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Purpose: Echo planar imaging is used widely for its imaging speed. However, its 

applications often suffer from ghost artifacts. In the community, an approach using 

three navigator echoes is used commonly for the artifact correction. Although this 

scheme is effective, as the matrix size increases for high-resolution imaging, the 

navigator echoes can contribute significantly to increasing the “required minimum 

TE.” To overcome this issue, this work proposes the use of an alternative navigator 

echo scheme called the “TR-external” scheme.

Methods: The TR-external scheme reduces the required minimum TE by allocat-

ing an  additional excitation loop for the navigator echoes before every main excita-

tion loop. In this work, a detailed analysis on the TR-external scheme was performed 

to assess its performance in comparison to the standard scheme. Visual fMRI was 

performed to check the feasibility of using the TR-external scheme for detecting func-

tional signals.

Results: The performance of the TR-external scheme was comparable with that of the 

standard scheme in terms of the SNR, elimination of ghost artifacts, and the BOLD 

detection. For a given matrix size (288 × 288), the TR-external scheme allowed a 

substantially shorter TE (5.94  ms) compared with the standard scheme, which re-

sulted in a higher SNR. Furthermore, this feature enabled the submillimeter-resolution 

(0.73 × 0.73 mm2) fMRI measurement with a favorable TE (35 ms) at 3 T. The fMRI 

results revealed that activated voxels are well localized along the cortical ribbon.

Conclusion: A TR-external scheme for EPI phase correction was implemented at  

3 T. Its feasibility for submillimeter-resolution fMRI was successfully demonstrated.
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1 |  INTRODUCTION

In spite of the fact that EPI is rather vulnerable to magnetic field 

inhomogeneities, it has been used widely in dynamic MR stud-

ies due to its relatively fast imaging speed. Consequently, EPI 

has been used to study various MR applications, such as DWI, 

perfusion imaging, and fMRI. EPI techniques have been steadily 

developed to improve performance and as a result, submillimetre 

spatial resolution is even possible in these EPI applications.1-4

Echo-planar-imaging applications often require a particular 

TE to achieve the desired image contrast. For fMRI applica-

tions, an optimal TE needs to be determined to derive strong 

BOLD contrasts at each field strength. Echo-planar imaging 

with high in-plane resolution requires a greater number of phase- 

encoding lines, which increases the minimum achievable TE. 

Thus, achieving the optimal TE for high in-plane resolution 

becomes increasingly difficult, in addition to other challenges 

such as maintaining sufficient SNR and reasonable level of T∗

2
 

blurring and distortions. There have been many technical at-

tempts to reduce the required minimum TE, such as combining 

in-plane acceleration techniques (eg, parallel imaging, partial 

Fourier, segmentation)5-8 with EPI or non-Cartesian trajectories 

with sampling starting from the k-space center.9 However, the 

use of acceleration techniques often induces additional draw-

backs such as a substantial reduction of SNR (eg, by parallel 

imaging or partial Fourier) or an increased sensitivity for motion 

artifacts (eg, by segmentation). Furthermore, although the non- 

Cartesian trajectories are effective in achieving a shorter TE, 

they often suffer from imaging blurring caused by off-resonance 

effects. In this work, we were motivated to focus on Cartesian 

EPI and propose to use an alternative navigator echo scheme 

for EPI phase correction that does not yield any other signifi-

cant disadvantages for reduction of the required minimum TE. 

This alternative scheme (called the “TR-external” scheme) has 

been described previously10 but is not in widespread use, and 

its consequences for the SNR have not been explored in detail; 

this detailed description is the subject of the current manuscript.

In EPI, due to its zig-zag acquisition fashion, consequent 

gradient-sampling delays and technical limitations (eg, eddy 

currents, poor shimming), ghost artifacts are generated in re-

constructed images. In the community, an approach that uses 

three non-phase-encoded navigator echoes is used commonly 

to correct the artifacts.11 Although this approach is effective, 

as the matrix size increases for higher-resolution imaging, 

the navigator echoes play a significant part in contributing 

to the required minimum TE. The duration of each naviga-

tor echo is usually the same as that of the main EPI read-

out gradient lobe. Therefore, the TE increase caused by the 

navigator echoes is 3 times as large as the duration of the 

readout gradient lobe. As the matrix size increases, usually 

demanding a longer readout duration for each lobe, the length 

of the navigator echo readout increases concomitantly. Thus, 

the increase becomes larger as the matrix size increases for 

higher-resolution imaging. However, the TE increase can be 

effectively overcome by using the TR-external navigator echo 

scheme. This method allocates the navigator echoes in a sep-

arated low-flip-angle excitation loop, which precedes each 

main excitation and the corresponding EPI readout loop.11,12 

Here, because the navigator echoes are not an internal part of 

the main EPI acquisition loop, the navigator echoes have no 

effect on the increase of the required minimum TE, regardless 

of image matrix size. Therefore, the TR-external scheme can 

be used effectively in the applications that demand a shorter 

TE for their own purposes (eg, particular image contrast or 

a higher SNR). Alternatively, the capability of TE reduction 

in the TR-external scheme suggests its use to increase the 

matrix size for the given TE; a compromised approach may 

also be possible to achieve both the reduction of TE and an 

increase of the matrix size accordingly.

