Neuroradiology (2011) 53:955-960
DOI 10.1007/s00234-010-0833-z

DIAGNOSTIC NEURORADIOLOGY

Diffusion tensor imaging of peripheral nerve in patients
with chronic inflammatory demyelinating
polyradiculoneuropathy: a feasibility study

Takako Kakuda - Hiroshi Fukuda - Keizo Tanitame - Miyuki Takasu - Shuji Date -
Kazuhide Ochi - Tomohiko Ohshita - Tatsuo Kohriyama - Katsuhide Ito -

Masayasu Matsumoto - Kazuo Awai

Received: 8 August 2010 /Accepted: 20 December 2010 /Published online: 12 February 2011

© Springer-Verlag 2011

Abstract

Introduction The purpose of this study was to assess the
clinical feasibility of diffusion tensor imaging (DTI) for the
evaluation of peripheral nerves in patients with chronic
inflammatory demyelinating polyradiculoneuropathy (CIDP).
Methods Using a 3-T magnetic resonance imaging scanner,
we obtained DTI scans of the tibial nerves of 10 CIDP
patients and 10 sex- and age-matched healthy volunteers.
We prepared fractional anisotropy (FA) maps, measured the
FA values of tibial nerves, and compared these values in the
two study groups. In nine patients, we also performed tibial
nerve conduction studies and analyzed the correlation
between the FA values and parameters of the nerve
conduction study.
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Results The tibial nerve FA values in CIDP patients
(median 0.401, range 0.312-0.510) were significantly lower
than those in healthy volunteers (median 0.530, range
0.469-0.647) (Mann—Whitney test, p<0.01). They were
significantly correlated with the amplitude of action potential
(Spearman correlation coefficient, p=0.04, »=0.86) but not
with nerve conduction velocity (p=0.79, r=0.11).
Conclusion Our preliminary data suggest that the noninva-
sive DTI assessment of peripheral nerves may provide
useful information in patients with CIDP.
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Introduction

Diffusion tensor imaging (DTI) is a noninvasive technique
to evaluate the neuronal tract structure in vivo [1, 2]. In
addition to conventional magnetic resonance imaging
(MRI), assessment by DTI provides new information
about the effects of the disease processes on tissue
microstructure. In particular, assessment of the anisotro-
py index facilitates evaluation of the structural integrity
and directional coherence of the nerve fibers. Although
DTI has been widely used in central nervous system
studies, its application in the assessment of peripheral
nerves, especially in the clinical setting, has been limited
[3-11].

Chronic inflammatory demyelinating polyradiculoneur-
opathy (CIDP) is a chronic neuropathy thought to be of
immune origin. Its classic presentation includes sensory and
motor symptoms in the distal and proximal segments of all
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limbs, which evolve in the course of more than 8 weeks.
Increased protein concentrations in cerebrospinal fluid and
heterogeneous slowing of nerve conduction are typical of
the condition. The pathologic hallmark of CIDP is loss of
the myelin sheath of the peripheral nerves [12]. The
diagnosis of CIDP can be difficult and may require nerve
biopsy. Earlier MRI studies of peripheral nerves in CIDP
patients revealed hypertrophy and increased T2 signal
intensity of spinal nerve roots and the brachial plexus,
sometimes accompanied by abnormal contrast enhancement
[13-16]. In a few cases, MRI demonstrated enlargement of
the intercostal nerves and nerve trunks of the extremities
[14, 17, 18]. In recent reports, diffusion neurography was
used to demonstrate enlarged nerve roots [19], and elevated
apparent diffusion coefficient (ADC) values were observed
in brachial and lumbar plexuses of CIDP patients [20];
however, these studies did not evaluate the anisotropy
index. To the best of our knowledge, ours is the first study
to evaluate the anisotropy index of peripheral nerves in
CIDP patients.

The purpose of this study was to investigate clinical
feasibility of DTI for the evaluation of peripheral nerve in
CIDP patients.

