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High B-Value DWI and ADC
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ABSTRACT

BACKGROUND AND PURPOSE: Restriction spectrum imaging is a sensitive DWI technique for probing separable water diffusion com-
partments in tissues. Here, we evaluate RSI-CMs derived from the spherically-restricted water compartment for improved tumor conspi-
cuity and delineation from nontumor tissue and reduced sensitivity to edema compared with high-b-value DWI and ADC.

MATERIALS AND METHODS: RSI was performed in 10 presurgical patients: 4 with glioblastoma, 3 with primary CNS lymphoma, and 3 with
metastatic brain tumors. Multidirectional DWI data were collected at b = 500, 1500, and 4000 s/mm?. Quantification of tumor conspicuity,
edema conspicuity, and relative sensitivity to edema for RSI-CMs; DWI at b = 4000 (DWI-4000); and ADC were compared in manually
drawn VOls. Receiver operating characteristic curves were used to evaluate the sensitivity and specificity of each method for delineating
tumor from normal-appearing WM.

RESULTS: Significant TC was seen with both RSI-CMs and DWI-4000, but not ADC. Significant EC was seen with ADC, but not RSI-CMs or
DWI-4000. Significantly greater TC was seen with RSI-CMs compared with DWI-4000. Significantly reduced RSE was seen with RSI-CMs
compared with both DWI-4000 and ADC. Greater sensitivity and specificity for delineating tumor from normal-appearing WM were seen
with RSI-CMs (AUC = 0.91) compared with both DWI-4000 (AUC = 0.77) and ADC (AUC = 0.66).

CONCLUSIONS: RSI-CMs offer improved conspicuity and delineation of high-grade primary and metastatic brain tumors and reduced
sensitivity to edema compared with high-b-value DWI and ADC.

ABBREVIATIONS: AUC = area under the receiver operating characteristic curve; EC = edema conspicuity; RSE = relative sensitivity to edema; RSI = restriction

spectrum imaging; RSI-CM = RSI cellularity map; TC = tumor conspicuity

DWI is a powerful technique that measures the microscopic
diffusion of water at a cellular level,' and it is routinely used
for early detection of acute cerebral ischemia.” More recently, the
clinical utility of DWI has gained increased recognition within
neuro-oncology for identifying regions of malignant tumor on
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the basis of reduced ADC.?”> Moreover, numerous investigators
have shown a negative correlation between the tumor ADC values
and cellularity,®® which is commonly attributed to increased re-
stricted diffusion imposed by tumor cells. However, despite in-
creased restricted diffusion, tumor ADC values rarely fall below
that of normal-appearing WM. This is true even in highly cellular
tumors that originate in WM, such as glioblastoma and primary
CNS lymphoma.” One explanation for the higher than expected
ADC values in these tumors is the presence of edema and focal
necrosis within the tumor itself, which increases the ADC through
reduced hindrance imposed on the extracellular water.'®"" Thus,
increased ADC due to edema and necrosis will offset reduced
ADC imposed by tumor cells, resulting in lesions that are difficult
to discern from normal-appearing WM on the basis of the ADC
alone. This effect becomes more pronounced as the b-value is
reduced due to increasing sensitivity to the fast hindered water
fraction.

We have recently introduced a DWI technique for multi-b-
value multidiffusion time acquisitions called “restriction spec-
trum imaging”, which aims to separate the hindered and re-



