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Abstract.  We report an investigation of the effects of blood dilution 
with hypertonic (7.5 %) and normal (0.9 %) saline on its optical 
properties during coagulation in  vitro using optical coherence 
tomography. The light penetration depth and attenuation coeffi-
cient are obtained from the dependences of reflectance on the depth. 
Normal whole blood has served as the control group. The average 
coagulation time is equal to 420 ± 16, 418 ± 16 and 358 ± 14 s with 
blood volume replacement of 2 %, 11 %, and 20 % by 0.9 % normal 
saline, respectively. With 2 %, 11% and 20% blood volume replace-
ment with 7.5 % hypertonic saline, the average coagulation time is 
422 ± 17, 1160 ± 45 and 1730 ± 69 s, respectively. For normal 
whole blood, the average coagulation time amounts to 425 ± 19 s. it 
is shown that dilution with normal saline has a procoagulant effect 
when it replaces 20 % of blood volume, and hypertonic saline has an 
anticoagulant effect if it replaces 11 % or more of blood volume. It 
is concluded that optical coherence tomography is a potential tech-
nique to quantify and monitor the liquid – gel transition during the 
coagulation process of blood diluted by normal and hypertonic 
saline.

Keywords: optical coherence tomography, blood, coagulation, hae-
modilution, optical properties.

1. Introduction

Blood coagulation is a host defense mechanism that assists in 
maintaining  the  integrity of  the closed, high-pressure mam-
malian circulatory system when a vein or artery is pierced or 
broken  [1]. As we know,  the wounds which have  ceased  to 
bleed are filled with blood clots. This suggests that the clot-
ting of blood has stopped the haemorrhage. However, there is 
a  tendency for patients  to bleed for  long periods  from even 
slight injuries in conditions with defective blood clotting [2]. 
For example, trauma is the fourth-leading cause of death in 
the United States for all ages, and many, if not most, civilian 

trauma deaths are due to haemorrhagic shock [3, 4]. In addi-
tion, although blood coagulation is vital to the preservation 
of  life,  blood  clots  can  impede  blood  flows  in  vessels. 
Thrombus  formation  is  responsible  for  most  heart  attacks 
and  strokes  and  complicates  other  pathological  conditions, 
coronary  thrombosis,  peripheral  deep  venous  thrombosis, 
and pulmonary embolus, for example. It can eventually cause 
death unless brought under control [5]. A powerful technique 
for the investigation of both mechanism and blood coagula-
tion process will be mostly helpful in clinic diagnosis.

Previous studies on blood coagulation detection methods 
include thrombelastography [6], ultrasound [5], transient elas-
tography [7], quartz chemical analyser [8], optical coherence 
tomography  (OCT)  [9],  etc.  Hanke  et  al.  [6]  studied  the 
impairment of whole blood coagulation and platelet function 
by hypertonic saline hydroxyethyl starch with rotation throm-
belastometry. Huang et al. [5] investigated blood coagulation 
using ultrasound. Gennisson et al.  [7]  investigated  the  tran-
sient  elastography  method  using  a  shear  elasticity  probe 
served to evaluate the shear wave velocity Vs and shear wave 
attenuation as of porcine whole blood during in vitro clot for-
mation. The viscosity and elasticity detection methods used 
above have  their  own drawbacks  because  the measurement 
results depend on the quantity or viscosity of the fibrin and 
the strength of the magnetic element [9]. The turbidity detec-
tion method  avoids  the  shortcoming  of  the  viscosity  detec-
tion, because it takes advantage of the transmitted light or the 
scattered  light  detection  method  [9].  OCT  is  an  advanced 
high-resolution structural imaging technique which measures 
the intensity of back-reflected near-IR light. With this tech-
nique  it  is  possible  to  perform  noninvasive  cross-sectional 
imaging of internal structures in biological tissues [10]. OCT 
has  demonstrated  considerable  potential  for  static  and 
dynamic imaging of various kinds of tissue and blood. OCT 
has the major advantage of providing a description of blood 
properties with high resolution, high sensitivity. Recently, the 
blood  properties  have  been  widely  studied  using OCT  and 
optical Doppler tomography (ODT) due to their high resolu-
tion, real time, and noninvasive capabilities  [11]. For exam-
ple, previous studies have investigated the feasibility of OCT 
to provide a description of the coagulation process [12 – 14].

