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The coupling mechanism between neuronal firing and cerebrovascular dilatation can be
significantly compromised in cerebral diseases, making it difficult to identify eloquent cortical
areas near or within resectable lesions by using Blood Oxygen Level Dependent (BOLD)
fMRI. Several metabolic and vascular factors have been considered to account for this lesion-
induced neurovascular uncoupling (NVU), but no imaging gold standard exists currently for
the detection of NVU. However, it is critical in clinical fMRI studies to evaluate the risk of NVU
because the presence of NVU may result in false negative activation that may result in inad-
vertent resection of eloquent cortex, resulting in permanent postoperative neurologic deficits.
Although NVU results from a disruption of one or more components of a complex cellular and
chemical neurovascular coupling cascade (NCC) MR imaging is only able to evaluate the final
step in this NCC involving the ultimate cerebrovascular response. Since anything that impairs
cerebrovascular reactivity (CVR) will necessarily result in NVU, regardless of its effect more
proximally along the NCC, we can consider mapping of CVR as a surrogate marker of NVU
potential. We hypothesized that BOLD breath-hold (BH) CVR mapping can serve as a bet-
ter marker of NVU potential than T2* Dynamic Susceptibility Contrast gadolinium perfusion
MR imaging, because the latter is known to only reflect NVU risk associated with high grade
gliomas by determining elevated relative cerebral blood volume (rCBV) and relative cerebral
blood flow (rCBF) related to tumor angiogenesis. However, since low and intermediate grade
gliomas are not associated with such tumoral hyperperfusion, BOLD BH CVR mapping may
be able to detect such NVU potential even in lower grade gliomas without angiogenesis,
which is the hallmark of glioblastomas. However, it is also known that glioblastomas are asso-
ciated with variable NVU, since angiogenesis may not always result in NVU. Perfusion met-
rics obtained by T2* gadolinium perfusion MR imaging were compared to BOLD percentage
signal change on BH CVR maps in a group of 19 patients with intracranial brain tumors of dif-
ferent nature and grade. Single pixel maximum rCBV and rCBF within holotumoral regions of
interest (i.e., “ipsilesional” ROIs) were normalized to contralateral hemispheric homologous
(i.e., “contralesional”) normal tissue. Furthermore, percentage signal change on BH CVR
maps within ipsilesional ROIs were normalized to the percentage signal change within con-
tralesional homologous ROls. Inverse linear correlation was found between normalized rCBF
(row) OF TCBV (r,,;) and normalized CVR percentage signal change (reyg) in grade IV lesions.
In the grade lll lesions a less steep inverse linear trend was seen that did not reach statistical

Abbreviations: BOLD fMRI: Blood Oxygen Level Dependent Functional Magnetic Resonance
Imaging; NVU: Neurovascular Uncoupling; T2* DSC: T2* Dynamic Susceptibility Contrast;
CVR: CerebroVascular Reactivity; BH: Breath Hold; rCBV: Relative Cerebral Blood Volume;
rCBF: Relative Cerebral Blood Flow; MTT: Mean Transit Times; PSC: Percentage Signal Change;
NCC: Neurovascular Coupling Cascade.
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significance, whereas no correlation at all was seen in the grade ||
group. Statistically significant difference was present for ry,,, and r,
between the grade Il and IV groups and between the grade Ill and IV
groups but not for reyg. The reyg Was significantly lower than 1 in every
group. Our results demonstrate that while T2*MR perfusion maps
and CVR maps are both adequate to map tumoral regions at risk of
NVU in high grade gliomas, CVR maps can detect areas of decreased
CVR also in low and intermediate grade gliomas where NVU may
be caused by factors other than tumor neovascularity alone. Com-
parison of areas of abnormally decreased regional CVR with areas
of absent BOLD task-based activation in expected eloquent cortical
regions infiltrated by or adjacent to the tumors revealed overall 95%
concordance, thus confirming the capability of BH CVR mapping to
effectively demonstrate areas of NVU.

Key words: BOLD fMRI; Presurgical Mapping; CerebroVascular
Reactivity; Neurovascular Uncoupling.

