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Abstract

Negative BOLD signals that are synchronous with resting state fluctuations have been observed in

large vessels in the cortical sulci and surrounding the ventricles. In this study, we investigated the

origin of these negative BOLD signals by applying a Cued Deep Breathing (CDB) task to create

transient hypocapnia and a resultant global fMRI signal decrease. We hypothesized that a global

stimulus would amplify the effect in large vessels and that using a global negative

(vasoconstrictive) stimulus would test whether these voxels exhibit either inherently negative or

simply anti-correlated BOLD responses. Significantly anti-correlated, but positive, BOLD signal

changes during respiratory challenges were identified in voxels primarily located near edges of

brain spaces containing CSF. These positive BOLD responses occurred earlier than the negative

CDB response across most of gray matter voxels. These findings confirm earlier suggestions that

in some brain regions, local, fractional changes in CSF volume may overwhelm BOLD-related

signal changes, leading to signal anti-correlation. We show that regions with CDB anti-correlated

signals coincide with most, but not all, of the regions with negative BOLD signal changes

observed during a visual and motor stimulus task. Thus, the addition of a physiological challenge

to fMRI experiments can help identify which negative BOLD signals are passive physiological

anti-correlations and which may have a putative neuronal origin.
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Introduction

Blood Oxygenation Level Dependent contrast functional magnetic resonance imaging

(BOLD fMRI) takes advantage of the differing magnetic properties of oxygenated and
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deoxygenated hemoglobin to noninvasively detect neural activity (Bandettini et al., 1992;

Kwong et al., 1992; Ogawa et al., 1992). Local increases in neural activity associated with

specific brain functions result in simultaneous increases in local blood volume and blood

flow to increase oxygen delivery to the active region. To ensure sufficient delivery of

oxygen to all tissue (Buxton, 2010), this vascular response ultimately results in decreases in

local deoxyhemoglobin concentrations.

Neural activation is therefore linked, via neurovascular coupling mechanisms, to a decrease

in [dHb] and thus an increase in BOLD-weighted MR signal (also called “positive” BOLD

signal changes). The link between increases in neural activity and increases in the BOLD

signal is well-studied and forms the basis for data interpretation in the majority of existing

fMRI research and applications, although more research is needed to fully understand how

the neural-physiological mechanisms are affected by disease, age, or other factors (Buxton,

2012).

In contrast, the analysis and interpretation of decreases in BOLD signal (also called

“negative BOLD” signal changes) is less well developed. For example, signal decreases in

BOLD-weighted fMRI have been interpreted as neuronal deactivation (Shmuel et al., 2006),

a vascular steal phenomenon (Harel et al., 2002), or a by-product inherent to data processing

and analysis techniques (Murphy et al., 2009). Recently, a highly averaged and low-noise

fMRI data set consisting of 100 runs per subject identified task-based modulations

throughout most of the brain, with 68% of the brain exhibiting “non-conventional” BOLD

responses, including negative signal changes (Gonzalez-Castillo et al., 2012). These

responses could not be modeled using the standard block or event-related stimulus models of

activation. Developing a better understanding of mechanisms underlying negative BOLD

signals could therefore have implications for how we collect and interpret fMRI data.

A recent study reported negative fMRI signal changes in large pial and ependymal veins

near sulcal and ventricular cerebrospinal fluid (CSF), fluctuating in sync with low-frequency

resting state fluctuations (Bianciardi et al., 2011). Data modeling suggested that these

negative signals did not originate from local increases in [dHb] but rather local increases in

cerebral blood volume (CBV)in voxels with large CSF content. If disproportionally large,

such signals can locally overwhelm any positive BOLD effect.

Negative BOLD responses have also been observed in response to physiological challenges

such as manipulations of arterial CO2 gas content. Although most of the brain demonstrates

a positive BOLD signal change associated with the vasodilatory effects of hypercapnia,

negative BOLD signal changes have been observed in white matter regions (Mandell et al.,

2008) and in ventricles (Blockley et al., 2011) of healthy individuals. Although these studies

do not give evidence that negative reactivity to increased CO2 is related to the negative

BOLD signals observed by Bianciardi et al. in resting state data, they suggest that

respiratory challenges may offer a method for probing the negative BOLD phenomenon.

