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Abstract

Objective—To develop a diffusion tensor imaging (DTI) protocol for assessing the sural nerve in 

healthy subjects.

Methods—Sural nerves in 25 controls were imaged using DTI at 3 T with 6, 15, and 32 gradient 

directions. Fractional anisotropy (FA) and apparent diffusion coefficient (ADC) were computed 

from nerve regions of interest co-registered with T2-weighted images.

Results—Coronal images with 0.5(RL)×2.0(FH)×0.5(AP) mm3 resolution successfully localized 

the sural nerve. FA maps showed less variability with 32 directions (0.559±0.071) compared to 

15(0.590±0.080) and 6(0.659±0.109).

Conclusions—Our DTI protocol was effective in imaging sural nerves in controls to establish 

normative FA/ADC, with potential to be used non-invasively in diseased nerves of patients.
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1. Introduction

Diffusion tensor imaging (DTI) is a magnetic resonance (MR) technique that can be used for 

gaining quantitative information about tissue water diffusion. Random movement of water 

molecules is primarily influenced by anisotropic tissue structure of myelinated axons in 

white matter and peripheral nerve [1–3]. The direction-dependent water diffusion from DTI 

measurements can be used to compute apparent diffusion coefficient (ADC) and fractional 

anisotropy (FA). The former is a scalar value that quantifies molecular diffusivity and the 

latter is a measure of directionality of diffusion in a voxel. DTI typically shows signal 

attenuation in the direction of a magnetic field gradient applied in different orientations in 

space. The directionality and the magnitude measures of water diffusion in vivo [4,5] by FA 
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and ADC, respectively, have been extensively used to study neural tracts and white matter 

fiber structures in the brain [2].

The interest in DTI for the evaluation of peripheral nerves is rapidly growing [6–11]. With 

their myelinated structure, peripheral nerves provide suitable structural bases to be assessed 

by DTI with FA measurements since diffusion is higher along axons than their perpendicular 

directions resulting in anisotropic diffusion. Previous studies have demonstrated the 

feasibility of DTI for imaging peripheral nerve structures such as the median nerves at the 

wrist; cervical nerve roots; the peroneal and tibial nerves at the knee, calf, and ankle; and the 

sciatic nerve [6,8–10,12–15]. Among these, normative values were reported only in a few 

studies and limited to the median nerve [8,12,15,16]. The importance of the baseline 

measurements of normative values was demonstrated in carpal tunnel syndrome [8] as a 

clinical reference for patients with disease affected nerves [8]. The sural nerve poses a 

unique challenge due to its much smaller size (1.5–2 mm cross-sectional diameter) 

compared to that of the median or tibial nerves (5 mm or larger).

Previously reported data show large inter-subject variability of ADC and FA data [12] of 

peripheral nerves and there is a need for more accurate baseline reference data from normal 

healthy subjects using an optimized robust measurement protocol. In general, the accuracy 

of the diffusion tensor estimation depends on the diffusion gradient encoding scheme and 

many studies have addressed the topic of DTI sequence optimization [17–19]. Quantification 

of water diffusion anisotropy in tissues, in principle, can be achieved by applying at least six 

non-collinear, diffusion-sensitive gradients during the magnetic resonance imaging (MRI) 

acquisition. When spatially even distributions of gradients have been optimized, the optimal 

number of diffusion gradient directions, Nd, for reliable estimates of the diffusion tensor 

within an acceptable acquisition time is still being investigated [20]. Studies have shown that 

more Nd produces better directional sensitivity and provides more accurate estimations of 

diffusion anisotropy. The optimal value of Nd is reported to lie in the range 20–30 

[17,18,21] for brain studies. To date, no studies have addressed the effect of Nd on DTI 

analysis of the sural nerve. Given the advantage of DTI techniques in peripheral nerve 

studies, determining the optimal Nd for the measurement of FA and ADC may have a 

significant impact on the clinical use of DTI as a non-invasive means of nerve assessment.

