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Abstract.  The predictive properties of methods aimed for estimat-
ing the water content in skin from the spectral diffuse reflection 
characteristics near the water absorption line in the near-IR spec-
tral range are analysed. Numerical simulation data, experimental 
data on diffuse reflection from human skin phantoms, and data 
from the reference data set of human skin reflectance spectra are 
used to consider the possibility of gaining additional information 
about the water distribution in skin. The influence of variations in 
the scattering coefficient and oxyhaemoglobin concentration on the 
water content estimates is investigated.

Keywords: diffuse reflectance, water absorption line, near-IR range, 
water content in skin.

1. Introduction

Water, being the main component of a human body, is inv
olved  in  numerous  biochemical  and  biophysical  processes 
occurring  in  human  skin. Hydration of  the  upper  layers  of 
skin (stratum corneum and viable epidermis) is directly related 
to the aging processes [1] and skin sensitivity [2], whe reas the 
water content in dermis correlates with the mechanical elas
ticity of skin [3]. Moreover, a change in the water concentra
tion  in  tissues may also be a  symptom of  some  serious dis
eases,  e. g.,  chronic heart  failure or  impaired  renal  function 
[4]. Thus,  the possibility of determining the water content  in 
different  skin  layers  is  essential  not  only  for  dermatology 
needs but also for complex diagnostics of the functional state 
of patient.

Currently,  it  is  impossible  to  select  the  best method  for 
determining the water content in different skin layers. Despite 
the existence of several ‘nonoptical’ methods [5], optical mea
surements of water content in skin remain urgent because of 
their low invasiveness, short signal formation time, and small 
measurement error. Note also that the problem of determin
ing water concentration is urgent not only for different skin 
sublayers. For example, it was shown in [6, 7] that the water 
content in tumour tissues exceeds significantly that in healthy 

tissues of oral cavity. This difference can be used for highly 
sensitive  determination  of  tumour  tissue  boundaries  in 
intraoperative  diagnostics, which  can be  carried out  using 
optical  methods.  In  particular,  Raman  spectroscopy  was 
applied  in  [6, 7]  to  find  the water  concentration  (measure
ments at a frequency n » 3400 cm–1) in healthy and patho
logical tissues.

Vibrational lines of water molecules manifest themselves 
not only in the Raman spectra but also in the absorption spe
ctra of tissues in the nearIR range. In this study, we applied 
diffuse reflectance spectroscopy (DRS) to estimate the water 
content in skin. The spectrum of diffusely reflected radiation 
in the nearIR range is known to contain information about 
the fraction of photons absorbed by chromophores, thus mak
ing it possible to determine the chromophore concentrations 
in the studied object. However, since the problem of estimat
ing absorption from diffuse reflectance spectra cannot be sol
ved analytically in the general case, the chromophore concen
trations  are  calculated  from  the  DRS  data  using  different 
approximations [8]. In the simplest case it is assumed that the 
optical sample density is determined by the logarithm of ref
lectance, and the chromophore concentrations are proporti
onal  to  the  difference  in  the  optical  densities  at  two wave
lengths:

OD(l) = – lnR(l),  (1)

C µ OD(l1) – OD(l2),  (2)

where R(l) is the diffuse reflectance at a wavelength l, OD is 
the estimated optical density, and C is the chromophore con
centration. The wavelengths l1 and  l2 are generally chosen so 
as to correspond, respectively, to a local maximum and local 
minimum of chromophore absorption.