In the current study, we further investigated the origin of negative BOLD signals by

applying a Cued Deep Breathing (CDB) task (Bright et al., 2009) that uses two cycles of

short, deep breaths to create transient hypocapnia and a resultant global fMRI signal
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decrease caused by constriction of vascular smooth muscle, primarily in cerebral arterioles

(Brian, 1998). We hypothesized that a global stimulus will amplify the effect in large vessels

and that using a global negative stimulus will test whether these voxels exhibit negative or

simply anti-correlated responses. Furthermore, we hypothesized that analysis of the relative

timing of the positive and negative fMRI signal changes may give better insight into the

underlying mechanisms. Finally, we analyzed fMRI signals acquired during visual and

motor stimuli, and compared the location and response dynamics of positive and negative

signals of neural and hemodynamic challenges.

Methods

Data acquisition

Ten subjects (aged 23–56 years, mean age = 36 years, 3 females) were scanned using a 7

Tesla GE whole-body MRI scanner (Milwaukee, WI, USA) with a 32-channel receive head

coil. Data were acquired using a BOLD-weighted gradient-echo echo-planar imaging (EPI)

sequence (TR/TE = 2000/30 ms, FOV = 260 mm, flip angle = 67°, slice thickness = 2 mm

with 0.2 mm gap, 2.0 × 2.0 × 2.0 mm3 resolution). Twenty oblique slices were acquired in

an interleaved fashion to cover both motor and visual cortices. The EPI read-out occurred

during the first 1500 ms of each TR period, creating 500 ms breaks in the scanner noise for

delivery of auditory commands. One whole-brain EPI data set was also acquired to facilitate

the creation of CSF masks (55 slices at identical oblique angle and using otherwise identical

scan parameters as the functional data).

In the Breathing scan, subjects were instructed to execute 6 CDB challenges interleaved

with 75 s of normal breathing using spoken auditory commands (“Ready”, “In”, “Out”, “In”,

“Out”, “Normal”) via the scanner intercom system. Cued instructions were shortened from

the original instructions (Bright et al., 2009) to improve clarity in the limited acoustic gaps.

Subjects were asked to keep their eyes closed and auditory commands were used to limit

confounding neural activation in the visual cortex, one of the areas targeted with other tasks

in our study. The total scan duration was 8.5 min (255 repetitions), and 9 of the 10 subjects

performed a second, identical repeat of this scan.

In the VisualMotor scan, subjects were presented with a flashing checkerboard visual

stimulus (7.5 Hz, full contrast) delivered in a rapid, pseudo-random manner using a binary

m-sequence paradigm. The m-sequence was chosen because of its (virtually) zero-

autocorrelation property, allowing extraction of the hemodynamic response function (HRF)

on a voxel-by-voxel basis (i.e. voxel-wise) with high efficiency (Kellman et al., 2003). A

127 bin m-sequence with inverse-repeat was used, both padded to 150 bins yielding a total

of 300 bins (2-s bin duration, total scan duration = 10 min). Each subject was asked to

repeatedly press a button when the flashing checkerboard was displayed to effectuate

concurrent visual and motor stimulation.

Finally, a visual and motor functional Localizer scan was acquired using a block design

flashing checkerboard paradigm (30 s off, 30 s on, 5 repetitions), and the subject was asked

to repeatedly press the button with their finger during the “on” blocks.
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Subjects were fitted with respiratory bellows to monitor depth and rate of breathing; these

data were also used to monitor compliance with the breathing task and to reduce respiration-

driven scanning artifacts using real-time shimming (van Gelderen et al., 2007). As most of

the effects of respiration on B0 are linear with chest position, we assume that the real-time

shimming algorithm, although optimized for normal breathing, will correct much of the

artifacts associated with the CDB challenges in addition to resting respiration.

Data analysis

In preprocessing, the first 9 volumes of the Breathing and VisualMotor data were removed,

motion correction (MCFLIRT, FSL, FMRIB, University of Oxford, UK), brain extraction

(BET, FSL), and slice timing correction (FSL) were performed, and a 4-degree polynomial

detrending was applied (IDL, Exelis Visual Information Solutions, Boulder, CO USA).

Temporal ICA (MELODIC) was then performed, and components identified to contain

severe motion-related artifacts were removed from the data. The criteria for removing a

component were as follows: the time series contained 1–3 signal spikes of at least 7% signal

change (larger than most physiologically derived BOLD signal changes), and the associated

spatial map featured 1–4 slices in an interleaved pattern. (The interleaved characteristic

results from the interleaved acquisition of the slices.) These criteria removed the largest

head motion artifacts but did not exclude the head motion associated with all of the 6 CDB

challenges.

