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The purpose of this report is to describe the state of imaging techniques and technologies for detecting response of brain tumors to
treatment in the setting of multicenter clinical trials. Within currently used technologies, implementation of standardized image ac-
quisition and the use of volumetric estimates and subtraction maps are likely to help to improve tumor visualization, delineation, and
quantification. Upon further development, refinement, and standardization, imaging technologies such as diffusion and perfusion MRI
and amino acid PET may contribute to the detection of tumor response to treatment, particularly in specific treatment settings. Over
the next few years, new technologies such as 23Na MRI and CEST imaging technologies will be explored for their use in expanding the

ability to quantitatively image tumor response to therapies in a clinical trial setting.

Keywords: brain tumors, diffusion MRI, imaging biomarker, MRI, PET, perfusion MRI, response assessment, T1 subtraction.

Currently Available Techniques With
Immediate Application

Standardization of Image Acquisition Reduces Variability
in Measurements

In multicenter studies, the heterogeneity of MR scanners and pa-
rameters (eg, field strength, gradient system, manufacturer, se-
guences) must be considered. 1t is well known that even minor
differences in hardware or in sequence timing may result in sig-
nificant changes in image contrast and tumor measurements,
potentially exceeding the changes caused by therapy or the dis-
ease itself. Furthermore, a variety of MR sequences are used for
tumor assessment, which further hampers comparability be-
tween different centers without tight control and standardization
of pulse sequence parameters.

A high contrast-to-noise ratio between tumor and surrounding
tissue is crucial for precise measurement of tumor size. In addi-
tion to differences in sequences and sequence parameters,® le-
sion contrast is also dependent on the magnetic field strength
of the scanner,? with higher field strengths showing higher
contrast-to-noise compared with lower field strength scanners
(eg, 3T vs 1.57). Contrast-enhanced T1-weighted images show

even higher variability, as the signal changes induced by the con-
trast agent are related to the timing, dose, and type of contrast
agent used. Dynamic contrast-enhanced imaging has shown that
the maximum contrast agent uptake occurs between 4 and
8 minutes after contrast agent application,? indicating that this
is the most effective window for acquiring postcontrast T1-
weighted images for minimal variability in lesion size estimation
due to timing of contrast agent administration.

Volumetric Measurements of Enhancing Tumor Burden and
Volumetric Enhancing Tumor Response to Therapy

There is increasing evidence to support the hypothesis that volu-
metric estimates of tumor burden are more accurate than 1D/2D
measurements. A study by Voss et al* showed that the Macdon-
ald assessment of chemotherapy resulted in a kappa coefficient
of 0.51, with 55% of evaluated MRI studies not having a complete
consensus for categorical tumor response measurement.” In a
study by Shah et al®, the best response assessment had a 63%
correspondence between 1D and enhancing volume measure-
ments and 69% correspondence between 2D and enhancing vol-
ume measurements. In a study comparing 1D, 2D (bidirectional),
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and 3D volumetric contrast-enhancing tumor measurements,
only 3D enhancing volume was predictive of overall survival
(0S) (along with age and sex).® Provenzale et al’ showed poor
reader agreement in tumor assessment, with an ~14% false-
positive rate in the diagnosis of progression of tumors that are
stable. A study comparing 1D, 2D, and 3D volumetric contrast-
enhancing tumor measurements in childhood brain tumors
showed relatively poor concordance between 3D and 1D/2D mea-
surements of 61%-66%.° Others have reported somewhat high-
er concordance rates. For example, Galanis et al® compared 1D,
2D, and volumetric results and found good agreement between
volume and linear measurements in terms of measurement re-
sponse at 4 months for newly diagnosed gliomas (75% in 1D
and 2D vs volumetric). Similar performance was observed when
exominin? tumors treated with bevacizumab and concurrent iri-
notecan.’® In general, high interobserver variability has been
noted in bidirectional and unidirectional measurements com-
pared with 3D measurements.** This is most likely due to diffi-
culty defining the exact margins and identifying the largest
diameter or perpendicular diameter'? and the tendency of 1D/
2D measurements to overestimate tumor volume,® thus leading
to a significantly longer measured progression-free survival (PFS)®
that is presumably due to larger estimates of tumor burden at
baseline.

