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SUMMARY: As an essential part of the National Cancer Institute (NCI)-funded Pediatric Brain Tumor
Consortium (PBTC), the Neuroimaging Center (NIC) is dedicated to infusing the study of pediatric brain
tumors with imaging “best practice” by producing a correlative research plan that 1) resonates with
novel therapeutic interventions being developed by the wider PBTC, 2) ensures that every PBTC
protocol incorporates an imaging “end point” among its objectives, 3) promotes the widespread
implementation of standardized technical protocols for neuroimaging, and 4) facilitates a quality
assurance program that complies with the highest standards for image data transfer, diagnostic image
quality, and data integrity. To accomplish these specific objectives, the NIC works with the various
PBTC sites (10 in all, plus NCI/ National Institute of Neurological Diseases and Stroke representation)
to ensure that the overarching mission of the consortium—to better understand tumor biology and
develop new therapies for central nervous system tumors in children—is furthered by creating a
uniform body of imaging techniques, technical protocols, and standards. Since the inception of the NIC
in 2003, this broader mandate has been largely accomplished through a series of site visits and
meetings aimed at assessing prevailing neuroimaging practices against NIC-recommended protocols,
techniques, and strategies for achieving superior image quality and executing the secure transfer of
data to the central PBTC. These ongoing evaluations periodically examine investigations into targeted
drug therapies. In the future, the NIC will concentrate its efforts on improving image analysis for MR
imaging and positron-emission tomography (PET) and on developing new ligands for PET; imaging
markers for radiation therapy; and novel systemic, intrathecal, and intralesional therapeutic
interventions.

The Neuroimaging Center (NIC) is part of the Pediatric
Brain Tumor Consortium (PBTC)—a multidisciplinary

multicenter research organization dedicated to the study of
correlative tumor biology and new therapies for primary cen-
tral nervous system tumors of childhood.1-6 The PBTC was
established in 1999 and is funded by the National Cancer In-
stitute (NCI).7 It consists of 10 member institutions and 1
special institution (Fig 1). The NCI challenged the initial
PBTC leaders to recognize the importance of neuroimaging to
the success of the Consortium, and in 2000, PBTC sought
partners from the pediatric brain tumor advocacy groups to
fund the PBTC NIC. Funding was subsequently assumed by
specific allocation of the NCI (Grant # NIH U01 CA 81456 –
08). The PBTC-NIC is the first NCI-funded cooperative im-
aging center in the United States. Since January 2003, the
PBTC-NIC has been located in the Department of Radiology
at Children’s Hospital Boston (CHB).

Mission and Goals
The mission of the NIC is to provide leadership in diagnostic
imaging as a major component of the investigational studies of
the PBTC. Imaging research is central to the core mission of
the Consortium. The NIC coordinates development of imag-
ing objectives, engaging imaging investigators in considering

relevant research aims and taking the lead in fostering stew-
ardship of Consortium and institutional resources. A major
responsibility for the NIC is implementing and coordinating
appropriate standardized imaging procedures. Imaging data
have included digital data gathered electronically from proto-
col-specific conventional MR imaging, MR diffusion, MR per-
fusion, MR spectroscopy, and positron-emission tomography
(PET) procedures.

The goals of the NIC are to develop a correlative imaging
research plan related to the novel PBTC therapeutic interven-
tions. Every PBTC protocol has incorporated imaging end
points among its research objectives. Standardized acquisition
protocols for institutional use have been promulgated, and a
systematic program of quality assurance (QA) for neuroimag-
ing equipment at member institutions and acquisition studies
is in place. A system of compliance with image data transfer,
diagnostic image quality, and data integrity is included in the
QA program. The NIC also oversees cross-platform translations
for comparative MR imaging (volumetric MR imaging, MR dif-
fusion, MR perfusion, and MR spectroscopy) and PET analyses.

Organization
The director of the NIC is responsible for coordinating all
aspects of neuroimaging evaluations and investigations in the
PBTC (Fig 2). The director works closely with the principal
investigators (PIs) of each site, the chair of the PBTC Steering
Committee, and the executive director of the PBTC Opera-
tions and Biostatistics Center (OBC). The NIC director serves
on the PBTC Scientific Committee, ensuring imaging input in
strategic priorities for the Consortium and the incorporation
of appropriate diagnostic neuroimaging aims and procedures
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for each protocol. A research team of individuals at the NIC
supports the activities of the Center, with expertise in clinical
research, data analysis of MR imaging and PET, QA, and in-
formation technology and transfer.