Introduction

The coupling mechanism between neuronal firing and cere-
brovascular dilatation can be significantly compromised in
cerebral diseases, making it difficult to identify eloquent
cortical areas near or within resectable lesions by using
Blood Oxygen Level Dependent (BOLD) fMRI (1). Sev-
eral metabolic and vascular factors have been considered
to account for this lesion-induced neurovascular uncoupling
(NVU), but no imaging gold standard exists currently for
the detection of NVU (2). However, it is critical in clinical
BOLD fMRI studies to evaluate the risk of NVU because
the presence of NVU may result in false negative activa-
tion. Such false negative activation in presurgical BOLD
fMRI may lead to catastrophic resection of apparently
“silent” eloquent cortex, which is incapable of producing
a BOLD response, if intraoperative electrophysiological
confirmation is not performed. However, NVU may involve
disruption of any of a number of components comprising a
complex cascade from activated neurons to neurotransmit-
ters to astrocytes to chemical mediators and finally vascular
smooth muscle (17). For purposes of this paper, we will
refer to this as the neurovascular coupling cascade. While it
is impossible to detect NVU at the neuronal, astrocytic, neu-
rotransmitter or chemical mediator levels by MR imaging
alone, it is possible to evaluate the final step in this cascade:
the cerebrovascular response. Since anything that impairs
cerebrovascular reactivity (CVR) will necessarily result in
NVU, regardless of its effect more proximally along the
cascade, we can consider mapping of CVR as a surrogate
marker of NVU potential. T2* Dynamic Susceptibility
Contrast (DSC) gadolinium perfusion MR imaging seems
to indirectly evaluate NVU risk in high grade gliomas (4),
where elevated relative cerebral blood volume (rCBV) and
relative cerebral blood flow (rCBF) have been associated
with tumor neovascularity, which in turn is associated with
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impaired CVR that is responsible for NVU. However, it is
not clear how high the prevalence of impaired CVR (and
resultant NVU) is in low grade gliomas, in which hyperper-
fusion is unusual. The goal of this study is to demonstrate
that BOLD CVR mapping using a breath hold (BH) para-
digm is a feasible method of evaluating CVR in all tumor
grades, including in low and intermediate grade gliomas
that are not typically associated with regional hyperperfu-
sion, and as such, BOLD BH CVR mapping may serve as a
superior marker of NVU potential than MR perfusion imag-
ing. This imaging marker would be independent of the acti-
vation task or neural stimulus that may be applied in clinical
fMRI examinations. In addition, BH CVR allows dynamic
evaluation of CVR, whereas T2*DSC perfusion MRI only
allows for resting state evaluation of perfusion. Never-
theless, in spite of its limitations, T2*DSC MR perfusion
imaging is the only currently available alternative approach
that can be readily used in the clinical MR imaging setting
to assess tumor vascularity. In this study, we compared BH
CVR mapping results and T2*DSC perfusion metrics in a
population of grade II (low grade), III (anaplastic) and IV
(glioblastoma) primary intra-axial brain tumors (gliomas),
to assess the relative value of these two techniques as imag-
ing markers of NVU potential.

Materials and Methods
Participants

Nineteen patients with histopathologically proved brain
tumors were included in this retrospective study that was
approved by our Institutional Review Board and was compli-
ant with the Health Insurance Portability and Accountabil-
ity Act. Tumor classification was determined according to
the guidelines provided by the World Health Organization
(WHO) (5). Table I reports demographic data including age,
tumor location and histology for each patient included in the
study.

Image Acquisition

Studies were performed on a Siemens 3T Trio system (Sie-
mens Medical Solution, Erlangen, Germany) equipped with
a head matrix coil.

BOLD images were acquired by a whole brain single-shot
T2*-weighted Gradient-Echo EPI sequence with the fol-
lowing parameters: TR = 2000ms; TE = 30ms; 90° flip
angle; 24 cm field of view; 64 X 64 matrix acquisition; slice
thickness 4 mm with 1 mm gap between slices. Each patient
recruited in the study performed a battery of block design
language and motor tasks, 3 or 4 minutes long. The actual
language, motor and visual tasks are listed in Table 1. The
actual number and type of paradigms varied from patient
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to patient depending on the location of the lesion and the
patients neurological conditions. In addition they performed
also a BH task that included four cycles of alternating
normal breathing and BH periods. Each normal breathing
period of 40 seconds duration was followed by a 4 second
block of inspiration that immediately preceded a 16-second
BH period. At the end of the last BH period an additional
normal breathing period of 20 seconds was added. This was
done in order to measure more accurately the hemodynamic
response function due to the BH task. A 10-15sec delay
between the task and the expected hemodynamic response
function has indeed been demonstrated in a recent work by
Birn and others (6).

Visual or auditory cues were used during the paradigms,
that were commercially available or implemented in Prism
Acquire Software (Prism Clinical Imaging, Elm Grove, WI,
USA).

Patients were monitored via a LCD monitor outside the
scanner room to assess tasks performance. A training ses-
sion was performed outside the scanner in order to famil-
iarize the patients with the tasks and to assess whether
they were able to properly follow the instructions, particu-
larly to hold their breath for the required amount of time.
They were also instructed to keep their head absolutely
still without motion throughout the entire study. However,
head motion was minimized by using straps and foam pad-
dings. All the patients were able to successfully perform
the tasks.