Volumetric Analysis of Recurrent Glioblastoma Treated
With Bevacizumab

Results from volumetric analyses in recurrent glioblastoma
(GBM) treated with bevacizumab appear to be mixed. A single-
institution study by Ellingson et al'® demonstrated that >75%
of patients experienced a >5% decrease in contrast-enhancing
volume after bevacizumab and that there was no link between
the change in contrast-enhancing tumor volume and PFS or OS.
In support of these findings, a recent ACRIN-6677/RTOG-0625
multicenter study presented by Boxerman et al** convincingly
demonstrated that an increase in contrast-enhancing volume be-
yond 8 or 16 weeks can be used to predict OS in recurrent GBM
treated with bevacizumab; however, a decrease in the volume
of contrast enhancement (ie, “response”) was not predictive of
OS. These results are similar to a recent multicenter study by
Ellingson et al*® involving conventional volumetric segmentation
of data from the BRAIN trial, showing that the change in enhanc-
ing volume before and after treatment with bevacizumab was
not predictive of PFS or OS. In contrast to these studies, a single-
institution study by Huang et al'® recently found that baseline en-
hancing volume, posttreatment residual enhancing volume, and
percentage change in enhancing volume were all predictive of PFS
and OS. Together, these studies suggest that there are, at most,
only weak correlations between volumetric response to bevacizu-
mab and patient survival using conventional volumetric segmen-
tation techniques.

3D Image Acquisition Further Reduces Variability in Lesion
Volume Assessment Compared with 2D Acquisition
To date, most tumor studies are performed using 2D techniques

with higher in-plane resolution than through-plane resolution
(ie, slice thickness). It has been shown that incorrect repositioning

of these slices increases variability of lesion volume estimates
at follow-up,"’” and that this variability can be reduced by
implementing automatic slice positioning tools. Alternatively,
the use of 3D acquisition instead of 2D MRI sequences is thought
to reduce variability relating to slice positioning by as much
as 50%."®

Evidence suggests that the use of 3D T1-weighted MR images
to evaluate tumor volume may have a significant impact on the
evaluation of therapeutic benefit. For example, a recent study by
Boxerman et al** demonstrated that early progression on both
2D and 3D T1-weighted images acquired 8 or 16 weeks following
drug treatment using bevacizumab with irinotecan or temozolo-
mide in recurrent glioblastoma (RTOG-0625) predicted OS; how-
ever, 3D T1l-weighted images allowed for a better separation of
responders and non-responders on Kaplan-Meier curves, presum-
ably due to more accurate assessment of lesion volumes using 3D
acquisition techniques.

Although 3D gradient echo-based sequences are by far the
most commonly used in brain tumor clinical trials (eg, MPRAGE
or SPGR sequences), 3D spin echo-based sequences (eg,f CUBE
or SPACE sequences) may also be beneficial for quantifying lesion
volumes. 3D spin echo-based sequences may have added bene-
fits of reduced susceptibility artifacts and increased contrast-
to-noise when used on contrast-enhanced T1-weighted imaging
compared with 3D gradient echo-based sequences; however, 3D
spin echo sequences typically suffer from lower signal-to-noise,
higher specific absorption rate, and specific sequence acquisition
details may vary across vendors due to lack of sequence
standardization.

Contrast-enhanced T1 Subtraction (CE-AT1w) Maps
Improves Visualization and Quantification of
Enhancing Tumor

The use of image subtraction was first described by des Plantes in
1961'° and continues to be useful for applications requiring
detection of subtle changes in contrast uptake. In fact, the use
of digital subtraction maps has been recommended by the Amer-
ican College of Radiology (ACR) and Society for Skeletal Radiology
(SSR) in their guidelines for interpretation of MRI of bone and soft
tissue tumors.?° In the brain, digital subtraction of postcontrast
MR images from precontrast MR images was described by Suto
et al®? as early as 1989. In 1993, Lloyd et al?? demonstrated
the utility of contrast-enhanced T1-weighted subtraction maps
in head and neck tumors, showing that subtraction maps provide
a more accurate record of tumor extent compared with unsub-
tracted postcontrast MR images. In a pictorial essay in 1996,
Lee et al?® described the use of image subtraction as a broadly
applicable postprocessing technique that can be performed at
any field strength and any T1-weighted sequence in a variety of
imaging applications, including use in differentiating enhancing
lesions from hemorrhage. Later that year, Gaul et al** examined
subtraction maps in the presence of hyperintense subacute hem-
orrhage in the area of interest on T1-weighted images, noting a
net negative signal within areas of blood products and net posi-
tive signalin areas of residual tumor on subtraction maps. A study
by Melhem et al?® in 1999 attempted to quantify the benefit of
postcontrast T1-weighted subtraction maps compared with stan-
dard postcontrast images, noting that enhancing brain lesions
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were more conspicuous on the subtraction images, had a signifi-
cantly higher contrast-to-noise ratio, and could identify residual
enhancement in 88% of patients with parenchymal hematomas
where standard postcontrast T1-weighted images had failed.