The Localizer data were analyzed using a general linear model: the block design paradigm

was convolved with a canonical hemodynamic response function and a mask of significantly

activated voxels (conservative threshold at Z > 5.0) was extracted for each subject. The

block design was utilized to more accurately identify active voxels; assuming that a correct

impulse-response function is used, a conventional block paradigm has increased detection

power as a single metric (activation amplitude) is derived. It is less straightforward to extract

a single significance measure from the m-sequence data, where the response amplitude at

various latencies is measured. No clustering algorithm was applied, as individual voxel

behavior was of interest.

Correlation analysis

Negatively activating voxels were identified from correlation analysis with a reference time

series, created for each Breathing and VisualMotor data set. Because we are using a global

physiological stimulus in the Breathing scan, the global time series (mean signal in the brain

over time) was used as the reference time series in the Breathing data. Note that the global

signal was not used as a regressor, as this can create artificial anti-correlations (Murphy et

al., 2009). The reference time series was extracted from the data rather than constructed

using a model of the breathing stimulus in order to account for variability in CDB task

execution and the physiological response across subjects. For the VisualMotor data, we

averaged the voxel time series within the activation mask obtained from the Localizer data

set to create a reference time series. In the Breathing data, we compared the global time

series with the time series averaged across the activation mask: the correlation between these

time series was calculated for each subject and transformed into z(r) values using the Fisher

transform. The mean z(r) averaged across subjects was 1.87 ± 0.39, and the median r value
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across subjects was 0.97, demonstrating that voxels within the activation mask behave

similarly to voxels throughout the brain.

The correlation coefficient between the reference time series and every individual voxel

time series was calculated for both data sets, and significantly correlated or anti-correlated

voxels (p < 0.05, Bonferroni corrected) were identified. The spatial distribution of voxels

showing significant anti-correlations in the Breathing and VisualMotor data sets were

compared: maps identifying overlapping and non-overlapping voxel populations were

extracted.

Estimation of the voxel-wise hemodynamic response functions

The voxel-wise BOLD response to the breathing challenges and visual/motor stimulus was

extracted from the data.

In the Breathing data, the start of each CDB challenge was determined using the respiratory

bellows data (temporal resolution = 0.05 s). A trial-specific temporal shift was calculated

from the offset of the start of the deep breaths to the nearest fMRI volume acquisition. For

each voxel, the fMRI data for each of the six challenges were combined into one time series,

using the trial-specific shifts for greater accuracy (Fig. 1). The combined data were fitted

with a double gamma-variate function (MATLAB, Mathworks, Natick, MA USA) and

interpolated to a resolution of 0.25 s. This fitted response to the respiratory challenges is

referred to as HRFresp.

In the VisualMotor data, the m-sequence paradigm was deconvolved from the voxel-wise

time series data using correlation analysis as was described earlier (Kellman et al., 2003),

and the resulting voxel-wise HRFs with 2-s resolution were interpolated using splines to a

temporal resolution of 0.25 s. This deconvolved response to the visual and motor stimulus is

referred to as HRFvm.

Response timing analysis

The dynamics of the anti-correlated and correlated BOLD responses were compared in two

ways. First, the voxel-wise hemodynamic response function was averaged over the

significantly correlated and anti-correlated voxels, and the time to (absolute) peak (TTP)

values of the averaged HRFresp and HRFvm were identified. (Note that the absolute “peak”

of the response identifies the extremum of a negative BOLD signal change in both the

correlated Breathing and the anti-correlated VisualMotor data).

As both the response amplitude and TTP in larger draining vessels increase together, this

would potentially create a confound in the averaged HRF. To remove this confound, the

TTP of every voxel HRF was identified and the median TTP value within significantly

correlated and anti-correlated voxels was calculated. Voxels that exhibited extremely early

TTP values (signal changes during the stimulus or task that are likely to be artifactual) were

not included in these calculations: TTP values earlier than 8 s in the Breathing data and

earlier than 1.5 s in the VisualMotor data were eliminated (The numbers of voxels remaining

following this thresholding are provided in Table 1b). For both analyses, these TTP values

were compared across subjects using paired t-tests with a significant threshold of p < 0.05.
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Results

Three subjects (1, 3, and 9) were excluded due to errors in collecting physiological data or

poor task performance. In one of the 7 remaining subjects, only a single repeat of the

Breathing scan was available, rather than two repeats for all other subjects (denoted as

Breathing1 and Breathing2).

Correlation analysis

The numbers of voxels significantly correlated or anti-correlated with the reference time

series for each data set are given in Table 1a. Significant anti-correlation was observed in all

data sets, with large inter-subject variability in the spatial extent of these effects. This

variability may reflect inherent differences in subject physiology, task execution, or image

slice positioning. In all data sets, fewer voxels exhibited significant anti-correlation than

correlation with the reference time series (p < 1.0 × 10−4, paired t-test, corrected for multiple

comparisons). The VisualMotor data showed fewer significantly correlated voxels than the

Breathing data sets (p < 0.005), which likely reflects the more local nature of the

VisualMotor task compared to the global hypocapnia challenge in the Breathing data.

