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This paper discusses and studies the composition and characteristics of biospeckle on the surface
of bone tissues. We used a laser speckle device to capture biospeckle patterns from fresh pig bone
tissue. Traditional speckle activity metrics were used to measure the speckle activity of ex vivo
bone tissue over time. Both Gaussian and Lorentzian correlation functions were used to char-
acterize the ordered and disordered motion of the bone surface, together with volume scattering,
to construct the model. Using the established mathematical model of the spatio-temporal evo-
lution of the biospeckle pattern, it is possible to account for the presence of volume scattering
from the biospeckle of bones, quantify the ordered or disordered motions in the biological speckle
activity at the current time, and assess the ability of laser speckle correlation technique to
determine biological activity.

Keywords: Speckle metrology; biospeckle; speckle correlation; computer simulation; osteogenic
activity; biomedical optics.

1. Introduction

Bone grafting and transplantation are widely used
in clinical practice. In clinical surgery of bone or
prosthesis transplantation, bone healing has three
mechanisms: Osteogenesis, osteoinduction, and bone
conduction. Both osteogenesis and osteoinduction
are related to osteoblast activity of the transplanted

bone tissue.1,2 The early osteogenesis mediated by
viable transplanted osteoblasts is very important for
the formation of bone callus within 4–8 weeks after
surgery.3,4 If the donator part doesn't have enough
functional osteoblasts during the surgery, then the
osteogenesis process will be restricted, which may
probably lead to the failure of transplanted surgery.
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Therefore, the time of bone tissue ex vivo will di-
rectly a®ect the activity of bone tissue and the
success rate of surgery.3,5,6 When it comes to the
clinical practice, there are so many factors that may
a®ect the osteoblastic activity of the donator bone,
including but not limited to the procedure of sur-
gery, the age of patient and so on. However, un-
fortunately, surgeons have almost no means of
determining osteogenic activity to guide their sur-
gical strategies for now. Therefore, a sensor that can
quantitatively assess the activity of bone tissue is
greatly desired. In scienti¯c research, it is now a
common practice to obtain cells by digesting bone
blocks at various time points in isolation and then
performing live cell counts to analyze cell survival in
relation to the time spent in isolation. However, this
technique has a number of di±culties, including
long incubation time and manual e®ort, and is not a
suitable method for practical clinical use.4–7 For
practical clinical applications, a noncontact and
rapid method is required to provide quantitative
information on the activity of the bone surface. In
addition to histological cell culture methods, dy-
namic speckle measurement technique can also be
used to determine cell viability. As the laser pro-
pagates through a strongly scattering medium such
as bone tissue, it undergoes multiple scatterings,
changing the original phase information and direc-
tion of propagation, destroying coherence, and
eventually forming a scattering speckle.8–10 At the
same time, the dynamic or physiological character-
istics of the sample surface itself, such as its size
change, shape change, microbial movement or
composition change and other factors, change the
height of the scattered wave front, as well as the
phase of the scattered light, the scattered speckle
will change and produce dynamic speckle with the
orderly and disorderly movement in the tissue, so
the scattered speckle pattern in the time domain
contains information about the characteristics of
the sample surface, forming dynamic speckle or
biospeckle.11,12 This occurs with paint drying or
metal corrosion13–15 and with biological samples,
such as crops, tissue or bacteria and parasites.16–19

Using simple optical equipment and acquisition
systems to record the intensity of scattered light
and obtain a series of dynamic speckle patterns, it is
possible to distinguish the di®erences among sam-
ples, which can be used to monitor bacterial activity
in the medium or to monitor the e®ects of drugs on
parasites.19–21

However, the activity of dynamic speckles is
usually considered to be the result of numerous
scattering wavelet dynamics, which involve many
complex physical and physiological mechan-
isms.22,23 Such dynamic characteristics are usually
very complicated. Therefore, many e®ective pro-
cessing methods are needed to analyze the speckle
activities to understand and evaluate the char-
acteristics of the surface activity of the sample and
to establish the relationship between the speckle
sequence and the physiological characteristics of the
sample. The situation is more complex on the bone
surface, where three main factors can be involved:

(i) Water is a ubiquitous biological solution, in-
cluding at the surface of bone tissue, which is
involved in and regulates intermolecular forces,
enzyme catalysis and molecular recognition in
biological cells. The di®erences between cellu-
lar water and bulk water have therefore been
extensively studied, characterized and under-
stood. Cellular water is often considered to be
more structured or ordered than bulk water,
but this assumption is not easily veri¯ed, while
kinetic e®ects of solutes in water may also be
important. It can be concluded that the sta-
bility of bound water is enhanced relative to
that of free water, and that the residence time
(or shear viscosity coe±cient) of bound water
on bone surfaces is longer when brought about
by biological water.24–26

