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ABSTRACT
SUMMARY: Determination of tumor response to treatment in neuro-oncology is challenging, particularly when antiangiogenic agents are
considered. Nontumoral factors (eg, blood-brain barrier disruption, edema, and necrosis) can alter contrast enhancement independent of
true tumor response/progression. Furthermore, gliomas are often infiltrative, with nonenhancing components. In adults, the Response
Assessment in Neuro-Oncology (RANO) criteria attempted to address these issues. No such guidelines exist yet for children. The ongoing
randomized phase II trial, A Study of Avastin (bevacizumab) in Combination With Temolozomide (TMZ) and Radiotherapy in Paediatric and
Adolescent Patients With High-Grade Glioma (HERBY), will establish the efficacy and safety of the antiangiogenic agent bevacizumab for
the first-line treatment of newly diagnosed high-grade glioma in children (n � 121 patients, enrollment complete). The primary end point
is event-free survival (tumor progression/recurrence by central review, second primary malignancy, or death). Determination of progres-
sion or response is based on predefined clinical and radiographic criteria, modeled on the RANO criteria and supported by expert
pseudoprogression review and the use of standardized imaging protocols. The HERBY trial will also compare conventional MR imaging
(T1-weighted and T2/fluid-attenuated inversion recovery sequences) with conventional MR imaging plus diffusion/perfusion imaging for
response assessment. It is anticipated that HERBY will provide new insights into antiangiogenic-treated pediatric brain tumors. HERBY will
also investigate the practicality of obtaining adequate quality diffusion/perfusion scans in a trial setting, and the feasibility of implement-
ing standard imaging protocols across multiple sites. To date, 61/73 (83.6%) patients with available data have completed diffusion-weighted
imaging (uptake of other nonconventional techniques has been limited). Harmonization of imaging protocols and techniques may improve
the robustness of pediatric neuro-oncology studies and aid future trial comparability.

ABBREVIATIONS: HERBY � A Study of Avastin (bevacizumab) in Combination With Temolozomide (TMZ) and Radiotherapy in Paediatric and Adolescent Patients
With High-Grade Glioma; HGG � high-grade glioma; RANO � Response Assessment in Neuro-Oncology; RAPNO � Response Assessment in Pediatric Neuro-Oncology

High-grade gliomas (HGGs) are primary malignant tumors of

the brain and CNS, which originate from glial cells. HGGs

are fast-growing, poorly differentiated, and aggressive. Their lo-

cation in the brain, their ill-defined borders, and infiltrative na-

ture makes imaging and assessment of response to therapy partic-

ularly challenging.

Currently, the predominant method for assessment of CNS

tumor progression and response is contrast-enhancing conven-

tional T1-weighted MR imaging.1 Although widely used, con-

trast-enhancing conventional T1-weighted MR imaging has lim-

itations in neuro-oncology. The degree of tumor enhancement

can be influenced by a variety of neuro-oncology-related factors,

including corticosteroid use, imaging technique (1.5T versus 3T,

or dose and timing), surgical injury, inflammation, ischemia,

edema, infection, seizures, and radiation injury. Increases in con-

trast enhancement, triggered by nontumoral events, can incor-

rectly be interpreted as progression (ie, pseudoprogression). De-

creases in contrast enhancement, for example by modification of

the blood-brain barrier permeability, can be incorrectly inter-
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preted as response (ie, pseudoresponse). In adults with newly

diagnosed glioblastomas treated with radiation therapy and

temozolomide (the current standard of care), rates of pseudopro-

gression of 21%–31% have been reported.2,3 The increasing in-

terest in antiangiogenic therapies for highly vascularized brain

tumors further compounds these concerns; antiangiogenic treat-

ment can improve blood-brain barrier function, decrease en-

hancement (pseudoresponse), cause transient normalization of

tumor vasculature, and may mask tumor changes. Finally, some

tumor growth can be non-contrast-enhancing and not detected

by conventional MR imaging.

