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Abstract: Reconstruction of 3D surface irradiance distribution using multiple views captured by charged coupled de-

vice (CCD) camera is the basis of solving the light source in bioluminescence tomography (BLT). A simple and

convenient mapping technique based on the pin-hole imaging model and Lambert’s cosine law was presented to es-

tablish the relationship between gray levels and irradiance intensities. Compared with previous integrating sphere

camera calibration used in BLT, the proposed method can effectively avoid heavy burden of simulation experiment

to obtain the corresponding relationship of gray levels and irradiance intensities. The accuracy and feasibility of the

proposed method are validated with no more than 1 mm location error by different types of phantom experiments.

The mapping approach is also applicable to other noncontact optical imaging system.
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1 Introduction

Bioluminescence tomography (BLT) is an e-
merging detection technology at the cellular, mo-
lecular, and genetic levels, and has played an im-
portant role in the early detection of cancer and
therapeutic efficacy evaluation of new drugs™?®.
BLT attracts a lot of attentions in recent years be-
cause of its significant advantages on sensibility,
safety, easy operation and less cost™*™. In the
noncontact optical imaging, accurately obtaining
the photon distribution on the surface of the ani-
mal is the foundation of light source reconstruc-
tion inside the body™.

Highly sensitive and low noise charged cou-

pled device (CCD) camera and small aperture len-
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ses are often used to acquire the light irradiance
distribution on the specimen surface!”®. Howev-
er, photon propagation simulation in free-space is
still a challenge. The collected images from CCD
only indirectly reflect the irradiance distribution,
and need to be turned from gray level value into
the corresponding light irradiance intensity. For a
selected wavelength, gray levels can be mapped
with varying intensity values by using a calibrated

]

integrating sphere™™. In order to improve the

1. 19 considered the

mapping accuracy, Liu, et a
field of view and the distance in their experi-
ments. The projecting system of integrating
sphere based on uniform source is expensive and
requires a series of tests to build the relationship

of the irradiance and the gray level. Schulz and
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Ripoll presented a theoretical approach for model-
ing the noncontact optical measurements and re-
trieving the 3D surface information of the diffuse

[1-12)  Com-

medium by means of Green's theorem
bining Lambert’s cosine law and the radiance the-
orem, noncontact optical imaging model was im-
proved, and photon propagation in free space
based on hybrid radiosity-radiance theorem was
proposed to count 3D distribution of light intensi-

L3514 By modeling the camera lens

ty from images
as a combination of a thin lens and a camera lens
diaphragm, simulation of the photon transport
process was more accurate”'™. Considering the
current methods, projecting complication, time-
consuming., and mapping accuracy still need im-
provement.

In this study, a simple and convenient meth-
od based on imaging principle of CCD and pin-
hole propagating model of the photon in the free
space is investigated to establish the congruent re-
lationship between gray level values of the image
captured by CCD camera and the light irradiance

distribution on 3D surface of the specimen.

2 Light Irradiance Reconstruction
Method

In BLT, photon propagation includes two
sections, namely transmits inside the object and
outside the object. The first section means the
photon propagating through medium which can be
accurately described by the radioactive transport
equation (RTE). In order to alleviate the com-
plexity of the RTE, several approximations have
been suggested using the spherical harmonics
equations®. In these approximation methods,
the diffusion approximation (DA) is one of the
most widely-used forward models, and the finite
element method is used to solve the diffusion
equation and get the relation matrix between light
source and surface light distribution'’!. The sec-
ond section includes the photon propagating
through the air, the camera lenses and finally

reaching the detector plane. Retrieving the 3D

surface light irradiance distribution by the images

acquired from CCD camera is the focus of this
study. Unlike previous reports about the BLT
system, camera imaging theory was adopted to
investigate the relationship between 3D surface
photon irradiance intensities of the object and
gray level values in the image.

2.1 Image coordinate system

The image coordinate system describes how
locations are measured in the image. To recon-
struct the photon distribution on the surface of
specimen, the camera lens model and coordinate
transformation between object and detector plane
should be considered.

Most cameras contain multiple lenses which
are often characterized by Gaussian thick-lens
model with two equivalent refracting surfaces™®.
Normally, the Gaussian thick-lens model can be
simplified as a thin-lens model by collapsing the
first and the second principal planes when the
thickness is negligible compared to the radii of
curvature of the lens surfaces. Furthermore, the
thin-lens model is geometrically equivalent to a
pin-hole model as light propagating in free

197 The pin-hole imaging model represents

space
an imaging system by a point aperture placed be-
tween the scene and the sensor.

