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Abstract

Background and Purpose—To evaluate whether breath-holding (BH) BOLD fMRI can
quantify differences in vascular reactivity (VR), as there is a need for improved contrast
mechanisms in gliomas.

Methods—16 patients (gliomas, grade 11=5, 111=2, IV=9) were evaluated using the BH paradigm:
4second single deep breath followed by 16seconds of BH and 40seconds of regular breathing for 5
cycles. VR was defined as the difference in BOLD signal between the minimal signal seen at the
end of the deep breath and maximal signal seen at the end of BH (peak-to-trough). VR was
measured for every voxel and compared for gray vs. white matter and tumor vs. normal
contralateral brain. VR maps were compared to the areas of enhancement and FLAIR/T2
abnormality.

Results—VR was significantly lower in normal white matter than gray matter (p<0.05) and in
tumors compared to the normal, contralateral brain (p<0.002). The area of abnormal VR
(1103+659mm?2) was significantly greater (p=0.019) than the enhancement (543+530mm?), but
significantly smaller (p=0.0011) than the FLAIR abnormality (2363+1232mm2). However, the
variability in the areas of gadolinium contrast enhancement versus VR abnormality indicates that
the contrast mechanism elicited by BH (caused by abnormal arteriolar smooth muscles) appears to
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be fundamentally different from the contrast mechanism of gadolinium enhancement (caused by
the presence of “leaky” gap junctions).

Conclusions—BH maps based on peak-to-trough can be used to characterize VVR in brain
tumors. VR maps in brain tumor patients appear to be caused by a different mechanism than
gadolinium enhancement.

Introduction

Gliomas are the most common brain neoplasms in adultsl. Conventional magnetic resonance
imaging (MRI) with gadolinium-based contrast has been shown to be useful in the
characterization of gliomas2-3. The presence of contrast enhancement identifies areas of
breakdown of the blood-brain-barrier (BBB)?; consequently, contrast enhancement is an
incomplete biomarker for histological grade®’. Similarly, recent advances in glioma therapy
have highlighted further limitations in contrast enhanced MRI including the increase in
enhancement notwithstanding a positive treatment effect of radiation and temozolomide
(“pseudoprogression”) 8-10 as well as a decrease in enhancement in patients undergoing
therapy with bevacizumab (“pseudoresponse”)11-13, Therefore, another parameter,
independent of the breakdown of the BBB, would be of clinical interest in the
characterization and evaluation of gliomas, as well as the effects of various treatment
regimens.

In the normal cerebral vasculature, hypercapnia causes vasodilatation of cerebral arteries by
endothelial smooth muscle cell relaxation'4-16. Hypercapnia can be achieved by breath-
holding (BH)Y'. It is well established that changes in the depth and rate of breathing result in
variations in the arterial level of CO,, a potent vasodilatorl8. The neurovascular response to
BH leads to an increase in cerebral blood flow (CBF) and cerebral blood volume (CBV);
however, it does not affect cerebral metabolic rate of O, (CMRO,) consumption’. This
process translates to a decrease in deoxyhemoglobin levels and a consequential increase in
the MR blood oxygenation level-dependent (BOLD) signal. One of the hallmarks of a
malignant glioma is the presence of abnormal neovasculature with a diminished response to
the partial pressures of CO, and O, in the blood. Hence, the diminished vascular response to
BH in gliomas leads to a corresponding decrease in the BOLD signal change?®.

It is important to note that the mechanism by which hypercapnia induces changes in the MR
signal is fundamentally different than gadolinium-based contrast enhancement. The former
is due to a decreased level of normal smooth muscle cells in the newly formed arterioles of
gliomas (neovasculature)1-20, whereas the latter is due to abnormally permeable blood-
brain barrier 4. Therefore, a map of vascular reactivity generated from changes of BOLD
signal caused by BH could be of clinical significance in evaluation of brain tumors.

Breath-holding MRI was evaluated in 6 low-grade gliomas and one high-grade glioma by
Hsu et al.20 and in six low-grade gliomas by Pillai et al 21. They found a decrease in BOLD
signal enhancement in the tumors versus normal brain in all patients and concluded that BH
can disclose differences in cerebrovascular response between normal and glioma tissue 20,
However, they did not compare maps of vascular reactivity (VR) generated using BH to Gd-
based contrast enhancement and FLAIR. Comparing Gd-based contrast enhancement and
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FLAIR to a VR map may be important because Gd-enhancement images underestimate
tumor volume while FLAIR overestimates tumor volume (because it includes both tumor
and edema)?2-23, Therefore, it appears reasonable to suggest that efforts could be undertaken
to establish if VR maps may be a more reliable indicator of tumor volume.