However, the percentage of anti-correlated voxels relative to correlated voxels was larger

(∼10%) in the VisualMotor data than in the Breathing data (∼4.5%). No significant

difference was observed between the numbers of correlated and anti-correlated voxels across

the two Breathing scans, indicating general reproducibility of the correlation effects.

Fig. 2a shows examples of the reference time series and unthresholded correlation maps for

one subject. The BOLD response to the six CDB challenges is clearly visible in the

reference time series of the Breathing data, while the response to the pseudo-random m-

sequence stimulus in the VisualMotor data is not directly interpretable. Fig. 2b illustrates the

time series of individual voxels in the Breathing1 data set, giving examples of the correlated

and anti-correlated BOLD signals. The mean time series across significantly correlated and

anti-correlated voxel populations for both the VisualMotor and Breathing1 data sets of all

subjects are provided in the Supplementary Fig.

The thresholded correlation maps for all subjects are shown in Fig. 3. In the Breathing data,

anti-correlations (shown in red) are primarily observed in voxels along the edges of

ventricles, which is consistent with the previous study (Bianciardi et al., 2011). Additional

voxels near the pial surface of the brain, as well as within white matter, also demonstrate

significant anti-correlation.

To better understand the spatial localization of these anti-correlated voxels, masks defining

the edges of CSF were created for each subject. CSF voxels were identified in the whole-

brain EPI data set using FMRIB's Automated Segmentation Tool (FAST, FSL) (Zhang et al.,

2001), and this mask was eroded, dilated, or dilated twice. The number of significantly anti-

correlated voxels present within the original CSF mask and each of these manipulated masks

was counted. The results are presented in Fig. 4, as percentages of the total number of anti-

correlated voxels in the brain for each subject. Approximately 80–90% of significantly anti-

correlated voxels are located near the boundary of CSF regions.
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The VisualMotor correlation maps show significant correlations beyond the expected

activation areas (motor and visual areas); because physiological noise was not removed in

this study (physiological fluctuations are the effect of interest in the Breathing data), the

effects of cardiac pulsation and respiration are still present in the data and may cause

additional correlations unrelated to the stimulus, albeit this is unlikely to be a large effect for

the pseudo-random m-sequence paradigm. Additional networks related to attention may also

have been involved in performing the task. In several subjects, the VisualMotor data

exhibited significant anti-correlation in voxels near the edges of ventricles, in good

agreement with the Breathing results (e.g., Subjects 2, 6, 7, and 8 in Fig. 3). The mask of the

significant anti-correlations in the Breathing1 data set for each subject was dilated by one

voxel (to account for minor mis-registration between data sets), and the overlap of the

VisualMotor and the Breathing1 anti-correlations was determined (Fig. 5). In the

VisualMotor data, 66 ± 12% of significantly anti-correlated voxels overlapped with the

dilated Breathing1 anti-correlation mask.

Timing analysis

The voxelwise Breathing data was fit with a double gamma-variate function as described in

the methods. This function was used by Birn et al. to fit the BOLD response to a single

breath (Birn et al., 2008), and by extending the range of allowed parameter values we were

able to successfully fit the BOLD response to the two deep breaths in the CDB challenge.

Inter-subject variation in the BOLD response was sufficiently accounted for in the fitting:

example fits of the global time series for each subject are shown in Fig. 6. This fitting

technique has been previously applied in BOLD data acquired at 7 Tesla (Bright et al., 2011)

and robustly mapped the regional heterogeneity in CDB response dynamics first observed

using averaging and interpolation analyses (Bright et al., 2009).

The average percentage fit error across the 6 CDB trials was calculated, and the median

errors across the significantly correlated and significantly anti-correlated voxel populations

were determined. The group results are presented in Fig. 6. Fitting errors may reflect

insufficient modeling of the BOLD response with the double gamma-variate function, but

these results suggest that inter-trial variation in the CDB task and response is a greater

influence. The mean error values within 5-TR and 10-TR windows centered approximately

on the signal peak were not significantly different in the correlated and anti-correlated

voxels (paired t-test across subjects, p > 0.05), indicating that data from both voxel

populations were similarly well fit by the analysis.