A recent study by Ellingson et al’*® implemented a variation
of this subtraction technique in order to estimate contrast-
enhancing lesion volumes before and after bevacizumab therapy
in recurrent GBM as part of the BRAIN trial. Results suggested that
there were significant differences between conventional and
T1-subtraction defined volumes, particularly when examining
the change in contrast between pre- and posttreatment time
points. Results showed that tumors exhibiting a decrease in
contrast-enhancing volume had a significantly longer PFS and
0S. The ability to predict PFS and OS was further improved
when accounting for differences in the treatment paradigm (bev-
acizumab alone or in combination with CPT-11) and with the ad-
dition of a subsequent confirmatory scan. Together, these results
suggest that T1 subtraction maps may be extremely useful
for improving tumor delineation, visualization, and quantification
of enhancing tumor even following changes in vascular
permeability.

To date there are a variety of commercially available and
open-source solutions for performing T1 subtraction. Since T1
subtraction is identical to digital subtraction angiography (DSA),
many postprocessing workstations from MR system manu-
facturers are already equipped with digital subtraction capa-
bilities. Additionally, third-party software packages are also
available for T1 subtraction, including the open-source version
of Osirix™.

Reproducibility, Reliability, and Accuracy of Contrast
Enhancement, Volumetric Analysis, and T1
Subtraction Maps

Reproducibility of brain tumor volume measurements appears to
be on the same order of magnitude as reported in the Alzheimer’s
Disease Neuroimaging Initiative (ADNI), an NIH/NINDS-sponsored
initiative involving analysis of high-resolution 3D T1-weighted im-
ages of the human brain and the quantification of subtle changes
in anatomical volumes and measurements. For example, a study
by Kaus et al?® performed both manual and automated segmen-
tation of low-grade gliomas and noted intraobserver and interob-
server coefficient of variations of ~2% and 13.6%, respectively,
using manual segmentation; both were reduced to <3% after
using an automated algorithm. This is similar to other automated
techniques that have shown estimated tumor volume errors
ranging from 2.5% to 10% compared with manual segmenta-
tion.?” Quantification of 3D volumes from 2D-acquisition proto-
cols appears to result in slightly higher variability in tumor
volume measurements. A study by Mazzara et al?® noted intraob-
server variability of ~20% and interobserver variability of 28%,
and a similar study by Weltens et al? showed a coefficient of
variance ranging from 14% to 33% for tumor volumes on MRI,
depending on whether the lesion volumes were determined by
radiologists, radiation oncologists, or neurosurgeons. This range
is similar to those determined on CT,>° and on average results dif-
fered by ~1.5 cc.?

Preliminary comparison between volumetric segmentation of
standard postcontrast T1-weighted images and T1 subtraction

maps suggests that T1 subtraction provides a lower coefficient
of variance compared with standard postcontrast T1 weighted
images, regardless of whether a vascular permeability agent is
used (Figure 2). In particular, a pilot study was conducted of 20
patients randomly selected from 2 different multicenter clinical
trials involving antiangiogenic agents. Enhancing tumor volumes
were segmented by 3 technologists with 2+ years of segmenta-
tion experience before and after administration of therapy. Re-
sults suggest that T1 subtraction maps reduce the coefficient of
variance in both trials and both contexts compared with standard
segmentation, and T1 subtraction maps provide a more dramatic
reduction in variability when used for evaluation of tumor burden
during antiangiogenic therapy. These results support the hypoth-
esis that T1 subtraction maps improve the ability to delineate
tumor burden regardless of therapy.

Although not specifically addressed in the literature, it is con-
ceivable that use of 3D spin echo-based sequences may provide
higher contrast-to-noise T1 subtraction maps when compared
with subtraction maps generated from 3D gradient echo-based
acquisition based on preliminary 2D comparisons. Despite this po-
tential advantage, however, the use of 3D spin echo sequences
are not currently common for volumetric contrast-enhanced
T1-weighted imaging in glioblastoma. Future efforts focused on
standardization of 3D spin echo sequences across vendors and di-
rect comparisons with 3D gradient echo sequences are critical for
integrating these potentially advantageous sequences into mul-
ticenter clinical trials.

Emerging Techniques That Require
More Validation

Diffusion MRI

Diffusion-sensitive MRI techniques are another imaging method
that has shown promise in predicting response to standard cyto-
toxic as well as modern antiangiogenic therapies. Diffusion-
weighted imaging (DWI) is sensitive to microscopic, subvoxel
water motion for which an apparent diffusion coefficient (ADC)
can be estimated, reflecting the magnitude of water motion.
ADC has been shown to be inversely correlated with tumor cell
density,*>~3* largely thought to be due to restriction of extracel-
lular water motion due to tightly packed tumor cells. Given that
brain neoplasms have a higher cell density than normal tissues,
they have lower ADC values. On the other hand, edema and ne-
crosis, which are associated with lower cell densities, have rela-
tively higher ADC values. This relationship, however, can be
confounded by a variety of factors including ischemia,* differ-
ences in cell shape,*® and the presence of infection or
inflammation.*”

