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Abstract. The concept of using diffuse reflectance spectroscopy to dis-
tinguish intraoperatively between pediatric brain tumors and normal
brain parenchyma at the edge of resection cavities is evaluated using
an in vivo human study. Diffuse reflectance spectra are acquired from
normal and tumorous brain areas of 12 pediatric patients during their
tumor resection procedures, using a spectroscopic system with a hand-
held optical probe. A total of 400 spectra are acquired at the rate of
33 Hz from a single investigated site, from which the mean spectrum
and the standard deviation are calculated. The mean diffuse reflectance
spectra collected are divided into the normal and the tumorous cat-
egories in accordance with their corresponding results of histological
analysis. Statistical methods are used to identify those spectral features
that effectively separated the two tissue categories, and to quantify the
spectral variations induced by the motion of the handheld probe during
a single spectral acquisition procedure. The results show that diffuse
reflectance spectral intensities between 600 and 800 nm are effective
in terms of differentiating normal cortex from brain tumors. Further-
more, probe movements induce large variations in spectral intensities
(i.e., larger standard deviation) between 400 and 600 nm. C©2010 Society
of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.3505012]
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1 Introduction
Brain tumors are the second most common malignancy and the
leading cause of death from cancer in children. Yearly, more than
2000 children are diagnosed with a brain tumor in the United
States, and 30,000 to 40,000 are diagnosed worldwide.1, 2 The
three most common pediatric brain tumors are astrocytoma (∼
42%), medulloblastoma (16.3%), and ependymoma (10.1%).3

Although dysembryoplastic neuroepithelial tumors are benign,
congenital tumors, they occur frequently in children and have
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a high association with seizures. For each of these pathologi-
cal entities, gross total surgical resection, when feasible, is the
optimal initial treatment option.4 A strong correlation between
the extent of tumor resection and clinical outcomes, such as
10-yr, progression-free survival, has been reported by different
groups.5–9

To achieve a maximal tumor resection, an accurate delin-
eation of the margins of the brain tumor during the planning
and surgical stages is required. Similar to the adult population,
preoperative tumor diagnosis and volumetric analysis for the
pediatric brain tumor population are achieved using advanced
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imaging modalities, especially magnetic resonance imaging10

(MRI). For certain tumor types, their physiological character-
istics are assessed further by the use of magnetic resonance
spectroscopy and positron emission tomography.11–13 Frameless
stereotaxy is used commonly to relay this preoperative diag-
nostic information into a surgical field.14, 15 In addition to the
fact that preoperative imaging studies are limited in their ability
to define the true pathological margins of the brain tumor,16

the surgical navigation systems may become inaccurate during
surgical procedures due to shifting of brain structures.17–19

Ultrasonography is another popular intraoperative means
for guiding tumor resection.16,20–22 Ultrasound, however, is
less likely to differentiate tumor from peritumoral edema,
which is also hyperechoic.20, 21 Intraoperative MRI can also
be used to assess tumor resection intraoperatively. However,
obtaining multiple MRI scans during tumor resections is
impractical. Therefore, newer technologies are being developed
continuously to make surgery safer and more efficient.

The concept of using the tissue differentiation ability of opti-
cal spectroscopy to guide brain tumor surgery has been explored
over the past 15 yr. So far, several researchers have successfully
demonstrated the feasibility of using optical spectroscopy to
differentiate brain tumors from normal brain tissue in vitro and
in vivo.23–32 While the results are promising, all of these studies
with one exception were conducted only on adult brain tumor
patients. The in vivo applicability of such a technique for pe-
diatric brain tumor patients has not been evaluated previously.
Similar to the majority of in vivo tissue diagnostic studies, opti-
cal spectral acquisition from the in vivo brain often is achieved
using a handheld optical probe. The potential spectral alterations
induced by the movements of a handheld probe have not been
investigated thoroughly. Here, a small-scale, clinical study was
conducted on the children with brain tumors to evaluate the fea-
sibility of using diffuse reflectance spectroscopy to differentiate
brain tumors from normal brain tissue. Concurrently, the quality
of in vivo diffuse reflectance spectra acquired using a handheld
probe was evaluated via repeated spectral acquisition from a
single investigated site.

