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Abstract.  We have evaluated the dynamic effects of the analyte dif-
fusion on the 1/e light penetration depths of normal, benign and 
cancerous human lung tissue in vitro, as well as have monitored and 
quantified the dynamic change in the light penetration depths of the 
mentioned human lung tissue after application of 25 % and 50 % 
glycerol solution, respectively. The light penetration depths of the 
analyte diffusion in the lung tissue are measured using the Fourier-
domain optical coherence tomography (FD-OCT). Experimental 
results show that the application of glycerol as a chemical agent can 
significantly enhance light penetration depths into the human normal 
lung (NL), lung benign granulomatosis (LBG) and lung squamous 
cell carcinoma (LSCC) tissue. In-depth transport of the glycerol 
molecules in the NL, LBG and LSCC tissue at a lower glycerol 
concentration (25 %) are faster than those at a higher glycerol con-
centration (50 %), and the 1/e light penetration depths at a lower 
glycerol concentration (25 %) are smaller than those at a higher 
glycerol concentration (50 %), respectively. Their differences in the 
maximal 1/e light penetration depths of the NL, LBG and LSCC 
tissue at a higher and a lower glycerol concentrations were only 
8.8 %, 6.8 % and 4.7 %, respectively. 

Keywords: glycerol diffusion, light penetration depth, human lung 
tissue, human diseased lung tissue, Fourier-domain optical coherence 
tomography.

1. Introduction

Visible, near-IR and UV light have been extensively used in 
phototherapeutic and diagnostic techniques [1 – 4]. However, 
the light penetration depth is still limited to a few centimeters, 

due  to  the  highly  scattering  nature  of  human  tissue, which 
prevents  the deeper microstructures  from  imaging.  In order 
to enhance the imaging depth for the current high resolution 
optical imaging techniques, the light scattering in tissue must 
be reduced [5]. Biological tissues are optically inhomogeneous 
and absorbing media. When imaging with near-IR light, the 
dominant process that limits the imaging depth and contrast 
is scattering rather than absorption. It is well documented that 
light scattering is determined by the size, position and shape 
of the scatterers relative to the wavelength of incident light [6]. 
As a consequence, in order to enhance the light penetration 
depth through the human tissue, the tissue scattering must be 
reduced  for  the  time  of  the  diagnostic  period,  i.e.  for  this 
period the upper tissue layers should be optically transparent 
[6]. The turbidity of a dispersive physical system can be effec-
tively  controlled  by  using  the  optical  immersion  method 
based on the concept of matching of refractive indices of scat-
terers  and  ground material  [7 – 9].  This  technique,  which  is 
well known in dispersive optics of physical systems, and was 
successfully applied in 1950 – 1970 to cell and microorganism 
phase microscopy studies [7 – 12], can be considered as a new 
approach for tissue optics, especially for contrasting of images 
of a living tissue and getting more precise spectroscopic infor-
mation  from  tissue  depth  [13 – 23].  Another  possibility  to 
control optical properties of a disperse system is to change its 
packing  parameter  and/or  scatterer  sizing,  which  is  also  in 
use  in  tissue optics  [10, 11].  In vivo  control  of  tissue optical 
properties is important for many biomedical applications [7 – 9]. 
The selective translucence of the upper tissue layers is a key 
technique for the structural and functional imaging, particu-
larly for detection of local static or dynamic inhomogeneities 
hidden by a highly scattering medium. A significant reduction 
of scattering by optical immersion of a bulk tissue by means of 
intra-tissue administration of the appropriate chemical agent 
has been demonstrated in [5 – 9].

Lung cancer is the leading cause of cancer-related mortality 
worldwide, with nearly 1.4 million deaths each year [24 – 26]. Of 
the 1.6 million new cases of lung cancer diagnosed each year, 
approximately 220 000 are diagnosed in the United States [27]. 
There has been an overall decrease  in  the  incidence of  lung 
cancer  in men, although in women this trend has only been 
noted very recently in the United States. In contrast, in many 
parts of the world the number of cases and deaths related to 
lung cancer is on the rise [24]. It is also increasingly becoming 
a  disease  of  the  elderly,  with  a median  age  at  diagnosis  of 
approximately 70 years [28]. Lung cancer is diagnosed at an 
advanced stage in a majority of patients, which is the primary 
reason behind  the  high mortality  rate  associated with  this 
disease. However, early detection of lung cancer is important 
and vital for the patient.
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A few studies have demonstrated that the depth of  light 
penetrations of various biotissues can be effectively increased 
by  using  the  optical  clearing  agents  (OCAs),  such  as  the 
glycerol [29 – 31], glucose [32, 33], dimethyl sulfoxide [34 – 36], 
etc. Several imaging techniques have been used to study the 
permeation of analytes in biological tissues [37], including ultra-
sound  [38], magnetic resonance  imaging (MRI)  [39], optical 
projection  tomography  (OPT)  [40],  and  optical  coherence 
tomography  (OCT)  [41 – 46]. OCT  is particularly attractive: 
Being  a  nondestructive,  noninvasive  technique,  it  provides 
high-resolution,  real-time  images of biological  tissues. OCT 
has been used extensively in tissue studies [41 – 46]. The method 
has been used to measure permeation of different molecules 
and materials through various epithelial tissues such as rabbit 
sclera [42], monkey skin [43], rabbit cornea [44], porcine aorta 
[43, 45, 46], human skin [47] and human esophagus [48]. OCT 
penetration depth is on the order of 1 – 2 mm [49]. Although 
the imaging depth of OCT is better than that of light micro-
scopy,  limitations  exist due  to  the  fact  that most biological 
tissues strongly scatter the probing light within the visible and 
near-IR range, i.e., the therapeutic optical window. The optical 
immersion method (optical clearing method) is often used to 
reduce  scattering  by  topical  applications  of  biocompatible 
chemical agents. The optical clearing technique can be result 
to deeper penetration of light into tissues by using the OCAs 
[4 – 6]. 