In this study, pin-hole lens model is used to
describe the mathematical relationship between
the coordinates of a 3D point and its projection
onto the image. As shown in Fig. 1, the coordi-
nate system contains specimen, lens, and detec-
tor plane. In Fig. 1, the xoz plane is the detector
plane and parallel to the pin-hole plane, the ray
axis is parallel to y-axis, and the 'y 2" repre-
sents the specimen coordinate system.

In the process of coordinate transformation,
a mark point M, on the surface center of the speci-
men is set, ensuring its projecting point M, is al-
so in the center of the image. Then the projecting

relationship of M,and M, can be expressed

M,. =M,,
M, =v+u @)
M,. =M,

where v is the image distance and u the object dis-

tance. And then the translations ¢, .z, ,¢. are given
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Detector plane

Fig.1 Light propagation coordinate system

t, =M, —M,,
t, =M, — M, (2)
t.=M,, —M,,
Therefore, the transformation matrix is shown
85[20]
cos@ sinf O O 1 0 0 ¢
—sinfd cosf 0 O 0 1 0 ¢,
- 0 0 1 0 ) 0 0 1 ¢
0 0 0 1 0 0 0 1

(€))
where 0 is set as the rotation angle (Fig. 1), ¢,,
t, and ¢. are the coordinate differences of M, in
two coordinate systems.

2.2 Light propagation model

In BLT. photon propagation out of the speci-
men can be modeled as shown in Fig. 2. In Fig. 2,
r and 1’ are defined as vectors from the center
point of triangular patch to the pin-hole and from
pin-hole to the detector plane, respectively. Pho-
tons emitted from differential element dE spread
in different directions, but only those photons in
r direction will go through the pin-hole and reach
the detector plane. Define the light power of dif-
ferential element dE as dP, the photon power of
differential element dR crossing the pin-hole as
dP', and the photon power reaching the detector
plane as dP”. When the image distance is far
more than that of the aperture of the lens, dP'is
approximately equal to dP”. In accordance with
the Lambert’'s cosine law, the photon power at

the detector plane is/*!

dP” ~ dP’ — L dL.S .S cost, cost, /die  (4)
T

where dL is the light irradiance at the differential

Fig. 2 Light propagation model

element dE; 0, and 0, are indicated in Fig. 2; Sg
and Sk the areas of differential elements dE and
dR,respectively; and dg the distance between dE
and dR. Then, the projecting relationship be-
tween light irradiance of differential element dE
and light power receiving by CCD detector plane
is described as follows

o T dp// ?-JR
dlr ~ SpSkcosb, cosds )

2.3 Gray level to light power

CCD camera calibration conducted by the in-
tegrating sphere system is commonly used to es-
tablish the relationship between gray level value
and light power. In order to avoid the use of ex-
pensive calibration system, the imaging principle
of CCD camera is investigated to obtain the map-
ping relationship between gray level value and
light power. As we know, the CCD converts in-
coming photons into charges and manifests as

gray levels in an image, which satisfies

_ Al
Q.T,

where n, is the number of photons read out by

(6)

n,

CCD in each pixel and I the gray level of the pix-
el. The gain A, the quantum efficiency Q., and
the transmittance of lens T, are parameters of the
CCD camera.

According to photon energy formula E=hy,
the light power dP” at each pixel is
hv, 1

A t

where i is the Planck constant, v, the speed of

dP"=n, - P

light, A the wave length, and ¢ the time of expo-
sure.
Based on Eqs. (5—7), the light irradiance

on the 3D surface of the specimen can be ex-
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pressed as

T[hAV dFR
SESrQ. T, Atcosf, cosh,

2.4 Light irradiance mapping procedure

dLp = &

In the reconstruction of 3D surface light irra-
diance in BLT, the volume mesh of the specimen
is needed. Each triangular patch of the mesh re-
presents the differential emitting element dE, and
its corresponding differential receiving element is
dR in the image. Actually, one dE may be
mapped with more than one dR . The whole pro-

cedure is demonstrated as follows:

Step 1  Convert the image coordinate into
xyz coordinate system in Fig. 1.
Step 2 Convert coordinates of mesh nodes

into xyz coordinate system using matrix T.