Diffusion measurements show increased reliability when they are correlated to patients’ 

anatomical images [22] for the localization of nerve structures (Fig. 1). Studies of the brain 

have shown that DTI measurements depend on the precise placement of regions of interest 

(ROIs) in which FA and ADC are calculated [23–27]. Voxel-wise analysis of DTI relies on 

the consistent matching of anatomical regions across subjects. Utilizing co-registration 

techniques [28,29] along with algorithms for processing DTI data allows the three-

dimensional (3D) visualization of correlation of tissue orientation with the anatomical MRI 

[6,8–10,15,30].

We proposed to perform DTI on the sural nerves of healthy volunteers to determine 

variability of quantitative diffusion indices that can be potentially useful in the clinical 

assessment of the nerve integrity or abnormalities in the progression of nerve injuries. Serial 

sural nerve biopsies, historically used to quantitate myelinated fiber density [30] with 
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diabetic peripheral neuropathy (DPN) [22,31–33], have been deemed too invasive 

[22,31,34]. While current clinical trials using intraepidermal nerve fiber density from serial 

skin biopsies in the leg and thigh are clearly less invasive, there is no anatomical assessment 

of myelinated nerve fibers [35–38]. The availability of a reliable, non-invasive imaging tool 

would have a huge impact on the assessment of normal and disease affected nerve fibers in 

patients for monitoring disease progression and response to treatment. This can potentially 

eliminate the need for repeat invasive biopsies and serve as a tool for making management 

decisions about treatment. Nevertheless, there are no quantitative studies on the DTI of the 

sural nerve.

The aims of our study are to establish an optimal DTI protocol for evaluating sural nerves 

and normative FA and ADC values in healthy subjects. We present in this work (a) the 

dependence of FA and ADC on Nd in the sural nerve, (b) multimodality image registration 

of DTI with anatomical MRI to localize the sural nerve, and (c) the variability of quantitative 

measurements of diffusion indices in normal subjects.

2. Materials and methods

2.1. Subjects

Twenty-five healthy volunteer subjects were recruited from the University of Michigan 

Clinical Studies Website (UMClinicalStudies.org) to participate in a calf area scanning of 

the sural nerve using DTI. The study was approved by the Institutional Review Board at the 

University of Michigan Medical School and written informed consent was obtained from all 

subjects prior to participation. All subjects underwent screening evaluations to confirm their 

eligibility including normal neurological examination, normal glucose tolerance, normal 

blood pressure, normal lipid profile, body mass index<30, free of any other causes of 

neuropathy, before the MRI session.

2.2. MRI/DTI data acquisition

MRI was performed with a 3-T Philips system (Achieva/Ingenia, Philips Medical Systems, 

Best, The Netherlands) using an eight-channel knee coil. After the scanner upgrade from 

Achieva to Ingenia, the protocol was converted to maintain the equivalent imaging 

parameters. Each subject lays in the supine position with the dominant lower extremity 

stabilized with soft cushions inside the coil. The dominant lower extremity from the mid-calf 

to right above the ankle was scanned.

2.2.1. Anatomical MRI—To identify the individual sural nerve for each subject [1], an 

axial high-resolution T2-weighted MRI was acquired to follow its course by scanning the 

length of the lower calf segment on the dominant side. The imaging parameters for a turbo 

spin echo (TSE) sequence were TR/TE=5000/72, FOV=140×140 mm2, image 

matrix=256×256, slice thickness=2 mm, and acquisition time=5:50. The sural nerve was 

identified on the axial images by one of two board-certified radiologists. Then a coronal 

orientation adjusted to follow the alignment of the nerve was defined from three serial axial 

images for the subsequent coronal T2-weighted MRI and diffusion images [2]. For coronal 

T2-weighted MRI, the orientation of the oblique coronal plane was determined by the 
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radiologist plotting three points for each subject along the course of the nerve in the axial 

image. This was meant to select longest possible portion of the nerve in longitudinal 

direction. The images were acquired using the TSE sequence in an orientation where the 

three points from axial images were aligned. The imaging parameters for the coronal T2-

weighted MRI were TR/TE=8150/100 ms, FOV=160×160 mm2, image matrix=256×256, 

slice thickness=0.5 mm, and acquisition time=4:37 [3]. T1-weighted MRI was acquired 

using 3D TSE volume imaging sequence for a high-resolution anatomical reference with 

parameters TR/TE=819/15 ms, matrix=144×144 mm2 FOV, and slice thickness=3 mm.