Table 1: Histologic diagnosis and patient demographics

Patient Sex Age (yr) Pathology Status
1 Male 51 Glioblastoma, astrocytic, gemistocytic Postbiopsy, postradiation (6 mo)®
2 Male 53 Glioblastoma, astrocytic, small cell Postbiopsy, postradiation (8 mo)*
3 Male 84 Glioblastoma, astrocytic, small cell Prebiopsy, preradiation
4 Male 66 Glioblastoma, astrocytic, gemistocytic Prebiopsy, preradiation
5 Male 55 Primary CNS lymphoma, large B-cell Postbiopsy, preradiation
6 Female 74 Primary CNS lymphoma, large B-cell Prebiopsy, preradiation
7 Male 67 Primary CNS lymphoma, large B-cell Prebiopsy, preradiation
8 Female 72 Metastatic adenocarcinoma, primary colon Prebiopsy, postradiosurgery (14 mo)*
9 Male 58 Metastatic renal cell carcinoma Prebiopsy, postradiosurgery (10 mo)*
10 Female 73 Metastatic non-small cell lung Prebiopsy, postradiosurgery (6 mo)®

? Interval in months between radiation treatment and MRI.

stricted diffusion compartments in tissues over a range or
“spectrum” of length (size) scales with spherical and cylindrical
geometries.'> RSI represents a cross between the high-angular-
resolution diffusion imaging techniques such as,'? diffusion spec-
trum MRL'* and Q-ball'® and the multiscale (multicompart-
ment) methods to probe non-Gaussian diffusion such as
biexponential,'® stretched exponential,'” and kurtosis models.'®
As such, RSI requires data to be collected over an extended b-
value range (b > 3000 s/mm?) to sample the non-Gaussian diffu-
sion signal attenuation.'®*°

The purpose of this study was to evaluate the clinical utility of
the RSI method for improved delineation of tumor from normal-
appearing WM as well as reduced sensitivity to edema and necro-
sis compared with DWI and ADC image contrast measured at
equivalent high b-values. We hypothesize that by isolating signal
from the spherically-restricted water fraction with RSI, one may
achieve greater sensitivity and specificity to tumor cellularity in
the presence of edema and necrosis, which may allow improved
delineation of tumor from normal-appearing WM compared
with DWI and ADC.

MATERIALS AND METHODS

Patients

This prospective study was approved by our institutional review
board, and written informed consent was obtained from all pa-
tients. Between 2010 and 2012, all patients seen at the Neuro-
Oncology Department at the University of California, San Diego,
Moores Cancer Center underwent a standardized MR imaging
protocol that included the RSI sequence. To limit the potential
confound of surgical effects, we included patients in this study
only if they had undergone an RSI scan prior to surgical resection.
This resulted in 10 patients, including 4 with GBMs, 3 with pri-
mary CNS lymphomas, and 3 with metastatic tumors (Table 1).
All patients with primary brain tumors were histologically diag-
nosed on the basis of either preimaging biopsy or postimaging
biopsy or resection. Patients with metastatic tumors had known
primary malignancies.

MR Imaging Examination

MR imaging was performed on a 3T Signa Excite HDx scanner
(GE Healthcare, Milwaukee, Wisconsin) equipped with an
8-channel head coil. Our imaging protocol included pre- and
postgadolinium 3D volumetric T1-weighted inversion recovery
spoiled gradient-recalled sequences (TE/TR = 2.8/6.5 ms; TI =
450 ms; flip angle = 8% FOV = 24 cm; 0.93 X 0.93 X 1.2 mm) and

a 3D T2-weighted FLAIR sequence (TE/TR = 126/6000 ms; TT =
1863 ms; FOV = 24 c¢m; 0.93 X .093 X 1.2 mm). For RSL, a
single-shot pulsed-field gradient spin-echo EPI sequence was
used (TE/TR = 96 ms/17 seconds; FOV = 24 cm, matrix = 96 X
96 X 48) with 4 b-values (b = 0, 500, 1500, and 4000 s/mm?), and
6, 6, and 15 unique diffusion directions for each nonzero b-value,
respectively (28 total volumes, ~8 minutes scanning time).

Preprocessing: ADC and DWI Calculations

Before analysis, the raw RSI data were corrected for geometric
distortions due to susceptibility,’ gradient nonlinearities, and
eddy currents. This was followed by correction of patient motion
by using in-house software. The ADC was calculated from a ten-
sor fit to the full dataset (all b-values and diffusion directions).
DWI images were formed separately for each b-value by averaging
the b = 500 (DWI-500), b = 1500 (DWI-1500), and b = 4000
(DWI-4000) data.

