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based on a line propagation technique in 
which a tracking line is propagated from a 
start point (seed) in the principal diffusion 
direction [1]. It can be used to track individ-
ual nerves or nerve bundles and to display 
them on color-coded 3D images [8–16].

Pilot studies have shown the feasibili-
ty of DTI and fiber tractography for imag-
ing of peripheral nerve structures such as 
cervical nerve roots; the median and ulnar 
nerves at the wrist; the peroneal and tibial 
nerves at the knee, calf, and ankle; and the 
sciatic nerve [17–23]. To our knowledge, in 
only three studies [17, 23, 24] have norma-
tive quantitative diffusion data (i.e., ADC 
and FA) been collected on the median nerve. 
Such data may be important as a reference 
for clinical studies, such as those of patients 
with carpal tunnel syndrome [23]. In one 
of the three studies [17], however, the vari-
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D
iffusion tensor imaging (DTI) is 
an emerging MRI method for 
gaining insight into tissue micro-
structure through monitoring of 

the random movement of water molecules, 
which is usually restricted in anisotropic tis-
sues [1–5]. DTI typically shows signal atten-
uation in the direction of a magnetic field 
gradient applied in a distinct direction in 3D 
space. The degree of signal attenuation is 
proportional to the water diffusivity [6, 7]. 
The diffusion data can be used for quantita-
tive diffusion metrics, such as apparent dif-
fusion coefficient (ADC), a scalar value that 
reflects molecular diffusivity under motion 
restriction; fractional anisotropy (FA), a 
quantitative index used to characterize direc-
tional variability in diffusion; fiber density 
index; and fiber tractography, a method of vi-
sualizing DTI data. Fiber tractography is 
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OBJECTIVE. The purposes of this study were to determine the intrasubject side-to-side 
variability of quantitative and qualitative measures of diffusion tensor imaging (DTI) and fi-
ber tractography of the median nerves and to determine the precision of quantitative measure-
ments and fiber tractography.

SUBJECTS AND METHODS. Fifteen healthy volunteers (seven men, eight women; 
mean age, 31.2 years) underwent DTI of both wrists with a single-shot spin-echo-based echo-
planar imaging sequence (TR/TE, 7,000/103; b value 1,025 s/mm2). Postprocessing includ-
ed fiber tractography and quantitative analysis of fiber length, fiber density index, fractional 
anisotropy, apparent diffusion coefficient, and signal-to-noise ratio. Two readers in consensus 
graded the quality of fiber tract images of the two wrists as equal, slightly different, or very 
different. Fiber tractography and all analyses were repeated after 3 weeks, and the images 
from the two sessions were compared.

RESULTS. No statistically significant side-to-side differences in quantitative data were 
found (p = 0.054–0.999). In all subjects, the quality of fiber tract images of the right and left 
median nerves was either slightly or very different. Between the initial and the second quan-
titative analyses, no statistically significant differences (p = 0.086–0.898) were found, and the 
quality of fiber tract images was rated equal for nine of 15 subjects (60%) and slightly differ-
ent for six of 15 subjects (40%).

CONCLUSION. Preliminary results indicate that quantitative evaluation of DTI of the 
median nerve is precise. The absence of statistically significant intrasubject side-to-side vari-
ability in quantitative data suggests that the healthy contralateral nerve can be used as an in-
ternal control. Observed side-to-side variability in the quality of fiber tract images, however, 
rules out side-to-side comparisons in fiber tractography.
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ability of ADC and FA data among subjects 
(intersubject variability) was found to be as 
high as 274%. Thus, there is a need for more 
robust reference data. We hypothesized that 
side-to-side variability in the same subject 
(intrasubject variability) might be lower than 
intersubject variability. Therefore, one of the 
purposes of this prospective cross-section-
al study was to perform DTI and fiber trac-
tography on both the left and right median 
nerves of 15 healthy volunteers to determine 
intrasubject side-to-side variability of quan-
titative and qualitative measures.

Studies of the brain have shown that DTI 
and fiber tractography depend on precise place-
ment of regions of interest (ROIs) in which FA 
and ADC are calculated or that are used as 
seed ROIs for tracking of passing fibers [7, 25–
28]. We sought to determine the precision of 
our measurements. We define precision as the 
same or similar results of repeated quantitative 
measurements and fiber tracking (based on the 
existing DTI data set) by the same operator. A 
second purpose of our study therefore was to 
determine the precision of quantitative mea-
surements and fiber tractography.

