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Peripheral nerve anatomy
The peripheral nervous system is a network of nerves which transmits signals 
from the central nervous system to the body and vice versa. It regulates and 
controls bodily functions and activity, such as the muscles, hormone secretion, and 
respiration (1). Peripheral nerve tissue consists of nerves and ganglion tissue. Nerves 
consist of neurons which enable to rapidly transmit signal or information from one 
cell to the other. Electrical impulses are sent through the nerve fibers which are 
called axons. Nerve tissue is composed of connective structures; the endoneurium, 
perineurium, and epineurium, which form the framework that organizes and 
protects the nerve fibers (2). Nerve fibers, containing myelinated and unmyelinated 
axon bundles, carry action potential impulses, whereas ganglion tissue, containing 
the cell bodies and dendrites, assists in propagation of nerve impulses. Myelin is 
a lipid structure which is produced by Schwann cells (1,2). Regular intermittent 
gaps in the myelin sheath are called nodes of Ranvier. Local supporting connective 
tissue consisting of collagen known as endoneurium supports each myelinated 
nerve fiber or group of unmyelinated nerve fibers (2). Axons are grouped together 
in bundles called fascicles. Each fascicle is enveloped by perineurium. The grouped 
bundles of fascicles are embedded in the epineurium, which forms the outer layer, 
the nerve sheath (3). A schematic overview of peripheral nerve anatomy is shown 
in Figure 1.

Neurological disorders in peripheral nerves
In the nerves, sensory neurons transmit the signal from the sensory receptors in 
the peripheral nervous system back to the central nervous system. Motor neurons 
transmit signal from the central nervous system back to the effectors. Damage to 
(part of ) the nerves may cause distortion in transmission of the signal from the 
central nervous system to the innervated area and vice versa which may lead to for 
example muscle weakness or muscle wasting. Pathological changes to the nerve 
include axonal loss and demyelination. However, most neurological pathologies 
are mixed, as demyelinating neuropathy can also have a substantial axonal loss, 
and axonal neuropathy can also show changes in the myelin (4). Neurological 
disorders can affect the motor neurons and/or the sensory neurons. An example of 
a purely motor neuropathy is multifocal motor neuropathy (MMN). MMN is a slowly 
progressive disease which predominantly affects the upper limbs. Patients often 
present themselves with difficulties in wrist and finger extension or reduced hand 
grip (5). MMN can mimic the early symptoms of amyotrophic lateral sclerosis (ALS), 
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by which many patients are initially diagnosed with ALS (6). The detection of the 
characteristic conduction block should distinguish MMN from other pathologies 
such as ALS, however, these conduction blocks are not always determined (6). High 
signal intensity on T2-weighted MR images of the brachial plexus and the presence 
of high CM1-specific IgM antibody titers are also an indication for the diagnosis of 
MMN (6).

Spinal muscular atrophy (SMA) is another lower motor neuron disease which is 
characterized by degeneration of spinal cord motor neurons, atrophy of skeletal 
muscles, and generalized weakness (7). It is caused by homozygous deletion of 
the survival motor neuron (SMN) 1 gene (8). The SMN protein is involved in the 
axonal transport in neurons. SMA is classified into four different types, which are 
characterized by age of symptom onset, and highest motor function achieved 
(7). SMA type 1 is the most severe and common form and is diagnosed before 6 

Figure 1: Peripheral nerve anatomy (47)
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months of age. These patients usually die within the first 2 years of life. They never 
acquire the ability to sit unsupported and have severe hypotonia and symmetrical 
paralysis. SMA type 2 is intermediate severe and starts between 7 and 18 months of 
age. These children can sit unsupported but are unable to walk independently. Type 
3 patients show profound symptom heterogeneity. They usually achieve all major 
motor milestones, although many need wheelchair support. SMA type 4 typically 
starts in the second or third decade of life, with mild to moderate muscle weakness 
symptoms (7,9). SMA is diagnosed using physical examination tests followed by 
genetic tests (10). The recently approved therapy, i.e. Nusinersen, which was tested 
in SMA type 1, 2, and 3, showed significant improvement of motor function and a 
reduction in mortality (11,12). However, the evaluation of this new therapy requires 
sensitive quantitative outcome measure to determine disease progression and 
potential treatment effects over time.

Diagnosing neurological disorders in peripheral nerves
There are different methods to detect nerve pathologies. Clinical tests are often used 
to test reflexes and muscle strength, but those can be quite observer dependent 
(13). Nerve conduction studies are used to detect the conduction properties of 
peripheral nerves such as velocity and amplitude. To acquire reliable outcome 
measures, careful control of body temperature is required and can be hindered 
by edema, fat or patient intolerance (14,15). Ultrasound can also be used to detect 
peripheral nerves in neurological disorders non-invasively. However, it can only 
provide morphological information (14). Furthermore, it is difficult to visualize the 
more deeply situated nerves such as the lumbosacral nerves, or nerves surrounded 
by fat or located beneath bones (16,17). 

Magnetic resonance imaging and diffusion tensor imaging
A unique in vivo technique to visualize peripheral nerve tissue is magnetic resonance 
imaging (MRI) (18–20). MRI has proven valuable in the diagnosis and therapeutic 
workup of peripheral nerve tissue affected by neurological disorders (21,22). Axial 
T1-weighted images and fat-suppressed T2-weighted images are used to provide 
insight into the peripheral nerve characteristics, such as signal intensity, course, 
caliber, fascicular pattern, and size of the nerve. Normal nerves show intermediate 
signal intensity on T1-weighted images and intermediate to minimally increased 
signal intensity on T2-weighted images. When nerves are affected, such as in 
neuropathies the signal intensity increases on T2-weighted images (23). However, 
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early detection of changes in nerve tissue due to neuropathies are not evident 
and visible on regular T1 and T2-weighted images. Furthermore, anatomical MRI 
sequences cannot distinguish between demyelination and axonal injury (24). 

Diffusion MRI is an MRI technique which has gained much interest as a diagnostic 
tool to identify and distinguish between neurological disorders in peripheral 
nerve tissue and to differentiate between demyelination and axonal injury (24). 
It is sensitive to the random motion of water molecules (so-called Brownian 
motion) (25,26). When this movement is unhindered (for example in a glass of 
water), the water molecules can move freely in each direction, which is called 
isotropic diffusion. In the human body, the presence of cell membranes can 
hinder or restrict this diffusion, through which diffusion is predominantly oriented 
in one direction, also known as anisotropic diffusion (27). By applying multiple 
diffusion-weighted gradients with different orientations the diffusion tensor can 
be estimated (25). Diffusion tensor imaging (DTI) provides a way to describe and 
quantify the magnitude and orientation of the estimated diffusion (25). This allows 
to determine the microstructural properties of the tissue. Nerves have a strong 
anisotropy, as diffusion in healthy nerve tissue, is more pronounced along the 
nerve than perpendicular to its main orientation. The technique to reconstruct the 
nerves from diffusion data is known as fiber tractography (28).

Diffusion can be described with three so-called eigenvalues; λ
1
, λ

2
 and λ

3
 (i.e. the 

length of the diffusion in a specific orientation) (27). The diffusion parameters 
which are typically calculated are: the fractional anisotropy (FA), which approaches 
1 when diffusion is predominantly oriented in one direction, the mean diffusion 
(MD), which is the average of the three eigenvalues (MD =              )

λ
1
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+λ

3

3
, the axial 
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1
, and the radial diffusion 

(RD), which is the average of the second and third eigenvalue
 
(RD =          )
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DTI has been predominantly used in the brain to detect for example ischemia (29). It 
is now increasingly employed in regions outside the brain such as the lumbosacral 
nerves (30–32), the brachial plexus (33,34), nerves in the wrist and forearm (35,36), 
and in the legs (37,38). When the nerve is damaged or affected by pathologies, 
diffusion characteristics may change. The FA can be associated with a lower AD, 
a higher RD or a combination of those two parameters (39,40). Changes in MD, 
for example an increase, may be associated with inflammatory-demyelination 
processes in the nerve (41). The AD could be associated with axonal density and 
diameter and may be broadly considered as an axonal marker, whereas RD could 
be associated with myelin density and thickness, and may therefore be considered 
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as a myelin marker (42,43). DTI and nerve specific sequences could be beneficial 
to study physiology and pathology in the nerves. However, these techniques are 
susceptible to artifacts and misinterpretation (44,45). The application of DTI in 
various regions outside the brain requires specific design of the protocols. The 
transition of air to tissue, but also movement of the heart, respiration, or bowel 
can have negative effects on the image quality of the scans which may influence 
diffusion estimates (46). 

In this thesis the application of MRI and DTI in different parts of the peripheral 
nervous system in different neurological disorders is investigated. The focus is on 
the application and validation of DTI in clinical practice to determine the added 
value of DTI as a clinical tool in the diagnosis, prognosis and potential follow up 
of different patient groups. Furthermore, pathological mechanisms are explored 
using this technique.
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Outline of this thesis

The studies described in this thesis show the application of DTI to visualize and 
quantify peripheral nerves and neurological disorders. The main goal was to 
assess the actual value of DTI in the quantification and visualization of these nerve 
diseases.

In chapter 2 the reproducibility of DTI conducted in multiple centers of the lumbar 
and sacral nerves is investigated. In this study the value of DTI in cross-sectional and 
longitudinal study design is discussed.

In chapter 3 the application of DTI in spina bifida patients is shown. This study 
highlights the potential benefit of DTI to detect and quantify the lumbar and sacral 
nerves in these patients and shows the differences in diffusion properties and fiber 
tractography results between patients and healthy controls.

Whereas in chapter 3 a relatively heterogeneous group of patients was included, in 
chapter 4, a more homogeneous group of patients was included, namely patients 
with an herniated disc at the level of L5 or S1. This study was conducted to 
determine the added value of DTI to understand the interpretation of diffusion 
metrics in compressed nerves.

Chapter 5 investigates the use of diffusion MRI in the assessment of the nerves in 
the forearm in patients with multifocal motor neuropathy, amyotrophic lateral 
sclerosis, and in healthy controls. In this research an MRI protocol was developed 
to determine the diffusion parameters and cross-sectional areas of the forearm 
nerves.

Chapter 6 focusses on spinal muscular atrophy patients, where the spinal cord and 
nerve roots in the cervical region were analyzed. Diffusion properties and cross-
sectional areas of patients were compared to those of healthy controls.

In chapter 7 the acoustic nerve was investigated with DTI. In this study, single-sided 
deaf patients were compared to healthy controls.
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Abstract
Background
Diffusion tensor imaging (DTI) has been applied in the lumbar and sacral nerves in 
vivo, but information about the reproducibility of this method is needed before DTI 
can be used reliably in clinical practice across centers.

Purpose
In this multicenter study the reproducibility of DTI of the lumbosacral nerves in 
healthy volunteers was investigated.

Study type
Prospective control series

Subjects
Twenty healthy subjects

Field strength/sequence
3T MRI. 3D Turbo Spin Echo, and 3.0 mm isotropic DTI scan. 

Assessment
The DTI scan was performed three times (twice in the same session, intra-scan 
reproducibility, and once after an hour, inter-scan reproducibility). At site 2, 
one week later, the protocol was repeated (inter-week reproducibility). Fiber 
tractography (FT) of the lumbar and sacral nerves (L3-S2) was performed to obtain 
values for fractional anisotropy, mean, axial, and radial diffusivity. 

Statistical tests
Reproducibility was determined using intra-class correlation coefficient (ICC), and 
power calculations were performed.

Results
FT was successful and reproducible in all datasets. ICC’s for all diffusion parameters 
were high for intra-scan (ranging from 0.70-0.85), intermediate for  inter-scan 
(ranging from 0.61-0.73), and inter-week reliability (ranging from 0.58-0.62). There 
were small but significant differences between the inter-week diffusivity values 
(p<0.0005). Depending on the effect size, nerve location and parameter of interest, 
power calculations showed that sample sizes between 10 and 232 subjects are 
needed for cross-sectional studies. 
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Data conclusion
We found that DTI and FT of the lumbosacral nerves have intermediate to high 
reproducibility within and between scans. Based on these results, 10-58 subjects 
are needed to find 10% change in parameters in cross-sectional studies of the 
lumbar and sacral nerves. The small significant differences of the inter-week 
comparison suggest that results from longitudinal studies need to be interpreted 
carefully, since small differences may also be caused by factors other than disease 
progression or therapeutic effects. 
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Introduction
Three dimensional magnetic resonance imaging (MRI) and diffusion tensor imaging 
(DTI) are important imaging modalities to visualize nerve tissue (1,2) and potential 
nerve damage (3,4). In nervous tissue, diffusion of water molecules is greater along 
the nerve than perpendicular to it. With DTI, this diffusion profile can be quantified 
by measuring the diffusion signal along multiple diffusion gradient orientations 
and estimating a diffusion tensor (5). From the diffusion tensor a 3D reconstruction 
of nervous tissue architecture can be obtained with fiber tractography (FT). DTI has 
been used in various peripheral nerve studies (6,7) including the lumbar and sacral 
nerves (8–10). 

MRI and DTI data of the spine is relevant to investigate potential damage due to, for 
example, disc herniation (11–14) or other degenerative lumbar and sacral disorders 
(9,15). These studies have shown that diffusion parameters can provide additional 
information regarding abnormalities in nervous tissue compared to traditional 
anatomical scans. However, the use of DTI to investigate peripheral nervous tissue, 
such as the lumbar and sacral nerves, has not been widely adopted and there are 
no existing standards of how such data should be analyzed. Furthermore, there 
are different factors which can affect the diffusion measures, such as the moment 
of performing the scan, the MR scanner, the scanning resolution, and the manual 
FT segmentation (16–18). Although several studies have demonstrated high scan-
rescan reproducibility of manual FT segmentation in the brain (19–21) and in 
peripheral nerve tissue (22–25), essential information regarding the reproducibility 
of peripheral nerve DTI measurements is still missing. Such information is needed 
before DTI can be implemented and used reliably in clinical practice across centers. 

