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Abstract

Introduction—Evaluation of the nerve fascicular structure can be useful in diagnosing nerve 

damage, but it is a very challenging task with 3T MRI due to limited resolution. In this pilot study, 

we present the feasibility of high-resolution 7T MRI for examining the nerve fascicular structure.

Methods—A 3D gradient-spoiled sequence was used for imaging peripheral nerves in 

extremities. Images acquired with different in-plane resolutions (0.42 × 0.42mm vs. 0.12 × 

0.12mm), and different main field strengths (7T vs. 3T) were compared.

Results—The individual nerve fascicles were identified at 0.12 × 0.12mm resolution in both field 

strengths, but not at 0.42 × 0.42mm resolution. The fascicular structure was more sharply depicted 

in 7T images than in 3T images.

Discussion—High-resolution 3D imaging with 7T MRI demonstrated feasibility in imaging 

nerve fascicular structures.
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Introduction

Magnetic resonance imaging (MRI) of peripheral nerves has been increasingly used to 

diagnose a variety of peripheral nerve diseases1–9. The high spatial resolution and excellent 

soft-tissue contrast of MRI facilitates identification of structural nerve abnormalities caused 

by traumatic injury or repetitive stress2,3,8,10. The fluid sensitivity of MRI provides detection 

of edema in nerves, potentially caused by various pathologic mechanisms including 

inflammation11, ischemia12,13, and autoimmune disease14,15. Quantitative mapping of 

diffusion, T2, and magnetization transfer demonstrated promising results in monitoring 

nerve degeneration9,16,17.
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MRI evaluation of nerve fascicular structures, however, has not been reliable due to the 

limited resolution on the widely used 1.5T or 3T MRI scanners. High-resolution ultrasound 

imaging showed evaluation of nerve fascicles could improve preoperative planning18 or 

identification of nerve pathology19. Examining the severity of fascicular structure disruption 

may help to justify the necessity of surgery for traumatic injury20,21. Ultra-high-resolution 

MRI with in-plane resolution of about 100um22–24 has the potential to further improve the 

visualization of nerve fascicles. However, thorough in-vivo human studies have not been 

conducted.

In this report, we investigated the feasibility of ultra-high-resolution 3D gradient-spoiled 

MRI at 7T for visualizing nerve fascicular structures in human extremities. 7T has the 

potential for higher resolution than 3T due to the signal boost with higher proton 

polarization, but faster signal decay and limited availability of coils may restrict the 

achievable resolution. We compared 7T and 3T images to verify the improvement of nerve 

visualization at 7T.

Methods

Experiment Overview

To compare structural details at different resolutions, we acquired images of the tibial nerve 

at the ankle with different resolutions. Next, we compared the depiction of nerves in 

different extremities on ultra-high-resolution images at 3T and 7T. For imaging, we used a 

3D gradient-spoiled sequence25. We tested four different flip angles (5°, 10°, 15°, 20°) at 3T 

and 7T to determine the flip angle yielding the highest signal-to-noise-ratio (SNR) in the 

nerve region with the minimum repetition time (TR). 10° produced the highest SNR at both 

7T and 3T, and was adopted for all experiments. The two-point Dixon method26 was 

employed to obtain water-only nerve images. Imaging was conducted on a GE 7T Discovery 

MR950 scanner and a GE 3T Discovery MR750 scanner (GE Healthcare, Waukesha, USA). 

All volunteers signed an informed consent form approved by the institutional review board.

Resolution comparison for a human tibial nerve

We performed axial scans of a healthy volunteer’s ankle with two different in-plane 

resolutions (0.12x0.12x2mm and 0.42x0.42x2mm) at 7T with a 3-inch surface receive coil, 

and compared the structural details of the tibial nerve in the reconstructed images. The scan 

parameters were as follows: TR = 20.6ms, echo time (TE) = 8.4ms (high resolution), 3.1ms 

(low resolution), field-of-view (FOV) = 8x6.4x7.2cm, acquisition matrix = 672x538x36 

(high resolution), 192x154x36 (low resolution), bandwidth = ±31.25KHz.

