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      Purpose :    Sensitivity and specificity of blood oxygenation level–dependent (BOLD) 

functional MRI (fMRI) is sensitive to magnetic field strength and acquisition 

methods. We have investigated gradient‐echo (GE)‐ and spin‐echo (SE)‐BOLD 

fMRI at ultrahigh fields of 9.4 and 15.2 Tesla (T).  

  Methods :    BOLD fMRI experiments responding to forepaw stimulation were per-

formed with 3 echo times (TE) at each echo type and  B  0  in α‐chloralose–anesthetized 

rats. The contralateral forelimb somatosensory region was selected for quantitative 

analyses.  

  Results :    At 9.4 T and 15.2 T, average baseline  T  2   
* 
  ( n =  9) was 26.6 and 17.1 msec, 

whereas baseline  T  2  value ( n =  9) was 35.7 and 24.5 msec, respectively. Averaged 

stimulation‐induced Δ R  2   
* 
  was –1.72 s 

–1 
 at 9.4 T and –3.09 s 

–1 
 at 15.2 T, whereas 

Δ R  2  was –1.19 s 
–1 

 at 9.4 T and –1.97 s 
–1 

 at 15.2 T. At the optimal TE of tissue  T  2   
* 
  or 

 T  2 , BOLD percent changes were slightly higher at 15.2 T than at 9.4 T (GE: 7.4% 

versus 6.4% and SE: 5.7% versus 5.4%). The Δ R  2   
* 
  and Δ R  2  ratio of 15.2 T to 9.4 T 

was 1.8 and 1.66, respectively. The ratio of the macrovessel‐containing superficial to 

microvessel‐dominant parenchymal BOLD signal was 1.73 to 1.76 for GE‐BOLD 

versus 1.13 to 1.19 for SE‐BOLD, indicating that the SE‐BOLD contrast is less sen-

sitive to macrovessels than GE‐BOLD.  

  Conclusion :    SE‐BOLD fMRI improves spatial specificity to microvessels compared 

to GE‐BOLD at both fields. BOLD sensitivity is similar at the both fields and can be 

improved at ultrahigh fields for thermal‐noise–dominant ultrahigh‐resolution fMRI.    

   K E Y W O R D S 
BOLD ,    fMRI ,    gradient‐echo ,    spin‐echo ,    ultrahigh field      
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     1  |  INTRODUCTION 

   Blood oxygenation level–dependent (BOLD) contrast 
1 
 is 

mainly used in functional MRI (fMRI) investigations. 
2‒4 

 It is 

well known that the BOLD effect is sensitive to vascular pa-

rameters, such as venous blood volume, vessel size, and vessel 

orientation, 
5‒7 

 whose contributions may vary with the magnetic 

field strength or acquisition methods. 
8 
 Field dependence studies 

have been reported that higher BOLD signal was observed at 4 

Tesla (T) than at 1.5 T 
9‒11 

 and at 7 T than at 4 T. 
12 

 This obser-

vation has inspired researchers to pursue ultrahigh field MRI for 

achieving the better sensitivity of the BOLD signal. 

 At ultrahigh magnetic fields of > 7 T, only 1 experimen-

tal result was reported for comparing field‐dependent BOLD 

responses. When the same echo time (TE) was used for 7 T 

and 11.7 T, the BOLD percent change was similar, 
13 

 suggest-

ing that stimulation‐induced relaxation rate changes (− % 

change/TE; Δ R  2   
* 
  and Δ R  2 ) are independent of magnetic field 

strength ( B  0 ). Extensive Monte Carlo simulation of ultrahigh 

field BOLD contrasts showed that Δ R  2   
* 
  and Δ R  2  (ie, percent 

changes at the same TE) increase with  B  0 , but at optimal 

TE, which is dependent on  B  0 , the BOLD signal is similar 

at  B  0  > 7 T. 
14 

 These expectations 
14 

 are inconsistent with ex-

perimental data. 
13 

 Thus, it is important to further examine 

field‐dependent BOLD contrasts at ultrahigh fields. 

 Specificity of BOLD fMRI to microvessels increases 

with  B  0 . According to the BOLD model, 
5,6,14‒17 

 the extra-

vascular (EV) BOLD contribution from macrovasculature 

is linearly dependent on  B  0 , whereas the EV contribution 

from microvasculature increases supralinearly with  B  0 . Thus, 

higher magnetic fields increase the relative contribution of 

the microvascular EV component to the BOLD signals. The 

contribution of macrovascular component to BOLD fMRI 

can be reduced in spin‐echo (SE) sequences because the EV 

components of large vessels are mostly refocused by 180° 

radiofrequency (RF) pulse. Thus, SE‐BOLD fMRI has been 

suggested for high‐resolution fMRI at ultrahigh fields. 
12,18 

 

 The purpose of this work was to experimentally investi-

gate the BOLD signal at ultrahigh magnetic field strengths 

(9.4 T and 15.2 T) and echo types (gradient-echo (GE) and 

SE). Multiple TE GE‐ and SE‐BOLD fMRI studies were per-

formed in a well‐known forepaw stimulation rat model 
19‒22 

 

for determining field‐dependent GE‐ and SE‐BOLD con-

trasts experimentally. Stimulation‐induced Δ R  2   
* 
 /Δ R  2    was 

measured for examining biophysics of BOLD fMRI. 
23‒28 

  