Materials and methods
Study population

Our study received institutional review board approval, and
informed consent was obtained from all participants before
entry into the study. We persuaded 10 consecutive CIDP
patients (seven men and three women ranging in age from
30 to 69 years, mean 57.4+13.6 years) who were admitted
to our hospital from August 2008 to January 2010 to join
this study. All 10 patients agreed to participate in the study.
Their diagnosis was based on published clinical criteria
(2006 European Federation of Neurological Societies/

Fig. 1 a Anatomical
T2-weighted image. Arrow
indicates the tibial nerve. b ROI
on FA map. ROI is placed
including entire tibial nerve to
measure maximum FA value of
the nerve
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Peripheral Nerve Society criteria) [21]. One patient in
our study population had diabetes mellitus. None of the
patients had a history of exposure to neurotoxic agents.
The disease duration at the time of MRI study ranged from
3 months to 20 years (mean 8.2+6.6 years). Five patients
had received no treatment before the MRI examination.
Five patients had undergone therapy with immunoglobu-
lin, and two had also received treatment with corticoste-
roid before the MRI examination. We also recruited 10
sex- and age-matched healthy volunteers (seven men and
three women ranging in age from 34 to 69 years, mean
55.6+13.8 years); all were asymptomatic, had no neuro-
logical disecases, and did not take drugs with possible
effects on peripheral nerves.

MRI examination

All images were obtained on a 3-T MRI unit (Signa Excite
HD 3.0; General Electric Medical Systems, Milwaukee,
WI, USA). The participants were imaged in the supine
position, and a quadrature lower-extremity coil was used.
We scanned the symptomatic side of the distal crus of each
patient and the bilateral distal crura of each volunteer. The
examined crus was immobilized with cushions.

We obtained DTI- and T2-weighted MRI scans in the
axial plane. The diffusion tensor images were acquired
using a single-shot spin echo diffusion-weighted echo
planar imaging sequence with the following parameters:
repetition time (TR) 3,500 ms, echo time (TE) 93 ms,
number of acquisition 9, field of view (FOV) 20x20 cm,
image matrix 192x192 (in-plane resolution 1.04x
1.04 mm), slice thickness/gap 5:5 mm. A b value of
1,000 s/mm?* was applied in 15 directions. A total of seven
axial slices were acquired from 4 to 10 cm proximal to the
upper margin of the talus. The total DTI acquisition time
was 8 min 31 s. The T2-weighted images, obtained for
anatomical reference, were acquired using a fast-spin-echo
sequence at TR 4,500 ms, TE 102 ms, echo train length 20,
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Fig. 2 Box plots showing FA values of tibial nerve in CIDP patients
and healthy volunteers. In a box plot, the box is divided at the median,
and the fop and bottom of box represent the upper and lower quartiles.
The error bars extend to the largest and smallest observed data points.
The FA values in CIDP patients are significantly lower than those in
healthy volunteers (p<0.01)

number of acquisition 2, and image matrix 320x224. FOV
and slice thickness/gap were the same as for DTI.

The raw diffusion tensor data were transferred to an
independent workstation (Advantage Windows 4.2; General
Electric Medical Systems) and processed with a computer
software program (FUNCTOOL; General Electric Medical
Systems). The fractional anisotropy (FA) values were
calculated on a pixel-by-pixel basis, and FA maps were
generated. We did not apply distortion correction because
this method frequently causes severe misregistration arti-
facts at crural DTI. Circular or ovoid regions of interest
(ROI) were placed manually to surround the anatomic
location of the tibial nerve on the FA maps with reference
to T2-weighted images, carefully not including neighboring
muscle which had relatively high FA value (Fig. 1). The
ROI was 20-26 mm? in size and covered the entire tibial

Fig. 3 Anatomical T2-weighted
image (a) and FA map (b) in a
67-year-old male healthy
volunteer. Tibial nerve (arrow)
is shown in red on FA map,
which indicates apparently
higher FA value than
surrounding tissue. The
maximum FA value of tibial
nerve is 0.55. Some distortion
occurs in FA map

nerve. The maximum FA value was measured from the ROI
in each slice, and the mean value of seven slices was
calculated. The average of the bilateral FA values was
recorded in the volunteers and used for analysis.

Nerve conduction study

In nine of the 10 patients, we performed tibial nerve
conduction studies between 20 days before and 4 days after
MRI study. Nerve conduction studies were performed on
the same side as the MRI studies. Tibial nerve conduction
velocities and the amplitude of action potentials were
recorded.

Statistical analysis

As our sample size was small, we performed statistical
analyses with nonparametric tests. To compare the FA
values between the patients and volunteers, we used the
Mann—Whitney test. To assess the correlation between the
FA values and the parameters of nerve conduction study in
the patients, we used the Spearman correlation coefficient.
A value of p<0.05 was considered statistically significant.
We employed commercially available statistical software
(Statcel ver. 2, OMS, Japan) for analyses.