3T imaging and 7T high-resolution imaging comparison

We performed axial scans of three healthy volunteers to image peripheral nerves at ankle, 

foot, and finger at both fields. 7T and 3T scans were done on the same day to facilitate 

imaging the same volume between scans. The sequence parameters were as follows. 

Common parameters: flip angle = 10°, bandwidth = ±31.25KHz. Ankle scan (7T/3T): TR 

= 21.0ms, TE = 8.4ms, FOV = 8x6.4x7.2cm, acquisition matrix = 672x538x36, receive coil 

= (3-inch surface coil / 16-channel small flex coil). Foot scan (7T/3T): TR = 18.7ms/

Yoon et al. Page 2

Muscle Nerve. Author manuscript; available in PMC 2018 March 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



19.2ms, TE = 9.3ms/9.5ms, FOV = 8x6.4x5.4cm, acquisition matrix = 640 × 512 × 36, 

receive coil = 3-inch surface coil. Finger scan (7T/3T): TR = 19.6ms, TE = 9.1ms/9.5ms, 

FOV = 8x6.4x7.5cm, acquisition matrix = 640x512x50, receive coil = 3-inch surface coil. 

The scan time was about 13 minutes for the ankle and finger scans, and about 16 minutes for 

the foot scan. The scan times at 7T and 3T were the same except the foot scan where the 3T 

scan was about 30 seconds longer.

Between the 7T and 3T images, we visually compared the sharpness of the nerve fascicles 

and the SNR of areas in the tibial nerve (ankle), the proper plantar digital neurovascular 

bundle (foot), and the proper palmar digital neurovascular bundle (finger). The SNR was 

calculated as the ratio of the mean signal amplitude in the nerve region over the standard 

deviation of the signal amplitude in the empty background. For the sum-of-squares 

composite image acquired with a multi-channel coil system, this SNR calculation provides a 

moderately accurate estimate with slight overestimation27.

Results

High-resolution and low-resolution image comparison for a human tibial nerve

Figure 1A and 1B show 7T axial ankle images containing the tibial nerve in high resolution 

(0.12mm) and low resolution (0.42mm), respectively. The fascicles are clearly visualized 

with 0.12mm resolution (Figure 1C), but not with 0.42mm resolution (Figure 1D). The 

differences between the tibial nerve, posterior tibial artery, and veins become more 

prominent with high resolution.

3T imaging and 7T imaging comparison

3T and 7T ankle images are illustrated in Figure 2A and 2B. Delineation of the tibial nerve 

fascicles was much sharper at 7T (Figure 2D) than 3T (Figure 2C), and the perineurium of 

each fascicle was more clearly identified at 7T. The SNR of the nerve region at 3T image 

was 10, while that of the 7T image was 15. Figure 2E and 2F show the signal profile of a 

single fascicle normalized by the noise standard deviation. The contrast-to-noise-ratio 

(CNR) between the perineurium and the neural component was higher at 7T (7.6 vs 3.1).

Axial foot images in Figure 3A (3T) and 3B (7T) demonstrate that the proper plantar digital 

nerves and blood vessels are more sharply depicted at 7T than 3T. The SNR of the nerve 

region was 22 in the 7T image and 12 in the 3T image. Axial finger images in Figure 3C 

(3T) and 3D (7T) show that the proper palmer digital neurovascular bundle is delineated 

more sharply at 7T. The SNR of the 7T image in the nerve area was 21, compared to 14 in 

the 3T image.

Discussion

Our study demonstrated that high-resolution imaging is advantageous for examining nerve 

fascicles. Our 7T and 3T image comparison showed much sharper delineation of nerve 

structures at 7T. We believe that the SNR improvements (50%/83%/50% for ankle/foot/

finger cases) at 7T could be the major reason for the clearer visualization. The SNR 

improvement at 7T is not as large as the gain in the proton polarization (2.3 times larger than 
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that of 3T). This may be because of the signal reduction due to increased B0/B1 field 

inhomogeneity and the ineffective signal reception with a single-channel coil.