Subjects and Methods
Study Subjects

This study was approved by the institutional 
research ethics board. Written informed consent 
was prospectively obtained from all study sub-
jects. Fifteen healthy volunteers (seven men, eight 
women; mean age, 31.2 years; median age, 31.2 
years; range, 22–44 years) participated. The in-
clusion criterion was age older than 18 years. Ex-
clusion criteria were contraindications to MRI; 
pregnancy; and history of a cardiovascular, pul-
monary, endocrine, metabolic, neurologic, neuro-
muscular, or musculoskeletal disorder.

MRI
MRI was performed with a 1.5-T system (Signa 

Excite HD, GE Healthcare) equipped with high-
performance gradients (amplitude, 40 mT/m; slew 
rate, 200 T/m/s). A high-resolution eight-channel 
transmit–receive wrist coil was used. In all sub-
jects, the left and right median nerves were im-
aged with a fat-suppressed single-shot spin-echo-
based echo-planar imaging sequence (TR/TE, 
7,000/103; matrix size, 64  × 64; field of view, 
120 × 120 mm; slice thickness, 4 mm; number of 
slices, 22; acquisition time, 6 minutes 19 seconds; 
b value, 1,025 s/mm2) [29]. Twenty-five diffusion-
weighted direction-encoding images and one ref-
erence image without diffusion weighting were 
acquired per slice (Table 1). In addition, anatomic 
reference images were acquired with a standard 

transaxial T2-weighted fast spin-echo sequence 
(3,500/87; echo-train length, 11; matrix size, 256 × 
224; field of view, 120 × 120 mm; slice thickness, 4 
mm; number of slices, 22; acquisition time, 3 min-
utes 12 seconds) in identical slice locations.

Postprocessing With Fiber Tractography
One author (7 years of experience in MRI re-

search) performed all image postprocessing and 
analysis. DTI software (dtiStudio release 2.4, 
Johns Hopkins University) was used. The same 
author, who was blinded to the initial results, re-
peated the image postprocessing and analysis 3 
weeks after the initial session (Fig. 1).

For postprocessing, data sets were transferred 
to an independent workstation. Mean diffusion-
weighted direction-encoding images (averaged 
over all 25 diffusion-weighted direction-encoding 
images) and FA and ADC maps were calculated 
(Fig. 2). A detailed description of these postpro-
cessing procedures and of the software routines 
used has been previously published [16]. Fiber 
tractography was performed on an initial seed 
ROI at the level of the flexor retinaculum contain-
ing the median nerve. For selection of the ROI, 
the median nerve was identified from the standard 
anatomic reference MR images. An ROI slightly 
larger than the nerve diameter was drawn free-
hand and copied to the corresponding location on 
the DTI images [21]. Tracking of fibers included 
all voxels above an FA threshold of 0.1, allowing 
fiber angulation of up to 50°. Similar reconstruc-
tion parameters were used in previous studies [17, 
22]. Representative fiber tract images were saved 
as TIFF files (Fig. 2F).

Quantitative Analysis of DTI Data
FA and ADC were calculated from oval ROIs 

placed in the center of the median nerve at the 
level of the flexor retinaculum (hook of hamate) 
[17]. To avoid partial volume artifacts, we made 
the ROIs slightly smaller than the cross-section-
al area of the median nerve. We calculated the 
quantitative fiber density index, which describes 
the density of reconstructed fibers within an ROI 
[30], by dividing the number of reconstructed fi-
bers traversing an individual ROI by the area of 
the ROI (in pixels).

Signal-to-Noise Ratio
It is known that calculation of quantitative data 

such as FA and ADC depends on the signal-to-
noise ratio (SNR) of the DTI acquisition [7, 31]. A 
difference in SNRs in acquisition of images of the 
left and right median nerves (caused by differenc-
es in field homogeneity by slightly different sub-
ject and coil positions) can cause systematic un-
derestimation or overestimation of FA and ADC. 
Thus we determined the SNR for all acquisitions 

using the following equation to allow direct side-
to-side comparison of the SNRs of the acquisi-
tions and hence of FA and ADC:

SNR = × 2−−2
πSINerve

SDBackground_noise

where SINerve represents the mean signal intensity 
within an ROI (mean size, 0.1 cm2) positioned in 
the center of the median nerve, and SDBackground_noise 
represents the average SD of the background noise 
within an ROI placed in the air outside the ana-
tomic structure. For measurement of background 
noise, four standardized ROIs measuring 2 cm2 
were placed in four reproducible image locations 
outside the extremity and averaged for each wrist. 
A correction factor (√2 – π / 2) was used to account 
for the systemic error in noise measurements in 
magnitude images [31, 32]. All ROI measurements 

TABLE 1:  Vectors for Diffusion-
Weighting Directions

Index

Direction

x y z

1 1.000000 0.000000 0.000000

2 0.849000 0.528000 0.000000

3 –0.108000 0.565000 0.818000

4 0.884000 –0.345000 –0.315000

5 –0.003000 –0.736000 0.677000

6 –0.868000 –0.238000 0.436000

7 0.799000 0.370000 0.475000

8 –0.162000 0.987000 0.000000

9 0.866000 –0.129000 0.483000

10 –0.212000 –0.936000 0.281000

11 0.068000 –0.892000 –0.446000

12 0.550000 –0.544000 –0.634000

13 –0.435000 –0.422000 0.795000

14 –0.599000 0.780000 0.182000

15 –0.525000 0.030000 –0.851000

16 –0.600000 –0.688000 0.409000

17 0.653000 –0.060000 –0.755000

18 0.207000 –0.076000 –0.975000

19 –0.413000 –0.699000 –0.584000

20 –0.436000 0.822000 –0.366000

21 0.462000 0.874000 0.148000

22 –0.503000 0.488000 –0.713000

23 0.824000 –0.530000 0.202000

24 0.297000 0.349000 0.889000

25 –0.040000 0.318000 –0.947000

Note—Data needed to read and process diffusion-
direction encoded MR images with dtiStudio 
software (release 2.4, Johns Hopkins University).
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Diffusion Tensor Imaging Data
on left and right median nerves

n = 15

Postprocessing A
• Calculation of mean diffusion-weighted direction-encoding

images, mean nondirection encoding images, Student’s t test,
and apparent diffusion coeffiecient maps

• Fiber tractography

Postprocessing B
• 3 weeks later
• Identical to postprocessing A

Quantitative Analysis
• Fractional anisotropy and

apparent diffusion coefficient
• Length of fibers, fiber density index
• Signal-to-noise ratio

Paired Student’s t Test
• Precision: postprocessing and analysis A vs B
• Intrasubject side-to-side variability: left vs right

Direct Comparison of Fiber Tract Images
• Precision: postprocessing and analysis A vs B
• Intrasubject side-to-side variability: left vs right

Qualitative Analysis
• Two readers in consensus
• Fiber tract images rated as equal

or slightly or very different

Fig. 1—Flow chart shows postprocessing and analysis of diffusion tensor imaging data on 15 healthy volunteers. Mean images and diffusion-related maps were 
calculated, and fiber tractography was performed. Quantitative data analysis was performed by calculation of fractional anisotropy, apparent diffusion coefficient, 
length of fibers, fiber density index, and signal-to-noise ratio. Image postprocessing with quantitative data analysis was repeated after 3 weeks by same operator, who 
was blinded to initial results. For qualitative image analysis, fiber tract images were evaluated by two readers in consensus.

A

D

Fig. 2—29-year-old healthy woman.
A, Transaxial T2-weighted fast spin-echo MR image (TR/TE, 3,500/87; echo-train length, 11) of left wrist at level of flexor retinaculum shows anatomic reference features 
for identifying median nerve (arrow). H = hook of hamate.
B–E, Mean diffusion-weighted image (B), fractional anisotropy map (C), apparent diffusion coefficient map (D), and color-coded map combining information about 
magnitude of anisotropy and direction of principal eigenvector (E) show results of calculations from diffusion tensor imaging data set. Arrow indicates median nerve.
F, Oblique transaxial view of representative 3D fiber tract image generated from same diffusion tensor imaging data set as B–E shows reconstructed color-coded fiber 
tracts passing through seed region of interest (arrow).
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were performed on the transaxial mean diffusion-
weighted direction-encoding images at the level of 
the flexor retinaculum (hook of hamate). The DTI 
software was used for all calculations.

Qualitative Image Analysis
Two readers (9 and 18 years of experience) were 

asked to assess all fiber tract images with regard to 
overall image quality. Image quality was based on 
findings at qualitative evaluation of fiber tract or-
der and homogeneity, fiber tract organization, fiber 
length, appearance of fiber bundles in boundary re-
gions, and apparent density of fiber bundles.