Diffusion MRI Reflects the Degree of Malignancy

Although studies have shown an inverse correlation between
tumor cell density and ADC, high-grade gliomas are spatially
and genetically heterogeneous and show regions of high cellular-
ity adjacent to areas of necrosis and edema. This degree of het-
erogeneity can hamper correct tumor grading through the use of
diffusion MRI and has illustrated a limitation of using mean ADC
as a measure of tumor malignancy.*® Some studies have shown
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Pre-Contrast Post-Contrast
FLAIR T1-Weighted T1-Weighted T1 Subtraction

Fig. 1. Standard structural images and contrast enhanced T1-weighted subtraction maps in patients treated with bevacizumab at recurrence. (A) A
patient with recurrent glioblastoma showing nonenhancing tumor near the right lateral ventricle after treatment with bevacizumab. This patient has
multifocal disease including 2 potential diffuse cortical lesions identified on FLAIR. Postcontrast T1-weighted images show ill-defined regions of subtle
contrast enhancement within these potential lesions. T1 subtraction maps clearly identify an enhancing mass near the right lateral ventricle, along with
a single enhancing nodule within the cortex in the left frontal lobe (grey arrows). (B) A patient with recurrent glioblastoma showing extensive FLAIR
signal changes and subtle contrast enhancement near the internal capsule after administration of bevacizumab. After application of T1 subtraction
maps, the conspicuity of this lesion is clearly improved, and it can be identified as an obvious ring-enhancing lesion (grey arrow). (C) A patient with
recurrent glioblastoma treated with bevacizumab showing 2 areas of concern, one in the right frontal lobe and the other in the right posterior
lateral ventricle. With postcontrast T1-weighted images, both of these suspicious lesions show enhancement; however, precontrast T1-weighted
images show T1 shortening consistent with blood products within the frontal lobe lesion. After application of T1 subtraction maps, the lesion in the
frontal lobe is hypointense (white arrow), and the lesion near the posterior lateral ventricle is hyperintense (grey arrow). This example illustrates the
ability of T1 subtraction maps to both identify subtle enhancing lesions as well as exclude blood product-related T1 shortening.

lower ADC in high-grade gliomas compared with lower grade gli-  diffusion MRI has sufficient sensitivity, but inadequate specificity,
omas;*® however, other studies have reported considerable to accurately predict the degree of malignancy using mean ADC
overlap between mean ADC values.?® Thus it appears that values.
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Fig. 2. Contrast-enhanced T1-weighted digital subtraction maps improve coefficient of variation (CV) in tumor volume quantification in both the
presence of antiangiogenic agents as well as nonneoplastic agents. (A) CV in lesion volumes prior to administration of bevacizumab in the BRAIN
trial showing a significant decrease in CV after calculation of subtraction maps (t test, P%.0002). (B) CV in lesion volumes after administration of
bevacizumab in the BRAIN trial showing a significant decrease in CV in subtraction maps (t test, P%.0003). (C) CV in lesion volumes prior to
administration of an undisclosed antiangiogenic agent showing significant decreases in CV in subtraction maps compared with standard
postcontrast T1-weighted images (T1 + C) (t test, P¥.0006). (D) CV in lesion volumes after to administration of an undisclosed antiangiogenic
agent, showing significant decreases in CV in subtraction maps (t test, P<.0001).

Diffusion MRI as an Early Biomarker for Response to
Cytotoxic Therapy and as a Tool for Differentiating
Pseudoprogression From Tumor Recurrence

Early changes in ADC have been shown to be predictive of re-
sponse to cytotoxic therapies, including radiation and anti-
neoplastic therapies. Specifically, studies have shown that a
transient decrease in ADC occurs after surgical resection due to
ischemia and/or reactive cell hypertrophy,*® and an increase in
ADC following cytotoxic therapies has been shown to be associat-
ed with a favorable response®! likely relating to destruction of cell
membranes resulting in a decrease in restricted diffusion. Togeth-
er, these studies suggest that diffusion MRI may add value in
identifying tumors that are responsive to cytotoxic therapy and
may provide added specificity for differentiating pseudoprogres-
sion from recurrent tumor.

Diffusion MRI in Antiangiogenic Therapy

Pope et al*? utilized the distribution of ADC values within pretreat-

ment contrast-enhancing regions to predict the response to bev-
acizumab. Specifically, this study fit a double Gaussian, mixture
model to the ADC histogram extracted from pretreatment
contrast-enhancing regions and noted that the mean of the
lower ADC histogram, ADC,, was a significant predictor of PFS.
In a follow-up multicenter study, Pope et al** verified these find-
ings and noted that lower mean ADC, values were associated
with shortened survival.