2 Materials and Methods
2.1 Instrumentation
A fiber optic spectroscopic system was used to acquire diffuse re-
flectance spectra from the brains of pediatric brain tumor patients
who were undergoing craniotomies for tumor resection. The
system was similar to those reported in previous studies.24, 30 It
consisted of a light source, a fiber optic probe, a spectropho-
tometer, and a computer station with control software. The
light source was a tungsten halogen light (LS-1, Ocean Optics,
Dunedin, Florida) with a spectral bandwidth of 360 to 2000 nm
and an output power of 6.5 W. The fiber optic probe was cus-
tom designed and manufactured by RoMack Fiber Optics, Inc.
(Williamsburg, Virginia), and it contained seven 300-μm-core-
diam fibers with a 0.22 numerical aperture. One of the seven
fibers was allocated for excitation light conduction, and five
were allocated for backscattered light collection and conduc-
tion. The seventh fiber was designed for a second excitation light
source (e. g., laser), which was not used here. The spectrometer
(USB2000, Ocean Optics, Dunedin, Florida) of the system had

a 2048-element linear CCD array detector with a 12-bit resolu-
tion, and its spectral range was from 240 to 932 nm. The data
acquired by the spectrometer were transferred to the computer
station through a universal serial bus. The computer station (In-
spiron E1405, Dell, Austin, Texas) with control software was
used to operate the spectrophotometer and to store the acquired
spectral data. The control software, programmed using Lab
VIEW 8.2 (National Instruments, Austin, Texas), automated the
spectral acquisition process, and the software initiated a spectral
acquisition by sending a trigger signal to the spectrometer.

2.2 Clinical Study
A small-scale clinical study was conducted at Miami Children’s
Hospital to evaluate the feasibility of using diffuse reflectance
spectroscopy to differentiate pediatric brain tumors from nor-
mal brain tissue in an intraoperative setup. The protocol for this
clinical study was reviewed and approved by the Western In-
stitutional Review Board and the Institutional Review Board of
Florida International University. Informed consent and assent
were obtained from each participant and her or his parents. As-
sent was obtained from the participants between 7 and 18 years
of age. The recruitment of study subjects was conducted by the
three neurosurgeons involved in this study (JR, SB, and DS).

During an in vivo spectral acquisition procedure, the optical
probe, held by the neurosurgeon, was placed in direct contact
with the brain area to be investigated. The probe contact pressure
was maintained at a level for which brain deformation was not
visible. The investigated sites were selected from normal brain
area (i.e., far away from the resection zone) and from tumor tis-
sue. From each investigated site, a set of 400 diffuse reflectance
spectra was acquired at the rate of 33 Hz (i.e., integration time
= 30 ms). The baseline spectrum was acquired sequentially to
gauge the interference of the room light. Biopsy samples were
taken only from the investigated sites within the resection zone
for further histological evaluation. Note biopsy samples were not
take from the normal brain area because of the ethical reasons.

2.3 Histology
Histological evaluations were conducted for all biopsy samples
obtained from this study. These biopsy samples were fixed in
formalin and then subjected to routine sectioning and staining.
Three 5-μm sections were cut from each specimen, and they
were stained with hematoxylin and eosin (H&E). The prepared
tissue sections were reviewed by a neuropathologist (MJ), who
was blinded to all clinical information. Abnormal microscopic
features of each sample were documented, and these features
were then used to categorize the spectral data set in the spectral
data analysis procedure.

