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Abstract

Purpose—To devise an improved Blood-Oxygen-Level-Dependent (BOLD) imaging protocol
for cerebrovascular reactivity (CVR) measurement that can remove a known artifact of negative
values.

Materials and Method—Theoretical and simulation studies were first performed to understand
the biophysical mechanism of the negative CVR signals, through which improved BOLD
sequence parameters were proposed. This was achieved by equating signal intensities between
cerebrospinal fluid (CSF) and blood, via shortening the echo time (TE) of the BOLD sequence.
Then, ten healthy volunteers were recruited to participate in an experimental study, in which we
compared the CVR results of two versions of the optimized (“Opt1” and “Opt2”) protocols to that
of the standard protocol at 3T. Two sessions were performed for each subject to test the
reproducibility of all three protocols.

Results—Experimental results demonstrated that the optimized protocols resulted in elimination
of negative-CVR voxels. Quantitative CVR results were compared across protocols, which show
that the optimized protocols yielded smaller CVR values (Opt1: 0.16+0.01 %BOLD/mmHg CO»;
Opt2: 0.15+0.01 %BOLD/mmHg CO») than (p<0.001) the standard protocol (0.21+0.01 %BOLD/
mmHg CO»), but the CNR was comparable (p=0.1) to the standard protocol. The coefficient-of-
variation between repetitions was found to be 5.6+1.4%, 6.3+1.6% and 6.9+0.9% for the three
protocols, but there were no significant differences (p=0.65).

Conclusion—Based on the theoretical and experimental results obtained from this study, we
suggest that the use of a TE shorter than those used in fMRI is necessary in order to minimize
negative artifact in CVR results.
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Introduction

Cerebrovascular reactivity (CVR) measures the dilatory capacity of cerebral vasculature to a
vasoactive stimulus (1-8). It is an important marker for vascular reserve and has crucial
implications for cerebral vascular integrity and functionality (9). Compared to baseline
perfusion and cerebral blood volume (CBV), CVR is thought to be a more specific marker
for cerebrovascular diseases (10). Thus, availability of such a biomarker could be a useful
tool in assessing and understanding many cerebral and cerebrovascular pathologies such as
arteriovenous malformation (11), small vessel diseases (12), cerebral proliferative
angiopathy (13), moyamoya disease (6,14), arterial stenosis(15), drug addictive condition
(16), multiple sclerosis(15), cerebral gliomas(17) and Alzheimer’s disease (18,19).
Additionally, it has been used to study the impact of pharmacological agents on cerebral
vasculature (20) and has also been suggested to be important in presurgical planning of brain
tumor patients (21). However, before this tool can be fully translated to clinical applications,
optimization of imaging acquisition schemes is necessary.

The most commonly used approach to measure CVR is by applying a physiological
maneuver to alter the arterial carbon dioxide (CO5) concentration (e.g. inhaling a small
amount of CO, which is a potent vasodilator), while continuously acquiring Blood-
Oxygenation-Level-Dependent (BOLD) MR images (5,22-26). A logical expectation is that
increase in arterial CO5 concentration results in an increase in BOLD signal (i.e. positive
CVR) for healthy vasculature. A blunted response or, moreover, a decreased BOLD signal
(i.e. negative CVR) would then indicate diseased vasculature. However, the interpretation of
negative CVR data is not entirely straightforward (27-29). Mikulis et al. reported the
observations of negative CVR in Moyamoya patients (6). However, even though the stenosis
affects the right hemisphere only, negative CVR regions were also detected in the left
hemisphere, particularly in the deep brain regions (6). Mandell et al. observed that negative
CVR is present in the deep white matter of young, healthy individuals, close to posterior
horns of the ventricle (28). The question is then whether this represents a true “stealing
effect” occurred even in healthy subjects, or it represents an imaging artifact. Blockley et al.
showed that negative CVR was mainly observed in the cerebrospinal fluid (CSF) rich
ventricular region (29). The mechanistic reason for these observations was examined
recently by Thomas et al.(27). It was shown that the presence of negative CVR in healthy
brain is due to displacement of CSF by the dilation of blood vessels in the voxel. Because
CSF signal is bright in a typical BOLD image, this reduction of CSF partial volume during
vasodilation results in a decrease in BOLD signal, independent of any oxygenation changes.
Since this negative signal change is due to physiological mechanisms other than perfusion or
oxygenation increases, it is considered an artifact as far as CVR interpretation is concerned.

