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Abstract
Cerenkov luminescence imaging (CLI) is commonly performed using two-dimensional (2-D) conventional optical imaging systems
for its cost-effective solution. However, quantification of CLI comparable to conventional three-dimensional positron emission
tomography (PET) is challenging using these systems due to both the high attenuation of Cerenkov radiation (CR) on mouse tissue
and nonexisting depth resolution of CLI using 2-D imaging systems (2-D CLI). In this study, we developed a model that estimates
effective tissue attenuation coefficient and corrects the tissue attenuation of CLI signal intensity independent of tissue depth and
size. To evaluate this model, we used several thin slices of ham as a phantom and placed a radionuclide (89Zr and 64Cu) inside the
phantom at different tissue depths and sizes (2, 7, and 12 mm). We performed 2-D CLI and MicroPET/CT (Combined small animal
PET and Computed Tomography (CT)) imaging of the phantom and in vivo mouse model after administration of 89Zr tracer.
Estimates of the effective tissue attenuation coefficient (μeff) for 89Zr and 64Cu were *2.4 and *2.6 cm�1, respectively. The
computed unit conversion factor to %ID/g from 2-D CLI signal was 2.74 � 10�3 μCi/radiance estimated from phantom study.
After applying tissue attenuation correction and unit conversion to the in vivo animal study, an average quantification difference of
10% for spleen and 35% for liver was obtained compared to PET measurements. The proposed model provides comparable
quantification accuracy to standard PET system independent of deep tissue CLI signal attenuation.
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Introduction

Nuclear biomedical imaging is a well-established technique in

molecular imaging.1,2 Such techniques include positron emis-

sion tomography (PET) and single photon emission computed

tomography (SPECT). These instruments through imaging

measure the distribution of tracer administrated into a body

and provide quantitative information of cellular function and

molecular process in living organisms without perturbing their

natural status. Hence, their role in biomedical research and

clinical application is widespread including drug development,

screening, diagnosis, tumor monitoring, and therapy.3-5 In par-

ticular, PET is very popular in various basic science research

using small animal models standing next to the most frequently

used optical in vivo imaging systems such as fluorescence and

bioluminescence imaging. Optical imaging systems, in contrast

to radionuclide-based imaging, have superior advantages in

preclinical imaging due to their lower cost, high temporal

resolution, and capability of imaging multiple animals for

high-throughput imaging.6 For clinical applications, use of

optical imaging systems is still very challenging due to high-

light photon absorption and scatter in human body. Overcom-

ing these challenges, some advances on optical imaging have

been recently made by positioning the detection instrument

near the optical sources as in endoscopy, intraoperative scan-

ning, and breast imaging. Therefore, optical imaging systems

may also play a key role in advancing molecular imaging for

specific clinical applications.6,7
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Cerenkov luminescence imaging (CLI) is potentially a cost-

effective imaging system based on Cerenkov radiation (CR),

which occurs when a charged particle travels through a dielec-

tric medium at a speed that exceeds the phase velocity of light

in that medium.8-11 Typically, these CR optical photons are

produced during the initial decay process of some isotopes,

many of which are used for PET or SPECT imaging. These

CR optical photons can be detected with a sensitive charge-

coupled device and converted into optical images (CLI).12-14

Radiotracer imaging with an already existing low-cost optical

imaging system could be potentially a cost-effective modality

supplementing the high-end PET or SPECT systems for pre-

clinical drug development, screening and possibly also for clin-

ical use. For this reason, CLI using two-dimensional (2-D CLI)

systems is recently becoming a topic of interest to many

researchers who have independently shown and validated its

capability to measure the distribution of various radionuclide

tracers, such as 89Zr, 64Cu, 18F, and 131I, for in vivo animal

imaging.15-17 Quantitatively, CLI has shown a relatively good

correlation with PET in cases of organs that show a high per-

centage uptake of the injected dose and in proximity to the

outer surface of the animal such as kidney, spleen, thymus, and

subcutaneous tumors in mouse models.18-20 However, the blue-

weighted CR optical photons are highly attenuated by tissue,

and thus, the quantitative accuracy of CLI on organs located

deeper in tissue is relatively very poor. In addition, for its cost-

effective solution, CLI is commonly performed using the exist-

ing optical imaging system that only images in 2-D. As a result,

large organs such as liver show significantly higher signal due

to the contribution of emission of light from thicker organs

within the measured region of interest (ROI). These limitations

prohibit accurate quantification of 2-D CLI and perform cali-

bration of the CLI signal to be comparable with PET measure-

ments. To overcome these limitations, we have developed a

model that first estimates the effective tissue attenuation coef-

ficient and computes tissue attenuation-corrected average sig-

nal intensity of 2-D CLI that is quantitatively comparable

within the order of magnitude of PET measurements.

