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The diffuse spread of glioma tumors leads to the inability to image and properly treat this disease.
The optical spectral signature of targeted fluorescent probes provides molecular signals from the
diffuse morphologies of glioma tumors, which can be a more effective diagnostic probe than
standard morphology-based magnetic resonance imaging �MRI� sequences. Three orthotopic xe-
nograft glioma models were used to examine the potential for transmitted optical fluorescence
signal detection in vivo, using endogenously produced protoporphyrin IX �PpIX� and exogenously
administered fluorescently labeled epidermal growth factor �EGF�. Accurate quantification of the
fluorescent signals required spectral filtering and signal normalization, and when optimized, it was
possible to improve detection of sparse diffuse glioma tumor morphologies. The signal of endog-
enously produced PpIX provided similar sensitivity and specificity to MRI, while detection with
fluorescently labeled EGF provided maximal specificity for tumors with high EGF receptor activity.
Optical transmitted fluorescent signal may add significant benefit for clinical cases of diffuse infil-
trative growth pattern glioma tumors given sufficient optimization of the signal acquisition for each
patient. © 2009 American Association of Physicists in Medicine. �DOI: 10.1118/1.3075770�
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I. INTRODUCTION

In this study, a spectrally resolved approach to detection of
two different targeted fluorescent proteins was analyzed for
the sensitivity and specificity of detecting glioma tumors
with different structural morphologies. Clinically, glioma tu-
mors are diagnosed with contrast MR or CT, yet it is well
known that the sensitivity and specificity of these diagnostic
procedures are not always near the ideal values,1,2 which is
especially true for brain stem glioma with a diffuse pattern of
growth.3 Measurements of fluorescence were analyzed in
conjunction with magnetic resonance �MR� imaging of per-
tinent xenograft glioma models to examine the conditions
where MR and optical signals provide complementary infor-
mation, particularly for diffuse tumor morphologies which
contribute to some of the most difficult cases to diagnose and

3,4
treat. The molecular signature of the tumor was measured
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optically using two molecularly targeted probes; one specific
for cellular metabolism and the other for tracking epidermal
growth factor receptor �EGFR� tumor status. Aminolevulinic
acid was administered to tumor-bearing animals prior to
measurement of endogenously produced protoporphyrin IX,
which is well known to produced significant signal that has
shown success in guiding glioma surgery, yet has not been
examined for glioma diagnostic work.5,6 The second ap-
proach examined was exogenously administered epidermal
growth factor �EGF� labeled with a near-infrared fluorescent
tag, and this approach was chosen due to the overexpression
of EGFR in many glioma tumors. The transmitted fluores-
cence signal was spectrally resolved, and the signal intensi-
ties were normalized to the transmitted excitation light sig-
nals to make it more robust and less sensitive to positioning

and tissue shape. These specific tumor models were chosen
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to illustrate and examine which fluorescent proteins were
most beneficial, and the two choices examined were related
to known protein contrast mechanisms specific for glioma
tumors.7,8 Most implanted murine brain tumor models grow
as large bulk masses that significantly disturb the brain struc-
ture and are readily detectable by structural based imaging
techniques such as standard MRI and CT. The rationale for
this work was that optical signals are diffusely transmitted,
and thus could provide contrast even when the tumor had a
diffuse scattered morphology.

II. METHODS

II.A. Fluorescence modeling

A three dimensional �3D� mouse head model was con-
structed from 745 computed tomography �CT� slices, with
0.047 mm resolution, of a male nude mouse head collected
using a eXplore Locus preclinical in vivo MicroCT Scanner
�GE Healthcare, Ontario, Canada�. This data set was used to
create a 3D volumetric mesh through image segmentation,
using the medical imaging software MIMICS™ �Materialise,
Inc.� and geometry description. The outer surface of the
mouse head as well as the interior regions of brain, bone, and
skin were segmented using this software �Fig. 1�a��. The
outer head surface was exported in sterolithography format
and meshed into a tetrahedral finite element mesh using
meshing software NETGEN, with a maximum element size of
0.8 mm. The mesh contained 86 927 tetrahedral elements
corresponding to 18 662 nodes and was tagged with different
material properties for the areas of brain, bone, skin, and
adipose tissue �Fig. 1�b��. These regions of the mesh were
suitably labeled with corresponding optical properties at the
excitation and emission wavelengths from literature.9,10 This
mesh was used for further computation, which is described
as follows.

The NIRFAST light diffusion modeling package was used
to simulate light fluence rate of the laser source and the emit-
ted fluorescence wavelengths in tissue.11 The two source-
detector configurations used for in vivo experiments were
modeled to compare the ability to detect tumors of varied
sizes, contrasts, and positions. Results with two fiber optic
source-detector configuration, simulating the single channel
spectroscopy system �Fig. 1�c��, were compared to results
obtained with eight fiber optic source-detector configuration,
simulating the multichannel spectroscopy system �Fig. 1�d��.
In each case, the fiber optic could act as either a source or a
detector, but not simultaneously. Thus, for the two fiber optic
configuration two measurements were obtained from the
model, while for the eight fiber optic configuration, 56 mea-
surements were obtained from the model. For both fiber op-
tic configurations the obtained measurements were averaged
into a single number to be compared between animals. For
control mice, an anomaly was not included in the mesh and
the light fluence rate of the excitation and the emitted wave-
length in the tissue was modeled. A spherical anomaly with a
radius of 0.5–5 mm increased by 0.5 mm increments was
used to simulate a growing tumor. Fluorescence contrast ra-

