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Cerenkov luminescence tomography (CLT) has become a valuable tool for preclinical imaging

because of its ability of reconstructing the three-dimensional distribution and activity of the

radiopharmaceuticals. However, it is still far from a mature technology and suffers from relatively

low spatial resolution due to the ill-posed inverse problem for the tomographic reconstruction. In

this paper, we presented a single photon emission computed tomography (SPECT)-guided

reconstruction method for CLT, in which a priori information of the permissible source region

(PSR) from SPECT imaging results was incorporated to effectively reduce the ill-posedness of the

inverse reconstruction problem. The performance of the method was first validated with the

experimental reconstruction of an adult athymic nude mouse implanted with a Na131I radioactive

source and an adult athymic nude mouse received an intravenous tail injection of Na131I. A tissue-

mimic phantom based experiment was then conducted to illustrate the ability of the proposed

method in resolving double sources. Compared with the traditional PSR strategy in which the PSR

was determined by the surface flux distribution, the proposed method obtained much more accurate

and encouraging localization and resolution results. Preliminary results showed that the proposed

SPECT-guided reconstruction method was insensitive to the regularization methods and ignored

the heterogeneity of tissues which can avoid the segmentation procedure of the organs. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4739266]

I. INTRODUCTION

Cerenkov luminescence imaging (CLI) is a promising

and preclinical molecular imaging technique, in which a radi-

onuclide is detected with the optical imaging techniques based

on Cerenkov radiation.1 Monitoring the radiopharmaceutical

in a preclinical setting with the CLI instrument has the advan-

tages of cost-effective, high sensitivity, and high throughput,

compared with the existing nuclear instrumentation.2 Further-

more, CLI can detect therapeutic radionuclide that only pro-

duces b� particles which are unable to detect by the nuclear

instrumentation.2 As a result, CLI has obtained wide applica-

tions in monitoring uptake of 18F-FDG,3 detecting thyroid

cancer cells expressing,4 monitoring uptake of [32P]phosphate

in plant,5 evaluating the treatment of lymphoma,6 and so on.

In past two years, many efforts on CLI have been

undertaken.2–13 However, these studies were conducted in a

two-dimensional (2D) planar mode. Planar imaging is unable

to image the depth information and accurate anatomical loca-

tion of the biological cells targeted with radionuclide-labeled

probes. Moreover, it allows no absolute quantification results.

To overcome these limitations, Cerenkov luminescence

tomography (CLT) was developed to reconstruct three-

dimensional (3D) distribution of radioactive probes inside a

small living animal using multiple 2D planar images.14–18

Similar to other optical tomographic technique, CLT is a

very challenging ill-posed inverse problem. In the existing

studies of CLT, some methods have been employed to

reduce the ill-posedness of the inverse problem, including

integrating a priori information such as the anatomical struc-

ture and the permissible source region (PSR),15 using multi-

spectral measurements,16 and with the help of regularization

techniques.17,18 Therein, a priori information of the PSR has

been demonstrated to be an effective approach in handling

such an ill-posed problem of optical tomographic

imaging,19–21 if the PSR were accurately and availably speci-

fied. In our previous study,14 we combined a priori informa-

tion of the PSR with the Tikhonov regularization technique

to perform heterogeneous reconstructions, in which the PSR

was determined by the surface flux distribution (termed the

SFD-PSR, and the reconstruction method termed the SFD-

guided reconstruction method). Compared with homogene-

ous reconstruction, much more accurate localization results

were obtained by using the SFD-guided reconstruction

method. However, the SFD-PSR is difficult to be specified in

experiment, especially for the depth direction. Sometimes, it

cannot accurately reflect the distribution of the internal radi-

oactive probes because of the heterogeneity of the tissues.

In this paper, we presented a single photon emission

computed tomography (SPECT)-guided reconstruction

method for CLT, in which the SPECT imaging results were

selected as the a priori information of the PSRs (termed the
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SPECT-PSR). In the proposed method, the hp finite element

method (hp-FEM) combined with the regularization tech-

nique was utilized to construct an optimization problem that

aims to solve the distribution of the internal radioactive

probes. Based on the SPECT imaging results, accurate a pri-
ori information of the PSR can be specified, which can

enhance both the accuracy and the stability of reconstruction.