  2  |  METHODS 

  2.1 |  Animal preparation and forepaw 
stimulation  

 A total of 18 male Sprague–Dawley rats, weighing between 

243 and 432 g, were used with approval from the Institutional 

Animal Care and Use Committee of Sungkyunkwan 

University (Suwon, South Korea). Rats were initially anes-

thetized with 4% isoflurane (Ifran; Hana Pharm. Co., Ltd., 

Seoul, Korea) in 100% oxygen, and intubation was per-

formed for mechanical ventilation (TOPO; Kent Scientific, 

Torrington, CT). The anesthesia level was reduced to 2% 

during surgical preparation, and 100% O 2  inhalation gas was 

changed to oxygen‐enriched air (~30% O 2 ). Catheters were 

inserted into the femoral artery and vein for monitoring ar-

terial blood pressure, withdrawing arterial blood, and de-

livering α‐chloralose (80 mg/kg was administered by bolus 

injection followed by 40 mg/kg/90 min), respectively. The 

head of the rat was fixed in a home‐built cradle with 2 ear 

bars, a bite bar, and a mask to reduce the head motion shown 

in Supporting Information Figure  S1 . Ear bars were designed 

to connect with detachable extension bars. After positioning 

the animal in the cradle, the extension bars were removed for 

minimizing the head‐holder size. Body temperature was kept 

constant at 37 ± 1°C by using a rectal temperature probe and 

a temperature‐controlled water blanket. Arterial blood gases 

(pO 2 , pCO 2 , and pH) were measured by a portable blood gas 

analyzer (i‐STAT Portable Clinical Analyzer; Abbott Point 

of Care Inc, Princeton, NJ). Ventilation rate and volume were 

adjusted to maintain an arterial carbon dioxide partial pres-

sure level between 30 and 40 mm Hg.  

 For electrical stimulation, 2 pairs of needle electrodes 

were inserted between digits 1 and 3 under the skin of the 

right and left forepaws and connected to a current stimulator 

(Isoflex; AMPI, Jerusalem, Israel). Somatosensory stimula-

tion was delivered using a constant current isolator (Iso‐Flex; 

AMPI) to 1 forepaw, and its stimulation parameters were 

1.5 mA (current), 300 μsec (pulse duration), and 3 Hz (repe-

tition rate), which has been commonly used for forepaw stim-

ulation in α‐chloralose–anesthetized rats. 
22 

  

  2.2 |   Functional magnetic resonance imaging  
 MR experiments were performed on 2 high‐field Bruker MR 

instruments (Paravision 6; Bruker Biospec, Billerica, MA); 

a 9.4‐T/30‐cm MRI with an actively shielded 12‐cm inner 

diameter (ID) gradient insert operating at a maximum gradi-

ent strength of 66 Gauss/cm with a rise time of 141 μsec, 

and a 15.2‐T/11‐cm MRI with an actively shielded 6‐cm ID 

gradient operating at a maximum gradient strength of 100 

Gauss/cm with a rise time of 110 μsec. A combination of 

86‐mm ID birdcage for RF transmission and 20‐mm ID sur-

face coil for RF reception was used at 9.4 T, whereas a 20‐

mm ID surface coil was for RF excitation and reception at 

15.2 T. After positioning the slice of interest containing the 

primary somatosensory cortex at the center of the magnetic 

field, a magnetic field homogeneity was optimized by both 

global shimming and volume‐localized shimming routines. 

Initially, scout GE‐BOLD fMRI studies of 20‐second fore-

paw stimulation were performed for choosing the right or left 
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primary somatosensory cortex (eg, left or right forepaw stim-

ulation) and slice positions. Then, three 1‐mm‐thick slices 

with the highest responses were chosen for systematic stud-

ies. All fMRI data were obtained using a single‐shot GE or 

SE echo‐planar imaging (EPI) sequence with a matrix size of 

64 × 32, field of view of 3.0 × 1.5 cm 
2 
, 3 consecutive slices 

of 1‐mm thickness, bandwidth of 170.5 kHz, and repetition 

time of 2 seconds. Because a surface coil was used for 15.2 T 

SE‐BOLD studies, the 180 ͦ RF pulse power was optimized 

for maximizing MR intensity at the primary somatosensory 

cortex. 

 Nine animals were used for each magnetic field, and 3 

TEs were used to determine Δ R  2   
* 
  and Δ R  2  for fMRI studies. 

Three TEs were 15, 20, and 30 msec for GE‐BOLD at both 

fields, whereas SE‐BOLD TEs were 30, 40, and 50 msec 

for 9.4 T, and 20, 30, and 40 msec for 15.2 T. Each fMRI 

run consisted of a 40‐seconds resting period, followed by 20 

seconds of forepaw stimulation and 40 seconds of rest. Each 

fMRI session block consisted of 3 GE‐BOLD runs and 3 SE‐

BOLD runs with different TE values sequentially as shown in 

Figure  1 A and was repeated 3 to 8 times. Each fMRI run was 

separated by a rest of 1 minute as shown in Figure  1 A.  