The TR-external scheme has not yet been analyzed in 

terms of the steady state, SNR, or optimal flip angle for  

the navigator echo. In this work, the steady-state equation 

of the TR-external scheme will be derived mathematically. 

Next, the performance of the method will be evaluated in 

terms of the strength of the transverse magnetization, tem-

poral stability, and image SNR. Here, the optimal flip angle 

for the navigator echo will also be determined experimentally 

in relation to the robustness of the ghost removal. Finally, 

the capability of the TR-external scheme (ie, reduction of 

required minimum TE) is demonstrated with whole-brain 

(48 slices with 2.3-mm thickness) submillimeter-resolution 

(0.73 × 0.73 mm2) fMRI. Here, for the given TE (35 ms), 

the maximum possible matrix size that can be provided by 

the TR-external scheme was 288 × 288. When the standard 

protocol is used instead, it is expected that a longer TE will 

be required for the same matrix size (288 × 288), or only a 

smaller matrix is possible for the same TE (35 ms).

2 |  METHODS

2.1 | Echo-planar-image phase correction

Figure 1 shows two different navigator echo schemes for EPI 

phase correction: one with the “navigator echoes” in the same 

TR loop as the “main EPI readout” (standard; see Figure 1A) 

and the other with the “navigator echoes” in a separated TR 

loop (TR-external; see Figure 1B). The navigator echoes are 

acquired without phase prewinding to obtain the reference 

phase information of the even and odd lines. In the stand-

ard scheme, the navigator echoes are an internal part of the 

same TR loop as the main EPI readout; therefore, it can be 

seen that the navigator echoes contribute to the increase in 

the required minimum TE. Furthermore, to acquire naviga-

tor echoes without phase prewinding, the phase prewinding 

gradient (marked with black shading) needs to be located 
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after the navigator echoes. This constraint implies that the 

phase prewinding gradient cannot be applied together with 

other encoding gradients, such as the slice rephasing gradi-

ent and the readout dephasing gradient. Therefore, additional 

time is required for the phase prewinding gradient, which 

also contributes to the increase in the required minimum TE, 

although its amount is relatively small. For instance, without 

partial Fourier acceleration, when the matrix size is 64 × 64, 

128  ×  128, 192  ×  192 and 256  ×  256, typical durations 

for each phase prewinding gradient are 280, 440, 600 and 

770 us, respectively.

Figure 1B depicts a TR-external scheme. In contrast to 

the standard scheme, this scheme requires an additional ex-

citation pulse (flip angle of α1) for the navigator echoes, 

which leads to a slight increase in total scanning time. 

However, the navigator echoes do not have any effect on 

the increase in the required minimum TE. Furthermore, it 

is even possible to place the phase prewinding gradient to-

gether with other encoding gradients; thus, an additional 

TE reduction is expected.

2.2 | Evolution of transverse magnetization: 
steady state

As described previously, the TR-external scheme requires 

two TR loops, each of which may have a different flip angle 

and TR. Here, to check whether the TR-external scheme 

reaches a steady state, the equation for the transverse mag-

netization was derived under the “steady-state incoherent” 

condition (ie, elimination of remaining transverse magnetiza-

tion by spoiling).13 The derived equation is given as follows:

(1)
Mext

xy(n)
(0+) = Meq ⋅

⎡
⎢⎢⎢⎢⎢⎢⎣

(ETR1 ⋅cos �1)n−1
⋅ (ETR2 ⋅cos �2)n−2

+(1−ETR1) ⋅
1− (ETR1 ⋅cos �1 ⋅ETR2 ⋅cos �2)n−1

1− (ETR1 ⋅cos �1 ⋅ETR2 ⋅cos �2)

+(1−ETR2) ⋅ (ETR1 ⋅cos �1) ⋅
1− (ETR1 ⋅cos �1 ⋅ETR2 ⋅cos �2)n−1

1− (ETR1 ⋅cos �1 ⋅ETR2 ⋅cos �2)

⎤
⎥⎥⎥⎥⎥⎥⎦

⋅sin (�2)

�2,Ernst = cos−1
(
cos �1 ⋅ETR1 ⋅ETR2

)

F I G U R E  1  Schematic representation 

of the EPI sequences with the standard 

navigator echo scheme (A) and a “TR-

external” navigator echo scheme (B). In 

the TR-external navigator echo scheme, the 

navigator echoes are located in a separated 

TR loop (TR1), which precedes the main EPI 

TR loop (TR2). The black-shaded gradients 

are phase prewinding gradients. In the 

TR-external scheme, the phase prewinding 

gradient can be located together with other 

encoding gradients as shown in (B)
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where Mext
xy(n)

(0+) and Meq denote the transverse magnetization 

directly after the second TR loop excitation (α2) and the mag-

netization at thermal equilibrium, respectively. Moreover, ETR1 

and ETR2 indicate exp(−TR1/T1) and exp(−TR2/T1), respec-

tively. Here, note that the Ernst angle (α2, Ernst) that maximizes 

the transverse magnetization in the main EPI loop also depends 

on the flip angle (α1) and TR (TR1) of the navigator echo loop.

For the standard scheme, well known from previous 

works, the equation is given as follows14:

where ETR denotes exp(−TR/T1).