Compared with our previously proposed SFD-guided recon-

struction method, the accuracy and effectiveness of the pro-

posed SPECT-guided reconstruction method were well

demonstrated with the experimental reconstruction of an

adult athymic nude mouse implanted with a Na131I radioac-

tive source and an adult athymic nude mouse received an in-

travenous tail injection of Na131I. Furthermore, the

sensitivity of the proposed SPECT-guided reconstruction

method to the regularization techniques was investigated

through comparing the results obtained by the Tikhonov and

sparse regularization methods, respectively. Finally, the abil-

ity of the proposed SPECT-guided reconstruction method in

resolving double sources was illustrated by using a tissue-

mimic phantom based experiment.

II. MATERIALS AND METHODS

A. The implantation mouse model and physiological
mouse model

Two adult athymic nude mice were selected to perform

the reconstructions. One nude mouse underwent aseptic celiot-

omy and an artificial radioactive source made of a glass vessel

filled with approximately 0.4 mCi Na131I was then implanted

into the abdomen of the mouse. The other nude mouse

received an intravenous tail injection of 800lCi Na131I to con-

struct the physiological mouse models. During the experiment,

the mice received isoflurane (2%) for general anesthesia. All

animal procedures were in accordance with the Fourth Mili-

tary Medical University (FMMU) approved animal protocol.

B. The tissue-mimic phantom

A cubic phantom was used to simulate the biological tis-

sue in the double source resolving experiment. The tissue-

mimic phantom is made from nylon and of 45 mm in side

length. Two small holes of 1.6 mm diameter and 12 mm

depths from the top surface of the phantom were drilled to

place two radioactive sources. The distance between the cen-

ters of the two holes is 2.4 mm. The optical parameters of the

phantom at the wavelength around 789 nm were measured by

a time-correlated single photon counting (TCSPC) system as

follows: the absorption coefficient la � 0:0091 mm�1 and

the reduced scattering coefficient l0s � 1:1100 mm�1.22 In the

experiment, radionuclide labeled probe Na131I of 0.12 mCi

was injected at the bottom of each of the two glass capillaries

as the radioactive sources, which formed a cylindrical solu-

tion with the height of 2 mm. Finally, the glass capillaries

were placed in the holes of the tissue-mimic phantom.

C. CLT imaging and SPECT/CT imaging

To validate the accuracy and effectiveness of the pro-

posed SPECT-guided reconstruction method, an adult

athymic nude mouse with an implanted artificial Na131I

radioactive source was imaged with both the SPECT/CT

system (Symbi T2, Siemens) and the Xenogen instrument

(IVIS Kinetic, Caliper Life Sciences). After the settlement

of the mouse on the animal holder, the Cerenkov lumines-

cent image was acquired using the IVIS system with a

695–770 nm filter. Subsequently, the SPECT images and the

related anatomical reference were scanned using

the SPECT/CT system for 20 min in the same position as the

luminescent image acquisition. After reconstruction, the

SPECT imaging result and the corresponding anatomical

structure were obtained.

To validate the accuracy and effectiveness of the pro-

posed SPECT-guided reconstruction method in an in vivo
study, the nude mouse received the intravenous tail injec-

tion of 800 lCi Na131I was immediately acquired for

SPECT/CT images. After 2 h, the nude mouse was then

acquired for luminescent image. Due to the detected weak

luminescence emitted from the surface of the mouse body,

we did not use any filters when acquiring the luminescent

image.

To illustrate the ability of the proposed SPECT-guided

reconstruction method in resolving double sources, the

tissue-mimic phantom with two Na131I radioactive sources

was acquired for luminescent images with IVIS system and

then acquired for SPECT and CT images using the SPECT/

CT system.