For the evaluation of the precision of the post-
processing operations, both readers were present-
ed with the images reconstructed during the initial 

postprocessing and with corresponding images re-
constructed during the second postprocessing 3 
weeks later. In case of perfect precision between 
both postprocessing operations, image quality 
was expected to be equal. Thus both readers were 
asked to directly compare the corresponding im-
ages and to decide in consensus whether the im-
ages from the two postprocessing operations were 
equal, slightly different, or very different. Equal 
was defined as no obvious difference in fiber tract 
order, homogeneity, organization, or length or in 
appearance or apparent density of fiber bundles in 
the boundary regions. Slightly different was de-
fined as differences in one or two of the aforemen-
tioned criteria. Very different was defined as dif-
ferences in three or more criteria.

For evaluation of intrasubject side-to-side vari-
ability, the same approach and classification system 
were used as for the two postprocessing sessions. 
Both readers were presented with corresponding 
images of the left and right median nerves. In the 
absence of side-to-side variability, image quality 
was expected to be absolutely equal.

Statistical Analysis
Statistical analysis was performed by one au-

thor using statistical software (SPSS, version 12.0.1, 
SPSS). The Kolmogorov-Smirnov test was used to 
confirm normal distribution of quantitative data. The 
two-sided paired Student’s t test was used to com-
pare the mean, minimum, and maximum lengths 
of fibers and the FA, ADC, and fiber density index 
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Fig. 3—Bland-Altman plots of comparisons of left and right median nerves. Neither systemic bias nor inadequate number of outliers is present. Most observed 
differences are within mean ± 1.96 SD. Horizontal dashed lines indicate mean difference (middle line) and limits of agreement, defined as mean difference plus (upper 
line) and minus (lower line) 1.96 × SD of differences.
A, Graph shows relation between differences in mean fiber lengths (mm) of left and right median nerves (y-axis) and means of mean fiber lengths of right and left median 
nerves (x-axis).
B, Graph shows relation between differences in minimum fiber lengths (mm) of left and right median nerves (y-axis) and means of minimum fiber lengths of right and left 
median nerves (x-axis).
C, Graph shows relation between differences in maximum fiber lengths (mm) of left and right median nerves (y-axis) and means of maximum fiber lengths of right and left 
median nerves (x-axis).
D, Graph shows relation between differences in fiber density indexes of left and right median nerves (y-axis) and means of fiber density indexes of right and left median 
nerves (x-axis).
E, Graph shows relation between differences in fractional anisotropy (FA) values of left and right median nerves (y-axis) and means of FA values of right and left median 
nerves (x-axis).
F, Graph shows relation between differences in apparent diffusion coefficients (ADCs) (× 10–3 mm2/s) of left and right median nerves (y-axis) and means of ADCs of right 
and left median nerves (x-axis).
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values of the left and the right sides (intrasubject 
side-to-side variability) and of the initial and second 
postprocessing and quantitative analysis operations 
(precision of measurement). The paired Student’s 
t test also was used to compare the SNRs of the 
acquisitions of images of the left and right medi-
an nerves (intrasubject side-to-side variability). The 
result was a total of 26 comparisons: initial versus 
second postprocessing for both sides, 12 compari-
sons; left versus right median nerve for the first and 

second postprocessing operations, 12 comparisons; 
and SNR of mean diffusion-weighted direction-en-
coding and images without diffusion weighting of 
left versus right median nerves, two comparisons. 
Thus a Bonferroni-adjusted level of α = 0.05/26 
comparisons = 0.0019 was considered indicative of 
significance for all Student’s t tests [33]. In addition, 
quantitative data from the first and second post-
processing sessions were averaged to assess the 
variability among the 15 subjects (intersubject 

variability) and to calculate Bland-Altman plots of 
the distribution of differences in quantitative mea-
sures between the left and right median nerves.

Results
Precision of Measurement and  
Fiber Tractography

The average variability between postpro-
cessing sessions was less than 12% with re-
gard to fiber length and less than 5% with re-
gard to determination of FA, ADC, and fiber 
density index (Table 2). Overall, these differ-
ences were not statistically significant (left 
median nerve, p = 0.096–0.586; right me-
dian nerve, p = 0.003–0.898). On each side, 
the quality of fiber tract images reconstructed 
during the initial and subsequent postprocess-
ing operations was rated equal for nine of 15 
subjects (60%) and slightly different for six of 
15 subjects (40%). None of the fiber tract im-
ages reconstructed at the initial postprocess-
ing session was rated very different from its 
counterpart reconstructed 3 weeks later.