Guidelines for tumor assessment in neuro-oncology were up-

dated in 2010 by the Response Assessment in Neuro-Oncology

(RANO) working group (On-line Table 1).4,5 These guidelines,

based on evaluations of adult HGGs, replaced the previously used

Macdonald criteria and aimed to provide more specific and stan-

dardized imaging protocols. The RANO working group recom-

mended the use of T2 and FLAIR sequences to assess nonenhanc-

ing tumor growth. The potential for pseudoprogression was

partially addressed but fell short of definitively distinguishing

pseudoprogression from true progression; within the first 12

weeks of completion of radiation therapy, progression can only be

determined if most of the new enhancement is outside of the

radiation field (as per RANO criteria, an example would be en-

hancement beyond the high-dose region or 80% isodose line) or if

there is histologic confirmation following further resection. The

phase III, placebo-controlled AVAglio trial (A Study of Avastin

[Bevacizumab] in Combination With Temozolomide and Radio-

therapy in Patients With Newly Diagnosed Glioblastoma) for

adults with newly diagnosed glioblastoma, which investigated the

addition of bevacizumab to radiation therapy plus temozolomide,

incorporated aspects of the RANO criteria (though it was initiated

before these criteria were published).6 The AVAglio protocol pre-

specified methods to identify pseudoprogression in a consistent

manner and used T2/FLAIR sequences to assess nonenhancing

lesions.7 Progression-free survival benefits were reported with the

addition of bevacizumab to standard-of-care treatment in newly

diagnosed glioblastoma. To date, there have been no such studies

in pediatric patient populations, and extrapolation of results from

adults to children is not appropriate. Furthermore, it is not

known whether the RANO criteria could be directly implemented

into pediatric populations without modification.

Response Assessment in Pediatric Neuro-Oncology
The assessment of response and progression in pediatric brain

tumors brings further challenges, such as the brain still being un-

der development in childhood. Pediatric brain tumors tend to be

heterogeneous with varying histology. Glial tumors, in particular,

have diverse morphology and variable blood-brain barrier integ-

rity and may be poorly circumscribed.7 Due to the variation in

tumors within the pediatric population and the relative rarity of

each individual tumor type, it can be difficult for individual study

centers to gain experience in imaging each type.

To date, most neuro-oncology research and development has

focused on adult trials, and randomized clinical trials in pediatric

patients are few. Accordingly, no clear relationship between tu-

mor response and improved survival has been established in pe-

diatric patients. Where clinical studies have been conducted, the

populations tend to include a wide age range. Due to the limited

information available there are, as yet, no agreed standards to

define response and progression in children. Thus, the adult

RANO criteria may not be directly applicable to pediatric brain

tumors. A working group is examining this issue (Response As-

sessment in Pediatric Neuro-Oncology [RAPNO]).7 Given the

challenges associated with pediatric brain tumors, several diag-

nostic uncertainties remain, including the following: the accuracy

of metrics for assessing tumor response, the best way to measure

enhancing tumors, whether all enhancement can be attributed to

tumor tissue, whether loss of enhancement is a surrogate for re-

sponse, the best way to assess nonenhancing tumors, and under-

standing how imaging changes correlate with clinical and neuro-

logic status.

The HERBY Trial
A clinical trial was set up to establish the efficacy and safety of the

antiangiogenic agent bevacizumab for the first-line treatment of

newly diagnosed HGG in children (A Study of Avastin [bevaci-

zumab] in Combination With Temolozomide [TMZ] and Radio-

therapy in Paediatric and Adolescent Patients With High-Grade

Glioma [HERBY], NCT01390948). The study has been uniquely

designed to optimize the assessment of response to treatment to

ensure confidence in the data by randomizing the new treatment

allocation on top of the standard of care and to inform future

work in this patient population with an imaging and biologic

repository. In HERBY, the determination of progression or recur-

rence was mandated on the basis of meeting predefined clinical

and radiographic criteria. In addition to investigating bevaci-

zumab treatment, the HERBY study was required to compare the

utility of “structural imaging” versus “structural plus multimodal

imaging” (Fig 1).