The aim of this multicenter study was to investigate and describe different aspects 
of reproducibility of DTI measurements of the lumbar and sacral nerves using DTI 
and FT in healthy volunteers.
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Materials and methods
The local institutional review boards approved this study and written informed 
consent was obtained prior to inclusion. The scans were acquired with two 3T 
Philips Achieva MRI systems (Philips Healthcare, Best, the Netherlands) in two 
centers; site 1 and site 2. At each site 10 healthy volunteers were included (in total 
20 healthy volunteers, six females; mean age of 36 years, range 25-60 years). Healthy 
volunteers were asymptomatic and did not have any previous history related to 
spinal diseases. 

Scan parameters
At the start of each scan session an anatomical 3D Turbo Spin Echo (3D-TSE) scan 
was obtained. The scan parameters were: TR=3000 ms, TE=272 ms, TSE factor 180, 
startup echoes 4, field of view (FOV) 250×250×100 mm3 selected at the level of 
L3-S2, slice orientation is coronal, matrix size 250×250×100, reconstruction matrix 
512×512×200, resulting in a voxel size of 0.49×0.49×1 mm3, number of excitations 
2, SENSE factor 2, SPAIR fat suppression with inversion delay=240 ms and TR=3000 
ms, total acquisition time 5:03 min. Next, at both sites, a series of DTI acquisitions 
were performed. Due to differences in hardware specifications of the MRI scanners 
between both sites, the acquisition parameters were also slightly different as is 
shown in Table 1. First, a 3.0 mm isotropic DTI scan was performed (scan 1) which 
was repeated once in the same session (scan 2) and once after 1 hour (scan 3). 

Table 1: DTI sequences at site 1 and site 2 used to visualize the lower lumbar and sacral nerve roots

Sequence parameters DTI 3.0 mm  
Site 1

DTI 3.0 mm  
Site 2

DTI 2.5 mm  
Site 1

DTI 2.5 mm  
Site 2

Sequence SS-EPI SS-EPI SS-EPI SS-EPI
Acquisition plane Coronal Coronal Coronal Coronal

FOV (mm2) 336 x 216 336 x 336 320 x 200 320 x 320

TR/TE (ms) 3573 / 45 3451/47 4537 / 45 4400/47

b-value (s/mm²) 800 800 800 800

Gradient direction 15 15 15 15

EPI factor (ETL) 43 35 47 39

Acquisition matrix 112 x 71 112 x 112 128 x 78 128 x 128

Acquisition voxel size (mm3) 3.0 x 3.0 x 3.0 3.0 x 3.0 x 3.0 2.5 x 2.56 x 2.5 2.5 x 2.5 x 2.5

Half Fourier scan factor 0.62 0.62 0.62 0.62

Slice thickness/gap (mm) 3.0 / 0 3.0 / 0 2.5 / 0 2.5 / 0

Number of slices 25 25 30 30

Number of excitations 2 2 2 2

Type of fat suppression SPIR SPIR SPIR SPIR
Total acquisition time (min) 4:20 4:11 5:31 5:21
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Additionally, and directly after scan 2, a 2.5 mm isotropic DTI scan was performed 
(scan 4). At site 2, scan 1, scan 2, and scan 3 were repeated after 1 week (week 2) in 
the same volunteers. 

Data processing and analysis 
First, all data were inspected visually to identify artifacts and evaluate the data quality 
by 2 researchers with 4 years of experience (W.H.), and 10 years of experience (M.F.). 
The DTI datasets were processed using the ExploreDTI diffusion MRI toolbox (www.
ExploreDTI.com) (26). Data processing comprised the following steps: 1) A reduced 
FOV was obtained by selecting a fixed (25) number of slices on both sides of the 
spine in the coronal plane, which included the spine and its nerve roots from the 
level of L3 to the sacral nerves, 2) motion and eddy current induced geometrical 
distortions were corrected, where the diffusion gradients were adjusted using the 
b-matrix rotation (27), 3) diffusion tensors and subsequently diffusion parameters 
(fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial 
diffusivity (RD)) were calculated with the REKINDLE approach (28), and 4) a 
standardized fiber tractography approach was used (1) to reconstruct the 3D nerve 
architecture. Fiber tract pathways were generated by whole volume seeding (seed 
distance 2.0×2.0×2.0 mm3). Stopping criteria of the tractography were FA > 0.05, 
maximum fiber angle change per 1 mm step of 30 degrees, with a minimum fiber 
length of 10 mm. Two ‘AND’ ROIs were used to select a segment of 3 cm at each 
level at each side (L3-S2) starting at the level where the nerves were branching 
from the spine (Figure 1 ‘segments with ROIs’). The first ROI was placed at the 
position where the nerve branched from the spine and the second 10 slices lower. 
The specified FA range together with two ‘AND’ ROIs allowed to track the nerve 
roots in a reproducible and reliable manner (8). For each of the 3 cm segments (10 
nerves per scan) average values of the diffusion parameters (FA, MD, AD, and RD) 
were calculated. 

Experimental procedures
FT results of the scans were visually compared with the maximal intensity projection 
(MIP) of the 3D TSE to evaluate their description of the 3D lumbar and sacral nerve 
anatomy (see Figure 1) by two researchers with 4 years of experience (W.H.), and 
10 years of experience (M.F.). In total four different experiments were conducted 
to test for 1) inter-resolution (scan 2 versus scan 4), 2) intra-scan (scan 1 versus 
scan 2), 3) inter-scan (scan 2 versus scan 3), and 4) inter-week (scans of week 1 
versus scans of week 2) reproducibility. As mentioned before, only at site 2 data for 
experiment 4 was acquired, whereas for the other experiments data from both sites 
were available and used for analysis. For experiment 1, 2 and 3, where data from 
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Figure 1: Upper row: b=0 s/mm2, b=800 s/mm2, mean diffusivity (MD), and fractional anisotropy (FA) 
map. Bottom row: Fiber tractography (FT) results of the lumbosacral nerves, a maximal intensity 
projection (MIP), FT and MIP combined, and display of the segments at each level and ‘SEED’ (blue) and 
‘AND’ (green) region of interest (ROI) placement.

two sites were available, we present the results for both sites separately and both 
sites combined. To emphasize, all experiments in this study concern longitudinal 
assessment and no inter-system comparisons were made.

Statistical analysis
Statistical analyses were performed using the SPSS Statistics version 21.0 (SPSS Inc. 
Chicago, IL, USA) and comprised of two steps. 
First any variation in diffusion parameters were investigated using one-way 
repeated measures analysis of covariance (ANCOVA) with site and subject ID as co-
variates. Three different repeated measures ANCOVA’s were performed i.e. 1) inter-
resolution analysis, 2) combined intra- and inter-scan analysis, and 3) inter-week 
analysis, where p<0.05 was considered to be significant. Second, the reproducibility 
of the four different experiments was tested. This was done by means of the inter-
class correlation coefficient (ICC) together with the 95% confidence interval (CI), 
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to check for reliability, and by means of the Bland-Altman analysis, to check for 
agreement. ICCs were defined as the single measures two-way random model 
to test for reliability between DTI scans, i.e. how well the measures resemble 
each other, despite measurement errors. An ICC of < 0.40 was considered a low 
reproducibility, 0.40 – 0.75 an intermediate to good reproducibility, and > 0.75 a 
high reproducibility. Bland-Altman analysis was used to test for agreement between 
DTI measures, i.e. assesses how similar the parameters of repeated measures were. 
The application conditions of Bland Altman were verified by a visual check for 
the absence of correlation between the absolute differences and the mean, and 
whether the differences were normally distributed for which histogram plots were 
used (29). The 95% limits of agreement (LoA) per diffusion parameter were defined 
as the mean of paired differences ± 1.96 x its standard deviation (SD). Coefficient of 
variation (CoV) was calculated (CoV = 100% SD

Mean )
 
to determine both inter-subject 

and inter-scan variability. 

Experiment 1: inter-resolution analysis

In this experiment FT results obtained from the 2.5 mm and the 3.0 mm isotropic 
scan were compared to each other (scan 2 vs scan 4). Next, diffusion parameters 
(i.e. FA, MD, AD, and RD) of the scans with different resolution of both sites were 
compared to each other (inter-resolution). For all of the diffusion parameters ICC’s 
were calculated for each site separately and for both sites combined. Finally, Bland-
Altman plots were obtained displaying the results of both sites in one graph per 
diffusion parameter. 

Experiment 2: intra-scan analysis

In this experiment, FT results of scan 1 were compared with scan 2. Diffusion 
parameters (i.e. FA, MD, AD, and RD) of scan 1 and scan 2 with 3 mm isotropic 
resolution were compared with each other to investigate the intra-scan 

reproducibility, i.e. to what extent scans within the same session vary. Then ICC’s 
were calculated for each site and for both sites combined for all of the diffusion 
parameters. Finally, Bland-Altman plots were obtained displaying the results of 
both sites in one graph per diffusion parameter.

Experiment 3: inter-scan analysis

In this experiment FT results of scan 2 were compared with scan 3. Diffusion 
parameters (i.e. FA, MD, AD, and RD) of scan 2 and scan 3 were compared to each 
other which were made with a time frame of 1 hour between each other to check 
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the inter-scan reproducibility, i.e. to wat extent scans on two time points vary. ICC’s 
were calculated for each site and for both sites combined for all of the diffusion 
parameters. Finally, Bland-Altman plots were obtained displaying the results of 
both sites in one graph per diffusion parameter. 

Experiment 4: inter-week analysis

FT results were compared between scans of week 1 and scans of week 2. Diffusion 
parameters (i.e. FA, MD, AD, and RD) of the scans obtained in week 1 and week 2 
(obtained one week later) were compared at site 2. Scan 1 of week 1 was compared 
with scan 1 of week 2, scan 2 of week 1 with scan 2 of week 2, and scan 3 of 
week 1 with scan 3 of week 2 to investigate the inter-week reproducibility. ICC’s 
were calculated for each site and for both sites combined for all of the diffusion 
parameters. Finally, Bland-Altman plots were obtained displaying the results of 
both sites in one graph per diffusion parameter. 

Inter-subject versus inter-scan variability and sample size calculation

Box and whisker plots were made to determine the variability between subjects 
and between scans for each diffusion parameters (i.e. FA, MD, AD, and RD) and 
each level (L3-S2). Plots were obtained both for site 1 where scan 1, scan 2, and 
scan 3 were compared, and for site 2 where the results of the scans of week 1 
and week 2 were compared. CoV was calculated for each level (i.e. L3-S2) for both 
subjects (inter-subject variability) and scans (i.e. scan 1, scan 2, and scan 3 for site 1, 
and the scans of week 1 and week 2 for site 2). These values were then compared. 

Finally, the sample size was calculated using sample size = 
(r+1) CoV2 (Z

1-β
 + Z

α/2
)2

r E2 , with a 

significance level of α = 0.05 (z
α/2

 = 1.96), a desired power of β = 0.8 (z
1-β

 = 0.84), the 
assumption of an equal number of cases and controls (r = 1), and an effect size E of 
5% and 10% (30). The CoV used are the inter-subject CoV of site 1 reported in Table 3. 

Results
Data processing and analyzing
All scans were completed successfully. Based on visual inspection all data had 
sufficient data quality and did not contain any artifacts that could interfere with the 
analysis. Raw data of the diffusion scans are shown in Figure 1 upper row. Lumbar 
(L3-L5) and sacral nerves (S1-S2) were identified in each subject in the anatomical 
MIP scans and the locations of the nerves matched the locations of the nerves 
on the DTI scans. An example is shown in Figure 1 lower row. In two subjects at 
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site 1, it was not possible to reconstruct S2, since it was not included in the FOV. 
Therefore, in total 96 nerve segments at site 1 and 100 nerve segments at site 2 
were reconstructed for each of the four scans. The application conditions for 
Bland Altman were met, as there was no correlation between the mean and the 
differences, and histogram plots showed normal distributions. However, in eight 
cases the histogram plots showed long tails (i.e. present in inter-resolution, inter-
scan, and inter-week).