General Variability in ADC

Diffusion MRI estimates of ADC have been proposed as a possible
surrogate for tumor cellularity, as changes in ADC have been
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shown to be early predictors of various therapies. Using a
temperature-controlled water phantom, Chenevert et al**
noted a variance of ~5% in ADC measurements when examining
various vendors, platforms, and field-strengths. This represents
the minimum variability in diffusion measurements that can be
obtained by the MR system. In ACRIN-6677/RTOG-0625, diffusion
MRI was collected, and unpublished results from this study have
suggested that normal CSF and NAWM mean ADC measurements
have a coefficient of variance of ~7.3% and 10.5%, respectively.
In the BRAIN trial, Pope et al*® showed a coefficient of variance in
lesion ADC of ~17%, and unpublished results demonstrated a
wide variation in ADC measurements in NAWM across the various
sites.

In summary, diffusion MRI is still considered an emerging
technology because there remains a considerable lack of data re-
garding the effects of standardization of image acquisition pa-
rameters on diffusion measurements, lack of data regarding
reproducibility in multicenter trials, and lack of data regarding
how diffusion MRI measurements might best be integrated as a
possible imaging endpoint.

Perfusion MRI

Perfusion MRI techniques have been used for nearly 20 years in
the evaluation of malignant brain tumors and largely consist of
3 primary approaches: dynamic susceptibility contrast (DSC)-MRI,
dynamic contrast enhanced (DCE)-MRI, and arterial spin labeling
(ASL). DSC-MRI is a first-pass bolus imaging technique based on
the indicator-dilution method and was introduced in the late
1980s“® as a method of estimating relative cerebral blood volume
(rCBV), flow (rCBF), and mean transit time (MTT) using the mag-
netic susceptibility properties of paramagnetic contrast agents
(eg, gadolinium and other lanthanide chelates) and T2*-weighted
MR acquisition methods. Various investigations have shown that
these perfusion parameters reflect important biological informa-
tion regarding tumor vascular morphometry.“® Alternatively,
DCE-MRI involves application of a pharmacokinetic model to
describe the exchange of paramagnetic contrast agents between
the vascular space and extravascular, extracellular space using
the changes in longitudinal relaxation known to accompany para-
magnetic contrast agents on dynamic T1-weighted images.*’ Al-
though there are a few variations of this model, the primary
variable of interest in most brain tumor studies is K", the trans-
fer coefficient between the intravascular space and the extravas-
cular, extracellular space related to the product of vessel surface
area and vascular permeability, but often used as a surrogate of
vascular permeability in oncologic studies. A arterial spin labeling
is a noninvasive method of estimating and quantifying (CBF)*®
that does not involve injection of contrast but instead uses mag-
netic tagging of blood water as an endogenous, diffusable tracer.

Perfusion MRI as an Early Biomarker for
Radiotherapy Response

Perfusion imaging has also been investigated as a potential bio-
marker for early response to radiation therapy. Mangla et al*
found that the percentage change in rCBV from the pre- and post-
treatment measurements was predictive of 1-year survival with a
sensitivity of 90% and a specificity of 60%. In a larger study, Law
et al’® found that rCBV could be used to predict time to

progression. Cao et al®! found that fractional tumor volume
with high rCBV was predictive of survival in high-grade gliomas,
in ghixh patients with a decrease in the fractional tumor volume
with high rCBV from week 1 postradiation to week 3 postradiation
had better survival outcomes than those who did not.

Perfusion MRI May Help in Predicting Pseudoprogression
From Tumor Recurrence

The use of perfusion imaging to differentiate true progression
from pseudoprogression has been an area of active investigation.
Barajas et al®? investigated DSC parameters as a means of differ-
entiating recurrent glioblastoma from radiation necrosis (verified
by histopathology) and noted that mean, maximum, and mini-
mum rCBV were significantly greater in patients with recurrent
tumor than in patients with radiation necrosis. Hu et al®® exam-
ined the use of rCBV in differentiating glioma recurrence from ra-
diation necrosis, showing a sensitivity of 91.7% and a specificity
of 100% for differentiating these 2 conditions using a rCBV ratio
threshold of 0.71. Sugahara et al** studied patients with new en-
hancing lesions that developed within irradiated regions to eval-
uate the effectiveness of rCBV in differentiating tumor recurrence
from radiation necrosis, showing that normalized rCBV ratios
>2.6 relative to white matter occurred in cases of recurrent
tumor and ratios <0.6 in cases of radiation necrosis.