Structural and Multimodal Imaging
Structural imaging includes standard (conventional) MR imaging

(as per the RANO criteria; ie, for assessing T1-enhancing lesions

[On-line Fig 1A] and using FLAIR and T2 sequences for nonen-

hancing lesions). However, conventional MR imaging provides

limited information on physiologic tumor characteristics and the

status of the perilesional tissue. Multimodal imaging uses a variety

of techniques to generate physiologic and biochemical informa-

tion to complement structural imaging.8 For example, DWI or

DTI with ADC mapping can be used to evaluate cellular density

and tissue injury (On-line Figs 1B and 2C). Dynamic susceptibil-

ity contrast (perfusion) MR imaging can provide an indication

of tumor vascularity and capillary permeability (On-line

Figs 1D and 2E). 1H-MR spectroscopy is used to detect metabo-

lites reflecting tissue integrity, disruption, and necrosis (eg, aro-

matic amino acids, choline, lipids). These advanced imaging tech-

niques are effective in the evaluation of tumor behavior and have

been used as surrogate markers of response to tumor-modu-

lating therapy.9-17 Furthermore, diffusion and perfusion tech-

niques have been used to identify radiation necrosis9 and

pseudoprogression.10
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Compared with structural MR imaging alone, a combination

of structural MR imaging and multimodal imaging represents a

greater biologic approach to imaging and provides more of the

“big picture” of tumor response. When used in isolation, the ad-

ditional techniques described are of limited utility, but in combi-

nation with structural imaging and clinical assessment, multi-

modal imaging should provide an enhanced ability to assess

tumor grade, viability, and response to therapy.

Implementation of multimodal imaging tools into a clinical

trial requires careful consideration. To date, the techniques have

been largely experimental and not all technologies are available at

all clinics. Standard protocols have not yet been established.
1H-MR spectroscopy, in particular, is still very exploratory and

difficult to standardize. Diffusion and perfusion imaging are the

most accessible and available techniques, but there are specific

difficulties in undertaking perfusion imaging in the pediatric pop-

ulation due to the size of the patient (eg, obtaining adequate ve-

nous access). Regardless of imaging techniques, variability also

poses a challenge for the assessment of tumor progression and

response; there is intrinsic interobserver variability in the assess-

ment of MR imaging scans, and response to therapy within a

tumor itself may be variable. It is also not possible to separate

treatment effects from disease effects. As part of the HERBY trial,

our aims were the following: 1) to evaluate the implementation of

the RANO criteria in a phase II trial of pediatric patients with

HGG, 2) to assess the practicality of obtaining multimodal imag-

ing of adequate quality, and 3) to assess the feasibility of including

diffusion and perfusion into the response criteria.

MATERIALS AND METHODS
Study Design and Patients
The overall objectives of the HERBY trial are to evaluate the effi-

cacy, safety, tolerability, and pharmacokinetics of bevacizumab

when added to postoperative radiation therapy with concomitant

and adjuvant temozolomide and to determine whether the addi-

tion of bevacizumab to the management of newly diagnosed HGG

in children confers a clinical benefit. It

was planned to recruit 120 patients dur-

ing 36 months. Enrollment is complete

(121 patients have been enrolled), and

the trial is ongoing as of June 2015.

As with the adult AVAglio trial, the

pediatric HERBY trial is investigating

the addition of bevacizumab to radia-

tion therapy plus temozolomide in a

randomized study design, but there are

important differences; for example, un-

like AVAglio, HERBY allowed inclusion

of grade III and grade IV gliomas, was

not placebo-controlled, and had no be-

vacizumab monotherapy component.

Patients (between 3 and 18 years
of age) with histologically confirmed,
localized supratentorial/infratentorial
cerebellar or peduncular (non-brain
stem) HGG, adequate organ function,
and available preoperative MR imaging

were enrolled. Written, informed con-

sent was obtained from the patient, parent, or legal representative,

after institutional review board/ethics committee approval was

obtained in each recruiting country. After the operation, patients

underwent a postoperative MR imaging and were randomized to

receive 1 of the following 2 regimens: standard arm, radiation

therapy (1.8 Gy/day) and temozolomide (75 mg/m2/day) for 6

weeks, followed by a 4-week treatment break, then up to 12 four-

week cycles of temozolomide (150 –200 mg/m2/day); or experi-

mental arm, bevacizumab (10 mg/kg every 2 weeks) plus radia-

tion therapy (1.8 Gy/day) and temozolomide (75 mg/m2/day) for

6 weeks, followed by bevacizumab during a 4-week temozolomide

break, and then bevacizumab (10 mg/kg every 2 weeks) concom-

itantly with up to 12 four-week cycles of adjuvant temozolomide

(150 –200 mg/m2/day) (On-line Fig 2). Patients will be random-

ized centrally by an interactive voice response system.

