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Abstract 

Objectives: To reveal the characteristics of susceptibility-weighted imaging (SWI) under 

low cerebral blood flow (CBF) induced by hyperventilation (HV). 

Materials and Methods: This study was approved by the institutional review board. 

Informed consent was obtained. Six healthy volunteers (5 men, 1 woman; mean age, 29 

years; range, 24-33 years) underwent SWI and arterial spin labeling perfusion imaging 

under normal ventilation (NV) and hyperventilation at 3.0 T. Regions of interest were 

placed on gray matter (GM) and white matter (WM) of the frontal lobe (FL) and 

occipital lobe (OL). Intensities of ROIs were compared between NV and HV. Contrast 

of veins compared with adjacent cerebral parenchyma (CV) was also compared between 

NV and HV. 

Results: CBF during HV (CBFHV) was decreased compared with CBF during NV 

(CBFNV) (29.1 ±4.6%). FL-GMHV and OL-GMHV showed significant signal decreases 

compared with FL-GMNV and OL-GMNV, respectively (p=0.018, 0.017). CVHV was 

significantly increased compared with CVNV (164.1 ±29.9%) (p=0.00019). 

Conclusions: SWI sensitively reflects HV-induced decreases in CBF. The present results 

might assist in the interpretation of SWI in clinical practice, since CBF decreases might 

also influence signal changes on SWI. 
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Text 

Introduction 

Susceptibility-weighted imaging (SWI) is a novel imaging method that 

maximizes the sensitivity to susceptibility effects of each voxel by using filtered phase 

images and magnitude images.1, 2 Using high-resolution and fully flow-compensated 

images, SWI reveals vessels contiguity. SWI has been introduced to clinical use for 

examination of venous vasculatures,1 vascular malformations 3 and tumor vascularities.4 

Since the technique is based on blood oxygen level-dependent (BOLD) contrast, SWI is 

also used for stroke 5 and hemorrhagic lesions.6 

Increased oxygen extraction is needed to maintain oxygen metabolism under 

conditions of reduced cerebral blood flow (CBF), which decreases BOLD signals due to 

increased levels of deoxyhemoglobin in the venous blood.7 BOLD signals are 

dependent on venous blood oxygenation, so many reports have featured BOLD signal 

changes associated with CBF, including under conditions of hypercapnia,8-11 and 

hypocapnia.12-15 Arterial partial pressure of CO2 (PaCO2) is an important regulator of 

cerebral circulation.16 Hypercapnia is known to increase CBF by inducing 

vasodilatation.9 Hypercapnia induces increases in BOLD signals, since increased CBF 

raises blood venous oxygenation.8 Conversely, hypocapnia caused by hyperventilation 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 5 

induces respiratory alkalosis, which increases perivascular pH. Increased perivascular 

pH causes vasoconstriction of cerebral vessels and decreased CBF.15 On BOLD imaging 

hypocapnia decreases BOLD signals, which results in boosting BOLD contrast in 

event-related stimulation paradigms due to lower venous oxygenation.12-14 Caffeine also 

decreases CBF by vasoconstriction of cerebral vessels,17 subsequently boosts BOLD 

contrast due to BOLD signal decrease.18, 19 

Rauscher et al 10 reported that SWI under hypercapnia caused by carbogen 

shows loss of contrast between veins and surrounding tissues due to higher blood 

oxygenation. They also showed significant increases in gray matter signals. Haacke, et 

al 20 reported that SWI using caffeine enhanced the resting state BOLD effect and the 

ability of SWI to image small vessels in the brain under decreased CBF. However, no 

reports have described SWI of the brain under hyperventilation (HV) induced 

hypocapnia. Evaluation of the signal characteristics of SWI under decreased CBF is 

important, particularly when clinical applications are planned for cerebral ischemic 

diseases. In most studies focusing on hyperventilation, proportions of CBF changes are 

not monitored, so the degree of CBF changes should be also clarified. 

The aim of this study was to reveal the characteristics of SWI under HV 

induced low CBF.  
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Materials and Methods 

 Subjects comprised 6 healthy volunteers (5 men, 1 woman; mean age, 29 years; 

range, 24-33 years). All subjects were examined by the same neurologist and displayed 

no neurological abnormalities. Institutional review board approval was obtained for all 

study protocols, and all subjects provided written informed consent. 

 

Ventilation Protocol 

 All subjects first underwent both SWI and arterial spin labeling (ASL) 

perfusion imaging under normal ventilation (NV), followed by SWI and ASL perfusion 

imaging under HV. Subjects were trained not to move their head during ventilations. 

Respiratory rate was maintained at around 10-15 breaths/min for NV and 20-30 

breaths/min for HV by monitoring. 