2.4 Data Processing and Analysis
Prior to data analysis, the collected diffuse reflectance spectra
were preprocessed to remove spectral artifacts and reduce the
size of the spectral data. Specifically, the baseline subtraction
and the application of the calibration factors, as described in
previous publications,24, 30 were conducted sequentially for each
diffuse reflectance spectrum. The spectral range of the processed
spectra was reduced to 400 to 850 nm with 5-nm increments.
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For each site that was investigated, the mean spectrum
Rdm,site(λ) and the standard deviation STDsite(λ) were calculated
from its corresponding spectral data set. To reduce the effect of
biological variations among the patients studied, a spectral nor-
malization method was employed. Specifically, Rdm,site(λ) from
a single patient were normalized to the average maximum inten-
sity of the normal measurements from the same patient, which
yielded nRdm,site(λ). Then, nRdm,site(λ) from all investigated
sites were further divided into two categories, a normal group
and a tumorous group, in accordance with their correspond-
ing histopathological identities. To identify the representative
spectral features, the average spectral intensities of the two
groups were compared at all wavelengths using Student’s t
test with a significance level of α = 0.05. The classification
effectiveness of the representative spectral features was further
evaluated using the area under the receiver operating charac-
teristic (ROC) curve method in the statistical software package
SPSS (SPSS Inc, Chicago, Illinois). Empirical discrimination
algorithms were developed using the spectral features with the
area under the ROC curve AROC that is greater than 0.7.

Analyses were also conducted on STDsite(λ) to quantify the
spectral intensity variations induced by the handheld probe. To
facilitate this process, a new index %STDsite(λ) was created, and
it is calculated based on

%STDsite(λ) = [STDsite(λ) / Rdm,site(λ)] ×100 (%).

The %STDsite(λ) values from all investigated sites also
were classified into two groups, i.e., normal and tumorous
groups, and the statistically significant differences between
the mean%STDsite(λ) of the two groups at all wavelengths
were compared using the Student’s t test. The wavelength depen-
dence of %STDsite(λ) was also analyzed for each tissue category.

3 Results
A total of 12 patients was enrolled in the clinical trial reported
here (Table 1). All studies were conducted successfully, and
there were no unexpected complications. Nine of the 12 patients
were females, and three were males. Eight patients had tumors
in the cerebrum, and four had tumors in the cerebellum. The
tumor types studied encompassed the major pediatric brain tu-
mor categories, including pilocytic astrocytoma, ganglioglioma,
and medulloblastoma (Table 2). Overall, 32 measurements were
performed on the normal sites (i.e., cerebral cortex and cerebel-
lar cortex) and 27 measurements were performed on the tumor
sites. Since only a few measurements were obtained from white

Table 1 Demographic information of studied patients.

Age Count Gender Count

<1 2 Male 3

1–5 1 Female 9

6–10 6

11–15 3

Table 2 Distribution of studied tumor types and investigated sites.

Brain Tissue 
Category 

Number of 
Measurements 

 Tumor Category Number of 
Patients 

Cerebral cortex 20
12
27

Pilocytic astrocytoma
Ganglioglioma
Chondrosarcoma

5
2 
1

Cerebellar cortex
Tumor

Medulloblastoma 2
1High-grade malignancy 

Monomorphous 
angiocentric glioma 

1

matter, these measurements were excluded from the statistical
analysis.

The representative diffuse reflectance spectra from normal
and tumorous brain tissues are shown in Fig. 1. The most no-
ticeable difference observed between these spectra is that the
intensities from normal brain tissues were greater than the in-
tensities of tumor tissues. It was found that diffuse reflectance
spectra from pediatric brain tissues had profile features that were
similar to those from adult brain tissues. The dominant feature in
these diffuse reflectance spectra is the absorption characteristics
of hemoglobin; the absorption peaks of hemoglobin in the vis-
ible wavelength region yield the two valleys in the wavelength
region between 400 and 600 nm.

The Student’s t test (two-sided, equal variance) was used to
detect any significant differences between the average intensi-
ties of nRdm,site(λ) obtained from normal brain tissue and that
obtained from tumor tissues at a given wavelength. The results
of the statistical comparisons, presented by p values, are shown
in Fig. 2. Statistically significant differences (p < 0.05) were
observed in three spectral regions: 450 to 530, 590 to 690, and
beyond 800 nm. Because of the high noise level, the differ-
ences beyond 800 nm were considered to be of questionable
significance. The same statistical comparison was performed

Fig. 1 Representative Rdm,site(λ) from cerebral cortex (thick solid line),
cerebella cortex (thin solid line), and brain tumor (dotted line). The error
bars represent the STDsite(λ).
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Fig. 2 Results of the Student’s t test of the average diffuse reflectance
intensities between (a) the normal and the tumorous groups (dashed
line) and (b) cerebral and cerebellar cortex (solid line). The horizontal
line indicates the significance level α = 0.05.

between the average intensities of nRdm,site(λ) from the cerebral
and cerebellar cortex. However, no significant differences were
detected (Fig. 2).