Average HRFs

The fitted or deconvolved BOLD signal responses, averaged across voxels that were

identified as being significantly correlated (or anti-correlated) with the reference time series,

were calculated for each data set. Average HRFresp and HRFvm results are shown in Fig. 7

(in the Breathing results, the data from the scan with the greatest number of significantly

anti-correlated voxels, as determined using Table 1, are shown).

The TTPs of the averaged HRFs were determined (Table 2, and indicated using dashed lines

in Fig. 7). The TTP of the average anti-correlated HRFresp occurred significantly earlier than
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the TTP of the average correlated HRFresp in the Breathing1 data (p = 0.008, paired t-test,

corrected for multiple comparisons). The Breathing2 scan showed similar group results to

the Breathing1 scan, but the difference in response TTP did not reach significance,

potentially due to fewer subjects being included. (When the Breathing1 and Breathing2

results for each subject were averaged together, the difference between the correlated and

anti-correlated TTP was significant; p = 0.02, paired t-test, corrected for multiple

comparisons). There was no significant difference in the timing of the average HRFvm of

correlated voxels and the average HRFvm of anti-correlated voxels in the VisualMotor data.

Voxel-wise HRFs

Because the average HRFresp and average HRFvm could be confounded by interaction

between the amplitude and timing of the BOLD response, the median TTP of significantly

correlated/anti-correlated voxels was also determined (Table 2). The median TTP, which is

more immune to outliers than the mean, was significantly earlier in the anti-correlated

voxels relative to the correlated voxels in the Breathing1 and Breathing2 data sets (p = 0.008

and p = 0.02, respectively; paired t-test, corrected for multiple comparisons), in agreement

with the average HRFresp analysis. To show this shift graphically, histograms of the TTPs of

the Breathing data are presented in Fig. 7. Again, there was no significant difference in the

VisualMotor data.

Finally, additional timing analysis was performed in light of the clustered anti-correlations

observed in the VisualMotor data sets of three subjects, ipsilateral to the hand involved with

the motor task (right-hand side of Fig. 5) that did not show an overlap with the Breathing

data anti-correlations. In three subjects (5, 6, and 7), regions of interest were manually

drawn to include activation associated with the motor task and a similar region in the

opposite hemisphere (inserts in Fig. 8). Two populations of voxels were compared: voxels

that showed significant activation in the Localizer scan located approximately near the

motor cortex contralateral to the active hand, and voxels that exhibited significant

“unexplained” anti-correlations in the ipsilateral cortical areas. Histograms of the TTPs of

these voxel groups are presented in Fig. 8. The “unexplained” anti-correlations in the area

ipsilateral to hand activity are slightly delayed with respect to the correlated (activated)

voxels.

Discussion

We successfully mapped significant anti-correlations in BOLD fMRI data during

physiological and neural stimulus paradigms. Our results enable us to draw three principal

conclusions.

Anti-correlated signal changes are not inherently negative

Firstly, we showed that anti-correlated BOLD signal changes preferentially occur near the

edges of ventricles and at the surface of the brain, in contrast with brain regions whose

signal positively correlates with the reference region. This is most apparent in the Breathing

data sets, where the global BOLD signal decreases due to mild hypocapnia challenges, and

the BOLD response in the anti-correlated voxels is positive. Thus, although in some cases
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this phenomenon may appear as a “negative BOLD” signal change, the polarity of the

response is actually determined by the surrounding signal changes.

BOLD anti-correlations are inherent to physiological response

Secondly, this anti-correlated phenomenon does not require neuronal de-activation, because

we observe it in the BOLD response to Cued Deep Breathing challenges. This indicates that

it is a vascular phenomenon inherent to the BOLD response itself, rather than reflecting a

neuronal deactivation. This could not be concluded in an earlier work (Bianciardi et al.,

2011), where resting state low-frequency oscillations were used as the “stimulus” or

reference for mapping anti-correlations: these resting oscillations are, at least to some

degree, neuro-metabolic in origin (Fukunaga et al., 2008; Leopold and Maier, 2012). There

is neural activity associated with any controlled respiratory challenge, including the CDB

challenge, however these effects are typically localized to the insula and deep gray matter

structures (McKay et al., 2003) and not to pial or periventricular vessels. There may also be

arousal effects associated with hypocapnia; hypercapnia (elevated CO2 levels) has been

shown to decrease resting neural activity (Hall et al., 2011; Zappe et al., 2008), and thus the

hypocapnic CDB challenge may result in temporary changes in baseline activity. Further

research is needed to determine how these effects influence the BOLD reactivity response

timing in the voxel populations examined in the current study.