All of the luminescent images were acquired with a bin-

ning value of 4, integration time of 5 min, and an aperture

number of fnum¼ 1.

D. SPECT-guided reconstruction method

Our previous study (not shown here for brevity) have

shown that the peak wavelength of the Cerenkov spectrum is

about 700 nm for in vivo imaging of small living animals.23

As a result, the diffusion equation (DE) fused with the Robin

boundary condition can be used to describe the Cerenkov

light transport in biological tissues. The DE model is

described in detail elsewhere.19–21,24 Using the hp-FEM

technique, the DE model is converted into a linear matrix

equation that links the internal radiotracer distribution and

the surface light flux distribution24

AkSk ¼ UB
k ; (1)

where UB
k is the nodal flux density at the boundary, Sk repre-

sents the internal radiotracer distribution, and Ak denotes the

system matrix at the kth level mesh with the rows associated

with interior nodes removed.

Incorporating a priori information of PSR to restrict the

internal radiotracer, Eq. (1) is converted into the following

formula:

ðAT
k HPðRÞÞTðSkHPðRÞÞ ¼ UB

k ; (2)

where aHb denotes an operation that removes rows in matrix

a corresponded with the zero-element in column vector b;

PðRÞ is a column vector composed of zero or unity elements

and defined by a priori information of PSR:
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½PðRÞ�i ¼
1 x 2 R
0 x 62 R;

�
(3)

where x is the position vector, and R denotes the PSR.

Eq. (3) shows that element of the column vector equals unity

if the associated node is located in PSR; otherwise, it equals

zero. In the proposed SPECT-guided reconstruction method,

the PSR is determined by the SPECT imaging result; and in

our previous SFD-guided reconstruction method, the PSR

was defined by the recovered surface Cerenkov light

distribution.

Because of the ill-posedness of CLT reconstruction, it is

not practical to solve Eq. (2) directly for reconstructing the

internal radiotracer distribution. Inspired by regularization

theory, we convert the ill-posed reconstruction problem into

the following optimization problem:

Ŝk ¼ arg min
Sk�0

1

2

���ðAT
k HPðRÞÞTðSkHPðRÞÞ � UB;M

k

���2

2

þ kkgðSkÞ; (4)

where Ŝk is the reconstructed internal radiotracer distribution

at the kth level mesh, UB;M
k is the measured surface Cerenkov

signals that are mapped from the acquired 2D Cerenkov

luminescent image, kk is the regularization parameter, and

gðSkÞ acts as a penalty function that is determined by the

adopted regularization method. For Tikhonov regularization,

the penalty function is defined as an l2 norm of Sk, that is,

gðSkÞ ¼ kSkHPðRÞk2
2. For sparse regularization, the penalty

function is defined as an l1 norm, that is, gðSkÞ
¼ kSkHPðRÞk1. In this work, a modified Newton method

with an active set strategy is used to solve the Tikhonov reg-

ularization problem (l2 regularization)24 and a primal-dual

interior-point method is adopted to deal with sparse regulari-

zation (l1 regularization).25

III. RESULTS

A. Accuracy and effectiveness demonstration
in an implantation mouse model

In the adult athymic nude mouse experiment, reconstruc-

tion of the implanted radioactive source was performed using

the proposed SPECT-guided reconstruction method and our

previous SFD-guided reconstruction method, respectively. In

order to determine the location of the radioactive source, the

mouse volume was discretized into a tetrahedral mesh con-

sisting of 38 420 tetrahedral elements and 7948 nodes. For

the SPECT-guided reconstruction, a potential PSR specified

by the SPECT/CT imaging results (Fig. 1) is SPECT-PSR

¼ {(x, y, z)|113 < x < 118, 105 < y < 110, 27 < z < 32}.