The goal of the present study is to use simulation and experimental approaches to optimize
BOLD imaging parameters and remove the artifactually negative CVR effects.
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Methods

Theoretical study

Theoretical simulations in the present study were conducted in two steps, for two
hypothetical voxels, respectively. In the first step, our goal was to identify all possible
combinations of TR, TE and flip angle (FA) that could yield an artifact-free CVR result.
This step was performed based on a hypothetical voxel containing CSF and blood, as
previous work has shown that such negative CVR artifacts are most pronounced in
ventricular voxels. The second step asks the question, among the possible parameters
identified above, which ones have the least penalty, if any, on sensitivity in a typical
parenchyma voxel. Thus, the second simulation was performed on a hypothetical voxel
containing parenchyma.

To address our first aim, we used a two-compartment model to study the BOLD signal in the
ventricular regions. In this model, the imaging voxel was assumed to contain a combination
of CSF and blood, with volume fraction of fcsg and (1-fcsg), respectively. The total BOLD
signal in the voxel is given by:

S = fosr*SoerT (1 = fosr) * Sbicod [1]

where Scse and Spjgog are MR signal per unit volume from CSF and blood compartment
respectively. The unit-volume MR signal is in turn given by:

TR
(1 — €T1'i> TE
S, = C;x xsin (FA)xe’2i  [2]

TR

1—cos(FA)xeTi

In the equation above, i could be CSF or blood. C is water density. TR, TE and FA represent
repetition time, echo time and flip angle, respectively.

In an ideal BOLD-CVR experiment, the MR signal in Eq. [1] is assumed to be exclusively
sensitive to 7. However, when Scsg and Spjooq are not equal as in the case when
conventional fMRI acquisition parameters are used, the total signal, S, is also affected by
changes in fcgg. This was the reason for the negative CVR observed in previous reports. To
make the signal insensitive to the “volume effect”, the following relationship needs to be
satisfied:

csr =  Sblood [3]

One can therefore solve Egs. [2] and [3] to identify imaging parameter sets that can yield
CVR maps absent of negative artifacts. In Egs. [2] and [3], the MR property parameters are
considered known variables and their assumed values are listed in Table 1. The unknown
variables are TR, TE, and FA. Since there are multiple unknown variables in the equations,
the solution is not unique. Therefore, the outcome after completing the first aim of our
simulations is a two-dimensional parameter (TR and TE) set within which the blood and
CSF signals are equated. The associated FA is also obtained.
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The second aim of the theoretical studies is to determine the imaging parameters that
produce highest sensitivity and also meet the criteria of absence of negative artifact. We
therefore calculated an index, contrast to noise ratio per unit time (CNR), for a hypothetical
gray matter voxel, the signal of which takes the form of Eq. [2]. Using gray matter
parameters assumed in Table 1, one can simulate the MR signal, Syray, for any TR, TE, and
FA. The CNR per unit time is given by:

ongp - SNExCVR Sy +TE
- vtk vir "

In Eq. [4], SNR is replaced by Sgray assuming that the noise is independent of TR or TE.
CVR is replaced by TE because they are linearly related to each other, for a given AR3. The
division by square-root of TR allows the conversion to unit time value, i.e. number of
images for a given scan duration is accounted for. CNR is computed for each imaging
parameter set and the set that corresponds to maximum CNR value is determined.

The outcome after completing the second aim of our simulations is that, at each TR, an
optimal TE that yields the highest CNR is calculated. Across different TRs, the value that
gives the highest CNR could also be calculated. But note that TR is also constrained by
other factors such as spatial coverage and number of slices.