Experiment 1: inter-resolution analysis

Figure 2 shows an example of FT of the 2.5 mm isotropic and the 3.0 mm isotropic 
DTI data. Overall, FT results of the 2.5 mm isotropic protocol were comparable to 
the 3.0 mm isotropic protocol (Supplemental Material 1 and 2). However, in some 
cases the nerves of scans obtained from the 2.5 mm isotropic protocol were more 
difficult to track compared to those from the 3.0 mm isotropic scan (site 1: P2, P9, 
and P10, site 2: P6, P7, and P10). Inter-resolution mean diffusion parameters and 
ICCs are displayed in Table 2. There were small differences in MD, AD and RD between 
the two resolutions (p<0.0005) with higher values (up to 0.10 × 10-3 mm2/s) for the 
3.0 mm isotropic scan. ICCs were intermediate to good and on average 0.61. The 
lowest ICC was for AD at site 1 (0.50, with a 95% CI of 0.34 – 0.64), and the highest 

Figure 2: Fiber tractography results of DTI data of scan 1, scan 2, scan 3, scan of 2.5 mm isotropic protocol, 
and a corresponding intensity projection (MIP) of site 1 displayed as mean diffusivity (MD) color-
encoded maps.

for RD at site 2 (0.75, with a 95% CI of 0.65 – 0.83). The top row of Figure 3 shows 
the Bland-Altman plots displaying the inter-resolution agreement. LoA were -0.078 
– 0.055, (-0.2245 – 0.308) ×10-3 mm²/s, (-0.286 – 0.382) ×10-3 mm²/s, and (-0.203 – 
0.291) ×10-3 mm²/s, for FA, MD, AD, and RD, respectively. 
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Experiment 2: intra-scan analysis

Figures 2 and 4 show similar FT results for DTI scan 1 and scan 2 of two subjects at 
site 1 (Figure 2) and site 2 (Figure 4, week 1: A, and B, week 2: E and F). The architectural 

Table 2: Experiment 1, 2, 3, and 4 – inter-resolution, intra-scan, inter-scan, and inter-week reproducibility. 
Mean diffusion parameters (FA, MD, AD, and RD) of DTI scans (scan 1=2.5 mm isotropic and, scan 2, 3, 
and 4=3.0 mm isotropic scanned within the same scan session and after 1 hour) of two sites based 
on measurements obtained from the level of L3-S2 (per scan; n=96 at site 1 (‘1’), n=100 at site 2 (‘2’), 
and n=196 at site 1 and site 2 combined (‘c’)) and intra-class correlation coefficients (ICC) with 95% 
confidence interval

Diffusivity (× 10-3 mm2/s)

Site FA 
(mean ± SD)

MD 
(mean ± SD)

AD 
(mean ± SD)

RD 
(mean ± SD)

Week 1

Scan 1 1 0.30 ± 0.04 1.30 ± 0.14 1.72 ± 0.17 1.08 ± 0.13

2 0.31 ± 0.04 1.31 ± 0.14 1.76 ± 0.16 1.09 ± 0.13

 c 0.30 ± 0.04 1.30 ± 0.14 1.74 ± 0.16 1.08 ± 0.13

Scan 2 1 0.30 ± 0.05 1.30 ± 0.14 1.73 ± 0.16 1.09 ± 0.13

2 0.31 ± 0.04 1.31 ± 0.14 1.76 ± 0.16 1.08 ± 0.13

c 0.31 ± 0.04 1.31 ± 0.14 1.75 ± 0.16 1.09 ± 0.13

Scan 3 1 0.30 ± 0.04 1.27 ± 0.14 1.70 ± 0.17 1.06 ± 0.14

2 0.31 ± 0.05 1.28 ± 0.12 1.72 ± 0.15 1.06 ± 0.12

c 0.31 ± 0.05 1.28 ± 0.13 1.71 ± 0.16 1.06 ± 0.13

Scan 4 1 0.31 ± 0.04 1.30 ± 0.19 1.74 ± 0.21 1.08 ± 0.18

2 0.32 ± 0.04 1.23 ± 0.13 1.66 ± 0.15 1.01 ± 0.13

c 0.32 ± 0.04 1.26 ± 0.17 1.70 ± 0.19 1.04 ± 0.16

Week 2

Scan 1 2 0.32 ± 0.04 1.28 ± 0.15 1.72 ± 0.18 1.05 ± 0.14

Scan 2 2 0.32 ± 0.04 1.27 ± 0.15 1.71 ± 0.18 1.04 ± 0.15

Scan 3 2 0.32 ± 0.04 1.26 ± 0.14 1.71 ± 0.18 1.04 ± 0.14

Exp. 1 ICC 1 0.69 (0.56 – 0.78) 0.55 (0.39 – 0.67) 0.50 (0.34 – 0.64) 0.58 (0.43 – 0.70)

2 0.69 (0.57 – 0.78) 0.74 (0.63 – 0.81) 0.67 (0.55 – 0.77) 0.75 (0.65 – 0.83)

c 0.69 (0.61 – 0.76) 0.60 (0.50 – 0.68) 0.53 (0.42 – 0.62) 0.63 (0.54 – 0.71)

Exp. 2 ICC 1 0.79 (0.69 – 0.85) 0.81 (0.73 – 0.87) 0.82 (0.74 – 0.88) 0.80 (0.72 – 0.86)

2 0.70 (0.58 – 0.78) 0.85 (0.78 – 0.90) 0.83 (0.75 – 0.88) 0.84 (0.77 – 0.89)

c 0.75 (0.68 – 0.80) 0.83 (0.78 – 0.87) 0.82 (0.77 – 0.87) 0.82 (0.77 – 0.86)

Exp. 3 ICC 1 0.64 (0.51 – 0.74) 0.73 (0.61 – 0.81) 0.72 (0.61 – 0.81) 0.72 (0.61 – 0.80)

2 0.61 (0.47 – 0.72) 0.69 (0.59 – 0.78) 0.62 (0.48 – 0.73) 0.70 (0.59 – 0.79)

c 0.63 (0.53 – 0.70) 0.71 (0.63 – 0.77) 0.68 (0.59 – 0.75) 0.71 (0.63 – 0.77)

Exp. 4 ICC 2 0.58 (0.50 – 0.65) 0.60 (0.52 – 0.67) 0.57 (0.49-0.64) 0.62 (0.54 – 0.68)
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configuration was similar to the MIP (Figure 4D and 4H). This was also confirmed in 
all the other subjects (Supplemental Materials 1 and 2). Intra-scan mean diffusion 
parameters and ICCs are displayed in Table 2. There were no significant differences 
in any of the diffusion values between scan 1 and scan 2. The ICCs for all diffusion 
parameters for both sites were high, on average 0.81. The lowest ICC was for FA at 

Figure 3: Bland-Altman plots of fiber tractography results of DTI data of the lumbosacral nerves of the 
inter-resolution, the intra-scan, the inter-scan, and the inter-week agreement of the fractional anisotropy 
(FA), the mean diffusivity (MD), the axial diffusivity (AD), and the radial diffusivity (RD).

site 2 (0.70, with a 95% CI of 0.58 – 0.78), and the highest was for MD at site 2 (0.85, 
with a 95% CI of 0.78 – 0.90). The second row of Figure 3 shows the Bland-Altman 
plots displaying the intra-scan agreement. LoA were -0.0591 – 0.0623, (-0.152 – 
0.157) ×10-3 mm²/s, (-0.185 – 0.193) ×10-3 mm²/s, and (-0.155 – 0.158) ×10-3 mm²/s 
for FA, MD, AD, and RD, respectively. 



33 |

Reproducibility study of diffusion MRI

Figure 4: Fiber tractography results of DTI data of scan 1, scan 2, and scan 3 (A, B, C) in week 1, and D) the 
corresponding maximal intensity projection (MIP), and for week 2 (E, F, G, and H respectively) displayed 
as mean diffusivity color-encoded maps.

Experiment 3: inter-scan analysis

Figures 2 and 4 show similar FT results for DTI scan 2 and scan 3 of two subjects at 
site 1 (Figure 2) and site 2 (Figure 4, week 1: B, and C, week 2: F and G). The architectural 
configuration was similar to the MIP (Figure 4, D and H). This was also confirmed 
in all the other subjects (Supplemental Materials 1 and 2). Inter-scan mean diffusion 
parameters and ICCs are displayed in Table 2. There were no significant differences 
in any of the diffusion values between scan 2 and scan 3. However, the analysis 
showed significant differences in MD and AD between sites (p=0.035, and p=0.016 
respectively). The ICCs for all diffusion parameters for both sites were intermediate 
to good, on average 0.68. The lowest ICC was for AD at site 2 (0.62 with a 95% CI 
of 0.48 – 0.73), and the highest was for MD at site 1 (0.73, with a 95% CI of 0.61 – 
0.81). The third row of Figure 3 shows the Bland-Altman plots displaying the inter-
scan agreement on the third line. LoA were -0.0747 – 0.0777, (-0.225 – 0.308) ×10-3 
mm²/s, (-0.286 – 0.382) ×10-3 mm²/s, and (-0.203 – 0.291) ×10-3 mm²/s for FA, MD, 
AD, and RD respectively.
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Experiment 4: inter-week analysis

Figure 4 shows similar FT results for a DTI scan of a control subject at site 2 between 
weeks (week 1: A, B, and C, week 2: E, F, and G). The architectural configuration was 
similar to the MIP (D and H respectively). This was also confirmed in the other 
subjects at site 2 (Supplemental Material 2). Inter-week mean diffusion parameters and 
ICCs are displayed in Table 2. There were small but significant differences between 
scans obtained in week 1 and week 2 for MD, AD, and RD (p<0.0005), where scans 
from week two had slightly lower diffusion values (-0.03 to -0.05 × 10-3 mm2/s). ICCs 
were intermediate and on average 0.59. AD had the lowest ICC (0.57, with a 95% CI 
of 0.49 – 0.64), and the highest was that of RD (0.62, with a 95% CI of 0.54 – 0.68). 
The bottom row of Figure 3 shows the Bland-Altman plots displaying the inter-week 
agreement. LoA were -0.068 – 0.087, (-0.279 – 0.213) ×10-3 mm²/s, (-0.338 – 0.273) 
×10-3 mm²/s, and (-0.267 – 0.200) ×10-3 mm²/s, for FA, MD, AD, and RD respectively. 

Inter-subject versus inter-scan variability and sample size calculation

Figure 5: Boxplots with whiskers, outliers, medians, and means (indicated with ‘+’) of the inter-subject 
variability over measurements (i.e. scan 1, scan 2, and scan 3) of site 1 displayed for all nerve levels (L3-
S2) for all diffusion parameters (fractional anisotropy (FA), the mean diffusivity (MD), the axial diffusivity 
(AD), and the radial diffusivity (RD)).
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Figure 5 shows the box and whisker plots of site 1 for all diffusion parameters per 
scan for each of the nerve levels. The range of the box plots (variability between 
subjects) is large, whereas the mean of the measurements remains the same over 
measurements (i.e., scan 1, scan 2, and scan 3). 
Figure 6 shows similar results for the inter-week variability between subjects and scans, 
variability between subjects is large and similar to those of site 1, whereas the mean 
remains similar between weeks. Table 3 shows that inter-subject CoV measurements 
are approximately 2 times higher than the inter-scan CoV measurements. Inter-
subject CoV measurements for L3-S2 are on average respectively 9.6%, 9.2%, 12.0%, 
9.1%, and 13.9% for site 1, and 11.8%, 9.7%, 10.1%, 11.3%, and 10.8% for the inter-
week comparison at site 2. Inter-scan CoV measurements for L3-S2 are on average 
respectively 5.1%, 5.9%, 5.5%, 4.4%, and 6.6% for site 1, and 5.7%, 5.4%, 6.4%, 6.0%, 
and 6.3% for the inter-week comparison. Table 4 shows the calculated sample sizes 
for an effect size of 5% and 10%. Overall, for FA most samples are needed (i.e. 35 

Figure 6: Boxplots with whiskers, outliers, medians, and means (indicated with ‘+’) of the inter-subject 
variability over measurements of scans of week 1 versus week 2 at site 2 displayed for all nerve levels (L3-
S2) for all diffusion parameters (fractional anisotropy (FA), the mean diffusivity (MD), the axial diffusivity 
(AD), and the radial diffusivity (RD)).



| 36

Chapter 2

Ta
bl

e 3
: C

oe
ffi

ci
en

t o
f v

ar
ia

tio
n 

(C
oV

) f
or

 e
ac

h 
ne

rv
e 

le
ve

l (
L3

-S
2)

 a
nd

 fo
r a

ll 
ne

rv
e 

le
ve

ls
 to

ge
th

er
 (o

ve
ra

ll)
  f

or
 b

ot
h 

th
e 

in
te

r-
su

bj
ec

t a
nd

 in
te

r-
sc

an
 v

ar
ia

bi
lit

y.

Co
V 

(%
)

L3
L4

L5
S1

S2
Ov

er
al

l

In
te

r-s
ub

je
ct

In
te

r-s
ca

n
In

te
r-s

ub
je

ct
In

te
r-s

ca
n

In
te

r-s
ub

je
ct

In
te

r-s
ca

n
In

te
r-s

ub
je

ct
In

te
r-s

ca
n

In
te

r-s
ub

je
ct

In
te

r-s
ca

n
In

te
r-s

ub
je

ct
In

te
r-s

ca
n

Si
te

 1

FA
11

.1
6.

9
10

.1
7.

2
15

.3
7.

2
10

.4
5.

6
19

.2
8.

5
14

.9
7.

0

M
D

8.
9

4.
3

8.
7

5.
3

10
.5

4.
7

8.
5

3.
8

11
.6

5.
8

10
.8

4.
7

A
D

8.
1

3.
7

7.
8

4.
6

9.
2

4.
3

8.
4

4.
0

12
.3

5.
3

9.
8

4.
3

RD
10

.3
5.

4
10

.1
6.

3
12

.9
5.

7
9.

2
4.

1
12

.4
6.

6
12

.5
5.

6

Si
te

 2 
in

te
r-w

ee
k

FA
11

.5
6.

7
11

.7
5.

3
12

.0
8.

0
14

.7
7.

4
13

.1
6.

9
13

.7
7.

3

M
D

11
.7

5.
3

8.
5

5.
1

9.
2

5.
8

10
.1

5.
4

9.
9

6.
0

10
.9

5.
5

A
D

11
.4

4.
9

8.
6

5.
0

7.
8

4.
7

7.
9

4.
4

9.
0

6.
0

9.
7

5.
0

RD
12

.7
5.

8
9.

8
6.

0
11

.2
7.

2
12

.5
6.

6
11

.3
6.

4
12

.8
6.