2.2.2. Diffusion tensor imaging—Data were acquired in the same coronal oblique plane 

as defined for the anatomical coronal oblique T2-weighted MRI. Diffusion images were 

acquired using a single-shot spin echo, echo planar imaging (EPI) sequence with the SENSE 

factor of two and imaging parameters, TR/TE=9187/62 ms (Achieva) and 8600/78 ms 

(Ingenia); image matrix=64×234 (Achieva) and 76×158 (Ingenia); FOV=150 (FH)×142(RL) 

mm2; slice thickness=0.5 mm; b-value=950 s/mm2. Diffusion-weighted images using 6, 15, 

and 32 direction encodings from low calf structures were acquired with the optimal 

resolution of approximately 0.5(RL)×2.0(FH)×0.5(AP) mm3 for each subject. There were no 

systematic differences between the data sets acquired before and after the scanner upgrade in 

data analysis.

2.3. DTI data processing and analysis

Flow chart in Fig. 1 shows the sequence of data acquisition and processing of DTI of the 

sural nerve from normal volunteers. Quantitative data analysis was performed by calculation 

of FA and ADC.

2.3.1. FA and ADC map computation—For the computation of FA values, images were 

processed using Philips View Forum 3D work stations. FA and ADC were computed using 

Philips fiber tracking tool, which reconstructs fibers from user-defined ROIs and using 

thresholded volumetric FA and ADC maps. The maps were generated from FA and ADC 

values of each voxel computed from registered DTI data sets of 6, 15, and 32 gradient 

directions. The computed FA and ADC maps were registered by the method described below 

to the anatomical MRI and the voxels corresponding to the sural nerve were identified. The 

sural nerve ROI was thresholded at the FA value of 0.3, which represents a low anisotropy 

index associated with the surrounding muscle [6,12]. Then FA of the sural nerve in each 

subject was determined by averaging FA values of all voxels in the ROI.

2.3.2. Image registration—The acquired anatomical T1- and T2-weighted MRI and DTI 

data and the computed FA and ADC maps were transferred to and processed using an 

independent software developed in the Digital Image Processing Laboratory in the 

Department of Radiology at the University of Michigan Medical School. To determine 

accurate localization of the nerve, we applied an image registration tool to map diffusion 

images acquired in the coronal orientation onto the anatomical T1- and T2-weighted MRI 

volume data in the axial orientation. Image registration was performed using Mutual 

Information for Automated Multimodality Image Fusion (MIAMI-Fuse) (copyrighted, 

University of Michigan) software [28,29]. Image registration provides the identification and 
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visualization of the nerve to validate the computed FA maps in anatomical reference images. 

For this study, image registration was performed using 3D affine (i.e., global) 

transformations with varying degrees of freedom, up to 12, depending on each data set. 

Diffusion tensor images were registered with T1- and T2-weighted MRI data for the 

anatomical localization of the voxels with higher diffusion signal intensities pertaining to the 

sural nerve. The EPI image acquired without diffusion weighting (b=0) was used for 

determining registration parameters for mapping diffusion data to anatomical volumes and 

the same transformation was used to map the FA values computed from DTI data acquired 

with 32, 15, and 6 gradient directions.

3. Results

We report data on 25 healthy subjects (8 men, 17 women; mean age, 33±12 years; mean 

height, 169±10 cm; and mean body mass index, 23±3 kg/m2). Detailed clinical 

characteristics of these subjects are shown in Table 1.