Dynamic Susceptibility Contrast perfusion MRI was car-
ried out within the same examination session after BOLD
fMRI images were acquired. A whole brain single-shot
T2*-weighted Gradient-Echo EPI sequence was used for per-
fusion imaging to measure signal change due to intravenous
bolus injection of a Gadolinium-based contrast agent (Magn-
evist, concentration 0.1 mmol/kg). Imaging parameters were
the following: TR = 2450ms; TE = 45ms; 90° flip angle;
24cm field of view; 128 X 128 matrix acquisition; slice
thickness 4 mm with 1 mm interslice gap. 32 volumes were
acquired and the first two were discarded to allow the MR
signal to reach steady state.

Pre and post contrast 3D T'1-weighted Magnetization Prepared
Rapid Acquisition Gradient Echo (MPRAGE) images were
acquired. Imaging parameters were: TR = 7ms; TE = 3.5ms;
9° flip angle; 24 cm field of view; 256 X 256 matrix acqui-
sition; slice thickness 1mm. A susceptibility weighted
imaging (SWI) sequence was also carried out with the fol-
lowing parameters: TR = 27 ms, TE = 20ms, 15° flip angle,
24cm field of view, 256 X 256 matrix acquisition, slice
thickness 1.5 mm.

363

Image Processing

The imaging datasets acquired for every patient were
transferred to an external workstation and pre-processing
was performed using DynaSuiteNeuro software (InVivo
Corporation, Pewaukee, WI, USA).

The T1 post contrast images and the SWI were coregis-
tered with the T1 pre contrast images by using a rigid body
algorithm.

The raw BOLD EPI BH task data were first temporally
interpolated to correct the fact that different slices were
acquired at different times, and then each volume was regis-
tered to a reference one to correct for mild head motion dur-
ing the acquisition of functional data. This time-shifted and
motion-corrected dataset was then coregistered with the T1
pre contrast images by a rigid body algorithm.

Raw perfusion images were motion-corrected and then
coregistered with T1 pre contrast images by a rigid body
algorithm. Signal-time curves were then converted into
concentration-time curves assuming an inverse proportion-
ality relationship between these two quantities. The rCBV
was calculated integrating the concentration-time curve and
adding a correction factor to take into account the contrast
leakage through the disrupted blood-brain barrier, computed
according to the method developed by Boxerman et al. (7).
MTT was calculated as first moment of the first pass curve.
Then rCBF was derived, according to the central volume
principle, from the ratio:

+CBF = "BV [1]
MTT

The regression analysis for generation of BOLD cerebrovas-
cular reactivity (CVR) maps was then carried out using Anal-
ysis of Functional Neurolmages (AFNI) software. Datasets
were first spatially smoothed with a 4 mm Gaussian Kernel.
General Linear Model (GLM) analysis was performed where
the acquired BOLD signal time series was fitted voxel by
voxel to the following function:

() = g, + fit+ ax(t) [2]

where f§, and 3, are the coefficients of a first grade polynomial
that models the baseline as a constant (f3)) plus a linear tem-
poral trend (f3,), x(?) is the ideal hemodynamic times series
(ideal T.S.) obtained convolving a special hemodynamic
impulse response function for a respiratory task with the BH
paradigm timing, and a its coefficient (6). A voxel by voxel
map of the regressors a, f§, and S, was calculated as a result
of the fit.
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CVR maps were expressed as BOLD percentage signal
change (PSC) from the baseline according to the following
equation:

a- PP(ideal T.S.)
Baseline

PSC =100 (3]

where

PP: Peak to Peak

and

PP (ideal T.S.) = max (ideal T.S.) — min (ideal T.S.)

and

Baseline = f, + f, - (average polynomial
grade 1) + a - min (ideal T.S.)

SWI images were visually inspected to assess the presence
of large susceptibility artifacts due to excessive quantities
of blood products or calcification/micromineralization that
could affect the subsequent Region of Interest Analysis
(ROI) for BOLD CVR percentage signal change, rCBV
and rCBF.

T1 post contrast images, CVR BOLD percentage signal
change and rCBV and rCBF maps were imported into MIPAV
(mipav.cit.nih.gov) [Medical Image Processing, Analysis and
Visualization] software for ROI analysis. For each patient two
observers (JJP, a subspecialty board-certified neuroradiologist
with more than 13 years of experience with functional MR
neuroimaging and DZ, an imaging scientist with more than 5
years of experience with physiologic MR neuroimaging as well
as a PhD in functional MR imaging), who served as indepen-
dent raters, selected imaging ROIs. These ROIs (referred to in
the manuscript as “ipsilesional”) encompassed the entire
gadolinium-enhancing areas, including internal necrotic com-
ponents, in the lesions showing enhancement, whereas they
included the areas of hypointensity on the T1 post contrast
images in the non enhancing lesions. However, large venous
structures were excluded from the ROIs in order to avoid large
venous effects on the metrics derived from BOLD signal (CVR)
and to avoid spuriously increased perfusion measurements.