tios of 2:1, 3:1, 4:1, 5:1, 7:1, and 10:1 tumor tissue to normal
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tissue were modeled for each tumor size. In this study two
tumor positions were modeled which included the tumor at
the center of the brain and a more realistic case of the tumor
of 1 mm in on all axes from the top, left edge of the brain.
The area under the curve at the excitation wavelength and the
emission wavelength were calculated so that data could be
reported as a single number representing the fluorescence to
transmittance ratio. To determine the difference in signal in-
tensity between a tumor-bearing mouse and a non-tumor-
bearing mouse, the fluorescence to transmittance ratio of a
control mouse was subtracted from an anomaly-bearing
mouse. This quantity was then normalized by the signal in-
tensity of the control mouse.

II.B. Cell culture

Three cell lines were used in the current study; the 9L-
GFP rat gliosarcoma line which had been transfected with
green fluorescent protein �GFP�,12 the U251 human glioma
line and the GFP variant of this cell line which was trans-
fected in the laboratory �U251-GFP�. The U251 parent line
was transfected using the pAcGFP1-N1 vector �Clontech�,
Lipofectin Reagent �Invitrogen, Carlsbad, CA�, and Geneti-
cin selective antibiotic �Invitrogen, Carlsbad, CA� at a con-
centration of 700 �g /ml in the growth medium. The cells
were transfected according to the manufacture instructions
and grown in selection media during three rounds of selec-
tion via a FACSAria �Becton Dickinson, San Jose, CA�. All
stable cell lines were grown in Dulbecco’s modification of
eagle’s medium �DMEM� supplemented with 10% fetal bo-
vine serum �FBS� and 1% penicillin/streptomycin from a
stock solution of 10 000 IU penicillin and 10 000 �g /ml
streptomycin �Mediatech, Inc., Herndon, VA�. Cells were in-
cubated at 37 °C in a 95% air and 5% carbon dioxide hu-
midified environment.

II.C. Murine glioma model

The three cell lines described previously �9L-GFP, U251,
U251-GFP� were used for intracranial implantation. Cells
were implanted at 1�106 in 10 �l of phosphate buffered
saline �PBS� via a Hamilton syringe. Male athymic nude
mice about 6 weeks in age were used in all studies. The mice
were anesthetized with a ketamine/xylazine mixture admin-
istered intraperitoneally �IP� in a 90:10 mg/kg ratio. Their
body temperature was maintained using a heating pad during
the surgical procedure. A small incision was made through
the scalp, exposing the skull. A dremel drill with a 1 mm
diameter bit was used to create a hole 2 mm behind the
bregma and 2 mm to the left of the midline. The Hamilton
syringe was inserted stereotactically through the hole, 2 mm
deep into the brain tissue where the cells were deposited over
a 5 min period. Following the injection, the needle was
slowly removed and the skull and scalp were cleaned. Bone
wax was used to close the hole in the skull and Vetbond �J.A.
Webster, Inc., Sterling, MA� was used to close the incision in

the scalp. Mice were examined daily to ensure proper healing
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of the scalp. All control mice were implanted with 10 �l of
PBS without cells to mimic the surgical procedures per-
formed on the tumor-bearing mice.

II.D. Fluorescence spectroscopy systems

Two transmission fluorescence spectroscopy systems were

(a) (b)

(c) (d)

(e) (f)

(g) (h)
used in these studies: a single channel system and a multi-
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channel system. The protoporphyrin IX fluorescence data
were collected using the single channel spectroscopy system
consisting of a single spectrometer �1200 l/mm grating,
SpectraPro 300, Acton Research, Acton MA� coupled to a
CCD camera �Spec-10:400BR/XTE, Princeton Instruments,
Acton MA� cooled to −90 °C, a 2 W 635 nm diode laser

system �Power Technology, Alexander AR�, and a light tight

FIG. 1. �a� Segmented mouse head
boundary with skin, brain, and bone
regions defined. �b� Mouse head mesh
with slice showing the skin, brain,
bone, and adipose regions. In �c� a fi-
ber optic source-detector pair is shown
for transmittance measurement. In �d�
positioning of eight fiber optics are
shown. The signal relative to tumor
size and the tumor contrast is plotted
with the measured contrast in the color
scales of �e�–�h�. In �e� is the contrast
with tumor positioned at the center of
brain using a single source-detector
pair for measurement. In �f� the same
tumor position was used, with eight
sources and detectors and averaged
measurements. In �g� the contrast from
an off center tumor, using a single
source-detector pair is shown, and in
�h� the signal from the off center tu-
mor is shown with all eight fiber mea-
surements averaged together.
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box for mouse measurements. The light from the 635 nm
laser was collimated onto the chin of the mouse and a second
collimator was placed opposite the laser light on the head of
the mouse, where the light was passed through a 650 nm LP
filter and into the spectrometer. The light was detected after
passing through the spectrometer and onto a cooled CCD
camera, where it was captured and transferred using com-
mercially supplied software �WINSPEC, Acton Research�. The
spectrometer was centered at 705 nm to collect PpIX fluo-
rescence emission data and at 615 nm to collect the transmit-
ted excitation light from the laser. At each time point the
mouse was placed in the light tight box where fluorescence
and transmittance measurements were collected prior to any
movement of the mouse. The EGF fluorescence data were
acquired using the multichannel transmission spectroscopy
system which has been described in detail previously.13