Experimental study

Experimental study was performed based on the results of the theoretical investigations.
Specifically, within the two-dimensional parameter space of TE and TR, we chose three
representative combinations. One protocol is the standard BOLD protocol, labeled as
“standard”, which is a typical protocol used in fMRI and previous CVR studies (27) (black
square in Figure 1c, TR/TE=1500ms/30ms). A second protocol, “Optl”, is used to optimize
TE and is a protocol using the same TR as the standard one but its TE is chosen to meet two
criteria: 1) signals of blood and CSF are equated (thus no artifact of negative CVR); 2) CNR
is the highest among all possible TEs at that TR. This protocol corresponds to the red
triangle in Figure 1c. A third protocol, “Opt2”, is used to examine the TR dependence and is
a protocol using a shorter TR of 800 ms with the TE chosen to again meet the two criteria
described above. This corresponds to the red circle in Figure 1c. Note that each protocol
takes 9 minutes to perform and, with test-retest assessment, this becomes 18 minutes. We
have therefore limited the number of protocols experimentally examined to 3.

The order of the three protocols was randomized for each subject. Two sessions were
performed for each subject to test the reproducibility of the three protocols. The two sessions
were carried out on the same day, but the participant was allowed to come out of the scanner
and take a break before entering it again. The total gas-challenge scan duration for each
participant was approximately 60 minutes, divided into two sessions of approximately 30
minutes each.

All experiments were performed at 3T (Philips Healthcare, Best, The Netherlands) using a
body coil for transmission and a 32 channel head coil for receiving. The protocol has been
approved by the Institutional Review Board (IRB) of UT Southwestern Medical Center and
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all volunteers gave written informed consent before participating. The volunteers were all
fitted with foam pads to reduce head motion. Ten healthy volunteers (age 29+8 years, 6
Female & 4 Male) were recruited to participate in this study.

The CVR measurement was performed using a CO,-inhalation paradigm described
previously (5). The subject was fitted with a nose clip and a mouthpiece to allow mouth
breathing. The subject inspired room air and the hypercapnic gas in an interleaved fashion
(50 sec CO,, followed by 70 sec room air, repeated four times with additional 45 sec room
air inhalation at the end). The composition of the hypercapnic gas was 5% CO», 74% N, and
21% Oo. A research assistant was always present inside the scanner room during the
experiment to monitor the subject and switch the valve that controls delivery of hypercapnic
gas and room air. End-tidal CO, (Et-CO5), which measures the concentration of CO, in the
lungs and represents a surrogate for concentration of CO» in the arterial blood, was recorded
for the entire duration of the scan using a capnograph device (Capnogard, Model 1265,
Novametrix Medical Systems, CT). The duration of each CVR scan was 9 minutes.

Other BOLD imaging parameters were: field-of-view (FOV)=220x220 mm?, matrix=64x64,
thickness=5 mm, no gap between slices, the slice number was 28 for the “standard” and
“Optl” protocols, but was 18 for the “Opt2” protocol due to a shorter TR used. Although
Opt2 only provides partial brain coverage with 18 slices, we included this protocol in our
testing because future studies using fast imaging techniques such as multiband EPI could
provide more coverage at this TR.

Data analysis

BOLD data were processed using the Statistical Parametric Mapping (SPM) software,
(University College London, UK) and in-house MATLAB (MathWorks, Natick, MA)
scripts. Pre-processing included realignment of BOLD images, normalization to Montreal-
Neurological-Institute (MNI) template EPI images with a resolution of 2x2x2 mm3, and
finally smoothing using a 6mm full width half maximum (FWHM) Gaussian kernel.

BOLD signal lags behind the EtCO5 time course, which is the input function to the cerebral
vasculature. The Et-CO, time-course was therefore shifted by a delay so that it is matched
with the timing of the BOLD time-course. This delay represents the transit time for the
blood to travel from the lung to the heart then to the brain, and it was computed on a subject-
by-subject basis based on an algorithm described previously (5).

For each subject, a General Linear Model (GLM) was used to calculate voxel-by-voxel CVR
in units of % BOLD signal change per mmHg CO5. In this model, the Et-CO, time-course
was the independent variable and the BOLD time-course was the dependent variable.
Group-level one sample t test was then performed to identify voxels with significantly
negative CVR using a family-wise-error (FWE) corrected p<0.01.

CNR per unit time, which represents the overall sensitivity of the CVR measurement, and
coefficient of variation (COV), which represents the reproducibility, were also calculated

by:
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CNR — SNRxCVR
= TR [5]

SNR = Hbaseline

Obpaseline

Tint
Ccov = inter 7
Hinter

where Upaseline: aNd Ohaseline are average and standard deviation of baseline BOLD signal
respectively. In addition, piner and diner represent intersession average and standard
deviation, respectively.