4

Ta
bl

e 4
: S

am
pl

e 
si

ze
 c

al
cu

la
tio

ns
 fo

r e
ac

h 
ne

rv
e 

le
ve

l (
L3

-S
2)

 a
nd

 fo
r a

ll 
ne

rv
e 

le
ve

ls
 to

ge
th

er
 (o

ve
ra

ll)
 fo

r a
n 

eff
ec

t s
iz

e 
of

 5
%

 a
nd

 1
0%

Sa
m

pl
e s

ize

L3
L4

L5
S1

S2
Ov

er
al

l

5%
10

%
5%

10
%

5%
10

%
5%

10
%

5%
10

%
5%

10
%

FA
78

20
65

17
14

7
37

68
17

23
2

58
14

0
35

M
D

50
13

48
12

70
18

46
12

85
22

73
19

A
D

42
11

39
10

54
14

45
12

95
24

61
16

RD
67

17
65

17
10

5
27

54
14

97
25

99
25



37 |

Reproducibility study of diffusion MRI

samples for an effect size of 10%) whereas AD needs the least (16 samples for an 
effect size of 10%). The calculated sample sizes vary per nerve, where for L3 the 
number of needed samples was lowest and for S2 it was highest, i.e. 11-20 and 22-
58 for an effect size of 10% respectively.

Discussion
This study describes the reproducibility of DTI of the lumbosacral nerves in healthy 
volunteers which is essential to appreciate its potential for research and applications 
in a clinical arena. Intra-scan reliability was high, whereas inter-resolution –, inter-
scan –, and inter-week reliability were intermediate to good. However, there 
were small but significant differences between the diffusivity values of the inter-
resolution scans, and inter-week scans. Bland-Altman plots showed high agreement 
between the intra-scan session results, and LoA were larger for inter-resolution –, 
inter-scan –, and inter-week agreement, which may be explained by the long tails 
of the histogram plots of the differences.

Inter-resolution reliability, investigated in experiment 1, was intermediate to high 
and small, but significant differences in diffusion parameters were found (mean 
value of site 1 and 2 combined for MD was 1.26 ± 0.17 ×10-3 mm²/s and 1.31 ± 0.14 
×10-3 mm²/s, for AD was 1.70 ± 0.19 ×10-3 mm²/s and 1.75 ± 0.16 ×10-3 mm²/s, and 
for RD was 1.04 ± 0.16 ×10-3 mm²/s and 1.09 ± 0.13 ×10-3 mm²/s for 2.5 and 3.0 mm 
isotropic respectively, p<0.0005). DTI is very sensitive to the effects of noise, which 
affect the eigenvalues estimation (31) and reliability of tractography (32). As such, 
with a voxel size of 2.5 mm isotropic in some cases it proved challenging to reliably 
track the nerves. We believe that differences in partial volume effects are the cause 
of the differences we found between the two protocols (33,34), since the higher 
resolution showed consistently higher diffusion values. Although partial volume 
of nerve tissue with the surrounding tissue is different for both resolutions (larger 
voxel size results in more partial volume effects), we experienced that a voxel size 
of 3.0 mm isotropic is still sufficient to reconstruct and characterize the lumbar 
and sacral nerves. As the 3.0 mm isotropic resolution protocol has approximately a 
twofold higher SNR, facilitating more reliable estimation of the tensor eigenvalues 
and FT, we used this protocol for further analyses. 

The intra-scan reproducibility, investigated in experiment 2, of all diffusion 
measures was high, implying that the DTI sequence is stable, which is in line 
with previous findings (22). Compared to our results, Simon et al. showed higher 
reliability (ICCs were on average FA=0.93, AD=0.77, RD=0.83) in the peroneal and 
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tibial nerve based on three scans obtained at three different time points on one 
day (22). This could be due to that the peroneal and tibial nerve are approximately 
two times larger in cross-sectional area than the lumbar and sacral nerves (22,33). 
Therefore, it is less sensitive to changes in partial volume effects. Furthermore, the 
knee region is not affected by bowel movement and respiration in contrast to 
the lumbosacral region, which makes the knee region less sensitive to distortions 
and motion artifacts which may influence the reproducibility. Our study showed 
some diversity in ICC values between different positions along lumbar and sacral 
nerves (with highest range in AD 0.57-0.95 along different points). In general the 
ICC values of the FA in our study were lowest of all parameters, which is to be 
expected since the FA contains higher-order terms in the eigenvalues, causing 
higher degrees of uncertainty (35). Bland Altman plots of the intra-scan and inter-
scan agreement showed similar LoA as earlier described in a post-mortem study 
investigating the lumbar and sacral nerves, taking into account that diffusion 
values are approximately 3-4 times lower than in vivo results (24).

Inter-scan reproducibility (experiment 3) were intermediate to high, suggesting 
that the technique is performing sufficient for application in research and clinical 
studies, which was also confirmed by previous findings (23). Although, inter-week 
reproducibility (experiment 4) showed intermediate to high ICCs, we did find small 
but significant differences between the scan measurements obtained in week 1 
and week 2 (MD was 1.30±0.13 ×10-3 mm²/s and 1.27±0.15 ×10-3 mm²/s, AD was 
1.75±0.16 ×10-3 mm²/s and 1.71±0.18 ×10-3 mm²/s, and RD was 1.08±0.13 ×10-3 
mm²/s and 1.04±0.14 ×10-3 mm²/s for week 1 and week 2 respectively). A study 
investigating the tibial and sciatic nerve in diabetic patients showed no significant 
differences between scans performed in week 1 and week 2 (25). However, this 
study investigated a different anatomical region with different cross-sectional areas 
of the nerves.

The results of our study suggest that for longitudinal studies investigating a 
small effect size, it is very important to consider how potential findings should 
be interpreted, since small differences may also be caused by factors other than 
disease progression or therapeutic effects. Diffusion parameters are very sensitive 
to change due to many different reasons. Repositioning the subject or the coils 
can induce small changes to the magnetic field or overall data quality. Partial 
volume effects are likely to occur, as the nerve size cross-section is generally smaller 
than the voxel size. Therefore, differences in subject positioning, and changes in 
surrounding muscle tissue properties (36) may affect the overall diffusion measures 
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in the nerves (34). The inter-week reproducibility is likely to be more affected 
compared to the inter-scan reproducibility, which is also represented by the lower 
ICC values and wider LoA. Further physiological contributions such as the presence 
of pulsations of arterial vessels, breathing, and bowl movement could affect the 
diffusion parameters, since DTI is sensitive to motion (22,37). 

There have been several studies reporting intra or inter-scan reproducibility 
of the application of DTI in peripheral nervous tissue (22–24). For future studies 
investigating the lumbosacral nerves with DTI it is essential to have information 
regarding the variability in diffusion parameters between subjects versus the 
variability between scans within one subject. If the variability between subjects is 
smaller than the variability between scans within one subject, the technique is not 
sufficient to use in clinical practice. This study shows that the CoV values between 
subjects are approximately two times higher than those between scans, indicating 
that DTI of the lumbosacral nerves is reproducible and sensitive to detect potential 
changes in cross-sectional studies. The calculated CoV and sample sizes are higher 
for AD than for RD, and highest for FA, which is in accordance to the expected 
variation due to noise (35,38,39). We have shown that large sample sizes are needed 
to detect an effect size of 5%. Future studies investigating the lumbosacral nerves 
should consider this in their study design. However, with improvements in data 
acquisition and data processing, these sample sizes are likely to decrease. 

In this study, the nerves were manually segmented which may induce a rater bias. 
Nevertheless, since the two AND ROIs do not have to be precise and only tracts 
spanning the 3cm distance are selected it is unlikely that ROI placement would 
affect the measures. In future applications, automatic segmentation methods may 
even further improve the reproducibility of these DTI measures. However, at this 
point, there is no robust automated method to accurately segment the nerves 
running from the level of L3-S2. Qualitative assessment further shows that of the FT 
results of the different scans are comparable, which supports that the experimental 
design used in this study is sufficient to segment the lumbar and sacral nerves and 
sample their diffusion parameters in a reliable way. 

Several studies have investigated the lumbosacral nerves in a clinical setting using 
DTI with applications related to lumbar disc herniation (11–14) and neurogenic 
bladder disorders (9). Our study confirms that the application of DTI and FT in the 
lumbosacral nerves is reliable for such cross-sectional studies. 

We included two sites with 3T MRI systems provided by the same vendors. 
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However, we could not assess the inter-system reproducibility, since our subjects 
differed between sites. However, Table 2 indicates that the diffusion measures are 
very similar between the two sites. Future studies could determine whether DTI 
and FT are reproducible even when MRI systems of similar or different vendors are 
used for the same participants, which is currently unknown for neuro(muscular) 
applications using diffusion MRI. In addition, it may also be important to determine 
whether our applied methods are still reproducible when nerves are affected (e.g., 
due to polyneuropathy or nerve trauma also in post-mortem applications (24)).

In conclusion, this multicenter study showed that the reproducibility of diffusion 
measures of the lumbar and sacral nerves was intermediate to high, and that FT 
results were comparable to each other and to the anatomical scans. This confirms 
that for cross-sectional studies of lumbar and sacral nerves, DTI can be used 
reliably in a clinical setting. Sample sizes for cross-sectional studies depend on 
nerve location, parameter of interest, and effect size and can range between 10 
to 232 subjects. The small but significant differences of the inter-week comparison 
highlight that one needs to be careful when interpreting differences in longitudinal 
studies, since small differences may also be caused by factors other than disease 
progression or therapeutic effects. 
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Supplemental information

Supplemental Material 1: Fiber tractography of the lumbosacral nerves obtained of three scans with 
3.0 mm isotropic voxel size and of one scan with 2.5 mm isotropic voxel size in ten subjects at site 1, 
displayed as mean diffusivity color-encoded maps together with the corresponding maximal intensity 
projection (MIP).
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Supplemental Material 2: Fiber tractography of the lumbosacral nerves obtained of three scans with 
3.0 mm isotropic voxel size and of one scan with 2.5 mm isotropic voxel size in ten subjects at site 
2 and for two different weeks, displayed as mean diffusivity color-encoded maps together with the 
corresponding maximal intensity projection (MIP).
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Abstract
Purpose
It is still largely unknown how neural tube defects in spina bifida affect the nerves 
at the level of the sacral plexus. Visualizing the sacral plexus in 3 dimensions could 
improve our anatomical understanding regarding neurological problems in patients 
with spina bifida. We investigate anatomical and microstructural properties of the 
sacral plexus of spina bifida with diffusion tensor imaging and fiber tractography.

Materials and methods
Ten patients (8 to 16 years old) with spina bifida underwent diffusion tensor imaging 
on a 3 Tesla magnetic resonance imaging system. Anatomical 3-dimensional 
reconstructions of the sacral plexus of the 10 patients. Fiber tractography was 
performed with the diffusion magnetic resonance imaging toolbox ExploreDTI to 
determine the fractional anisotropy, and mean, axial, and radial diffusivity in the 
sacral plexus of the patients. Results were compared to 10 healthy controls.

Results
Nerves of patients with spina bifida showed asymmetry and disorganisation to 
a large extent compared to those of healthy controls. Especially at the level of the 
myelomeningocele it was difficult to find a connection with the cauda equina. Mean, 
axial, and radial diffusivity values at S1-S3 were significantly lower in the patients. 

Conclusions
To our knowledge this 3 Tesla magnetic resonance imaging study showed for 
the first time sacral plexus asymmetry and disorganization in 10 patients with 
spina bifida using diffusion tensor imaging and fiber tractography. The observed 
difference in diffusion values indicate that these methods can be used to identify 
nerve abnormalities. We expect that this technique could provide a valuable 
contribution to a better analysis and understanding of the problems of patients with 
spina bifida in the future.
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Introduction
The incidence of spina bifida (SB) worldwide ranges from 0.3-4.5 per 1,000 births (1,2). 
Patients with SB generally experience neurogenic bladder dysfunction, and lower 
limb sensory and motor innervation is affected (3). Bladder sphincter contraction 
and relaxation are coordinated by the central and peripheral nervous systems, and 
in patients with SB this sphincter function can be affected (4). Without treatment 
the level to which this function is compromised determines the prognosis of these 
patients. Early diagnosis is critical to prevent further neurological impairment but 
it can be quite arduous due to the complex anatomical configuration and high 
inter-subject variability of peripheral sacral branches (5,6). Currently no reliable in 
vivo, noninvasive routine clinical technique is available to determine how the sacral 
plexus is organized on an anatomical or structural level in patients with SB. 

A technique that allows for 3D visualization and structural characterization of nerve 
tissue is diffusion tensor imaging (DTI) (7–9). DTI is a magnetic resonance imaging 
(MRI) technique that is sensitive to the random movement of diffusing water 
molecules, the so-called Brownian motion. The diffusion is more pronounced 
along the nerves than across their main orientation, causing diffusion to show 
a high degree of anisotropy in such nervous tissue (10). This anisotropy can be 
quantified by applying a diffusion-weighted MRI acquisition protocol with multiple 
diffusion gradient orientations and subsequently estimating the diffusion tensor 
(7). This enables the possibility to reconstruct the 3D architecture of peripheral 
nerves noninvasively, and is referred to as fiber tractography (FT) (11).

Although DTI has been used in several studies on peripheral nerves (12,13), it 
has been rarely used in the lumbosacral region (5). The potential value of DTI to 
quantify peripheral nerve injury or dysfunction seems promising but the extent 
to which this can be translated to the clinical setting is still questionable given 
the numerous fiber constituents that may modulate the observed DTI results (10). 
The 4 diffusion parameters commonly used to investigate tissue microstructural 
properties are 1) fractional anisotropy (FA), which is high when water molecules 
move predominantly in 1 direction, 2) mean diffusivity (MD), which is the average 
of all eigenvalues (overall amount of diffusion), 3) axial diffusivity (AD), which is 
equal to the largest eigenvalue and 4) radial diffusivity (RD), which is defined as the 
average of the second and third eigenvalues (Figure 1).
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Figure 1: In fluid the random movement of water molecules is isotropic. Diffusion along the nerves 
(represented as axial diffusivity or λ

1
) is higher than perpendicular to the nerves (represented as radial 

diffusivity or mean of λ
2
 and λ
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 are the eigenvalues (the length of the diffusion) in a 

particular orientation. This diffusion orientation preference is called anisotropy.