It can be easily seen that these two equations eventually go 

to a steady state, as their multiplication factors (ie, ETR1 · cos 

α1, ETR2 · cos α2, or ETR · cos α) are less than 1 when angles 

(ie, α1, α2, or α) are between 0° and 90°. This steady state 

was verified by simulating the two equations with the follow-

ing imaging conditions: TR/TR1/TR2  =  3000/12/2988  ms, 

T1 = 1.5 seconds, α1 = 10°, and flip angle for the main EPI 

readout (α and α2) with three different angles (90°, 60°, and 

45°). Here, the time required for single-slice encoding was 

kept identical for both the standard and TR-external schemes 

(ie, TR = TR1 + TR2). In the TR-external scheme, TR1 was 

kept as short as possible while still being able to accommo-

date all necessary imaging components (eg, RF or imaging 

gradients); 12 ms was enough to support the low-resolution  

(2.50  ×  2.50  mm2) as well as the high-resolution fMRI 

(0.73 × 0.73 mm2) performed in the present study. Under the 

condition that TR1 is relatively short, the flip angle (α1) also 

needs to be small to avoid strong signal saturation in the next 

main EPI readout loop. For that reason, α1 was set to 10° here.

The steady state was further verified with data from a 

healthy subject obtained with the following imaging con-

ditions: FOV  =  210  ×  210  mm2, matrix size  =  84  ×  84 

(2.50  ×  2.50  mm2), 32 slices with 2.5-mm thickness and 

the same TR and flip-angle settings as the simulation. In 

this work, all in vivo measurements were performed with 

healthy volunteers, with no medical conditions or neuro-

logical illnesses. After a complete description of the study, 

written informed consent was obtained before scanning. The 

local institutional review board (RWTH Aachen University, 

Germany) approved the study protocol, screening question-

naires, and consent forms. All experiments were carried out 

at 3 T (Trio/Prisma, Siemens, Germany).

2.3 | Optimal flip angle for the  
TR-external scheme

As previously mentioned, a small angle of α1 in the TR-

external scheme does not lead to a significant saturation of 

longitudinal magnetization in the main EPI readout loop. 

However, the small angle can result in low SNR for navi-

gator echoes, which could degrade the performance of EPI 

ghost correction. Here, an optimal flip angle for navigator 

echoes was determined by the strength of steady-state level 

of the main EPI loop and the performance of ghost artifact 

removal. For this purpose, in vivo data were acquired with 

the following range of α1: 1°, 2°, …, 10°, 12°, 14°, …, 20°. 

The other imaging parameters were the same as the previous 

in vivo measurements, except that α and α2 were fixed as 90° 

here. Data were acquired with both standard and TR-external 

schemes.

The performance of ghost artifact removal was quantita-

tively inspected by computing the remaining ghost signals. 

For this purpose, the ghost mask of each slice was defined 

by the following procedure. Initially, the ghost region was es-

timated by shifting the brain mask by FOV/2 and –FOV/2. 

This initial estimation was then further restricted to exclude 

the voxels within the brain mask, resulting in two ghost re-

gions for every slice: one over the brain mask and the other 

one under the brain mask. Here, the mean ghost signal within 

the ghost mask was calculated for each α1.

2.4 | Evaluation of reconstructed 
images and SNR

For the determined optimal flip angle, the performance of 

the TR-external scheme was evaluated in terms of the re-

constructed image quality, image SNR, and temporal SNR 

(tSNR). The low-resolution protocol (2.50  ×  2.50  mm2) 

used in the previous in vivo measurement, was meas-

ured for 50 temporal volumes using both the standard and 

the TR-external scheme. To reduce motion effects that 

might exist during the scan, time-series data, realigned by 

SPM12 (Wellcome Department of Imaging Neuroscience, 

University College London, London, United Kingdom), 

were used in this analysis. For the calculation of image SNR 

and tSNR, three regions of interest (ROIs) were defined: 

one for the signal region (“signal”) and the other two for the 

background region. The two ROIs in the background region 

are the area where ghost artifacts may exist (“background: 

ghost”) and the rest of the background area (“background: 

other”). The image SNR was obtained by computing the 

ratio of the signal average of the “signal” region to the sig-

nal SD of the “background: other” region. The tSNR calcu-

lation was carried out for all three ROIs, and the mean ± SD 

(2)Mstd
xy(n)

(0+) = Meq ⋅

[

(

ETR ⋅cos �
)n−1

+
(

1−ETR

)

⋅

1−
(

ETR ⋅cos �
)n−1

1−
(

ETR ⋅cos �
)

]
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(

ETR
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value within each ROI was obtained. Here, the similarity 

of tSNR between the two schemes was further verified by 

inspecting the histogram distribution of the tSNR values.

The performance evaluation was further carried out 

with a submillimeter-resolution protocol. Both the stan-

dard and the TR-external schemes were optimized to offer 

the maximum possible matrix size for the given condition: 

TR/TE  =  3000/35  ms and FOV  =  210  ×  210  mm2, slice 

thickness  =  2.3  mm, partial Fourier  =  5/8, 2-fold in-plane 

(parallel imaging), and 3-fold interplane (multiband) accel-

eration. The missing lines in the partial k-space data were 

estimated using a phase-correction method that is denoted as 

the “Submatrix” method in the Siemens system.15 As a re-

sult, the matrix achieved by the standard and the TR-external 

scheme was 256 × 256 (0.82 × 0.82 mm2) and 288 × 288 

(0.73 × 0.73 mm2), respectively; the number of slices achieved 

was the same (48) for both schemes. The increased matrix 

size was a direct consequence of achieving a shorter TE in 

the TR-external scheme. Here, for comparison purposes, two 

additional protocols were used, each of which was set up 

with the other matrix size for each scheme. For the standard 

scheme, the matrix size of 288 × 288 was implemented with 

its shortest possible TE (41 ms). These four protocols were 

measured with a phantom and a healthy volunteer.