In this study, the hyperosmotic agents of 25 % and 50 % 
glycerol  have  been  applied  in  human  normal  lung  (NL), 
lung benign granulomatosis  (LBG) and  lung  squamous cell 
carcinoma  (LSCC)  tissues  to  achieve  higher  resolution  and 
imaging depth of OCT. We monitor and quantify the differ-
ences in the light penetration depths of 25 % and 50 % glycerol 
diffusion by using the OCT in human NL, LBG and LSCC 
tissues in vitro, respectively.

2. Materials and methods

The experiments were performed by using a Fourier-domain 
optical  coherence  tomography  (FD-OCT)  system.  A  sche-
matic of the OCT system is shown elsewhere [50]. A broadband 
superluminescent diode (SLD) light source that delivered an 
output power of 5 mW at a centre wavelength of 830 nm with 
a bandwidth of 40 nm is used in the FD-OCT system. The 
SLD  radiation  is  coupled  into  an  optical  fibre  based  on  a 
Michelson  interferometer  and  split  by  a  50/50  optical  fibre 
coupler. Fifty percent of the light is directed to the reference 
arm of the interferometer. The residual light is directed towards 
the resected lung sample, with a focusing optics. A high reso-
lution motorised translation stage accurately controls mirror 
movement.  Light  backscattered  from  the  imaged  sample  is 
combined with  light  reflected  from  the  reference  arm  and 
produces an interference signal only if the optical path length 
difference  between  the  two  beams  is  within  the  coherence 
length of the SLD. The combined back-reflected sample and 
reference light is detected by a spectrometer together with an 
array detector  (usually a CCD camera)  [51]. This FD-OCT 
system provides an axial resolution of around 12 mm and the 
transverse resolution of about 15 mm. The system signal-to-
noise  ratio measures 120 dB. The OCT system operation  is 
controlled automatically by the computer. The scanning rate 
of the current system is 2000 scans per second. The data acqui-
sition software  is written  in Lab-VIEW 7.2-D environment. 
Two-dimensional  (2D)  OCT  images  are  obtained  in  each 
experiment and stored in the computer for further processing.

In vitro experiments were performed with human NL, LBG 
and LSCC tissue. A total of 24 samples of surgically resected 
human lung tissues were obtained from patients whose con-
sents  were  obtained  for  the  study  at  the  First  Affiliated 
Hospital of Sun Yat-Sen University. The samples were divided 
into  three  groups  according  to  histological  diagnosis:  NL 
tissue (8 samples), LBG tissue (8 samples) and LSCC tissue 
(8 samples). Each removed tissue section was immersed in a 
0.9 % sodium chloride solution as soon as possible after the 
resection and then placed on ice and transported to the labo-
ratory  for  performing  measurements.  They  were  stored  at 
–70 °C until the measurement in vitro. Each tissue was cut into 
pieces  of  approximately  2.5 ́  2.5  cm  in  size  and  placed  into 
physiological saline solution for each OCT measurement.