Most  researchers use water absorption bands with  local 
maxima at l = 1450 nm (absorption coefficient ma » 30 cm–1) 
and 1920 nm ( ma » 150 cm–1) to estimate the water content. 
These lines, which are overtones of the OHbond vibration, 
are sensitive to small variations in water concentration in the 
upper  layers  of  skin  and  make  it  possible  to  estimate  the 
degree of hydration of the stratum corneum and viable epider
mis. For example, the absorption bands at l = 1450 and 1920 
nm were used  in  [9 – 11]  to  visualise  the  skin moisture. The 
local maxima at l = 1190 and 1450 nm were applied to moni
tor the dehydration of porcine skin during optical bleaching 
[12]. The absorption line at l = 1450 nm was used in [13] to 
compare the DRS methods with the bioimpedance methods 
for estimating the epidermis moisture.
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The  strong  absorption  ( ma »  50  cm–1)  in  the  range  of 
1400 – 2000  nm  has  some  drawbacks;  one  of  them  is  small 
light penetration depth (~ 100 mm) [14, 15], due to which the 
main contribution to the diffuse reflection spectrum is from 
the upper skin layers (mainly the stratum corneum and deeper 
lying  epidermis  layers).  Quantitative  determination  of  the 
degree of hydration of these layers is important for dermatol
ogy and cos metology. At the same time, the determination of 
water content in deeper lying layers (dermis and hypodermic 
tissues)  is  also  of  interest,  for  example,  for  estimating  the 
degree of ede matous syndrome manifestation. One can record 
signals  from  deeper  skin  layers  using  a  less  intense  water 
absorption  band  peaking  at  l  =  980  nm  ( ma »  0.5  cm–1) 
[16 – 18].  However,  the  consideration  of  several  absorption 
lines to gain additional information about the water concen
tration profile in skin has not been analysed until now. The 
influence of a cha nge in the concentration of other chromo
phores on the accuracy of algorithms for quantitative deter
mination of water content has not been investigated either.

In this study we analysed several very simple algorithms 
for determining the water content in skin using water absorp
tion bands at l = 980, 1190, 1450, and 1920 nm for the diffuse 
reflectance  spectra of  human  skin  taken  from  the  reference 
data  set  of  the  National  Institute  of  Standards  and  Tech
nologies (NIST, United States) and for the diffuse reflectance 
spectra simulated using the Monte Carlo method as applied 
to a homogeneous model of human skin. We estimated  the 
errors  of  the water  concentration determination  algorithms 
that are introduced by scattering and variation in the concen
tration of haemoglobin, whose absorption spectrum is over
lapped with the absorption spectrum of water in the range of 
800 – 1000 nm. We  also  tested  experimentally  (using  optical 
human skin pha ntoms) the possibility of determining the water 
content in skin from the intensity of water absorption band at 
l = 980 nm.

2. Methods and materials

2.1. Algorithm testing

To estimate the errors of different methods for calculating the 
water content in skin, we used a reference data set of human 
skin reflectance (NIST, United States). This data set contains 
100  averaged  diffuse  skin  reflectance  spectra  measured  for 
100 volunteers in the range of 250 – 2500 nm in an optical con
figuration using an integrating sphere. The reflectance in this 
set  is  given  in  percentage  of  the  incident  light  intensity.  A 
complete description of the data can be found in [19].

Note  that  the analysis  revealed nine spectra with a high 
melanin content (large OD values in the range of 600 – 700 nm). 
These spectra were rejected when estimating the errors of dif
ferent techniques for calculating the water content in skin.

2.2. Numerical simulation

The  values  of  skin  diffuse  reflectance R were  calculated  by 
modelling the light transport in skin using the Monte Carlo 
method (Monte Carlo modelling of light transport (MCML) 
[20]). Models with skin structure conceived in detail [21] and 
those without detailing the skin structure [22] are applied to 
solve clinical problems based on skin diffuse reflectance data. 
In this study the skin was modelled as a singlelayer of a semi
infinite medium with constant absorption and scattering coef

ficients (ma and ms, respectively) and a fixed value of anisot
ropy  factor g, which parameterises  the Henyey – Greenstein 
scattering phase function. The choice of a homogeneous mo del, 
on the one hand, yields a rough estimate for a specific object. 
At the same time,  it allows one to give up the discussion of 
morphological features and obtain a general qualitative con
cept about a wider class of objects, independent of their fine 
structural features. This model is also closer to that applied to 
describe skin using water content indices W.