Also, the BOLD response to CDB challenges peaks at approximately 19.6 s following the

start of the challenge ((Bright et al., 2009), in agreement with the current study). The anti-

correlated HRFresp peaks at approximately 18.5 s (Table 2). Because the CDB challenge

involves 8 s of deep breaths, this equates to approximately 10.5 s following completion of

the respiratory task. In contrast, the BOLD response associated with event-related neural

activity peaks at approximately 4–6 s following activation (HRFvm TTP results in Table 2

and Fig. 7; (de Zwart et al., 2009)). This is further evidence that the anti-correlated response

is not reflective of neural activity associated with the act of performing CDB challenges.

Mechanism of early physiological BOLD anti-correlations

Finally, our calculations show that the anti-correlated response reaches its peak significantly

earlier than the correlated response throughout gray matter in the Breathing data, and occurs

mostly in voxels near the edges of CSF. This supports the hypothesis and modeling results

of Bianciardi et al. (2011) that the anti-correlations reflect changes in the relative size of the

blood and CSF compartments in voxels dominated by these two signal sources: using an m-

sequence stimulus paradigm in rats, the iron oxide blood volume impulse response has been

observed to peak significantly earlier than the BOLD impulse response (Silva et al., 2007).

The BOLD signal is described by an exponential decay, S = S0e−t R2*, where R2* is

dependent on the local concentration of deoxyhemoglobin, [dHb] (Boxerman et al., 1995),

and S0 is related to tissue proton density and T1. To increase the measured signal S and

result in the anti-correlated response in the Breathing data, either [dHb] must decrease,

reducing the R2* decay constant locally, or S0 must increase.

One method for decreasing [dHb] is an increase in blood flow that enhances the “wash out”

of deoxyhemoglobin. Our results show that this “flow-related” mechanism is not the primary
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mechanism underlying the observed BOLD anti-correlations. The hypocapnic CDB

challenge used in this study causes global vasoconstriction (which is regulated primarily at

the arteriolar level), and thus decreases blood flow throughout the brain and increases [dHb]

in the tissue. Still, it is likely that we are observing anti-correlations near large veins

(Bianciardi et al., 2011), which may not exhibit the same relative [dHb] changes as the bulk

of gray matter. However, we also observe that the anti-correlated BOLD signal in these

large draining vessels occurs earlier than the “upstream” global BOLD signal in the

Breathing data, indicating that sluggish, flow-related [dHb] effects are not the source of the

observed anti-correlated signal changes.

Alternative mechanisms for producing the anti-correlated signals in the Breathing data are

volume-related: decreases in [dHb] linked to vasoconstrictive reductions in blood volume

and/or increases in S0 associated with changes in the relative volume of signal compartments

within a voxel. As already discussed, local blood volume is decreased on the arterial side of

the vascular tree due to the hypocapnic CDB challenge, and this could be linked to passive

venous vessel constriction in the context of reduced perfusion pressure and a balloon model

of venous compliance (Buxton et al., 1998). This, however, does not explain the spatial

distribution of the anti-correlated voxels. The localization of the anti-correlated response to

voxels in large veins proximal to CSF stores (e.g., at the edge of ventricles or on the surface

of the brain) indicates that changes in the relative volume of both the blood and CSF

compartments are critical in developing the anti-correlated signals.

This explanation is in agreement with the existing literature. The Monroe–Kellie doctrine

states that changes in blood volume must be balanced by appropriate changes in other

compartment volumes to maintain stable intracranial pressure (Mokri, 2001). The

widespread reduction in arterial blood volume in our data (associated with the

vasoconstrictive hypocapnia challenges) must therefore be linked to a matching increase in

CSF volume. Voxels containing large CSF contributions (although not located entirely

within CSF) reflect this shift: increases in the CSF compartment will increase the proton

density and the apparent T1 within a given voxel, and thus S0. This change in CSF volume

linked to changes in blood volume has been observed throughout the brain by fitting multi-

echo data to a multi-compartment model (Piechnik et al., 2009). In our data, we observe that

the S0 effect is overwhelmed by the flow-related [dHb] effect in most of the brain, except in

certain voxels where the CSF compartment may have both greater initial volume and ability

to increase in volume as ventricle edges are pushed outwards or surface veins are

compressed. This S0 effect may be bolstered by an R2* effect: the R2* of CSF is smaller

than that of gray matter, and thus blood volume changes will be associated with greater

BOLD contrast when in the proximity of CSF compared to within gray matter, potentially

overwhelming any flow-related [dHb] effects.