Briefly this system consisted of eight spectrometers used in
the current study and a continuous wavelength of 690 nm
laser coupled into a rotary stage. Each spectrometer had a
filter wheel containing a 720 nm LP filter and a 2 OD filter
used in this study. The system was controlled through LAB-

VIEW based software.
The spectrometers were centered at 820 nm to collect epi-

dermal growth factor �EGF� conjugated IRDye 800CW
�EGF-IRDye� �LI-COR Biosciences, Lincoln, NE� emission
data and at 690 nm to collect the transmission data. The
emission data set was collected using the 720 nm LP filter
and the 300 1/mm grating while the transmission data set
was collected using the 2 OD filter and the 1200 1/mm grat-
ing. A mouse holder was constructed from liquid
epoxy/resin14 using a silicon mouse prototype to obtain a
“mouse-shaped” mold allowing for repeatable fiber place-
ment around the head.

The raw excitation and emission data obtained from spec-
troscopy were postprocessed through spectral fitting fol-
lowed by normalization. The raw fluorescence emission data
were spectrally fitted using a MATLAB program to do a linear
least-squares fitting to appropriate phantom data to decon-
volve the fluorescence signal from any bleed through signal.
Both the spectrally fitted emission data and the excitation
data were normalized to counts per second accounting for
varied exposure times. The excitation spectrum was used to
integrate the area under the laser peak. Then, the spectrally
fitted fluorescence data were normalized to the integrated
excitation data yielding the fluorescence to transmittance ra-
tio. Following normalization the fluorescence spectra were
integrated providing one number representing the area under
the curve, which could be compared between animals.

II.E. MRI of murine brain tumors

MR imaging was completed using a Philips 3T Achieva
MRI scanner, with a research rodent coil insert designed spe-
cifically for imaging mice and rats. T1 turbospin echo �TSE�
contrast enhanced �CE� with gadolinium DTPA and T2 TSE
sequences were routinely used to visualize brain structure
and vascular volume changes due to tumor growth. T1 TSE

images were collected before and after gadolinium adminis-
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tration via an IP catheter, enabling T1 difference images to
be calculated and used to increase the ability to visualize
gadolinium uptake. Additional sequences were adapted for
mouse imaging from standard sequences. The most success-
ful of these sequences included T2 fluid attenuated inversion
recovery �FLAIR�, T1 inversion recovery �IR�, and T1 fast
field echo �FFE�. Parameters such as slice thickness, field of
view, and the size of the reconstruction matrix were varied
and tested to allow acquisition of the qualitatively best im-
age. Analysis of MRI visibility of the three brain tumor mod-
els was completed by measuring the intensity in a region of
interest in the tumor and a similar region of interest in the
normal, contralateral side of the brain. The tumor tissue to
normal tissue contrast was calculated using this analysis for
at least five MRI slices per imaging sequence per animal. For
control animals, the signal intensity in a similar region of
interest in each hemisphere of the brain was used to calculate
a comparable contrast ratio.

II.F. Fluorescence detection of murine brain tumors

Two fluorophores were used for fluorescence detection of
murine brain tumors including an intracellular and extracel-
lular fluorophores. The prodrug aminolevulinic acid �ALA�,
which is converted intracellularly to fluorescently detectable
protoporphyrin IX �PpIX� via the heme synthesis pathway,
was monitored using the single channel spectroscopy system.
Prior to ALA administration mice were placed in the fluores-
cence spectroscopy system to measure their endogenous
background PpIX fluorescence. Following background PpIX
measurements, 100 mg/kg ALA was administered IP to all
mice prior to exogenous PpIX fluorescence measurements.
Two hours after ALA administration the mice were placed
back in the spectroscopy system where their fluorescence and
transmittance were again measured. Finally, the brain was
extracted and placed into the spectroscopy system for ex vivo
PpIX measurements of the brain tumors in situ. The brains
were then sectioned coronally and imaged for PpIX fluores-
cence in each slice on a reflectance raster scanner �Typhoon
9410 variable mode imager, GE Life Sciences� using a 635
nm laser for excitation and 650 nm LP filter for emission.
The GFP transfected tumors were also imaged for GFP fluo-
rescence on the reflectance raster scanner using a 488 nm
laser for excitation and a 526 nm short pass filter for emis-
sion prior to movement of the tissue sample. All ex vivo
samples were preserved in 10% formalin and stained with
hematoxylin and eosin �HE�.