While DTI (7,8) has been widely used to investigate white matter tracts in the brain 
(11,14–16), its application to peripheral nerves remains limited, mainly due to 
the greater challenges related to data acquisition (5,12,13). Takagi et al examined 
the nerve regeneration of the sciatic nerve in rats following contusive injury. The 
correlation of FA values with both histological and functional changes observed 
in that work demonstrates the potential clinical value of DTI in peripheral nerve 
damage and repair with lower FA values indicating damage to peripheral nerves 
(17). Van der Jagt et al recently reported promising progress in reconstructing and 
analyzing the peripheral sacral nerves using DTI and FT (5). 

We investigated the sacral plexus in 10 children with SB and neurogenic bladder 
dysfunction using DTI and FT. We compared results to those of healthy controls. 
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We hypothesized that in these patients with SB the microstructural properties of 
the sacral plexus would show abnormal values of DTI parameters in nerve regions 
where the tissue structure was affected. Our results revealed that using DTI and FT 
1) peripheral sacral nerves in patients with SB and neurogenic bladder dysfunction 
could be reconstructed and visualized in great detail, 2) the microstructural tissue 
organization of the sacral plexus could be characterized in vivo and noninvasively, 
and 3) peripheral nerve tissue abnormalities could be identified at specific locations 
in the sacral plexus. We believe that investigating nerve tissue properties with DTI 
and FT, in addition to conventional MRI, would be helpful to better understand the 
mechanism of the disturbed innervation of the bladder and lower limb muscles in 
children with SB.

Materials and methods
Data acquisition
Local institutional review board approval was obtained for this study and written 
informed consent was provided before MRI. Six girls and 4 boys with a mean age 
of 11.4 years (range 8 to 16) with SB and neurogenic bladder dysfunction were 
included in study. Neural tube defects (myelomeningocele) were mostly located 
in the lumbar sacral region (L5-S2). To decrease variability in the patient group and 
keep acquisition time to a minimum MRI was performed from the L4 level to the 
pelvic floor region. As healthy controls, we used participants in the study by van der 
Jagt et al (5). All imaging was done with a 3 Tesla Philips Achieva MRI System using 
a 16-channel phased array surface coil. Diffusion-weighted images and anatomical 
3D-TSE T2-weighted images were obtained using previously described acquisition 
protocols (5).

Data processing and analysis
The DTI data sets were processed using the ExploreDTI diffusion MRI toolbox (www.
ExploreDTI.com) (18). 1) Data were corrected for subject motion and eddy current 
induced geometrical distortion (19). 2) Diffusion tensors and subsequently diffusion 
parameters (MD, FA, AD and RD) were calculated using the iteratively weighted 
linear regression procedure (20). 3) A deterministic streamline tractography 
approach (21) was used to reconstruct fiber pathways. In each nerve a SEED ROI 
was placed in the middle of the nerve. A second ROI (AND region) was selected 
in the nerve root near the cauda equina and another AND ROI was selected more 
distal along the nerve where it was still traceable. By placing these AND regions 
according to the 3D-TSE T2-weighted data set fiber we determined trajectories 
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along the entire nerve. Combining a low FA threshold, i.e. 0.001, with these AND 
ROIs provides a feasible way to reconstruct tracts with high reproducibility (5). 
Finally, a pediatric neuroradiologist with more than 15 years of experience with MRI 
evaluated the accuracy of the fiber tract anatomical locations using the anatomical 
3D-TSE T2-weighted images.

Statistical analyses
FA, MD, AD and RD values of nerves L4 to S3 in patients with SB were investigated 
and compared with values in healthy controls, as determined in the study by van 
der Jagt et al (5). We investigated variability between the nerves of patients with 
SB per nerve using the Kruskal-Wallis test. Nerves on the left and right sides were 
compared using the nonparametric Mann-Whitney U test, which was also used 
to investigate differences between the nerves of patients with SB and healthy 
controls. Analysis was done with SPSS (SPSS Inc. Chicago, IL, USA), version 21.0.

Results
With tractography it was possible to obtain 3-dimensional anatomical reconstructions 
of all 10 patients with SB (see supplemental information). Figure 2 shows FT results of 
the lumbosacral plexus of a typical patient with SB. The pseudo color encoding 
represents the magnitude of the diffusion parameters. Table 1 lists diffusion 
measures of patients with SB and healthy controls. Because MD values appeared 
to be most indicative of nerve abnormalities (see Table 1), the fiber tracts were color 
coded for MD (Figures 3 to 5).

Fiber tract evaluation
The sacral plexus of patients with SB were asymmetrical and disorganized compared to 
that of healthy controls. In 2 patients nerves at the L5 level could not be reconstructed 
with FT although they were visible on anatomical T2-weighted images (Figure 3B). S4 
and S5 could not be traced in any patient or control. At that level in most cases they 
were also not visible on anatomical T2-weighted images. 

In patients with SB it was difficult to locate a connection to the cauda equina, 
especially at the myelomeningocele level (Figure 4A). In contrast, this connection was 
clearly visible in healthy controls (Figure 4B).

Diffusion parameters
Statistical testing revealed no significant difference in FA, MD, AD, and RD between 
the left and right side at the levels L4-S3 (p>0.05). Therefore, the 2 sides were 
pooled for each nerve level. Furthermore, no significant differences were found 
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Figure 2: 3D anatomy of the nerves at the level of L3-S3 of a typical spina bifida patient. Color maps 
of mean diffusivity, fractional anisotropy, axial diffusivity, and radial diffusivity are shown along the fiber 
pathways. A red color represents a high diffusivity and blue color a low diffusivity.

between individual nerves per level (p>0.05). Table 1 shows that MD at the L4 level 
in patients with SB was comparable to that in healthy controls.However, from the 
level of L5 downward, a lower MD value was found, which was significantly different 
from healthy controls at the levels S1-S3 (S1 and S2: p<0.001, S3: p<0.01). Similar 
differences were found for the AD and RD values (S1: p<0.001, S2 and S3: p<0.01).
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Figure 3: Lower lumbar and sacral nerves, A) healthy control, B) spina bifida patient with 
myelomeningocele from the level of L5 to caudal. L5 on the left side could not be reconstructed 
(indicated with “1”).

Table 1: Diffusion parameters (fractional anisotropy, mean diffusivity, axial diffusivity, and radial 
diffusivity) and tract length of spina bifida (SB) patients and healthy controls L4-S3

L4
Mean ± SD

L5
Mean ± SD

S1
Mean ± SD

S2
Mean ± SD

S3
Mean ± SD

FA

Control 0.28±0.05 0.31±0.03 0.26±0.03 0.23±0.03 0.22±0.03 

SB 0.28±0.04 0.29±0.04 0.27±0.05 0.25±0.05 0.26±0.05

MD (×10-3 mm2/s)

Control 1.34±0.22 1.42±0.21 1.83±0.24* 1.73±0.29* 1.62±0.32†

SB 1.32±0.16 1.31±0.24 1.40±0.22* 1.36±0.21* 1.33±0.23†

AD (×10-3 mm2/s)

Control 1.72±0.22 1.86±0.24 2.31±0.27* 2.13±0.36† 1.98±0.39†

SB 1.70±0.18 1.72±0.31 1.78±0.23* 1.70±0.21† 1.66±0.35†

RD (×10-3 mm2/s)

Control 1.15±0.21 1.19±0.20 1.59±0.22* 1.53±0.26† 1.43±0.29†

SB 1.14±0.15 1.11±0.21 1.22±0.23* 1.19±0.22† 1.17±0.22†

*p<0.001; †p<0.01
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Figure 4: A) Posterior view of a spina bifida patients with myelomeningocele at the level of L5-S1, the 
sacral nerves do not connect with the cauda equina (indicated with the arrows), B) healthy control in 
which the nerves show a connection to the cauda equina.

Bladder innervation
In 3 patients we noted a trajectory originating from S2-S4 and continuing to 
the bladder. Figure 5A shows an example in 1 patient. Although this could not 
be confirmed on anatomical T2-weighted images, it is likely that this was the 
pudendal nerve since it showed a course similar to that on a schematic anatomy 
configuration of the sacral plexus (Figure 5B).

Figure 5: A) Anterior view of a spina bifida patient with myelomeningocele at the level of L1-L4, the 
pudendal nerve is indicated with “PN”, and the sciatic nerve with “SN”, B) schematic overview of the 
lumbosacral nerves. The sacral branches and pudendal nerve (A) correspond with the anatomy (B). 
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Discussion
To our knowledge we report the first 3 Tesla DTI to reconstruct the 3D architecture 
of the sacral plexus in 10 patients with SB that detailed L4-S3 individual pathway 
trajectories and microstructural properties. Differences in anatomy, particularly 
asymmetry and disorganization, and MD values in the sacral nerves were found in 
patients with SB compared to healthy controls.

Interpretation
Fiber tractography provides striking images of the sacral plexus non-invasively (5). 
However, this technology has not been extensively used to investigate peripheral 
nerves since DTI and FT are not straightforward or trivial to apply. In addition, 
interpretation is a major difficulty of DTI (22). Therefore, one of the major questions 
in the use of DTI is whether the images are representative for what we think they 
present. Abnormalities in fiber reconstructions and diffusion parameters can also 
be caused by deformations and artifacts in data or limitations of the imaging 
technique (23,24).

Clinical relevance 
In this study MD values from L5 to the caudal level were lower in patients with 
SB than controls but for L4, which was still intact, MD values were similar in the 
groups. The decrease in MD could involve reduced intrinsic diffusion in the intra-
axonal space due to cytoskeletal breakdown, resulting in increased viscosity (10). 
It could also be related to myelomeningocele, which in these patients was mostly 
located at the L5-S1 level. At that level it was also difficult to find a connection to 
the cauda equina. With some abuse of terminology, if nerves at that level do not 
work properly, they might be compared to an electric cable that is not adequately 
plugged into the socket. To investigate whether the lower MD values of these 
nerves were caused by myelomeningocele, results could be compared to those in 
patients with SB in whom myelomeningocele is located at a higher level (thoracic 
or high lumbar).

DTI revealed a trajectory to the bladder that was likely the pudendal nerve. The 
anatomical image did not show this trajectory. Because the pudendal nerve 
originates from S2-S4, it would be expected that the pudendal nerve would also 
have lower MD values. Future studies of the correlation between urodynamic 
findings and DTI metrics in the sacral plexus of patients with SB may support this 
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hypothesis. The patient group could be extended by investigating other sacral 
malformations such as anorectal malformation (25). Lower lesions are often 
associated with detrusor-sphincter dyssynergia compared to higher lesions. DTI 
could have an important role in diagnosis and therapy for future neuroanastomotic 
procedures in these patients.

Limitations
Data were corrected for subject motion and geometric distortions but may still 
have been misaligned due to the nonlinear behavior of these artifacts (5,9). In 
addition, due to the relatively large voxel size (3 × 3 × 3 mm3) partial volume effects 
influenced the diffusion parameters and smaller nerve bundles, especially at S3 
since those nerves are smaller in diameter than the other nerves (23,26). The control 
group consisted of healthy adults. Although diffusion properties may change with 
age, as in brain white matter fiber bundles (27), we expect that differences in AD 
and RD would be relatively low compared to differences in patients with SB versus 
healthy adults.

Future work
To determine the extent to which diffusion parameters represent nerve 
functionality in patients with SB other patient groups with neurological disorders 
can be investigated. In newborns with SB DTI can be performed before and after 
closing the spinal cord as a comparison tool to localize potential nerve damage. 
By improving DTI resolution we believe that in the future it could be possible to 
visualize small nerves in these infants. Other pathological conditions for which DTI 
can be used to visualize the peripheral nerves include multiple sclerosis (28) and 
paraplegia. Finally, DTI could potentially be applied to locate nerves for sacral nerve 
stimulation, neurostimulator implants and neuroanastomosis procedures (29) in 
the sacral plexus. Combining electromyogram information with DTI tractography 
and diffusion parameters may improve our understanding of how to interpret 
diffusion parameters of peripheral nerves. 

At this time DTI cannot replace conventional anatomical imaging modalities, i.e. 
2D T1-weighted and T2-weighted sequences or high resolution 3D-TSE protocols. 
However, it can serve as a complementary tool to better detect and understand 
neurological problems in patients with SB. Further adjustments of the registration 
process by fusing anatomical and DTI information may improve analysis of the 
nerves at each level. Large-scale studies of patients with different types of SB are 
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needed to further optimize the technique and better determine the exact role of 
DTI in the diagnosis and follow-up. We expect that abnormal diffusion parameters 
may indicate affected or dysfunctional nerves.

Conclusion
To our knowledge this 3 Tesla MRI study shows for the first time the asymmetry 
and disorganization of the sacral plexus in 10 patients with SB using DTI and FT. 
These abnormalities indicate that the sacral plexus of such patients differs from 
that of healthy controls. The observed difference in diffusion values shows that 
these methods can be used to identify nerve abnormalities. Combining 3D-TSE, 
DTI and FT, and correlating diffusion parameters with the neurological problems of 
patients with SB are expected to provide a valuable contribution to better analysis 
and diagnosis of these patients in the future.
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Abstract
Objectives
The aim of this study was to investigate the nerve roots with diffusion tensor 
imaging (DTI) in patients with herniated disc compressing the nerve at the level of 
L5 and S1 and compare them with healthy controls.