(ii) As the drying process proceeds ex vivo, this
complex liquid ¯lm on the bone surface may
break down, shrink, thicken or thin rapidly or
slowly, which will interfere with our assessment
of correct bone activity.27,28

(iii) Finally, bone, as a saturated porous medium, is
divided into a solid phase and a °uid phase
(mainly water). It is now generally accepted
that skeletons present three main levels of po-
rosity.27,29 The large pores correspond to vas-
cular systems (Havers and Volkmann tubes,
typical diameters of 50�m). Mesoporosity
corresponds to the formation of lacuno-
canalicular pores containing an osteocytes'
network of stellar bones (100 nm). The smallest
porosity corresponds to the internal space of
the collagen–apatite structure, which has a
typical size of about 5 nm.

These three di®erent porosities, from the microscale
to the nanoscale, provide di®erent levels of °uid
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transport capacity and permeability to the bone
tissue, allowing the biological environment of the
bone surface to be in°uenced by this nanoscale °uid
dynamics as well. At the same time, the continuous
°ow of bone °uids and their transport on the
bone surface allows the °uid environment on the
surface to be maintained for a long period of
time,27,30,31 distinguishing it from nonphysiological
materials. These factors make the collected biospeckle
activity not just that of osteoblasts, but a collection
of complex dynamic physiological behaviors of the
surface.

In this paper, we explore and investigate the
characteristics of biospeckle from ex vivo bone tissue
and analyze the causes and sources of these char-
acteristics, thus making biospeckle one of the pos-
sible techniques for evaluating osteogenic activity.
We used a laser speckle device to capture biospeckle
patterns from the fresh bone tissue. Traditional
speckle activity metrics were used to measure the
speckle activity of ex vivo bone tissue over time.
Both Gaussian and Lorentzian correlation functions
were used to characterize the ordered and disor-
dered motion of the bone surface, together with
volume scattering, to construct the model. The
parameters of the model were set to match the
characteristics of the actual bone tissue speckle
pattern sequence taken. Using the established
mathematical model of the spatio-temporal evolu-
tion of the biospeckle pattern, it is possible to
quantify the ordered or disordered motions in the
biological speckle activity at the current time and
assess the ability of laser speckle correlation tech-
nique to determine the biological activity in the
presence of biospeckle.

2. Experiment Preparation

2.1. Ex vivo

In order to collect the sample data, a digital speckle
pattern acquisition system was established, as
shown in Fig. 1. In the experiment, the model
acA2440-20gm GigE digital camera (BASLER,
Germany) was used. The photosensitive chip used
by the camera was a Sony IMX 264 CMOS chip
with target size of 2/3". The lens (COMPUTAR,
Japan) with a focal distance f of 25mm (Aperture
Type: manual) was adopted as an imaging lens in
this experiment. The single longitudinal mode HeNe
laser with 532 nm wavelength was used as the
light source. The speckle contrast was adjusted by
the variable attenuator and then the beam was ex-
panded by the beam expander to irradiate the sample.

During the acquisition of the dynamic speckle
pattern sequence, the adjustable attenuator was
adjusted to keep the average intensity in the image
constant. To evaluate the dynamic change of
speckle pattern over a period of time, in the acqui-
sition process, we control the exposure time to
40ms, the acquisition rate was 23 fps of the camera,
a total of 50 frames were collected to form a speckle
image sequence.

The active samples we selected for the ex vivo
experiments were from experimental Bama mini-
pigs, as shown in Fig. 2. Experiments were per-
formed within 15 min after bone extraction, and
samples #1–#6 were tested in air and clamped
using a custom-made clamping device to ensure
stability. One set of dynamic speckle sequences was
measured every 0.2 h (12min) for 12 h, yielding a
total of 50 image sequences.

Fig. 1. Schematic diagram of the detection device.
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2.2. Biospeckle characterization

There are no classic standards to describe or eval-
uate biospeckle. Characterizing the activity level of
biospeckle by a single plaque characteristic is one-
sided, therefore we performed a multivariate eval-
uation. Biological speckle sequences recorded ex
vivo from pig bone were quanti¯ed using parameters
related to time history speckle pattern (THSP),32

grey level co-occurrence matrix (GLCM),33 includ-
ing the moment of inertia (IM),34 correlation ener-
gy, and, homogeneity, which are widely used in the
literature.