Contralateral to the tumor (i.e., contralesional) homologous
ROIs were drawn also. See the first figure (Figure 1) for an
example of placed ROIs in three cases. Note that the ROIs
encompassed the entirety of the tumors and also included
cortex infiltrated by the tumor and/or immediately adjacent
perilesional cortex. The ratio (r,,) between the maximum
rCBV value in the ipsilesional ROI and the mean rCBV
value in the contralesional ROI was calculated. An identical
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metric was also reported for rtCBF (ry,,). For CVR maps the
ratio between the mean BOLD percentage signal change in
the ipsilesional ROI and the mean BOLD percentage signal
change in the contralesional ROI was calculated (r¢yg)-

Finally, a visual inspection was performed by consensus
between the two raters (JJIP, DZ) of postprocessed composite
motor and/or language BOLD task-related activation maps
available on our institutional PACS server as part of each
patient’s electronic medical record. Determination was made
in each case of whether regions of absent expected eloquent
cortical activation on the task-related BOLD activation maps
corresponded to areas of regionally decreased CVR on the
BOLD BH CVR maps; this was considered the standard
for the establishment of NVU in each of the 19 cases in our
cohort. Such concordance or discordance was recorded for
each patient (Table I).

Statistical Methods

Intraclass correlation coefficients (ICCs), i.e. the ratio of the
between subject variance to the total variance of measure-
ments, was calculated for r,, 74, and rcyg. The mean value
and the standard deviation were reported for these measure-
ments. Statistical correlation analysis between r,, and rcyg
and between ry,, and rcyg was performed, using the mean
values, by simple regression separately for each tumor
grade. Non parametric Kruskall Wallis and Mann Whitney
statistical tests were performed to investigate the difference
between 7., 7, and reyg distributions among the different
tumor grades. A one sample Wilcoxon test was performed
also to assess in which patient population the CVR normal-
ized ratio was significantly lower than 1. Statistical Analysis
was performed using OriginPro 8.0.

Results

No cases were considered to be affected by severe suscepti-
bility artifacts such that they needed to be excluded from the
ROI analysis. In all cases in this study, there was nearly 100%
concordance between areas of absent expected activation in
eloquent sensorimotor and/or language areas on task-related
BOLD activation maps, as visualized on our postprocessed
clinical fMRI images available on our PACS server as part of
each patient’s electronic medical record, and areas of region-
ally decreased CVR on the BOLD BH CVR maps. This con-
firmed that the regionally decreased CVR in each patient
reflected a high risk of NVU. As Table I shows, overall 94.7%
concordance (18/19) was seen, with only one outlier, which
represented a deeply seated tumor involving only left insular
cortex and left basal ganglia without any extension to left fron-
tal or temporal cortex in areas of expected eloquent language
cortical activation (e.g., Broca’s area [left inferior frontal
gyrus], Wernicke’s area [left superior temporal gyrus], middle
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or inferior temporal gyri). In Figure 2 two examples are shown
displaying composite task-based BOLD activation maps and
corresponding BH CVR maps for a grade II and a grade IV
case included in this study. In both cases there is absence of
task-related activation in areas of regionally decreased CVR; in
case I, absence of expected Wernicke’s area activation is seen
on receptive language tasks despite left language dominance
in this right handed patient, while in case II, on a sensorimo-
tor task in which bilateral symmetric activation is expected,
absence of activation is seen ipsilesionally in the right primary
somatosensory cortex despite presence of clinically partially
preserved left hand motor and sensory function.

In Table II, the rcyg, 7y, and 7y, are reported for each patient
as computed by the two raters together with the average val-
ues and associated standard deviations. The ICC value for
each of three considered variables is also reported that showed
excellent inter-rater reliability for royg ICC = 0.97) as well
as for r, and ry,,, (ICC = 0.94 and ICC = 0.95, respectively)
values.

367

In the grade IV tumor group, a statistically significant lin-
ear inverse correlation was found between rcyg and ry,,
(r = —1.46, p = 0.03), and a trend level linear inverse cor-
relation was found between 7y and r,, (slope r = —1.20,
p = 0.08) (see Figure 3). In the grade III group a linear inverse
relationship was seen, although less robust than with the grade
IV group, and no statistically significant correlation was seen
between either 7, or 7y, and roygr (r = —0.85, p = 0.46 for r,,,
and r = —0.72, p = 0.59 r,,,)- In the grade II group mild but
insignificant positive linear relationships were noted between
revg and 1., as well as between royg and ry,, (r = 0.40,
p = 0.50 for r,,;and r = 0.38, p = 0.52 for ry,)-

rvo and ry,,, distributions were significantly different among
the three groups according to the results of the Kruskal Wallis
test (H = 9.71, p = 0.008 for r,,, and H = 12.93, p = 0.001
for r4,,). Multiple comparison Mann Whitney non parametric
tests reported statistically significant differences in the distri-
butions of r,, and ry,, between grade II and IV (z = —2.44,
p =0.007 and z = —3.07, p =0.001, respectively) and

