
Table 1 (n=9) Visual ΔS/S %  Breath-hold  ΔS/S % 

Subject CBVw CBFw  CBVw CBFw 

1 3.3±0.6 50±10  8.9±2.4 51±14 

2 4.9±1.6 77±12  4.6±0.4 48±6 

3 3.6±1.0 52±4  3.8±0.2 41±16 

4 3.1±0.8 49±8  4.7±1.0 31±10 

5 2.9±0.4 83±6  8.6±1.2 33±10 

6 3.2±0.2 46±4  4.3±0.4 44±10 

7 3.4±0.2 64±4  5.4±0.2 55±12 

8 3.1±0.4 49±8  7.0±1.2 59±8 

9 3.1±0.6 58±14  4.9±0.6 49±22 

Mean 3.4±0.6 59±13  5.8±1.9 46±9.4 

 

Figure 1 

Cerebral blood flow (CBF) and cerebral blood volume (CBV) coupling differs during neuronal and vascular tasks 
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Introduction. Blood-oxygenation-level-dependent (BOLD) contrast depends on neurophysiological changes in cerebral blood flow (CBF), cerebral blood volume 
(CBV), hematocrit (Hct) and the cerebral metabolic rate of oxygen (CMRO2) [1-4]. Despite much progress, a thorough and quantitative description of the BOLD 
contrast mechanism has unfortunately not yet been achieved. One popular CMRO2 quantification strategy, which has given variable and sometimes conflicting results 
[4-9], involves performing a hypercapnic reference task under the assumption that CBF changes are an equivalent indicator of vascular response during neuronal and 
vascular stimulation [4]. Hypercapnia, which can be achieved by administering CO2 or with a brief breath hold, is assumed to produce CBF and CBV increases without 
a change in CMRO2. Therefore, a comparison of hypercapnic BOLD responses with neuronal BOLD responses (e.g. from motor or visual stimuli) can be used to 
calculate CMRO2. However, this approach relies on two important assumptions. First, that CMRO2 is unchanged during hypercapnia, an assumption that has recently 
been challenged [10]. Second, that the coupling between CBF and CBV is identical between neuronal and hypercapnic stimulation, specifically that it follows the so-
called Grubb relationship which has been empirically proposed based on hypercapnia experiments in anesthetized rhesus monkeys [11]. This approach previously 
seemed well founded based on the presumption that activation-related vasodilatation was due to by-products of increased aerobic metabolism (increased CO2 and H+), 
in a way physiologically analogous to hypercapnic vasodilatation (increase in H+ concentration caused by an increase in pCO2). However, more recent data suggest that 
neuronal stimulation elicits an initial hemodynamic response through neurotransmitter-mediated signalling and release of nitric oxide [12]. Therefore, it should not 
necessarily be expected that the relationship between CBF and CBV is the same during hypercapnic and neuronal stimulation. Also, hypercapnic stimulation is global, 
while activation-based vasodilatation is local. Here, we investigated the relationship between CBF-weighted (CBFw) and CBV-weighted (CBVw) fMRI signal changes 
during neuronal (visual) and hypercapnic (breath hold) tasks. The hypothesis to be investigated is that due to the different physiological origins of vascular and neuronal 
responses, the CBF and CBV responses will vary between tasks.      
Methods. Experiment. Nine healthy volunteers were scanned at 3.0T (Philips Medical Systems); arterial 
oxygen saturation (Ya), EtCO2, and heart rate were recorded throughout the scan. CBVw vascular-space-
occupancy (VASO) [13] and CBFw pulsed arterial spin labelling (ASL) [14] data were acquired on each 
volunteer, separately for visual and breath-hold tasks (four scans per subject). Visual paradigm: 56s/14s cross-
hair fixation/flashing (f=8 Hz) checkerboard stimulation, repeated four times. Breath-hold paradigm: 
52s/4s/14s normal breathing/exhale/breath holding, repeated four times. Common scan parameters: single-slice 
through calcarine fissure, FOV=240x240 mm2, voxel size=3x3x3 mm3, single-shot gradient echo EPI, 
SENSE=2.5. Other scan parameters were VASO: TR/TI/TE=5000/1054/13 ms, 68 image acquisitions; ASL: 
TR/TI/TE=2000/1500/13 ms, 84 ΔM/M0 acquisitions. In VASO, TR=5000 ms was used for specific CBV 
sensitivity and to minimize inflow and exchange effects [15]. Analysis. All images were motion-corrected and 
co-registered using standard FSL routines [16]; artifactual BOLD contributions were removed from ASL 
images [17]. For fMRI analysis, a z-test was performed (activation criteria: z ≥ 2.5 (ASL), z-score ≤ -2.5 
(VASO), cluster size ≥ 4). VASO and ASL time courses were calculated for voxels meeting activation criteria 
in either visual or breath-hold experiments. The same voxels were used in inter-scan comparisons for each task, 
thereby controlling for partial volume effects. 
Results and Discussion. EtCO2 reduced to zero during each breath-hold task as expected; neither Ya nor heart 
rate deviated beyond error either between visual and breath-hold experiments or within task periods. Fig. 1 
shows a representative ASL image (a), VASO image (b), visual activation map (c) and breath-hold activation 
map (d). CBVw and CBFw time courses in response to visual stimulation (Fig. 1e) and breath hold (Fig. 1f) 
reveal a clear discrepancy with respect to expectations based on coupling between flow and volume changes. 
As can be seen, CBF changes are approximately equal within error (P>0.01) between visual (ΔS/S=59±13) and 
breath-hold (ΔS/S=46±9.4) tasks, whereas the CBVw responses differ significantly between visual 
(ΔS/S=3.4±0.6) and breath-hold (ΔS/S=5.8±1.9) tasks (P<0.01). Individual subject signal changes for visual 
and breath-hold stimulation are shown in Table 1. These findings support our hypothesis of a significant 
difference in the relationship between CBF and CBV during the hypercapnic versus neuronal task. Furthermore, 

these data are consistent with recent 
observations concerning the different 
physiological origins of these two 
phenomena (metabolism-based vs. 
neurotransmitter-based). Finally, BOLD 
calibration studies which assume 
identical CBF/CBV coupling between 
neuronal and vascular tasks should be 
interpreted with caution and the inclusion 
of a CBV calibration, in addition to a 
CBF calibration, may be necessary.  
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