The multichannel spectroscopy system was used to moni-
tor EGF-IRDye fluorescence 24 after IV administration of 1
nmole EGF-IRDye.15 The multichannel transmission spec-
troscopy system enabled collection of 56 measurement
points from around the head for all animals. The average of
the control mice �n=8� was calculated at each of the 56
points. All mice were normalized to the average of the con-
trol animals by subtracting the average control mouse data
and dividing the result by the average control mouse data on
a point-by-point basis. The 56 normalized data points were

then averaged into a single number providing a robust fluo-
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rescence signal from around the mouse head. Following in
vivo measurements the mice were sacrificed, their brains ex-
tracted and sectioned coronally into quarters. The brain sec-
tions were imaged for EGF-IRDye fluorescence on the Od-
yssey Infrared Imaging System �LI-COR Biosciences,
Lincoln, NE� using the 800 nm channel and for GFP fluores-
cence on the reflectance raster scanner, after which the brains
were preserved in 10% formalin for HE staining.

III. RESULTS

III.A. Optical detection simulation study

One important issue about how light measurements would
be optimally used to detect tumor tissues is the logistical
problem of how to bring light in and out of the tissue rou-
tinely, in a robust and maximally sensitive manner. Light
transport modeling studies were used to analyze this strategy
looking at the murine geometry for tumors in the brain of
different sizes and contrasts �Fig. 1�.13,16 The excitation light
signal input was transmitted through the head in a diffuse
manner, and the fluorescence signal was also highly diffused
as it was generated. Quantitative detection of a tumor inside
the cranium was analyzed by plotting the calculated fluores-
cence to transmittance ratio signal, normalized by the signal
without a tumor. The two tumor positions examined were �i�
at the center of the brain and �ii� 1 mm in from the top, left
edge of the brain on all axes. The average of all collected
measurements including different fiber geometries are re-
ported in Figs. 1�e�–1�h�. When the tumor was positioned in
the fiber plane, tumor detection was better using the two fiber
optic configuration �Fig. 1�e�� than the eight fiber optic con-
figuration �Fig. 1�f��. Therefore, the transmission measure-
ment directly across the mouse head showed the largest dif-
ference in signal intensity when compared to the control
mouse. Averaging the light path with the largest contrast with
additional measurements that sampled varied parts of the
brain tissue confounded the signal in comparison to measure-
ments directly across the tumor. However, in the more real-
istic case where the tumor was not directly in the plane of the
fiber optics, detection was better using the eight fiber optic
configuration �Fig. 1�h�� than the two fiber optics �Fig. 1�g��,
since this geometry sampled varied light paths across the
brain. This simulation illustrated the extreme positional sen-
sitivity of optical transmission measurements when the tu-
mor position is not exactly known.

III.B. Analysis of glioma model morphology and MR
detection

MR detection of the three tumor types �9L-GFP, U251
and U251-GFP� was cell line dependent due to significant
differences in growth pattern in the brain. The 9L-GFP and
U251 tumors grew in solid masses, which appeared to have
substantial breakdown of the blood brain barrier, while the
U251-GFP tumors had a much different growth pattern.
Three example mice with theU251-GFP tumor can be seen in
Fig. 2, where the bottom two rows illustrate T1 turbo spin

echo �TSE� contrast enhanced �CE� MRI. The MR images in
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Fig. 2�a� enabled detection of the U251-GFP tumor at 29 and
35 days following implantation. However, this was anoma-
lous for the U251-GFP tumor type and in most U251-GFP
implanted mice the T1 TSE CE MR images did not enable
reliable detection of the tumor tissue from the normal brain
tissue �Figs. 2�b� and 2�c��. In most cases, even if a suspected
region was present in the MR, the tumor boundaries were
blurry such that shapes and volumes could not be visualized
accurately. MR imaging readily detected both the U251 and
9L-GFP implanted tumors. Representative sample 9L-GFP
tumors, shown in Fig. 3 �bottom row�, had significant con-
trast compared to the normal brain tissue by T1 TSE CE MRI
21 days following implantation. In contrast to the U251-GFP
tumor-bearing mice, all three example 9L-GFP tumor-
bearing mice had tumor tissue that was well demarcated by
T1 TSE CE MRI, such that size and volume could be easily
visualized.

The contrast of each tumor type by MRI was calculated
using the tumor to normal tissue ratio for each image se-

PpIX

GFP

H+E

T1 TSE CE

PpIX

GFP

H+E

35 days

T1 TSE CE

35 days

T1 TSE CE

T1 TSE CE

24 days

29 days

T1 TSE CE

29 days

T1 TSE CE

29 days

PpIX

GFP

H+E

(a) (b) (c)