Neuroimaging Committee
The Neuroimaging Committee (composed of neuroradi-
ologists involved in MR imaging—1 or more from each

participating institution) collaborates with the NIC in the
development and conduct of imaging protocols and re-
search objectives, thereby combining expertise across insti-
tutions. An initial organizational and consensus conference
at CHB in March 2003 approved the MR imaging acquisi-
tion protocols for each imaging procedure and provided
uniform institutional commitments for rigorous QA proce-
dures for MR imaging and PET. MR imaging protocols that

Fig 1. The PBTC organization. COG indicates Children’s Oncology Group; CTEP, Cancer Therapy Evaluation Program.

Fig 2. The PBTC NIC organization. The Neuroimaging Committee consists of neuroradiologists with MR imaging expertise and PET physicians, 1 from each site. respectively.
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were in place as well as equipment specifications and contact
information were updated for each site. In addition, the meet-
ing included a consensus-based approach for identifying and
prioritizing research projects. Biannual meetings of the Neu-
roimaging Committee occur at the PBTC meetings. Ongoing
communication is achieved through e-mails and conference
calls. Information about the NIC is maintained at a dedicated
Website: www.childrenshospital.org/research/pbtcnic.

PET Investigator Committee
In March 2005, a PET Consensus Conference was held at the
NIC to engage and enlist the PET investigators from each site.
The objective of this meeting was to share information among
PBTC PET sites regarding equipment, techniques, tools used
for interpretation, and potential areas of research. During this
meeting, committee members reviewed the ongoing PET pro-
tocols, the PET QA processes then used at the respective sites,
and the process of PET data transfer from these sites to the
OBC of the PBTC. The PET Investigator Committee com-
prises PET investigators, 1 from each site.

Data Transfer
The PBTC neuroimaging studies are sent across a secure tun-
nel from the participating sites to the OBC at St. Jude Chil-
dren’s Research Hospital and then to the NIC at CHB (Fig 3).
Software in the OBC replaces all patient identifiers with PBTC
codes; as a centralized function within the OBC, this enables
the NIC to match correct similarly coded patient data with the
imaging studies. In the transmission process from the member
institutions to the OBC and the NIC, a virtual private network
(VPN) is used. The data are highly encrypted and encapsu-
lated in a secure tunnel. The OBC staff conforms to the Health
Insurance Portability and Accountability Act regulations in all
work for the Consortium.

MR imaging studies are uploaded by the clinical research
associate at each site and are downloaded from the OBC after
e-mail notification to the NIC. The components of each study
are tabulated by the OBC and subsequently verified by the NIC
after image download. The NIC completes a Web-based form
to indicate that the download is complete and signs off on each
designated series of the examination. The studies are sorted

into the appropriate protocol folder on the NIC PC worksta-
tion, backed up on the PBTC NIC server, and archived daily
on tape drive systems. The data are analyzed for image quality,
data integrity, and compliance with the protocol requirements.

A system of transfer of the MR spectroscopy raw data re-
quires specific steps based on the type of MR imaging scanner.
Transfer of the MR spectroscopy raw data requires file transfer
protocol (FTP) transfer to the OBC. Each site does a screen
save of the MR spectroscopy spectrum with the ratios dis-
played on the image. A vendor-specific process for MR spec-
troscopy raw data file transfer is in place.

All PET image data acquired via a specific acquisition pro-
tocol are forwarded to the OBC and subsequently sent to the
NIC for analysis by download or FTP. All PET image data,
along with their corresponding MR imaging data, are up-
loaded to a multitechnique processing and review station
(HERMES Multi Modality; Hermes Medical Solutions, Stock-
holm, Sweden) for image registration and fusion.

Protocol Development and Implementation
Acquisition protocol development through the NIC involves
providing standardized descriptions of qualitative and quan-
titative neuroimaging procedures and their implementation
in the participating institutions. Guidelines for imaging pro-
tocols are provided through consultation with the Scientific
Committee and the Neuroimaging and PET Investigator
Committees, who provide input into the proposed neuroim-
aging research objectives. We seek consensus in determining
which acquisition protocols are appropriate and likely to be
productive. Neuroimaging research questions relevant to the
therapeutic aims of the protocol are incorporated. A specific
neuroimaging objective relevant to the investigational inter-
vention and disease types has been incorporated into most of
the 21 PBTC protocols. Imaging guidelines for protocol-de-
termined procedures and acquisition protocols are compiled
in the procedure manual generated by the NIC and the clinical
research program at CHB, which includes descriptions of pa-
rameters for clinical and research-related MR imaging, MR
perfusion, MR diffusion, MR spectroscopy, and fluorodeoxy-
glucose (FDG)-PET scanning.

