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Abstract
Purpose—To characterize the influence of perfusion on the measurement of diffusion changes
over time when ADC is computed using standard two-point methods.

Materials and Methods—Functional diffusion maps (FDMs), which depict changes in
diffusion over time, were compared to rCBV changes in patients with brain tumors. The FDMs
were created by coregistering and subtracting ADC maps from two time points and categorizing
voxels where ADC significantly increased (iADC), decreased (dADC), or did not change
(ncADC). Traditional FDMs (tFDMs) were computed using b=0,1000 s/mm2. Flow-compensated
FDMs (fcFDMs) were calculated using b=500,1000 s/mm2. Perfusion’s influence on FDMs was
determined by evaluating changes in rCBV in areas where the ADC change significantly differed
between the two FDMs.

Results—The mean ΔrCBV in voxels that changed from iADC (dADC) on the tFDM to ncADC
on the fcFDM was significantly greater (less) than zero. In addition, mean ΔrCBV in iADC
(dADC) voxels on the tFDM was significantly higher (lower) than in iADC (dADC) voxels on the
fcFDM.

Conclusion—The ability to accurately identify changes in diffusion on traditional FDMs is
confounded in areas where perfusion and diffusion changes are co-localized. Flow-compensated
FDMs, which use only non-zero b-values, should therefore be the standard approach.
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INTRODUCTION
Malignant primary brain tumors account for two percent of all adult cancers in the United
States, with neuroglial tumors representing 80% and meningeal tumors representing 20% of
all central nervous system tumors (1). The World Health Organization classifies glial brain
tumors into four grades. Grades 1 and 2 are categorized as low grade and grades 3 and 4 as
high grade (2). Treatment for brain tumors includes surgery (3, 4), and either radiation,
chemotherapy, or a combination of the two (5–8). The response of a tumor to treatment is
typically assessed using pre and post contrast anatomical T1 weighted images (9). This
method assesses tumor response by measuring the change in the enhancing tumor area over
time. Despite its widespread use, it has become clear that this approach may be too
simplistic and is insufficient for accurately monitoring tumor response (10).

As a result, more advanced imaging techniques have been developed and used to assess
tumor response, including FLAIR, which highlights edema, diffusion weighted MRI (DWI),
which is sensitive to tumor microstructure, and dynamic susceptibility contrast MRI (DSC),
which measures blood perfusion. A DWI-based technique for measuring treatment response
and tumor progression called functional diffusion maps (FDMs) has recently been described
(11–15). FDMs are created by subtracting apparent diffusion coefficient (ADC) images from
two imaging sessions, separated by days or weeks, resulting in an ADC difference map. The
voxels are then classified as either having increased (iADC), or decreased ADC (dADC), or
having no change in ADC (ncADC) based on previously determined thresholds (11). FDM-
derived metrics have been shown to correlate with overall survival in high grade glioma
(12), predict survival in glioblastoma multiforme (GBM) before and after
radiochemotherapy (13), and have been shown to be a predictive imaging biomarker
following cytotoxic and anti-angiogenic treatments (14). Graded FDMs, which display
voxels at several additional levels of ADC changes also predict survival in GBMs treated
with bevacizumab (15).

ADC has been shown to be inversely proportional to cell density (16–19). As such, FDMs
have been used to estimate changes in tumor cellularity over time. The terms “hypocellular”
and “hypercellular” have been used to describe voxels in which ADC has increased and
decreased respectively. These terms, however, can be misleading, as cell density is not the
only factor that influences ADC. Other reasons include infection (20, 21), edema (22, 23),
and subacute stroke (24). Another possible confound to FDMs is perfusion, as diffusion
MRI can be made sensitive to blood flow, an approach previously referred to as the
intravoxel incoherent motion (IVIM) method (25–28). As tumors grow, they stimulate the
growth of new blood vessels through a process called pathologic angiogenesis (29). As new
vessels are created or recede as a result of successful treatment, ADC in that area increases
or decreases respectively. This is due to ADC typically being calculated with b = 0 s/
mm2which contains blood flow contributions. ADC calculated with higher b-values (> 200
s/mm2) in place of b = 0 s/mm2 is not confounded by contributions from moving blood, as
the signal from the fast moving blood is sufficiently suppressed (28, 30, 31). Despite this
previous work most clinical DWI studies still calculate ADC maps using b-values of 0 and
1000 s/mm2and accordingly much of the literature demonstrating the utility of FDMs is
based on DWI data obtained at these b-values. In this context the influence of perfusion on
FDMs, obtained from traditional DWI data, has not been characterized.