2.5 | Visual fMRI

The use of the TR-external scheme for fMRI was dem-

onstrated with a determined optimal flip angle of 9°, as 

experimentally derived in the Results section. A visual check-

erboard paradigm was used to elicit circumscribed activation 

in the visual cortex. The imaging protocol consisted of three 

dummy scans for reaching a steady state and 72 scans con-

sisting of six cycles of baseline-activation states, each lasting 

six volume acquisitions. The total scan time for each baseline 

and activation block was 18 seconds (ie, 6 TR).

Three healthy volunteers participated in this fMRI study 

using the low-resolution protocol (2.50  ×  2.50  mm2) de-

scribed previously. For comparison, the same fMRI session 

was also repeated with the standard scheme. Finally, the sub-

millimeter-resolution protocol from the TR-external scheme 

(ie, matrix: 288 × 288; 0.73 × 0.73 mm2) was used in the same 

visual fMRI paradigm, and its feasibility was demonstrated.

The fMRI data were analyzed with SPM12. Following 

preprocessing of the fMRI data (realignment, co-registration  

with MPRAGE, normalization to the MNI space, and spa-

tial smoothing), first-level analysis was performed based 

on a general linear model. After estimating the general lin-

ear model parameters with the classical method (restricted 

maximum likelihood), a contrast image was obtained with a 

contrast vector of (−1 [baseline]; 1 [activation]). The normal-

ization voxel size and the Gaussian kernel size for smoothing 

was set to the same voxel size used for each low-resolution 

and each high-resolution fMRI measurement. However, par-

ticularly for the high-resolution fMRI data, the co-registration 

and smoothing steps were excluded from the preprocessing 

steps. This was to prevent the possibility of an error being 

introduced from these steps, which might affect the spatial 

localization of the high-resolution functional data. Therefore, 

the activated voxels from high-resolution fMRI are dis-

played on the preprocessed EPI scan, while those from low- 

resolution fMRI are displayed on the MPRAGE scan. For the 

low-resolution fMRI data, in which two different methods 

were used, a fixed-effect analysis16 was performed to inspect 

the effect of the different methods on the BOLD detection 

using the 3-subject data sets.

3 |  RESULTS

3.1 | Evolution of transverse magnetization: 
steady state

The simulation results of the two steady-state equations are 

plotted in Figure 2A. Here, the signal intensities in all of the 

plots were normalized in relation to the first point value of 

the 90° plot of the standard scheme. The figure reveals that 

for all excitation angles, the transverse magnetization was 

saturated to a certain level (ie, steady state) in both the stand-

ard and the TR-external schemes. This was further verified 

with in vivo data, as shown in Figure 2B. The signal intensi-

ties shown in the in vivo data represent the averaged signals 

computed over entire slices. Visual inspection of the two sub-

figures suggests that the signal behavior from the in vivo data 

is quite similar to that from the simulation data. The signal 

fluctuations observed in the in vivo data were possibly due 

to physiological effects or subject motion during the acquisi-

tions. Here, one of the reasons for the signal-level differences 

between the simulation and in vivo data was the difference of 

applied T1 values: Only a single T1 value (1.5 seconds) was 

considered in the simulation, whereas various T1 values were 

mixed when computing the averaged signals of in vivo data.

3.2 | Optimal flip angle for the  
TR-external scheme

TR-external scheme data were acquired from an in vivo 

subject for the various α1 angles. For each angle, the aver-

aged signals over entire slices were computed for the vol-

ume in which the steady state had been already attained. The 

same procedure was repeated for the standard-scheme data. 

Figure 2C depicts the relative signal level of the TR-external 

scheme with respect to various α1 angles; The signal level of 

the standard scheme was normalized to 1. As shown in this 
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figure, as α1 increases, the signal level of the TR-external 

scheme monotonically decreases, which indicates that α1 

needs to be smaller to achieve a higher steady-state signal 

level. The lower signal level at the first point (α1 of 1°) than 

the second point (α1 of 2°) was primarily due to the loss of 

signal in the brain regions, caused by the fact that ghost arti-

facts were not properly removed and a large amount of ghost 

signals was distributed in the background region.

When the signal reaches a steady state, with the TR1 

much smaller than T1 (ie, TR1 ≪ T1), as is the case used here, 

Equation (1) can be further approximated to the following 

simpler formula:

For the standard scheme, Equation (2) can be reformu-

lated as follows when the signal reaches a steady state:

From these two equations, it can be seen that if TR2 and α2 are 

set equal to TR and α, respectively, the transverse magnetiza-

tion level of the TR-external scheme simply becomes equiv-

alent to that of the standard scheme modulated by cos(α1). 

This feature can be observed in Figure 2C, which shows that 

the signal nearly drops according to the cosine function with 

respect to α1.