The speckle images are cascaded in the order of
acquisition to form a cube and then sliced through
the cube along the time axis to obtain an image
called the THSP. The moment of inertia is derived
from THSP and the characteristic value is charac-
terizing the stability of THSP.

Similarly, three other statistics from the GLCM
are often used to perform texture analysis of scat-
tered images: Energy returns the sum of the squares
of the GLCM pixel values and is equal to one for a
constant image. Homogeneity returns a value that
measures how close the distribution of elements
in the GLCM is to the diagonal of the GLCM.
Correlation is a measure of how pixels are related to
their neighbors.

3. Simulated Biospeckle Comparison

To supplement the experimental measurements,
researchers often turn to computer simulations of
phenomena of interest. An important situation is
the temporal decorrelation of speckle patterns. This
behavior is of interest, for example, in the use of
laser speckle dynamics to evaluate °uid °ow, or
in quasi-elastic light scattering to determine the

molecular mass.35,36 However, the di±culty of this
argument is that when there are multiple feature
correlations, the actual de-correlation process is
di®erent from the simulated linearity. Many
researchers only use the Lorentzian model to ex-
plain this relationship. In fact, Lorentzian is a uni-
formly widened line type that only applies to
Brownian motion. In this case, the dynamics of the
individual particles represent the whole. The other
extreme is the nonuniform (Gaussian) distribution,
which corresponds to a process whose dynamics are
speci¯c to a single scatterer.37,38 For complex
motions, such as the surface motion of bone tissue,
the correct model is undoubtedly between these two
extremes.39–41 On the surface of bone tissue, there is
a process of gasi¯cation of free water and bound
water. At the same time, the disordered movement
of water molecules, the rupture and contraction of
surface bio¯lm and other factors constitute a dis-
ordered movement that represents di®erent scales,
and individual particles cannot represent the whole.
Hidden within this is the orderly movement of
osteoblasts.

A similar situation occurs in spectral line pat-
terns in atmospheric physics, meteorology, cosmol-
ogy, and other studies.42 Since the spectral line
pattern contains information about the internal
structure of the luminous particles, interparticle
interactions, and the surrounding environment. In
the case of low pressure, the spectral line spreading
is dominated by Doppler spreading. While in the
case of very high pressure, the luminescent particles
and other particles frequently collide with colli-
sional spreading generated by the dominance of the
Lorentzian line shape function. In the actual light-
emitting system, two types of broadening mecha-
nism are present, the spectral line shape for the

Fig. 2. Pig bone specimens (numbers: #1–#6).

X. Tang et al.

2150020-4

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
11

/0
3/

21
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



integrated broadening line pattern. At this time, the
corresponding line function is the convolution form
of Lorentzian line and Gaussian line function, called
Voigt pro¯le.

Note that in the above discussion, we have
mentioned the convolution of two line shapes. Al-
though it is obvious through the Wiener–Khinin
theorem.43 that Gaussian and Lorentzian functions
form Fourier transform pairs (as do Gaussian and
Gaussian functions), it is often not realized that
these \line spectra" are actually ¯rst-order proba-
bility density functions (PDFs) of the correspond-
ing stochastic processes. Recall further that for the
addition of statistically independent random vari-
ables, the probability density function of the sum is
the convolution of the respective probability density
functions. Thus, according to the convolution the-
orem, the net correlation function for combinatorial
processes involving ordered and disordered motions
is a simple product of the Gaussian correlation
function and the Lorentzian (exponential) correla-
tion function.44,45 In this paper, we unite Gaussian,
Lorentzian, and volume scattering to obtain dec-
orrelation time line shape close to real experiments
by iteration, providing a convincing physical con-
nection between the decorrelation process and the
speckle activity.

3.1. Phase generation

Physically, coherent light scattering from a dy-
namic biological system over a period of time leads
to temporal decorrelation of the speckle pattern in
the viewing plane. In our simulations, the individual
frames can be thought of as snapshots of the speckle
¯eld over time. Thus, in this case, the frame num-
bers can be considered as discrete time points.