Glycerol was purchased from the Tianjin Damao Chemical 
Reagent Factory (Tianjin, China). In the experiments, use was 
made of 25 % and 50 % glycerol solutions through mixing the 
agents with purified and distilled water. Solution of 25 % or 
50 % glycerol was applied to the surface of each tissue of three 
different lung tissue types, respectively. OCT images were con-
tinuously acquired from each lung sample for about 120 min. 
Right before OCT experiments, the tissues were left at room 
temperature for 30 min. The lung sections were kept moist by 
phosphate buffered saline to avoid dehydration and the optical 
probe was never in contact with the sample during the scan-
ning process. The position of the probe beam on the scanned 
tissue was monitored using a visible light guiding beam. The 
selected region of the samples was imaged for about 8 to 10 min 
before the addition of glycerol solution to record a baseline, 
and  then  25 % or  50 % glycerol  solution was  applied  to  the 
surface  of  lung  specimens  for  15 min.  The  solutions  were 
removed  prior  to  OCT  imaging.  Every  30  min  during  the 
measurement, glycerol solution was applied again on the tissue 
for 5 min. Then the OCT imaging was continuously monitored 
for about 2 hours. And the room temperature was maintained 
at  22 °C  throughout  the  entire  experiment. No  tissues were 
used in more than one experiment.

Freezing certainly cause changes in the tissue structure. 
Depend ing on the cooling or thawing rates and the final frozen 
temperature,  both  extracellular  and  intracellular  ice  can  be 
produced.  Extracellular  ice  formation  may  cause  cellular 
dehydration as a result of the changes in the solute concentra-
tion of the cellular constituents. This may cause proteins to 
lose their tertiary and quartenary structures, resulting in tissue 
denaturation. Intracellular ice formation may induce mechan-
ical injury as a result of ice crystallisation that damages the cell 
walls  [52].  The  effects  of  cryopreservation  on  human  aorta 
optical properties have been studied by Cilesiz and Welch [53]. 
Their  results  suggest  that  freezing  introduces  a  significant 
decrease in the absorption coefficient from 300 nm to 800 nm. 
Our study is to compare the differences in the light penetration 
depths of thawed lung tissue of different type after application 
of 25 % and 50 % glycerol solution by using the OCT in vitro.

OCT images of these lung samples were processed using 
an original program developed in Matlab program to obtain 
OCT signals, and then the quantitative data were obtained by 
averaging the linear signal intensity across the lateral imaging 
range as a function of depth. Light penetration depths in the 
human NL, LBG and LSCC tissue were found by using a best fit 
exponential curve describing well the averaged and normalised 
signal  intensity  data  [54, 55]. Due  to  the  increase  in  the  in-
depth concentration, the light scattering coefficient is altered. 
The changes in the optical properties were shown in biological 
tissues through time induced by the glycerol dif fusion. 
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3. Results and discussion

Figure 1a and 2a show the relative 1/e light penetration depth 
as a  function of  time recorded from human NL tissue after 
application of 25 % and 50 % glycerol solution. The behaviour 
of the penetration depth in the NL tissue during 25% glycerol 
diffusion  is  similar  to  that  during  50 %  glycerol  diffusion. 
It can be seen from Fig. 1a and Fig. 2a that the relative 1/e 
light penetration depths in native NL tissue are relatively con-
stant  in  the  time  interval  from  0  to  10 min.  In  both  cases, 
mean light penetration depths are about 0.68 mm. The light 
penetration  depth  in  the NL  tissue  after  the  application  of 

25 % glycerol  solution gradually  increases  in  the  time  range 
from  10  to  72  min,  achieving  a  maximum  value  of  about 
0.82 mm at 72 min, and  then decreasing  to about 0.74 mm 
at 120 min. Similarly, the light penetration depth in the NL 
tissue  after  the  application  of  50 %  glycerol  solution  also 
gradually increases  in the time interval from 10 to 108 min, 
achieving  a maximum value of  about  0.88 mm at  108 min, 
and  then  gradually  decreasing  down  to  about  0.86 mm at 
120 min.

Figures 1b and 2b present  the  relative 1/e  light penetra-
tion depth as a function of time recorded from human LBG 
tissue after application of 25 % and 50 % glycerol solution and 
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Figure 1. Light penetration depth (at the 1/e level) as a function of time 
recorded from (a) NL tissue, (b) LBG tissue and (c) LSCC tissue upon 
25% glycerol diffusion. Solid curves are the result of averaging of the 
experimental data.
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Figure 2. Light penetration depth (at the 1/e level) as a function of time 
recorded from (a) NL tissue, (b) LBG tissue and (c) LSCC tissue upon 
50% glycerol diffusion. Solid curves are the result of averaging of the 
experimental data.
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Figs 1c and 2c show similar dependences for the LSCC tissue. 
These dependences resemble those in Figs 1a and 2a.

In Figs  1b  and  2b,  the mean  light  penetration depth of 
LBG tissue before application of 25 % or 50 % glycerol diffu-
sion is about 0.59 mm, moreover the maximal 1/e light pene-
tration depth after the application of 25 % glycerol solution is 
about 0.75 mm at 69 min, and  that after  the application of 
50 % glycerol solution is about 0.79 mm at 84 min.