Fluid resuscitation has been a long standing therapy for 
trauma and hemorrhagic shock to restore blood volume, car-
diac  output  and  flow  to  the  microcirculation.  Lactated 
Ringer’s and Hextend are  the primary  fluids used by many 
trauma unites and the US Army for pre-hospital resuscitation 
[15 – 21].  Some  advancing  level  of  haemodilution  logically 
must diminish the ability of blood to coagulate [22]. As shown 
in a previous study, 7.5 % hypertonic saline solution has anti-
coagulant effects when it replaces 7.5 % or more of blood vol-
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ume [23]. Conversely, the addition of either normal saline or 
Haemaccel to a 20 % dilution in vitro renders blood hyperco-
agulable [24]. Recently, the effects of in vitro dilution of blood 
with various solutions on blood coagulation have been inves-
tigated. Sutton [25] studied the effect of digitalis on coagula-
tion of blood in 1950. Strauss et al. [26] studied the effects of 
hydroxyethyl starch on fibrinogen, fibrin clot formation and 
fibrinolysis. Egli et al. [27] compared the effects of progressive 
in vitro haemodilution with hydroxyethyl starch, gelatin and 
albumin  with  haemodilution  using  0.9 %  saline  in  patients. 
Wade et al. [3] investigated the efficiency of hypertonic 7.5 % 
saline and 6 % dextran-70 in treating trauma. Luostarinen et 
al. [28] made a comparison of hypertonic saline and mannitol 
on whole blood coagulation in vitro.

The purpose of  this  study  is  to  investigate  the effects of 
hypertonic (7.5 %) and normal saline (0.9 %) on the coagula-
tion process using OCT and to demonstrate the capability of 
the  OCT  technique  for  quantifying  the  light  penetration 
depth D1/e and attenuation coefficient as of diluted blood by 
an in vitro assessment.

2. Materials and methods

2.1. Experimental setup

In  this  study,  a  spectral  domain  OCT  system  (SD-OCT) 
(Shenzhen MOPTIM Imaging Technique Co., Ltd., China) 
[29] was used for the measurement. A schematic of the OCT 
system was shown in paper [30]. A low-coherence broadband 
superluminescent  diode with  a  centre wavelength  of  830 ± 
40 nm was used as the optical source. The output power of the 
optical  source was  5 mW. The  axial  and  transverse  resolu-
tions  of  the OCT  system were  about  15  and  25 mm  in  free 
space, respectively, which were determined by the focal spot 
size of the probe beam. The signal-to-noise ratio was 120 dB 
in this system and the lateral and in-depth scanning was 3 and 
1.8  mm,  respectively.  Two-dimensional  (2D)  images  were 
obtained through scanning the incident beam over the sample 
surface in the lateral direction and in-depth (A-scan) scanning 
by  the  interferometer. The acquisition  time per OCT  image 
was  180 ms, which  corresponds  to  an A-scan  frequency  of 
2000 Hz. A personal computer was used to control the OCT 
system.  The  data  acquisition  software  was  written  in  Lab 
View 7.2-D. 2D OCT images obtained in the experiment were 
stored in the personal computer for further processing.

2.2. Materials

The  experimental  protocol  was  approved  by  the  Affiliated 
Hospital of Sun Yat-sen University. The experiment was per-
formed on 12 healthy young volunteers (6 men and 6 women) 
aged from 23 to 30. A signed informed consent was obtained 
from each subject before the experiment.

Blood sampling was performed only once a day  in each 
volunteer at 9 a.m. after an overnight fast. Blood was drawn 
from an antecubital vein through a 25-gauge butterfly needle. 
About 2 mL of blood was then collected into vacuum-drying 
test tubes containing no anticoagulants. Prepared 0.9 % nor-
mal  saline  and  7.5 %  hypertonic  saline  were  added  to  the 
whole blood samples. The percentage replacement of blood 
by normal or hypertonic saline was as follows:

1) 0.9 % normal saline 0.04 mL (2 % blood volume) with 
1.96 mL whole blood;

2)  7.5 %  hypertonic  saline  0.04 mL  (2 %  blood  volume) 
with 1.96 mL whole blood;

3) 0.9 % normal saline 0.22 mL (111056% blood volume) 
with 1.78 mL whole blood;

4) 7.5 % hypertonic saline 0.22 mL (11 % blood volume) 
with 1.78 mL whole blood;

5) 0.9 % normal saline 0.4 mL (20 % blood volume) with 
1.6 mL whole blood;

6)  7.5 %  hypertonic  saline  0.4 mL  (20 %  blood  volume) 
with 1.6 mL whole blood.