In the literature,39 Duncan and Kirkpatrick il-
lustrated the use of the concept of Copula to gen-
erate two representative functional forms for the
decorrelation of the scattered sequences, the
Gaussian function and the exponential function.
However, this approach is not limited to such
monotonically decreasing functions. In discussion,
they point out that more complex dependencies can
be generated by Copula. For example, for the case
where there is both ordered and disordered motion
of the scatterer. In this model, the phase change of
the speci¯ed correlation function is included in the
scattering matrix of each generated dynamic image
to simulate the phase change of the biological

scattering caused by the scattering center in the
biological object. To better understand the genera-
tion of the correlated phases, we express the binary
Gaussian array zk as a unit interval of the form:

zk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 lnX1

p
cosð2�X2 þ �kÞ; ð1Þ

where X1 and X2 are two statistically independent
random variables that obey a uniform distribution
over the unit interval and can be generated by
setting two di®erent seeds for the random number
generator. �k is the phase with a speci¯c decorr-
elation rate that need to generate, �k denotes the
value of the phase taken at the correlation coe±-
cient r speci¯c to the kth image frame:

�k ¼ tan�1

ffiffiffiffiffiffiffiffiffiffiffi
1� r

p
ffiffiffiffiffiffiffiffiffiffiffi
1þ r

p
� �

: ð2Þ

The correlation coe±cient r between the current
speckle pattern and the initial frame evolves from
þ1 to �1. For a speci¯c correlation of r ¼ 1, the
resulting phases are completely correlated, so
the two speckle patterns are the same. When r ¼ 0,
the phase is irrelevant, and the resulting speckle
pattern is also irrelevant. What's interesting is that
for negative correlation, r < 0, the phase appears as
anti-correlation, but due to the complex symmetry
of the Fourier transform, the resulting speckle
pattern is irrelevant. Note that in the limit r ¼ �1,
the phase is completely anticorrelated, and the
resulting speckle patterns are rotated 180� with
each other. Moreover, Eq. (2) can also show that the
algorithm produces a physically real and continuous
phase trajectory between the two limits of r ¼ 1 and
r ¼ �1. As a result of this phase continuity, the
evolution of the speckle pattern is also continuous
(see Fig. 3), as one would expect from a real
physical process. Therefore, this process is di®erent
from other simulation algorithms,46,47 which adds
statistically independent phase increment at each
step in the sequence, so the phase increment is
discontinuous, and the evolution of the speckle
pattern sequence is also discontinuous.

Here, it is clear that the initial and ¯nal values of
zk are as follows:

z1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�2 lnX1

p
cosð2�X2Þ;

zN ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�2 lnX1

p
cosð2�X2 þ �=2Þ:

ð3Þ

As mentioned before, the correlation coe±cient r
will consist of a Voigt line shape with Gaussian and
Lorentzian components, introducing � and � to

Numerical model for evaluating the speckle activity
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represent the ratio of both of them48:

r ¼ �rG þ �rL;

rG ¼ 2 1� k� 1

N � 1

� �
2

� �2

� 1;

rL ¼ 2
N � k

N � 1

� �
2

� 1:

8>>>><
>>>>:

ð4Þ

In Fig. 4, we show a typical Voigt function and a
similar example of the correlation curves con-
structed according to the above formula. In the
subsequent modeling process, the sum of both of
them is transformed into the form of convolution.

It should be noted that the above-mentioned
phase generation does not assume other forms of

speckle displacement. If the sample to be tested is
not stable (or there is external interference), the
correlation will be further reduced due to the
speckle shift. On the other hand, the scattering that
produces speckle can come from the surface of the
biological sample, or from the inside of the vol-
ume.49 During the experiment, it was found that the
decorrelation curve obtained by using only the or-
dered and disordered models still has a ¯xed o®set
from the data obtained from the actual bone sam-
ple. This is because the interaction between the
laser and biological tissue is complicated. Light that
penetrates a surface (such as bone tissue) is scat-
tered by osteoblasts, water, and other tissues. When
these scatterers relocate, the biological clusters they
produce will also travel and shift in shape. The
higher the mobility of these scatterers, the higher
the expected biospeckle activity rate. Studies have
shown that the penetration depth of the laser in the
tissue is 1–2mm, suggesting that the laser can
penetrate beyond the surface.50 Each layer of tissue
the laser passes through is expected to contribute to
the integral activity of the biological sample. In the
case of volume scattering, there is also a surface
scattering component. The speckle pattern of the
light penetrating material is composed of speckles of
di®erent sizes: (i) Large speckles generated by light
scattered from the surface and (ii) smaller speckles
generated by light emitted from the internal volume
of the material. At the same time, in the case of a
living body where the surface of the bone is the laser
target, the laser is expected to be scattered by the
tissue multiple times. The speckle metrology theory

(a) (b)

Fig. 4. (a) For gaseous working substances, several typical line shapes of the Voigt line function consisting of Lorentzian and
Gaussian line shapes. (b) Di®erent scaled correlation curves according to Eqs. (1)–(4).