  2.3 |  fMRI data analysis  
 All the data were analyzed using the AFNI software 

package ( https://afni.nimh.nih.gov/afni/ ) and Matlab 

(The Mathworks, Inc, Natick, MA). Rigid‐body 

motion correction was performed for all GE‐ and 

SE‐BOLD fMRI runs using the AFNI software pack-

age. The reference for motion correction was set as 

the baseline GE‐EPI image at TE of 15 msec of the 

first session. As a result, GE‐ and SE‐BOLD fMRI 

runs with multiple TEs were aligned to the reference 

image. Multiple fMRI runs with identical experimen-

tal parameters were averaged. Then, cross‐correlation 

coefficients (CCCs) were obtained on a voxel‐by‐

voxel basis using a boxcar cross‐correlation method, 
29 

 

and thresholded with the CCC threshold of 0.3 and 

the minimum cluster size of 3 voxels (effective 

 P  value was < 0.05). All quantitative values are re-

ported as mean ± standard errors of mean. 

  2.3.1 |  Section of the region of analysis  
 To determine a common region of interest (ROI) in each 

animal, both GE‐ (TE = 20 msec at 9.4 T and 15 msec at 

15.2 T) and SE‐BOLD (TE = 40 msec at 9.4 T and 30 msec 

at 15.2 T) statistical maps were combined as shown in Figure 

 1 C. Optimal TEs were selected for each echo type based on 

literature (Equations 5 and 6 of Uludaǧ et al 
14 

). Two slices 

with higher CCC values were chosen out of 3 slices for se-

lecting consistent slice positions across animals. CCC maps 

of 2 slices were averaged as shown in Figure  1 C. Note that 

the highest CCC values in the merged maps were near the 

center of activation area. 

            F I G U R E  1   (A) Experimental protocol of 9.4 T and 15.2 T. Three TE GE‐BOLD runs and 3 TE SE‐BOLD runs were performed sequentially. 

The protocol was repeated 3 to 8 times. Each BOLD run was separated by a rest of 1 minute. (B) Statistical maps with GE‐ (TE = 20 msec) and 

SE‐BOLD (TE = 40 msec) overlaid on corresponding BOLD images at 9.4 T. Color bar represents the cross‐correlation values. (C) Averaged CCC 

map from 2 selected slices of GE‐ and SE‐BOLD overlaid on averaged BOLD images. (D) Selected 9 voxels by 2 slices. The superficial ROI was 

selected as a region with 3 superficial voxels by 2 slices (red), and the parenchyma ROI was selected as a region with 6 inner voxels by 2 slices 

(blue) [Colour figure can be viewed at  wileyonlinelibrary.com ] 
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 Three ROIs were chosen. (1) Nine voxels were chosen 

from the center of the highest CCC value and consequently 

18 voxels (9 voxels × 2 slices) were selected. This ROI cor-

responded approximately to the primary somatosensory fore-

limb cortex (S1FL) based on the stereotaxic coordinate. 
30 

 

This S1FL ROI was divided into 2 ROIs, superficial and pa-

renchyma. (2) The superficial ROI was a region with 3 su-

perficial voxels × 2 slices, which contained parenchymal and 

pial vessels (red voxels in Figure  1 D). (3) The parenchyma 

ROI was a region with 6 inner voxels × 2 slices, which con-

tained mostly parenchymal microvasculature (blue voxels in 

Figure  1 D).  

  2.3.2 |  Quantitative analyses  
 All quantitative analyses were performed at a ROI basis. 

BOLD time courses were obtained from ROIs in each ani-

mal. (1) Baseline  T  2   
*   and  T  2  of brain tissue were calculated 

by fitting logarithmic TE‐dependent GE‐ and SE‐BOLD sig-

nal intensities obtained during the prestimulus baseline from 

the S1FL ROI to a linear function. (2) BOLD percent signal 

change was calculated as (mean signal of activation duration 

– mean signal of prestimulus baseline)/(mean signal of pres-

timulus baseline) × 100 (%), where the activation duration 

was defined as the period of 6 to 20 seconds after onset of 

stimulation. In addition, poststimulus BOLD undershoot per-

cent signal change was calculated by setting the undershoot 

duration as the period of 10 to 30 seconds after the offset 

of stimulation. (3) To calculate stimulation‐induced Δ R  2   
* 
  

or Δ R  2 , TE‐dependent BOLD percent signal changes were 

plotted as a function of TE and fitted by a linear function. A 

slope of the linearly fitted line is –Δ R  2   
* 
  or –Δ R  2 , whereas an 

intercept is related to non‐TE‐dependent responses including 

inflow effects.    