Step 3 Match the triangular patch with cor-
responding pixel point. Normally, r and " in
Fig. 2 seldom lie on the same straight line. Trav-
ersing all vectors r' to certain r, the closest to the
direction of r is selected, and then the corre-
sponding triangular patch is mapped with this
pixel point on the detector plane.

Step 4 Convert the gray levels of image to
irradiance intensities based on Eq. (8).

Step 5 When more than one pixel point cor-
responds with the same triangular patch, the irra-
diance of this patch should be conducted by inte-
gral operation.

In order to further evaluate the proposed
mapping method, a correlation coefficient is com-

puted by

Sxy ZXZY

J(sz 2 >(ZYZ—(ZY)

M

where X is the group of light irradiance of surface

Corr =

nodes calculated by DA equation, Y the group of

mapping results, and N the number of nodes.

3 Materials

Several experiments of different phantoms
are employed to prove the validity of the surface

irradiance reconstruction method, including a cy-

lindrical nylon phantom, an irregular surface ny-
lon phantom, and a cubic meat phantom. The ab-
sorption coefficient y,, and reduced scattering coef-
ficient 4, of nylon are 0. 013 8 mm 'and 0. 91
mm ', respectively. p,,and //,, of meat are 0. 23

', respectively. The light source

mm 'and 1 mm~
is set with a glow stick which spectral range is
600—780 nm., peak value is 650 nm, and lumi-
nous intensity is 60 at room temperature?*’. The
BLT system contains a CCD camera (Princeton
1024B
coupled with a micro camera lens ( TAMRON

M118FM25), a dark chamber, a translation and

Instruments exclusive PIXIS: eXcelon)

rotation platform and several filters. The image
size is 1 024 pixel X1 024 pixel, and spatial reso-
lution is 0. 013 mm.

In the experiments, luminescent 2D images
at different angles are acquired by CCD camera.
In experiments of nylon phantoms, eight images
at 0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315°
are taken. In experiment of meat phantom, four
images at 0°, 90°, 180°, and 270° are taken.
These images are needed to reconstruct the light
source in BLT. Volume mesh of phantom can be
obtained by using meshing tools developed in our
laboratory.

The whole reconstructing procedure of the
algorithm merely takes less than one minute
using a Intel(R) Core(TM), 2.6 GHz, 2. 00 GB
RAM machine with operating system Windows

XP, running in Matlab 2012b environment.

4 Results and Discussion
4.1 Cylindrical nylon phantom experiment

The cylindrical phantom is a nylon stick with
40 mm height and 40 mm diameter. A cylindrical
hole with 5 mm diameter and 20 mm height filled
with 98 4/, fluorescent liquid is located inside the
nylon phantom. The three views of the phantom
and its volume mesh are shown in Fig. 3. The
phantom consists of 15 331 tetrahedral elements
and 2 918 nodes.

Eight views acquired by CCD camera at dif-
ferent angles are shown in Fig. 4. Utilizing the

eight images, the light irradiance distributions on



656 Transactions of Nanjing University of Aeronautics and Astronautics

g

Va
s e WA A e
R el

e

Fig.3 Three views and volume mesh of cylinder phan-

tom

Fig.4 Eight views of cylinder phantom taken by camera

Fig. 5 Eight views irradiance reconstructed by the pro-

posed method

the cylinder phantom are mapped in Fig. 5.

To verify the accuracy of the mapping meth-
od, the correlation coefficient of surface intensi-
ties is computed by Eq. (9). Fig. 6 (a) repre-
sents the light irradiance of surface node calculat-
ed by DA equation, while Fig. 6(b) the mapping
result of the proposed method. Drawing two re-
sults in the same coordinate, Fig. 6(c) indicates
their similarities. In this experiment, Corr of X
and Y is 0. 978 8.

To further demonstrate the correctness of
the surface mapping method, we use the light ir-
radiance mapping results to reconstruct the light

source inside the phantom. Tikhonov regulariza-

Normalized irradiance
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Fig. 6 Comparison of light irradiance of surface nodes

by different methods

tion is used to solve the light source for decrea-
sing the ill-posedness of BLT. In Fig. 7, the blue
and the red volumes represent the true source and
the reconstructed source respectively. The dis-
tance error of their source center is 0. 40 mm.