The outcome of the area under the ROC curve analysis is
summarized in Fig. 3. It was noted that, in general, greater AROC

values were found in the longer wavelength region (i.e., 600 nm
to 830 nm). The maximum AROC obtained was 0.77, which was
located at ∼820 nm.

Fig. 3 Graph of AROC(λ) from the area under the ROC curve analysis.

Fig. 4 Results for nRdm ,site(700 nm) from (a) normal brain samples and
(b) brain tumor samples. The error bars represent STDsite(700 nm). The
black line is an arbitrary cutoff (0.65) established for the purpose of
discrimination; brain samples with nRdm ,site(700 nm) greater than the
cutoff are classified as normal.

To demonstrate the effectiveness of the identified spectral
features (i.e., normalized diffuse reflectance intensity) for dif-
ferentiating brain tumor tissue from normal brain tissue, one
representative spectral feature, nRdm,site (700 nm), was used to
construct an empirical discrimination method. This discrimina-
tion method produced a sensitivity of 95% and a specificity of
66%, using an arbitrary cutoff of 0.65 (Fig. 4). A similar perfor-
mance was obtained from the discrimination algorithms, using
a single nRdm,site(λ) between 600 and 830 nm as the input.

The analysis of %STDsite(λ) provides insights into the spec-
tral variations induced by the handheld probe. As shown in
Fig. 5, the average %STDsite(λ) varied from 10 to 50% between
400 nm and 850 nm, and the maximum %STDcat(λ) was ob-
served close to 400 nm. It was also noticed that the values of
%STDsite(λ) below 600 nm were, in general, much greater than
the values above 600 nm. Interestingly, the profile of the aver-
age %STDsite(λ) of each tissue category strongly resembles the
absorption spectrum of oxyhemoglobin. According to the Stu-
dent’s t test, the difference in the average %STDsite(λ) between
the normal brain category and the brain tumor category was not
statistically significant.
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Fig. 5 Average %STDsite(λ) of cerebral cortex (thick solid line), cere-
bellar cortex (thin solid line), and brain tumor (dotted line). The upper
dashed line represents the t test results between the normal brain (i.e.,
cerebral + cerebellar cortex) and brain tumor groups.

4 Discussion
The results from the clinical study reported in this paper suggest
that pediatric brain tumors may be differentiated from the normal
brain in vivo using diffuse reflectance spectroscopy alone. Statis-
tical comparisons identify several wavelength regions where dif-
fuse reflectance intensities from normal brain differ from those
of brain tumors. Without employing sophisticated spectral anal-
ysis and classification tools, we were able to construct an empiri-
cal discrimination method, based on one single spectral feature,
with reasonably high accuracy. Despite the small number of
patients enrolled in this study, we believe the results strongly
support the feasibility of using diffuse reflectance spectroscopy
to identify brain tumors in vivo and, hence, guide a pediatric
brain tumor surgery.

In vivo diffuse reflectance signals from cerebral cortex were
found to be higher than those from brain tumors over the spectral
region recorded. This observation is inconsistent with the find-
ings of the adult brain tumor studies.31,33 Both Gebhert et al.
and Eggert and Blazek reported that the scattering properties
of adult brain tumors were stronger than those from cerebral
cortex. Therefore, it is expected that the diffuse reflectance sig-
nals between 600 and 800 nm from adult brain tumor should
be stronger than those from cerebral cortex. The discrepancy, in
our opinion, should be attributed to the structural/composition
differences between adult and pediatric brain tumors. There-
fore, optical surgical guidance developed for adult brain tumors
would not be directly applicable to the pediatric brain tumor
population.