Perfusion MRI in Antiangiogenic Therapy

Several studies have focused on using perfusion imaging to as-
sess response to antiangiogenic therapy; however, initial studies
were disappointing in that there was no strong correlation be-
tween reduction in tumor perfusion and survival. For example,
Sawlani et al®® studied 16 patients with recurrent glioblastoma
treated with bevacizumab and evaluated mean rCBV, mean leak-
age coefficient, and hyperperfusion volume (HPV), which is de-
fined as the fraction of tumor with an rCBV above a prespecified
threshold, as potential biomarkers for treatment response. They
found that the percent change in HPV (using a rCBV threshold
of 1.00) from baseline to first follow-up had a marginally signifi-
cant hazard ratio of 1.077 when correlated with time to pro-
gression. Sorensen et al®® studied 31 patients with recurrent
glioblastoma treated with cediranib and explored a vascular nor-
malization index by combining K", microvessel volume, and cir-
culating levels of collagen 1V. Sorensen et al found that this new
index (measured 1 day after treatment initiation) was closely as-
sociated with OS and PFS.

General Variability of DSC-MRI

DSC-MRI is commonly used in clinical assessment of malignant
gliomas and cerebral ischemia and/or stroke; thus, much of the
information regarding reproducibility and accuracy can be derived
from the stroke literature. Despite preliminary data from relatively
small studies, there remains a significant need to clearly validate
DSC-MRI techniques and determine standardized methods that
provide clinically reliable measurements across multiple institu-
tions.”” Generally speaking, reproducibility of DSC-MRI hemody-
namic parameters across multiple institutions is difficult to
achieve due to a wide range of issues that affect the sensitivity
of the MR signal and derived parameters, including arterial
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dispersion of the bolus occurring between the site of recorded
arterial input function (AIF) and the position of the true AIF,>®
the concentration-dependent difference in T2* relaxivity
between tissue and large vessels, and specific scan parameters
including acquisition flip angle,”® gradient-echo versus spin-echo
preparation,®® and echo time.®?

When evaluated on the same scanner using the same acqui-
sition protocol, DSC-MRI appears to be relatively consistent. A
study by Henry et al®? examined the test-retest reliability of
DSC-MRI estimates of rCBV and noted a coefficient of variation
of 14% in the cortex and 12% in subcortical regions. Shin
et al®® examined CBV and CBF measurements and noted a coef-
ficient of variation of ~16% in normal white matter and 19% in
gray matter. Additionally, a study by Jackson et al®* examined
the reproducibility of DSC-MRI estimates of rCBV and noted a
95% confidence interval of 12%-15% in test-retest evaluations.
A mock multicenter study by Ellingson et al®> examined the var-
iation in DSC-MRI estimates of CBV when evaluated across various
MR scanners, field strengths, and acquisition protocols during
follow-up evaluations and noted a coefficient of variation of
around 30% for raw CBV measurements, or ~25% when evaluat-
ed on the same scanner.

Effects of Contrast Agent Dose on DSC-MRI

The specific contrast agent dose used and the timing after injec-
tion can also cause variations in measured perfusion parameters.
Alger et al®® showed that a double dose of contrast resulted in
approximately a 20% underestimation of rCBV and rCBF com-
pared with a single dose. This appears to contradict a recent
study by Paulson and Schmainda,”® who noted that a single
dose of contrast resulted in higher variability in rCBV when com-
pared with double-dose administration.

Effects of Preload Contrast Agent Administration on
DSC-MRI

In addition to contrast agent dose-related changes in perfusion
parameters during MR acquisition, measurement can also be in-
fluenced by whether a preload or initial dose of contrast is used
prior to dynamic acquisition. Knutsson et al®” demonstrated that
the use of a prebolus improves quantitative estimates of absolute
CBF and CBY, even in healthy volunteers. Hu et al®® showed a dra-
matic increase in accuracy of predicting radiation necrosis from
recurrent tumor when using any size preload dose (>80% cor-
rectly diagnosed with preload vs 62% without the use of a pre-
load). An animal study by Boxerman et al®® also showed that
the use of a preload reduced variability of intratumoral rCBV mea-
surements approximately 8x when compared with iron oxide
nanoparticles as a reference standard. Additional evidence sug-
gests other factors related to preload dose delivery, including in-
cubation time prior to dynamic acquisition, may influence the
degree of T1-weighted leakage compensation and accuracy of
rCBV measurement.’®

Effects of Postprocessing on DSC-MRI

A variety of postprocessing techniques are available, and each
can influence the measurement of tissue perfusion. Paulsen
and Schmainda®? noted that gamma-variate curve fitting tended

to underestimate rCBV and trapezoidal integration without leak-
age compensation resulted in underestimation of rCBV. Studies
have shown that singular value decomposition (SVD) methods
for deconvolution tend to underestimate CBF when the AIF lags
the concentration curve.”* Thus, techniques including circular
SVD’? and Bayesian approaches’® have been developed to further
improve accuracy of DSC-MRI perfusion parameters. Furthermore,
various institutions have demonstrated that different estimates
of CBV/CBF often arise from identical regions of interest depend-
ing on the particular software package used (eg, IBNeuro, Nordi-
cICE, FuncTool) despite supposedly similar methods for leakage
correction and curve fitting.