For the SFD-guided reconstruction, the PSR determined by

the light flux distribution at surface (Fig. 2) is SFD-

PSR¼ {(x, y, z)|110 < x < 122, 103 < y < 115, 20 < z

< 35}. Therein, the surface light flux distribution was recon-

structed from the acquired Cerenkov luminescent image

using the method presented in the literature.26 Tissue optical

parameters were assigned the adipose values which were cal-

culated at wavelengths of about 695–770 nm according to the

literature.27 The absorption coefficient is la ¼ 0:0025 mm�1

and the reduced scattering coefficient is l0s ¼ 1:1524 mm�1.

Furthermore, to investigate the sensitivity of the reconstruc-

tion method to regularization techniques, both the l2 and l1
regularization methods were adopted in the proposed

SPECT-guided reconstruction method and our previous SFD-

guided one to perform the reconstruction.

Figure 3 presents the reconstructed results of the

implanted radioactive source, whereas Figs. 3(a) and 3(b)

show the axial view of the results for the SFD-guided recon-

struction method, and Figs. 3(c) and 3(d) present the corre-

sponding results for the SPECT-guided reconstruction

method. Figs. 3(a) and 3(c) are the results of l2 regularization

method, and Figs. 3(b) and 3(d) are the results of l1 regulari-

zation. The dark gray cylinder represents the actual radioac-

tive source obtained from the CT images and the colored

small domains around the cylinder denote the reconstructed

one. Detailed reconstructed results for the combinations of

the two reconstruction methods with l2 or l1 regularization

are summarized in Table I.

From Fig. 3 and Table I, several interesting conclusions

are addressed. First of all, compared with the SFD-guided

reconstruction method, much more accurate and valid

results were obtained by the proposed SPECT-guided recon-

struction method using both l2 and l1 regularizations. More-

over, almost the same reconstructed results were achieved

for the l2 and l1 regularization in the SPECT-guided recon-

struction. As a result, we can conclude that the reconstructed

result is mildly affected by the regularization method for the

SPECT-guided reconstruction, which does not appear in the

SFD-guided reconstruction. Second, the result of l1 regulari-

zation was slightly improved than that of l2 regularization in

the SPECT-guided reconstruction, which is consistent with

the results in bioluminescence tomography.28 Third, results

presented in this letter were all reconstructed on a homoge-

neous mouse model. However, the distance error defined by

the difference between the actual and the reconstructed

source for the SPECT-guided reconstruction method is com-

parable with or better than that obtained by using a hetero-

geneous mouse model.15,28 This demonstrates that

comparable or better reconstructed results can be obtained

by the SPECT-guided reconstruction method even on using

a homogeneous mouse model, thus, avoiding the difficult,

multifarious and exhausting task of organ segmentation

procedure.

FIG. 1. Result of the implantation mouse in axial and sagittal views of

SPECT/CT imaging.
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B. Accuracy and effectiveness demonstration
in a physiological mouse model

In the in vivo mouse experiment, reconstructions of

Na131I uptake in the mouse thyroid and bladder were per-

formed using the proposed SPECT-guided reconstruction

method and our previous SFD-guided reconstruction

method, respectively. First, we reconstructed the Na131I

uptake in the mouse thyroid. For the SFD-guided recon-

struction, the PSR determined by the light flux distribution

at surface (Fig. 4(a)) is SFD-PSR¼ {(x, y, z)|138 < x

< 150, 140 < y < 155, 143 < z < 156}. For the SPECT-

guided reconstruction, a potential PSR specified by the

SPECT/CT imaging results (Fig. 4(b)) is SPECT-

PSR¼ {(x, y, z)|136 < x < 150, 142.5 < y < 153, 145 < z

< 155}. For the reconstruction of Na131I uptake in the

mouse bladder, SFD-PSR¼ {(x, y, z)|138.5 < x < 151, 140

< y < 155, 97.5 < z < 111} (Fig. 5(a)) and SPECT-

PSR¼ {(x, y, z)|136 < x < 153, 144 < y < 158, 92 < z

< 110} (Fig. 5(b)). Therein, the surface light flux dis-

tribution was reconstructed from the acquired Cerenkov

luminescent image using the method presented in the

FIG. 3. Results of the proposed and previous reconstruc-

tion methods. (a) and (b) show the axial-view results of

the reconstructed source using the SFD-guided recon-

struction method; (c) and (d) present the corresponding

results of the proposed SPECT-guided method; (a) and

(c) are the results of l2 regularization method; (b) and (d)

are the results of l1 regularization method.