In this study we characterized the influence of perfusion effects on FDM calculations. This
was addressed by generating two sets of FDMs, which were then compared. The first used b
= 0 and 1,000 s/mm2 in the calculation of ADC to create traditional FDMs, (tFDMs). The
second used a higher b-value (b = 500 s/mm2) in place of b = 0 s/mm2 in the calculation of
ADC to create flow compensated FDMs (fcFDMs). To assess the actual blood perfusion
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contribution, the change in relative cerebral blood volume (rCBV) was calculated from DSC
images and then assessed in voxels that differed in classification between the two FDMs (i.e.
iADC voxel on FDM, ncADC voxel on fcFDM).

We hypothesized that voxels classified as iADC or dADC on the tFDM solely due to
perfusion changes would subsequently be classified as ncADC on the fcFDM, as the fcFDM
is calculated using perfusion insensitive ADC values. Furthermore, we hypothesized that the
“classification-changing” voxels would show a significant change in rCBV (ΔrCBV). In
other words, voxels classified as iADC on the tFDM and ncADC on the fcFDM would have
a positive ΔrCBV as an increase in perfusion from the first time-point (TP1) to the second
time-point (TP2) mimicked a decrease in cellularity. On the other hand, voxels classified as
dADC on the tFDM and ncADC on the fcFDM would have a negative ΔrCBV as a decrease
in perfusion from TP1 to TP2 mimicked an increase in cellularity.

MATERIALS AND METHODS
Subjects

Data from thirty patients (21 male, 9 female) from our brain tumor imaging database was
retrospectively analyzed. This data set included 8 WHO Grade 4 GBM, 12 WHO Grade 3
lesions (6 anaplastic astrocytomas, 3 oligodendrogliomas, and 3 mixed astrocytoma/
oligodendrogliomas), and 10 low-grade gliomas (2 astrocytomas, 3 oligodendrogliomas, 4
mixed astrocytoma/oligodendrogliomas, and 1 suspected meningioma). Written informed
consent, approved by our institutional review board (IRB), was obtained from each patient.
Inclusion criteria for this study included at least two scans on a Siemens Espree 1.5T
(Espree) scanner during which FLAIR, DWI (with b=0, 500, and 1000s/mm2), and DSC
perfusion imaging data were acquired.

Imaging
All data was analyzed retrospectively. T1-weighted SPGR anatomical images were acquired
using the following parameters: TE/TR = 4.76/11.0 ms, flip angle (FA) = 15°, FOV = 19.2
cm, matrix = 192×256, voxel size = 1.0×1.0×1.3 mm and 112 or 128 slices. T2-weighted
FLAIR images were acquired with the following parameters: TE/TR = 90/10,000 ms, FA =
150°, FOV = 19.2 cm, matrix = 280×320, voxel size = 0.69×0.69×6.5 mm and 22 or 24
slices. DWI images were collected using a spin-echo (SE) EPI sequence using diffusion
weightings (b-values) of b = 0, 500, and 1,000 s/mm2. DWI was collected with the
following parameters: TE/TR = 98/3,900 ms, FA = 90°, FOV = 23.0 cm, matrix = 128×128,
voxel size = 1.80×1.80×6.5 mm and 22 or 24 slices. Just before imaging for DSC, a 0.05 to
0.1 mmol/kg (pre-load) dose of Gadolinium (Gd) contrast agent was administered. The pre-
load dose reduces unwanted T1-weighted effects resulting from contrast agent leaking into
the extravascular space that confound the rCBV measurements derived from the dynamic
susceptibility contrast (DSC) data (32–34). Single shot gradient-echo (GE) EPI was used to
collect images during a second 0.1 mmol/kg bolus of Gd injected at a rate of 3–5 mL/s. DSC
data was acquired with the following parameters: TE/TR = 30/1,100 ms, flip angle (FA) =
72°, FOV = 22.0 cm, matrix = 96×96, voxel size = 2.29×2.29×6.5 mm, and 13 slices.

Functional Diffusion Maps (FDMs)
Two sets of FDMs were calculated. The tFDM was processed using ADC calculated from b-
values of 0 and 1,000 s/mm2. The fcFDM was processed using ADC calculated from b-
values of 500 and 1,000 s/mm2where for both voxelwise ADC calculations:
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[1]