Material and Methods

Model Description

The model was used for this study assuming standard diffusion

approximation of light propagation in a slab of material (tissue;

Figure 1A and B). Light, in this case Cerenkov radiation, when

propagating in biological tissue interacts with the tissue both in

the form of elastic scattering and absorption. The combined

effect of these interactions is expressed using the effective

attenuation coefficient, μeff given as19:

μeff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 � μaðμa

p
þ μ0s Þ; ð1Þ

where μa and μ0s are absorption and reduced scattering coeffi-

cients, respectively.

Under this assumption and considering the multispectral

characteristic, the total integrated radiance at the surface of the

slab Is(λ), on the defined ROI, can be computed from the total

integral radiance of the source, Io(λ), located at depth d as

follows.

IsðλÞ ¼ IoðλÞe�μeff ðλÞ�d ð2Þ
In Equation 2, the photon source, Io(λ), is assumed to have

an infinite small thickness t (t << d) along the optical path.

For a source with finite depth thickness t (Figure 1B), and

background signals, IBk, the total integral radiance measured at

the surface results from the sum of Cerenkov radiation emitted

at each source depth and is given as:

IsðλÞ ¼
ðd2

d1

IoðλÞe�μeff ðλÞ�d
0
dd

0 þ IBk : ð3Þ

Assuming top and bottom depth measurements, d1 and d2,

along the optical path (Figure 1B) and μeff are known a priori,

an estimate of average radiance per unit depth of the target

source can be determined from Equation 3 as follows:

IoðλÞ ¼
IsðλÞ � IBkðd2

d1

e�μeff ðλÞ�d0dd0
: ð4Þ

μeff can be determined a priori experimentally from the

phantom study. Thus, Equation 4 expresses background-

corrected estimate of true average CLI ROI measurements over

an organ independent of depth with the assumption that depth

and thickness of the specific organ is estimated a priori. How-

ever, in vivo measurement or a priori estimates of depth and

thickness of a specific organ along the optical path is slightly

challenging. With added cost and imaging time, a more accu-

rate estimate of depth and thickness of an organ of interest can

be obtained by performing multimodality imaging such as

three-dimensional (3-D) anatomical imaging using computed

tomography, ultrasound, and/or magnetic resonance imaging

before or after CLI scans. The added cost of these methods

will defeat the purpose of 2-D CLI as a potentially cost-

effective alternative to PET. Using existing optical imaging

systems, in vivo depth estimates can also be performed by

applying multispectral imaging techniques as described by Spi-

nelli et al19 for a point source in a homogenous flat slab of

tissue. But, the accuracy reported for this method is still very

poor with an uncertainty that may range between 10% and

Figure 1. Rectangular slab illustrating sources depth location and
depth dimensions within absorbing and scattering tissue medium,
showing (A) source at arbitrary depth d with negligible thickness and
(B) a source of thickness t at depth location d.
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25%.21 Recent development on the 3-D tomography of CLI

referred as “Cerenkov luminescence tomography” also indi-

cated the possibility of obtaining relatively accurate depth

information using various approaches.22

To simplify the estimates of depth and thickness of some

of the typical organs of interest such as liver, heart, kidney,

and spleen of mouse, we used an average organ size mea-

surement from ex vivo studies. In this case with only single

2-D CLI scan, an estimate of total radiance at any depth can

be measured without adding complexity to the standard low-

cost 2-D CLI system. Since size variations of similar organs

of an average size mouse is very small, these simplified

depth estimates may provide within acceptable range of

accuracy required for most of molecular imaging studies

using CLI.

Phantom Study

To obtain optical absorption and scattering equivalent to the

true biological tissue, we developed a phantom using a stack

of slices of ham. The ham slices used as a phantom in this

experiment consist of processed muscle and fat of swine,

which were assumed to closely mimic the optical properties

of the heterogeneous composition of tissue of live laboratory

mouse.23 Each slice was cut with similar mouse dimensions of

2.5 cm wide by 10 cm long with a thickness of 1.5-1.7 mm,

assumed to be uniform with each slice. For a typical 2 cm

height of mouse, a stack consisting about 13 slices of ham was

used as shown in Figure 2A. We implanted radioactive

sources on the lower half of the ham stack using 2 mL plastic

tubes cut into three depths (2, 7, and 12 mm) keeping the open

top of the tube in the same depth level as shown in Figure 2B.