Modelling was performed on a grid of parameters ma and ms; 
the coefficient ma was chosen to be in the range of 0.1 – 20 cm–1 
(100 values on the logarithmic grid), the scattering coefficient 
ms was varied in the range of 100 – 2000 cm–1 (also 100 values 
on the logarithmic grid), and the anisotropy factor g was ass
umed  to be  constant:  0.9. Monte Carlo modelling was per
formed within a modified version of the GPUMCML pro
gram [23], adapted for calculations on GPUcluster nodes of 
the Lomonosov supercomputer [24].

2.3. Sample preparation

Fresh fragments of porcine ear skin 2 ́  2 cm in size were used 
as human skin phantoms. These skin fragments reproduce both 
the morphological and molecular compositions of human skin 
and, correspondingly, have practically the same optical proper
ties  in  the  spectral  range  under  consideration  [25, 26].  For 
example,  these  phantoms  are  often  applied  to  test  cosmetic 
preparations for human skin barrier properties, using, in par
ticular, optical  techniques  [27]. The samples were stored at a 
temperature of Т = 4 °C to prevent them from natural dehydra
tion. Their drying was performed at Т = 30 °C – 40 °C and nor
mal pressure. Under these conditions, the changes in the sam
ple mass corresponding to a change in the water concentration 
by 5 % were observed after ~20 min of drying. The water con
centration in the samples was calculated from the formula

C = 
( )

( )

m t

m t mdry-
100 %,  (3)

where m(t) is the sample mass at time t and mdry is the mass of 
dry sample (after 40h drying).

2.4. Schematic of the setup for measuring diffuse reflectance 
spectra

A specially developed experimental setup was used to deter
mine the water content in phantom samples. This setup is based 
on  a  fibre  transceiver  composed  of  two  waterfree  quartz 
fibres 600 mm in diameter, with a distance of 1 mm between 
the end face edges. Light from a halogen lamp (with a con
tinuous emission spectrum in the range of 400 – 2500 nm) was 
introduced into one of the fibres, whereas the other fibre was 
connected to an input of Maya 2000Pro spectrometer (Ocean 
Optics, United States). The reference reflector was a mirror 
with a silver coating. The diffuse reflectance R was calculated 
from the formula

R = 
I I
I I

ref dark

dark

-

-
,  (4)

where I is the intensity of the sample signal measured by the 
spectrometer, Iref is the reference reflector signal intensity, and 
Idark is the spectrometer dark noise intensity.
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3. Results

First of all, we analysed the mutual correlation between the 
water content indices W calculated using the data on several 
water absorption bands (at l = 980, 1190, 1450, and 1920 nm) 
and  reference  points  (at l =  850,  1100,  and  1300 nm). The 
water content indices W were found from the formula [9 – 12] 

W(l1/l2) = OD(l1) – OD(l2),  (5)

where l1 and l2 are the wavelengths of the absorption band 
and baseline, respectively. This calculation method was app
lied in [9 – 12]. We used also the algorithm with subtraction of 
a  straight  line  from  the absorption,  referenced  to  two  local 
minima at l = 1280 and 1650 nm, as was done  in  [13]. The 
water content indices were calculated for the spectra from the 
reference data set of human skin reflectance  (NIST, United 
States). The averaged spectrum from this set and schematic 
diagrams clarifying the method for calculating water content 
indices are presented in Fig. 1а.

We found that the water content indices calculated using the 
absorption bands at l = 980 and 1190 nm [W (980/850) and 
W (1190/1100)] correlate weakly with the values W (1450/1100) 
and W (1920/1100). At the same time, the indices W (1450/1100) 
and W (1920/1100), as well as W (1450), calculated with a lin
early  extrapolated  baseline,  are  characterised  by  high  (r > 
0.9) crosscorrelation coefficients (Figs 1b – 1d).

