature variation closely without any hysteresis. 
The attenuation coefficients of forearm skins of five different subjects are also measured 

in a temperature range from 29°C to 41°C. In the epidermis, the temperature dependence 
coefficients of tμ  of all five subjects are found to be negative, with values between −0.026 to 

−0.038 mm−1/°C. As for dermis, the signs of thermal coefficient are found to be different at 
different depth regions. For each subject, the temperature dependence of tμ  is found to 

change dramatically along the depth, with alternating positive and negative slopes. In the 
depth regions of positive slope, the temperature coefficients of the five subjects are in the 
range between 0.009 to 0.019 mm−1/°C, while in the depth regions of negative slope they 
have the values between −0.010 to −0.020 mm−1/°C. 

Our experiments demonstrate the feasibility of using the correlation map and OCT to 
obtain the detailed information of the optical properties of the skin, such as the attenuation 
coefficient. We expect that the method and results can be applied to OCT based noninvasive 
blood glucose sensing and other noninvasive diagnostic measurements, especially for 
minimizing the influence of temperature on measured values. 

Note that with the advantage of OCT, one may study the variation of optical properties, 
such as the attenuation coefficient, not only in the depth dimension, but also in the lateral 
dimension. We therefore have investigated such 3D distribution of attenuation coefficient 
caused by the variations in temperature or glucose, and the results will be published 
subsequently in separate publications. 

Acknowledgments 

This work was supported by the  National Basic Research Program of China (973 Program) 
under grant No. 2010CB327806, the International Science & Technology Cooperation 
Program of China under grant No. 2010DFB13180, the Medical Instruments and New 
Medicine Program of Suzhou under grant No. ZXY2012026, the Foundation Research Project 
of Jiangsu Province under grant No. BK20130374 and the Internal Development Funding of 
General Photonics Corporation. 

#226673 - $15.00 USD Received 10 Nov 2014; revised 21 Dec 2014; accepted 22 Dec 2014; published 12 Jan 2015 
(C) 2015 OSA 1 Feb 2015 | Vol. 6, No. 2 | DOI:10.1364/BOE.6.000500 | BIOMEDICAL OPTICS EXPRESS 513 




