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22Decreases in stimulus-dependent blood oxygenation level dependent (BOLD) signal and their underlying
23neurovascular origins have recently gained considerable interest. In this study amulti-echo, BOLD-corrected vas-
24cular space occupancy (VASO) functional magnetic resonance imaging (fMRI) technique was used to investigate
25neurovascular responses during stimuli that elicit positive and negative BOLD responses in human brain at 7 T.
26Stimulus-induced BOLD, cerebral blood volume (CBV), and cerebral blood flow (CBF) changes were measured
27and analyzed in ‘arterial’ and ‘venous’ blood compartments in macro- and microvasculature. We found that the
28overall interplay of mean CBV, CBF and BOLD responses is similar for tasks inducing positive and negative
29BOLD responses. Some aspects of the neurovascular coupling however, such as the temporal response, cortical
30depth dependence, and the weighting between ‘arterial’ and ‘venous’ contributions, are significantly different
31for the different task conditions. Namely, while for excitatory tasks the BOLD response peaks at the cortical sur-
32face, and the CBV change is similar in cortex and pial vasculature, inhibitory tasks are associatedwith amaximum
33negative BOLD response in deeper layers, with CBV showing strong constriction of surface arteries and a faster
34return to baseline. The different interplays of CBV, CBF and BOLD during excitatory and inhibitory responses
35suggests different underlying hemodynamic mechanisms.

36 © 2014 Published by Elsevier Inc.
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41 Introduction

42 Negative blood oxygenation level dependent (BOLD) responses
43 (NBR) have been observed both in animals and humans. NBR can be
44 caused by several independentmechanisms (Kim and Ogawa, 2012) in-
45 cluding inhibitory neurogenically driven decreases in cerebral blood
46 flow (CBF) (Shmuel et al., 2002), vasoconstriction in the absence of de-
47 creases in neural activity (Shih et al., 2009), or increases in the cerebral
48 metabolic rate of oxygen (CMRO2) with no or insufficient CBF increases

49(Schridde et al., 2008; Zappe et al., 2008). Under which circumstances
50the NBR has a vascular or metabolic origin has remained controversial.
51For this reason, and due to the potential of the negative signal to shed
52further light on neurovascular coupling, NBR is in the focus of current
53research (Hutchison et al., 2013; Mullinger et al., 2014; Schäfer et al.,
542012; Smith et al., 2004; Tajima et al., 2010; Vafaee and Gjedde,
552004). Early work suggested that the NBR was a result of non-neurally
56driven hemodynamic mechanisms, such as vascular steal (Harel et al.,
572002; Woolsey et al., 1996). However, recent work obtaining electro-
58physiological recordings simultaneously with BOLD-based functional
59magnetic resonance imaging (fMRI), in anesthetized macaque monkeys,
60suggests that decreases in the CMRO2 and neural activity are the major
61contributors (N60%) to NBR (Shmuel et al., 2006). Further studies
62(Kennerley et al., 2012b; Pasley et al., 2007) leave no room for non-
63neurally driven CBF contributions to NBR, and suggest that neurovascular
64coupling is conserved for both the positive and negative BOLD responses.
65There is now a general consensus that the NBR is accompanied by de-
66creases in CBF and CMRO2, as shown with fMRI in human visual and
67motor cortex (Pasley et al., 2007; Shmuel et al., 2002; Stefanovic et al.,
682004), with fMRI in monkey visual cortex (Shmuel et al., 2006), and
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69 with fMRI and optical imaging spectroscopy (OIS) in rat somatosensory
70 cortex (Boorman et al., 2010; Kennerley et al., 2012b).
71 More refined layer-dependent studies of NBR in sensory motor cor-
72 tex of rats and visual cortex of monkeys suggest that the NBR peaks in
73 deeper cortical layers, while the positive gradient echo (GE) BOLD re-
74 sponse (PBR) peaks at the cortical surface (Boorman et al., 2010;
75 Goense et al., 2012). The role of cerebral blood volume (CBV) in NBR
76 has remained elusive. Measurements with OIS and monocrystalline
77 iron oxide nanoparticles (MION) reveal vasoconstriction in regions of
78 NBR in rat somatosensory cortex (Boorman et al., 2010; Kennerley
79 et al., 2012b) and cat extrastriate cortex (Harel et al., 2002). Goense
80 et al. (2012), on the other hand, investigated CBV changes in regions
81 of NBR with vascular space occupancy (VASO) (Lu et al., 2003; Yang
82 et al., 2004) and MION in visual cortex of monkeys. They reported a
83 significant and surprising increase of CBV in deeper layers of the cortex
84 during inhibitory tasks (Smirnakis et al., 2007). Follow-up studies sug-
85 gest that this increase of CBV in regions of interest (ROIs) showing
86 NBR is specific to stimulus and area (Bohraus et al., 2013). These and
87 earlier studies (Smirnakis et al., 2007) suggest that BOLD and CBV do
88 not necessarily represent equivalent fMRI processes and mechanisms.
89 In contrast to animal research, the role of CBVwith regard to PBR and
90 NBR has not yet been investigated in the human brain. In this study, a
91 recently developed multi-echo CBV-sensitive Slice-Saturation Slab-
92 Inversion Vascular Space Occupancy (SS-SI-VASO) variant with BOLD
93 correction (Huber et al., 2013b) was used to investigate the spatiotem-
94 poral characteristics of the hemodynamic response during stimuli that
95 elicit positive and negative BOLD signal changes in human brain at 7 T.
96 The goal of this study is to understand the underlying hemodynamic
97 mechanisms of both PBR and NBR. This is achieved by breaking down
98 the vascular response from BOLD signal changes, distinguishing larger
99 pial (macro) vessels from microvasculature, and by separately investi-
100 gating CBV components with arterial and venous-like oxygenation
101 levels.