To compare data across scan protocols, we performed one-way analysis of variance
(ANOVA) tests with repeated measures of scan protocols on mean of CVR, SNR, CNR, and
COV. If a scan protocol effect was observed in the ANOVA analysis, we used post-hoc
scheffe's tests to further compare the scan protocols in pairs. A multiple-comparison-
corrected p value of 0.05 or less was considered significant.

Theoretical study

Figure 1a shows the imaging parameter sets (TR, TE, and the associated FA) that meets the
criteria of absence of negative artifact. That is, if the BOLD imaging protocol is chosen to
be any TR/TE/FA set on the plot, there should be minimal appearance of negative CVR
voxels in the map. It can be seen that not all TR and TE combinations would yield a valid
parameter set (e.g. white region in Figure 1a). That is, when TR and TE take on these
values, the CSF and blood signal intensities cannot be matched no matter how one chooses
the FA.

Figure 1b shows the corresponding CNR per unit time. It can be seen that CNR varies
considerably depending on TR and TE. It tends to be that, for a given TR, larger TE yields a
greater CNR, but not always the case. Since TR is usually constrained by other
considerations (e.g. number of slices, brain coverage) whereas TE is more flexible, we
determined, for each TR, the optimal TE that yields the highest CNR. The results are shown
in Figure 1c. It is evident from plot that the shorter the TR, the longer the optimal TE.
However, all optimal TE are shorter than the typical TE values of 30-50 ms used in typical
fMRI experiments. That is, in order to minimize the negative artifacts, the TE ina CVR
experiment needs to be shortened. We also examined the dependence of CNR on TR (at the
respective optimal TE) (Figure 1d). It can be seen that shorter TR generally yields a greater
CNR. Note, however, that TR is often constrained by the number of slices needed to cover
the whole brain.

Experiments were therefore performed using two optimal imaging parameter sets suggested
by Figure 1c (red symbols). One parameter set, referred to as “Opt1”, used TR/TE=1500
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ms/21 ms, FA=89°. A second set, referred to as “Opt2”, used TR/TE=800 ms/22.5 ms,
FA=72°. For comparison, we also collected data using a standard BOLD protocol, TR/
TE=1500 ms/30 ms, FA=60° (black symbol in Figure 1c). A summary of imaging
parameters used in this study is given in Table 2.

Experimental study

Figure 2a illustrates group-averaged BOLD images for the three protocols tested. It can be
seen that, in the standard protocol, the MR signal in the ventricular region is brighter than
the rest of the brain, confirming the notion that Scsr is greater than Sg;ssue When typical
BOLD protocol is used. In the optimized protocol, on the other hand, the difference between
CSF and parenchyma is much less apparent, in accordance with the optimization criteria.
Group-averaged CVR maps are shown in Figure 2b. The color scale is selected such that
negative CVR is represented in cool colors and positive CVR is represented in warm colors.
As expected, CVR map using the standard protocol shows considerable negative CVR
voxels in the ventricular region (arrows in Figure 2b). In contrast, negative CVR is
minimized when using the two optimized protocols (Figure 2b). Comparing CVR maps
between session 1 and session 2 (Figure 2b), it appears that the results show excellent
reproducibility.

Figure 3 shows the location of the negative-CVR voxels (corrected P<0.01) when using the
standard protocol. As expected they are predominantly clustered in ventricular regions. The
CVR values in these regions were found to be —0.11+0.02 %BOLD/mmHg CO5. No such
clusters were detected when using the Optl or Opt2 protocols. We also applied the negative
mask derived from the standard protocol data on the Opt1 and Opt2 data. It was found that
the CVR values were —0.02+0.01 %BOLD/mmHg CO, and 0+0.01 %BOLD/mmHg CO»,
for Optl and Opt2, respectively, suggesting that the negative artifact is substantially
mitigated with the optimized protocols. The Optl showed a small negative value, which may
be due to imperfection in the assumed parameters in the simulation.