Figure 1:

Examples of ROIs as drawn by one of the two observers in three cases included in this study. In (A) the ROI encompasses the entire lesion with

most of the primary sensorimotor cortex in the precentral and postcentral gyri (“ipsilesional”) and its contralateral homologous region (“‘contralesional”) in a
patient with a right perirolandic grade III anaplastic astrocytoma. (B) represents a patient with a glioblastoma in the left frontal lobe. In this case the lesion and
part of the left inferior frontal gyrus (IFG) [Broca’s area] were included in the ipsilesional ROI. Likewise the contralesional ROI included also the homologous
right IFG. A patient with a grade II astrocytoma in the left temporal lobe is represented in (C). In this case the ipsilesional ROI encompasses the lesion and part
of the expected Wernicke’s area (left superior temporal gyrus) with its contralesional ROI including the right hemisphere homologue of Wernicke’s area.
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between grade III and IV (z = —2.44, p = 0.007 for r,,
and z = —2.76, p = 0.003 for ry,,) as well as between the
group including the combination of grade II and III patients
and the group including only grade IV patients (z = —2.92,
p = 0.002 forr,,;and z = —3.51, p = 0.0002 for ry,,,). In con-
trast, no statistically significant difference was found in these
ratios between the grade II and grade III groups (z = —1.30,
p =0.10 for r,, and z = —0.81, p = 0.21 for ry,). The
Kruskal Wallis tests did not report statistically significant
difference in r¢yyg distribution (H = 4.29, p = 0.12) between
the different patient groups. Figure 4 shows the distribution

CVR

| 9se)

|| @SeD

Figure 2:

Pillai and Zaca

of reyg for non hyperperfused grade II and grade III gliomas
grouped together in comparison with grade I'V glioblastomas
characterized by angiogenesis; substantial overlap between
the two groups is visible. Furthermore, the distribution of
rCVR in the group was statistically significantly less than 1
in each group (z = —1.94, p = 0.02; z = —1.89, p = 0.03;
z= —2.11, p = 0.01 for grade II, III and IV, respectively).
In the distribution of 7.y in the group including grade II and
IIT tumors only 1 case showed a CVR ratio higher than 1 (see
Figure 5). Details of the statistical analysis are reported in
Table III.

Activation

Example of composite BOLD activation map and corresponding CVR map for a high grade tumor (case I) and alow grade tumor (case II). In

case | the composite language map, including a Silent Word Generation task (color coded cyan, 0.35 cross correlation statistical threshold) and a sentence
listening comprehension task (color coded yellow, 0.35 cross correlation statistical threshold) does not show any activation corresponding to the area of
decreased CVR in the left hemisphere Wernicke’s area (patient is right handed). In case II a reduction of percentage signal change compared to the contral-
ateral side in the CVR map is seen, and a composite motor activation map including a right (color coded red, 5.0 t value statistical threshold) and left (color
coded yellow, 5.0 t value statistical) hand opening and closing task, shows absence of activation in the right primary somatosensory cortex corresponding to

the area of regionally decreased CVR.
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Table 11
Patients’ Functional imaging ratios for each rater.
Tevr "ol Tiiow
Patient Rater 1 Rater 2 Mean St dev Rater 1 Rater 2 Mean St dev Rater 1 Rater 2 Mean St dev
1 —1.195 —1.000 —1.098 0.138 5.755 5.592 5.674 0.115 6.770 6.520 6.645 0.177
2 —0.270 —0.260 —0.265 0.007 3.530 3.530 3.530 0.000 4.025 4.040 4.033 0.011
3 0.010 0.012 0.011 0.001 5.160 5.588 5.374 0.303 5.390 5.700 5.545 0.219
4 0.230 0.270 0.250 0.028 2.753 2.340 2.547 0.292 3.370 2.450 2910 0.651
5 0.290 0.270 0.280 0.014 2.184 2.920 2.552 0.520 2.280 2.950 2.615 0.474
6 0.320 0.390 0.355 0.049 2.163 2511 2.337 0.246 3.110 3.410 3.260 0.212
7 0416 0.460 0.438 0.031 3.908 3.922 3915 0.010 3.940 4.700 4.320 0.537
8 0.595 0.670 0.633 0.053 3.450 3.430 3.440 0.014 3.380 3.270 3.325 0.078
9 0.766 0.873 0.819 0.075 2.873 2.799 2.836 0.053 2.882 2.807 2.845 0.052
10 0.030 0.031 0.031 0.000 2.372 2.265 2319 0.075 2.604 2.517 2.561 0.061
11 0.560 0.563 0.562 0.002 2.541 1.609 2.075 0.659 4.764 4.343 4.554 0.298
12 0.498 0.638 0.568 0.099 2.276 2.850 2.563 0.406 2.486 3.101 2.794 0.435
13 0.427 0.573 0.500 0.104 2.722 2.467 2.594 0.180 2.771 2.583 2.677 0.133
14 0.978 1.104 1.041 0.089 3.192 3.094 3.143 0.069 3.742 3.606 3.674 0.097
15 0.042 0.094 0.068 0.037 2273 2.141 2.207 0.093 2.282 2.256 2.269 0.018
16 0.341 0.556 0.449 0.152 1.740 1.720 1.730 0.014 1.937 1.912 1.925 0.018
17 1.231 1.558 1.395 0.232 2.654 2.518 2.586 0.096 2.766 2.755 2.761 0.008
18 0.204 0.148 0.176 0.040 2.430 2.718 2.574 0.204 2.622 2.848 2.735 0.160
19 0.446 0.381 0.414 0.046 1.404 1.314 1.359 0.064 1.494 1.392 1.443 0.072
ICC 0.972 0.943 0.947
Discussion different techniques; the former represents a resting state