FIG. 2. Three representative examples of mice implanted with U251-GFP
brain tumors. The first three rows illustrate ex vivo data, with the top row
showing PpIX fluorescence and the second row showing GPF fluorescence
and the third row showing the corresponding H+E image. The bottom two
rows illustrate in vivo T1 turbospin echo �TSE� contrast enhanced �CE�
MRI, with the next to the bottom row showing MRI 29 days after tumor
implantation and the bottom row showing MRI 35 days following implan-
tation. All three cases show that the PpIX fluorescence images, the GFP
images and H+E images show tumor at the same location. The MRI image
in �a� shows the tumor is well demarcated by T1 TSE CE MRI. However,
this is an anomalous case and most U251-GFP tumors are most similar to
those shown in �b� and �c� where the tumor is not well demarcated in the T1
TSE CE MRI and very difficult to visualize.
quence. The tumor to normal tissue contrast ratio for the
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9L-GFP, U251, U251-GFP, and non-tumor-bearing control
animals are shown in Figs. 4�a� and 4�b� for the T1TSE CE
and T2 TSE MRI, respectively. The U251-GFP tumor to nor-
mal tissue contrast was further assessed for T1 difference, T2
FLAIR, T1 IR, and T1 FFE MRI to determine if these alter-
nate MRI sequences increased the tumor to normal tissue
contrast compared to standard sequences �Fig. 4�c��. The 9L-
GFP and U251 brain tumors had higher tumor to normal
tissue contrast with T1 TSE CE MRI than the control mice
�mean tumor to normal tissue contrast: 9L-GFP=1.41,
U251=1.30, control=0.98 �Fig. 4�a���. In comparison, the
tumor to normal tissue contrast of the U251-GFP brain tu-
mors by T1 TSE CE-MRI was very similar to that of the
control mice �mean tumor to normal tissue contrast:
U251-GFP=1.04 �Fig. 4�a��. Both the 9L-GFP and U251
brain tumors also had greater contrast as compared to control
mice by T2 TSE MRI, while the U251-GFP brain tumors
again showed very similar contrast to the control mice �mean
tumor to normal tissue contrast: 9L-GFP=1.26, U251=1.46,
U251-GFP=1.00, control=0.97 �Fig. 4�b��.

The difference in MRI detection was more comprehen-
sively assessed through receiver operator characteristic
�ROC� curves, which were constructed from the contrast data
using a parametric model-based ROC analysis17 where each

PpIX

GFP

H+E

T1 TSE CE T1 TSE CE T1 TSE CE

PpIX

GFP

H+E

PpIX

GFP

H+E

(a) (b) (c)

FIG. 3. Three representative examples of mice implanted with 9L-GFP brain
tumors. The first three rows illustrate ex vivo data, with the top row showing
PpIX fluorescence, the second row showing GPF fluorescence, and the third
row showing the corresponding H+E image. The bottom row illustrate in
vivo T1 turbospin echo �TSE� contrast enhanced �CE� MRI. In �a� it can be
seen that the PpIX fluorescence is largely confined to the bulk tumor, al-
though a portion of the tumor tissue does not appear to have PpIX produc-
tion as compared to the corresponding GFP and H+E images. However,
most of the examples of this tumor line show PpIX production patterns more
similar to those illustrated in �b� and �c� where the PpIX fluorescence is only
in the periphery of the tumor tissue and not necessarily in the bulk tumor. As
can be seen in �a�–�c�, the 9L-GFP tumor is well demarcated by T1 TSE CE
MRI.
analysis was summarized by the area under the curve �AUC�.

Medical Physics, Vol. 36, No. 3, March 2009
The true positive fraction �TPF� and the false positive frac-
tion �FPF� values were plotted for both T1 TSE CE and T2
TSE MRI. T1 TSE CE and T2 TSE MRI had perfect ROC
curves for the 9L-GFP and U251 where the AUC was equal
to one indicating that tumors could be detected with 100%
sensitivity and specificity at all thresholds �Figs. 4�a� and

(a)

(b)

(c)

FIG. 4. All graphs show tumor signal/signal on contralateral side of brain,
with an inset ROC curve comparing the control animals with each tumor-
bearing group. �a� TI TSE CE MRI for 9L-GFP, U251, and U251-GFP
tumor-bearing mice. The control mice did not have implanted tumors, but
did have sham surgery. �b� T2 TSE MR for 9L-GFP, U251, U251-GFP, and
control mice. The T1 TSE CE and T2 TSE MRI allow for visualization of
the 9L-GFP and U251 tumor-bearing mice as compared to the control mice.
However, both conventional imaging sequences fail to discern the U251-
GFP tumors in the mice. Additional MR imaging sequences were conducted
for the U251-GFP mice, the contrasts of which are illustrated in �c�. The
MRI sequences included T1 TSE with contrast and T1 TSE without contrast,
providing the ability for difference imaging, T1 fast field echo �FFE�, T2
fluid attenuated inversion recovery �T2 FLAIR�, and T1 inversion recovery
�TI IR�.
4�b��. Conversely, the U251-GFP tumors were difficult to
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detect by both T1 TSE CE and T2 TSE MRI, as illustrated by
the ROC curves in Fig. 4. T1 TSE CE-MRI provided slightly
better detection �AUC=0.80� than T2 TSE MRI �AUC
=0.67� of the U251-GFP tumors.