We then performed quantitative analysis of CVR results in the brain parenchyma to compare
sensitivity across protocols. The bar plots in Figure 4a depict the whole-brain CVR values
for the three protocols. The CVR value for the standard protocol (0.21+0.01 %BOLD/
mmHg CO,) was significantly (p<0.001) greater than that of Optl (0.16+0.01 %BOLD/
mmHg CO») and Opt2 (0.15+0.01 %BOLD/mmHg CO,). There was no difference between
Optl and Opt2. This pattern is expected because CVR is related to BOLD percentage signal
change, and the BOLD change is approximately proportional to TE, which is longer in the
standard protocol. However, the overall sensitivity of the CVR technique is also related to
SNR of individual images, which are shown in Figure 4b. The SNR for the standard protocol
was found to be significantly lower than both Optl (p=0.003) and Opt2 (p=0.013). The
lower SNR in the standard protocol is presumably due to the longer TE used. The results for
CNR (i.e. overall sensitivity) are shown in Figure 4c. CNR of Opt1 and Opt2 were not
different from that of the standard protocol (p=0.1). Another means to evaluate the overall
sensitivity of a technique is to examine its COV across repetitions. The COV (i.e. a measure
of reproducibility) for the three protocols are shown in Figure 4d. There were no significant
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differences across the three protocols (p=0.65). We also calculated the COV of individual
lobes (frontal, occipital, parietal and temporal) and found no differences across protocols.

Discussion

In this study, we conducted theoretical and experimental investigations to optimize BOLD
imaging parameters for the removal of artifactually negative CVR signals while preserving
the sensitivity of desired signals. We showed that, when the signal intensities in CSF and
blood compartment are equated, the artifactually negative CVVR can be minimized. We have
further shown that CNR and reproducibility of the CVR results when using the optimized
protocols are comparable to those using the standard protocol. Overall, we recommend the
use of a TE shorter than that typically used in fMRI for CVR mapping.

Negative CVR has been noted in a number of studies (6,28-31). Some of them can be
attributed to a vascular stealing phenomenon (31). However, others, especially those in and
around posterior horns of the ventricles where the choroid plexus is located, may be due to
the artifact described in this study. Therefore, the use of an “artifact-free” BOLD protocol
may simplify the interpretation of such results. Comparing BOLD images from the three
protocols, the standard protocol showed brighter CSF signal than the brain parenchyma,
which is consistent with the previous findings (27). In contrast, this difference is clearly
attenuated in the Optl and Opt2 images, consistent with the simulation criteria. In
accordance with these differences in the raw images, the CVR map using the standard
protocol showed clearly discernable negative CVR voxels in the CSF regions, although not
all voxels with bright CSF signal showed negative CVR because choroid plexus is known to
be absent in certain part (e.g. anterior horns (32)) of the ventricle. The negative voxels are
absent in the Opt1 and Opt2 results. These data suggest that the intensity differences
between CSF and blood in combination with changes in CSF partial volume is the source of
negative CVR, and this artifact could be removed with an imaging protocol that equates CSF
and blood signals. Note that this principle also applies to parenchymal voxels, should CSF
partial volume in those voxels be replaced by blood partial volume. But it is expected that
the size of the effect may be smaller in typical parenchyma voxels.

The CVR values obtained from the Optl and Opt2 protocols were considerably lower than
that from the standard protocol. This is expected considering their different TE values.
Therefore, when comparing reported CVR values across studies or protocols, it is important
to evaluate them in the context of the TE used. Shorter TE is known to result in lower CVR
values. In terms of sensitivity, the lower CVVR values in the Opt protocols appear to be offset
by a higher SNR, and consequently the overall CNR was comparable among the protocols
tested. Comparing the two optimal protocols with different TR values, theoretical estimation
and experimental CNR suggested that the shorter TR one (i.e. Opt2) should yield a higher
sensitivity, owing to the greater number of images per unit scan time, which is helpful in
boosting the overall CNR (Equations [4] and [5]). However, the CoV result, which is
another indicator of sensitivity, revealed that Opt2 is slightly less sensitive, although the
difference was not significant due to small sample size. This discrepancy could be because
Equations [4] and [5] assumed that the image series are temporally independent, whereas in

J Magn Reson Imaging. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ravi et al.

Page 9

reality the noise may be partially correlated. Thus, CNR of Opt2 may be slightly over-
estimated.