The primary end point is event-free survival, defined as the

earliest occurrence of tumor progression/tumor recurrence

(determined by a Central Radiology Review Committee), sec-

ond primary non-HGG malignancy, or death. Secondary end

points include the following: investigator-assessed event-free

survival; overall survival and 1-year overall survival rate;

6-month and 1-year event-free survival rate; overall response

rate determined by the Central Radiology Review Committee

using RANO criteria; tumor functional changes on diffusion/

perfusion MR imaging for correlative analysis in addition to

structural imaging and efficacy outcome measurements; health

status; neuropsychologic function; safety; feasibility; and

tolerability.

HERBY has an Independent Data Monitoring Committee.

This committee shares the responsibility for regularly moni-

toring the overall safety of patients in the trial with the sponsor

and the Trial Steering Group. By carefully reviewing overall

death rates, serious adverse events, and other specified safety

events by treatment arms, the Independent Data Monitoring

Committee provides the sponsor and the Trial Steering Group

FIG 1. Structural and multimodal imaging used in the HERBY study. LD indicates longest diameter;
GPD, greatest perpendicular diameter; PCD, product of cross-sectional enhancing diameters.
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their independent recommendations and helps to minimize

patient exposure to unnecessary risk. The Independent Data

Monitoring Committee will also evaluate benefits and risks by

reviewing the efficacy, safety, and tolerability data during the

scheduled futility analysis.

Radiographic and Clinical Response Assessment
Response evaluations will be performed by using RANO criteria

by blinded site-independent central review; radiologic and clini-

cal evaluations will be combined to provide an integrated disease

assessment (Fig 2). Efficacy assessments will be performed after

the chemoradiotherapy phase and treatment break but before the

start of adjuvant temozolomide treatment, and thereafter every 3

months.

For radiographic response, both enhancing (T1-weighted)

and nonenhancing lesions (T2-FLAIR sequences) will be consid-

ered (Fig 2) according to prespecified criteria for progression

(Table). A detailed standardized imaging protocol has been pro-

vided to site investigators (On-line Table 2). Both measurable and

nonmeasurable disease will be considered. Measurable disease has

been defined as contrast-enhancing lesions with clearly defined

margins on T1-weighted MR imaging with 2 perpendicular diam-

eters of �10 mm. Nonmeasurable enhancing tumors have been

defined as unidimensional measurable lesions, lesions with margins

not clearly defined, or lesions with at least 1 diameter of �10 mm.

The definition of clinical deterioration has been left to the

discretion of the treating physician, but it was recommended that

substantial decreases in the Karnofsky Performance or Lansky

Play Scales be considered deterioration. Increases in corticoste-

roid doses will also contribute to the evaluation of clinical

deterioration.

Pseudoprogression
The risk of pseudoprogression is highest within 12 weeks of che-

moradiotherapy completion; during this period in the HERBY

trial, clinical decline alone will be considered insufficient to deter-

mine disease progression. Progression will be determined only if

there is new enhancing disease that extends outside the radiation

field or if there is unequivocal evidence of viable tumor on histol-

ogy (On-line Fig 3). Experienced pediatric neuroradiologists will

be available during the trial to assist local radiologists in the eval-

uation of progression during the early postchemoradiation pe-

riod. The expert reviewer will provide an

opinion to distinguish pseudoprogres-

sion from true progression, but the site

investigator will make the final decision.

Imaging evaluations will be performed

again at the next visit (beyond the 12-

week period), and if there is a continued

increase in enhancing lesions, then the

first scan will be considered to have rep-

resented true progression. If the lesion is

decreased or stable compared with the

first posttreatment scan, the increase at

the preceding time point will be consid-

ered pseudoprogression.