Although BOLD fMRI is overall an effective presurgi-
cal mapping technique, increasing evidence suggests that
the BOLD response near or within diseased cortex may be
decreased and thus may not accurately reflect true neuronal
activity (8, 9). In particular, the high risk of false negative
activation in the vicinity of brain tumors due to NVU raises
concerns about the clinical reliability of BOLD fMRI in this
setting (10). Thus, the presence of lesion-induced NVU may
lead to incorrect inferences regarding hemispheric lateral-
ization and functional reorganization (11). The hypothesis
investigated in this study is that BOLD BH CVR mapping
will allow for better assessment of NVU risk across all grades
of gliomas than T2*DSC perfusion imaging, which can only
detect such risk in high grade gliomas displaying angiogen-
esis, in patients undergoing functional imaging for presurgi-
cal planning. To test this hypothesis, we compared CVR and
perfusion metrics in a very heterogeneous sample of brain
tumors, including WHO grade II, III and IV lesions.

In the grade IV group, a statistically significant (at the
p = 0.05 level) inverse linear trend, was found between 7y
and ry,,, in addition to a trend-level similar effect between
reyr and 7, These results are intriguing because MR per-

fusion imaging and BH CVR mapping are fundamentally

imaging approach, while the latter represents a dynamic
imaging technique that evaluates how microvasculature
actively responds to a stimulus. The proliferation of neovas-
culature with decreased autoregulatory capacity in the cere-
bral cortex in the vicinity of brain tumors is the most likely
explanation for these results, because the variations of BOLD
MRI signal during a BH task are primarily related to changes
in CBF (12). As demonstrated by Cohen et al., the magnitude
and dynamics of the BOLD signal are heavily dependent on
the basal CBF levels (13), and several clinical studies have
reported uncoupling between the neural response and CBF in
patients with vascular diseases (14, 15). Our results support
the findings of previous studies where direct measurement of
cerebrovascular reactivity was not performed.

The results for grade IT and III are in agreement with a previ-
ous study that reported decreased CVR in a group of 6 grade II
gliomas and 1 grade III glioma (16) and also demonstrate that
possible false negatives in the BOLD activation maps due to
NVU may be present also within these lesions that in general
are not characterized by areas of hyperperfusion. Reduced
ipsilesional CVR (7 significantly lower than 1) and the
absence of correlation between CVR and perfusion metrics
suggest that T2*DSC is not capable of accurately evaluating
CVR in this subset of gliomas.
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Figure 3:
significant inverse correlation with CVR ratio in this grade IV tumor group.

The phenomenon of neurovascular coupling may be con-
sidered as a cascade of events, and disruption of any one of
these events is sufficient to produce NVU. This neurovascu-
lar coupling cascade starts with neuronal response/electrical
activity as its first component. Subsequently, synaptic trans-
mission and associated neurotransmitters, astroctyes, chemi-
cal mediators such as nitrous oxide, prostaglandin, glutamate,
Ca2+, K+, ATP, glucose and lactate, and finally the smooth
muscle cells in arterioles all play important roles in the cas-
cade (17) . Both T2*DSC perfusion imaging and BOLD BH
CVR mapping only allow assessment of this final vascular
component of the cascade. Dysfunction at this vascular level

rCBV ratio (r,,) versus CVR ratio (rcyg) (A) and rCBF ratio (ry,,,) versus CVR ratio (rcyg) (B) in grade IV tumors. rCBF ratio demonstrates

is a sufficient but not necessary cause of NVU, since many
features of brain tumors may affect more proximal compo-
nents of the cascade. In other words, impaired regional CVR
implies high risk of NVU, although it cannot distinguish true
negative activation from false negative activation on task-
based BOLD activation maps because there may or may not
be viable eloquent cortex present in a region of cortex that
displays impaired CVR. However, if eloquent cortex is pres-
ent at a site of regionally impaired CVR, then the presence
of such impaired CVR necessarily implies the presence of
NVU. However, in our sample, the presence of nearly 100%
concordance between regionally decreased CVR and absent
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Figure 4: Histogram of the distribution of rCVR in patients with either
grade II or III tumors (diamond dots) and in patients with grade IV tumors
(square dots). As assessed by the Kruskall Wallis test, there is a substantial
overlap between the two groups in rCVR values.