Results

Figure 2 presents the median and the range of the tibial
nerve FA values in our study population. The median FA
value was 0.401 (range 0.312-0.510) in the CIDP patients
and 0.530 (range 0.469-0.647) in the volunteers; the
difference was statistically significant (p<0.01). Represen-
tative cases are shown in Figs. 3 and 4.

In the nerve conduction study on nine patients, no action
potential was evoked in two patients whose tibial nerve FA
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Fig. 4 Anatomical T2-weighted
image (a) and FA map (b) in a
66-year-old male patient with
CIDP. Tibial nerve (arrow) is
shown in yellow-green on FA
map, which indicates slightly
higher FA value than surround-
ing tissue. The maximum FA
value of tibial nerve is 0.42. No
notable tibial nerve abnormality
is found on T2-weighted image

values were very low (0.312 and 0.351, respectively). In the
other seven patients, we observed a significant correlation
between the FA value and the amplitude of action potential
(»=0.04, r=0.86, Fig. 5) but not the nerve conduction
velocity (p=0.79, r=0.11, Fig. 6).

Discussion

Our study demonstrates the ability of DTI to detect distal
peripheral nerve abnormalities in CIDP patients that tend
not to be demonstrated on conventional MRI scans. DTI is
considered to be sensitive in the detection of nerve
pathology and may represent an additional method for the
diagnosis and management of CIDP.

FA is considered to reflect altered peripheral nerve
conditions more sensitively than the ADC [7, 11]. In other
studies [6-8], the measurement of peripheral nerve FA
values was combined with tractography. Tractographic
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Fig. 5 Correlation plots showing the amplitude of action potential (y-axis)

versus the FA values (x-axis) in CIDP patients. The FA values are
significantly correlated with the amplitude (p=0.04, r=0.86)
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assessment was difficult in our CIDP patients because their
tibial nerve FA value was low. It was difficult to place ROI
accurately along the margin of the tibial nerve on the FA
map. Therefore, we used ROI larger than the nerve
diameter and recorded maximum FA in the ROI rather
than mean FA of the tibial nerve. Hiltunen et al. [5] also
measured maximum FA in their DTI study of distal
peripheral nerves.

Our finding that FA was decreased in the tibial nerves of
CIDP patients is compatible with previously reported
pathological changes. Multifocal inflammatory and demy-
elinating processes involving the peripheral nerve in a
diffuse manner are causative factors in the development of
CIDP, and demyelination and remyelination are pathological
hallmarks of CIDP [12]. In addition, chronic demyelinating

50

3B|

30

Nerve conduction velocity (m/s)

25|

0.3 0.4 0.5 0.6
FA value

20

Fig. 6 Correlation plots showing the nerve conduction velocity (y-axis)
versus the FA values (x-axis) in CIDP patients. The FA values are
not significantly correlated with the nerve conduction velocity
»=0.79, r=0.11)
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lesions frequently induce axonal degeneration, and mononu-
clear cell infiltrates have been observed in the endoneurium,
perineurium, and the epineurium [12]. These pathological
changes are thought to degrade the structural integrity and
directional coherence of the nerve fibers, resulting in a
reduction of anisotropy.

In our study, the FA values were significantly correlated
with the amplitude of the action potentials, but not with
nerve conduction velocity. The action potential amplitude is
thought to correlate with axonal damage and nerve
conduction velocity with the degree of demyelination
[22]. Our results imply that the FA values of the peripheral
nerves were correlated with the axonal condition rather than
the myelin condition. According to Takagi et al. who
performed histopathological and DTI analyses of regener-
ating peripheral nerves, the FA value correlated more
strongly with axonal density and axonal diameter than with
myelin density and myelin thickness [9]. Our findings are
consistent with theirs and support the hypothesis that
axonal membranes play a major role in anisotropic water
diffusion in neural fibers [23, 24].