3.1. Diffusion-weighted images and registration with anatomical MRI

Displayed in Fig. 2a–d are a series of selected diffusion-weighted images from the low calf 

level acquired in 15 gradient directions using a single-shot EPI sequence in the coronal 

oblique orientation with a slice image resolution of 0.5×2 mm2 and slice thickness of 0.5 

mm. Images show the direction-dependent sensitivity of the diffusion-weighted MR signal in 

a multi-directional gradient acquisition. The FA map computed from the 15 gradient DTI 

measurement (as displayed in Fig. 2) is presented in Fig. 3. The enhanced intensity in Fig. 

3a depicts increased anisotropy in the FA map, which likely represent the myelination in the 

sural cutaneous nerve. The volumetric FA map was registered with the T2-weighted MRI 

volume from the same subject to locate the anatomical reference corresponding to the FA 

values using the image registration method described in the abovementioned section. The 

corresponding selected slice from the co-registered FA map superimposed with the T2-

weighted MRI in Fig. 3b demonstrates the location of the increased anisotropy (green) in the 

sural cutaneous nerve (arrow) as anatomically identified by the radiologists.

3.2. Multi-directional DTI and diffusion measurements

Following the initial localization of the sural nerve in 6- and 15-directional DTI, we have 

fully expanded the imaging protocol and analyses to include 32-directional DTI as a tool for 

a baseline FA measurement method for healthy normal subjects. By acquiring diffusion 

images in an adjusted coronal orientation (as described in Materials and methods) with the 

slice thickness of 0.5 mm, the sural nerve could be more easily localized and distinguished 

from the saphenous vein that runs in close proximity with the nerve.

For each subject, an axial T2-weighted MRI scan was used to identify the sural nerve. 

Displayed in Fig. 4a and b are selected axial slice images from T2- and T1-weighted MRIs 

of a volunteer, respectively, that show the size and location of the nerve relative to the mid-

calf anatomy. The images in Fig. 4 demonstrate the difference in contrast between the two 

imaging modalities. The sural nerve and the vein in close proximity were difficult to 

separate in T1-weighted images (Fig. 4b). While signal-to-noise ratio (SNR) seems higher in 
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the T1-weighted MRI, the particular T2-weighted contrast was more effective for the 

localization of the sural nerve in this study.

3.3. Localization of the sural nerve

Images in Fig. 5 demonstrate the localization of the sural nerve in axial and oblique coronal 

slice orientations and illustrate the anatomical shape of the sural nerve in an individual 

subject. The location of the sural nerve in an axial image is displayed in Fig. 5a, and the 

definition of the coronal slice orientation that best fits the shape of the subject’s nerve is 

indicated by the yellow line. The registered FA map (red hue) superimposed on the 

anatomical reference in two sagittal consecutive slice views are shown in Fig. 5b and c. 

Three arrows in Fig. 5c represent three different axial slice locations used by the radiologist 

to follow the nerve.

Different slice orientations of the sural nerve and FA maps computed from 32-directional 

DTIs from two individual subjects are illustrated in top and bottom of Fig. 6. The co-

registered anatomical T2-weighted MRI in coronal orientation and FA map are shown in Fig. 

6a and d and in Fig. 6b and e, retrospectively. Each FA map was registered to the T2-

weighted anatomical MRI from the same subject with the registration parameters determined 

using the EPI images acquired with b=0. The superimposed images in Fig. 6c and f show 

that the high intensity FA map (red hue) follows the anatomically confirmed sural nerve 

structure in coronal orientations. Two different cases illustrate individual variations in the 

shape and orientation of the sural nerve. These figures demonstrate the localization of the 

diffusion indices corresponding to the sural nerves on the anatomical MRI references.

3.4. Quantitative DTI data analysis

Following the development of the DTI scanning protocols for the localization of the sural 

nerve, we have collected DTI data from 22 healthy volunteer subjects (mean age, 35±12 

years; 9 males/16 females). Pertinent clinical characteristics of the healthy volunteer subjects 

are shown in Table 1. Three out of 25 subjects were excluded due to the difficulty in 

localization of the nerve caused by low SNR attributing to either motion or extremely small 

size and individual variations in the shape and location of the sural nerve.