Methods
Ten patients with lumbar disc herniation and 10 healthy controls were scanned on 
a 3T MRI scanner. The nerve roots at the level of L5 and S1 were reconstructed using 
DTI based fiber tractography from which 3 cm tract segments were selected. For 
these segments diffusion parameters (fractional anisotropy (FA), mean diffusivity 
(MD), axial diffusivity (AD), and radial diffusivity (RD)) were determined.

Results
There were no differences in the diffusion parameters between the compressed 
nerve roots in comparison to the contralateral nerve roots. However, significant 
differences in FA and RD were found between the compressed nerve roots and 
the nerve roots in healthy controls (0.25±0.03 and 0.29±0.04 for FA, p=0.004, and 
1.27±0.15 × 10-3 mm2/s and 1.11±0.14 × 10-3 mm2/s for RD, p=0.029). No differences 
were found in the other diffusivity measures. Additionally, we found regional 
differences in diffusion measures along the nerve segments.

Conclusions
With DTI we found differences in FA and RD between the compressed nerve roots 
and the nerve roots at the same level in healthy controls, suggesting that there are 
pathological processes affecting the nerve roots at the level of the compression. 
Trajectory analysis shows that the location at which diffusion estimates are extracted 
along the nerve segment is of importance.
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Introduction
In patients with compressed nerve roots due to lumbar disc herniation, the nucleus 
pulposus of the disc breaks through the fibrous ring due to a crack or tear. This 
can lead to pain radiating in the leg and possible severe functional impairment 
(1,2). The exact cause of radiating leg pain is not straightforward and the origin 
of the pain remains rather complex and controversial (3–5). Magnetic resonance 
imaging (MRI) and diffusion tensor imaging (DTI) are techniques that can be used 
to investigate and quantify the spinal cord and nerve roots properties and potential 
nerve damage. T1 and T2-weighted images can display the nerves but do not 
reveal quantitative functional measures. DTI has the ability to determine diffusion 
measures which can be associated with for example inflammation processes (6,7). 
DTI has been used to quantify the diffusion properties of compressed nerve roots 
due to lumbar disc herniation (4,8–11). However, most of these methods used ROI 
based analysis which is time consuming and subjective. In comparison tract based 
methods for analysis of DTI data use fiber tractography to reconstruct the nerves 
and sample the diffusion parameters. Such methods are less prone to user bias and 
are commonly used in the analysis of the brain, spinal cord and peripheral nerves 
(12–14). There is no existing standard and the validation of DTI is not straightforward. 
Earlier studies investigating the lumbosacral nerves with DTI have shown the 
feasibility and reproducibility to visualize the lumbosacral nerves (15–18). In this 
study we examined compressed nerve roots due to the lumbar disc herniation with 
DTI and analyzed segments of the nerve at the level of the compression together 
with a segmental analysis along the nerve. The aim is to investigate to what extent 
it is possible to determine potential changes in the diffusion parameters with DTI 
in compressed nerve roots due to lumbar disc herniation.

Materials and methods
MRI acquisition and patient characteristics
Local institutional review board approval was obtained for this study and written 
informed consent was given prior to the MRI examination. 10 patients with nerve 
root compression at the level of L5 and S1 due to disc herniation underwent DTI on 
a 3 Tesla MR system (Achieva; Philips Healthcare, Best, The Netherlands) together 
with 10 healthy asymptomatic age – and gender matched control subjects with 
no history of low back pain. DTI was performed with diffusion-weighted spin echo 
single-shot echo planar imaging (EPI) in the coronal plane with the following 
parameters; TE = 45 ms, TR = 3573 ms, number of excitations = 2, FOV 336 × 216 
mm², matrix size 112 × 72, 25 slices with thickness = 3.0 mm, resulting in a voxel 
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size of 3.0 × 3.0 × 3.0 mm³, half scan 0.62, SPIR fat suppression, b-values 0 and 800 
s/mm², and 15 gradient directions. The total acquisition time was 4:20 minutes. In 
addition, T1, and T2, and 3D TSE scans were obtained both in coronal and sagittal 
plane. 

Data processing
First visual inspection of all data was performed to check for artifacts and overall 
data quality. If the data quality was sufficient DTI analysis and FT were performed 
with the diffusion MRI-toolbox ExploreDTI to determine tract based fractional 
anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity 
(RD) in the nerve roots of L5 or S1 of lumbar disc herniated patients and healthy 
controls (19). Whole volume tractography was performed on all datasets where 
FT was allowed in all voxels with a FA>0.05 and a MD> 0.8×10-3 mm2/s. Segments 
of 3 cm were obtained from the level of where the nerve branched with the 
cauda equina to further distal using ‘AND’ ROIs (Figure 1 right image) and included 
the compression on the nerve root due to disc herniation which was located in 
the second part of the segment. The T1, T2 and 3D TSE data was used to check 
the validity of the found tract segments. These segments were then subsampled 
in 11 different measurements along the nerve root, where diffusion parameters 
were calculated based on the center line voxels to prevent partial volume effects 
(12,14,20). The average of these 11 measurement points was used in the statistical 
analysis. 

Statistical analysis
A paired T-test was used to test for any differences in the average diffusion measures 
of the segments between 1) left and right side of the nerve root in healthy controls, 
and 2) left and right side of the healthy not compressed nerve roots in patients, and 
3) the compressed nerve roots and their contralateral side. 

To determine whether the position of sampling along the tract (i.e. beginning/
proximal, i.e. measurement point 1, middle, measurement point 6, or end/distal, 
measurement point 11, of the nerve segment) matters, a one-way repeated 
measures analysis of covariance (ANCOVA) was used with ‘level’ and ‘groups’ as 
covariate to determine whether there are differences in diffusion measures along 
the nerve. A p-value of 0.05 was found to be significant for all statistical analyses.

Multivariate ANCOVAs with ‘level’ as covariate were used to investigate difference 
in three cases 1) the compressed nerve roots and those of healthy controls, 2) 
contralateral nerve roots and those of healthy controls, and 3) the healthy nerve 
roots of patients and those of healthy controls. 
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Results
MRI processing and patient characteristics
10 patients (one female) with a mean age 38 years (range 29 –56 years) with disc 
herniation with compression at the level of L5 right (2 patients), S1 left (7 patients), 
and S1 right (1 patient) were included. Duration of symptoms before the MRI scan was 
on average 8.5 months (range 4.5 – 15.5 months). All patients had a typical radicular 
distribution of the pain associated to the radicular syndrom. In 9 out of 10 patients 
the symptoms matched with radiological findings. In one case the patient suffered 
from pain in the right leg but radiological findings showed nerve root compression 
at S1 left. In addition, 10 healthy controls (one female) with a mean age of 38 years 
(range 29 – 57 years) were included. Data quality was sufficient in all cases based on 
visual inspection, and did not contain any artifacts which may interfere with further 
analysis of the data. An example of the raw DTI data together with the FA and MD 
maps and the obtained tract segment is displayed in Figure 1. Fiber tracts of L5 and S1 
were possible to reconstruct in all datasets. Figure 2 displays fiber tracts of L5 and S1 in 
a patient and in a healthy control together with the 3D TSE. The compressed nerve 
root is indicated with an arrow.

Diffusion parameters and fiber tractography
There were no differences in the diffusion parameters of the nerve roots on the left 
and right side in healthy controls and between the left and right side of the healthy 
nerve roots in patients. Therefore, the average value of the diffusion parameters of 
the left and right nerve root side for each level was used for further analysis. 

Figure 1: Raw data displayed as b=0 s/mm2, b=800 s/mm2, fractional anisotropy (FA), and mean 
diffusivity (MD) maps, from left to right respectively. The most right image indicates fiber tract segments 
of the nerve roots at the level of L5 and S1 reconstructed with two ‘AND’ ROIs.
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Figure 3 shows plots of the diffusion parameters (FA, MD, AD and RD) over 11 
measurements points along the segmented nerve root of the compressed nerve, 
the contralateral side, and the healthy nerve roots in patients, and the nerve roots in 
healthy controls at the same level as the patients. More proximal (measurement point 
1), FA was lower than in the middle of the nerve (measurement point 6) (0.22 ± 0.06, 
and 0.28 ± 0.05, p<0.0005), and at the end of the nerve root more distal (measurement 
point 11) (0.31 ± 0.05, p<0.0005) for all groups combined. FA at the middle of the 
nerve was also lower than more distal (measurement point 6 vs 11, p=0.024). The 
MD, and RD were higher more proximal compared to the middle and distal (1.77 ± 
0.42 × 10-3 mm2/s and 1.28 ± 0.20 × 10-3 mm2/s for MD, and 1.58 ± 0.42 × 10-3 mm2/s 
and 1.08 ± 0.19 × 10-3 mm2/s for RD for measurement point 1 and 6 respectively, 
p<0.0005). There was no difference in these diffusion measures between the middle 
of the segment and more distal (1.20 ± 0.21 × 10-3 mm2/s for MD, and 1.00 ± 0.19 × 
10-3 mm2/s for RD for measurements 11, p>0.072). There were no differences in AD 
values between these three measurement points along the segment (2.17 ± 0.45 × 

Figure 2: Registered fractional anisotropy (FA) and mean diffusivity (MD) maps with fiber tracts of the 
segments of L5 and S1 nerves of a patient and a healthy control together with the 3D TSE scan. The 
arrow indicates the location of the compressed nerve root.
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10-3 mm2/s, 1.69 ± 0.24 × 10-3 mm2/s, and 1.62 ± 0.26 × 10-3 mm2/s for measurement 
point 1, 6 and 11 respectively). The along tract diffusion estimates shown in Figure 3 
shows an apparent difference between the compressed and contralateral nerve roots 
in patients (blue and red line) compared to the non-compressed healthy nerve roots 
of patients and healthy controls (green and brown line). However, these differences 
are mostly in the first part (proximal part) of the tract segments.

Table 1 and Figure 4 show the average diffusion parameters of the entire nerve roots of 
the compressed nerves, the contralateral side, and the healthy nerve roots in patients 
and the nerve roots in healthy controls. There were no differences in any of the 
diffusion parameters between the compressed versus the contralateral nerve root 
(p>0.133). In comparison, the diffusion parameters of the compressed side in patients 
compared to nerve roots in healthy controls did reveal significant differences. We found 
a difference in FA (0.25±0.03 in compressed nerve roots, and 0.30±0.04 in healthy 
controls, p=0.004), and in RD (1.27±0.15 × 10-3 mm2/s in compressed nerve roots, 
and 1.11±0.14 × 10-3 mm2/s in healthy controls, p=0.029) but not in MD (p=0.14) 
or AD (p=0.96). There was no difference in any of the diffusion measures between 
contralateral nerve roots in patients and nerve roots of healthy controls (p>0.06), nor 
between the healthy nerve roots in patients and healthy controls (p>0.27).

Table 1: Diffusion parameters of the nerve roots of the compressed nerves and the contralateral side 
in patients and the mean diffusion values at the same level in healthy controls based of the center line 
voxels

Patients Healthy controls

Compressed  
nerve roots

Contralateral  
nerve roots

Healthy  
nerves patients

Mean of  
nerve roots

FA 0.25±0.03* 0.27±0.02 0.30±0.02 0.30±0.04*

MD (× 10-3 mm2/s) 1.45±0.15 1.47±0.18 1.23±0.13 1.32±0.15

AD (× 10-3 mm2/s) 1.83±0.17 1.91±0.22 1.64±0.17 1.76±0.17

RD (× 10-3 mm2/s) 1.27±0.15* 1.26±0.16 1.03±0.11 1.11±0.14*

*Significant different; p<0.05
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Figure 4. Box plots of the compressed nerve roots in patients, and the contralateral nerve roots in 
patients, the healthy nerve roots in patients, and the healthy nerve roots in healthy controls. Significant 
differences were found in the FA and RD between compressed nerve roots and healthy controls  (HC)
(p=0.004 and p=0.029 respectively). No differences were found in any of the other diffusion parameters.

Discussion
In this study we investigated diffusion parameters in compressed nerve roots (L5 and 
S1) of patients with lumbar disc herniation and healthy controls. We were not able 
to detect differences in the average diffusion parameters between the compressed 
nerve roots and their contralateral side, but we did show significant differences in FA 
and RD between the compressed nerve roots at the level of the disc hernation and 
the nerve roots of healthy controls.

Experimental studies report chronic compression and chemical irritation of the 
lumbar nerve roots which induces different histological changes in the nerve. This 
involves for example an increase in vascular permeability with disrupted nerve root 
barrier, development of intraneural oedema and hyperaemia in and around the 
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nerve. Compression of the nerve roots can induce reduced blood flow and ischaemia 
which leads to demyelination of nerve fibers, Wallerian degeneration, and endoneural 
cracking (21–23). This may then lead to a change in water diffusion in the nerve tissue 
by an increase in space between the axons and axon fascicles, which may explain 
the lower FA and RD values found in the compressed nerve roots. However, we did 
not observe any difference in MD values which was previously found in other studies 
investigating patients suffering from lumbar disc herniations with DTI (4,8,24,25). 
These earlier studies did not report AD, or RD values of the nerve roots. Chuanting 
et al reported in compressed nerve roots a higher MD (MD = 2.07 × 10-3 mm2/s) 
compared to healthy controls (1.76 × 10-3 mm2/s), and lower FA in patients (FA = 0.25) 
compared to healthy controls (FA=0.33). Compared to this study, the MD values in 
our study were lower (1.45 × 10-3 mm2/s in patients), but FA values were comparable 
to the patient group (FA = 0.25 in patients). Wu et al reported diffusion values before 
and after endoscopic discectomy in patients with lumbar disc herniation (26). Their 
FA values of the compressed nerve roots are slightly lower (FA=0.16) compared to 
our study, and the FA of the contralateral side was comparable to healthy controls in 
our study (FA=0.26). MD values were similar to our results (1.427 × 10-3 mm2/s in the 
compressed nerve roots and 1.363 × 10-3 mm2/s in the contralateral side). Although 
we did not find a difference in MD, we did find a difference in RD (i.e. the diffusion 
perpendicular to the main orientation of the nerve), which could be explained by the 
earlier explained mechanisms such as demyelination of the nerves and is potentially 
the basis of a higher MD. Furthermore, in contrast to earlier studies reporting diffusion 
measures of compressed nerves in herniated disc patients, we did not find significant 
differences between any of the diffusion parameters of the compressed nerve roots 
and their contralateral side (4,8,11,25,26). A possible explanation for this could be the 
potential differences in duration of the nerve compression and severity of symptoms, 
although these factors were not reported in these earlier studies.