Normalization of DSC-MRI Parameters

Despite great effort in terms of absolute quantification of perfu-
sion parameters using DSC-MRI, most of the parameters derived
from DSC-MRI are relative measures. To overcome this limitation,
some investigators have suggested normalizing these measure-
ments to normal-appearing white matter or another reference
tissue; however, other studies have demonstrated that this as-
sumption may be prone to error due to variability of perfusion-
normal white matter tissue.”* Aware of this limitation, Bedekar
et al’> implemented a method of piecewise linear grayscale
“standardization” of perfusion measures using a training dataset,
noting a reduction in the variability from 9%-37% to 4%-6%. A
study by Ellingson et al®> compared various methods of postpro-
cessing including the use of standardization and Gaussian nor-
malization and noted a reduction in variability of CBV within
malignant glioma tissue from 25% to 30% to less than 20%.

Interobserver and Intraobserver Variability of DSC-MRI

In one of the only studies examining interobserver and intraob-
server variability in DSC-MRI, a study by Wetzel et al’® examined
the variability associated with measuring rCBV in 50 patients by 3
board-certified neuroradiologists These investigators noted an in-
terobserver coefficient of variance of ~30% and an intraobserver
coefficient of variance of 32%-41%, with variations between
observers increasing with increasing rCBV values. Additionally,
Wetzel et al note ~20% variation in rCBV measurements within
normal-appearing white matter. In summary, there are many
factors that influence the variability in DSC-MRI perfusion mea-
surements in malignant gliomas.

General Variability of DCE-MRI in Brain Tumors

In July 2012, the Quantitative Imaging Biomarker Alliance (QIBA)
created a white paper document outlining the use and quantifica-
tion of DCE-MRI for clinical trials.”””®(The specific recommenda-
tions of QIBA can be found at: http:/www.rsna.org/uploaded
Files/RSNA/Content/Science_and_Education/QIBA/DCE-MRI _
Quantification_Profile v1%?200-ReviewedDraft%208-8-12.pdf).
The normal measurement variations, as well as recommended ac-
quisition and postprocessing techniques, are well outlined in this
document. Briefly, Ferl et al’® explored the reproducibility of
DCE-MRI perfusion parameters by obtaining a repeat baseline
scan in recurrent glioblastoma patients prior to treatment with
bevacizumab and noted a coefficient of variation of 13% for K"
and 23.6% for ve. A study by Roberts et al®*® documented a 13%-
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19% coefficient of variation for K" and 11%-14% variation in v,
within human brain tumors, depending on the postprocessing
technique and pharmacokinetic model used. Also, Jackson
et al®! investigated the reproducibility of DCE-MRI parameters
and noted a coefficient of variance for K of 7.7% and v, of
6.2%.

Amino Acid Positron Emission Tomography

PET radiotracers have been used for the evaluation of brain tu-
mors since 1982, when Di Chiro et al synthesized and used
['8F]-fluorodeoxyglucose (*8F-FDG) to characterize hypermetabo-
lism in brain tumors.®? An alternative target for molecular imag-
ing of brain tumors involves labeling amino acids involved in
protein metabolic pathways. Amino acid transport is increased
in malignant cells;** which is hypothesized to be due the net re-
sult of increased demand for amino acids for amino acid synthe-
sis for proliferation, transamination, and transmethylation, the
use of amino acids as glutamine for fuel,®* and as precursors
for other biochemical syntheses. Regardless of the specific end
use of these amino acids in brain tumors, various studies have
shown that a wide variety of radiolabeled amino acids are useful
for brain tumor molecular imaging. These tracers include
[*'C-methyl]-methionine (*'C-MET), the most widely studied
amino acid tracer in brain tumors to date,® L-1-[**C]-tyrosine
(*1C-TYR)®®, and other amino acids utilizing the longer half-life
['®F] radiolabel including O-(2-[*8F]-fluoroethyl)-L-tyrosine
(*®F-FET)®” and 3,4-dihydroxy-6-[*8F]-fluoro-L-phenylalanine
(*8F-FDOPA)®® (as well as the '8F-FDOPA metabolite 3-0O-
methyl-6-['8F]-fluoro-L-DOPA®?). Although each of these amino
acid uptake tracers are unique in the complexity of their synthesis
as well as their precise involvement in protein synthesis and
amino acid uptake pathways, numerous studies have demon-
strated that they have very similar patterns of accumulation
and performance in identifying regions of active tumor.% Studies
have shown that amino acid PET may have the ability to differen-
tiate tumor growth from treatment-related changes with a sen-
sitivity of 75%-100% and specificity ranging from 60% to
100%.°* Large multicenter studies are needed to verify these
findings. Despite promising results, amino acid uptake can also
be elevated in inflammatory processes, and it may be difficult
to differentiate recurrent tumor from background tissue in
many cases.’”