Table 2 lists diffusion values obtained from 22 normal subjects who have been scanned 

using 6, 15, and 32 gradient directions. Only the mean measurement above a conclusive FA 

threshold (FA=0.3) was included in averaging as indicated by the number (n) of cases in 

Table 2. The number of cases in which the FA value fell below the threshold decreased with 

higher gradient resolutions. Using 32 gradient directions, we were able to obtain FA 

measurements from all 22 subjects, whereas from 20 subjects using 15 directions and 8 

subjects [8] using 6 directions were obtained.

The values are averages in ROIs from FA maps that were confirmed to correspond to the 

anatomically selected sural nerves by co-registration with the anatomical T2-weighted 

images in individual subjects. The DTI values follow a noticeable trend with the gradient 

resolution that the higher the gradient density, the lower the mean FA value and the standard 

deviation. With 32 directions, the lowest FA and the narrowest range 0.559±0.071 (mean

±STD) were observed compared to 0.590±0.080 and 0.659±0.109 of the 15 and 6 directions, 
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respectively, as shown in Table 2 for the analyses of n=8. The similar trend is observed with 

n of 20 and 22.

4. Discussion

Following the widespread utilization of DTI in the brain white matter tracts, assessment of 

peripheral nerves by using the DTI technique in the lower extremity may offer new technical 

advances in non-invasive means of clinical diagnostic tool. We describe in this study a new 

approach in developing a DTI protocol targeted specifically for the reliable and non-invasive 

evaluation of the sural nerve.

Our data demonstrate that DTI at 3 T can be effectively used to localize the sural nerve at 

mid to lower calf and measure its diffusion indices such as FA and ADC. The particular 

nerve and the anatomical location were chosen since a progressive loss of myelin in the sural 

nerve is a hallmark finding in patients diagnosed with DPN. This study was focused on 

establishing the DTI protocol with the optimal number of gradients for measuring the 

normative FA and ADC values and for assessing the reproducibility of these values in a 

consistent anatomical location in healthy control volunteers. The ultimate future goal is to 

evaluate whether this technique can be utilized to reliably evaluate peripheral nerve damage 

associated with myelinated nerve fibers in patients with DPN, which would demonstrate 

lower FA and higher ADC similar to that seen in the tibial nerve in chronic inflammatory 

demyelinating polyradiculopathy or the median nerve in carpal tunnel syndrome [38,39].

One of the critical factors in imaging the sural nerve at lower calf level with DTI is the 

spatial resolution in association with its small size (<1 mm in diameter) and the partial 

volume effect from its proximity to the saphenous vein and muscles. Although anatomical 

images are commonly acquired in the axial image orientation for the identification of the 

small sural nerve by radiologists, the axial DTI may be prone to the prominent partial 

volume effect. Since axial DTI is commonly limited in in-plane resolution (>2×2 mm2) and 

slice thickness (2–3 mm) to maintain appropriate SNR for detecting diffusion signal, the 

localization of the fine sural nerve structure may be problematic. Using oblique coronal 

orientation in MRI and DTI scans with 0.5×2.0 mm2 in-plane resolution and 0.5 mm slice 

thickness, we were able to develop an effective imaging protocol at the 3.0-T field strength. 

The protocol provides a high in-plane resolution in the RL and AP directions for handling 

the small diameter while allowing lower resolution of 2 mm in the FH direction along the 

length of the nerve. Instead of the conventional axial orientation, our new DTI protocol in 

coronal orientation provided an appropriate image resolution for the anatomical localization 

and diffusion measurements of the nerve.

Most DTI analysis is performed using the vendor provided image registration tool, which 

offers reasonable accuracy for anatomical data sets with optimal SNR and image resolution. 

Nonetheless, localization error in DTI for small nerves due to the low-resolution, suboptimal 

SNR or the partial volume effect has not been previously addressed. In the analysis of DTI, 

computation error due to slightly misregistered voxels in the tiny nerve structure may have a 

significant impact in accuracy of diffusion measurements and attribute to the large 

variability across subjects. By employing an image registration tool that can handle multi-
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modality mapping, variation in diffusion parameters due to the localization error may be 

mitigated.