Intersubject Variability
Between subjects, maximum differences of 

up to 131.5% (left median nerve) and 105.3% 

TABLE 2:  Differences Between Left and Right Median Nerves (Intrasubject Side-To-Side Variability) and Between 
Initial and Subsequent Image Postprocessing and Analysis Sessions (Precision of Measurements) (n = 15)

Comparison

Fiber Length (mm)
Fiber Density Index 

(mean ± SD)
Fractional Anisotropy 

(Mean ± SD)
Apparent Diffusion Coefficient  

(× 10–3 mm2/s) (mean ± SD)Mean ± SD Minimum ± SD Maximum ± SD

Initial postprocessing

Left median nerve 17.4 ± 6.6 8.4 ± 3.9 27.2 ± 13.3 31.9 ± 6.7 0.56 ± 0.09 1.14 ± 0.13

Right median nerve 14.3 ± 4.2 8.3 ± 3.7 20.8 ± 8.0 29.5 ± 5.1 0.58 ± 0.10 1.09 ± 0.18

Difference of means 3.1 (21.7) 0.1 (1.2) 6.4 (30.8) 2.4 (8.1) −0.02 (–3.5) 0.05 (4.6)

t test (left vs right) 0.096 0.948 0.125 0.054 0.162 0.197

Second postprocessing

Left median nerve 16.8 ± 6.5 9.4 ± 3.1 26.2 ± 14.2 31.6 ± 7.3 0.56 ± 0.09 1.11 ± 0.12

Right median nerve 14.9 ± 4.1 9.4 ± 3.4 20.9 ± 8.0 28.1 ± 5.0 0.57 ± 0.12 1.11 ± 0.17

Difference of means 1.9 (2.6) 0 (0) 5.3 (25.4) 3.5 (12.5) −0.01 (–1.8) 0 (0)

t test (left vs right) 0.307 0.999 0.204 0.056 0.605 0.867

First versus second postprocessing

Left median nerve

Difference of means 0.6 (3.6) −1.0 (–10.6) 1 (3.8) 0.3 (1.0) 0 (0) 0.03 (2.7)

t test 0.144 0.224 0.136 0.586 0.454 0.096

Right median nerve

Difference of means 0.6 (4.0) −1.1 (–11.7) −0.1 (–0.5) 1.4 (5.0) 0.01 (1.8) −0.02 (–1.8)

t test 0.003 0.104 0.898 0.086 0.372 0.301

Note—Mean values and SD and differences of means between the left and right median nerves and between the first and second postprocessing operations are absolute 
numbers. Differences in means are accompanied by percentages (in parentheses) calculated as follows: mean difference percentage = (mean value left, first – mean 
valueright, second) / (mean valueright, second) × 100. Values of p for the side-to-side comparisons and for the first and second postprocessing comparisons are based on results 
of Student’s t tests. A Bonferroni-adjusted level of α = 0.0016 was considered indicative of significance.
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(right median nerve) were found for FA, 
ADC, and fiber density index (Table 3). The 
maximum difference in mean length of 
tracked fibers from subject to subject was 
300%.

Intrasubject Side-to-Side Variability
Overall, no significant side-to-side dif-

ference between the left and the right me-
dian nerves was found in the comparisons 
of length of tracked fibers, FA, ADC, or fi-
ber density index within subjects (first post-
processing, p = 0.054–0.948; second post-
processing, p = 0.056–0.999). Intrasubject 
variability was 1.2–30.8% for fiber charac-
teristics and 0–12.5% (mean, 5.1%) for FA, 
ADC, and fiber density index. Bland-Altman 
plots were calculated to illustrate the distri-
bution of side-to-side differences between 
the left and right median nerves (Fig. 3).

The SNRs for the DTI acquisitions of im-
ages of the left and the right median nerves 
were not significantly different (p = 0.840, p = 
0.650). Side-to-side differences were 1.2% and 
1.3% for mean diffusion-weighted direction-
encoding images and images without diffusion 
weighting (Fig. 4).