  3  |   RESULTS  

  3.1 |  Baseline relaxation time and TE 
dependence of BOLD contrast  
 All animals were maintained at a normal physiological 

condition. Mean carbon dioxide partial pressure level was 

35.0 ± 3.6 mm Hg ( n  = 18), and oxygen partial pressure level 

was 155.4 ± 10.0 mm Hg ( n  = 18). Baseline  T  2   
* 
  and  T  2  values 

were obtained from the S1FL ROI. Baseline  T  2   
* 
  values were 

26.6 ± 3.3 msec ( n  = 9) at 9.4 T and 17.1 ± 2.3 msec ( n  = 9) 

at 15.2 T, whereas baseline  T  2  values were 35.7 ± 0.8 msec 

( n  = 9) at 9.4 T and 24.5 ± 0.4 msec ( n  = 9) at 15.2 T. Our 

experimental values agree with the expected values obtained 

from Uludaǧ et al 
14 

 ( T  2   
* 
  = 29.2 and 15.0 msec, and  T  2  = 41.5 

and 22.3 msec for 9.4 T and 15.2 T, respectively). Our 9.4 T 

 T  2  value is similar to the value obtained with the double‐spin‐

echo EPI sequence and 12 different TEs under the same ex-

perimental condition, 38.6 ± 2.1 msec ( n  = 16). 
18 

 

 TE‐dependent GE‐ and SE‐BOLD fMRI studies were 

performed on both 9.4 T and 15.2 T. One representative ani-

mal ’ s data for each magnetic field are shown in Figure  2  for 

BOLD percent change maps (see Supporting Information 

Figure S 2  for cross‐correlation maps). Percent activation 

maps were overlaid on original EPI images. In both ultra-

high magnetic fields, high‐quality EPI images were acquired 

and activation voxels were observed only at the contralateral 

primary somatosensory cortex. To compare contrast‐to‐noise 

ratio (CNR) between TEs and echo type, mean t‐value of the 

S1FL ROI was calculated in each animal and is reported in 

Table  1 . SE‐BOLD fMRI had statistically lower t‐value than 

GE‐BOLD fMRI ( P  < 0.05), and no statistical difference of 

BOLD signals between different TEs and between the 2 mag-

netic fields was observed.    

            F I G U R E  2    Statistical activation maps from 3 TE GE‐ and SE‐BOLD overlaid on the corresponding EPI images at 9.4 T (A) and 15.2 T (B). 

Color bar represents percent changes [Colour figure can be viewed at  wileyonlinelibrary.com ] 
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  3.2 |  Magnetic field strength and echo‐type 
dependencies of BOLD fMRI signal change  
 TE‐dependent percent signal changes can be used to sepa-

rate TE‐dependent and ‐independent components. BOLD 

fMRI time courses were obtained from the S1FL ROI and 

are shown in Figure  3 A to 3D. BOLD signals increased rap-

idly after stimulation onset and peaked at ~6 seconds. After 

the stimulus offset, a small poststimulus undershoot was ob-

served for GE‐ and SE‐BOLD fMRI time courses (see red 

horizontal bar area in time courses). Positive BOLD response 

increases with TE and magnetic field strength. However, the 

poststimulus undershoot is not significantly related to mag-

netic field strength and echo type, whereas a slightly larger 

poststimulus undershoot was observed at a longer TE (see 

Supporting Information Table S1). To compare GE‐ (red) 

and SE‐BOLD (blue) signal changes at 9.4 T (filled circle) 

and 15.2 T (open circle), BOLD percent signal changes as a 

function of TE were tabulated in Table  2  and plotted in Figure 

 3 E. When TE =  T  2   
* 
  or  T  2  from our observation, BOLD per-

cent change was calculated by a linear interpolation of per-

cent changes at an appropriate TE. BOLD percent changes 

were slightly higher at 15.2 T than at 9.4 T; GE‐BOLD sig-

nal change was 6.4% at 9.4 T versus 7.4% at 15.2 T, whereas 

the SE‐BOLD signal change was 5.4% at 9.4 T versus 5.7% 

at 15.2 T. Within TEs chosen in our studies, BOLD percent 

signal changes showed a linear dependency on TE with a 

close‐to‐zero intercept, indicating that the nonlinear TE com-

ponent is minimal. Intercept values were observed lower in 

SE‐BOLD for both magnetic fields compared to those in GE‐

BOLD, which indicate smaller inflow effects in SE‐BOLD 

fMRI.    

  T A B L E  1   Averaged t‐value of the primary somatosensory forelimb cortex region 

   GE-BOLD  SE-BOLD 

 9.4 T ( n  = 9)  15 msec  20 msec  30 msec  30 msec  40 msec  50 msec 

 5.84 ± 0.23  6.21 ± 0.15  6.20 ± 0.15  4.47 ± 0.24  4.84 ± 0.22  4.96 ± 0.23 

 15.2 T ( n  = 9)  15 msec  20 msec  30 msec  20 msec  30 msec  40 msec 

 5.64 ± 0.25  5.89 ± 0.36  5.64 ± 0.33  4.37 ± 0.37  4.47 ± 0.37  4.67 ± 0.30 

   No statistical difference was found ( P  > 0.5) between echo times in the same field and sequence using repeated 1‐way analysis of variance test.   