The purpose of this study was to generate VR maps during BH in patients with glial tumors
of different grades. We compared gray matter versus white matter in normal appearing brain
and tumor versus contralateral normal tissue using quantifiable VR parameters. In this study,
we introduce a new parameter called “peak-to-trough” as an indicator of the vascular
reactivity during the breath holding performance. In addition, we compared the VR maps of
the tumors to Gd-enhancement and FLAIR. We hypothesized that 1) the VR in gliomas and
the VR of the normal, contralateral brain would be significantly different and 2) the area of
the VR maps would differ significantly from the areas of Gd-enhancement and FLAIR
abnormality.

Materials and Methods

Subjects

16 consecutive patients (7 women, 9 men) between ages 35 and 62 (mean = 53) with
gliomas were reviewed. The pathology of the tumors was determined through histological
evaluation according to the revised World Health Organization criteria and included 5 Grade
Il gliomas (2 oligodendrogliomas and 3 astrocytomas), 2 grade Il gliomas and 9 Grade IV
gliomas. At the time of the scans, all patients were treatment naive. The Institutional Review
Board (IRB) approved this retrospective study, which was in full compliance with HIPAA
regulations

Routine MRI

Scanning was performed on a GE 1.5T magnet (Milwaukee, Wisconsin) using a standard
quadrature head coil. Anatomical images were obtained using the following imaging
sequences: T1-weighted spin-echo images (TR/TE = 400ms/14ms, 256x256 matrix; 4.5 mm
thickness); T2-weighted spin echo (TR/TE = 4000ms/102ms, 256x256 matrix; 4.5 mm
thickness) and FLAIR (TR/TE = 10000/106, inversion time 220ms, 90° flip angle; 256x256
matrix; 4.5 mm thickness; T1-weighted 3D-spoiled GRASS sequence (TR/TE = 6.9ms/3ms;
15° flip angle; 256x256 matrix; 1.5 mm thickness); T1 post contrast for Gd contrast
enhancement (TR/TE= 600ms/20ms, 90° flip angle; 256x160 matrix; 4.5 mm thickness).
The field of view (FOV ) for all sequences was 240 mm.

BH MRI

BH functional data were acquired using a gradient-echo echo-planar imaging (EPI) with the
following parameters: TR/TE= 4000ms/40ms, 128x%128 matrix, 4.5mm thickness, 90° flip
angle. The BH paradigm comprised of 5 periodic BH cycles during which patients were
instructed to take a deep breath for 4s, followed by 16s of BH and 40s of regular breathing in
response to an aural cue. The functional BH and anatomic T1 and T2-weighted images were
acquired with the same number of sections and orientation for anatomic co-registration of
observed activations. The paradigm was rehearsed with all patients and practiced prior to the
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scans. All patients were able to perform the BH paradigm outside the magnet and during the
scan.

Data Analysis

Data was preprocessed using Analysis of Functional Neuroimaging (AFNI) [http://
afni.nimh.nih.gov]. Slice timing correction and head motion correction was performed using
3D rigid-body registration. The linear trend was removed if necessary. Spatial smoothing
(Gaussian filter with 4mm full width of half maximum) was applied to improve the signal to
noise ratio. MATLAB (MathWorks, Inc, Natick, MA) was used for the time course analysis.
All scans were checked for excessive head motion, low SNR, susceptibility artifacts by both
the physicist and clinical neuroradiologist in our group.

Vascular reactivity maps

One slice of interest for each patient, which depicted the largest tumor area, was identified
by a CAQ certified neuroradiologist with 20 years experience. The time-series of the 5 BH
cycles were averaged for every patient. The parameter, termed “peak-to-trough”, was
defined as the BOLD signal difference between minimal signal seen at the end of the deep
breath and the maximal signal seen at the end of BH cycle. The “peak-to-trough” parameter
is a linear value and was calculated for every voxel on the selected image.