In this study, diffuse reflectance signals were also measured
from the cerebellar cortex, and they were comparable with those
from cerebral cortex in terms of spectral intensity and profile.
Therefore, a separate classification algorithm for cerebellar cor-
tex, cerebellar tumors did not have to be created. Because the

number of measurements from white matter was relatively low,
they were not included in the statistical comparisons disclosed
in the result section. Nevertheless, we are certain about the fea-
sibility of using the same spectral features, namely, nRdm,site(λ)
for λ= [600 nm, 800 nm], to differentiate cerebral and cerebellar
white matter from pediatric brain tumors with high efficiency.
This assessment is supported by several previously published
studies that showed that diffuse reflectance signals from white
matter are notably stronger than those from the cerebral cortex
due to its high scattering characteristic. The strong scattering
properties of white matter have been attributed to the dimension
and density of neural axons as well as neural myelination.33

The two spectral regions showing statistically significant
differences between normal cortex and tumor tissue are 450
to 530 and 590 to 690 nm. However, the analysis of AROC

suggests that diffuse reflectance signals beyond 600 nm are
more suitable discriminants. This discrepancy can be explained
by the distribution characteristics of nRdm,site(λ) from the tu-
morous group. As shown in Fig. 4(b), the nRdm,site(λ) of two
samples significantly deviate from the group mean. In other
words, these two samples would introduce a strong bias to
the distribution of nRdm,site(λ) of the tumorous group, thus de-
grading the results of mean comparison (i.e., increasing the
p value). According to the histological evaluation, both sam-
ples belong to the ganglioglioma tumor category, which sug-
gests a separate tissue discrimination algorithm may be de-
veloped for this particular tumor type. Note also that diffuse
reflectance spectral signal from ganglioglioma is stronger than
those from the other specimens over the entire spectral region.
Future studies with a larger number of patients in each histolog-
ical category will be required to ensure this conclusion.

One issue associated with the utility of the handheld probe
is its stability. The investigated site as well as the probe con-
tact pressure vary because of the movements of the investigated
organ (e. g., brain pulsation) and/or the operator’s hand. This
instability may affect in vivo diffuse reflectance spectral acqui-
sition in two distinct ways. First, the lateral movement of the
handheld probe causes a shift in the investigation location; thus,
the resulting spectrum represents the characteristics of a tissue
volume greater than expected. This in turn introduces more er-
rors to the process of correlating the histologic findings with the
spectral data. Second, the axial movement of the probe induces
irregularity in the probe contact pressure, which primarily leads
to a significant change in tissue hemodynamics. As reported by
several research groups, 34, 35 excessive probe contact pressure
can lead to significant changes in local tissue hemodynamics,
which explains the high%STD in the region of hemoglobin ab-
sorption, as shown in Fig. 5. Therefore, the spectral features
below 600 nm are not reliable inputs for the tissue discrimina-
tion purpose. In a separately study which is not yet published, we
noticed that the usage of a handheld probe in conjunction with
a mechanical holder can significantly reduce %STD. Such an
improvement enables continuous recording of diffuse re-
flectance spectra from the brain, which is important for applica-
tions such as studying the temporal dynamics of epileptic cortex.

5 Conclusion
We investigated the utility of diffuse reflectance spectroscopy
for in vivo pediatric brain tumor detection using a small-scale
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clinical trial. The results of the study found that pediatric brain
tumors may be differentiated from normal cortex using spectral
features such as diffuse reflectance intensity between 600 and
800 nm. Because of the high scattering properties of the white
matter, the same differentiation efficient should be expected be-
tween white matter and pediatric brain tumors. Spectral artifacts
induced by the handheld probe also were quantified by studying
the standard deviations of diffuse reflectance spectra continu-
ously acquired at the same investigated site. It was found that
large intensity variations exist in the spectral region of 400 to
650 nm in the repeatedly measured diffuse reflectance spectra.
This in turn diminishes the applicability of the spectral features
from this wavelength region to the discrimination algorithm de-
velopment.
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