Fig. 3. A slice through the center row of the speckle cube
indicates the temporal continuity of the speckle pattern se-
quence generated by the copula. The spatial dimension is along
the horizontal axis and the time is along the vertical axis.
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of volume scattering speckle lags behind that of
surface speckle and the e®ect of volume scattering
on the speckle correlation is still unclear.

3.2. Biospeckle simulation

In order to simulate the biological speckle pattern
seen in the ex vivo sample, a numerical model was
established in MATLAB. Physically speaking, co-
herent light scattering from a dynamic biological
system over a period of time will cause the temporal
decorrelation of the speckle pattern in the obser-
vation plane. In our simulation, each frame can be
regarded as a snapshot of the speckle ¯eld over time.
Therefore, in this case, the frame number can be
regarded as a discrete point in time.

Here, we use the following method to generate a
spatially band-limited speckle pattern: translate the
pupil by a random series.39,51 A circular region of
diameter d ¯lled by into a square array of L� L is
¯lled with complex numbers of unit amplitude, and
the phase is uniformly distributed between ð0; 2�Þ
as shown in Fig. 5. The ratio of L to D, meanwhile,
represents the minimum size � of the speckle,
� ¼ L=D. The ZkðxyÞ matrix representing the
amplitudes of the complex speckle is created to
represent the surface speckle, and has a larger input
speckle size, �s ¼ 2 pixels. The matrix VkðxyÞ, which
also represents the magnitude of the complex
speckle, is made to represent volume scattering, and
is given a smaller input speckle size, �v ¼ 0:8 pixels.
These speckle size values are selected based on ex-
perience so that the size of the ¯nal simulated bio-
logical pattern matches the speckle size seen in the
living bone tissue.

Mathematical dynamic speckle was generated by
adopting speckle simulation methods described by

Goodman49 and Duncan and Kirkpatrick.39,51 The
procedure that was utilized to model biospeckle is
presented in Fig. 6 and summarized as follows:

(1) For the ¯rst frame of speckle image (k ¼ 1),
according to Eq. (1), X1 and X2 are two sta-
tistically independent random variables that
obey a uniform distribution in the unit interval.
X1 and X2 can be generated by setting two
di®erent seeds for the random number generator.
This makes each simulation not ¯xed and ran-
dom. After the amplitude and initial phase are
generated, three types of phases are de¯ned
according to the phase generation method men-
tioned earlier. In this study, the size of X1 and
X2 is set to be 512� 512 pixels, and N is 50.

(2) According to Eqs. (2) and (3), in order to
generate zkðx; yÞ, the phase �k is generated
by the de-correlation coe±cient r, which is a
combination of the proportional coe±cients of
both � and � (Gaussian and Lorentzian).

(3) Then, by performing percentile transformation
on the z value, a statistically relevant frame
uniformly distributed TZ value in the unit in-
terval is obtained:

TZðkÞ ¼ FZ½zðkÞ�; ð5Þ
where Fz is the normal cumulative distribution
function. Similarly, volume scattering forms a
matrix Tv.

(4) Subsequently, by introducing the multiplication
factorm to adjust the decorrelation time, Zkðx; yÞ
of complex amplitude speckles is obtained by
performing fast Fourier transform on the both
exp½i2�mTZ� and exp½i2�Tv�.

(5) In order to consider the volume scattering e®ect
of the sample, the Vkðx; yÞ matrix is multiplied
by the multiple scattering amplitude factor
(MSAF).52 MSAF is a measure of the relative
amplitude of the scattered surface and volume
components. Here, the value of MSAF is iter-
ated between 0 and 1, and the value selected is
to minimize the error between the model and
the actual decorrelation curve.

(6) The two matrices were added together on a
complex basis, resulting in the matrix Mkðx; yÞ

(7) The matrix Mkðx; yÞ was multiplied by its
complex conjugate Mkðx; yÞ, which is taken to
create the ¯rst biospeckle intensity image frame.

(8) This procedure was continued until the required
number of image frames N was built.

Fig. 5. Illustration of speckle pattern generation algorithm.
The circular shaded area is ¯lled with complex numbers of unit
amplitude and phase uniformly distributed on ð0; 2�Þ.