task-related BOLD activation in an area of expected eloquent
cortex infiltrated by or immediately adjacent to a tumor sug-
gests that BH CVR mapping is capable of detecting NVU.
Table I demonstrates overall 94.7% concordance in our cohort
of 19 patients. The one outlier represented a case in which
the tumor did not actually infiltrate or abut expected eloquent
cortex. Most patients referred by neurosurgeons for clinical
presurgical mapping with fMRI at our institution have been
selected for presurgical mapping because structural imaging
demonstrates likely proximity to expected eloquent cortical
regions, but this outlier case was an exception. Thus, it is not
surprising that NVU was demonstrated in nearly all cases.

Whereas in high grade tumors the loss of autoregulation
and CVR due to tumor angiogenesis is likely to represent
the main cause for NVU (4), the infiltrative nature of glial
tumors compromises also the neuronal contacts with the sur-
rounding microvasculature and astrocytes, thus likely con-
tributing to the attenuation of the BOLD effect even in lower
grade gliomas (18, 19). However, our findings in this study
are likely not related to neuronal or astrocytic dysfunction,
per se, because the BH task that we employed would not be
expected to result in task-correlated cortical activation, but
rather would be expected to merely isolate the BOLD vascu-
lar response to a hypercapnia challenge. In addition, while in
grade IV gliomas, aberrant neovascularity as manifested by
abnormally increased numbers of vessels demonstrating both
abnormal structure and physiology, including abnormal per-
meability and vasoactivity, is likely to account for the NVU,
an alternative explanation may account for our similar find-
ings of abnormally decreased CVR in lower grade gliomas.
The explanation may not necessarily involve the neuronal or

371

astrocytic/synaptic components of the neurovascular coupling
spectrum, but rather may directly involve the vasculature that
is infiltrated by these lower grade tumors. Specifically, the
tumor infiltration at the astrocytic level may result in abnor-
mal physiology of the relatively structurally normal vessels
that permeate the lesion, which are not necessarily increased
in number relative to contralateral normal brain tissue. The
absence of increased vascular density within the lower grade
infiltrative tumors may account for the absence of regional
hyperperfusion within these lesions, but the physiologic
impairment of infiltrated vasculature may result in decreased
regional vasoactivity. Figures 4 and 5 demonstrate that,
regardless of tumor grade, abnormally decreased ipsilesional
CVR was present relative to normal homologous contralateral
(i.e., contralesional) regions in almost all cases; specifically,
in 17 out of 19 cases, including grades II through IV, the royg
values were less than 1.0, indicative of abnormally decreased
ipsilesional CVR. Only one grade IV tumor demonstrated a
rCVR value of approximately 1.0, and one grade II tumor
demonstrated a rCVR value slightly greater than 1.0.

The CVR maps reported for this study were obtained running
aT2* BOLD EPI sequence with the patients performing a BH
paradigm. This sequence represents a well-established tech-
nique for assessment of cerebrovascular reactivity because the
cerebral vasculature is highly responsive to changes in blood
0, and CO,, and this task can be easily performed and included
in a clinical functional MRI/DTTI protocol for presurgical plan-
ning in brain tumor patients (20). For perfusion measurements
we used a dynamic contrast-enhanced susceptibility-weighted
gradient echo EPI T2* sequence because gradient echo-based
rCBV measurements correlate better with tumor grade than
spin echo based rCBV measurements (21). The main draw-
back of a gradient echo acquisition is that it is sensitive also to
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Figure 5: rCVR distribution for the group of patients with classified grade II
(dashed bar) and IIT (white bar) tumors. In 11 out of 12 cases rCVR is less than
1. The median value is significantly less than 1 according to the One Sample
Wilcoxon test.
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Table III

Summary of statistical analysis results for the variables reyg, 7o and rqqy,-

Kruskal Wallis test

One sample Wilcoxon test

Grade IT vs. IIT vs. IV Grade 1T

Grade IIT Grade IV

Tevr H=429,p=0.12

z=—194,p = 0.02

z=—189,p =003 2= -2.11,p = 001

Mann Whitney test

Grade II vs. IIT
Tyol z=—130,p =0.10
Tiow z=—0.81,p=0.21

Grade I vs. IV

7= —2.44,p = 0.007
7= —3.07,p = 0.001

Grade IIT vs. IV
7= —2.44,p = 0.007
z = —2.76,p = 0.003

Grade IT + IIT vs. IV
z=-292,p=0.002
z = —3.51, p = 0.0002

macrovasculature that must be excluded from the ROI where
rCBYV and rCBF should be calculated. However, as stated in
the Methods section, we used the postcontrast T1-weighted
images to draw the ROIs where these vessels can be easily
delineated and thus excluded within the ROI tracing. A post-
processing algorithm was applied to correct for contrast agent
extravasation because it has been demonstrated that rCBV
(and rCBF) corrected for contrast leakage values correlated
better with tumor grade than leakage-uncorrected perfusion
metrics (7). The extravasation, indeed, causes an artificial
attenuation of the first pass signal drop that in turns provides
underestimation of rCBV (rCBF).