Hiltunen et al. [5], who used a 3-T MRI unit, reported
maximum FA values of tibial nerves at ankle level as 0.73—
0.79 in three healthy volunteers. Maximum FA values of
tibial nerves in healthy volunteers in our study were lower
than those reported by them. We posit that this difference is
at least partly attributable to the different MRI instruments
and the different scan parameters for DTI used in their and
our study. Hiltunen et al. used a slice thickness of 3.5 mm
for DTI. On the contrary, we used a larger slice thickness of
5 mm which might increase partial volume effects, resulting
in reductions of measured maximum FA values of the
nerves. Also, the volunteers in their study were younger
than ours (age range 22-36 vs. 34-69 years); this may
partly explain the difference in the FA values of the tibial
nerves. Additional factors contributing to the difference
between their and our findings may be related to racial
differences; our study subjects were Japanese while theirs
were of Nordic ancestry.

Our study has some limitations. First, our study
population was relatively small, and the disabilities ascrib-
able to the crura were mild. Consequently, we could not
analyze the relationship between diffusion tensor abnor-
malities and disability. Second, as we could not directly
correlate DTI results with nerve histology, we can only
speculate but not definitely state the cause of reduction of
FA in CIDP patients. Third, as the spatial resolution of DTI
is low, we were only able to evaluate relatively thick
peripheral nerves such as the tibial nerve. The application
of parallel imaging techniques using a dedicated multichan-
nel coil will improve image quality, and the availability of
higher-field-strength magnets will result in DTI scans with
higher spatial resolution and a better signal-to-noise ratio.

DTI as a quantitative assessment method, in combi-
nation with electrophysiological measurements, may be
useful for the diagnosis and monitoring of peripheral
nerve diseases other than CIDP. For example, longitudi-
nal DTI studies may help in the evaluation of therapies
in patients with Guillain-Barré syndrome. The assess-
ment of peripheral nerves by DTI may also be useful in
the differentiation between neurogenic and myogenic
muscle atrophies. Furthermore, DTI may become impor-
tant in the assessment of proximal nerve trunks that
cannot be evaluated with standard electrophysiological
methods.

In conclusion, our preliminary study suggests that the
noninvasive assessment of peripheral nerves by DTI may
provide useful information in patients with CIDP. Further
studies are underway to confirm the clinical significance
of this technique in CIDP and other peripheral nerve
diseases.

Conflict of interest We declare that we have no conflict of interest.

References

1. Basser PJ, Pierpaoli C (1996) Microstructural and physiological
features of tissues elucidated by quantitative-diffusion-tensor
MRI. J Magn Reson B 111:209-219

2. Alexander AL, Hasan K, Kindlmann G, Parker DL, Tsuruda JS
(2000) A geometric analysis of diffusion tensor measurements of
the human brain. Magn Reson Med 44:283-291

3. Meek MF, Stenekes MW, Hoogduin HM, Nicolai JP (2006) In
vivo three-dimensional reconstruction of human median nerves by
diffusion tensor imaging. Exp Neurol 198:479-482

4. Skorpil M, Karlsson M, Nordell A (2004) Peripheral nerve
diffusion tensor imaging. Magn Reson Imaging 22:743-745

5. Hiltunen J, Suortti T, Arvela S, Seppa M, Joensuu R, Hari R
(2005) Diffusion tensor imaging and tractography of distal
peripheral nerves at 3 T. Clin Neurophysiol 116:2315-2323

6. Kabakci N, Gurses B, Firat Z, Bayram A, Ulug AM, Kovanlikaya
A, Kovanlikaya I (2007) Diffusion tensor imaging and tractog-
raphy of median nerve: normative diffusion values. AJR Am J
Roentgenol 189:923-927

7. Khalil C, Hancart C, Le Thuc V, Chantelot C, Chechin D, Cotten
A (2008) Diffusion tensor imaging and tractography of the median
nerve in carpal tunnel syndrome: preliminary results. Eur Radiol
18:2283-2291

8. Stein D, Neufeld A, Pasternak O, Graif M, Patish H, Schwimmer
E, Ziv E, Assaf Y (2009) Diffusion tensor imaging of the median
nerve in healthy and carpal tunnel syndrome subjects. J Magn
Reson Imaging 29:657-662

9. Takagi T, Nakamura M, Yamada M, Hikishima K, Momoshima S,
Fujiyoshi K, Shibata S, Okano HJ, Toyama Y, Okano H (2009)
Visualization of peripheral nerve degeneration and regeneration:
monitoring with diffusion tensor tractography. Neuroimage
44:884-892

10. Andreisek G, White LM, Kassner A, Tomlinson G, Sussman MS
(2009) Diffusion tensor imaging and fiber tractography of the
median nerve at 1.5 T: optimization of b value. Skeletal Radiol
38:51-59

@ Springer



960

Neuroradiology (2011) 53:955-960

11.