4.2 Irregular surface nylon phantom experiment

An irregular surface nylon phantom is used
to further verify the generality of the mapping al-
gorithm. The size of the light source is the same
with that of the first experiment. Three views of
the phantom and its volume mesh are shown in
Fig. 8. Eight views acquired by CCD camera at
different angles are shown in Fig. 9. The phan-
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Reconsturcted source

Ture source

Fig.8 Three views and volume mesh irregular phantom

tom consists of 15 161 tetrahedral elements and
2 661 nodes.

Reconstruction of the surface light irradiance
distribution is shown in Fig. 10. The correlation
coefficient of irradiance on the surface nodes be-
tween the calculated result by DA equation and
the mapping result is 0. 953 1. In Fig. 11, the
blue and the red volumes represent the true
source and there constructed source respectively
and the distance error of their source center is
0. 48 mm.

4.3 Cubic meat phantom experiment

To further validate the mapping algorithm in
different kinds of materials, a transparent cylin-
der pipe filled with fluorescent liquid was buried
into a cubic meat phantom. The size of the light
source is the same with the first experiment.

Three views of the phantom and its volume mesh

Fig. 9 Eight views taken by CCD camera

Fig. 10  Eight view irradiance reconstructed by the

proposed method

Reconsturcted source

Ture source

Fig. 11

Three views of source

are shown in Fig. 12. The phantom consists of
12 353 tetrahedral elements and 2 405 nodes.
Since this phantom is a cube and its surface is pla-
nar, only four-view images need to be acquired by
CCD camera from directions with a 90° interval.
One of the views is shown in Fig. 13(a), and
the surface irradiance reconstruction is shown in
Fig. 13(b). The correlation coefficient of irradi-
ance on the surface nodes between the calculated
results by DA equation and the mapping results is
0. 964 9. Fig.

gray level values taken by camera and irradiance

14 shows a comparison between

of each mesh nodes at the height of 15 mm in one
view. The values of two groups are normalized.

In Fig. 15, the blue and the red volumes re-
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Fig. 12 Three views and volume mesh of cube phantom

(b) Mapping result by the
proposed method

(a) One view taken by
the camera

Fig. 13 Image taken by CCD and reconstruction result

Normalized gray
level values acquired
by camera

Mapping results

Normalized irradiance

10 15

Node number
Fig. 14  Comparison of gray level values and irradi-

ances

present the true source and the reconstructed
source, respectively. The distance error of their
source center is 0. 70 mm.

Table 1 shows indexes of surface irradiance
and source reconstruction. In Table 1, Corr is the
correlation coefficient calculated by Eq. (9), and
D... the distance error of center points between the
true source and the reconstructed source.

Table 1 Reconstruction indexes of three experiments

Index Corr D.,./mm
Cylindrical phantom 0.978 8 0. 40
Irregular phantom 0.953 1 0.48
Cubic meat phantom 0.964 9 0.70

According to Table 1, the correlation coeffi-

cients of the photon distribution are all more than
0. 95 between reconstructed results and the for-
ward calculation by DA equation. Furthermore,
utilizing the mapping results of 3D surface irradi-
ance based on multiple views at different direc-
tions, the light sources inside the phantoms are
reconstructed, and the location errors are less

than 1 mm.

Reconsturcted source

Ture source

Fig. 15 Three views of source

5 Conclusions

A simple and convenient 3D surface light ir-
radiance reconstruction method is presented in
this study, which is the basis of accurately sol-
ving the light source in BLT. Unlike the previous
studies, this reconstruction technique based on
the imaging theory of the CCD camera and Lam-
bert's cosine law can be implemented without in-
tegrating sphere for calibration. Utilizing the pa-
rameters of the CCD camera, such as the gain,
the quantum efficiency and the transmittance of
lens, the corresponding relationship between gray
levels and irradiance intensities are easily estab-
lished. Three experiments for different types of
phantoms are employed to test its validity. It is
obvious that the light irradiance distribution re-
constructed by the proposed method is quite simi-
lar to its real distribution captured by CCD cam-
era.

The preliminary experimental results demon-
strate the feasibility and efficacy of the proposed
mapping approach. However, this pin-hole map-

ping model is based on the assumption that the
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effective aperture is negligible compared to the ra-
dii of curvature of the lens surfaces. Otherwise,
if the effective aperture is comparable to the size
of the lens, the model should be calibrated. In
the future work, the mapping model needs to be
further improved, and corresponding results will
be reported later. The 3D surface irradiance re-

construction method presented in this paper can

also be used in other noncontact optical imaging.
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