The values obtained for ICC prove that the chosen method-
ology provided excellent reproducibility for CVR maps as
well as for rTCBV and rCBF measurements as demonstrated
in a previous study (22). ICC were slightly lower for rCBF
(0.94) and rCBV (0.94) compared to BOLD PSC (0.97)
because we chose the single pixel with the highest rCBF and
rCBV within the tumor region for the perfusion metrics (r,,
and ry,,), whereas we used the mean CVR BOLD PSC in
the same region. The main reason for choosing single pixels
with maximal perfusion values rather than simply mean pixel
values within a ROI was to avoid the risk of underestimating
tumoral rCBV and rCBF. For example, in necrotic high grade
gliomas, averaging of perfusion values from the highly cel-
lular hyperperfused enhancing peripheral tumor components
with the hypoperfused nonenhancing necrotic center would
result in artifactually decreased mean rCBV and rCBF within
the ROIs.

The choice of the ROI for tumor analysis can be controver-
sial, especially for high grade tumors. An intuitive approach
would include only the enhancing areas on the T1-weighted
post contrast image. However a mismatch between the area
of increased blood volume and contrast enhancement has
been reported (23). For the selection of the contralateral ROI
we chose the contralateral homologous normal brain tissue,
including both gray and white matter (see Figure 1), whereas
many previous studies reported perfusion measurements nor-
malized to uninvolved white matter. However, either choice

has been demonstrated to not have any influence on the cor-
relation between tumor rCBV (rCBF) and tumor grade (7).
Furthermore, for CVR normalization, it is important to
include gray matter regions in a contralateral homologous
RO, since the pertinent changes in ipsilesional CVR have to
be considered in the context of cortical signal changes rather
than simply subcortical white matter CVR changes, because
clinical interpretation of presurgical planning BOLD fMRI
results relies solely on cortical activation.

The main limitation of this study is the relatively small sam-
ple size of the patient cohort included in this study. We pre-
sented results of 19 patients with histopathological diagnosis
of WHO grade II, IIT or IV primary intra-axial brain tumors
(i.e., gliomas). The findings of this study need to be repli-
cated on a larger scale with future studies. Another limita-
tion of this study is related the use of a T2*DSC sequence
for perfusion imaging. Despite the use of a leakage correc-
tion algorithm for more accurate rCBV estimation, contrast
agent recirculation effects cannot be fully taken into account
because it is a first pass based technique. Furthermore, only
a relative or, at most, an approximate blood volume mea-
surement can be obtained by this technique. The use of a T1
steady state dynamic contrast enhancement (T1 DCE) method
may be considered to address some of these issues. Lastly,
the BH technique does not allow any quantitative CVR mea-
surement because it is not possible to monitor arterial pO,
and pCO, levels during the task. A few medical devices have
been recently developed for precise control of end-tidal pCO,
that allow the production of quantitative maps of CVR, but
their utility in a routine clinical workflow with relatively
debilitated and/or poorly cooperative patients still remains
problematic (24).

In conclusion, our results demonstrate that while BOLD BH
CVR mapping may be similarly useful for detection of NVU
risk in grade IV tumors (glioblastomas) as perfusion MR
imaging, it may be uniquely suited for assessment of NVU
risk in non enhancing grade II and III tumors that do not
demonstrate hyperperfusion as expected in glioblastomas.
Thus, this preliminary study demonstrates the feasibility
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and versatility of BOLD BH CVR mapping for assessment
of NVU risk across the entire spectrum of brain gliomas.
The absence of aberrant tumor neovascularity (angiogene-
sis) and associated hyperperfusion in low grade tumors may
potentially result in underestimation of NVU risk, which
in turn may adversely affect the accuracy of assessments
of BOLD fMRI activation maps used for presurgical map-
ping in these patients. Recently commercially available and
accurate real time fMRI maps may help to streamline image
acquisition during clinical BOLD fMRI studies, poten-
tially obviating the need to perform CVR mapping when
expected activation is seen in the language or sensorimotor
cortex. However, in cases where such expected activation
is not clearly seen, BH CVR mapping remains an essential
element of fMRI quality control analysis, since it is able to
effectively detect NVU in tumors of all grades, as demon-
strated in this study.
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