Figure 2D depicts the mean ghost signals with respect to 

α1. As expected, it was observed that as α1 increases, the per-

formance of ghost artifact removal improves (ie, the remain-

ing mean ghost signals decreases). Here, an angle of 9° was 

determined to yield a steady-state signal level comparable to 

that of the standard scheme, while maintaining favorable per-

formance in ghost artifact removal. For this angle, the steady-

state level of the TR-external scheme was about 98% of that 

(3)Mext
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)

≈Meq ⋅

[
(

1−ETR2

)

⋅cos �1
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(
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)

]

⋅sin
(

�2

)

(4)Mstd
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0+
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(
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)
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F I G U R E  2  The top row shows the evolution of transverse magnetization from the simulation (A) and the in vivo data (B). The bottom row 

shows the performance of the TR-external scheme for the following criteria: relative strength of the steady-state level with respect to the α1 (C) and 

the remaining relative mean ghost signals with respect to the α1 (D). To aid comparison, a reference line (“standard”) is depicted with a dotted line 

in (C) and (D)
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of the standard scheme, and the performance of ghost removal 

was also quite similar between the two schemes, as shown in 

the figure.

3.3 | Evaluation of reconstructed 
images and SNR: Low-resolution

Figure 3 exhibits reconstructed images from 1 representa-

tive subject, in whom the TR-external scheme image was 

obtained with the angel set at 9°. Both images were taken 

at an identical slice position. It is observed that the TR-

external scheme image was reconstructed without any no-

ticeable ghost artifacts.

Table 1 lists the computed image SNR and tSNR ob-

tained from the two schemes. The results reveal that for all 

cases (ie, image SNR and tSNR for three different ROIs), 

the SNR of the TR-external scheme has features that are 

very comparable to those of the standard scheme. Figure 4  

depicts the histogram distribution of the tSNR values  

obtained for each ROI. Figure 4A presents the three ROIs 

(signal, background: ghost, and background: other) from 

a representative slice used in the respective analysis. 

The histograms obtained from the standard and the TR-

external scheme are overlaid on the same plot in black and 

white, respectively. The overlapped regions are presented 

in gray. The results illustrate that for almost all ranges, 

the histograms from the two schemes essentially match 

each other.

3.4 | Evaluation of reconstructed 
images and SNR: Submillimeter resolution

Figure 5 depicts reconstructed images from the submillimeter-

resolution protocols (see Table 2). Here, a representative slice 

was chosen from each phantom and in vivo data set. The figure 

reveals that all of the images are well reconstructed without sig-

nificant image degradations. That is, the level of ghost or image 

reconstruction artifacts that might exist from the acceleration 

techniques is observed to be similar between the two differ-

ent schemes. Visual comparison of the in vivo images with 

the same nominal resolution (first and second columns) sug-

gests that the spatial resolution from the two protocols is nearly 

identical. This can also be readily expected by the fact that, in 

theory, the shape of the point spread function from the TR-

external scheme is equivalent to that of the standard scheme. 

As a consequence, blurring artifacts are expected in both the 

standard and TR-external schemes to the same degree. A de-

tailed point spread function analysis is shown in the Supporting 

Information.

In addition, the in vivo image from a larger matrix 

size (288 × 288/TE 35 ms/TR-external) depicts a slightly 

better spatial resolution than the lower-resolution case 

(256 × 256/TE 35 ms/standard). To aid visual inspection, 

three ROIs were selected, in which several arrows indi-

cate the brain regions for comparison. Here, particularly 

for the locations marked by P1, P2 and P3, horizontal line 

profiles were additionally examined. As shown in the fig-

ure, the TR-external scheme shows enhanced spatial reso-

lution for the indicated brain regions, when compared with 

the standard scheme. This fact is further verified by the 

three line profiles, illustrating that the TR-external scheme 

has more distinct contrasts. Here, because of the use of a 

smaller voxel, the SNR of the TR-external scheme image 

(288 × 288; TE 35) is slightly lower than that of the stan-

dard scheme image (256 × 256; TE 35). However, an even 

lower SNR can be observed in the higher-resolution image 

from the standard scheme (256 × 256; TE 41), due to the 

use of a longer TE.

The quantitative SNR results are shown in the second 

(phantom) and third (in vivo) columns of Table 2. The com-

parison between the first and the second protocols (ie, same 

matrix size and same TE) shows that both the image SNR and 

F I G U R E  3  Reconstructed images (2.50 × 2.50 mm2) obtained 

from the standard (A) and TR-external schemes (B)

T A B L E  1  Image SNR and tSNR results from the low-resolution protocol

  ROI Standard TR-external

Image SNR   78.13 77.96

tSNR Signal 65.71 ± 35.07 64.72 ± 34.69

Background: ghost (ghost signal ratio, %) 10.18 ± 2.60 (15.49 ± 7.41%) 10.04 ± 2.42 (15.51 ± 6.98%)

Background: other (noise signal ratio, %) 8.02 ± 2.07 (12.21 ± 5.90%) 8.06 ± 1.99 (12.45 ± 5.74%)
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tSNR from the two schemes are similar to each other. When 

compared with lower-resolution cases (first and second rows), 

higher-resolution protocols (third and fourth rows) show sub-

stantially reduced SNR. Here, the third protocol has even lower 

SNR than the fourth protocol, due to the use of a longer TE.