Due to the inability to reliably detect the U251-GFP brain
tumors by conventional T1 TSE CE and T2 TSE MRI, addi-
tional MRI sequences were used to try to gain contrast in the
tumor tissue over the normal tissue. T1 TSE sequences were
collected prior to the administration of the contrast agent and
again after the administration of the contrast agent without
movement of the mouse to allow for difference imaging. As
can be seen in Fig. 4�c�, difference imaging showed in-
creased contrast in some of the U251-GFP brain tumors over
that of the control mice, but did not allow for visualization of
all tumors of this variety. T1 fast field echo �FFE�, T2 fluid
attenuated inversion recovery �T2 FLAIR�, and T1 inversion
recovery �T1 IR� were also tried, with marginal success on
average �Fig. 4�c��. ROC curves were also constructed for
these sequences and compared via area under the curve.
U251-GFP tumor detection via T1 FFE �AUC=0.81� was
similar to that of T1 TSE CE MRI. U251-GFP tumor detec-
tion via T1 difference �AUC=0.59�, T2 FLAIR �AUC
=0.65�, and T1 IR �AUC=0.38� were worse than detection
via T2 TSE and thus largely unsuccessful.

III.C. Analysis of endogneously produced PpIX
fluorescence detection of glioma models

The three tumor types �9L-GFP, U251, U251-GFP� were
measured optically with the single channel spectroscopy sys-
tem, using endogenously produced PpIX following ALA ad-
ministration, which is known to be abundant in glioma tu-
mors relative to normal brain. The PpIX fluorescence of each
mouse was normalized to the average PpIX fluorescence of
the control mice �n=18� and the mean PpIX fluorescence of
each tumor type was significantly higher than the control
mean PpIX fluorescence 2 h after the administration of 100
mg/kg ALA �p-value between control group: 9L-GFP
=0.037, U251=0.010, U251-GFP=0.027�. The normalized
mean PpIX fluorescence 2 h after that administration of ALA
was 1.0 for the control group, 1.28 for the 9L-GFP, 1.49 for
the U251, and 1.17 for the U251-GFP tumor-bearing groups
�Fig. 5�a��. By ROC analysis, in vivo PpIX spectroscopy was
better able to detect the U251 �AUC=0.78� and U251-GFP
�AUC=0.79� than the 9L-GFP �AUC=0.59� tumor-bearing
mice �Fig. 5�a��. After spectroscopy measurements were
completed the brains were sectioned coronally and imaged
using a raster scanning system. Three representative ex-
amples of the PpIX fluorescence in a coronal section of a
representative U251-GFP sample tumor can be seen in the
top row of Fig. 2. The PpIX fluorescence was contained
within the bulk tumor region of the three mice shown as can
be seen when the images were compared with corresponding
GFP and HE images �Fig. 2, second and third row�. In con-
trast, when the 9L-GFP tumor-bearing mice were considered,
the PpIX fluorescence was sometimes contained within the
bulk tumor tissue �Fig. 3�a��, but more often was only seen at

the periphery of the tumor tissue �Figs. 3�b� and 3�c��.
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III.D. Analysis of targeted growth factor fluorescence
detection of glioma models

The multichannel spectroscopy system was used to assess
fluorescence signature differences between the 9L-GFP and
U251-GFP intracranial tumors using fluorescently labeled
EGF �EGF-IRDye�. In vitro studies indicated that the U251-
GFP cell line had 20-fold higher EGF uptake as compared to
the 9L-GFP cell line, thus detection of the U251-GFP tumors
over non-tumor-bearing control animals was expected to be
better than detection of the 9L-GFP tumors. The relative av-
erage fluorescence difference between the average non-
tumor-bearing control animals �n=8� and the tumor-bearing
groups was calculated 24 h after IV administration of EGF-
IRDye. The tumor-bearing groups had higher relative mean
difference in the EGF-IRDye fluorescence as compared to
control animals �mean relative difference: control=0.0057,
9L-GFP=0.23, U251-GFP=0.58� �Fig. 5�b��. The mean
fluorescence of the U251-GFP tumor-bearing mice was sig-
nificantly higher than the control �p-value=0.001� while no
significant difference was detected between the 9L-GFP
tumor-bearing mice and the control �p-value=0.107�. ROC
analysis revealed that the U251-GFP tumors could be de-
tected with 100% sensitivity and specificity over non-tumor-
bearing control animals �AUC=1.0� using EGF-IRDye fluo-

(a)

(b)

FIG. 5. PpIX and EGF-IRDye fluorescence spectroscopy measurements
were collected for mice with diffuse growing and bulk growing tumor tissue.
�a� In vivo PpIX fluorescence 2 h after the administration of ALA. �b� In
vivo EGF-IRDye fluorescence 24 h following intravenous administration.
ROC curves are inset to illustrate detection of each tumor type over non-
tumor-bearing control mice for each fluorophore.
rescence �Fig. 5�b��. Due to the low uptake of EGF-IRDye



981 Gibbs-Strauss et al.: Diagnostic detection of diffuse glioma tumors 981
by the 9L-GFP tumors, ROC analysis of the detection of
these tumors over non-tumor-bearing control animals re-
vealed an AUC or 0.74.

A representative example of each tumor type was exam-
ined for EGF-IRDye uptake ex vivo. The U251-GFP tumors
showed EGF-IRDye uptake corresponding to the size and
shape of the tumor tissue, as seen when ex vivo GFP, EGF-
IRDye, and HE images �Fig. 6�a�� were compared. In con-
trast, a representative 9L-GFP tumor-bearing mouse showed
heterogeneous EGF-IRDye uptake which did not correspond
to the tumor size and shape when the EGF-IRDye image was
compared to corresponding GFP and HE images �Fig. 6�b��.