Multimodal Imaging
Where participating centers have access

to multimodal imaging, an appended

protocol will be performed in addition

to standard MR imaging. Guideline im-

aging parameters have been provided in

the HERBY protocol for DWI and dy-
FIG 2. Response evaluation assessment algorithm. LD indicates longest diameter; GPD, greatest
perpendicular diameter; PCD, product of cross-sectional enhancing diameters.

Criteria for tumor progression in HERBY (adapted from the RANO criteria)
Parameter Criterion

T1-weighted post-Gd
measurable disease

�25% increase in the sum of the products of perpendicular diameters of the contrast-enhancing lesions
compared with the smallest tumor measurement obtained either at baseline (if no decrease was observed)
or best response with the patient on stable or increasing doses of corticosteroids

T1-weighted post-Gd
nonmeasurable disease

Clear progression of nonmeasurable lesions

T2/FLAIR Substantial increase in the T2/FLAIR nonenhancing lesion compared with the baseline scan or best response
after the initiation of therapy with the patient on a stable or increasing dose of corticosteroids

The increase in the T2/FLAIR signal must have occurred and not be the result of comorbid events (eg, radiation
therapy, demyelination, ischemic injury, seizures, postoperative changes, or other treatment effects)

New lesions Any new lesions
Clinical Clear clinical deterioration due to tumor and not attributable to other causes (eg, seizures, medication

adverse effects, complications of therapy, cerebrovascular events, infection, and so forth)
Failure to return Failure to return for evaluation as a result of death or deteriorating condition

Note:—Gd indicates gadolinium.
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namic susceptibility contrast imaging (On-line Table 3). A correl-

ative analysis of functional changes in tumor on MR diffusion/

perfusion imaging and efficacy outcome measures is to be

performed at the time of the primary analysis. Correlative studies

of 1H-MR spectroscopy were planned for HERBY, but only a

small number of 1H-MR spectroscopy scans have been acquired

to date, which will likely prove to be insufficient for analysis. De-

cision rules for assigning response status are presented in On-line

Table 4. For example, if structural MR imaging indicated “com-

plete response,” but diffusion status was decreased and perfusion

status was “normal/decreased,” the combined status will be re-

vised to “stable disease.”

Statistical Analysis Plan
For event-free survival and overall survival, Kaplan-Meier curves

will be generated and 95% confidence intervals will be estimated

by using the Rothman method. An estimate of the treatment effect

will be expressed as the hazard ratio with corresponding 95% CI

(estimated in a Cox regression analysis). Analyses comparing

treatment arms will include the 2-sided log-rank test at the 5% �

level. Event-free survival and overall survival rates will be esti-

mated by using the Kaplan-Meier method with 95% CIs calcu-

lated by using the Greenwood formula. The difference in overall

response rate between the treatment arms will be tested in an

exploratory manner, by using a �2 test with Schouten correction,

with 95% Pearson-Clopper CIs. We will calculate 95% Hauck-

Anderson CIs for the difference in response rates between the

treatment arms. Other analyses will be descriptive.

Current Status of HERBY
At the time of manuscript preparation, recruitment into the

HERBY trial has been completed (n � 121) and the study is on-

going. To date, the RANO criteria have been successfully applied

(by using the central radiologic read) for the first 73 patients.

DISCUSSION
The HERBY study aims, primarily, to establish whether bevaci-

zumab, when added to radiation therapy and temozolomide, can

improve clinical outcomes for pediatric patients with HGG. How-

ever, an additional aim of HERBY is to assess the value of the

structural imaging (based on the RANO criteria) alone and when

combined with multimodal imaging for pediatric neuro-oncol-

ogy trials, with the potential of guiding future recommendations

(RAPNO). Accordingly, the RANO criteria have been imple-

mented into the HERBY trial, with some modifications. For ex-

ample, the use of an expert reviewer for identification of pseudo-

progression was incorporated into the study design. In addition,

to reduce bias and variability, site-independent central review will

be used to determine response to treatment.