The absence of correlations between the indices W calcu
lated from different local absorption maxima may be due to 
two reasons. First, since the absorption coefficient of water at 
l = 980 nm is an order of magnitude smaller than the absorp
tion coefficients for other IR bands, identical changes in the 
scattering  coefficients  and  concentrations  of  other  chromo
phores, which also exhibit absorption in this spectral range, 
may lead to a larger relative error in estimating the water con
tent  from  the  band  at  l  =  980  nm.  Second,  the  absence  of 
correlations may be caused by inhomogeneous distribution of 
water concentration over different skin layers. Indeed, the water 
content in upper skin layers is known to be much lower than 
in deeper layers (~20 and ~70 wt %, respectively). Since the 
penetration depth of the radiation at l = 1450 and 1920 nm is 
~100 mm in the order of magnitude  instead of ~2 mm for the 
radiation  at  l  =  980  nm,  the  diffuse  reflectance  signal  is 
detected from different skin layers.

To  verify  the  aforementioned  hypotheses,  the W  values 
were calculated for diffuse reflectance spectra modelled by 
the Monte Carlo method. We generated  two data  sets with 
100 spectra in each. Water concentration and scattering coef
ficient were varied in the first set, and the water and oxyhae
moglobin concentrations and scattering coefficient were sim
ultaneously changed in the second set, whereas the concentra
tions of other components (deoxyhaemoglobin and melanin) 
remained  constant.  Figures  2a  and  2b  present  examples  of 
changes in the diffuse reflectance spectra with a change in the 
scattering coefficient and oxyhaemoglobin concentration, pro
vided that the other parameters are constant. The spectrum of 
the skin scattering coefficient was taken from [15]; the scatter
ing parameters were varied with deviation up  to 10 %  from 
their means. 

The  spectra were  calculated  using  the  singlelayer  skin 
model  with  a  layer  thickness  significantly  exceeding  the 
average light penetration depth; the chromophore distribu
tion over  the  layer was assumed to be uniform. The water 
content  for  the  simulated  spectra was  calculated using  the 

methods  applied  for  NIST  data  set.  The  W  values  were 
determined for the calculated spectra in the same way. Then 
the  dependences  of  indices W  on  the  water  concentration 
embedded in the model were plotted (Fig. 2c). Correlation 
coefficients were calculated for these dependences; the most 
interesting values  for  two model  series  (with variable  scat
tering coefficients and component concentrations) are pre
sented in Fig. 2d.

One can see in Fig. 2d (blue columns) that the methods for 
calculating the water content using local absorption maxima 
at l = 1450 and 980 nm have the same accuracy (estimated for 
r2)  for  the  first  series of  spectra.  It was also  found  that  the 
values W (1450/1100) and W (980/850) are mutually well cor
related, being correlated with the water concentration value 
embedded in the model.
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Figure 1. ( Colour online ) ( a ) Averaged spectrum and standard devia
tion of the optical density calculated using the NIST data set of human 
skin reflectance ( vertical lines indicate the wavelengths used to calculate 
the water content indices W; the dashed line clarifies the procedure of 
spectrum correction using  linear extrapolation ( LE ) of background ); 
( b, c )  twodimensional  scattering  diagrams  of  indices W,  calculated 
from  different water  absorption maxima  ( each  point  corresponds  to 
one reflectance spectrum ); and ( d ) a map of moduli of Pearson correla
tion coefficients r between the W values calculated using different water 
absorption bands.
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For the second generated data set, in which the scattering 
parameters  and oxyhaemoglobin  concentration were  varied 
simultaneously with the water concentration, the accuracy of 
estimating the water content from the index W (980/850) was 
poorer, whereas the accuracy of predicting the water content 
from W (1450/1100) barely changed. Since the local maximum 
of  the  absorption  band  is  overlapped  with  the  longwave
length absorption edge of oxyhaemoglobin, the W (980/850) 
value may incorrectly correlate with the oxyhaemoglobin con
centration, although the coefficient of this correlation is sma
ller  than  the  correlation  coefficient  of W (980/850) with  the 
water concentration. Nevertheless, even in the case of varia
tion in the scattering coefficient and haemoglobin concentra
tion,  the  recovered water  concentration  correlates  with  the 
true  concentration  embedded  in  the model.  Therefore,  one 
can suggest the existence of correlation between the W values 
found from reflectance spectra at different wavelengths.