VR maps were generated by displaying peak-to-trough from the BH time-course of every
voxel for every patient. The parameter reflects the difference between an initial decreasein
the BOLD signal, due to emptying of venous blood from the brain into the chest (due to the
initial deep breath) and the subsequent increase in BOLD signal due to increase in CO2 in
the blood vessels of the brain (resulting from holding one’s breath) (Figure 1). In addition,
the 4 seconds of deep breath leads to a transient decrease of arterial CO2 (hypocapnia) while
the opposite occurs during the 16 seconds of breath holding (an increase of arterial CO2 -
hypercapnia). Both effects probably contribute to the time-course of BOLD signal intensity
and to the resulting “peck-to-trough” value. Preliminary analysis demonstrated inordinately
high values in the venous sinuses. Therefore, to mask the signal intensity of the venous
sinuses, a threshold of twice the standard deviation from the mean peak-to-trough was used
as a cu off. Values above that cut off value were set to the threshold value. Vascular
reactivity maps were normalized to one, with one representing the maximum vascular
reactivity and zero representing zero vascular reactivity. An initial 40 sec of baseline signal
was obtained at the beginning of each paradigm with the patient at rest. For normalization,
the mean of the 40 sec baseline T2* BOLD signal was subtracted by the time course. The
time course was then scaled between -1 and 1; that is by dividing the signal by the
maximum absolute value of the signal.

White Matter vs. Gray Matter

Segmentation of gray and white matter using T1 weighted 3D SPGR sequence was
performed by FSL (using Brain Extraction Tool and Automated Segmentation Tool)(http://
fsl.fmrib.ox.ac.uk). Example of gray and white matter segmentation is depicted in Figure 2.
The “peak-to-trough” values of the grey and white matter were compared for each patient
and for the entire cohort.
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Tumor vs. normal contralateral hemisphere

The same neuroradiologist also generated ROI’s of the tumor area and the normal
contralateral hemisphere. The “peak-to-trough” values of the tumor and normal-appearing
brain ROIs were compared for each patient and for the entire cohort.

Vascular reactivity maps were also compared to the corresponding FLAIR and Gd—enhanced
images. Measurements of areas of FLAIR abnormality, Gd-enhancement and abnormal
vascular reactivity were obtained by manual segmentation by the same neuroradiologist by
visual inspection

Statistical Analysis

A non-parametric two-sided Wilcoxon signed rank was performed for comparison of the
data with statistical significance set at p <0.05.

RESULTS

General Findings

A representative time-series is shown in Figure 1. An initial decrease in BOLD signal, due to
the emptying of venous blood from the brain into the chest is seen. The subsequent increase
in BOLD signal is due to increase in CO2 in the brain parenchyma resulting from BH. The
plateau is due to recovery of normal blood flow after resumption of normal breathing.

White Matter vs. Gray Matter

In normal brain, gray matter showed a significantly larger peak-to-trough BOLD signal
difference than white matter (1.3+0.8% vs. 0.8+0.3%, p<0.05) reflecting a larger vascular
reactivity. The average time-series is shown in Figure 3A.

Tumor vs. Normal Contralateral Hemisphere, curve analysis

The peak-to-trough difference was significantly decreased in the tumor ROI, when compared
to the normal contralateral ROI (0.6£0.8 %, vs 1.2+0.5% vs. p<0.002), reflecting a decrease
in vascular reactivity of the abnormal tumor neovasculature (Figure 3B). There was a
decrease in both the peak and the trough of the time-course (Fig 3B). The trough was
reached on average 4 seconds later in the tumor ROI, compared to the normal side. The peak
was not as well defined in the tumor population but was also reached an average of 8
seconds later. For the purpose of this calculation, we used the first peak, for example in
figure 3B, this would be the peak seen at 36 seconds, rather than at 48 seconds.