In this study, we register all subjects’ FA data onto an anatomical MRI before applying 

voxel-wise cross-subject statistics. Our image registration tool uses a diffusion image with 

b=0 to determine the registration parameters to align individual FA maps and compute the 

average of values in voxels in the ROI determined by the nerve anatomy. We employed a 

mutual information-based image registration tool that performs multi-modality (i.e., images 

of differing contrast) image mapping to sub-voxel accuracy. Our volumetric image 

registration method is reliable in providing an accurate means of measuring the diffusion 

values associated with the sural nerve anatomy and differentiate the nerve from other 

anatomical features. The location of the sural nerve, its course, and its divisions on FA maps 

computed from diffusion images correlated with the anatomical location on T1- and T2-

weighted MR images. All nerve ROIs were validated by the co-registration of FA maps with 

anatomical MRIs that were used by the board-certified radiologists to identify the nerve. FA 

values of the sural nerves were determined by averaging voxels in the ROI that were 

thresholded at 0.3 below which represents a low anisotropy index associated with the 

surrounding muscle [10].

Imaging of the peripheral nerves with DTI often poses difficulties for differentiating the 

nerves from surrounding structures such as ligaments and muscles. Because muscle fibers 

are shorter than nerve fibers and have a relatively low anisotropy index, this difficulty can be 

overcome with use of fiber length and degree of anisotropy. For several ROIs positioned in 

the nerve or in areas near the nerve, different FA threshold values and tract lengths were 

tested in tractography to distinguish nerve from muscle fibers and ligaments previously. It 

was indicated that the FA value of the voxel fell below 0.3 in foot and below 0.4 in wrist 

when tracking had reached tissue outside the nerve. Hence, in our study, we set the 

anisotropy threshold at 0.3 [6,12].

Optimizing diffusion-sensitizing gradients is important in DTI sequences [1,3,4]. Accuracy 

in diffusion tensor estimation may depend on the number of gradient encoding directions. 

Studies have shown a dependence of probabilistic tractography and stronger connectivity 

with increasing number of diffusion gradient directions (Nd) [31,32]. The optimal Nd 

required for reliable estimates of diffusion indices within an acceptable acquisition time is 

an important issue. In comparison, the FA values for the sural nerves in our study were 

found to be within the range found by other previous studies that reported distal nerve FA 

measurements of ~0.53 or lower [39,40]. Considerably higher FA values (>0.70) reported by 

Hiltunen et al. [6] for the distal tibial nerves were actually the maximum values in their ROI, 

which seems comparable to the maximum values in our FA ranges obtained from the 6-

directional DTIs. Considering that those reported values were obtained with measurements 

from less number of gradient directions (Nd=6,15), the higher limit in our FA values at 6 and 

15 directions (Table 2) were 0.768 (0.659+0.109) and 0.689 (0.615+0.074), respectively, 

making the measurements of the sural nerve using less Nd in closer agreement, though in 

lower limit, with the previously reported values of the tibial nerve.
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One limiting factor in our protocol described is a relatively long data acquisition time, which 

spans to 20 min for acquiring 32-directional DTI. As in some of the cases reported here, FA 

measurements could not be assessed in a few subjects due to the difficulty in localization of 

the nerve or low SNR attributing to either motion or gradient stability adding to the problem 

of extremely small size and individual variations in the shape of the sural nerve. Also, when 

the nerve is smaller than 1 mm in cross-sectional diameter, the FA values may not be 

accurate due to volume averaging effects. Another limitation is the potential difficulty in 

differentiating the nerve from the adjacent blood vessels; in patients where the nerve is in 

close proximity to the blood vessel on the anatomical images, the separation may not always 

be possible.