To summarize, the early response timing of the BOLD anti-correlations observed in the

Breathing data indicates flow-related [dHb] mechanisms are not responsible. The

localization of the anti-correlations to voxels with large blood/CSF volumes supports a

volume-related S0 mechanism, although changes in [dHb] linked to blood volume changes

likely also contribute.
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Differences in BOLD anti-correlations in Breathing and VisualMotor data sets

As shown by the substantial overlap of the anti-correlated signal ROIs for both tasks (Fig.

5), the VisualMotor data exhibited significant BOLD anti-correlations in many of the same

voxels as the Breathing data. These overlapping voxels are located at the edges of ventricles

and at points on the surface of the brain, as well as other less well-defined locations,

primarily near the edges of CSF. We attest that this overlap demonstrates the shared

mechanisms of certain BOLD anti-correlations in these data sets: the VisualMotor data is

associated with a widespread increase in blood volume, which is matched by a

corresponding decrease in relative CSF volume and S0 in certain voxels. The overlap of the

observed anti-correlations can therefore be explained by the physiological mechanisms

described above.

There also exist several non-overlapping, or “unexplained” anti-correlations in the

VisualMotor data. Most interestingly, three subjects demonstrate slightly delayed anti-

correlations in (approximately) the somatosensory/motor cortex ipsilateral to the hand

involved with the motor task. Although the timing results are difficult to interpret given the

small numbers of voxels and insufficient temporal resolution, the findings in Fig. 8 suggest

that these “unexplained” BOLD anti-correlations may reflect a neurovascular mechanism of

truly “negative” BOLD signal changes with a neuronal basis (e.g., deactivation).

Negative BOLD signals have been observed previously in the somatosensory region

ipsilateral to a motor task (Gonzalez-Castillo et al., 2012; Kastrup et al., 2008), and are

likely to have a neural origin (Pasley et al., 2007). Additionally, more recent literatures link

negative BOLD signals to decreases in blood flow, both in visual cortex during a partial-

field visual stimulus (Goense et al., 2012) and in the somatosensory cortex ipsilateral to

median nerve stimulation (Schäfer et al., 2012). This suggests that the “unexplained” anti-

correlations that we observe (Figs. 6 and 8) have a different, potentially “flow-related”

mechanism compared to the anti-correlations also present in the Breathing data, which is

supported qualitatively by the different response timing.

These “unexplained” anti-correlated voxels extend beyond the somatosensory and motor

cortices in our data. Indeed, although 65% of anti-correlated voxels in the VisualMotor data

overlapped with anti-correlated voxels in the Breathing data, this leaves 35% of anti-

correlated voxels with potentially different underlying mechanisms responsible for the

negative BOLD signal change. Some regions, such as near the edges of visual activation, are

expected to show negative BOLD responses during visual stimulation (Shmuel et al., 2006).

Interestingly, in our data, there are many anti-correlations near the visual activation area that

are present in both Breathing and VisualMotor data sets (e.g., Subject 2 in Fig. 5). We

conclude that incorporating a physiological challenge such as Cued Deep Breathing may

help to differentiate between voxels with a physiological (pure vascular) anti-correlated

BOLD signal change and those showing a true negative BOLD signal change with an

underlying neuro-vascular mechanism, particularly in regions where both responses may be

present.
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Influence of other noise sources

The data sets in this study contain numerous noise sources in addition to the physiological or

neural signals of interest. It is important to note that head motion, cardiac pulsations, and

other global noise sources could influence the identification of correlated and anti-correlated

voxels. In the Breathing data, head motion can be assumed to be extreme and task-locked,

making motion artifacts particularly challenging to compensate for. However, during CDB

tasks, motion has been observed to occur primarily in the period of the deep breaths, thereby

finishing before the actual BOLD signal change of interest (in the window of interest,

motion is minimal) (Bright et al., 2009). Still, in both the Breathing and VisualMotor data,

more subtle head motion or other widespread noise sources throughout the scan may

influence our correlation analysis. These confounds would not, however, influence the

polarity of the mean HRF extracted from these voxels or significantly affect the TTP of this

response in any systematic manner. The differing polarity of the average HRFs suggests that

the influence of global noise on our conclusions is minimal. We recommend that future

studies adopt multi-echo acquisitions to better isolate the BOLD signal from noise sources

(Bright and Murphy, 2013) and better understand the physiological mechanisms underlying

the measured BOLD-weighted data.

Conclusions

We have identified anti-correlated BOLD signal changes in response to respiratory

challenges in voxels primarily located near edges of CSF stores. These signal changes occur

earlier than the response across most of gray matter voxels. We conclude that these signal

changes can be attributed primarily to changes in S0 associated with increases in intracranial

CSF volume during widespread changes in cerebral perfusion. Changes in local [dHb] in

these voxels, as CSF displaces the intravascular compartment, may augment this

mechanism.