When analyzing each pathological category separately, the “peak to trough” curves of the
different tumor grades revealed the same trend. Statistical significance was p=0.0019,
p=0.0625, and p=0.0186 for all patients, grade Il only, and combined grade Ill and 1V
respectively (Table 1). In time-course analysis, the normal contralateral tissue exhibited the
expected shape from the BH paradigm (Figure 3C). However, in tumor tissue (Figure 3D),
the expected shape was distorted: the tumor tissue exhibited a smaller average trough, a
smaller average peak and a noisier time-course compared to normal tissue.
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Comparison of the VR maps to the areas of enhancement and FLAIR abnormality

The average area of abnormal VR (1103+659 mm?) was significantly greater (p = 0.019)
than the average area of enhancement (543+530 mm2), but it was significantly smaller (p =
0.0011) than the average area of the FLAIR abnormality (2363+1232 mm?) (Table 2 and
Figure 4). However, variability was seen in individual cases. For example, in patient #11, the
volume of enhancement, FLAIR abnormality and VR abnormality were similar (Figure 5).
In patient #6, however, there was no enhancement of the tumor, but a prominent decrease in
vascular reactivity (Figure 6). In patient #10, the tumor enhanced but no area of abnormal
vascular reactivity was seen (Figure 7). In patient #1, the tumor was non-enhancing and no
area of abnormal vascular reactivity was seen (Figure 8).

DISCUSSION

Gadolinium contrast enhancement is due to breakdown of the BBB*. Peritumoral edema, as
seen in the FLAIR sequences, is thought to be due to extravasation of plasma fluid as a
result of the breakdown of the BBB. Holodny et al. and Pronin et al showed a direct
correlation between the volume of peritumoral edema and the degree of contrast
enhancement in gliomas suggesting that the origin of edema is the breakdown of the

BBB 23-24, Therefore, these commonly used markers in the evaluation of brain tumors
appear to rely on the same mechanism of contrast. Our pursuit was to search for a new
functional mechanism of contrast for characterization and possible future evaluation of
treatment response in brain tumors.

We showed that VR is greater in the gray matter than the white matter of the normal
appearing brain using BH as a hypercapnic stimulus in BOLD MR. This was expected and
in line with previous studies?®=27. Although Rostrup et al reported that the peak BOLD
response of gray matter is delayed compared to that of white matter?” we did not appreciate
this. One possible explanation is acquisition discordance as a single deep breath preceded
our BH paradigm. Additionally, our measurements were limited temporally by a TR = 4,000
ms.

We also found that VR is diminished in the tumor areas of the brain compared to normal
appearing brain on the contralateral side. The areas of VR abnormality were different from
both the areas of FLAIR abnormality or Gd-enhancement. Specifically, measurements of
areas of abnormal VR were significantly greater than areas of Gd-enhancement but
significantly less than areas of the FLAIR abnormality, but with variability in individual
cases. We illustrated cases where there is contrast enhancement but no abnormal VR (Figure
7, patient 10) as well as no contrast enhancement and an abnormal VR (Figure 6, patient 6).
Therefore, the imaging data supports what is known about the causes of contrast
enhancement and vascular reactivity: that the contrast mechanism elicited by BH (caused by
abnormal arteriolar smooth muscles) appears to be fundamentally different from the contrast
mechanism of gadolinium enhancement (caused by the presence of “leaky” gap junctions).
From the imaging data, it appears that in certain cases of gliomas there exist areas, which
exhibit “leaky” gap junctions (that lead to gadolinium contrast enhancement and edema) but
exhibit normal arteriolar smooth muscle cells and vice versa.
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Despite different methods from Hsu et al.2% and Pillai?L, our results are in agreement: both
groups found decreased BOLD signal enhancement in response to BH in gliomas. While we
looked at the percent BOLD signal change within a ROI to determine if the region exhibited
a BOLD signal change, Hsu et al. performed correlation analysis. Additionally, other
differences include tumor time-series comparisons, with Hsu et al. comparing the tumor to
the entire gray matter of the cortex while we compared the tumor to the normal contralateral
cortex; and differing paradigms, with Hsu et al. using a 15s or 20s BH paradigm depending
on patient performance. Also, 6 of 7 patients in Hsu et al and all of the patients in Pillai et al
were low-grade gliomas, whereas the pathology was more evenly distributed in our study: 5
Grade Il gliomas, 2 Grade Il gliomas and 9 Grade 1V gliomas. More recently, papers by
Pillai et al and Zaca et al have used BH VR maps to identify areas of neurovascular
uncoupling in patients with low grade gliomas also undergoing pre-operative functional MRI
(fFMRI) to detect potential areas of false negative fMRI activation 2829, Zaca et al detected a
prevalence of neurovascular uncoupling detected by VR in 75% of the patients 29. This
result emphasizes the ability of BH MR to detect areas of VR abnormality and corresponds
to the findings in the current paper.