3.5 | Visual fMRI: Low resolution

Figure 6A,B shows the first-level analysis results of the low-

resolution (2.50  ×  2.50  mm2) fMRI data, obtained from 1 

representative subject. The activated voxels were obtained 

with an uncorrected P value  <  .001 (t-value  >  3.73), and 

are displayed in three sectional views (coronal, sagittal, 

and axial), which are overlaid on the normalized MPRAGE 

scan. Visual inspection of the figure suggests that visually 

induced brain activations were largely detected around the 

visual cortex in both schemes, and the results look similar 

to each other. The sectional views were probed at the MNI 

coordinate of 13, −87, −5 (note that the functional maps 

from each method are displayed with the same t-value range 

to aid visual comparison).

Figure 6C,D shows the results of the fixed-effect  

analysis. Figure 6C depicts identified voxels (an uncor-

rected P value < .001), which have stronger activation when 

measured by the standard scheme than measured by the  

TR-external scheme. Figure 6D depicts the case of the  

reverse contrast (TR-external scheme > standard scheme).

For quantitative investigation of the fixed-effect results 

obtained, a statistical analysis was carried out to examine 

the mean ± SD t-value, maximum t-value, and number of 

detected voxels for the following cases: standard > baseline, 

TR-external > baseline, standard > TR-external, and TR-

external > standard. The statistical quantities obtained are 

listed in Table 3. The results in the top row show that both 

schemes presented a comparable performance with regard 

to all statistical quantities. In addition, the results in the bot-

tom row (difference between the two schemes) reveal that 

F I G U R E  4  Histograms of the temporal SNR (tSNR) values. A, For a representative slice (top left), masks are shown for the “signal” (top-

right), “background: ghost” (bottom-left), and “background: other” (bottom-right) regions. The histogram of the tSNR values from each region 

of interest (ROI) is depicted in “signal” (B), “background: ghost” (C), and “background: other” (D) ROIs. The histograms of the standard scheme 

(black) and the TR-external scheme (white) are overlaid on the same plot to aid comparison; the overlapped regions are presented in gray



1424 |   YUN AND SHAH

the mean and maximum t-values are substantially smaller 

than those from the top row case. Moreover, the number 

of detected voxels is also considerably small. These results 

specifically show that the performance of the TR-external 

scheme for the detection of BOLD signals was similar to 

that of the standard scheme.

F I G U R E  5  Reconstructed images of the phantom (A) and the in vivo (B) subject, acquired with the four protocols given in Table 2. 

Magnified brain regions for the selected three ROIs in the first and fourth column in vivo images (C), and horizontal line profiles at the indicated 

position (P1, P2, and P3) in each ROI (D). Around the regions indicated by the arrows (see Figure C), enhanced spatial resolution can be observed 

in the TR-external scheme images when compared to the standard scheme images. This fact is further verified by the three line profiles, illustrating 

that the TR-external scheme has more distinct contrasts

Imaging Protocols (Matrix Size/

TE/Method) Phantom (tSNR/Image SNR)

In Vivo (tSNR/

Image SNR)

256 × 256/35 ms/standard 50.62 ± 18.91/104.43 18.04 ± 6.33/88.74

256 × 256/35 ms/TR-external 50.64 ± 18.94/104.42 18.17 ± 6.59/89.87

288 × 288/41 ms/standard 38.98 ± 14.72/90.40 15.54 ± 5.76/75.30

288 × 288/35 ms/TR-external 40.49 ± 14.93/93.70 16.76 ± 6.02/82.23

T A B L E  2  Image SNR and tSNR 

results from the submillimeter-resolution 

protocols
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F I G U R E  6  Results of low-resolution (2.50 × 2.50 mm2) visual fMRI. First-level analysis results from a representative subject, obtained from 

the standard scheme (A) and TR-external schemes (B), where the sectional views were probed at the same MNI coordinate (x, y, z = 13, −87, −5) 

with the same t-value range. Fixed-effect results obtained for the two contrast vectors: standard scheme > TR-external scheme (C) and TR-external 

scheme > standard scheme (D)

  Mean ± SD t-Value Max t-Value Number of Voxels

Standard > baseline 7.02 ± 3.47 19.56 4043

TR-external > baseline 6.42 ± 3.03 19.42 4082

Standard > TR-external 3.26 ± 0.21 4.25 28

TR-external > standard 3.45 ± 0.37 5.07 85

T A B L E  3  Examined statistical 

quantities for the fixed level analysis
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3.6 | Visual fMRI: Submillimeter resolution

Functional maps obtained with the submillimeter-resolution 

data are shown in Figure 7A. Here, the identified activated 

voxels were overlaid on the preprocessed EPI scans; from the 

entire slice set, only three slices were chosen and displayed. 

The figure shows that most of the activated voxels are well 

localized along the cortical regions. Figure 7B shows the 

time-course data examined at the voxel, revealing the maxi-

mum t-score. Its signal behavior shows clear hemodynamic 

response changes according to the designed baseline and 

activation blocks. Here, in total, six distinct hemodynamic 

response lobes can be observed, which are presented in time, 

approximately with a given periodicity (36 seconds).

4 |  DISCUSSION

In this work, a TR-external navigator acquisition scheme for 

EPI phase correction was implemented at 3 T, and its capabil-

ity of reducing the required minimum TE was demonstrated. 