            F I G U R E  3   (A), (B) GE‐BOLD fMRI time courses obtained from the S1FL ROI ( n  = 9) for TE of 15 msec (blue), 20 msec (green), and 30 msec 

(red) at 9.4 T and 15.2 T, respectively. (C) SE‐BOLD fMRI time courses obtained from the S1FL ROI ( n  = 9) for TE of 30 msec (blue), 40 msec 

(green), and 50 msec (red) at 9.4 T. (D) SE‐BOLD fMRI time courses obtained from the S1FL ROI ( n  = 9) for TE of 20 msec (blue), 30 msec (green), 

and 40 msec (red) at 15.2 T. Activation duration was defined as the period of 6 to 20 seconds after the onset of stimulation at time = 40 seconds (black 

horizontal bar), and poststimulus duration was defined as the period of 10 to 30 seconds after the offset of stimulation at time = 60 seconds (red 

horizontal bar). (E) TE‐dependent BOLD percent signal changes for GE (red) and SE (blue) at 9.4 T (filled circle) and 15.2 T (open circle). Fitted lines 

by a linear function were overlapped with solid lines (9.4 T) and dashed lines (15.2 T  ) [Colour figure can be viewed at  wileyonlinelibrary.com ] 



1242 |   HAN ET AL.Magnetic Resonance in Medicine

 3.3  |  BOLD signal change in superficial and 
parenchyma regions  

 BOLD percent signal change is sensitive to baseline blood 

volume and vessel size. In GE‐BOLD signals, areas with 

the high BOLD percent signal changes are located along the 

surface of the cortex (see Figure  2 ). However, in SE‐BOLD 

signals, those are located in both the surface and deep cortex. 

To examine the sensitivity and specificity of BOLD fMRI 

quantitatively, the S1FL ROI was divided into the superfi-

cial ROI containing macrovasculature and the parenchyma 

ROI with microvasculature. BOLD percent signal changes 

obtained from 2 ROIs are plotted as a function of TE in 

Figure  4 . As expected, the superficial ROI (red) had higher 

percent changes as well as steeper slope than the parenchyma 

ROI (blue), especially for GE‐BOLD fMRI (solid line) in 

both fields. Stimulation‐induced Δ R  2   
* 
  and Δ R  2  were obtained 

from the fitted slopes and are tabulated in Table  3 . Ratios of 

relaxation rates in the superficial ROI to the parenchyma ROI 

(super/par ratio) were reported as well as ratios at 15.2 T to 

9.4 T (15.2 T/9.4 T). Both Δ R  2   
* 
  and Δ R  2  are higher in the su-

perficial ROI compared to the parenchyma ROI ( P  < 0.05), 

indicating that the superficial ROI has higher baseline total 

and microvascular cerebral blood volume CBV. As expected, 

Δ R  2   
* 
 /Δ R  2  of the parenchyma ROI is less than that of the su-

perficial ROI.     

  4  |   DISCUSSION  

 Our major findings are (1) BOLD Δ R  2  increases linearly with 

magnetic field strength, and Δ R  2   
* 
  increases supralinearly 

            F I G U R E  4   TE‐dependent GE‐ (solid 

line) and SE‐BOLD (dashed line) percent 

signal changes for the superficial ROI (red) 

and parenchyma ROI (blue) at 9.4 T (A) and 

15.2 T (B), respectively [Colour figure can 

be viewed at  wileyonlinelibrary.com ] 
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  T A B L E  3   Δ R  2   
* 
 , Δ R  2 , and Δ R  2   

* 
 /Δ R  2  from total, superficial, and parenchyma ROIs 

 Magnetic field  Echo type  Total S1FL  Superficial ROI  a    Parenchyma ROI  a   
 Super/par 
ratio  b   

 9.4 T  −Δ R  2   
* 

   1.72 ± 0.13  2.38 ± 0.23‡  1.41 ± 0.13  1.76 ± 0.18 

   −Δ R  2   1.19 ± 0.09  1.31 ± 0.13  1.13 ± 0.09  1.19 ± 0.11 

   Δ R  2   
* 

  /  Δ R  2   1.51 ± 0.15  1.95 ± 0.27†  1.32 ± 0.15  1.58 ± 0.23 

 15.2 T  −Δ R  2   
* 

   3.09 ± 0.35  4.15 ± 0.44‡  2.59 ± 0.34  1.73 ± 0.15 

   −Δ R  2   1.97 ± 0.15  2.13 ± 0.22  1.88 ± 0.14  1.13 ± 0.08 

   Δ R  2   
* 

  / Δ R  2   1.62 ± 0.18  2.13 ± 0.28‡  1.40 ± 0.17  1.57 ± 0.15 

 15.2 T/9.4 T  Δ R  2   
* 

   1.80  1.74  1.84  0.95 

   Δ R  2   1.66  1.63  1.66  0.98 

   Δ R  2   
* 

  /  Δ R  2   1.07  1.09  1.06  1.03 

   Unit of Δ R  2   
* 
  and Δ R  2  is sec 

–1 
.  

 
 a  
Statistical analyses were performed between superficial and parenchyma Δ R  2   

* 
 , Δ R  2 , and Δ R  2   

* 
  / Δ R  2  with paired t‐test († P  < 0.05; ‡ P  < 0.01).    