Partial volume effects may influence the results, since we used a voxel size of 3 mm 
isotropic (14,27). Diffusivity estimates obtained from the nerve roots may increase 
due to their surrounding tissue (14). However, this does not provide an explanation 
for the observations that there were no significant differences in diffusion parameters 
between the compressed nerve roots and their contralateral side. Furthermore, we 
tried to minimize the bias due to partial voluming by including only those voxels 
that are in the center of the tracts (center line sampling). Further improvement in 
acquisition protocols and processing strategies will help to more accurately calculate 
diffusion parameters (28).
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We observed that there was a difference of the diffusion measures of the nerve 
segments along the trajectory of the tracked segment (i.e. proximal, middle and 
distal part of the nerve segment), indicating that diffusion estimates depend on the 
location of where the tract is being sampled. High values of MD were found in the 
first segment, with decreasing values more distal along the nerve root, which is in line 
with the study of Chiou et al (29). The earlier reported differences between diffusion 
measures among different studies can be explained by the difference in sampling 
locations along the nerve (i.e. MD of 2.07 × 10-3 mm2/s as reported by (4) is likely to 
be sampled more proximal and MD of 1.45 × 10-3 mm2/s as reported by (26) is likely 
to be sampled more distal along the nerve). The difference in diffusion measures 
(FA and RD) between compressed nerve roots and healthy controls was most 
prominent in the first part of the nerve segment indicating that potential differences 
are more likely to be tracked in this part compared to the more distal part of the nerve 
segment. These are important findings, also in other nerve related injuries, as it can 
affect segmentation strategies. When performing manual ROI analysis one should 
take great care to sample all nerves at the same location to prevent any bias due to 
the positioning of the ROI.

In conclusion, this study showed the use of DTI to investigate nerve roots in patients 
suffering from nerve root compression due to disc herniation. No differences in 
diffusion parameters between the compressed nerve roots and their contralateral side 
were found. We did however find differences in FA and RD between the compressed 
nerve roots and the nerve roots at the same level in healthy controls. This suggests 
that there are pathofysiological processes affecting the nerves at the level of the 
compression. Trajectory analysis shows that the location at which diffusion estimates 
are extracted along the nerve segment is of importance.
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Abstract
Objectives
To study disease mechanisms in multifocal motor neuropathy (MMN) with 
magnetic resonance imaging (MRI) and diffusion tensor imaging (DTI) of the 
median and ulnar nerves.

Methods
We enrolled 10 MMN patients, 10 with amyotrophic lateral sclerosis (ALS) and 
10 healthy controls (HC). Patients underwent MRI (in prone position) and nerve 
conduction studies. DTI and fat-suppressed T2-weighted scans of the forearms 
were performed on a 3.0T MRI scanner. Fiber tractography of the median and ulnar 
nerve was performed to extract diffusion parameters: fractional anisotropy (FA), 
mean (MD), axial (AD), and radial (RD) diffusivity. Cross-sectional areas (CSA) were 
measured on T2-weighted scans. 

Results
Forty-five out of 60 arms were included in the analysis. AD was significantly lower 
in MMN patients (2.20±0.12×10-3 mm²/s) compared to ALS patients (2.31±0.17×10-3 
mm²/s; p<0.05) and HC (2.31±0.17×10-3 mm²/s; p<0.05). Segmental analysis showed 
significant restriction of AD, RD and MD (p<0.005) in the proximal third of the nerves. 
CSA was significantly larger in MMN patients compared to ALS patients and HC 
(p<0.01). 

Conclusions
Thickening of nerves is compatible with changes in myelin sheath structure, 
whereas lowered AD values suggest axonal dysfunction. These findings suggest 
that myelin and axons are diffusely involved in MMN pathogenesis.
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Introduction
Multifocal motor neuropathy (MMN) is a rare disorder characterized by progressive, 
asymmetric and predominantly distal limb weakness without any sensory 
involvement (1). The diagnosis of MMN is mainly based on the combination of 
clinical characteristics and specific nerve conduction abnormalities, i.e. conduction 
block. MMN is a mimic of the early phases of amyotrophic lateral sclerosis (ALS) and 
progressive muscular atrophy from which it needs to be distinguished, since the 
prognosis of MMN is much better than that of motor neuron disorders. Although 
patients with MMN respond to treatment with intravenous or subcutaneous 
immunoglobulins (2–4), progressive weakness of arms and hands due to 
accumulating axonal damage causes severe disability in a subgroup of patients (1,5). 

The pathogenic mechanisms that underlie MMN are incompletely understood. The 
presence of anti-GM1 IgM antibodies in more than half of the patients may suggest 
that MMN is caused by anti-GM1 antibody mediated damage at or in the proximity 
of the nodes of Ranvier. This likely plays a role in the phenomenon of conduction 
block and in the demyelination or disruption of the compact myelin structure 
(2,6). Demyelination or disruption of the compact myelin structure represents an 
alternative pathogenic mechanism that causes MMN (6). There are few pathological 
studies of affected motor nerves (7,8), and there are no animal models for MMN. 
There is a need for new methodology to elucidate MMN pathogenesis and to 
eventually improve treatment strategies. 

Magnetic resonance imaging (MRI) can be used to study the brachial plexus and 
peripheral nerves (9,10). MRI T1 and T2 weighed images can provide anatomical 
detail and diffusion tensor imaging (DTI) techniques information on the 
microstructural organization of nervous tissue (11–13) and peripheral nerves (14–
17). This unique combination may help to identify relevant disease mechanisms in 
patients with MMN. In this study, we therefore used MRI and DTI to visualize the 
median and ulnar nerves in the forearm of patients with MMN, ALS and healthy 
controls. 

Materials and methods
Patient characteristics 
We enrolled 10 patients with MMN, 10 patients with ALS and 10 healthy controls 
at the neuromuscular outpatient clinic of the University Medical Centre Utrecht, 
a tertiary referral center for neuromuscular disorders. Patients with MMN and ALS 
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fulfilled diagnostic consensus criteria for definite or probable MMN and the El 
Escorial criteria for ALS, respectively (4,18). All patients with ALS had clinical signs 
of lower motor neuron involvement (i.e. weakness, atrophy and/or fasciculations) 
in the forearm or hand. Patients and healthy controls were matched for age and 
gender. All patients with MMN were on immunoglobulin maintenance treatment 
and all patients with ALS used riluzole. All patients and healthy controls underwent 
a standardized clinical examination including muscle strength testing of the 
wrist, thumb and finger flexion, opponens pollicis, abductor pollicis brevis, 
finger spreading and adductor pollicis, together with sensory testing. Clinical 
examinations, electromyogram and MRI studies were performed on the same day. 
The local institutional review board approved this study and we obtained written 
informed consent from each subject prior to inclusion.

Nerve conduction study protocol 
Nerve conduction studies were performed using a Nicolet VIKING IV electromyogram 
machine (CareFusion, Tokyo, Japan) after the limbs were warmed in water at 37°C 
for 30 minutes. One of us (SG) was unaware of the clinical diagnosis and performed 
nerve conduction studies using a shortened version of a previously published 
protocol (4), consisting of motor nerve stimulation of the median nerve (recording 
m. abductor pollicis brevis) and ulnar nerve (recording m. abductor digiti V) on 
both sides up to the axilla. We used the definition of conduction block as described 
in the diagnostic consensus criteria for MMN (18). Axonal loss was defined as a 
decrease of distal compound muscle action potential (CMAP) below to 2 standard 
deviations of the lower limit of normal, i.e. a CMAP <3.5mV for the median nerve 
and a distal CMAP of <2.8mV for the ulnar nerve.

MRI protocol and data acquisition
All subjects underwent MRI of both forearms. Scans were acquired on a 3 Tesla 
MR system (Achieva, Philips Healthcare, Best, the Netherlands) with a 32-channel 
phased-array surface coil. Patients were positioned in a prone position with one 
arm placed above the head as described previously (19). Patients were repositioned 
when the other arm was scanned. DTI was performed based on diffusion weighted 
spin echo single-shot echo planar imaging in the axial plane with the following 
parameters: TE = 66 ms, TR = 6340 ms, SENSE factor 2, FOV 240 × 120 mm², matrix 
size 160 × 80, 60 slices with thickness = 4.0 mm, resulting in a voxel size of 1.5 
× 1.5 × 4.0 mm³, half scan 0.69, SPIR fat suppression, b-values 0, and 800 s/mm², 
NSA = 1, and 15 gradient directions. The total acquisition time was 9:32 minutes. 
As an anatomical reference, axial fat-suppressed T2-weighted scans were acquired 
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with the following parameters: TE=90 ms, TR=7139 ms, SENSE factor 1.5, FOV 120 
× 120 mm², matrix size 240 × 234, slices with thickness of 4.0 mm, and spectral 
attenuated inversion-recovery fat suppression. One stack was used with 60 slices 
for both the DTI and the T2-weighted scan. Scans with low quality, evaluated by 
visual inspection, for example due to movement, were excluded from analysis.

DTI processing
The DTI data was processed using ExploreDTI (www.ExploreDTI.com) (20). 
Images were corrected for subject motion, eddy current induced distortions, 
and susceptibility artifacts (21,22). Diffusion tensors were calculated using the 
REKINDLE method (23) and subsequently diffusion parameters were obtained, 
which consisted of 1) the fractional anisotropy (FA), 2) the mean diffusivity (MD), 
3) the axial diffusivity (AD), and 4) the radial diffusivity (RD) (14). A standardized 
deterministic streamline approach was used to reconstruct the fiber tract (24). 

Fiber tractography and diffusion parameters
To visualize the nerves and extract diffusion parameters, tractography was used. 
FA range was set to 0.1-0.9, step size of 1 mm, minimum fiber length was set 
to 100 mm, and the fiber angle was set to 30° per integration step. Fiber tracts, 
generated by whole volume seeding (1.5×1.5×1.5 mm3), belonging to the forearm 
nerves were selected by placing ‘AND’ region of interests (ROI) in 4 locations in 
the arm: at the level of the pronator quadratus, 1/3 of the ulna, 2/3 of the ulna, 
and the junction of the supinator with the radius (16) as shown in Figure 1. These 
locations were chosen as they are relatively easy to locate and therefore provide 
a reproducible way of selecting the ROIs in each patient in the same way across 
subjects. ‘AND’ ROIs only select those tracts that run through all the ‘AND’ ROIs. This 
means that from all the fiber tracts generated from whole volume seeding, only 
those are selected that span all 4 predefined locations in the arm. Resulting tracts 
were used to calculate the diffusion parameters. 

To investigate if DTI parameters were biased by the number of tracts and tract 
length (25), and to investigate to what extent diffusion metrics are distributed 
homogeneously along the nerve, additional analyses of shorter nerve segments 
were performed. For this purpose the forearm was subdivided into three segments 
defined by the ROI positions as described above and shown in Figure 1. Tracts were 
selected for each of these individual subsections defined by only 2 of the 4 ‘AND’ 
ROIs and diffusion parameters were calculated for each of the three segments 
individually. 
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Cross-sectional areas 
Nerve cross-sectional area (CSA) was assessed on T2-weighted scans, at the 
predefined 4 locations in the arm: at the level of the pronator quadratus, 1/3 of the 
ulna, 2/3 of the ulna, and the junction of the supinator with the radius as shown 
in Figure 1. The mean CSA of each nerve was then calculated based on the average 
CSA of these 4 locations.

Statistical analysis
We used SPSS version 20.0 (SPSS Inc. Chicago, IL, USA) for statistical analysis. A general 
linear model was used to compare the DTI parameters and the CSA measurements 
between the three groups. We used Bonferroni correction to correct for multiple 
testing. The analysis was performed for the whole nerve segment as well as for the 
individual segments and were based on both median and ulnar nerves. Correction 
for clustering of the data of scanning two arms in one patient was included into 
the model, and sex and age were taken into account (13). Pearson correlation 
was used to check for correlation between the CSA and the diffusion parameters, 
and between duration of symptoms and diffusion parameters, where p<0.05 was 
considered to be significant. 

Figure 1: Overview of the region of interest (ROI) positioning along the nerves in the arm (upper image), 
and the color-encoded DTI (lower image) where green indicates anterior-posterior, red indicates left-
right, and blue indicates inferior-superior. The first ROI was placed at the pronator quadratus (P), second 
and third ROI at 1/3 and 2/3 of the ulna respectively, and the fourth ROI was placed at the location of 
the junction of the supinator (S) with the radius. The tracts were analyzed along the entire segment, and 
segment 1, 2, and 3 individually.
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Results
Patient characteristics and nerve conduction studies
Patient characteristics are summarized in Table 1. There was a significant difference in 
duration of symptoms (p<0.001) between patients with MMN and ALS. Distribution 
and severity of weakness was similar in both patient groups. Nerve conduction 
studies showed conduction block in 7 out of 40 (18%) nerves, all in patients with 
MMN. Distal CMAP amplitudes were consistent with axonal loss. 