Numerical model for evaluating the speckle activity
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In order to simulate the biospeckle pattern similar
to the active pig bone samples, ¯rst, the multipli-
cation factor m is adjusted to change the decorr-
elation rate, similar with the literature,15 the
number of frames required to decrease the correla-
tion of the speckle sequence from 1 to 1=e is de¯ned
as the decorrelation rate RD. Furthermore, the
maximum value of the de-correlation coe±cient r is
obviously one, so the sum of the coe±cients � and �
that determine the de-correlation line type is also
one, which can be obtained by the following ex-
pression: r ¼ �rG þ ð1� �ÞrL. By choosing a coef-
¯cient iteration to minimize the linear error between
the two, the di®erence between the simulation
result and the actual result remains essentially
constant. Finally, by iterating MSAF, the two
decorrelation lines are the closest.

4. Results and Discussion

4.1. Model error analysis

The model for ex vivo bone speckle images outlined
in Sec. 3.2 was used, and after determining the

relevant parameters mentioned therein, we per-
formed an error analysis between the simulated
dynamic speckle generated by the model and the
actual results collected from the bone. Due to the
random nature of the initial seeds, di®erent initial
seeds were used to achieve 50 repeated simulations.
A comparison of the decorrelation curves between
the model and the speckle images of sample #1
collected 10min after being separated from the
body (t ¼ 0) in Fig. 7, where � equals 0.49 and �
equals 0.51. The ideal decorrelation curve without
the volume scattering factor is considered according
to Eqs. (1)–(4). It can be seen from Fig. 7 that,
without considering the MSAF factor, the distri-
bution between the continuous decorrelation curve
of the input model and the discrete decorrelation
curve of the model output is almost identical, with a
standard deviation of � ¼ 2:3% for the di®erence
between them.

It can also be noted that the trends of the
simulations between considering the volume scat-
tering and without the volume scattering are es-
sentially similar, but there is still a ¯xed o®set
present. It is clear that the model with the volume

Fig. 6. Speckle simulation process.
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scattering present is closer to the actual sample and
the di®erence is smaller. The correlation of the
simulation results drops relatively slowly after the
amplitude reaches 1=e, and stabilizes at 0.2–0.3,
which is inherently di®erent from the simulation
results without considering volume scattering. It is
probably due to the fact that the activity of the
small speckles produced by the laser entering the
interior of the material remains relatively stable.
This random e®ect allows the entire sample to
maintain this inherent correlation at a later stage
and does not approach to zero as in the theoretical
decorrelation process.

Figure 8 shows the error between the decorrela-
tion line of the speckle images collected at di®erent
times and the model ¯tting for four samples from 0
to 12 h. In order to present the data more clearly,
the error bars, except for the ¯rst time point, are the
average of the errors of all the collection moments
within 1 h. It can be seen that the error between the
simulation results and the four samples gradually
decreases with time. This is because volume scatter
is the main factor that brings errors, and the impact
of volume scattering is further reduced over
time, which we will present more clearly in the
subsequent presentation of the results. From the

Fig. 7. Speckle correlation coe±cient with sequence number. The black solid line and the red dot are the theoretical correlation
coe±cient curve and the point set calculated from the simulated speckle pattern when the volume scattering is not considered. The
blue curve is the data from the ex vivo sample #1 at t=0. The green curve is the best simulation result considering volume
scattering, where MASF ¼ 0:30 (since multiple random initial values existed, we give the curve of the average value).

(a) (b)

Fig. 8. The speckle correlation coe±cient error between the simulation result and the sample result. (a) Model error without
volume scattering and (b) Model error considering volume scattering.

Numerical model for evaluating the speckle activity
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comparison of Figs. 8(a) and 8(b), since the model
containing volume scattering will have more ran-
dom initial quantities, it can be seen that the ran-
dom °uctuations in Fig. 8(b) are larger, resulting in
larger error bars. The ¯tting errors in considering
volume scattering are also much lower, about an
order of magnitude lower, than without volume
scatter, which illustrates the presence of volume
scattering in the speckle pattern of the actual bone
tissue sample from a numerical ¯tting perspective.

4.2. Feature comparison

The comparison of the features shows whether the
simulation results are consistent with the biospeckle
sequence characteristics of the actual samples, so as

to assess the validity of the simulation results. The
¯rst comparison is between the speckle size. The
speckle size in the pattern from the actual sample of
the isolated bone was calculated from the full-width
at half maximum to 1 pixel. When the surface
speckle size is 2 pixels and the volume scattering size
is 0.8 pixels, the simulated biological speckle image
obtains close results. Figure 9(a) visually shows the
di®erence in speckle size between the simulated
pattern and the actual sample. While the power
spectral density (PSD) image more intuitively
illustrates this situation, as shown in Fig. 9(b). It
can be found that the diameter of the outermost
circle of the PSD image is approximate, which
reveals that the speckle size is close from a statis-
tical point of view.