 

 
 b  
No field‐dependent statistical significance was found in the superficial‐to‐parenchyma ratio.    

 
 

  T A B L E  2   GE‐ and SE‐BOLD percent signal changes at multiple TEs at 9.4 T and 15.2 T 

 %  GE-BOLD  SE-BOLD 

 9.4 T ( n  = 9)  15 msec  20 msec  30 msec  Δ R  2   
* 
  (s 

–1 
)  30 msec  40 msec  50 msec  Δ R  2  (s 

–1 
) 

 4.33 ± 0.35  5.3 ± 0.39  6.94 ± 0.46  –1.72 ± 0.13  4.72 ± 0.29  5.92 ± 0.35  7.11 ± 0.37  –1.19 ± 0.09 

 15.2 T ( n  = 9)  15 msec  20 msec  30 msec  Δ R  2   
* 
  (s 

–1 
)  20 msec  30 msec  40 msec  Δ R  2  (s 

–1 
) 

 6.64 ± 0.54  8.48 ± 0.73  11.33 ± 0.98  –3.09 ± 0.35 
* 
  4.9 ± 0.43  6.56 ± 0.45  8.84 ± 0.63  –1.97 ± 0.15 

* 
 

   Nonpaired t‐test was performed between Δ R  2   
*  

  ( Δ R  2  )  values of 2 magnetic fields ( 
*  P  < 0.001).   



   | 1243HAN ET AL. Magnetic Resonance in Medicine
with  B  0 ; (2) BOLD percent signal changes are slightly higher 

at 15.2 T than at 9.4 T when TE = tissue  T  2   
* 
  ( T  2 ); and (3) 

SE‐BOLD signals are similar in the both surface and paren-

chymal regions, whereas GE‐BOLD signals are higher at the 

surface region than at the parenchymal region. 

 The measured BOLD signal is a sum of the intravascular 

(IV) and EV signals. The IV contribution is dependent on 

blood and tissue relaxation times as well as TE. Blood  T  2  is 

dependent on magnetic field strength and oxygenation level, 

and can be estimated (Equations 6 and 7 of Uldaǧ et al 
14 

). 

Blood  T  2  is 4.9 and 7.9 ms at 9.4 T and 2.0 and 3.3 ms at 

15.2 T for an oxygenation level of 0.6 and 0.7, respectively, 

whereas tissue  T  2  is 35.7 ms at 9.4 T and 24.5 ms at 15.2 T. 

Then, the intravascular contribution can be estimated as 

a function of TE at different magnetic fields (see Figure  1  

in Duong et al 
12 

). In our experimental parameters for both 

magnetic fields, the IV BOLD signal is minimal and the EV 

BOLD signal is dominant. 

  4.1 |  Comparison with previous field‐
dependent studies  
 Uldaǧ et al 

14 
 reported comprehensive simulation data 

for field‐dependent GE‐ and SE‐BOLD signals. When 

TE = tissue  T  2   
* 

 , the GE‐BOLD signal increases with field 

strength linearly for capillaries and sublinearly for venules, 

but decreases with field strength linearly for arterioles 

(see Figure 5A in Uldaǧ et al 
14 

); consequently, the GE‐

BOLD signal slightly increases for total microvasculature 

with field strength at  B  0  > 9.4 T. When TE = tissue  T  2 , the 

SE‐BOLD signal increases with field strength linearly for 

capillaries, but decreases with field strength for arterioles 

and venules (see Figure  3 B in Uldaǧ et al 
14 

); consequently, 

SE‐BOLD is similar for total microvasculature with field 

strength at  B  0  > 9.4 T. In order to calculate only EV BOLD 

signals at TE =  T  2   
* 

  or  T  2 , experimentally determined Δ R  2   
* 
  

and Δ R  2  were multiplied by baseline  T  2   
* 

  and  T  2 , respec-

tively. When TE = tissue  T  2   
* 

  and  T  2 , the BOLD percent 

signal change is 4.6% and 5.3% for GE‐BOLD and 4.3% 

and 4.8% for SE‐BOLD at 9.4 T and 15.2 T, respectively. 

Our data generally agree with previously reported compre-

hensive simulation data in Uldaǧ et al. 
14 

 

 The Δ R  2   
* 
  ratio of 15.2 T to 9.4 T was 1.8 in S1FL ROI, 

which is supralinear to  B  0 , but Δ R  2  ratio was 1.66, which is 

linear to  B  0 . It is often thought that SE‐BOLD is diffusion 

sensitive and quadratic to magnetic field strength, whereas 

GE‐BOLD is linear to quadratic to  B  0 , based on earlier sim-

ulation studies. 
5 
 But this expectation is only valid for low 

fields of <4 T. Susceptibility‐induced Δ R  2    increases with 

vessel size, peaks at a maximally sensitive tuning diameter, 

and decreases for larger sizes. Larger susceptibility effects 

(induced by higher  B  0 ) shift a tuning diameter to a smaller 

size. Thus, Δ R  2  is supralinear to  B  0  for vessels sized smaller 

than the tuning diameter, but sublinear for vessels sized larger 

than the tuning diameter. Linear field‐dependent Δ R  2  ratio of 

15.2 T to 9.4 T can be explained by shifted tuning diameter to 

capillaries at ultrahigh fields. 