Each  freshly  acquired  blood  sample  with  no  additional 
processing was immediately monitored with OCT for 1 hour 
to obtain the one-dimensional (1D) diagrams of optical inten-
sity versus depth. This means that each coagulation process 
occurred spontaneously. Normal whole blood served as  the 
control group.

2.3. OCT measurements

A round glassware of about 10 mm in height and 20 mm in 
diameter was used as a blood sample container. The sample 
container was placed on the pedestal almost perpendicular to 
the  probe beam. Each  freshly  acquired  2 mL of  blood was 
tiled to cover the base of the blood sample container with a 
pipette. The measurements were immediately performed with 
2D OCT functional  imaging  (0 min) and  then OCT  images 
were taken every 30 s within 60 min after sampling. The room 
temperature was maintained at 22 °C throughout the experi-
ments.  2D  OCT  images  obtained  in  each  experiment  were 
stored in the computer for further processing.

2.4. Methods

A 1D averaged optical intensity profile that represents the in-
depth  reflected  light  intensity  distribution was  obtained  by 
averaging the 2D image laterally [31]. The penetration depth 
D1/e was obtained by applying a best fit exponential curve in 
depth  to  the  averaged  and  normalised  signal  intensity  data 
[14, 32, 33].

The clinical value of OCT depends on high imaging speed 
to provide real time in vivo imaging, high spatial resolution to 
resolve small tissue structures and sufficient contrast to dis-
criminate  between  those  structures  [34].  Contrast  in  OCT 
images originates from differences in reflectivity of different 
tissues, which are caused by their variation in the refractive 
index n. Unfortunately, contrast is limited because for most 
tissue n only ranges from 1.3 to 1.4 [34]. Measurement of the 
attenuation  coefficient  can  provide  additional  information 
and may  increase  the clinical potential of OCT by allowing 
quantitative discrimination between different tissue types [34]. 

Tissue optical properties can be determined with OCT by 
fitting a model to the OCT signal. Two models have been fre-
quently  used  for  the  description  of OCT  signal:  the  single-
scattering model and the multiple-scattering model [35 – 41]. 
A previous study has shown that, with a proper correction for 
the confocal properties of  the sample arm, both models are 
appropriate  to  extract  the  scattering  coefficients  of  weakly 
scattering  media.  However,  for  high  scattering  media,  the 
multiple  scattering  should  be  taken  into  account,  and  the 
multiple-scattering model  can provide higher  accuracy  [37]. 
In this study, whole blood is a highly scattering and absorbing 
medium  in  the  visible  and  near-IR  region  [42].  The  optical 
attenuation  coefficient of blood can be quantified  from  the 
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intensity of  the detected  light versus  the depth. The reflected 
light  intensity  depends  on  blood’s  optical  property,  i.e.,  the 
absorption coefficient ma and scattering coefficient ms, or total 
attenuation  coefficient  mt:  mt  =  ms  +  ma  [43].  These  physical 
properties play a vital role in the assessment of tissue features, 
which are unique to the biological tissue [30, 39, 44, 45]. In this 
study, the measured signal is defined as [39, 40, 45]:

[ái 2(z)ñ]1/2 » (ái 2ñ0]1/2[exp(–2mt z)]1/2,  (1)

where  ái 2(z)ñ  is  the photodetector heterodyne  signal current 
received by  the OCT  system  from  the probing depth  z  and 
ái 2ñ0 is the mean square heterodyne signal. The result of the 
OCT study  is  the measurement of optical backscattering or 
reflectance R(z) µ [ái 2(z)ñ]1/2 from blood versus axial ranging 
distance, or depth, z. Thus, it follows that the reflected power 
can  be  approximately  proportional  to  – mt z  in  exponential 
scale according to the single scattering model:

R(z) µ [ái 2(z)ñ]1/2 = I0a(z)exp(– mt z),  (2)

where I0 is the incident light intensity launched into the blood 
sample  and  a(z)  is  the  reflectivity  of  blood  at  depth  z. 
Therefore, measurement of OCT reflectance for depth z1 and 
z2 allows for approximate evaluation of the attenuation coef-
ficient and its temporal behaviour. The coefficient mt can be 
obtained theoretically from the reflectance measurements at 
two different depths, z1 and z2 [39, 40, 45]:

( )
( )

ln
z R z

R z1
t

2

1m D= ; E,  (3)

where Dz = |z1 – z2|. As noise is inevitable in the measurement, 
the final result should be obtained by the use of a least-square 
fitting method in order to improve the accuracy of determin-
ing mt. An averaged  intensity profile as a  function of depth 
was  obtained  by  averaging  the  2D  images  laterally  over 
approximately  1  mm,  which  was  enough  for  speckle  noise 
suppression. A best-fit exponential curve was applied to the 
averaged  intensity  profiles  of  each  group  since  the  noise  is 
unavoidable in the measurement.