Variability in Amino Acid PET Measurements

Relatively few studies have been performed using amino acid PET
compared with previously mentioned imaging techniques, and no
multicenter studies have been performed to date. In a well-
summarized systematic review and meta-analysis of 13 studies
consisting of 462 patients, Dunet et al®® reported that high-grade
gliomas had a tumor to normal brain 18F-FET PET coefficient of
variance of ~38%. Chen et al®’ reported a coefficient of variance
of tumor to brain uptake using 18F-FDOPA PET of ~29% in
treatment-naive high-grade glioma patients and 23% in post-
treatment gliomas. Similarly, Singhal et al®* reported a coefficient
of variance of tumor to brain 11C-MET PET uptake of ~36% in
high-grade gliomas. Together, these preliminary studies suggest
amino acid PET has a relatively high variability within tumor tis-
sues, even in single institution settings.

Techniques on the Horizon

23Na MRI

Unregulated cell division of tumor tissue can be initiated by
sodium/proton (Na*/H™) exchange kinetic changes and subse-
quently leads to alterations of Na*/potassium (K*) - ATPase acti-
vation. This results in elevated intracellular sodium concentration,
which is correlated with tumor malignancy.®> 2*Na MRI is able to
reflect changes in tissue sodium concentration. Ouwerkerk et al®®
found an increased tissue sodium concentration (TSC) in brain tu-
mors and perifocal edema compared with contralateral health
tissue. Nagel et al®’ illustrated elevated TSC in WHO grade I-1V
brain tumors, and showed that TSC strongly correlates with the
tumor proliferation rate (MIB-1). However, clinical use of 23Nq
MRI is currently not feasible due to the low resolution and the
low SNR at clinical field strengths.

Chemical Exchange Saturation Transfer Imaging

Chemical exchange saturation transfer (CEST) imaging is a nonin-
vasive MRI technique sensitive to endogenous mobile proteins
and peptides, respectively, and their tissue specific concentration.
Multiple metabolites (eg, glutamate, glutamine, creatine, myo-
inositol, and other proteins) feature exchangeable protons and
thus become endogenous agents with distinct chemical shifts,
making CEST a technology with the potential for frequency-
selective molecular imaging. Biomedical applications have
already been demonstrated for the detection and grading of
tumors.”® Furthermore, CEST contrast has been reported to
serve as a potential neuroimaging biomarker for proteins, pep-
tides, amino acids, or pH.?® Of these applications, CEST imaging
appears to have great promise as a pH-weighted MRI tech-
nique'® that is particularly attractive and would have immediate
clinical benefit for monitoring treatment response, prediction of
early treatment failure, identifying candidates for specific chemo-
therapies, and understanding the changes that occur in the
tumor microenvironment during antiangiogenic therapies.

Conclusions

In summary, there are many currently available imaging technol-
ogies that may be implemented immediately to improve assess-
ment of tumor response by increasing conspicuity the tumor and/
or reducing the measurement variability. Additionally, there are a
variety of promising physiological imaging technologies on the
horizon, but these require further evaluation and standardization
before being integrated into multicenter clinical trials for reliably
evaluating new therapeutics.

Recommendations

t Pre- and postcontrast T1-weighted MR imaging sequences
should be matched and standardized in future multicenter
trials.

t Volumetric acquisition of T1-weighted images should be used
for volumetric quantification of enhancing tumor burden.

1 Contrast-enhanced T1-weighted subtraction maps should be a
primary focus for further evaluation and validation as a
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measure of enhancing tumor burden and assessment of re-
sponse to therapy.

Additional Suggestions

+

The role of T2/FLAIR signal changes in assessing disease status
should be reevaluated after T1 subtraction maps have been
implemented, to determine if T2/FLAIR signal change contin-
ues to add value in evaluating response to therapy and if it out-
weighs the limitations of inherent subjectivity in assessing
these changes.

Diffusion and perfusion imaging should be standardized in a
multicenter trial setting for further investigation and validation
as potential secondary imaging endpoints for response
assessment.

Amino acid PET imaging should be investigated in a multicenter
trial once limitations on its availability are overcome because of
its potential to identify metabolically active enhancing and
nonenhancing tumor.

More accurate measures of tumor burden should be developed
to allow for identification of drugs and interventions that slow,
rather than reverse, tumor growth.
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