where bn was either 0 or 500 s/mm2, Sn was the signal of the b0 or b500 image, and S1000
was the signal from the b1000 image. Apart from the differing b-values, the processing steps
for the tFDMs and fcFDMs were identical. The tFDMs and fcFDMs were calculated for
each patient from two time-points (TP1 and TP2). First, ADC was calculated for both TP1
and TP2 on a voxelwise basis from the DWI data using Equation 1 in AFNI (35). All images
from each patient were registered to their own SPGR from TP1 with a rigid-body, mutual
information algorithm with 6 degrees of freedom using FLIRT (36) (FSL, FMRIB tool
library). All images from TP1 were directly registered to the SPGR from TP1. Images from
TP2 were first registered to the SPGR from TP2. The SPGR from TP2 was then registered to
the SPGR from TP1, and the registration matrix was output. This matrix was then used to
register the remaining TP2 images to the SPGR from TP1. The result was all images
coregistered to the SPGR from TP1. A visual inspection was performed to ensure accurate
registration. Next, the ADC images from the two time-points were subtracted on a voxelwise
basis to create ΔADC maps and masked by the FLAIR abnormality from TP1 and TP2
inclusive. These maps were then thresholded based on a previously determined cutoff value
of 4.0 × 10–4 s/mm2 (16). Voxels where ADC increased (iADC) above this threshold were
colored red. Voxels where ADC decreased (dADC) below this threshold were colored blue,
and voxels with no significant change in ADC (ncADC) were colored green. While this
threshold was derived from measurements in gray matter and normal appearing white
matter, it was found to have the greatest sensitivity and specificity compared to various other
threshold values when applied to FLAIR abnormal regions on FDMs (16).

DSC Post-processing
Voxelwise images of rCBV were calculated from the DSC data using methods previously
published (32–34, 37) with a leakage corrected trapezoidal integration followed by intensity
standardization (38, 39) as implemented in the IBNeuro software package v1.1
(www.imagingbiometrics.com). The rCBV images from TP1 and TP2 were co-registered to
the SPGR from TP1 using the methods described above.

Perfusion Effects on Diffusion
To evaluate the effects of perfusion on the resulting ΔADC maps the tFDMs and fcFDMs
were compared with the rCBV maps. As mentioned, the tFDMs were created with ADC
maps produced with b=0 and 1000 s/mm2while the fcFDMs were created with ADC maps
produced with b=500 and 1000 s/mm2. Figure 1 shows the difference between flow
sensitive, and flow compensated ADC maps. Schematic differences between tFDMs and
fcFDMs are shown in Figure 2.

Data Analysis
To determine the perfusion effects on tFDMs, mean ΔrCBV was calculated in areas that
changed from increasing ADC (iADCtFDM) and decreasing ADC (dADCtFDM) on the tFDM
to no change in ADC on the fcFDM (ncADCfcFDM) (i.e. red or blue voxels on tFDM to
green voxels on fcFDM). Mean ΔrCBV was also calculated in iADCtFDM and dADCtFDM
voxels that did not change categories on fcFDMs. These values were tested against the null-
hypothesis, that there was no change in rCBV, using a one-sample t-test. They were
additionally compared to one another using an unpaired two-sample t-test. In addition, mean
ΔrCBV was calculated separately for all iADCtFDM and dADCtFDM voxels and compared to
the mean ΔrCBV calculated separately for all iADCfcFDM and dADCfcFDM voxels. The
results were compared using an unpaired two-sample t-test. Finally, the percentage of

Cohen et al. Page 4

J Magn Reson Imaging. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.imagingbiometrics.com


iADCtFDM, dADCtFDM and ncADCtFDM that changed categories on the fcFDM was
calculated and compared. All statistical analyses were performed in Matlab (Mathworks,
Natick, MA). Results were considered significant if p < 0.05.

RESULTS
Figure 3 shows scatter plots of ADC from TP2 versus ADC from TP1 from two
representative patients. The color of the dots is dictated by the direction of change of the
rCBV with red colors indicating positive ΔrCBV and blue colors indicating negative
ΔrCBV. The location of the dots on the plots is dictated by the direction of change in ADC.
Specifically, dots in the upper left region of the plot, above the upper diagonal line, were
classified as iADC, while dots in the lower right region of the plot, below the lower diagonal
line, were classified as dADC. The plots in column 1 show all voxels classified as either
iADC or dADC on the tFDM and the column 2 plots show those same voxels on the fcFDM.
In general, iADC voxels tended to have positive ΔrCBV, and dADC voxels tended to have
negative ΔrCBV. The iADCtFDM → ncADCfcFDM voxels had a positive ΔrCBV, and
dADCtFDM → ncADCfcFDM voxels had a negative ΔrCBV. The plots shown in columns 3
and 4 show voxels characterized as ncADCtFDM. These voxels tended to have low ΔrCBV
and to not change categories on the fcFDM.