2.5. Statistical analysis

All data from all samples were presented as a ‘mean ± stan-
dard deviation’ and analysed by a Student’s t-test. All statisti-
cal analyses were performed with the statistics software SPSS 
10.0 for Windows. The value p < 0.05 indicated a significant 
difference.

3. Results and discussion

OCT  is  based  on  low-coherence  interferometry  to  produce 
cross-sectional tomographic imaging of the microstructure in 
biological  tissues  by measuring  the magnitude  of  backscat-
tered light [46]. One main advantage of this technique is the 
ability to investigate turbid and highly scattering media, such 
as biological tissues and whole blood. Whole blood is a highly 
scattering  and  absorbing  medium  in  the  visible  and  near 
infrared region. Erythrocytes [red blood cells (RBCs)] are the 
main scattering elements in blood. The scattering properties 
of  erythrocytes  are  determined  by  shape,  size,  volume  and 
mass. The optical properties also depend on  the concentra-
tion of haemoglobin (Hb) in the erythrocyte. Scattering prop-

erties of blood mainly depend on haematocrit, which  is  the 
volume fraction of RBCs [47]. Other effects which influence 
scattering properties of blood are sedimentation and aggre-
gation of RBCs, as well as coagulation and deformation of 
cells [48].

As can be seen from the 1D averaged optical intensity pro-
file that represents the in-depth reflected light intensity distri-
bution,  the  boundary  between  blood  plasma  and  the RBC 
layer moves with time. This movement defines the sedimenta-
tion  rate of  blood  [12]. Normal blood  sedimentation might 
cause a problem for accurate measurements of blood coagula-
tion. Thanks  to  the  slight  sedimentation  property  of  blood 
during coagulation, we could accurately calculate D1/e and mt 
of the blood samples from the OCT in-depth reflectance pro-
files with the methods mentioned above [4].

Figure 1 illustrates the variations in average D1/e as a func-
tion of time acquired from normal whole blood, whole blood 
diluted with 0.9 % normal saline and blood diluted with 7.5 % 
hypertonic saline. During coagulation, the fibrinogen in the 
plasma transforms to coarse  fibrin. The formation of  fibrin 
leads  to  an  increase  in  the  refractive  index  of  the  plasma, 
which results in a decrease in the refractive index mismatch-
ing between the red blood cells and the plasma. 

It leads to a decrease in blood scattering and, as a result, 
to the enhancement of D1/e and a decrease in the attenuation 
coefficient. The variation in D1/e for each group is represented 
by a convex curve characterized by two stages. The first stage 
of each group corresponds to a rapid increase in the penetra-
tion depth, and the second stage corresponds to a very slow 
increase. The curves of the variations in D1/e can be linked to 
changes in the state of the medium and coincide with the two 
stages  of  a  liquid  to  a  solid – gel  state  [49].  At  the  initial 
moment,  the medium was  in a  liquid state. During  the  first 
stage,  the medium  turned  into a  gel  state  as  a  result of  the 
transformation of fibrinogen into fibrin [14]. 

In  this  stage,  D1/e  increased  rapidly.  The  second  stage 
coincides with  the solid – gel  state of  the medium. To better 
characterise  variations  in  blood  properties  during  coagula-
tion, the coagulation time tc is defined as the period of time 
where D1/e curve is saturated with the time elapsed. One can 
see  from Fig.  1  that  for  blood  samples with  blood  volume 
replacement of 2 %, 11 % and 20 % by 0.9% normal saline 
the average coagulation times tc are 420 ± 16, 418 ± 16 and 
358 ± 14 s (as indicated by arrows in Fig. 1), respectively. For 
blood  samples with blood volume  replacement of  2 %, 11% 
and 20 % by 7.5 % hypertonic saline tc are equal to 422 ± 17, 
1160 ± 45 and 1730 ± 69 s (as indicated by arrows in Fig. 1), 
respectively. The average coagulation time for normal whole 
blood is 425 ± 19 s.