VR maps have the potential to contribute to the evaluation of treatment response. Glioma
treatment with Temozolomide and concurrent radiation therapy has been shown to be
superior to radiation therapy alone3%: 31, Frequently patients treated with Temozolomide and
radiation therapy show changes that mimic tumor progression, called pseudoprogression® 32,
which improves without any treatment1C. Routine MRI techniques do not provide a way to
differentiate between tumor progression and pseudoprogression33:. Recent work has
demonstrated the ability of dynamic susceptibility contrast (DSC) and dynamic contrast
enhanced (DCE) perfusion MR to differentiate between pseudoprogression and recurrent
high-grade gliomas 34-36. Zhou et al and Ma et al recently suggested that a novel MR
imaging technique, amide proton transfer MR imaging, may also be able to distinguish
between pseudoprogression and true progression in malignant gliomas 37+ 38. Additionally,
treatment with Bevacizumab has been observed to reduce the area of enhancement and
edema in brain tumors. This makes it difficult to differentiate between true response and the
effect of bevacizumab on the enhancement characteristics (pseudoresponse)3-42. A measure
of tumor progression, independent of enhancement, could aid the radiological assessment for
possible tumor progression. Future directions for this research would include studying the
vascular reactivity maps in clinical settings such as pseudoprogression and pseudoresponse
in brain tumor patients.

One limitation of our study is the patient population size. Future studies should look at a
larger number of brain tumor patients, especially with varying tumor grades, to elucidate
these comparisons further. Our data revealed a large variability in the appearance of VH
maps even in gliomas of the same grade, which clearly indicates a need for a study with a
larger number of patients to better characterize these VR maps and better account for the
variability. Secondly, BH can be a difficult task to perform, especially in sick or
neurologically compromised patients. Patients with brain tumors can present with cognitive
impairment and difficulty hearing, which makes following the instructions of the BH
paradigm more difficult. It is also difficult to monitor if the patient is performing the BH
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paradigm correctly. To minimize inter-patient performance variability, we explained and
rehearsed the paradigm; however, the variable performance of breath holding by the patient
in the scanner may have further added to the wide range of our results. Others studying
cerebrovascular reactivity using the BOLD signal have used a technique that controls end-
tidal partial pressure of CO using a breathing mask#3-45. Such a device would eliminate
performance variability in patients and yield more consistent results. Thirdly, since the
BOLD signal is acquired using T2*, it is particularly sensitive to susceptibility difference
artifacts. In patients with prior surgery or hemorrhage, this method might result in
compromised results.

In conclusion, we found that the changes in the BOLD signal during a BH paradigm are
diminished in gliomas of different grades compared to normal appearing contralateral brain.
These differences were confirmed by quantitative analysis of the peak to trough differences
in the hemodynamic response curve. BH maps are quantitatively different from both the Gd-
enhancement and FLAIR images and appear to be an independent measure of contrast
mechanism due to vascular reactivity rather than the breakdown of the BBB. Further
investigations are needed to delineate the potential to be used for clinical evaluation of brain
tumors and treatment response of patients.
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Fig 1.

A representative time-course of the BOLD signal intensity during the breath holding (BH)
paradigm. The signal drop during (A) is due to venous blood drainage from the brain into
the chest due to deep inspiration. The signal increase during (B) is due to an increase of CO2
following breath-holding, and (C) recovery of normal blood flow after resumption of normal
breathing. The arrow indicates the peak-to-trough difference. Gray bar represents duration of
breathing and breath-hold. DB = deep breath, BH = breath-hold.
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Fig 2.

Efamples show segmentation of gray matter (A) and white matter (B), contralateral normal-
appearing brain (C) and tumor (D) ROIs. The normal appearing brain ROI does not exactly

match the tumor ROI in terms of size, as increasing the size would have lead to inclusion of
the lateral ventricle.
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Fig 3.

Averaged time-courses for the segmented brain demonstrate a larger peak-to-trough in gray
matter compared to white matter (A). Averaged time-courses demonstrated a smaller peak-
to-trough in brain tumors than normal tissue with the peak occurring slightly later in tumors.
When the time-courses were separated by tumor grade, the normal side tissue shows the
expected shape from the BH paradigm performed (C), however, the tumor side tissue lacks
the expected shape, and exhibits a noisier time course (D).
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Fig 4.