RSI Analysis
For fixed diffusion time acquisitions, the RSI model reduces to a
spectrum of ADCs at each voxel of the form'*:

1) §= Sexp[—b(Z,ADC)];
ADC; = (ADC) — ADC)cos’a + ADCY

where ADC; and ADC , are the apparent parallel and perpendic-
ular diffusivities of a cylindric tissue element, « is the angle be-
tween the cylinder (long) axis and the diffusion gradient direc-
tion, and S, is the signal measured at b = 0. To define the
spectrum, we set ADC, = 1 X 10> mm?/s and varied ADC | from
0 mm?®/s to ADC, in 6 equally spaced steps (On-line Fig 14, scales
1-6). We included 2 additional isotropic terms: 1 modeling re-
stricted diffusion (ADC|| = ADC, = 0 mm?/s; On-line Fig 1A,
scale 0) and 1 “free” water (ADC; = ADC, = 3 X 107> mm?/s;
On-line Fig 1B, scale 7). To account for the unknown orientation
of the cylindric components (scales 1-6, in which ADC, <
ADC,), we used a spheric harmonic expansion for their orienta-
tion distribution functions as detailed in White et al** (not shown
in the equation for simplicity). Parameter maps were then fit to
the unnormalized signal, which included the ADC spectrum com-
ponents (T2-weighted volume fractions; On-line Fig 1B) and the
geometric components (spheric harmonic coefficients, not
shown), by using least-squares estimation with Tikhonov regular-
ization.'> A constrained minimum variance beamformer was
used to combine all the parameter maps (diffusion spectra) post
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FIG 1. Anatomic TI-weighted postcontrast (A) and T2-weighted FLAIR (B) in an 84-year-old man with glioblastoma (patient 3). DWI images at b
= 500 (C), b = 1500 (D), and b = 4000 (E); ADC (F); and an RSI-CM are shown (G). VOIs for tumor (red), peritumoral edema (blue), and
normal-appearing WM (green) used for quantitative analysis are shown in H.

FIG 2. Anatomic Tl-weighted postcontrast (A) and T2-weighted FLAIR (B) in a 67-year-old man with lymphoma (patient 7). Shown also are DWI
images at b = 500 (C), b = 1500 (D), and b = 4000 (E); ADC (F); and an RSI-CM (G). VOls for tumor (red), peritumoral edema (blue), and
normal-appearing WM (green) used for quantitative analysis are shown in H.

hoc into a single image (herein termed the “RSI cellularity map,”
On-line Fig 1E) with maximum specificity to spheric restricted
diffusion (scale 0) through attenuation of the signal from all other
scales (scales 1-7).
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Volumes of Interest

Manual VOIs were drawn for tumor, peritumoral edema, and
normal-appearing WM by using coregistered 3D volumetric
T1 postcontrast, 3D volumetric FLAIR, and ADC sequences by



FIG 3. Anatomic Tl-weighted postcontrast (A) and T2-weighted FLAIR (B) for a 73-year-old woman with metastatic non-small cell lung cancer
(patient 10). Shown also are DWI images at b = 500 (C), b = 1500 (D), and b = 4000 (E); ADC (F); and an RSI-CM (G). VOIs for tumor (red),
peritumoral edema (blue), and normal-appearing WM (green) used for quantitative analysis are shown in H.