We also show that the physiological BOLD anti-correlations can explain most, but not all, of

the negative BOLD signal changes observed in a visual and motor stimulus data set. The

negative BOLD signals that are not explained by the respiratory challenge data demonstrate

a delayed response timing compared to associated correlated BOLD activations, and are

presumably neuronal in origin.

The addition of a physiological challenge to fMRI experiments can help identify which

“negative BOLD” signals are passive physiological anti-correlations and which may have a

different (e.g., neuronal) origin.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Schematic of CDB trial data alignment. The start of each CDB trial was identified in the respiratory bellows data. The closest

fMRI volume acquisition was determined (v1) and a 35-volume window of fMRI data was extracted. The temporal shift between

the CDB trial start and the first fMRI volume of that trial was measured (Δt) at a temporal resolution of 0.05 s. The fMRI data

from the six CDB trials were combined using these trial-specific temporal shifts, and the combined data were fit using a double

gamma-variate function.
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Fig. 2.
Examples of the reference time series for the Breathing and VisualMotor data and voxelwise correlation maps for one subject. In

the Breathing data, the global time series was used as a reference. In the VisualMotor data, the average time series within an

activation mask (determined by the Localizer scan) was used. The Breathing data showed positive correlation throughout most

of gray matter, as well as negative correlations (anti-correlations), most notably at the edges of the ventricles. The VisualMotor

data showed less widespread correlations due to the nature of the neural stimulus, but also exhibits anti-correlations in regions

similar to those of the Breathing results. The VisualMotor reference time series does not clearly exhibit the m-sequence stimulus

paradigm; however, the HRFvm can be extracted from this time series following deconvolution (insert).
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Fig. 3.
Significantly correlated (blue) and anti-correlated (red) voxels in the Breathing and VisualMotor data for all subjects (p < 0.05,

Bonferroni corrected).
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Fig. 4.
Percentage of significantly anti-correlated voxels present within a mask of CSF and the same mask eroded/dilated.

Approximately 80–90% of anti-correlated voxels lie near the edges of CSF stores.
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Fig. 5.
Overlap and mismatch of VisualMotor anti-correlations and Breathing anti-correlations. A mask of the significantly anti-

correlated voxels in each subject's Breathing data was dilated to account for minor misalignment between datasets. Voxels that

were significantly anti-correlated in the VisualMotor data were classified as“overlapping” or“other.” The activation mask from

the Localizer scan is included as a reference. Anti-correlations that showed overlap between the two datasets were observed in

semi-contiguous groups of voxels (i.e., at the edges of ventricles) as well as more point-like clusters (e.g., near the brain

surface). Other (non-overlapping) anti-correlations present in the VisualMotor data were also observed; Subjects 5, 6, and 7

exhibited non-overlapping anti-correlations in areas contralateral to the region of motor activation in the Localizer scan.

Bright et al. Page 19

Neuroimage. Author manuscript; available in PMC 2015 February 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 6.
Example fit (red lines) of the Breathing1 global time series for each subject (top row). In each voxel time series, the fitting error

was averaged across the 6 CDB trials, and the median fitting error of each TR was calculated across the significantly correlated

and significantly anti-correlated voxel populations. The results of all subjects are presented (bottom row). There was no

significant difference in the mean fitting error of the correlated and anti-correlated data within a 5-TR or 10-TR window

encompassing the BOLD signal change of interest.
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Fig. 7.
Average HRFs (HRFresp and HRFvm) of the significantly correlated/anti-correlated voxels of the Breathing and VisualMotor

data sets, and histograms of the TTP values extracted from voxelwise HRFs. The TTPs of the average HRFs are identified

(dashed lines). In the Breathing data, the anti-correlated BOLD response appears earlier than the bulk of the correlated response

(values are provided in Table 2).
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Fig. 8.
Histograms of the time-to-peak (TTP) of the BOLD response in a subset of the VisualMotor data in three subjects identified as

having “unexplained” anti-correlations in somatosensory/motor cortical areas (non-overlapping voxels in Fig. 5). Masks were

manually drawn to cover the activated (correlated) voxels in the sensorimotor region contralateral to the finger press identified

in the Localizer scan. A similar mask in the opposite hemisphere was also drawn, and significantly anti-correlated voxels in this

mask (that were not overlapping with anti-correlations in the Breathing data) were identified. The TTP of the anti-correlated

BOLD responses (negative BOLD signal changes) in these voxels peaks later than the correlated BOLD response in the

activated voxels in the opposite hemisphere.
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