Image Analysis
Image analysis of MR imaging and PET studies is determined
in accordance with the particular PBTC research protocol that
is used. Region-of-interest, qualitative, and quantitative anal-
yses are performed for MR imaging and PET examinations.
Each MR imaging study is reviewed by pediatric neuroradiolo-
gists from the NIC. Before image analysis, imaging studies are
evaluated for readability and compliance with the protocol.

For MR imaging, volumetric analyses are performed by
using the Vitrea workstation (Vital Images, Plymouth, Minn)
with the perimeter technique.8 Automated segmentation soft-
ware defines the regions of interest. The perfusion, diffusion,
and MR spectroscopy components of each study are then
transferred from the server to a Sun workstation (Sun Micro-
systems, Santa Clara, Calif) for image analysis. From the ap-
parent coefficient diffusion map, a region of interest is ob-
tained within the solid part of the tumor and divided by the
value from a region of interest obtained in the frontal white
matter. For perfusion imaging analysis of the dynamic suscep-

Fig 3. PBTC neuroimaging data transfer for MR imaging and PET studies. MRI indicates MR
imaging; MRS, MR spectroscopy.
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tibility contrast-enhanced technique, a region of interest is
obtained in the tumor from a generated cerebral blood volume
map (by using the technique developed at Massachusetts Gen-
eral Hospital)9,10; this value is divided by a region of interest
obtained from the frontal white matter.11 Calculation of MR
spectroscopy ratios including N-acetylaspartate/total creatine,
choline/total creatine, and lipid/total creatine values is done
from the single voxel MR spectroscopy data.

All PET image data, along with the corresponding MR im-
aging data, are uploaded to a multitechnique processing and
review station (see previous description). The presence and
readability of the image data are determined. If readable, the
PET data are registered to the MR imaging data and are re-
viewed in conjunction with the MR imaging data. Subjective
and objective ratings of FDG tumor uptake are performed by
joint analyses of a pediatric neuroradiologist, PET physicist,
and PET physician.

After the postanalysis MR imaging and PET data are re-
viewed, the information is backed up on the NIC workstation,
the NIC server, and a dedicated tape drive system.

QA
QA and quality control procedures have been implemented
for MR imaging, PET, and CT as they relate to PET/CT.

MR Imaging
Quarterly scanning of the American College of Radiology MR
imaging phantom is performed with a QA form completed for
each site scanner used for PBTC imaging studies. A video of
the MR imaging QA procedure has been made for the MR
imaging technologists at each site and is posted on the Web-
site. QA reports, generated by the Clinical Research Program,
are reviewed quarterly by the NIC and submitted to the Neu-
roimaging Committee and the OBC.

PET
Each site completes a quarterly PET QA form that is part of the
PET quality control program. Each site has submitted a uni-
form PET phantom for a 1-time submission. QA reports are
generated quarterly and submitted to the PET Investigator
Committee. A PET phantom report has been generated.

Data Management
At the time of image analysis, data are generated by the NIC
data analysts, NIC nuclear medicine physicians, physicists,
and neuroradiologists. Data are recorded on paper forms, col-
lected and reviewed under the supervision of the NIC research
coordinator, and then entered into data entry screens with
built-in variable range checks for on-line editing by using a
relational data base, Microsoft Access (Microsoft, Redmond,
Wash). Data entry status reports and frequency distributions
of study variables are generated to provide timely and relevant
feedback to the NIC regarding image quality and compliance
with the protocols. Data obtained from imaging studies are
entered into a Microsoft Access data base and subsequently
transferred by secure tunnel to the PBTC OBC. The NIC col-
laborates with the OBC to facilitate statistical analysis of im-
aging studies and to correlate imaging findings with clinical
and biologic data from the respective PBTC therapeutic
protocols.

Site Visits
Site visits have been conducted at each of the member institutions
to review acquisition protocol development and QA. An evalua-
tion checklist was completed and suggestions tabulated from the
site for inclusion in a site visit report shared with the PBTC Neu-
roimaging Committee and PBTC Steering Committee.

Neuroimaging Research Development
An imaging research plan related to the novel therapeutic trials
of the Consortium has been developed. Consensus on research
objectives occurs in concert with the study chair and working
group, is considered within the Neuroimaging and PET Com-
mittees, and is ultimately presented to the Scientific Commit-
tee. Routine assessments of tumor response and neurotoxicity
are augmented by image-based research objectives to identify
potential imaging surrogates for tumor response. This has
been particularly challenging in the new molecularly targeted
and antiangiogenesis agents, where “response” may be defined
by parameters other than simply tumor volume. Imaging re-
search objectives occur within protocols, and ultimately imag-
ing research results will be pooled across protocols by tumor
type and similar therapies to determine if there are potential
imaging surrogates of tumor response. In addition, correlative
imaging and clinical and biologic study data will be incorpo-
rated as appropriate.