Table 2: Quantitative image contrast measures

versus tumor, and RSE values <1 indicate

RSI-CM DWI-4000 ADC greater relative sensitivity to tumor versus
TC (A/CQ) 578(3.23) 171(0.61) 091(016)  edema. The RSE as a measure is not reliant
EC (B/Q) 1.50 (1.57) 117(0.31) 119(010)  on the assumption that the peritumoral
RSE® (B/A) 0.24(0.12) 0.73(0.20) 133(0.17)  edema is not infiltrated (as one would ex-
Predicted infiltration baseline (%) 0.01(19.68) —7.57 (17.78) 18.69 (11.34)

100* (C-B)/A for RSI-CM and DWI-4000®
100* (B-C)/A for ADC

pect for GBM), only that the relative pro-
portion of tumor cells be greater in our tu-

Note:—A indicates mean intensity in tumor; B, mean intensity in edema; C, mean intensity in normal-appearing

WM.

#Values <1 indicate greater relative sensitivity to tumor versus edema, and values >1 indicate greater relative

sensitivity to edema versus tumor.
b Negative values may reflect tumor infiltrated edema.

a board-certified neuroradiologist using the Amira software
package (Visage Imaging, Richmond, Victoria, Australia). Tu-
mor was identified as areas of low ADC within the primary
enhancing tumor site identified on the T1 postcontrast se-
quence. Peritumoral edema was identified as regions of hyper-
intensity on FLAIR surrounding the primary tumor. Normal-
appearing WM was drawn in white matter contralateral to the
tumor.

Conspicuity and Relative Sensitivity to Edema

To objectively quantify tumor conspicuity and edema conspicuity
on imaging, we computed intensity ratios for each patient by di-
viding the mean signal in tumor and edema, respectively, by the
mean signal in normal-appearing WM (TC = Tumor/Normal-
Appearing WM; EC = Edema/Normal-Appearing WM). To
quantify the relative sensitivity to edema versus sensitivity to tu-
mor, we again computed intensity ratios—dividing the mean sig-
nal in edema by the mean signal in tumor (RSE = Edema/Tu-
mor). RSE values >1 indicate greater relative sensitivity to edema

mor VOI compared with our edema VOI.
As an exploratory analysis, we also calcu-
lated a predicted infiltration baseline, de-
fined here as the fractional difference be-
tween the mean signal in normal-appearing
WM and the mean signal in edema divided
by the mean signal in tumor (Predictive Infiltration Baseline =
100 X [Normal-Appearing WM — Edema]/Tumor for RSI-CMs
and DWI, and 100 X [Edema — Normal-Appearing WM]/Tu-
mor for ADC). The predictive infiltration baseline was deemed
significant because it provides a theoretic measure of the minimal
amount of tumor infiltration (signal) that would be needed
within edema for it to be distinguished from normal-appearing
WM. For ADC, a sign change is applied to the predictive infiltra-
tion baseline to reflect the contrast reversal between tumor and
edema. A negative predictive infiltration baseline as defined above
would suggest infiltrating tumor.

Receiver Operating Characteristic Analysis

To quantify the overall sensitivity and specificity of each method
in distinguishing tumor from normal-appearing WM, we com-
puted receiver operating characteristic curves by plotting the cu-
mulative distribution of the normalized tumor signal-intensity
histograms compiled across all patients (sensitivity), against the
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FIG 4. Box-and-whisker plots of intensity ratios quantifying tumor and edema conspicuity (A) and relative sensitivity to edema (B). On each box,
the central mark is the median, the edges of the box are the 25th and 75th percentiles, the whiskers represent data ranges, and the red dots
indicate potential outliers. A, TC is significant on the RSI-CM (P = .001) and DWI-4000 (P = .005), but not on ADC (P = .11). TC is significantly
greater on the RSI-CM compared with DWI-4000 (P = .002) and ADC (P < .001). B, RSE is significantly less in the RSI-CM versus DWI-4000 (P <
.001)and ADC (P < .001). C, Box-and-whisker plots of the predicted infiltrative baseline, defined as the percentage of tumor signal required within
edema to equalize the signal to normal-appearing WM. The predicted infiltrative baseline of ADC is significantly greater than that of the RSI-CM
(P < .001) and DWI-4000 (P < .001). Note that negative data points may reflect tumor infiltrated edema.