 

Data Acquisition 

All subjects underwent SWI and ASL perfusion imaging in a whole-body 

3T-MR scanner (Magnetom Trio; Siemens, Erlangen, Germany) using an integrated 

parallel acquisition technique and a receiver-only 8-channel phased-array head coil. The 
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generalized autocalibrating partially parallel acquisitions (GRAPPA) algorithm was 

applied for all sequences. 

 

Imaging protocols 

SWI used the following settings: repetition time (TR), 27 ms; echo time (TE), 

20 ms; flip angle, 15°; field of view (FOV), 230 mm × 186 mm; matrix, 512 × 416; 

slice thickness, 0.9 mm; imaging slices, 22; and scan time, 122 s. To alleviate stress 

during hyperventilation, imaging slices were minimized and a relatively shorter scan 

time was achieved. Imaging center was set to the slice including the basal ganglia and 

frontal and occipital lobes.  

ASL perfusion imaging (modified flow-sensitive alternating inversion recovery 

technique, pulsed ASL) used the following settings: TR, 2930 ms; TE, 27 ms; FOV, 200 

mm × 200 mm; matrix, 64 × 64; slice thickness, 8 mm; slice selective inversion slab, 10 

cm; duration of tagging bolus (TI1), 700 ms; post-labeling delay, 800 ms; image 

acquisition carried out at TI2 of 1500 ms; and 80 repetitions. The saturation pulse was 

applied to a 10-cm slab adjacent and inferior to the selective inversion slab in both label 

and control acquisitions. M0 images were also obtained for quantification.21 

 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 8 

Imaging Processing 

For SWI, both phase and magnitude data were acquired separately, with phase 

images filtered to enhance local changes of susceptibility effect. Phase masks were 

generated to highlight susceptibility properties and magnitude images were multiplied 

by phase masks, creating SWI.2, 22, 23 For better venous contrast, minimum-intensity 

projection (mIP) images were made from 6 consecutive images. 

For ASL perfusion imaging, quantitative CBF was calculated using M0 

images.21 CBF was calculated from whole brain data. 

 

Regions of Interest 

 Regions of interest (ROIs) were placed at basal ganglia (BG), genu of the 

corpus callosum and gray matter (GM) and white matter (WM) of the frontal lobe (FL) 

and occipital lobe (OL) by one neuroradiologist (10 years of experience as a 

neuroradiologist) and differences in signal intensity on SWI were evaluated between 

NV and HV (Fig. 1). Contrast of the vein compared with adjacent cerebral parenchyma 

(CV) was evaluated in the perpendicular plane against the long axis of veins using 

3-dimensional ROI. Three-dimensional ROIs were arbitrarily selected on bilateral 

superficial and deep cerebral veins and evaluated using ImageJ software 
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(http://rsb.info.nih.gov/ij/) (Fig. 2).  

 

Statistical Analyses 

 Signal intensities of ROIs between NV and HV were compared. CV was also 

compared between NV and HV. Wilcoxon’s signed rank test was applied for statistical 

analyses. Values of P<0.05 were considered statistically significant. 

 

Results 

 Mild numbness in a limb was seen during hyperventilation in 2 of the 6 

volunteers, but this rapidly improved with cessation of hyperventilation. No volunteers 

showed any other neurological abnormalities. 

Mean values of whole brain CBFHV decreased compared with those of CBFNV 

and the decrease rate was 29.1 ±4.6% (p=0.016) (Table 1). The decrease rate for CBF 

was derived from the following equation: [CBFNV – CBFHV]/CBFNV × 100. 

 SWI showed marked decreases in signal intensity during HV (Fig. 3). Decrease 

rates for signal intensities in ROIs are shown in Table 2. Decrease rate was derived from 

the following equation: [ROINV – ROIHV]/ROINV × 100. FL-GMHV and OL-GMHV 

showed significant signal decreases compared with FL-GMNV and OL-GMNV, 
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respectively (p=0.018, p=0.017). The rate of increase for venous contrast was obtained 

from the following equation. [CVHV – CVNV]/CVNV × 100. CVHV was prominently 

increased compared with CVNV (56.2 ±52.8%) (p=0.00019) (Table 3).  

 

Discussion 

SWI sensitively reflected CBF decreases under HV in this study. Decreases in 

BOLD signals reflect increased deoxyhemoglobin content and decreased local blood 

flow.7 HV decreases CBF by vasoconstriction, but cerebral oxygen consumption under 

voluntary HV does not change in healthy persons.24 Reduced CBF and unaltered oxygen 

metabolism is resolved by increasing oxygen extraction. Increased oxygen extraction is 

likely to be behind BOLD signal decreases during HV.13, 15 Our results revealed 

significant decreases in signals for SWI under HV as compared with NV. 