Preliminary Data
PBTC-004: Phase I Trial of Intrathecal Spartaject-Busul-

fan in Children with Neoplastic Meningitis.5 Quantitative
and qualitative MR imaging analysis was performed, including
correlation with clinical response. Compliance, patterns of
MR imaging involvement (linear versus nodular) and number
of sites of involvement were collated. Progressive disease was
found in 14 patients; stable disease, in 8 patients. Those with
progressive disease had more sites of involvement on MR
imaging.

Brain Stem Glioma Trials. Brain stem tumors can be cat-
egorized as diffuse or focal. Diffuse brain stem gliomas consti-
tute 80% of all brain stem gliomas, and despite multiple treat-
ment approaches, the prognosis is poor with long-term
survival of �10%.12 Thus, children with this tumor have been
the focus of novel therapies in clinical trials to determine if
there is an effective therapy.13 MR imaging, including ad-
vanced imaging techniques such as MR diffusion, perfusion,
spectroscopy, and PET, have been used for assessment of the
physiologic characteristics of the tumor with time within drug
therapy PBTC trials. The analyses of these imaging studies as
well as a prospective analysis of intratumoral hemorrhage are
ongoing and will be reported separately. The NIC has served a
role in providing central review for MR imaging studies in a
recent ongoing study of a molecularly targeted agent, in which
intratumoral hemorrhage occurred within brain stem glio-
mas. Further study of the association of intratumoral hemor-
rhage in brain stem glioma is ongoing within the PBTC
mechanism.14

Future Directions
Future research directions for the NIC will include developing
improved analysis techniques for MR imaging and PET as well
as new PET ligands. In addition, the correlation of neuroim-
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aging parameters to response and toxicity may produce imag-
ing markers for radiation therapy as well as novel systemic,
intrathecal, and intralesional therapeutic interventions. We
are currently exploring early MR imaging signs of apparent
response based on imaging perfusion changes. We hope to
incorporate early perhaps dose-determining assessments in a
unique exploration of imaging-based end points.

With advances in the molecular analysis of tumors, the
correlation of pathology and biology studies with imaging
studies will aid in the development of the image-based and
molecular classification of tumors. Novel molecular imaging
techniques may be incorporated into PBTC future trials.
Funding for independent research projects that analyze ac-
quired data across protocols, grouped by disease type or sim-
ilar drug mechanisms, will be essential. In addition, data base
sharing across techniques should be available to other imaging
researchers through the PBTC mechanism. Such research ef-
forts are aimed at improving our understanding of the physi-
ologic and metabolic profile of brain tumors in children.

Conclusion
Of all the solid tumors, pediatric brain tumors are the most
lethal and are second only to leukemia as the most commonly
found malignancy in children. As with any cancer, particularly
those that arise in childhood, early detection is essential to
achieving a positive outcome. Among children 0 –19 years of
age, the prevalence rate for all primary brain and central ner-
vous system tumors was roughly 9.5 per 100,000, with an es-
timated 26,000 children living with this diagnosis in the
United States in 200015; the incidence rate was 29.1 cases per
1,000,000 from 1996 –2003.16

Against this ominous backdrop, the drive to find a cure is
enormous. Fortunately, the medical community has made im-
pressive strides in the last decade in developing enabling tech-
nologies aimed at improving the detection, diagnosis, and
treatment of many cancers, including pediatric brain tumors.
Nowhere has this been more the case than in the rapid deploy-
ment of extremely powerful imaging techniques such as con-
ventional proton MR imaging, MR diffusion, MR spectros-
copy, MR perfusion, and PET, which are variously able to
define and differentiate tumor with incredible precision.

In 2003, the NIC was established as an essential arm of the
NCI-funded PBTC, whose charge is to better understand tu-
mor biology, including the genetic, metabolic, and physiologic
factors underlying this insidious disease. The NIC is specifi-
cally dedicated to 1) developing a set of standardized imaging
protocols that are uniformly applied across the 10 member
sites, 2) devising a correlative imaging research plan that re-
sponds to the therapeutic interventions being advanced by the
PBTC, 3) ensuring that every PBTC protocol has incorporated
imaging end points, and 4) facilitating a QA plan that ad-
dresses the secure transfer of data, superior image quality, and
data integrity. The work of the NIC is ongoing; future objec-
tives are aimed at enhancing current techniques for MR imag-
ing and PET image analysis as well as identifying new PET

ligands for the development of novel PET radiotracers in can-
cer imaging.
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