One can see from Figs 1c and 2c that the relative 1/e light 
penetration depth in the human LSCC tissue before applica-
tion  of  25 %  and  50 %  glycerol  solution  is  about  0.42 mm, 
whereas the maximal 1/e light penetration depth after appli-
cation of 25 % glycerol solution is about 0.50 mm at 56 min, 
and that after application of 50 % glycerol solution is about 
0.52 mm at 43 min.

The maximal light penetration depth indicated the elimi-
nation of the refractive index mismatch in the NL, LBG and 
LSCC tissue, which made it possible to conclude that the dif-
fusion of glycerol had ceased or reached an equilibrium state. 
The  subsequent  decrease  in  the  maximal  light  penetration 
depth, observed  for all  the  tissues  in question, could be  the 
result of a reverse process in the tissue where water begins to 
return in the interior of the tissue [33].

The experimental results indicated that the in-depth trans-
port of glycerol molecules in the NL, LBG and LSCC tissue 
at a lower glycerol concentration (25 %) were faster than those 
at  a  higher  glycerol  concentration  (50 %),  and  the  1/e  light 
penetration depths  in  the  first  case were  smaller  than  those 
in the second case. The differences in glycerol diffusion rates 
in the NL, LBG and LSCC tissue after application of different 
glycerol concentrations are explained by the fact that glycerol 
of higher concentration has a greater viscosity than glycerol of 
lower concentration [7]. However, the differences in the maxi-
mal 1/e light penetration depths in the NL, LBG and LSCC 
tissue at a high  (50 %) and a  low (25 %) glycerol concentra-
tions were only 8.8 %, 6.8 % and 4.7 %, respectively. These dif-
ferences are related to the differences in the refractive indices 
of the analytes solutions. 

The highly scattering nature of the human tissue limits the 
light penetration depth  in  the near-IR  range. However,  the 
major source of scattering in tissues and cell structures is the 
refractive index mismatch between mitochondria, cytoplasm, 
cell membrane, extracellular media, and its components such 
as collagen and elastin fibres [18]. The turbidity of a dispersive 
physical system can be effectively reduced using the  immer-
sion effect – matching of  refractive  indices of  the  scatterers 
and the ground material due to its impregnation by an agent 
with a higher refractive index. The refractive index matching of 
components of a highly scattering tissue has a strong influence 
on tissue transmittance and reflectance, as well as polarisation 
and coherence of scattered light [56].

The  results  obtained  also  show  that  the  increase  in  the 
local in-depth glycerol concentration results in an increase in 
the light penetration depths of the NL, LBG and LSCC tissue 
during the diffusion process, but their increments are mark-
edly different. Figures 1 and 2 indicate that before application 
of glycerol solution, the 1/e light penetration depth in the NL 
tissue was  1.15  times  higher  than  a  similar  quantity  of  the 
LBG  tissue,  which  in  turn  exceeded  by  1.41  times  that  of 
the LSCC tissue. After application of 25 % glycerol solution, 
the maximal  increments  in  the  1/e  light  penetration  depths 
of NL, LBG and LSCC tissue were 1.25, 1.27 and 1.19 times 
higher as compared to their counterparts before application 
of 25 % glycerol solution. After application of 50 % glycerol 

solution, the maximal increments in the 1/e light penetration 
depths of NL, LBG and LSCC tissue were 1.29, 1.34 and 1.24 
times higher than their counterparts before application of the 
solution. Therefore, application of hyperosmotic agents has 
a potential  to become a useful  tool  for  the enhancement of 
penetration depth of optical imaging modalities including OCT. 
Our future studies will focus on more accurate measurements 
of changes in optical properties of human lung tissues through 
application of OCAs.

4. Conclusions

We have demonstrated that application of glycerol as a chem-
ical agent can significantly enhance light penetration depths 
into the NL, LBG and LSCC tissue. The results indicate that 
the in-depth transport of glycerol molecules in the NL, LBG 
and LSCC tissue at a lower glycerol concentration (25 %) was 
faster than that at a higher concentration (50 %), and the 1/e 
light penetration depths in the first case were smaller that in 
the  second  one.  The  maximal  1/e  light  penetration  depths 
in the NL, LBG and LSCC tissue at higher (50 %) and a lower 
(25 %)  glycerol  concentrations  differed  only  by  8.8 %,  6.8 % 
and 4.7 %, respectively. Our experiments demonstrate that the 
increase in the local in-depth glycerol concentration resulted 
in the increase in the 1/e light penetration depths of the NL, 
LBG and LSCC tissue during the diffusion process, but their 
increments  are  markedly  different.  This  might  potentially 
be diagnosed by comparing the 1/e  light penetration depths 
of  several  therapeutic or diagnostic agents  in  the NL, LBG 
and LSCC tissue. Therefore, dynamic monitoring and precise 
assessment  of  the  diffusion  processes  in  the NL,  LBG  and 
LSCC tissue with the help of OCT might provide a truly effec-
tive way for evaluating the tissue health.
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