12.

13.

14.

15.

16.

17.

18.

Lehmann HC, Zhang J, Mori S, Sheikh KA (2010) Diffusion
tensor imaging to assess axonal regeneration in peripheral nerves.
Exp Neurol 223:238-244

Vallat JM, Sommer C, Magy L (2010) Chronic inflammatory
demyelinating polyradiculoneuropathy: diagnostic and therapeutic
challenges for a treatable condition. Lancet Neurol 9:402—412
Tazawa K, Matsuda M, Yoshida T, Shimojima Y, Gono T, Morita
H, Kaneko T, Ueda H, lkeda S (2008) Spinal nerve root
hypertrophy on MRI: clinical significance in the diagnosis of
chronic inflammatory demyelinating polyradiculoneuropathy.
Intern Med 47:2019-2024

Oguz B, Oguz KK, Cila A, Tan E (2003) Diffuse spinal and
intercostal nerve involvement in chronic inflammatory demyelinat-
ing polyradiculoneuropathy: MRI findings. Eur Radiol 13(Suppl 6):
L230-L234

Duggins AJ, McLeod JG, Pollard JD, Davies L, Yang F,
Thompson EO, Soper JR (1999) Spinal root and plexus
hypertrophy in chronic inflammatory demyelinating polyneurop-
athy. Brain 122:1383-1390

Bradley LJ, Wilhelm T, King RH, Ginsberg L, Orrell RW (2006)
Brachial plexus hypertrophy in chronic inflammatory demyelinat-
ing polyradiculoneuropathy. Neuromuscul Disord 16:126—-131
Kuwabara S, Nakajima M, Matsuda S, Hattori T (1997) Magnetic
resonance imaging at the demyelinative foci in chronic inflam-
matory demyelinating polyneuropathy. Neurology 48:874-877
Mizuno K, Nagamatsu M, Hattori N, Yamamoto M, Goto H,
Kuniyoshi K, Sobue G (1998) Chronic inflammatory demyelin-
ating polyradiculoneuropathy with diffuse and massive peripheral

@ Springer

19.

20.

21.

22.

23.

24.

nerve hypertrophy: distinctive clinical and magnetic resonance
imaging features. Muscle Nerve 21:805-808

Tsuchiya K, Honya K, Yoshida M, Nitatori T (2008) Demonstra-
tion of spinal cord and nerve root abnormalities by diffusion
neurography. J Comput Assist Tomogr 32:286-290

Adachi Y, Sato N, Okamoto T, Sasaki M, Komaki H, Yamashita F,
Kida J, Takahashi T, Matsuda H (2010) Brachial and lumbar
plexuses in chronic inflammatory demyelinating polyradiculo-
neuropathy: MRI assessment including apparent diffusion coeffi-
cient. Neuroradiology. doi:10.1007/s00234-010-0684-7

Hughes RA, Bouche P, Cornblath DR, Evers E, Hadden RD,
Hahn A, Illa I, Koski CL, Leger JM, Nobile Orazio E, Pollard J,
Sommer C, Van den Bergh P, van Doomn PA, van Schaik IN
(2006) European Federation of Neurological Societies/Peripheral
Nerve Society guideline on management of chronic inflammatory
demyelinating polyradiculoneuropathy: report of a joint task force
of the European Federation of Neurological Societies and the
Peripheral Nerve Society. Eur J Neurol 13:326-332

Kimura J (2001) Electrodiagnosis in diseases of nerve and muscle:
principles and practice, 3rd edn. Oxford University Press,
New York

Beaulieu C (2002) The basis of anisotropic water diffusion in the
nervous system—a technical review. NMR Biomed 15:435-455
Takahashi M, Hackney DB, Zhang G, Wehrli SL, Wright AC,
O'Brien WT, Uematsu H, Wehrli FW, Selzer ME (2002) Magnetic
resonance microimaging of intraaxonal water diffusion in live
excised lamprey spinal cord. Proc Natl Acad Sci USA 99:
16192-16196


http://dx.doi.org/10.1007/s00234-010-0684-7

	Diffusion...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Study population
	MRI examination
	Nerve conduction study
	Statistical analysis

	Results
	Discussion
	References