However, this correlation between the W indices for two 
wavelengths is not observed for the experimental spectra from 
the NIST data set. Based on this, one can conclude that the 
absence of correlation between the water concentrations esti
mated from experimental data using the W values for different 
wavelengths  is  explained by  the  absence  of  correlation bet
ween the real values of water concentration, related to the non
uniform water distribution in different skin layers.

Nevertheless, the modelling demonstrates the following: 
if  the  oxyhaemoglobin  concentration  remains  constant,  the 
water concentration in deep skin layers can be estimated bas
ed on very simple calculations of the water content index W 
for the absorption band at l = 980 nm. This suggestion was 
verified experimentally on human skin phantoms. The latter 
were taken to be ex vivo porcine skin fragments, because their 
molecular and cellular composition practically coincides with 
that of human skin [25, 26]. To change the water concentra
tion in phantom samples, they were dried at a temperature of 
40 °C under normal pressure. Diffuse reflectance spectra were 
measured  in  the  range  of  500 – 1100  nm  using  a  twofibre 
scheme.

Figures 3a and 3b present diffuse reflectance and optical 
density spectra, estimated from the reflectance spectra using 
formula  (1),  for  phantoms  with  different  water  concentra
tions. As can be seen in Fig. 3a, the amplitude of diffuse ref
lectance spectra changes significantly on average because of 
the  changes  in  the  scattering  coefficient. Nevertheless,  even 
with strong variation in the amplitude of reflectance spectra, 
one can clearly see a decrease in the local maximum of water 
absorption at l = 980 nm (Fig. 3b). 

One can clearly see in Fig. 3c that the W (980/850) value 
depends on the water mass concentration in skin phantoms, 
calculated  from  formula  (3).  This  dependence  confirms  the 
hypothesis that the water absorption band at l = 980 nm can 
be used for quantitative estimation of the water content. Note 
that, along with oxyhaemoglobin, enhanced melanin content 
in skin may also affect the accuracy of determining the water 
concentration  in  skin  based  on  the  index W (980/850).  The 
influence of melanin was disregarded in our study: when ana
lysing the NIST data set, these spectra were excluded from the 
sample,  and  the melanin  concentration  was  assumed  to  be 
constant in modelling. Enhanced melanin content may indeed 
affect  the  quantitative  estimation  of  water  content.  Never
theless, when determining the water content, one can  intro
duce a  correction  for  the melanin  content  in  skin using  the 
data on its contribution to the diffuse reflectance spectrum in 
the wavelength range from 600 to 700 nm, as was done, for 
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Figure 2. ( Colour online )  ( a, b ) Diffuse reflectance spectra simulated 
by the Monte Carlo method for different (a) scattering coefficients and 
( b ) oxyhaemoglobin ( HbO2 ) concentrations; ( c ) correlation between the 
water content index calculated using the absorption band at l = 980 nm 
and  the  true water  concentration C  specified when calculating model 
spectra; and ( d ) values of squared correlation coefficient, r2, calculated 
for pairs of water concentrations (one embedded in the model spectrum 
and the other calculated using an estimation based on the index W ) for 
two data sets, with simultaneous variation in the water concentration 
and scattering coefficient ( blue columns ) and the water and oxyhaemo
globin concentrations and scattering coefficient ( red columns ).
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example, in [28] when determining the haemoglobin concen
tration in skin.