IV. DISCUSSION

Significant detection differences are seen between stan-
dard MR imaging sequences and functional optical spectros-
copy for different glioma tumor models. Detection via tumor
structure is difficult for diffusely growing tumor tissues, and
diffuse optical measurement may significantly improve tu-
mor detection when used to probe fluorescent proteins that
are specific to the molecular features of a tumor. In contrast,
optical imaging for well demarcated bulk tumors was less
sensitive than MRI as standard MR sequences can generally
provide 100% sensitivity and specificity in these cases.

EGF GFP H+E

EGF GFP H+E

T1 TSE CE T2 FLAIR T1 IR

T1 TSE CE T2 FLAIR T1 IR

9L-GFP

U251-GFP (a)

(b)

FIG. 6. Example EGF-IRDye detection of 9L-GFP and U251-GFP intracra-
nial tumors. �a� Ex vivo EGF-IRDye, GFP, and H+E sections of a represen-
tative mouse from the U251-GFP group are shown in the first row. Qualita-
tively corresponding in vivo MRI images of the same section are shown in
the second row. �b� Ex vivo EGF-IRDye, GFP, and H+E sections of a
representative mouse from the 9L-GFP group are shown in the first row.
Qualitatively corresponding in vivo MRI images of the same section are
shown in the second row.
Glioma tumors are incurable and cause death from their dif-
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fuse, infiltrative component, which is not easily visualized or
resected and thus continues to grow following surgical inter-
vention. Additionally in pediatric glioma some of the more
problematic cases come in a diffuse morphology which is not
as readily observed by standard contrast MR imaging.

Optical imaging of tumors is now widespread through
most preclinical research centers, and optimization of the
approach for detection of deep orthotopic tumors is an area
which is developing,18 but is still limited in utility due to
light sampling through bulk tissue. While many imaging sys-
tems operate in reflectance mode, where the source and de-
tector are on the same side of the animal, detection of tumors
deep in the tissue is generally not successful with this ap-
proach. Transmittance-style imaging of fluorescence is an ef-
fective way to improve signal, yet it requires careful system
analysis, and is highly sensitive to the tissue geometry and
signal normalization process.19–22 Commercial
transmittance-style systems are now available, but measure-
ments must be interpreted with care due to the nonlinear
response and attenuation, as well as the effects of tissue cur-
vature and tissue layers. However, since the light spreads
throughout the tissue and is transmitted diffusely through the
tissue, the ability of this scattered light field to sample tu-
mors which are infiltrating and have a “diffuse growth mor-
phology” would likely be good if utilized appropriately.23

In the current study, a simulation of two different source-
detector configurations, modeling the single channel, and
multichannel transmission spectroscopy system was used to
assess brain tumor detection at varied locations in the cra-
nium. Brain tumor detection over non-tumor-bearing control
animals was better for the two fiber optic source-detector
configuration �Fig. 1�e��, then the eight fiber optic source-
detector configuration �Fig. 1�f�� when the tumor was at the
center of the brain. However, when the simulated tumor was
more realistically placed in 1 mm in from the top left edge of
the brain on all axes, tumor detection was better using the
eight fiber optic source-detector configuration �Fig. 1�h��
than the two fiber optic source-detector configuration �Fig.
1�g��. Thus, when the tumor was directly in the measurement
plane, the two fiber optic configuration measured higher con-
trast difference than the eight fiber optic configuration. In the
case of the eight fiber optic configuration, all measurements
from around the head were averaged into a single number,
and thus light path measurements that did not travel directly
across the tumor tissue positioned at the center of the brain
confounded the detection of the tumor by signal averaging.23

Conversely, when the tumor was placed more realistically,
the eight fiber optic configuration performed better than the
two fiber optic configuration since the eight fiber optic con-
figuration provided a more robust measurement of fluores-
cence signal from around the cranium as opposed to a single
light path across the brain.

MRI is the gold standard for glioma tumor detection and
is successful at brain tumor visualization. However, tumor
detection and visualization are dependent on tumor growth
pattern, where diffuse growth can be very difficult to detect

by MR imaging. In the current study, glioma tumor detection
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by MRI of the well-demarcated models or the diffusing
growing tumor model was marginally dependent on the se-
quence and more dependent on the in vivo tumor growth
pattern. The well-demarcated bulk tumors were readily de-
tected by T1 TSE CE and T2 TSE MRI with 100% sensitiv-
ity and specificity �Figs. 4�a� and 4�b��. These tumors ap-
peared hyperintense by both T1 TSE CE and T2 TSE MRI
and had sharp tumor boarders that were easily visualized
�Fig. 3�. In contrast, the diffusely growing tumor model was
difficult to detect via standard T1 TSE CE or T2 TSE imag-
ing as well as T1 difference, T2 FLAIR, T1 IR, or T1 FFE
sequences adapted for murine glioma imaging �Fig. 4�c��.
ROC analysis revealed a calculated AUC of 0.81 or less
depending on the MRI sequence used. As illustrated by Fig.
2, MRI visibility was not necessarily based on the implanted
brain tumor cell line, but rather the pattern of tumor growth.
Three example mice with U251-GFP implanted tumors are
shown where Fig. 2�a� shows a mouse with a well-
demarcated tumor that was readily visible by T1 TSE CE
MR, while Figs. 2�b� and 2�c� show diffusely growing tumor
tissue that was difficult to discern via T1 TSE CE MR.