These results are quantified in Figure 4 and Table 1. The bar chart in Figure 4A shows the
percentage of voxels classified as dADCtFDM, ncADCtFDM, and iADCtFDM that changed
categories following flow compensation on the fcFDM. The percentage of dADCtFDM and
iADCtFDM voxels that changed categories (52.9% and 52.6% respectively) was significantly
higher than the percentage of ncADCtFDM voxels that changed categories (4.7%, p<0.001).

The mean ΔrCBV in these category-changing voxels is displayed in Figure 4B. Mean
ΔrCBV in iADCtFDM → ncADCfcFDM voxels was significantly greater than zero, (1.26
(0.37) a.u., one-sample t-test, p=0.002) and significantly differed from ΔrCBV in voxels that
did not change from the tFDM to the fcFDM (unpaired two sample t-test, p = 0.03), as well
as dADCtFDM → ncADCfcFDM voxels (unpaired two sample t-test, p < 0.001). Mean
ΔrCBV in dADCtFDM → ncADCfcFDM voxels was significantly less than zero (−0.97 (0.35)
a.u., one-sample t-test, p=0.01) and significantly differed from ΔrCBV in voxels that did not
change from tFDM to fcFDM (unpaired two sample t-test, p = 0.001). Mean ΔrCBV in
tFDM voxels that did not change categories on the fcFDM was not significantly different
from zero, (−0.086 (0.25) a.u., one-sample t-test, p = 0.73).

Mean ΔrCBV in all tFDM and fcFDM voxels is shown in Figure 4C. Mean ΔrCBV in
iADCtFDM voxels was significantly higher than in iADCfcFDM voxels (p<0.001). Mean
ΔrCBV in dADCtFDM voxels was significantly lower than in dADCfcFDM voxels (p=0.01),
and there was no difference in mean ΔrCBV in ncADCtFDM compared to ncADCfcFDM
voxels (p=0.21). Representative examples of category changing voxels are shown Figure 5.
The tFDMs are shown along side fcFDMs and their corresponding ΔrCBV maps.

DISCUSSION
This study examined rCBV changes over time in areas where there were diffusion changes
over time (ie FDMs) and showed the confounding effect that perfusion changes can have on
functional diffusion maps. These effects can be diminished by calculating ADC from DWI
data that does not include b-values less than 200 s/mm2. Though this perfusion correction
appears to compensate for falsely classified FDM voxels, a ground truth histological
validation is necessary to be certain. As demonstrated in this study, we found that voxels
categorically changing from increased ADC on the traditional FDM to no change in ADC on
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the flow-compensated FDM had an increase in perfusion from timepoint 1 to timepoint 2,
and voxels categorically changing from decreased ADC on the traditional FDM to no
change in ADC on the flow compensated FDM had a decrease in perfusion from timepoint 1
to timepoint 2,. These results are consistent with our hypothesis that tFDMs are susceptible
to changes in ADC due solely to perfusion changes.

These conclusions suggest that perfusion effects on FDMs can be avoided by using only
diffusion data collected at b-values greater than 200 s/mm2 to calculate ADC. This idea has
been presented before. A recent paper summarizing the National Cancer Institute (NCI)
Diffusion MRI Consensus Conference put forth recommendations for using DWI to monitor
cancer treatment response (40). They recommended collecting a minimum of three b-values,
including b = 0, b > 100, and b > 500 s/mm2and using the two higher b-values to calculate
perfusion-insensitive ADC values.

Numerous studies have used tFDMs to predict treatment response and/or survival in brain
tumors. These studies have all used b = 0 s/mm2 in their ADC calculations (12, 14–16) since
that has been the standard way to collect DWI data in patients. The purpose of this study
was to investigate how changes in perfusion affect changes in diffusion depicted with
FDMs. We did not, however, evaluate how well fcFDMs predict clinical parameters.
Therefore, future studies need to be undertaken to look at the ability fcFDMs to predict
treatment response and survival compared to tFDMs. Theoretically, the use of fcFDMs in
place of tFDMs should only enhance the ability of serial changes in ADC to predict clinical
parameters and should strengthen the conclusions found by these earlier studies. A larger
effect may be seen when interpreting fcFDMs on an individual basis in the clinic. Increased
(decreased) perfusion from TP1 to TP2, which is assumed to be a negative (positive)
prognostic indicator, may be classified as iADC (dADC) on tFDMs and be interpreted as a
decrease (increase) in cellularity, which in turn is assumed to be a positive (negative)
prognostic indicator (16). Removal of these opposing effects will make decisions made by
the clinicians more accurate.

