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Synopsis

The clinical use of amide proton transfer (APT) imaging is hindered by long scan times. Accuracy 

generally limits the use of conventional sensitivity encoding (SENSE) methods in APT, to an 

acceleration factor of 2. A novel variably-accelerated sensitivity encoding (vSENSE) method can 

provide more accurate results and therefore substantially higher overall acceleration factors than 

conventional SENSE. Here, vSENSE is further developed to eliminate the requirement that one 

fully-sampled APT frame be acquired, and extended to three dimensions (3D). Furthermore, we 

combine vSENSE with parallel transmit saturation, and apply it proactively to three normal 

volunteers and eleven patients with brain tumors.

Purpose

A novel variably-accelerated sensitivity encoding (vSENSE) method1 was proposed recently 

to accelerate chemical exchange saturation transfer (CEST) MRI. The vSENSE method 

utilized self-consistent incoherence absorption or artifact suppression (AS) strategies to 

improve the sensitivity maps used for SENSE2 unfolding. Here, the vSENSE method is 

further developed in four major aspects for APT imaging. First, the vSENSE method 

required one CEST/APT frame to be fully-sampled1. It is shown here that the AS algorithm 

can be applied to improve sensitivity using an already-accelerated frame. Second, the 

vSENSE method is expanded from two dimensions (2D) to 3D. Third, 3D vSENSE is 

applied proactively in humans to produce accurate results in healthy and brain tumor patients 

at accelerations of R≤4. Fourth, the vSENSE method is combined with the interleaved 

parallel transmit scheme3 to enable a long continuous saturation with an effective duty cycle 

of 100%.

Methods

Three normal volunteers and eleven brain tumor patients were scanned on a 3T Philips 

Achieva MRI system with a 32-channel head coil. For each participant, a SENSE reference 

scan was acquired using a gradient echo sequence. A 2D APT sequence was applied in 9 

patients using four 2µT, 200ms block saturation pulses and a 10ms inter-block gap (52 
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frames with unsaturation—S0 and saturation frequencies from 14 to -8ppm stepped at 

0.5ppm, where the ±3.5ppm frames were acquired with 4 averages; SENSE acceleration 

factor R=1; duration=2.7min). In two tumor patients and three normal volunteers, a 3D APT 

sequence was implemented with sixteen alternated 50ms sinc-center pulses using the 

interleaved parallel transmit saturation scheme3 (9 frames with S0, ±3, ±3.5, ±3.5, and 

±4ppm; SENSE R=2; duration=3min). A proactive 3D vSENSE APT sequence was also 

applied to the normal volunteers using the same parameters except for setting R=4 for the ±3 

and ±4ppm frames and R=2 for the ±3.5ppm frames. This reduced the scan-time to 2min. 

For each participant, conventional FLAIR4, T1w5 and “WASSR”6 (for B0 correction) 

sequences were also acquired as a part of the clinical protocol, which included scans with 

gadolinium (Gd) contrast enhancement in some cases.

Sensitivity maps were calculated from the SENSE reference scan after registration and 

interpolation to match the geometry to the APT scan. SENSE images were reconstructed2 

with R=1, 2 or 4 constant for all frames. vSENSE images were reconstructed using the AS 

algorithm1 to improve the sensitivity maps using the selected image frame. For the nine 2D 

APT data sets from brain tumor patients, one 3.5ppm frame was selected with R=1 or 2 to 

generate the vSENSE sensitivity maps, both with R=2 used for the remaining seven 

±3.5ppm frames and R=4 used for the other frames. This resulted in a mean retroactive R of 

3.67 and 3.69, respectively. For both retroactive vSENSE on the 3D brain tumor data sets 

and proactive vSENSE on the 3D normal volunteer data sets, R=2 for the ±3.5ppm frames 

and R=4 for the other frames, leading to an average R of 3.1.

Results

Figure 1 shows conventional SENSE with R=4 (Fig. 1c, g) had a much greater error than 

vSENSE with R=4 (Figs. 1d, h, e, i) for the source image at 14ppm. vSENSE with R=4 

yielded an error less than or comparable to that of SENSE with R=2 if the 3.5ppm frame 

was selected with R=1 or 2, respectively (Figs. 1h, i).

Error analysis of the nine 2D data sets showed that vSENSE with R=4 using a fully-sampled 

3.5ppm frame generated a significantly smaller error than conventional SENSE (p=0.0002). 

In addition, the error in using vSENSE with R=4 and a 2-fold undersampled 3.5ppm frame 

did not differ significantly (p≈1.0) from that of conventional SENSE deployed with R=2, 

taking twice as long.

Figure 2 illustrates that vSENSE with either the 3.5ppm frame fully-sampled (Fig. 2d) or 

under-sampled (Fig. 2e) generated APTw maps that agreed with conventional SENSE with 

R=1 and 2 (Fig. 2a, b). Use of conventional SENSE with R=4 produced unacceptable 

artifacts (Fig. 2c).

Figure 3 demonstrates that 3D proactive vSENSE with a mean R of 3.1 produced 

comparable APTw images to those of conventional SENSE with R=2 in a normal volunteer. 

Similar results were obtained for 3D retroactive vSENSE vs. conventional SENSE on a brain 

tumor patient in Figure 4.
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Conclusions

The vSENSE method doubled the achievable acceleration factor of conventional SENSE 

while preserving the accuracy of APTw images. Combined with the interleaved parallel 

transmit saturation scheme, vSENSE should facilitate routine CEST/APT imaging of brain 

tumors as well as other neurological diseases.
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Figure 1. 
Comparison of source images at 14ppm from a brain tumor patient reconstructed with 

conventional SENSE (R=1 in a, R=2 in b, and R=4 in c) and vSENSE using one 3.5ppm 

frame (fully-sample in d, and undersampled by a factor of 2 in e) to improve sensitivity 

maps. The difference of accelerated SENSE and vSENSE images (b–e) from the full k-space 

image (a) were shown in (f–i), respectively. Red arrows indicated artifacts in the 

conventional SENSE R=4 image. RNMSE stands for root normalized mean squared error.
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Figure 2. 
APTw image from the brain tumor patient shown in Figure 1 using conventional SENSE 

(R=1 in a, R=2 in b, and R=4 in c) and vSENSE (the 3.5ppm frame for improving 

sensitivity maps was fully-sample in d, and was undersampled by a factor of 2 in e). Red 

arrows indicated artifacts in the conventional SENSE R=4 results. *The mean R factor for 

all frames was 3.67. **The mean R factor for all frames was 3.69.
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Figure 3. 
Five out of a total of fifteen APTw images from a normal volunteer using SENSE and 

vSENSE in conjunction with corresponding anatomical T1w images. SENSE used an R 

factor of 2 for all frames. vSENSE used proactive R factors of 4 for the S0, ±3ppm and 

±4ppm frames, and of 2 for the ±3.5ppm frames. The mean R factor for all frames was 3.1 

for vSENSE.
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Figure 4. 
Five out of a total of fifteen APTw images from a post-treatment brain tumor patient using 

SENSE and vSENSE in conjunction with corresponding anatomical FLAIR and post-

gadolinium T1w (Gd-T1w) images. SENSE used an R factor of 2 for all frames. vSENSE 

used proactive R factors of 4 for the S0, ±3ppm and ±4ppm frames, and of 2 for the ±3.5ppm 

frames. The mean R factor for all frames was 3.1 for vSENSE. No substantial enhancement 

was seen on APTw images, agreeing with the clinical diagnosis of treatment effects instead 

of active tumors.
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