 Seehafer et al 
13 

 investigated field and echo‐type depen-

dency of BOLD fMRI with the same forepaw stimulation 

rat model. BOLD percent signal changes at the same TE 

(16 msec for GE and 25 msec for SE) were found to be simi-

lar between 7 T and 11.7 T in GE‐ and SE‐BOLD fMRI. The 

average BOLD signal was 1.5% to 1.8% for both magnetic 

fields, and GE‐/SE‐BOLD ratio was close to be ~1.0 in both 

fields (corresponding to Δ R  2   
* 
 /Δ R  2  ≈1.56). Given that higher 

magnetic fields induce higher EV and less IV BOLD signals, 

the similar BOLD response at the 2 magnetic fields may be 

explained by a match between an increase in the EV BOLD 

signal and a decrease in the IV signal at 11.7 T. Assuming 

that the SE BOLD signal of 1.5% at 11.7 T completely origi-

nates from the EV compartment and the EV BOLD response 

is linearly dependent on  B  0 , the EV BOLD signal at 7 T is 

expected to be 0.9%. The IV BOLD signal at 7 T can be es-

timated from tissue  T  2  of 50 msec and blood  T  2  change from 

8.5 msec (an oxygenation level of 0.6) to 13.4 msec (an oxy-

genation level of 0.7). 
14 

 At the TE of 25 msec, the IV BOLD 

signal is 0.5% and 0.9% for CBV of 3% and 5%, respectively. 

Thus, the total SE BOLD signal at 7 T will be 1.4% to 1.8%, 

which can explain the experimental 7 T BOLD signal of 1.7% 

(see Table  2  in Seehafer et al 
13 

). In our 9.4 T versus 15.2 T 

studies, our experimental data can be easily explained by the 

dominant EV BOLD contribution.  

  4.2 |  Poststimulus BOLD undershoots at 
ultrahigh fields  
 Poststimulus undershoots were observed in averaged time 

courses (Figure  2 ). Poststimulus undershoots were 4 to 6 

times smaller than the positive BOLD response. Because of 

small poststimulus undershoot magnitudes, echo time and 

field dependency is not obvious (see Supporting Information 

Table S1), even though it has a linear trend. The exact source 

of the BOLD poststimulus undershoot is controversial. One 

or more physiological factors may contribute to a poststimu-

lus BOLD undershoot, including a poststimulus cerebral 

blood flow undershoot, 
31‒33 

 a slow poststimulus return of ve-

nous CBV to baseline, 
34‒37 

 and/or a slow poststimulus return 

of cerebral metabolic rate of oxygen–related oxygenation 

values to baseline. 
37‒39 

 Exact contributors of the poststimulus 

undershoot may also depend on stimulus type and duration.  

  4.3 |  TE‐ and field‐dependence of BOLD CNR  
 For fMRI studies, statistical values (t‐value) have been used 

for selecting activation voxels and are directly related to stim-

ulation‐induced signal change to baseline fluctuation ratio, 
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which is commonly referred to as CNR. It is expected that 

the highest CNR occurs when TE =  T  2   
* 
  or  T  2 . However, we 

did not observe TE‐dependent CNR within our experimen-

tal TE range. It is noted that 9.4 T GE‐BOLD with TE = 20 

and 25 msec has higher CNR than that with TE of 15 msec, 

albeit of no statistical significance. The reason not to observe 

significant difference of CNRs across different TEs can be 

attributed to non‐TE‐dependent BOLD contribution and in-

sufficient signal averaging. 

 As expected, GE‐BOLD has higher CNR than SE‐BOLD 

fMRI regardless of magnetic field strength. The GE‐BOLD 

contrast has contributions from all sized venous vessels, 

whereas SE‐BOLD has contributions from mostly microves-

sels. Thus, the GE‐BOLD contrast has always higher CNR 

than SE‐BOLD. 

 In our 9.4 T versus 15.2 T BOLD studies, we observed 

similar statistical values, even though direct comparison be-

tween 2 magnetic fields is not straightforward because of the 

usage of different coils. Functional sensitivity (eg, statistical 

value) is directly related to the percent signal change multi-

plied by temporal signal‐to‐noise ratio (tSNR; mean sensitiv-

ity/temporal noise). Temporal noise is a sum of thermal and 

system noise and physiological noise contributions. Signal‐

to‐noise ratio (SNR) increases with magnetic field as  B  0  to 

 B  0  
7/4 

, as previously described. 
40 

 Thus, MRI will have 1.6 to 

2.3 times higher SNR at 15.2 T than at 9.4 T. When SNR 

increases with  B  0  and/or voxel volume, tSNR increases lin-

early with SNR of < 50 and reaches a plateau above SNR 

of ~ 100. 
41 

 Physiological noises are dominant for fMRI with 

high SNR, whereas thermal and system noises are dominant 

for fMRI with low SNR. 
41,42 

 In our voxel resolution with sig-

nal averaging (0.47 × 0.47 × 1.0 mm 
3 
), we did not observe 

magnetic field–dependent statistical values between 9.4 T 

and 15.2 T, which is similar to previous 7 T versus 11.7 T 

findings with 0.4 × 0.4 × 2.0 mm 
3 
 resolution. 