The most significant changes between NV and HV were seen in CV. The mask 

of phase images is used in postprocessing when creating SWI, which makes SWI 

sensitive to small BOLD changes. Magnitude images are multiplied by the mask of 

phase images, so BOLD effect of venous structures will be intensified without signal 

changes in magnitude images where veins are not present.3 We thus suppose that CV 

has greatly changed as a result of CBF decreases compared with ROIs. 
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The contribution of these results to clinical practice has not been definitively 

established. In clinical studies, reduced intensities of transcerebral veins on 

T2*-weighted imaging were observed in regions with severe hemodynamic 

impairment.25 The presence of hypointense abnormal transcerebral veins was 

significantly correlated with the occurrence of subsequent hemorrhagic transformation 

after ischemia.25 Reduced CBF under HV differs from pathological CBF decreases such 

as seen in cerebral infarction, but asymmetrical hypointensities of venous structures on 

SWI might be associated with CBF decrease,5, 26 and might thus provide useful 

information in clinical situations.  

Several limitations in this study must be addressed. Numbness was seen in 

one-third of healthy volunteers. We could not perform whole-brain analysis of SWI, 

since this requires a longer scan time, which was deemed to have an unacceptable risk 

of causing subject distress. CBF reductions were calculated from whole-brain images, 

since ASL perfusion imaging covered the whole brain, whereas SWI covered only part 

of the brain. 

Second, end-tidal CO2, which reflects PaCO2, was not directly monitored in 

this study. A state of hypocapnia was induced by voluntary hyperventilation. Although 

respiratory rate was monitored, the extent of PaCO2 changes is likely to be more 
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informative, as such changes would have influenced CBF changes since the degree of 

hypocapnia induced by HV varies widely between individuals. Measurement of CBF on 

ASL perfusion imaging was performed in substitution for end-tidal CO2 in this study, 

and a 29.1 ±4.6% CBF decrease was measured. However, if HV is continued for longer, 

subsequent recovery of CBF will be observed, influencing CBF data.27 Consideration of 

cerebral blood volume and cerebral metabolic rate of oxygen is also indispensable for 

evaluation of SWI.28 However, since HV does not alter cerebral oxygen consumption in 

healthy subjects,15 ASL perfusion imaging might add more information for interpreting 

SWI. 

 In conclusion, SWI sensitively reflects hyperventilation-induced decreases in 

CBF and the results of our study might add to the interpretation of SWI in clinical 

practices, since CBF decreases might also influence on signal changes in SWI. 
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Table 1 

CBF values calculated from ASL perfusion imaging and changes between NV and HV.  

CBFNV CBFHV CBF Decrease RateHV-NV 

52.8 8.0 ml/100 g/min  37.6 7.3 ml/100 g/min 29.1 4.6 % 

p=0.016 

Note: Values were derived from ASL perfusion imaging covering the whole brain.  
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Table 2 

Signal intensity changes of ROIs between NV and HV. 

ROI BG Genu FL-GM FL-WM OL-GM OL-WM 

Decrease rate (%) 5.1 5.4 4.8 7.9 4.6 6.1* 3.4 5.7 5.3 5.7* 4.3 7.0 

BG, basal ganglia; FL, frontal lobe; OL, occipital lobe; GM, gray matter; WM, white matter 

*p<0.05 
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Table 3 

Venous contrast of 3D-ROIs and changes between normal ventilation and 

hyperventilation. 

CVNV CVHV Increase Rate of CV (%) 

0.64 0.14 0.43 0.11 56.2 52.8 

p=0.00019 
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Figure Legends 

Figure 1  

Minimum intensity projection of SWI [TR 27 ms; TE 20 ms]. Regions of interest 

(ROIs) were placed at basal ganglia (BG), genu, and gray matter (GM) and white matter 

(WM) of frontal lobes (FL) and occipital lobes (OL) (a, b). The same ROIs were applied 

for SWI under normal ventilation and hyperventilation. 

1: BG; 2: genu; 3, 4: FL-GM, 5, 6: FL-WM; 7, 8: OL-WM; 9, 10: OL-GM. 

 

Figure 2 

Venous contrast compared with adjacent brain parenchyma (CV) was evaluated in the 

perpendicular plane against the long axis of veins using 3D-ROI. 3D-ROIs were 

arbitrarily selected on bilateral superficial and deep cerebral veins. Part of a 

minimum-intensity projection of SWI [TR 27 ms; TE 20 ms] under normal ventilation 

(a) and hyperventilation (b) is shown. Superficial cerebral vein was more clearly 

depicted under hyperventilation compared with under normal ventilation (arrows). 

Better contrast to surrounding cerebral parenchyma was seen on 3D-ROI of a superficial 

vein (arrowheads) under hyperventilation (d) than under normal ventilation (c). 

 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 23

Figure 3 

Minimum-intensity projection of SWI [TR 27 ms; TE 20 ms] under normal ventilation 

(a) and hyperventilation (b). Venous structures were prominently conspicuous under 

hyperventilation.  
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