We filled the tubes with a photon absorbing medium liquid

(Liposyn II; Abbott Laboratories, North Chicago, IL) and

radioisotopes (89Zr and 64Cu) and covered with a single slice

of ham. We then performed MicroPET/CT (Siemens Precli-

nical Solutions, Knoxville, TN) imaging and CLI on the phan-

tom sequentially. Cerenkov luminescence imaging was

performed using IVIS Spectrum System (Perkin-Elmer, Wal-

tham, MA). We performed repeated CLI scans at various

depths of tissue (*1.5, 3.0, 4.5, 6.0, and 7.5 mm) by adding

slices of ham on the top of the phantom to estimate the effec-

tive attenuation coefficient (μeff). The computed μeff was used

to estimate the source light intensity at each specific tissue

depth on animal study (section “Animal Study”) from the

measured CLI signal at the surface. For validation, we com-

pared the PET and CLI measurements after performing cor-

rections, partial volume correction (PVC) for PET and photon

tissue attenuation for CLI, using the proposed model.

Animal Study

Animal studies were approved by the Stanford University

Administrative Panel on Laboratory Animal Care. Transgenic

mice expressing the human CD20 (huCD20) were purchased

from Genentech (South San Francisco, CA) and housed in

static microisolator cages in the Association for Assessment

and Accreditation of Laboratory Animal Care-approved ani-

mal care facility. Prior to the animal study, huCD20 trans-

genic mice were screened to confirm the expression of CD20þ

targets in the spleen by reverse transcription polymerase chain

reaction. An anti-hCD20 tracer was prepared, 89Zr-rituxi-

mab.24 The tracer was administered in huCD20-expressing

transgenic mice (n ¼ 4). The tracer was expected to target

specifically the spleen, where most CD20þ B cells were hom-

ing. After tracer, administration animals were scanned using

both PET and CLI at various time points (24, 48, 72, 96, 120,

and 140 hours). After imaging, ROI analysis was performed

by drawing ROI on the spleen, liver, and background. We then

applied the proposed model on the extracted ROI value to

correct the CLI measurements using experimentally deter-

mined μeff (section “Estimate of Tissue Attenuation

Coefficient”).

Results

Figure 1 illustrates the tissue attenuation model and Figure 2

describes the phantom used for this study, a stack of slices of

ham emulating tissue attenuation in mouse models.

Estimate of Tissue Attenuation Coefficient

Attenuation of light in deep biological tissue depends on the

combined effect of light absorption and scattering in tissue.

This combined effect is expressed using inverse exponential

power law that is usually referred to as Beer-Lambert Law

given in Equation 1 above. Figure 3 shows the plot of CLI light

intensity transmitted through layers of ham tissue forming

Figure 2. A, Slab of optical tissue equivalent phantom of mouse
model consisting of slices of ham of thickness (1.5-1.8 mm). B,
Radiotracer sources of 89Zr in Liposyn II absorbing media placed in
three different cylindrical containers with an effective depth size of 12,
7, and 2 mm inside the phantom, respectively.
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different tissue depth thickness along the optical path of source

and charge coupled device (CCD) camera. Exponential fit to

the experimental data provides an estimate of the effective

tissue attenuation coefficient (μeff) for both isotopes used in

this study (*2.4 cm�1 for 89Zr and *2.6 cm�1 for 64Cu).

Model Validation

Comparison of PET and CLI analyses before and after correction

is summarized in Figure 4. Due to low resolution and partial

volume effect, PET shows (Figure 4, top) signal reduction for

small thickness of sources, which have been corrected using a

recovery coefficient method for PVC.25 CLI signal is highly atte-

nuated by tissue, which also has been corrected using the pro-

posed method (Figure 4, bottom). After correction, quantitative

measurement for both PET and CLI shows relatively uniform

signal intensity independent of tissue depth and source depth size

(thickness). From this study, an estimate of unit conversion factor

was also computed to convert the CLI measurements given in

radiance (p/s/cm2/Sr) to the standard PET measurements given

in units of μCi/cc (or %ID/g). The estimated unit conversion

factor for this study using 89Zr radioisotope was 2.74 �
10�3μCi/radiance. Note that different isotopes give different

CR light yields,7 which we should expect a different conversion

factor for each isotope that must be computed separately.

Animal Study

Estimates of depth and thickness of each organ of interest

(spleen and liver) were taken from ex vivo studies. Table 1

Figure 3. Exponential fit curve of Cerenkov luminescence imaging
signal for 89Zr and 64Cu isotopes detected as a function of tissue depth
used to estimate the average effective tissue attenuation coefficient.