To assess the method, a detailed analysis of the TR-external 

scheme was carried out for the following points: strength of 

steady-state level, robustness in ghost artifact removal, and 

temporal stability. Here, for comparison, the same analysis 

was applied to the standard navigator acquisition scheme.

For the TR-external scheme, to check whether the acquisi-

tion scheme reaches steady state, and if so, how strong its level 

is, a mathematical equation was derived, which describes the 

transverse magnetization of the TR-external scheme at each 

repetition index. The derived equation evidently shows that 

the scheme reaches a steady state after a sufficient number of 

repetitions. In addition, the steady state was also verified with 

the simulation of the equation and in vivo measurements. The 

results revealed that the steady state was robustly achieved 

in the TR-external scheme, and the time required to reach 

the steady state (ie, required number of repetitions) was also 

similar to the case of the standard scheme.

When TR was given with an identical value for both meth-

ods (ie, TR = TR1 + TR2), the steady-state level of the TR-

external scheme was slightly smaller than that of the standard 

scheme. However, the level of decrease was shown to be very 

small, as long as the flip angle for the navigator echoes (α1) 

was kept relatively small (~10°). Therefore, a small angle is 

desired for α1 to achieve a high steady-state level. However, 

for the effective removal of ghost artifacts, this angle needs to 

be large enough to generate navigator echoes with a sufficient 

SNR. A good compromise value, which yielded comparable 

performance in eliminating ghost artifacts while not leading 

to a substantial decrease in the steady-state level, was ex-

perimentally determined. The determined angle was 9°, and 

the actual in vivo images obtained with this angle exhibited 

features very comparable to those of the standard scheme. 

However, the plots in Figure 2C suggest that angles up to 20° 

did not induce a significant decrease in the steady-state level. 

Therefore, these values can be also expected to produce good 

results, as the steady-state level did not go below 95% of the 

standard scheme when the angle was 20°. This angle choice 

F I G U R E  7  First-level analysis 

results of submillimeter-resolution 

(0.73 × 0.73 mm2) fMRI. Activated voxels 

overlaid on the preprocessed EPI scans; 

three representative slices were chosen out 

of the entire slice set (A) and time-course 

data were examined at the voxel  

([x, y, z] = [15.22, −94.48, 5.90]), showing 

the maximum t-score (9.69) (B). Its signal 

behavior shows clear hemodynamic 

response changes according to the designed 

baseline and activation blocks
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can be determined by the scan operator and may change de-

pending on the purpose of the study.

For the determined angle, the performance of the method 

was inspected by computing the image SNR and tSNR of the 

time-series data. Here, three different ROIs (signal, back-

ground: ghost, and background: other regions) were selected 

to calculate the SNR values. The results revealed that the both 

the image SNR and tSNR of the TR-external scheme was 

very comparable to that of the standard scheme. In particular, 

the tSNR results infer that the temporal stability of the TR-

external scheme is as robust as that of the standard scheme. 

Moreover, the similarity of tSNR between the two schemes 

was further verified with the histogram plots of the tSNR val-

ues. The SNR performance of the TR-external scheme was 

also verified with the submillimeter-resolution protocols.

Use of the TR-external scheme for fMRI was demon-

strated with a block-based visual stimulus paradigm. Here, 

for performance evaluation in terms of detecting BOLD 

signals, the low-resolution protocol (2.50 × 2.50 mm2) was 

applied to both the standard and the TR-external schemes.  

The results of a 3-subject study (fixed analysis) suggest 

that the TR-external scheme has a nearly identical perfor-

mance as the standard scheme in identifying the activated  

voxels. Finally, the capability of the TR-external scheme (ie,  

reduction of required minimum TE) was demonstrated with 

submillimeter-resolution (0.73  ×  0.73  mm2) fMRI. The  

functional results showed that the activated voxels are well 

localized along the cortical regions.

In the high-resolution study, the gain in the reduction of 

required minimum TE was 5.94  ms when compared with 

the standard scheme. This gain becomes more significant 

at ultrahigh-field fMRI, as a shorter TE is demanded for 

BOLD-based investigations due to faster T2/T
∗

2
 decay. As a 

consequence, in the standard EPI scheme, it may be neces-

sary to sacrifice the image resolution to attain the required 

shorter TE. However, with the TR-external scheme, it may 

be even possible to perform ultrahigh-field fMRI without 

substantial cost to other imaging parameters. The change in 

T1, as a function of field strength, may have an effect on the 

performance of the TR-external scheme at a different field 

strength. However, Equations (3) and (4) reveal that the ef-

fect of the T1 change is expected to accrue equally for both 

schemes, and the ratio of the transverse-magnetization level 

of the TR-external scheme to that of the standard scheme (ie, 

cos[α1]) remains the same at an arbitrary T1 value for a typi-

cal case (TR1 ≪ T1).

As mentioned previously, the gain in the TE reduction 

was 5.94 ms for the matrix size of 288 × 288. This gain is 

expected to increase as the matrix size becomes larger for 

an even higher nominal spatial resolution. This is due to 

the fact that a larger matrix size usually demands a longer 

readout duration, which directly leads to an increase in the 

total length of the navigator echo readout. Therefore, in those 

high-resolution studies, the TR-external scheme can substan-

tially alleviate the technical limitations caused by a certain 

TE constraint. On the contrary, when the same TE (35 ms) is 

given, the maximum matrix size that could be achieved by the 

standard scheme was smaller (256 × 256; 0.82 × 0.82 mm2). 