(a)

(b)

Fig. 9. The left ¯gure shows the simulation data and its results, and the right ¯gure shows the actual sample data and its results.
(a) Speckle pattern, (b) corresponding PSD diagram, (c) intensity slice through the center of (b), (d) histogram created from single
image, and (e) histogram created by all image sequence.
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(c)

(d)

(e)

Fig. 9. (Continued)
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Then, we further explore whether the model-
generated speckle patterns matched the actual ¯rst-
order statistics, the histogram of the speckle image
intensity between the actual image and the simu-
lated image is evaluated. Figures 9(d) and 9(e) show
the ¯rst image in the sequence and the overall grey
scale histogram in all sequence, respectively, as a
comparison. At this point, as another corrobora-
tion, it can be noted from both show comparable
histogram characteristics in the distribution, shape
or inclination whether in single image or the overall
sequence. The standard deviations after scaling of
their histogram lines are � ¼ 8:7% and 3:9% re-
spectively, neither exceeding the random error of a
single measurement.

Further, Table 1 shows the quantitative results
of the second-order statistics calculated from the
GLCM of the THSP images between the isolated
samples and a series of simulated biospeckle pat-
terns with di®erent activity, which also exhibit
similar characteristics and tolerable deviations.
We also introduce the peak signal-to-noise ratio

(PSNR), which expresses the relationship between
the maximum signal and the background noise, as a
full-reference image quality evaluation metric for
comparison between simulated and actual results.

4.3. Relevant results

From the speckle image of the ex vivo sample, we
obtained the correlation curve of the speckle se-
quence collected at di®erent times (Fig. 10(a)) and
the value of IM from the THSP image over time
(Fig. 10(b)). An interesting conclusion can be ob-
served from the ¯gure: Obviously, after the bone is
ex vivo, the cell activity on the surface is maintained
or decreased over time and at a slow rate, and there
is no possibility of cell proliferation. However, the
opposite conclusion can be drawn from the speckle
activity on the bone surface. It can be observed from
Fig. 10(b) that at this time, the IM value, as a
characteristic index of the speckle activity on the
bone surface, shows a trend of ¯rst rising and then
falling, reaching the highest value of activity in

Table 1. Ex vivo parameters of biospeckle with increasing time change and deviation value of simulated biospeckle parameters.

1–12 h ex vivo sample#1–#6 averaged results Deviation of
simulation

1 2 3 4 5 6 7 8 9 10 11 12 results

PSNR (dB) 0.31 0.32 0.31 0.32 0.34 0.37 0.38 0.43 0.49 0.52 0.47 0.49 � 0.07
IM 203.80 223.89 219.56 204.57 183.03 174.6 139.73 131.29 113.76 79.35 62.45 55.71 � 34.12
Correlation 0.19 0.20 0.22 0.32 0.38 0.46 0.56 0.63 0.74 0.82 0.90 0.87 � 0.18
Energy 0.003 0.003 0.004 0.005 0.005 0.005 0.007 0.007 0.008 0.008 0.008 0.007 � 0.002
Homogeneity 0.22 0.22 0.23 0.34 0.38 0.39 0.43 0.44 0.47 0.49 0.51 0.47 � 0.05

(a) (b)

Fig. 10. (a) Decorrelation results from sample#1 at four di®erent times. (b) The line chart of samples' the moment of inertia value
over time.
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about 3 h. A similar reversal of the speckle correla-
tion coe±cient can also be obtained in Fig. 10(a).
By means and variances of the samples' IM value,
we scale the curves so that the activity factor
obtained under the di®erent samples are uni¯ed in
the same range for examination, so as to pay at-
tention to the trend of the biospeckle activity over
time. The Pearson correlation coe±cient r was
obtained by correlation analysis53,54 and the results
are shown in Fig. 11. It can be seen that from a
limited number of six samples, this trend showed
signi¯cant positive correlation.

This is because the activity of biological speckle
is an overall collection of complex dynamic physio-
logical behaviors of the tested surface. Obviously,
the active motion of a part of the measured surface
is not monotonous at the beginning. As said in the
introduction, this may be attributed to the in-
creased activity of the biological water or water ¯lm
on the surface of the tissue at the early stage of ex
vivo. At the same time, the time scale of this process
is lengthened due to the °uid transportation of
di®erent scale channels in bone tissue. Combined
with the actual activity of bone cells on the surface
and the internal volume scattering, as a collection of
these complex activities, the curve as shown in
Fig. 10(b) is formed.