Figure 4. Top: Sample of MicroPET/CT images and PET quantitative measurements with and without partial volume correction, Bottom:
Cerenkov luminescence imaging (CLI) at different depths and quantification of CLI signal before and after tissue attenuation correction using the
proposed model.
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shows mean (n¼ 4) values of thickness and depth of spleen and

liver as measured from the top surface of the mouse. The

organs were harvested from each mice with a similar weight

of 25 + 2 g).

Figure 5 shows the result comparing the CLI measurements

before and after correction. There is a notable difference in CLI

signal before and after correction especially for liver due to its

large organ depth size (thickness). Figure 6 shows the quanti-

tative comparison between PET and CLI measurements. In

order to compare CLI with PET, we converted the corrected

CLI signal to %ID/g using the conversion factor computed in

section “Model Validation” and dividing it by the decay-

corrected injected dose at each time point. After correction,

we obtained an average quantification difference between PET

and CLI values of less than 10% for spleen and 35% for liver,

respectively.

Discussion and Conclusion

In previous studies, we presented the application of CLI for

non-Hodgkin lymphoma imaging using the long half-life 89Zr-

rituximab tracer developed for PET with a humanized trans-

genic mouse model that expresses human CD20 in the spleen.17

In the study, we also showed the correlation of CLI with PET

quantitatively to evaluate its efficacy compared to PET. The

result indicated that CLI with standard nontomography 2-D

images could provide a good correlation with the 3-D tomo-

graphy PET scans especially for organs located near the top

surface of the mouse facing the CCD camera such as spleen.

Similar other studies also confirmed the correlation of CLI with

PET and its dynamic sensitivity for its capability to provide

low-cost alternative to PET instrument,12,13,15,18 which is the

main driving force for many research studies on this new emer-

ging imaging modality. According to many of these studies,

CLI has a good potential for many application supplementing

the high-end PET instrument. One of the most common appli-

cations is to use CLI as a low-cost high-throughput precursor or

validation for PET studies in vivo. Another major application is

for cost-effective screening of a large variety of radiopharma-

ceuticals in the drug development research.26 Some clinical

applications are also proposed, for example, in intraoperative

or endoscopic imaging or therapy of targeted structures in

human body.27 In order to fully take advantage of CLI as a

high-throughput low-cost alternative to PET applications, it is

also important for CLI to provide comparable quantitative mea-

surements with PET beyond mere correlation.

In this study, a CLI signal attenuation model is developed to

correct the CLI signal intensity emission from tissue depth

quantitatively. We demonstrated that using this model, rela-

tively accurate CLI signal intensity per unit depth could be

estimated that inherently is difficult to measure from conven-

tional ROI analysis performed by drawing ROIs on 2-D CLI

images alone (Figures 4 and 5). The heterogeneity and varia-

tion of optical properties on different organs or tissue type of

mouse such as skin, fat, muscle and bone, and optical bound-

aries along the light path, which is not considered on our sim-

plified phantom (Figure 2), may limit the accuracy and

applicability of this method. In addition, we observed a slight

overcorrection at a deeper depth (Figure 4), which may be due

to low light penetrating the tissue due total absorption and

scattering outside the defined ROI. Since this was not properly

considered on the model used, it also adds some limitations of

Table 1. Mean (n ¼ 4) Values of Thickness and Depth of Spleen and
Liver Measured From the Top of a Mouse After Its Placement on the
Scanner.

Organ Thickness12 Depth12

Spleen 2.5 1.5
Liver 17 10

Figure 5. Left: Cerenkov luminescence imaging (CLI) of mouse model
for spleen vs liver uptake study, Right: CLI quantification at different
time point before and after tissue attenuation correction using the
proposed model.

Figure 6. Left: positron emission tomography (PET) image of the
same animal used for Cerenkov luminescence imaging (CLI). Right:
Comparison of PET with tissue attenuation corrected CLI and after
converted to %ID/g using the calibration factor obtained from phan-
tom study.
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the accuracy of the model at a deeper depth (>0.5 cm) from top

surface.

CLI is limited in its scope applications compared to conven-

tional PET imaging due to high tissue photon attenuation,

hence the proposed or similar simplified methods may provide

PET equivalent quantitative radiotracer distribution measure-

ments within the limited CLI applications in small animal mod-

els such as tumor or other shallow tracer uptake monitoring.

This ability to compute PET equivalent quantitative measure-

ment combined with the advantage of long half-life radiotra-

cers such as 89Zr and 64Cu may allow alternative quantitative

CLI imaging to PET in places, where PET systems are not

available due to high-cost or other logistic reasons.
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