FIG. 2. Mouse surface flux distribution in coronal and

sagittal views, respectively, retrieved from the acquired

Cerenkov luminescent image.
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literature.26 Tissue optical parameters were assigned the

adipose values which were calculated at wavelengths of

about 695–770 nm according to the literature.27 The absorp-

tion coefficient is la ¼ 0:0025mm�1 and the reduced scat-

tering coefficient is l
0
s ¼ 1:1524mm�1. l2 regularization

method was adopted in the proposed SPECT-guided recon-

struction method and our previous SFD-guided one to per-

form the reconstruction.

Figure 6 shows the axial views of the reconstructed

results of the Na131I uptake. Therein, Figs. 6(a) and 6(b)

present the Na131I uptake in the mouse thyroid, and Figs.

6(c) and 6(d) are the Na131I uptake in the mouse bladder;

Figs. 6(a) and 6(c) give the results of the SFD-guided

method, and Figs. 6(b) and 6(d) show those of the SPECT-

guided method. The chromatic domains represented the

reconstructed distribution of Na131I uptake in the mouse thy-

roid and bladder. Fig. 6 clearly showed that the distribution

of Na131I uptake in mouse thyroid and bladder reconstructed

using the SFD-guided reconstruction method were much

weaker and closer to the surface of the mouse body, com-

pared with that of the SPECT-guided reconstruction method.

Data indicated that the more preferable reconstruction results

can be obtained using the SPECT-guided reconstruction

method.

C. Double sources resolving illustration

In the tissue-mimic phantom experiment, two adjacent

radioactive sources with 2.4 mm apart were reconstructed to

illustrate the ability of the proposed SPECT-guided method

in resolving double sources. Because we have demonstrated

that almost the same reconstructed results were achieved for

both the l2 and l1 regularization techniques, only l2 regulari-

zation was conducted in this section. For the SPECT-guided

reconstruction, a potential PSR specified by the SPECT/CT

imaging results (Fig. 7) is SPECT-PSR¼ {(x, y, z)|15 < x

< 28, 34 < y < 45, 32 < z < 44}. For the SFD-guided

reconstruction, the PSR determined by the light flux distribu-

tion at surface (Fig. 8) is SFD-PSR¼ {(x, y, z)|11 < x

< 33.5, 0 < y < 45, 25 < z < 45}. There was no surface

flux distribution of the phantom in sagittal view. We defined

the depth of the phantom as the range of y values in the PSR.

Similarly, the phantom volume was discretized into a tetra-

hedral mesh consisting of 36 634 tetrahedral elements and

7023 nodes.

Results of both the proposed SPECT-guided reconstruc-

tion method and the previous SFD-guided reconstruction

method are shown in Fig. 9, where Fig. 9(a) is the result of

FIG. 4. Determination of permissible source region for both the SFD- and

SPECT-guided reconstructions of Na131I uptake in the mouse thyroid. (a)

Permissible source region determined by surface flux distribution for the

SFD-guided method in coronal and sagittal views, respectively; (b) Permis-

sible source region determined by the SPECT imaging result in coronal and

sagittal views, respectively.

FIG. 5. Determination of permissible source region for both the SFD-

and SPECT-guided reconstructions of Na131I uptake in the mouse bladder.

(a) Permissible source region determined by surface flux distribution for the

SFD-guided method in coronal and sagittal views, respectively; (b) Permis-

sible source region determined by the SPECT imaging result in coronal and

sagittal views, respectively.

TABLE I. Comparisons between the proposed and the previous reconstruction methods with different regularization techniques (in units of mm).