One limitation of our imaging approach is that the nerves and vessels are not well 

differentiated as shown in the finger and foot images. Prep-pulse schemes28,29 may resolve 

this nerve-vessel ambiguity. We occasionally observed ghosting artifacts of the blood vessels 

due to pulsatile blood flow, regardless of the field strength or resolution. Another limitation 

is the long scan time due to multi-echo acquisitions for water-fat separation. Employing 

water-selective excitation can be a faster alternative for fat-suppression. Enabling parallel 

imaging with a development of a multi-channel receive coil for 7T can be another solution 

for imaging acceleration.

With current 3T MRI, the understanding of the in-vivo morphology of nerve fascicles has 

been limited because of insufficient SNR to obtain the necessary spatial resolution. Few 

reports have been published regarding the number, size, shape, and signal intensity of 

fascicles or perineurium for peripheral nerve disease with 3T MRI. Improving SNR with 

lengthening scan time may not be a practical solution, considering the current scan time 

(13~16 minutes). Our 7T MRI results show the feasibility of in-vivo examination of the 

nerve microstructures, offering a new opportunity to investigate structural abnormalities in 

nerve fascicles. For example, traumatic nerve injury or neuroma-in-continuity would be 

good imaging targets for studying microstructural damage with the proposed approach.

We used the SNR of nerve regions as an objective measure to complement the visual 

comparison of nerve structures in 3T and 7T images, but the SNR measurement may have 

some imperfections. First, it is challenging to image the same volume in 3T and 7T scanners 

even with MR-visible markers for registration. Second, the receive-coils available at 3T and 

7T scanners may not provide the same SNR. However, from the clinical point of view, 

achieving the best image quality possible with existing coils may outweigh comparing the 

images acquired with coils of equal performance. Therefore, radiologist-scoring of the 

image quality obtained with the best technology available at each field strength may be an 

alternative approach for comparing images at 3T and 7T.

Conclusion

We demonstrated the feasibility of imaging nerve fascicular structures with 7T high-

resolution MRI and the improved visualization with higher SNR compared with 3T. Our 7T 

high-resolution MRI results show promise for enhancing diagnosis of peripheral nerve 

disorders.
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CNR Contrast-to-Noise-Ratio

FOV Field-Of-View
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MRI Magnetic Resonance Imaging

SNR Signal-to-Noise-Ratio

TE Echo Time

TR Repetition Time
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Figure 1. 
The fascicles of the tibial nerve at high resolution (0.12mm) and low resolution (0.42mm) at 

7T. (A) and (B) are full slice images, while (C) and (D) are enlarged versions of the yellow 

boxes in (A) and (B) respectively. The tibial nerve fascicles are a bundle of nerve fibers 

marked by yellow arrows in (C) and (D). Individual fascicles are clearly identified at high 

resolution (C), but not so in low resolution (D). Posterior tibial artery is marked by the red 

arrow and posterior tibial veins are marked by the blue arrows.
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Figure 2. 
The fascicles of the tibial nerve at high resolution (0.13mm) images acquired at 3T and 7T. 

(A) and (B) are full slice images at 3T and 7T respectively. (C) is the enlarged version of the 

yellow box in (A) to show the tibial nerve in detail, while (D) is the enlarged for (B). Tibial 

nerve fascicles are enclosed in a dotted line in (C) and (D), and they are more sharply 

presented at 7T than 3T. Also, the perineurium (the bright rim of each fascicle) is more 

easily identified at 7T than 3T. A single fascicle is marked by a blue dotted line in (C) and 

by a green dotted line in (D). The signal amplitude was sampled along those lines, and was 

plotted in (E) and (F) after normalization by the noise standard deviation of each image. The 

left and right peaks of the signal in each plot correspond to the perineurium. The distance 

between the two purple dotted lines corresponds to the contrast-to-noise-ratio (CNR) 

between the perineurium and the neural component inside the perineurium. The CNR was 

3.1 at the 3T and 7.6 at the 7T.
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Figure 3. 
The axial foot images and axial finger images at 3T and 7T. (A) and (B) are foot images at 

3T and 7T respectively, and (C) and (D) are finger images at 3T and 7T respectively. In the 

yellow boxes in (A) and (B), the area of proper plantar digital neurovascular bundle is 

enlarged. In the yellow boxes in (C) and (D), the area of proper palmer digital neurovascular 

bundle is enlarged. In both foot and finger cases, 7T images show much sharper delineation 

of nerves and blood vessels than 3T images.
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