Figure 2 shows the time dependences of the average atten-
uation  coefficients  in  normal  whole  blood,  whole  blood 
diluted with 0.9 % normal saline and whole blood diluted with 
7.5 % hypertonic saline. One can see that the attenuation coef-
ficients decrease slowly within 60 min by about 2.6 %, 2.3 % 
and 1.4 %, respectively, for blood samples with blood volume 
replacement  of  2 %,  11 %  and  20 %  by  0.9 %  normal  saline. 
The  total  decrease  in  the  attenuation  coefficient  for  blood 
samples  with  blood  volume  replacement  of  2 %,  11 %  and 
20 %  by  7.5 %  hypertonic  saline  is  2.7 %,  3.8 %,  and  6.1 %, 
respectively. The average attenuation coefficient decreases by 
2.5 % for the control group.

With replacement of 11 % blood volume or less by 0.9 % 
normal  saline  and  2 %  blood  volume  by  7.5 %  hypertonic 
saline,  there  were  no  significant  differences  in  D1/e  or  the 
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attenuation  coefficient  compared  with  the  control  group. 
With  replacement  of  11 %  blood  volume  or more  by  7.5 % 
hypertonic  saline  and  20 %  blood  volume  by  0.9 %  normal 
saline, D1/e  and  the  attenuation  coefficient were  apparently 
different from the control group.

4. Conclusions

Although  the  intuitive  assumption  is  that  haemodilution 
would increase bleeding tendencies through dilution of coag-
ulation factors, in reality, the reserve capacity of the coagula-
tion system under normal conditions is so great that dilution 
is of no relevance unless large volumes are used [24]. Dilution 
with different solutions may have different effects on blood 
coagulation process.

In this paper, measurements of D1/e and mt permit descrip-
tion of  the dynamics of  the blood coagulation process. The 
value of tc makes it possible to describe two successive stages 
of the blood coagulation process. With replacement of 20 % 
blood volume by 0.9 % normal saline, tc is apparently shorter 
compared with the control group. On the contrary, tc is much 
longer than that in the control group when 11% blood volume 
or  more  were  replaced  by  7.5 %  hypertonic  saline.  These 
results indicate that there is a procoagulant effect up to a dilu-
tion of 20 % with 0.9 % normal saline. There is an anticoagu-

lant effect up to a dilution of 11% or more with 7.5 % hyper-
tonic saline. 

These results are consistent with previous studies [23, 24]. 
It is concluded that OCT is a potential technique to quantify 
and control the liquid – gel transition of blood diluted by nor-
mal and hypertonic saline during coagulation. Our study may 
be helpful in clinical therapy, preventing vast blood bleeding 
in emergency,  for example. However,  treatment of haemor-
rhage with isotonic fluids such as normal saline is often inad-
equate because of the large volumes required, the short trans-
port  times  in which  to administer  the  fluids, and  the use of 
small-bore  peripheral  venous  cannulas  [3].  Treatment  with 
7.5 % hypertonic  saline may be of  benefit  for  patients. Our 
future studies will focus on investigating the influence of 7.5 % 
hypertonic  saline  combined  with  different  agents  on  blood 
coagulation with OCT.
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van Leenders G.L.J.H., Gonzalo N., van Noorden S., Okamura T., 
Bouma B.E., Tearney G.J., Oosterhuis J.W., Serruys P.W.,  
van der Steen A.F.W. J. Biomed. Opt., 15, 011105 (2010).

42.  Zhernovaya O., Tuchin V.V., Leahy M.J. J. Biomed. Opt., 18, 
026014 (2013). 

43.  Xu X.Q., Wang R.K., Elder J.B., Tuchin V.V. Phys. Med. Biol., 
48, 1205 (2003). 

44.  Kodach V.M., Faber D.J., van Marle J., van Leeuwen T.G., 
Kalkman J. Opt. Express, 19, 6131 (2011). 

45.  Yang Y., Wang T.H., Biswal N.C., Wang X.H., Sanders M., 
Brewer M., Zhu Q. J. Biomed. Opt., 16, 090504 (2011). 

46.  Kirillin M.Yu., Meglinski I.V., Priezzhev A.V. Quantum Electron., 
36, 247 (2006).

47.  Yaroslavsky A.N., Priezzhev A.V., Rodrigues J., Yaroslavsky I.V., 
Battarbee H., in Handbook of Optical Biomedical Diagnostics. Ed. 
by V.V. Tuchin (SPIE Press, 2002) Chap. 2.

48.  Zhernovaya O., Tuchin V.V., Leahya M.J. J. Biomed. Opt., 18, 
026014 (2013).

49.  Reed R.L., Johnston T.D., Chen Y., Fischer R.P. J. Trauma, 31, 8 
(1991). 