Two fluorescent probes were used evaluate brain tumor
detection sensitivity using optical spectroscopy fluorescence
to transmittance measurements. Intracellular, PpIX produc-
tion was measured using the single channel spectroscopy
system in all three murine glioma tumor models, albeit with
differing levels of sensitivity and specificity. After the ad-
ministration of the prodrug, ALA, exogenous, intracellular
PpIX fluorescence was produced at different levels in each of
the tumor bearing groups. Detection of tumor tissue by PpIX
fluorescence was not dependent on growth pattern as seen by
MRI, but rather was determined by tumor tissue metabolism.
Intracellular PpIX production was increased in rapidly pro-
liferating tumor tissue �Fig. 2� as compared to senescent cells
at the center of a large bulk tumor �Fig. 3�. Thus, tumor
detection via PpIX fluorescence was improved for tumor tis-
sue with high metabolic rate over tumor tissue that was se-
nescent due to its large size and inability for further growth
in the confined space of the cranium �Fig. 5�a��. Due to the
large size of the 9L-GFP tumors, detection was better by
MRI than by functional metabolic fluorescence spectroscopy.
The diffusely growing U251-GFP tumors were detected at a
similar rate by either functional PpIX spectroscopy or MRI.

Alternative methods to use optical fluorescence of pro-
teins are to label with a fluorescent tag and to choose pro-
teins that are well tolerated by the biological system and very
specific to the tumor being tested for. In this case, the extra-
cellular signaling of this tumor line was probed by fluores-
cence using epidermal growth factor �EGF� conjugated to an
infrared �IR� dye �EGF-IRDye�. In vitro experiments show a
20-fold higher EGF uptake from the U251-GFP cell line as
compared to the negative control 9L-GFP cell line. Mice
bearing 9L-GFP and U251-GFP tumors were monitored us-
ing the fluorescence spectroscopy system after intravenous
administration of the probe for up to 24 h. The relative dif-
ference from the average of the non-tumor-bearing control

group �n=8� was calculated for each tumor type. The tumor-
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bearing groups had higher relative average difference in
mean EGF-IRDye fluorescence as compared to control ani-
mals �mean relative average difference: control=0.0057,
9L-GFP=0.23, U251-GFP=0.58� �Fig. 5�b��. The mean
fluorescence of the U251-GFP tumor-bearing mice was sig-
nificantly higher than the control mice �p-value=0.001�
while no significant difference was detected between the 9L-
GFP tumor-bearing mice and the control group �p-value
=0.107�. ROC analysis revealed that the U251-GFP tumors
could be detected with 100% sensitivity and specificity
�AUC=1.0� �Fig. 5�b��. As would be expected, the AUC for
the EGF-negative 9L-GFP tumors was 0.74, better than in
vivo PpIX detection, but significantly worse than tumor de-
tection by MR.

Extracellular fluorescence measurement of EGF uptake
showed higher signals in the diffusely growing tumor �U251-
GFP� as compared to the well-demarcated tumor models.
These diffusely growing tumors were able to be detected
with 100% sensitivity and specificity via EGF-IRDye fluo-
rescence spectroscopy �Fig. 5�b��, a vast improvement in de-
tection over all MRI sequences, the best of which showed
AUC=0.81. The detection of the well-demarcated tumors
was better via EGF-IRDye fluorescence �AUC=0.74� than
by PpIX fluorescence �AUC=0.59�, however, nearly as not
as reliable as detection via T1 TSE CE and T2 TSE MRI
�AUC=1.0�. The in vivo detection differences were con-
firmed through ex vivo EGF-IRDye uptake patterns which
illustrated increased fluorescence intensity matching the size
and shape of the tumor for the diffusely growing model �Fig.
6�a�� and heterogeneous uptake in the well-demarcated tu-
mor model �Fig. 6�b��.

V. CONCLUSION

The studies completed here demonstrate a possible detec-
tion improvement over conventional MR imaging for diffuse
glioma tumors through transmission spectroscopy of molecu-
larly targeted fluorescent probes. The diffusely growing
glioma model in this study was difficult to detect by MR
imaging sequences including T1 TSE CE, T2 TSE, T2
FLAIR, T1 IR, T1 FFE, and T1 difference imaging where
ROC analysis revealed at best an AUC=0.81. By compari-
son, when fluorescently labeled EGF was used for tumor
detection ROC analysis revealed an AUC=1 and thus these
tumors could be detected using transmission spectroscopy
with 100% sensitivity and specificity, a vast improvement
over detection via MRI. PpIX based transmission spectros-
copy for diffuse glioma detection gave similar results to MRI
and thus did not show significant tumor detection improve-
ment, but may provide information about the metabolic sta-
tus of the tumor tissue. Perhaps the most robust tumor infor-
mation could be obtained through combined optical
spectroscopy and MRI of a single tumor to assess both its
structural and function status.
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