Methods Actual position Reconstructed position Distance error

SFD-PSR l2 regularization (115.84, 107.24, 29.30) (119.07, 105.85, 25.96) 4.8516

l1 regularization (116.73, 108.94, 28.26) 2.1822

SPECT-PSR l2 regularization (115.72, 107.03, 28.38) 0.9524

l1 regularization (116.60, 107.08, 29.62) 0.8416
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the proposed method, and Fig. 9(b) is that of our previous

method. The detailed quantitative comparisons are listed in

Table II. From Fig. 9 and Table II, we find that the two adja-

cent radioactive sources were well distinguished by the pro-

posed SPECT-guided reconstruction method. However, they

cannot be clearly resolved using the previous SFD-guided

reconstruction method. Although localization result of one

source is not perfect for the proposed SPECT-guided recon-

struction method, with the center-to-center distance error of

2.1373 mm, its reconstructed elements were indeed inter-

sected with the actual one and its result is much more accu-

rate than that of the previous SFD-guided reconstruction

method. These preliminary results indicate the ability of the

SPECT-guided reconstruction method in resolving two adja-

cent radioactive sources.

IV. DISCUSSIONS AND CONCLUSION

We have developed a novel SPECT-guided method for

CLT reconstruction, which employed a priori information of

the PSR from the SPECT imaging results. Combining the

hp-FEM with regularization techniques, much more accurate

and valid results were obtained compared with the

SFD-guided reconstruction method using a PSR determined

from the light flux distribution at surface. Using the SPECT-

guided reconstruction method, we achieved comparable and

encouraging results for both the l2 and l1 regularizations.

Experiment on the adult athymic nude mouse implanted with

a radioactive source demonstrates good performance of the

proposed method even in the case of the homogeneous

reconstruction. As a result, the difficult, multifarious and

exhausting organ segmentation task can be avoided. How-

ever, some issues still need to be addressed, such as mouse

fixation for acquiring multi-view Cerenkov luminescent

images, and the registration between the luminescent images

and surface structure.

Considering the implantation CLT experiment was not

the real in vivo experiment, we performed the CLT of the

physiological mouse model received an intravenous tail injec-

tion of Na131I. We reconstructed the distribution of Na131I

uptake in mouse thyroid and bladder using the proposed

method and compared with the SFD-guided reconstruction

method. It was worth to mention that the results based on the

FIG. 6. Axial views of the reconstructed results of the

Na131I uptake. (a) and (b) present the Na131I uptake in

the mouse thyroid; (c) and (d) are the Na131I uptake in

the mouse bladder; (a) and (c) give the results of the

SFD-guided method; (b) and (d) show those of the

SPECT-guided method.

FIG. 7. Results of the phantom in coronal and sagittal views of SPECT/CT

imaging.

FIG. 8. Phantom surface flux distributions in coronal and sagittal views,

respectively, retrieved from the acquired Cerenkov luminescent image.
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SPECT-guided reconstruction method potentially were more

encouraging if we use a micro-SPECT/CT system. The

reconstruction results of SPECT-guided reconstruction

method were not very good because of the limitation of spa-

tial resolution of the human SPECT/CT system.

Furthermore, a tissue-mimic phantom based experiment

was conducted to illustrate the ability of the proposed

SPECT-guided reconstruction method in resolving double

sources. The reason why only the tissue-mimic phantom was

employed is the fact that it is difficult to implant two adja-

cent radioactive sources into the mouse body with a very

close distance. Preliminary experimental result indicated that

the proposed SPECT-guided reconstruction method can

resolve two Na131I radioactive sources of 2.4 mm apart, but

the SFD-guided reconstruction method cannot achieve such

a perfect result. As a result, we conclude that the a priori in-

formation of the PSR from the SPECT imaging results can

efficiently improve the spatial resolution of CLT.

We believe that this approach will expose a new avenue

for the study of the CLT technique in the application of

in vivo small animal imaging. The preliminary results show

that the proposed SPECT-guided method is of great potential

and has a great improvement in reconstruction accuracy and

spatial resolution. Further study will concentrate on the study

of the improvement of the proposed SPECT-guided method

on quantitative reconstruction and the application of the

method in in vivo small animal studies.
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