GBM

MET

D

FIG 5. Close-up comparison of GBM (patient 2) and non-small cell lung metastasis (patient 10). Anatomic TI-weighted postcontrast (A),
T2-weighted FLAIR (B), ADC (C), and an RSI-CM (D). Arrows indicate a region of possible GBM tumor infiltration in nonenhancing peritumoral

edema.

normalized normal-appearing WM signal intensity histograms
compiled across all patients (1-specificity).

RESULTS

Qualitative improvements in tumor conspicuity and visualization
of tumor margins were observed in all patients with RSI-CMs
compared with DWI-4000 and ADC. Three representative pa-
tients are shown in Figs 1-3 for glioblastoma, lymphoma, and
metastatic disease, respectively.

Quantitative comparisons of TC, RSE, and predictive infiltra-
tion baseline are shown in Fig 4 and Table 2. Significant TC was
noted on the RSI-CM [t(9) = 4.67, P = .001] and DWI-4000
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[t(9) = 3.68, P = .005], but not on ADC [t(9) = —1.75, P = .11].
Furthermore, RSI-CMs demonstrated significantly greater TC
compared with DWI-4000 [t(9) = 4.48, P = .002] and ADC
[t(9) = 6.73, P <.001]. Significant EC was noted on ADC [t(9) =
5.76, P < .001], but not on RSI-CMs [t(9) = 1.02, P = .34] or
DWI-4000 [t(9) = 1.78, P = .11]. Significantly reduced RSE was
noted for RSI-CMs compared with DWI-4000 [t(9) = —11.69,
P < .001] and ADC [t(9) = —17.83, P < .001]. ADC demon-
strated significantly greater predictive infiltration baseline com-
pared with RSI-CMs [t(9) = 3.34, P <.01] and DWI-4000 [t(9) =
3.99, P < .01]. Consistent with the theoretical prediction of im-
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Here, we evaluate the utility of RSI-CMs
in a clinical setting to improve tumor con-
spicuity and delineation from normal-ap-
pearing WM compared with high-b-value ~ DWI-4000 and ADC.
DWTI and ADC.

Early detection of brain tumors on MR imaging requires im-
ages with high contrast between tumor and nontumor tissue. In
all patients, we noted qualitative improvements in tumor conspi-
cuity with RSI-CMs compared with both high-b-value DWT and
ADC. These findings were supported by quantitative analyses
demonstrating significantly improved tumor conspicuity on RSI-
CMs compared with DWI-4000 and ADC (Fig 4A). Conspicuity
on ADC was only significant for edema, but not tumor (Fig 4A).
Partial voluming of edema and necrosis within the tumor may
contribute to reduced conspicuity of tumor on ADC; conversely,
removal of the fast hindered water component due to intratu-
moral edema and necrosis may explain, in part, the enhanced
conspicuity of tumor on RSI-CMs.

Imaging sequences that are highly sensitive in detecting treat-
ment-related changes in tumor versus edema are critical in the
longitudinal evaluation of brain tumors, especially when the
treatment is known to significantly alter the level of vasogenic
edema, as seen with agents that inhibit the vascular endothelial
growth factor pathways.>” The results in Fig 4B demonstrate sig-
nificantly reduced relative sensitivity to edema versus tumor with
RSI-CMs compared with DWI-4000 and ADC. The significantly
higher RSE on ADC implies reduced ability to assess treatment-re-
lated changes in tumor cellularity in the setting of concurrent
changes in edema, compared with RSI-CMs and DWI-4000 (Fig4B).