Overall, the quality of fiber tract images 
of the left median nerve was found to be ei-
ther slightly or very different from that of the 
right median nerve. Specifically, the initial 
postprocessed images of the left and right 
median nerves of the same subject were qual-
itatively rated as slightly different for seven 
of 15 subjects (47%) and as very different for 
eight of 15 subjects (53%) (Fig. 5). Similar 
ratings were found for postprocessed images 
generated 3 weeks later: slightly different for 
eight of 15 subjects (53%) and very different 
for seven of 15 subjects (47%).

Discussion
Our study was focused on evaluating in-

trasubject side-to-side variability in the eval-
uation of DTI and fiber tractography of the 
median nerve at the level of the flexor retinac-
ulum (carpal tunnel). As a prerequisite for the 
evaluation of intrasubject side-to-side vari-
ability, we assessed the precision of the im-
age postprocessing (fiber tractography) and 
quantitative DTI data analysis. Because all 
operations were performed by the same op-
erator at two different sessions separated from 
each other by a 3-week interval, this approach 

can also be interpreted as the determination 
of intrareader variability. We did not test in-
terreader variability in this study because do-
ing so would require prior standardization of 
different fiber tractography and quantitative 
analysis approaches to peripheral nerve DTI.

We found less than 5% intrareader vari-
ability in FA, ADC, and fiber density index 
measurements. Measurements of fiber length, 
however, were slightly less precise (< 12% 
variability), but the difference was not statis-
tically significant. These observations are in 
good agreement with our findings on image 
quality. Both readers rated all fiber tract im-
ages produced at either postprocessing ses-
sion as equal or as only slightly different. Be-
cause our study was the first, to the best of our 
knowledge, in which the precision of quanti-
tative DTI and fiber tractography evaluation 
was systematically assessed in the peripheral 
nervous system, there are no data in the lit-
erature available for comparison. From corre-
sponding studies of the brain, it is known that 
imprecise ROI placement is as a major source 
of intrareader variability [27]. We used the 
same data sets for analysis and the same pa-
rameters for postprocessing. Thus the only 
source of the intrareader variability observed 
in our study is ROI placement. Further preci-
sion studies are needed to determine the opti-
mal anatomic landmarks for ROI placement 
in peripheral nerves to achieve highest preci-
sion of quantitative measurements.

We found no statistically significant side-
to-side differences in quantitative data when 
we evaluated the left and the right median 
nerves. Maximal intrasubject side-to-side 
variability was up to approximately 31% for, 
for example, the maximum length of recon-
structed fibers. This observation may explain 
the finding that both radiologists rated im-
ages of the left and right sides as slightly dif-
ferent or very different for all subjects. Both 
radiologists tended to overvalue the criteri-
on maximum fiber length compared with the 
other criteria, such as fiber tract order and 
homogeneity, fiber tract organization, ap-
pearance of fiber bundles in boundary re-
gions, and apparent density of fiber bundles.

Smaller intrasubject side-to-side variabil-
ity of less than 12.5% was observed for FA, 
ADC, and fiber density index measurements. 
This finding may be explained by the fact that 
FA, ADC, and fiber density index measure-
ments depend on placing ROIs within the me-
dian nerve in a specific transaxial plane. In 
our study, all measurements were performed 
at the level of the flexor retinaculum (hook of 

TABLE 3:  Maximum Differences in Length of Tracked Fibers, Fiber Density 
Index, Fractional Anisotropy, and Apparent Diffusion Coefficient 
(Intersubject Variability) (n = 15)

Value Mean ± SD Minimum Maximum

Maximum Difference 

Maximum – Minimum %

Left median nerve

Fiber length (mm)

Mean 	 17.1	±	6.4 9 36 27 300.0

Minimum 	 8.9	±	3.5 2 16 14 700.0

Maximum 	 26.7	±	13.5 12 71 59 491.7

Fiber density index 	 31.8	±	6.9 20.3 47 26.7 131.5

Fractional anisotropy 	 0.56	±	0.09 0.43 0.71 0.28 65.1

Apparent diffusion coefficient 
(× 10–3) (mm2/s)

	 1.13	±	0.13 0.91 1.41 0.5 55.0

Right median nerve

Fiber length (mm)

Mean 	 14.6	±	4.1 8 23 15 187.5

Minimum 	 8.9	±	3.6 4 19 15 375.0

Maximum 	 20.9	±	7.9 10 44 34 340.0

Fiber density index 	 28.8	±	5.0 21.2 37.7 16.5 77.8

Fractional anisotropy 	 0.58	±	0.11 0.38 0.78 0.4 105.3

Apparent diffusion coefficient 
(× 10–3) (mm2/s)