Tumor diffusion and perfusion imaging have also been incor-

porated to complement the RANO criteria, to investigate whether

these tools can enhance the understanding of tumor response to

bevacizumab in pediatric patients with HGG. To date, the use of

these tools has been variable in HERBY. Although most sites

claimed that they were able to do full multimodal imaging

before the trial started, the uptake has been poor for some

techniques. DWI was the most prevalent technique used; its

value in the context of the RANO criteria is still to be evaluated,

but currently it seems that DWI is the most likely to be prag-

matically incorporated into the revised RANO criteria for pe-

diatric patients.

A key aspect of HERBY is the provision of detailed protocols

for the imaging procedures, which aim to help standardize

assessment across sites and countries. Standardized imaging

protocols are the subject of recent draft FDA guidance, which

recommends that trials augment existing standards to create

trial-specific imaging standards, particularly in cases in which

images can be interpreted quantitatively.18 The guidance also

recommends that when imaging modalities are vulnerable

to image-quality problems, central imaging interpretation

should be considered.

Standardization is important for both conventional MR imag-

ing and the diffusion/perfusion techniques being used in HERBY,

these latter being, to date, largely experimental. Future trials will

require a consensus on protocols with consistent implementation

to maximize their value. To this end, following a workshop held in

January 2014, a recent consensus publication has outlined a stan-

dardized brain tumor anatomic imaging protocol, involving the

following: patient advocates; device and pharmaceutical industry

leaders; the FDA; the National Cancer Institute; and academic

experts in neuro-oncology, neuroradiology, and imaging phys-

ics.19 The recommended protocol reflects recent imaging

developments, particularly the use of 3D isotropic T1-weighted

imaging pre- and post-gadolinium administration to enable high-

quality T1-subtraction image acquisition, a technique that poten-

tially offers improved tumor visualization and quantification of

enhancing tumoral tissue.20 The proposed protocol (On-line Ta-

ble 5) builds on and refines that proposed within the RANO pub-

lications and reflects the dynamic and changing status of neuro-

oncology imaging. While T1-subtraction images will be evaluated

in HERBY, for the most part, this evaluation will depend on 2D

T1-weighted image acquisitions; the protocol for the study was

derived in 2010 before the current recommendations for T1 vol-

ume imaging.

The HERBY study design has several potential strengths,

which are anticipated to reinforce the results. For example, the use

of central review and decision rules should bring consistency to

response assessment and reduce variability. HERBY also includes

algorithms for early progression (potential pseudoprogression),

which have proved valuable in adult trials6; and it incorporates

detailed imaging protocols, which could potentially be used as

a standard in future pediatric HGG imaging. HERBY has a

relatively large patient number in comparison with other pe-

diatric trials; however, there may be variability within the 121

patients that precludes clear conclusions on all aspects under

investigation.

We hope that HERBY will meet its aims of establishing the

efficacy and safety of a new regimen for the first-line treatment of

newly diagnosed high-grade glioma, a condition for which new,

effective treatments are very much needed. However, regardless of

outcomes, it is anticipated that HERBY will provide valuable new

insights into pediatric brain tumors treated with antiangiogenic

therapy, which can be applied to future work. HERBY is the first

study to compare standard structural imaging with structural im-
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aging plus diffusion/perfusion imaging and will give an indication

of whether the latter influences the perception of tumor response

or progression. This randomized trial will provide valuable infor-

mation on the true clinical value of these additional imaging tools.

The availability of DWI and structural imaging should allow some

conclusions to be drawn on the value of this technique for pedi-

atric HGG response assessment in clinical practice. Furthermore,

HERBY will allow assessment of the feasibility and practicality of

using standardized imaging protocols in clinical trials.

CONCLUSIONS
RANO criteria can be implemented into pediatric trial protocols,

but this requires careful consideration; we implemented a review

of potential pseudoprogression by expert readers and validation

of radiographic progression in the case of stable clinical parame-

ters. The HERBY trial will assess, for the first time, whether func-

tional imaging techniques such as diffusion and perfusion MR

imaging, can strengthen the assessment of response when com-

bined with conventional imaging tools. HERBY has also intro-

duced standardized imaging protocols and augmented the RANO

criteria with central review and expert advisors. Harmonization of

imaging protocols and techniques may improve the robustness

of pediatric neuro-oncology studies and aid future trial

comparability.
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