Furthermore, with the change of the index fac-
tors � and � of ordered and disordered motion
obtained by model ¯tting and the curves of volume
scattering coe±cient MSAF, this viewpoint is fur-
ther proved. As shown in Fig. 12, the ordered
multiplication factor � shows the same trend of

speckle activity index but the gradient of change is
slightly di®erent. The � value and MSAF show
opposite trends, representing the disordered move-
ment and volume scattering, respectively.

Finally, as an obvious promotion, we present the
results with � and � as a scale coe±cients of speckle
activity indicators, combining IM value, as shown in
Fig. 13. Obviously, this generalization can identify
the impact of disordered activity to some extent and
isolate the interference covariate. Unfortunately, as
the volume scattering controlled by the MSAF
factor is apportioned between the two coe±cients
when doing the complex conjugate operation, the
simple proportional product does not provide a way
to separate the e®ect of volume scattering on the
samples, and therefore does not give a pure activity
factor for the osteoblasts and makes further statis-
tical analysis lacking in practical signi¯cance.
Clearly there may also be a combination of the two
activity models for the volume scattering (it is
reasonable to assume that the proportion of activity
in this component should be extremely small),
which also remains to be explored further.

The simulated biospeckle in this paper is essen-
tially a ¯rst-order empirical model. This model does
not attempt to present a complete theoretical
model, but is based on the matching of the temporal
and spatial features of the simulated speckle with
the corresponding features extracted from in actual
sample. One limitation of this model is that it
assumes that the speckle scattered from the
sample surface and volume maintains the same

Fig. 11. Correlation among trend data of di®erent samples
activity indexes in Fig. 10(b). Signi¯cance was shown in the top
right. The hypothetical correlations are indicated in the lower
left.

Fig. 12. Plot of scale factor �, � and MSAF against time of
sample#1.
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linear polarization of the incident light. In practice,
it is expected that the volume scattering component
will exhibit depolarization. However, the model also
captures the interesting results of the interference

between volume and surface components, and the
model with volume scattering makes the simulation
results more realistic. Another limitation of this
paper is that it is based on a small sample (n ¼ 6).

(a) (b)

(c) (d)

(e) (f)

Fig. 13. Diagram of the variation of the moment of inertia of a sample with time and its variation when corresponding to di®erent
scale factors. (a) Sample#1, (b) sample#2, (c) sample#3, (d) sample#4, (e) sample#5, and (f) sample#6.
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In addition, as an empirical model, model para-
meters are matched according to the results of the
particular optical set-up used. Under di®erent
wavelength, the optical con¯guration used may
need to be adjusted based on the ¯rst-order and
second-order statistical characteristics of the actual
speckle sequence. In order to fully simulate the
patterns from bone tissue, it is necessary to deeply
understand the scattering characteristics of bone
surface and the temporal changes of these char-
acteristics. At the same time, we also need to have a
more accurate understanding of the physical process
and statistics in the interaction between physio-
logical materials and laser on complex surfaces.
With a more comprehensive understanding of these
features, other quantities such as surface roughness
of tissue or rate of dehumidi¯cation process can be
included in the mathematical model.

5. Conclusions

The purpose of this work is to (1) evaluate the
characteristics of biospeckle from ex vivo bone tissue
and (2) analyze the causes and sources of these
characteristics, so that biospeckle becomes one of the
possible techniques for evaluating osteogenic activity.

This paper proposes and analyzes a mathemati-
cal model that uses Gaussian and Lorentzian cor-
relation functions to describe the ordered and
disordered motion of the bone surface, and com-
bines volume scattering to describe the biospeckle
captured from the sample. The model was well
matched both qualitatively and quantitatively to
the biospeckle patterns observed in specimens. In
this model, we found that there was a volume
scattering e®ect in the bone tissue and that the ef-
fect from volume scattering gradually decreases
over time. In addition, the combination of multiple
complex dynamic physiological behaviors on the
surface of the bone tissue resulted in conventional
indicators of speckle activity that did not follow the
same trend as osteogenic activity, but instead
showed a maximum of 2–4 h after ex vivo, producing
a standing point. The variation of the Gaussian and
Lorentzian scaling factors in the model explains this
phenomenon and isolates the traditional speckle
activity index, which is expected to be a biological
speckle index for assessing the osteogenic activity,
though the quantitative scaling relationship be-
tween the two needs further experimental studies.
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