	 1.10	±	0.17 0.75 1.35 0.6 80.0

Note—All mean ± SD, minimum, and maximum values are means of measurements on two separate occasions 
([first postprocessing + second postprocessing] / 2). Percentage difference between minimum and maximum 
values was calculated as follows: maximum difference = [(maximum value – minimum value)/minimum value] × 100.
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hamate). On the basis of observed mean side-
to-side variabilities of 5.1% for FA, ADC, and 
fiber density index, this finding seems to rep-
resent a good anatomic landmark allowing re-
liable quantitative DTI data evaluation. This 
landmark also was used in a study by Kabakci 
et al. [17], in which normative diffusion val-
ues were reported in a cohort of 20 healthy 
volunteers. Considering the slightly differ-
ent imaging and reconstruction parameters 
in our study compared with the previous in-
vestigation, our FA and ADC data are in very 
good agreement with the corresponding data 
of Kabakci et al., who reported FA values of 
0.59 ± 0.07 and ADC values of 0.97 ± 0.03 × 

10−3 mm2/s for the median nerve. However, 
results in that study showed fairly large inter-
subject variability, FA ranging from 0.50 to 
0.73 (maximum difference, 46%) and ADC 
ranging from 0.43 to 1.61 × 10−3 mm2/s (max-
imum difference, 274%).

We found large intersubject variability, 
which hampers the use of normative values 
gained from intersubject studies in the diagno-
sis of peripheral neuropathy, such as carpal 
tunnel syndrome. Therefore, we recommend 
imaging the contralateral side as an internal 
control in all patients for whom DTI is used in 
the evaluation of unilateral peripheral neuropa-
thy [34]. Our findings suggest use of a variabil-

ity cutoff value of 5%. This practice would 
mean that in clinical practice, side-to-side dif-
ferences greater than 5% might be attributed to 
disease. Although we acknowledge that in 
some conditions, such as carpal tunnel syn-
drome, the contralateral structure can frequent-
ly be affected, normative values gained from 
the same subjects would potentially allow de-
fining ranges of abnormal FA and ADC values 
in future research, which might be focused on 
purely unilateral pathologic conditions of pe-
ripheral nerves. Our recommendation, howev-
er, applies only to quantitative evaluation of 
DTI rather than to fiber tractography. Side-to-
side differences in fiber tract image quality 

A

Fig. 5—32-year-old healthy man.
A and B, Fiber tract images 
generated during initial 
postprocessing (A) of 
diffusion tensor imaging and at 
postprocessing 3 weeks later 
(B) show fibers tracked through 
regions of interest in left median 
nerve.
C and D, Fiber tract images 
generated during initial 
postprocessing (C) of diffusion 
tensor imaging and at 
postprocessing 3 weeks later 
(D) show fibers tracked through 
regions of interest in right median 
nerve.
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were remarkable in our study. Therefore, fiber 
tract images of the right and left median nerves 
should not be compared with each other, and 
potential differences in fiber tract images 
should not be considered abnormal, such as 
during reporting of patient findings.

Our investigation confirmed that noise 
effects, which can be a cause of systematic 
measurement errors at DTI, can be eliminat-
ed as a source of side-to-side variability of 
FA and ADC. No significant side-to-side dif-
ferences in SNR were observed in our study. 
This finding was expected because we used 
the same hardware and the same imaging 
protocol to image both wrists.

Our study was limited by the small num-
ber of subjects and the fact that the study sam-
ple does not represent clinical practice. It may 
be possible that greater intrasubject variabil-
ity exists among elderly persons. Future stud-
ies should be performed to investigate the age 
dependency of DTI measures. Another limi-
tation was that the postprocessing software 
is not standardized, and different fiber recon-
struction algorithms are used (the software 
used in this study entails a powerful so-called 
brute-force algorithm) [4, 35]. Thus even 
when the same DTI data set would yield the 
same absolute number of tracked fibers, fiber 
length and fiber density index might be differ-
ent with different software.

Our preliminary results indicate that quanti-
tative evaluation of DTI of the median nerve is 
precise. The absence of statistically significant 
intrasubject side-to-side variability in quantita-
tive data suggests that the healthy contralateral 
nerve can be used as an internal control. The 
observed side-to-side variability in the quality 
of fiber tract images rules out side-to-side com-
parisons in fiber tractography.
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