Detecting the extent of infiltrating tumor within peritumoral
edema also requires high sensitivity to tumor relative to edema,
which corresponds to low RSE. Many authors have examined the
role of the ADC to differentiate tumor-infiltrated edema from purely
vasogenic edema, but the consensus remains mixed. While some
have found higher ADC values in the presumably infiltrated peritu-

moral edema of high-grade gliomas compared with meningio-

23,24
S,

ma others have found the opposite relation (higher ADC values

in the peritumoral edema of meningiomas compared with high-

FIG 6. Shown are normalized intensity histograms (A) and corresponding receiver operating
characteristic curves (B) quantifying the increased sensitivity and specificity and overall accu-
racy (AUC) of the RSI-CM for distinguishing tumor from normal-appearing WM compared with

grade gliomas).**” Such conflicting results are consistent with
the high sensitivity of the ADC to variations in the level of edema.

While the current study was not designed to systematically
test the ability of RSI-CMs to differentiate infiltrated edema
from purely vasogenic edema, we did note significant improve-
ment in the predicted infiltration baseline with RSI-CMs and
DWI-4000 compared with ADC (Fig 4C). This measure simply
reflects the percentage of tumor signal that is required to reduce
(in the case of ADC) or increase (in the case of RSI-CMs and
DWI-4000) the existing edema signal to that of normal-appear-
ing WM. Only the ADC demonstrated significantly elevated
predictive infiltration baseline (Fig 4C), suggesting a reduced
ability to distinguish infiltrating tumor in peritumoral regions.
Consistent with the theoretic prediction of the predictive infil-
tration baseline, we did note qualitative differences in the glio-
blastoma multiforme tumor margins compared with the meta-
static (presumably noninfiltrating) tumor margins on RSI-CMs
compared with the ADC; an example is demonstrated in Fig 5.
However, to systematically test whether RSI-CMs provide a
more reliable biomarker of tumor infiltration compared with
the ADC will require further validation on a larger sample size in
conjunction with histologic evidence of infiltration.

We observed greater sensitivity and specificity for delineat-
ing tumor from normal-appearing WM with RSI-CMs com-
pared with DWI-4000 and ADC (Fig 6), consistent with the
increased tumor conspicuity and reduced relative sensitivity to
edema. We also observed greater heterogeneity of tumor signal
intensities (as evidenced by a broader histogram distribution)
on RSI-CMs compared with DWI-4000 and ADC (Fig 6), which
may reflect the intrinsic heterogeneity of tumor cellularity both
within and across tumor types. If so, RSI-CMs may provide an
improved tool for directing biopsies to the most cellular aspects
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of a patient’s tumor, which may improve diagnosis and treatment
planning.

There are a number of limitations to our study. First, only a small
number of patients were selected due to the stringent criteria of in-
cluding only presurgical tumors; and of those selected patients, some
underwent radiation therapy before imaging and some did not. The
purpose of the presurgical criteria was to mitigate any confound of
postsurgical resection on our imaging comparisons, such as cytotoxic
edema, blood products, and so forth. While incorporating patients
with and without radiation therapy is not an ideal study design, we
would not expect any systematic bias for one image contrast over
another for 2 reasons: First, although radiation treatment is known to
cause vasogenic edema and focal necrosis in tumor and surrounding
tissue, it also reduces tumor cellularity; therefore, such treatment will
result in reduced contrast between tumor and normal-appearing
WM in both RSI-CMs and ADC. Second, our tumor VOIs incorpo-
rated only the portion of contrast-enhancing viable tumor that dem-
onstrated reduced ADC, which would exclude tissue with significant
radiation necrosis and edema from the analyses. Finally, while our
study demonstrates improved tumor contrast and reduced sensitiv-
ity to edema on RSI-CMs compared with high-b-value DWI and
ADC, our analyses were based on averaging signal characteristic
across high-grade primary and metastatic tumors. Further study is
needed to systematically evaluate RSI cellularity biomarkers across
tumor types in addition to postoperative histopathologic validation
of cellularity signals.

CONCLUSIONS
RSI-CMs offer improved conspicuity and delineation of high-
grade primary and metastatic brain tumors and reduced sensitiv-
ity to edema compared with high-b-value DWI and ADC, which
may facilitate earlier detection of residual, recurrent, and infiltrat-
ing brain tumors.
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