13 
 These ex-

perimental observations are not unexpected given that both 

stimulation‐induced BOLD signals and physiological noises 

similarly change with  B  0 . If baseline SNR is poor and thermal 

noises are dominant, then tSNR increases with image SNR 

and consequently with  B  0 . This condition will be achieved at 

ultrahigh resolution, then it is advantageous to use ultrahigh 

fields for fMRI studies.  

  4.4 |  Spatial specificity of GE‐BOLD and 
SE‐BOLD  
 The vascular structure of the rat somatosensory cortex 

should be reviewed before discussing spatial specificity. The 

superficial ROI contains pial vessels as well as microves-

sels. Diameter of rat pial venous vessels is up to 300 μm 

under isoflurane and pentobarbital anesthesia 
43,44 

 and up to 

200 μm under medetomidine. 
44 

 Parenchymal vessels consist 

of penetrating arterioles, emerging venules, and capillaries. 

Diameter of emerging venules in the rat S1FL is up to 50 μm, 

and mostly ranges between 10 and 20 μm under isoflurane. 
45 

 

The mean diameter of capillaries in rats is reported to be 

3.2 μm 
46 

 to 5.0-5.1 μm. 
47 

 

 GE‐BOLD contrast has been used in high‐resolution fMRI 

studies because it is easy to implement and yields a high 

CNR. However, GE‐BOLD contrast contains significant con-

tributions from large draining veins, 
48‒50 

 whereas SE‐BOLD 

is much less sensitive to macrovessels than GE‐BOLD. 
14,18,51 

 

This issue has been examined by comparing BOLD signals 

of the microvessel‐dominant parenchyma ROI and macroves-

sel‐containing superficial ROI. The Δ R  2   
* 
  ratio of superficial 

to parenchyma region was 1.76 and 1.73 at 9.4 T and 15.2 T, 

respectively, whereas corresponding Δ R  2  ratio was 1.19 and 

1.13 at 9.4 T and 15.2 T, respectively (Table  3 ). This clearly 

demonstrates that SE‐BOLD contrast is less sensitive to 

large pial vessels than GE‐BOLD, as expected. When large 

vessel regions are active during stimulation, the SE‐BOLD 

technique is more suitable than GE‐BOLD for submillimeter 

high‐resolution brain mapping. 

 EV Δ R  2   
* 
 /Δ R  2    ratio is closely related to a weighted mean 

vessel size. Our Δ R  2   
* 
 /Δ R  2  at 9.4 T was 1.51 for the total 

S1FL ROI and 1.32 for the parenchymal ROI. To explain a 

mean vessel size, it is necessary to measure Δ R  2   
* 
 /Δ R  2    during 

a change in blood susceptibility effect without blood volume 

change, 
51 

 which can be achieved with the use of contrast 

agents such as iron oxides and oxygen. In the cat visual cor-

tex, Δ R  2   
* 
 /Δ R  2  at 9.4 T was 3.3 for the total visual ROI 

23,24 
 

and 1.7 to 1.9 for the parenchymal ROI. 
23,26 

 In the human 

motor cortex, Δ R  2   
* 
 /Δ R  2  at 9.4 T was 3.0 during finger move-

ments. 
27 

 Different species have different vascular density and 

diameter distributions. A less Δ R  2   
* 
 /Δ R  2  in rats than in cats 

and humans may be explained by a smaller weighted mean 

vessel diameter.   

  5  |   CONCLUSION  

 Our systematic measurements of GE‐ and SE‐BOLD fMRI 

at 9.4 T and 15.2 T demonstrate that ultrahigh fields increase 

functional Δ R  2   
* 
  and Δ R  2 , and that SE‐BOLD fMRI improves 

spatial specificity to microvessels. Percent change of GE‐

BOLD and SE‐BOLD at the optimal echo time is slightly 

higher at 15.2 T than at 9.4 T. The ultrahigh field of 15.2 T 

will be advantageous only for thermal‐noise–dominant ultra-

high resolution fMRI.  
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  FIGURE S1  (A) A design of a home‐built rat cradle with 

Autodesk Fusion 360. (B) A picture of a home‐built rat cra-

dle containing 2 ear bars, 1 bite bar, and a mask for fixation 

of rat head. (C) Demonstration of the use of a rat cradle using 

a rat. A surface coil was used to maximize a sensitivity to a 

specific region of brain. 

  FIGURE S2  Statistical activation maps from 3 TEs GE‐ and 

SE‐BOLD overlaid on the corresponding BOLD images at 

9.4 T (A) and 15.2 T (B). Color bar represents the cross‐

correlation values. 

  TABLE S1  Poststimulus undershoot GE‐ and SE‐BOLD per-

cent signal changes at 9.4 T and 15.2 T .   
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