Therefore, in comparison, the number of voxels provided by 

the TR-external scheme was 26.56% larger compared with 

that of the standard scheme. The larger matrix size in the TR-

external scheme (288 × 288; 0.73 × 0.73 mm2) was a direct 

consequence of achieving a shorter TE.

As a drawback, to acquire the navigator echoes, the TR-

external scheme requires an additional excitation loop (TR1) 

before every main excitation loop (TR2). This additional TR 

loop increases the scanning time for each slice encoding. For 

the case of submillimeter-resolution fMRI, in which the ma-

trix size was 288 × 288, the effective increase of scanning 

time per slice was approximately 6  ms (ie, 12  ms [TR1]−

5.94  ms, amount of TE reduction). Nevertheless, this in-

crease was small; thus, the number of slices achieved by the 

TR-external scheme protocol (matrix: 288 × 288; TE: 35 ms) 

was the same as that of the standard scheme protocol (matrix: 

288 × 288; TE: 41 ms). When TE was identically set as 41 ms 

for both methods, the number of slices achieved by the TR-

external scheme was only one less.

For the suppression of fat signals, a well-known tech-

nique, the chemical shift selective (CHESS) module, was 

used in both schemes. This CHESS module is applied be-

fore every slice encoding; hence, the required minimum TR 

for every slice is slightly increased. For the TR-external 

scheme, the CHESS module is applied before the naviga-

tor echo loop. As shown previously, the required scan time 

for the navigator echo loop is relatively short (ie, 12 ms). 

Therefore, considering the typical T1 value of fat at 3 T 

(~371  ms),17 it is expected that the effect of CHESS re-

mains effective for the following main EPI readout loop; 

the longitudinal recovery of fat for the 12 ms is only 3.18%. 

The effective elimination of fat signals with this approach 

has been verified by the low-resolution (Figure 3) and high- 

resolution images (Figure 6 and Supporting Information 

Figure S1) in this work.

In the TR-external scheme, the use of an additional 

flip angle (α1) leads to an increase in the used RF energy. 

However, when the angle was 9°, this increase was only 

1% compared with the level of the standard scheme, which 

is quite negligible in terms of the specific absorption rate 

(SAR) issue. Considering the fact that the SAR of EPI se-

quences is generally relatively low due to its acquisition of 

multiple phase-encoding lines per excitation, the 1% increase 

in SAR is expected to have very little effect on the experimen-

tal setting of fMRI. This fact suggests that the TR-external 

scheme can be used at ultrahigh fields without a significant 

SAR concern. Here, it is also important to note that at the 

cost of a 1% increase in SAR, the number of voxels achieved 
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with the TR-external scheme was 26.56% bigger than with 

the standard scheme. In the Supporting Information, the 

performance of the TR-external scheme is assessed in more 

detail with the following quantitative criteria: TE reduction 

and scan-time increase per slice depending on the SAR level 

(see Supporting Information Table S1). Here, the statistical 

quantities were obtained for various spatial resolutions using 

both methods.

In this work, the TR-external scheme was used in submil-

limeter-resolution fMRI to reduce the required minimum TE. 

However, not only for high-resolution fMRI, but also for other 

dynamic EPI applications such as diffusion MRI, in which the 

TE is no longer dictated by BOLD considerations, the TR-

external scheme can be effectively deployed, as EPI with a 

short TE is often demanded to achieve an enhanced SNR or to 

satisfy special constraints of the applications. Therefore, it is 

expected that any type of EPI application should profit from 

the reduced minimum TE required of the TR-external EPI 

phase-correction scheme.

5 |  CONCLUSIONS

In this work, a TR-external navigator acquisition scheme for 

EPI phase correction was implemented at 3 T, and a detailed 

analysis of the scheme was carried out to investigate its per-

formance. The scheme was validated with simulation and in 

vivo data. In the TR-external scheme, an optimal angle for 

the navigator echoes was experimentally determined, which 

yielded robust elimination of ghost artifacts with a steady-

state level comparable to that of the standard navigator acqui-

sition scheme. The SNR performance has also been shown 

to be similar between the two schemes, for both the low- 

resolution and submillimeter-resolution protocols. The use of 

the TR-external scheme for fMRI was demonstrated with vis-

ual fMRI. The results suggest that the performance of BOLD 

detection was nearly similar for both schemes. Finally, the 

capability of the TR-external scheme in reducing the re-

quired minimum TE was demonstrated with submillimeter- 

resolution fMRI, which showed that activated voxels are well 

localized onto the cortical ribbon.
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SUPPORTING INFORMATION

Additional Supporting Information may be found online in 

the Supporting Information section.

FIGURE S1 A, Signal decay trajectories of the standard and 

TR-external schemes, simulated as a function of the phase 

encoding index, B, magnitude PSFs of the signal decay tra-

jectories and C, the magnified PSFs for the selected region 

marked by a rectangle in (B), showing that the FWHM of 

the TR-external scheme is narrower than that of the standard 

scheme

TABLE S1 TE reduction and scan time increase per slice 

of the TR-external scheme when compared to the standard 

scheme
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