102 Materials and methods

103 Theory of BOLD-dependent T2⁎ in SS-SI-VASO

104 The signal intensity, S, of a parenchyma voxel acquired with blood
105 nulling (bn) and in a control condition without blood nulling (ctr) can
106 be considered as a sum of magnetizations from graymatter (GM) tissue
107 and arterially oxygenated (a) and venously oxygenated (v) blood:

Sbn=ctr
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109109 where Vi, ρi, and Mi denote the volume, relative proton density, and
the z-magnetization of GM and blood within a voxel respectively. TI is

110 the inversion time and TE is the echo time. In SS-SI-VASO, BOLD-
111 contaminated VASO images with blood nulling are acquired interleaved
112 with purely BOLD-weighted control images without blood nulling.
113 Extravascular BOLD contaminations are assessed and eliminated by
114 dynamic division of images obtained with and without blood nulling.
115 By means of the division, the transverse relaxation term cancels out,
116 and the resulting signal is dependent on Mz only (Huber et al., 2013b).
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However, this formulation does not consider the fact that there are
119 different blood compartments with different baseline T2⁎ values. Thus,
120 we need to extend the model to distinguish blood components with
121 long and short T2⁎ values.

122T2* model to estimate ‘arterial’ and ‘venous’ CBV
123It is well known that there is a direct correlation between intravascu-
124lar blood T2⁎ and oxygenation level (Ivanov et al., 2013). In the present
125study, the multi-echo VASO sequence enabled comparisons between
126the T2⁎ of parenchyma (tissue and vessels) and GM (tissue without
127vessels), which were used to estimate the T2⁎ of the blood component
128showing the majority of the blood volume changes. This was further
129evaluated to estimate whether blood volume changes occur in the
130portion of blood volume with longer baseline T2⁎, which we denote by
131‘arterial’ oxygenation values, or in the portion blood volumewith shorter
132T2⁎, whichwedenote as ‘venous’ oxygenation. Since ‘arterial’ and ‘venous’
133blood portions are here considered based on their oxygenation level
134and not on anatomical structure, the terms ‘arterial’ and ‘venous’ are
135denoted in quotes. The separate consideration of ‘arterial’ and ‘venous’
136CBV change based on their T2⁎ can be regarded as distinguishing between
137BOLD-specific and BOLD-nonspecific CBV changes (Chen and Pike, 2010).
138A comprehensive quantitative model of the algorithm to separate
139the ‘arterial’ and ‘venous’ compartment of blood volume change is
140provided in Appendix A. Estimation of venously oxygenated CBV
141change can be intuitively understood as follows; with the procedure
142of dynamic division, SS-SI-VASO is sensitive to volume changes of the
143blood component that is nulled in one condition (bn) and not nulled
144in the other condition (ctr). Hence, for very short TE, both ‘arterial’
145and ‘venous’ blood compartments are nulled for the bn condition, but
146in the control condition they both contribute to the signal. Using a
147longer TE (e.g. TE N 30 ms), there is a difference in signal arising from
148‘arterial’ and ‘venous’ blood. For long TEs, ‘arterial’ blood will be nulled
149for the bn condition, but not for the control condition—while ‘venous’
150blood will be nulled in both conditions. In the blood nulled condition,
151‘venous’ CBV is nulled due to T1 selective nulling of the VASO contrast.
152In the control condition ‘venous’ blood contributions will be highly
153suppressed due to fast T2⁎ relaxation and dephasing of signal from deox-
154ygenated blood (‘venous’ T2⁎ ≈ 12 ms (Ivanov et al., 2013)). When the
155signal intensities of these two images are divided, ‘venous’ CBV change
156does not result in functional VASO signal change. ‘Arterial’ blood volume
157change, on the other hand,which is suppressed in the bn condition only,
158can contribute to the functional contrast.
159Hence, SS-SI-VASO reflects the total CBV change at short TE and
160arterial-weighted CBV changes at longer TE. A comparison of these,
161almost simultaneously acquired contrasts can be used to estimate
162‘venous’ CBV change.
163For quantitative estimates of ‘arterial’ and ‘venous’ CBV changes,
164literature values of ‘arterial’ and ‘venous’ T2⁎ were used (Appendix A).
165In this study, ‘arterial’ and ‘venous’ CBV were defined by their T2⁎ values
166and oxygenation characteristics, and not by an anatomical vessel classi-
167fication. Hence, we have assumed that changes in ‘venous’ CBV take
168place inmicrovasculature already containing a significant concentration
169of deoxyhemoglobin.

170Image acquisition

171SS-SI-VASOwas implemented on a SiemensMAGNETOM7 T scanner
172(Siemens Healthcare, Erlangen, Germany). For radiofrequency (RF)
173transmission and reception, a 24-channel receive and circularly
174polarized single-channel transmit head coil (Nova Medical, Wilmington
175MA, USA) was used. To circumvent the effects of inflow of fresh (non-
176inverted) blood magnetization into the microvasculature of the imaging
177slice, which can be problematic in VASO at 7 T (Hua et al., 2013), the in-
178version efficiency of the inversion pulse was reduced, so that the blood
179nulling time of the VASO sequence was shorter than the arterial arrival
180time. In order to achieve proper inversion despite inhomogeneity of
181the RF field B1 and limitations imposed by the specific absorption
182rate (SAR), a TR-FOCI adiabatic inversion pulse (Hurley et al., 2010)
183was implemented and redesigned to achieve partial inversion in a
184B1-independent manner (Huber et al., 2013b). Data were acquired
185in five axial slices aligned along the calcarine sulcus with a two-
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