The strength of our study is that we were able to reliably localize the sural nerve using DTI 

in a significant number of healthy volunteers both men and women. We anticipate that this 

protocol can be used to evaluate disease-associated changes in the sural nerve in patients 

with DPN with the overall goal to establish quantitative diffusion indices such as FA and 

ADC as non-invasive markers of axonal and myelin integrity in the sural and peroneal 

nerves. Considering that the prevalence of diabetes has reached epidemic proportions and 

that DPN is the most common diabetes complication, developing a sensitive and 

reproducible, non-invasive diagnostic tool to monitor disease progression and the response 

to various therapeutic interventions may have a critical role in preventing multiple 

comorbidities associated with DPN.

In summary, we have successfully demonstrated that DTI at 3 T can be effectively used to 

localize the sural nerve at the mid to lower calf level and to measure FA and ADC values in 

normal healthy volunteers. Measurement of normative values in this study can be potentially 

used for monitoring disease progression in patients with DPN and with other forms of 

peripheral neuropathies.

Future studies that include the motion and distortion artifact correction between diffusion 

images acquired at each direction, effect of b-value, and the choice of the gradient directions 

could contribute to further improvement of measurement accuracy.
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Fig. 1. 
Sequential diagram of acquisition and processing of DTI data of the sural nerve.
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Fig. 2. 
DTI in the coronal plane of the mid to low calf area using 15 gradient directions. The 

gradient directions are (a) [1.0000 1.0000 0.0000], (b) [0.9999 −0.1561 0.9879], (c) [0.3580 

−0.9800 −0.9547], and (d) [0.9999 −0.3989 −0.9171]. The anisotropic water diffusion signal 

in the sural nerve fiber is observed.
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Fig. 3. 
(a) An FA map from 15 gradient direction DTI. (b) The FA map (green) co-registered with 

the anatomical T2-weighted MRI of the same subject in the oblique coronal view. The 

figures demonstrate the localization of the anisotropic diffusion along the anatomically 

defined sural nerve (arrow) in MRI.
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Fig. 4. 
Selected axial slice images from (a) T2-weighted and (b) T1-weighted MRIs of a volunteer 

that show the size and location of the nerve relative to the mid-calf anatomy. The images 

demonstrate the difference in contrast between the two imaging modalities. The sural nerve 

and the vein in close proximity are difficult to separate on the T1-weighted image. The T2-

weighted contrast was more effective for the localization of the sural nerve.
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Fig. 5. 
The FA signal computed from the 32-direction DTI data was registered with the anatomical 

MRI as shown in the red hue. The sural nerve visualized in a different slice orientation 

illustrates the anatomical variation in individual subjects: (a) an T2-weighted MRI from the 

mid-calf area of a healthy subject in the in-plane voxel resolution 0.5×0.5 mm2 with the 

location of the sural nerve indicated by an arrow and the definition of the coronal slice 

orientation by the yellow line that best fits the subject’s nerve orientation; (b and c) the FA 

map (red hue) is superimposed on the anatomical reference as shown in two sagittal 

consecutive slice views; (b) the three arrows point to the sural nerve running parallel next to 

a vein in the FH direction.
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Fig. 6. 
Oblique coronal T2-weighted MRIs and the co-registered FA maps computed from 32-

direction DTI data from two difference subjects: Top images (a–c) are from the same subject 

as shown in this figure, in which the acquired coronal slice is in the orientation as defined 

using three different slice locations of the axial images as indicated in (a). The figure depicts 

(a and d) anatomical T2-weighted MRIs, (b and e) registered FA maps, and (c and f) the 

superposition of each FA map (red hue) to each subject’s anatomical coronal T2-weighted 

MRI showing that the FA map follows the anatomically confirmed sural nerve structure.
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Table 1

Clinical characteristics of the normal subjects enrolled

Variable Healthy controls (n=25)

Age, years 33±12

Weight, kg 69±12

Height, cm 169±10

Body mass index, kg/m2 23±3

HbA1c, % 5±0.2

Fasting blood glucose, mg/dl 85±10

Total cholesterol, mg/dl 184±27

Triglycerides, mg/dl 83±42

Systolic BP, mmHg 112±6

Diastolic BP, mmHg 64±10

Data are mean±standard deviation; HbA1c, hemoglobin A1c; BP, blood pressure.
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