(A) Comparison of areas of enhancement, VR and FLAIR for patients with different tumor
grades. The average area of VR lies between the area of enhancement and FLAIR. In (B),
the areas of enhancement and VR were normalized to the area of FLAIR. Here, the area of
VR is larger than that of enhancement, but with a degree of variability.
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Low

Fig 5.

T1g weighted, T1-weighted post contrast, FLAIR and VR map in a patient with a
glioblastoma multiforme (Patient 11). The red areas show high VR and the blue areas show
low VR. In normal appearing brain the gray matter shows high VR with a lower VR in the
white matter. The volume of enhancement, FLAIR abnormality and VR abnormality are
similar in this case
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Fig 6.

T1 weighted, T1-weighted post contrast, FLAIR and VR maps in an anaplastic astrocytoma
(grade I11) (Patient 6). There is no appreciable enhancement. The area of FLAIR and VR
abnormality are similar in size.
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Fig 7.

T1 weighted, T1-weighted post contrast, FLAIR and VR maps in a glioblastoma multiforme
(Patient 10). No appreciable VR abnormality is seen in the area of enhancement.
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Fig 8.

T1 weighted, T1-weighted post contrast, FLAIR and VR maps in low-grade astrocytoma
(grade 1) (Patient 1). There is no appreciable enhancement. No abnormal VR is observed in
this non-enhancing tumor.
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Table 1
Comparison of peak-to-trough of the tumor ROI to the normal contralateral ROl using Wilcoxon Rank Sum
test.
Grade # of Patients Normal Tissue BOIgB)% change (Mean + Tumor Tissue BOLD % change (Mean * SD) P-value
All Patients 16 1.2405 0.6+0.8 1.7x 107
Grade 11 5 0.9+0.2 0.4+0.4 0. 0043
Grade 111 2 15406 0.6+0.07 0.23
Grade IV 9 1.31.0 0.70.5 0.016

J Neuroimaging. Author manuscript; available in PMC 2017 March 01.




Page 20

Holodny et al.

Author Manuscript

9.9 ¢19¢ €197 Al ewioise|qolo 97
9G€T €L0C LEE Al Bwiolse|qono qT
0ee 8G¢ 90T Al ewojse|qolo T
¢967 9¢6 509 Al Bwiolse|qono €T
¢LST 020t ecy Al ewojse|qolo [4%
8887 60T€ 20T Al Bwiolse|qono 7
0 L1CE 919 A\ ewojse|qolo 0T
Tevt 8EVC 60L Al Bwiolse|qono 6
6€ST v16€ 8.¢T A\ ewose|qolo 8
vt S¥Ge 0 111 | ewolkoonsy ansejdeuy /
€002 rAYAS 0 1 | ewoikoonsy onsejdeuy 9
98.L 128 0 11 ewolAo01se06110 S
9.8 eree 0 1l BWOA0ISY %
00ST LYEY 0 1l ewoifoolsy €
009 vy 86 1l ewophoonsy [
0 908 908 1 ewol|boipusapobi|O T
(zww) YA rewsougy | (ww) d1vd | (zww) uswsoueyus | spedo ABojoyred | 1usned

A [ewloude pue Alljewloude H1v 14 ‘Juswiadueyud JO eaJe Jo SJUaWaINses|

¢ dlqeL

Author Manuscript

Author Manuscript

Author Manuscript

J Neuroimaging. Author manuscript; available in PMC 2017 March 01.



	Abstract
	Introduction
	Materials and Methods
	Subjects
	Routine MRI
	BH MRI
	Data Analysis
	Vascular reactivity maps
	White Matter vs. Gray Matter
	Tumor vs. normal contralateral hemisphere
	Statistical Analysis

	RESULTS
	General Findings
	White Matter vs. Gray Matter
	Tumor vs. Normal Contralateral Hemisphere, curve analysis
	Comparison of the VR maps to the areas of enhancement and FLAIR abnormality

	DISCUSSION
	References
	Fig 1
	Fig 2
	Fig 3
	Fig 4
	Fig 5
	Fig 6
	Fig 7
	Fig 8
	Table 1
	Table 2