To verify the practical applicability of the method using 
the setup for measuring skin phantom spectra, we performed 
preliminary measurements of the dynamics of changes in the 
water concentration in deep skin layers using the water abs
orption line at l = 980 nm (Fig. 4). The measurements were 
carried out for a sample of volunteers (ten people aged 19 to 
25 years) during a 90min cardio training. In the course of the 
experiment, diffuse reflectance spectra of the skin at the fore
arm inner side were measured for each participant prior to, 

during  (45 min after  the  start),  and after  the  training;  fluid 
intake was not forbidden for the participants. The measure
ments were performed using the fibre probe described in Sub
section 2.4; the distance between the fibre end faces was 2 mm. 
From three to four reflectance spectra were recorded in each 
measurement to average the values sought for.

The experimentally found W (980/850) values were signifi
cantly  different  for  different  volunteers.  Therefore,  to  per
form dynamics comparison, they were normalised to median 
W (980/850)  values  measured  for  each  volunteer  prior  to 
training  (W(t = 0)).  It  can be  seen  that  the average  relative 
water  content  in  skin  significantly  decreases  after  physical 
loads. This decrease is most likely caused by the dehydration 
of deep skin layers as a result of physical loads. Furthermore, 
we are planning to perform largerscale investigations of the 
dynamics of change in the skin water content during trainings 
and establish its correlations with the amount of total body 
water and degree of stratum corneum hydration.

4. Conclusions

The simplest algorithms for determining the water content in 
skin from diffuse reflectance spectroscopy data based on the 
open  reference  data  set  of  human  skin  reflectance  (NIST, 
United States) and numerically simulated diffuse reflectance 
spectra of the homogeneous skin model were compared. The 
water  content  estimates  based  on  strong  water  absorption 
bands at l = 1450 and 1920 nm were found to correlate weakly 
with the water content estimates based on the  local absorp
tion maximum at l = 980 nm, which is due to the difference in 
the  light  penetration  depths  at  the  aforementioned  wave
lengths and the nonuniform distribution of water concentra
tion over skin layers. It was also established that the quantita
tive estimate of water content based on the absorption line at 
l = 980 nm is affected by changes in the oxyhaemoglobin con
centration because of  the  superposition of oxyhaemoglobin 
and water absorption spectra in the range of 800 – 1000 nm. 
Nevertheless, the local maximum of water absorption at l = 
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Figure 3. ( Colour online ) ( a ) Diffuse reflectance spectra of human skin 
phantoms with different water contents; ( b ) optical density spectra of 
skin phantoms with different water contents, corrected according to the 
baseline ( l = 850 nm ); and ( c ) the dependence of water content index, 
calculated from the water absorption peak at l = 980 nm, on the water 
mass concentration C in the phantoms, calculated from formula ( 3 ).
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Figure 4. Values  of  the  index W ( 980/850 )  for  a  group  of  volunteers 
during their training, normalised to the index measured before the trai
ning ( W(t = 0) ). The central horizontal lines correspond to the distribu
tion medians, the horizontal sides of the rectangles correspond to the 
boundaries of the first and third distribution quartiles, and the horizon
tal upper and lower lines correspond to the oneandahalf values of the 
interquartile peaktopeak amplitude. Points are experimental W values.
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980 nm can be used to determine the water content  in deep 
skin layers, as was experimentally confirmed for human skin 
phantoms.

The experiment with volunteers, performed on the basis 
of  the  abovedescribed  technique,  indicates  that  this  tech
nique can be used to monitor the water content in tissues dur
ing trainings and under other intense physical loads in order 
to prevent organism from dehydration. Other possible fields 
of application of this method for estimating water content are 
monitoring of the state of patients with heart failure, which is 
generally  accompanied  by  the  development  of  oedematous 
syndrome, monitoring  of  patients’  state  when  carrying  out 
infusions, and estimation of the cosmetic state of skin. 
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