We also evaluated the COV (reproducibility) of the three protocols. The COV values in our
experiment were less than 7%. Compared to COV values reported in the literature, e.g. 26%
in (33), 8% in (2), and 8.8% in (4), the values in our study for all the protocols were
comparatively lower. This suggests that irrespective of BOLD protocol used in this study for
measurement of CVR, the experimental design and data analysis used in our experiment is
quite reproducible. The COV showed subtle variation across the three protocols tested.
However, there were no significant differences among them. We also evaluated COV in the
four major lobes (frontal, parietal, occipital, and temporal) of the brain. The findings were
similar. Low COV (i.e. high reproducibility) enhances the potential of an imaging tool to
find utility in clinical settings.

The clinical importance of the proposed optimal protocol is that it minimizes artifactually
negative CVR signals, thereby improving the specificity of pathological indications of
negative CVR. Negative CVR has been previously reported in patients with cerebrovascular
diseases as evidence of a loss of vascular reserve (6,13). However, the potential of
artifactual signal source could cloud the interpretation of such results. Therefore, the
optimized BOLD protocol could remove the “volume effect” and ascertain the correct
identification of vascular stealing territory in patients with, for example, arterial stenosis.

The primary limitations of this study are the use of only young healthy participants and the
relatively small sample size. Our participants have an average age of 29 years thus do not
represent typical patients seen in clinical settings. Therefore, a study in elderly individuals
with no known pathology would be useful in future investigations. Also, our sample size of
10, is modest. Even though we were able to show significant group-averaged results and an
estimation of reproducibility, the lack of significant difference in some comparisons, e.g.
CNR across protocol, could be due to insufficient power. Thus, future studies are needed to
verify our findings.

In conclusion, an optimized BOLD imaging protocol was devised that allows the removal of
negative signal artifacts in CVR mapping. The optimal protocol yields a sensitivity and
reproducibility comparable to that of a standard protocol. The availability of such a protocol
may improve the interpretability of CVR results in clinical settings.
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Simulation results from the theoretical study. (a) All possible combinations of TR, TE, and
FA values that can equate the CSF and blood signal intensities in the BOLD image. The TR
and TE values are represented on the x and y axis, respectively, and the FA value is
represented by color scale. Note that, the imaging parameter space is divided into 2 distinct
regions. The white region indicates that such TR and TE combination will not meet the
signal equivalence criterion regardless the FA value. These results are obtained from step 1
of the simulation. (b) Corresponding CNR per unit time in a hypothetical parenchyma voxel.
These results are obtained from step 2 of the simulation. (c) Optimal TE value as a function
of TR. The symbols represent TR/TE combinations tested in the experiment. A total of three
protocols were used: two using the optimized protocols with different TRs (red symbols)
and one using the standard protocol (black symbol). With this strategy, both the TE and TR
dependence of the CNR are examined. (d) CNR as a function of TR. For each TR, the
optimal TE (and associated FA) was used to compute the CNR.
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Figure 2.

Group-averaged CVR results (N=10). (a) BOLD images in a representative slice (z=46 in
MNI template) from the three protocols. Note that CSF-rich ventricles are bright (arrows) in
the standard protocol but not so in the optimized protocols (b) CVR maps from the three
protocols for both sessions. The color bar is selected such that negative CVR voxels are
generally represented in cool colors and positive CVR is represented in warm colors. The
center of the color bar is slightly shifted toward the negative range to allow small negative
CVR values due to noise, which should be distinguished from the systematic, pronounced
negative values as shown in the standard protocol (arrows).
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Figure 3.
The location of negative CVR voxels when using the standard protocol (FWE corrected

p<0.01). Note that the negative CVR voxels are predominantly located in the ventricular
region. When applying the same algorithm to Opt1 and Opt2 protocols, no such clusters
were detected.
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Results of quantitative analysis in the whole brain ROI. (a) CVR. (b) SNR per BOLD image.
(c) CNR per unit time. (d) Coefficient of variation (COV) across repetitions. The data are
presented as mean + standard error (***: p<0.0005, **: p<0.005 and *: p<0.05).
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Parameters assumed in the simulation. C is the water density.

C (ml/ml) | T1(ms)
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CSF
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a d
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Imaging parameters used in the study.

TR (ms) | TE(ms) | FA(°)
standard | 1500 30 60
Optl 1500 21 89
Opt2 800 225 72
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