One of the limitations of this retrospective study was that more b-values were not collected.
Previous studies have shown b-values greater than 200 s/mm2 are sufficient to suppress the
signal from blood flow (26, 31, 40). Therefore, while the b-value used here (b = 500 s/mm2)
was sufficient to suppress blood flow it may not be the optimal choice. SNR decreases with
increasing b-value and, as a result, ADC calculated using higher b-values is more
susceptible to variations in noise. Therefore, smaller non-zero b-values, closer to b = 200 s/
mm2may provide better ADC estimates.

Finally, this study used functional diffusion maps to look at changes in blood flow defined
in areas where ADC significantly changed. Another way to perform this analysis would
have been to look at changes in diffusion defined by areas where perfusion significantly
changed. The former analysis method was chosen because tFDMs have been validated as a
treatment response biomarker, and a value that says what constitutes a “significant” change
in ADC has been rigorously defined (16). This is not the case for rCBV measures.
Furthermore, since tFDMs use changes in ADC to predict treatment response and survival, it
is important to know the effects of perfusion on the tFDMs themselves. The rCBV measure
is sensitive to tumor grade and predictive of survival (26, 31, 40), however, serial changes in
rCBV have not been thoroughly assessed in terms of their predictive ability.

In conclusion, this study used a higher b-value (b = 500 s/mm2) in place of b = 0 s/mm2 to
calculate ADC, resulting in flow compensated FDMs. The results suggest that these maps
are less sensitive to perfusion effects. We therefore recommend using higher b-values (>200
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s/mm2) when examining changes in ADC over time as perfusion changes can be falsely
classified as cellularity changes.
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Figure 1.
The use of high b-values in the calculation of ADC reduces perfusion effects. In each row,
the first image schematically represents the signal contributions within a voxel. A white
color indicates a large contribution to the total signal, black indicates no contribution, and
gray an intermediate contribution. The top row shows rCBV maps from one subject. Areas
with high blood volume appear white. The middle row shows ADC calculated from b = 0
and 1000 s/mm2. The blood vessels clearly contribute to the ADC value and are seen as high
intensity in the ADC map. The bottom row shows flow compensated ADC calculated from b
= 500 and 1000 s/mm2. Here, signal from the blood vessels has been suppressed and they
are no longer visible on the ADC map.
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Figure 2.
Schematic and examples illustrating the differences between tFDMs and fcFDMs. Voxels
classified as iADC, ncADC, or dADC are colored red, green, or blue respectively on the
tFDM. Flow compensation eliminates the voxels on the tFDM that were shown to be iADC
or dADC due to perfusion changes. These areas are shown as green with white stripes.
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Figure 3.
FDM scatter plots. Each row shows FDM scatter plots from three representative patients,
with each point representing one voxel. The horizontal axis is the ADC from TP1, the
vertical axis is the ADC from TP2. The color of each point represents ΔrCBV from TP1 to
TP2. Red and blue colors indicate an increase and decrease in rCBV respectively. Column 1
shows iADC and dADC voxels on the tFDM, and column 2 shows the same voxels on the
fcFDM. Columns 3 and 4 show scatter plots of ncADC voxels on the tFDM and those same
voxels on the fcFDM respectively
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Figure 4.
A. The percentage of iADCtFDM, dADCtFDM, and ncADCtFDM voxels that changed
categories from the tFDM to the fcFDM. B. Mean ΔrCBV in voxels that changed from
dADCtFDM and iADCtFDM to ncADCfcFDM and mean ΔrCBV in voxels that did not change
from the tFDM to the fcFDM. C. Mean ΔrCBV in iADCtFDM, dADCtFDM, and ncADCtFDM
voxels compared to iADCfcFDM, dADCfcFDM, and ncADCfcFDM voxels respectively. * =
significant difference via one-sample t-test, p < 0.05; ** = significant difference via two-
sample t-test, p< 0.05.
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Figure 5.
Perfusion and diffusion maps in areas of significant changes in diffusion. The top row shows
rCBV maps from TP1 and TP2 and the difference between the two (TP2-TP1, ΔrCBV). The
middle row shows ADC calculated from b = 0 and 1000 s/mm2 from TP1 and TP2 and the
resulting tFDM. The bottom row shows the flow compensated ADC maps calculated from b
= 500 and 1000 s/mm2 from TP1 and TP2 and the resulting fcFDM. A. iADCtFDM voxels
(red voxels) are due to an increase in perfusion rather than an increase in cellularity. In
voxels that show up as iADCtFDM and ncADCfcFDM there is a corresponding increase in
perfusion on the ΔrCBV map. B. dADCtFDM voxels (blue voxels) are due to a decrease in
perfusion rather than a decrease an increase in cellularity. Where voxels show up as
dADCtFDM and ncADCfcFDM there is a corresponding decrease in perfusion on the ΔrCBV
map.
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