Table 1: Characteristics of patients with multifocal motor neuropathy (MMN) amyotrophic lateral 
sclerosis (ALS) and healthy controls

MMN  
(n=10)

ALS  
(n=10)

Healthy  
controls 
(n=10)

Mean age in years (range) 54 (29-67) 53 (40-60) 54 (29-67)

Male (%) 8 (80%) 8 (80%) 8 (80%)

Median duration of symptoms in months (range) 52 (11-124)* 11 (6-34)* -

Median duration of treatment in months (range) 12 (1-39) 4 (1-24) -

Weakness lower arm  (%) 15/20 (75%) 15/20 (75%) -

Number of conduction blocks (%) 7 (18%) 0 (0%) 0 (0%)

Number of nerves with distal compound muscle 
action potential < lower limit of normal (%)

6 (15%) 8 (20%) 0 (0%)

*p<0.001

MRI protocol and data acquisition
Data quality in patients was lower than in healthy controls. Based on visual 
inspection, DTI images of 15 out of 60 arms (7 arms of MMN patients, 6 arms of 
ALS patients, and 2 arms of healthy controls) had to be excluded due to motion 
distortion or other MR related problems resulting in a total of 45 scans of arms 
that were available for analysis. T2-weighted scans of 9 out of 60 arms (3 arms of 
MMN patients, 4 arms of ALS patients, and 2 arms of healthy controls) had to be 
excluded, resulting in a total of 51 arms that were used for analysis.

Fiber tractography 
The median and ulnar nerves could be reconstructed with fiber tractography in 
40 of the 45 datasets. Figure 2 shows the tracts derived from the median and ulnar 
nerves in patients with MMN, and ALS as well as in a healthy control. In 5 datasets 
tracts could not be reconstructed in 7 nerves (6 nerves of 4 MMN patients, and 1 
nerve in a healthy control). 
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Figure 2: Fiber tractography of the median and ulnar nerve in a multifocal motor neuropathy (MMN) 
patient, amyotrophic lateral sclerosis (ALS) patient, and healthy control (HC). The color-encoding is 
according to the axial diffusivity (in units mm²/s). 

In total 4 nerves with conduction blocks and three nerves with axonal damage 
remained for analyses in the MMN group, and 5 nerves with axonal damage in the 
ALS group.

Supplementary table 1 shows the number of tracts per nerve and nerve segment. It 
was not possible to find tracts in 3 nerves of segment 1 and 3, and in 2 nerves of 
segment 2 in patients with MMN, and in 1 nerve in segment 1 in a healthy control.

Diffusion parameters
There were no significant differences between the two arms. Therefore, left and 
right arms were combined in the data analysis. The calculated average diffusion 
parameters of all tracts belonging to the median and ulnar nerves are summarized 
in Table 2. There was a significant difference in AD of nerves of patients with MMN 
(2.20±0.12 ×10-3 mm²/s) compared to patients with ALS (2.31±0.17 ×10-3 mm²/s; 
p<0.05) and to healthy controls (2.31±0.17 ×10-3 mm²/s; p<0.05). There was no 
significant difference in FA, MD, and RD between the groups. 
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Table 2: Mean diffusion parameters (fractional anisotropy (FA), mean (MD), axial (AD), and radial (RD) 
diffusivity) with standard deviation (SD) based on both median and ulnar nerves in patients with 
multifocal motor neuropathy (MMN), amyotrophic lateral sclerosis (ALS), and healthy controls (HC).

MMN ALS HC

FA

Entire nerve I 0.44 ± 0.04 0.43 ± 0.05 0.44 ± 0.04

Segment 1II 0.43 ± 0.05 0.43 ± 0.05 0.43 ± 0.04

Segment 2 III 0.44 ± 0.05 0.43 ± 0.05 0.44 ± 0.05

Segment 3 IV 0.46 ± 0.06 0.44 ± 0.03 0.45 ± 0.04

MD (×10-3 mm²/s)

Entire nerve 1.44 ± 0.10 1.52 ± 0.15 1.51 ± 0.14

Segment 1 1.50 ± 0.18 1.46 ± 0.17 1.51 ± 0.16

Segment 2 1.43 ± 0.16 1.49 ± 0.18 1.49 ± 0.14

Segment 3 1.38 ± 0.14** 1.50 ± 0.10** 1.45 ± 0.11

AD (×10-3 mm²/s)

Entire nerve 2.20 ± 0.12* 2.31 ± 0.17* 2.31 ± 0.17*

Segment 1 2.26 ± 0.22 2.22 ± 0.20 2.29 ± 0.20

Segment 2 2.19 ± 0.18 2.27 ± 0.22 2.27 ± 0.15

Segment 3 2.16 ± 0.18* 2.30 ± 0.13* 2.25 ± 0.14*

RD (×10-3 mm²/s)  

Entire nerve 1.06 ± 0.10 1.13 ± 0.15 1.11± 0.14

Segment 1 1.12 ± 0.18 1.08 ± 0.16 1.11 ± 0.15

Segment 2 1.05 ± 0.16 1.11 ± 0.18 1.09 ± 0.14

Segment 3 0.99 ± 0.14** 1.11 ± 0.09** 1.05 ± 0.11

I Whole segment: n=20, n=28, and n=36 for resp. MMN, ALS, and HC 
II Segment 1: n=23, n=28, and n=35 for resp. MMN, ALS, and HC 
III Segment 2: n=24, n=28, and n=36 for resp. MMN, ALS, and HC 
IV Segment 3: n=23, n=28, and n=36 for resp. MMN, ALS, and HC 

*Significant difference in MMN versus ALS and controls (p<0.05) 

**Significant difference in MMN versus ALS (p<0.005)

Results of diffusion parameters of nerves with and without reduced distal CMAP are 
shown in Table 3. Nerves with reduced distal CMAP (both MMN and ALS patients) 
showed lower MD, and RD values (p<0.05). The AD in these nerves showed a 
tendency (not significant p=0.083) towards lower values. 

Segmental analysis of diffusion parameters also showed a significantly lower AD 
value in segment 3 for MMN patients compared to ALS patients (p<0.005) and 
healthy controls (p<0.05), and additionally significantly lower MD and RD (p<0.005) 
value in patients with MMN compared to those with ALS shown in Table 2. 
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Cross-sectional areas 
Figure 3 shows representative examples of CSA of the median nerve of a patient with 
MMN, ALS, and a healthy control on T2-weighted scans. Mean CSA of the median 
and ulnar nerves on T2-weighted scans were significantly larger in patients with 
MMN (median = 9.40±2.87 mm2, and ulnar = 7.06±1.84 mm2) compared to those 
with ALS (median = 7.23±1.47 mm2, and ulnar = 5.68±0.93 mm2) and to healthy 
controls (median = 6.88±1.41 mm2, and ulnar = 5.36±0.89 mm2) (Fig 4). There was 
no correlation between CSA and any of the diffusion parameters (FA, MD, AD, and 
RD) (max r=0.262), or between duration of symptoms and diffusion parameters 

Table 3: Mean diffusion parameters and cross sectional areas (CSA) of the median and ulnar nerves 
with reduced compound muscle action potential (CMAP) amplitudes, i.e. smaller than the lower limit 
of normal (LLN) reflecting axonal loss, versus nerves with normal CMAP amplitudes.

CMAP < LLN
N=8

CMAP > LLN
N=76

FA 0.47 ± 0.05* 0.44 ± 0.04*

MD (×10-3 mm²/s) 1.40 ± 0.12* 1.51 ± 0.14*

AD (×10-3 mm²/s) 2.19 ± 0.14 2.30 ± 0.16

RD (×10-3 mm²/s) 1.00 ± 0.13* 1.12 ± 0.14*

CSA 7.09 ± 1.29 6.48 ± 1.37

* p<0.05

Figure 3: Axial plane of a T2-weighted scans of the forearm with the median (M), and ulnar (U) nerves. 
A) multifocal motor neuropathy (MMN) patient with enlargement of the median nerve, B) amyotrophic 
lateral sclerosis (ALS) patient, and C) healthy control.
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(max r=0.391). Nerves with reduced CMAP amplitudes did not show a significant 
difference in CSA compared to nerves with normal CMAP amplitudes (see Table 3). 
There was no correlation between the CSA and any of the diffusion parameters 
(max r=0.160) in the nerves with reduced CMAP amplitudes.

Figure 4: Cross-sectional area of the median and ulnar nerve in the forearm with standard deviation 
(SD). Multifocal motor neuropathy (MMN) patients differed significantly from amyotrophic lateral 
sclerosis (ALS) patients and healthy controls.

Discussion
This MRI study shows anatomical and diffusion abnormalities in peripheral nerves 
from patients with MMN. We found significant nerve enlargement in combination 
with a significant reduction of axial diffusion. These in vivo results suggest that 
pathogenic mechanisms in MMN might affect both the axon and myelin sheath, 
as was earlier suggested  by pathological abnormalities near the site of conduction 
block (8).



| 88

Chapter 5

The median and ulnar nerves of MMN patients were 25-30% larger than those in the 
healthy controls and ALS patients. The diffuse rather than focal nerve enlargement 
are in line with high resolution ultrasound studies of peripheral nerves (26,27) and the 
brachial plexus (9,28). Pathogenic mechanisms underlying MMN therefore seem to 
affect significant lengths of motor nerves rather than patchy and focal involvement 
that is suggested by the observed patterns of weakness and conduction block (1,5). 

There are clear indications that nerve thickening on MRI reflects involvement of the 
myelin sheath. It is a consistent feature of both genetic and acquired demyelinating 
polyneuropathies, i.e. Charcot Marie Tooth type 1 and chronic inflammatory 
demyelinating polyneuropathy (28,29). This is further supported by the occasional 
pathological observation of onion bulb formation in nerve biopsy studies in MMN 
(7,30,31).

Demyelination is probably not the only pathological mechanism that underlies 
MMN, since it does not explain all disease characteristics, such as the phenomenon 
of cold paresis (32). Findings in the rabbit model for acute motor axonal neuropathy 
and human motor neuron model for MMN (33,34) and clinical observations 
of significant axonal damage in patients with MMN (5,35) suggest additional 
pathological mechanisms that directly affect the axon (36). The DTI findings in this 
study, in particular the reduced AD values, support this concept. Reduced AD values 
reflect pathological changes that impair diffusion in the length of the axon and is 
associated with Wallerian degeneration in animal studies (11,12,37). In a recently 
developed in vitro model of anti-GM1 IgM antibody-mediated damage to human 
motor nerves, we observed focal widening of the axon that preceded Wallerian 
degeneration (34). MRI studies in an ischemia-model of rat sciatic nerve showed 
that this process of axonal ‘beading’ was associated with significantly restricted 
AD and virtually unchanged RD and FA values (38). The reduced AD values may 
therefore reflect pathological changes in motor axons of patients with MMN. The 
sub analysis performed on nerves with reduced CMAP amplitudes shows lower FA, 
MD, and RD values and a tendency of lower AD in the median and ulnar nerves. 
This tendency of lower AD could be associated with reduction of axon integrity 
(13). Reduced MD might be due to disruption of the cytoskeleton, increasing the 
viscosity (39). Detailed analysis of the association of conduction block and MRI and 
DTI abnormalities would be of added value to further explore the pathophysiological 
mechanisms behind MMN. However, this was not possible due to the low number 
of conduction blocks in this patient sample, which would make a statistical analysis 
severely underpowered. This is a topic for future larger scale studies.
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Patients appeared more uncomfortable in the prone scanning position and as a 
result motion artifacts were more common in patients than in healthy controls. 
This scanning position was a methodological limitation of this study and resulted 
in the exclusion of a significant number of scans due to the relatively low quality of 
this data. During development of the protocol we aimed to obtain a protocol with 
a sufficiently high resolution to distinguish the nerves and to have sufficient signal 
to noise ratio (SNR), as the SNR amongst other will influence the precision of the DTI 
metrics (25,40). Future development of DTI protocols in the forearm should focus 
on the right tradeoff in SNR, resolution (preferable <1x1mm2 in plane), and scan 
time, as SNR and resolution will always come at the cost of increased scan time and 
thus patient discomfort (25). Repositioning patients in supine position and using 
dedicated arm coils could improve patient comfort and therefore reduce motion 
artifacts in future studies. This will improve data quality resulting in less data that 
needs to be rejected due to artifacts. 

We used a tract based analyses approach with a minimum length of the fiber 
tracts of 100 mm to exclude aberrant inclusion of muscle fibers. As a consequence, 
the number of tracts available for final analysis was small, since only a limited 
number of fibers can be traced over this range. Moreover, the error accumulation 
over a long tract range can become substantial and may introduce bias (25). To 
overcome this problem, we additionally performed segmental analysis, in which 
smaller segments of the nerves were analyzed resulting in more fiber tracts that 
were included. The higher number of tracts allows for better sampling of the 
data. Segmental analysis showed similar AD changes and additional, significant 
differences in RD values in the proximal segment (segment 3), but not in the distal 
segments (segment 1 and 2), of the median and ulnar nerves. Decreased RD values 
further support pathological processes that directly affect the axon, rather than 
demyelination (11,41).

An obvious limitation of our study is the number of included patients that limits 
its power. Furthermore, the age range of ALS patients did not fully match those of 
MMN patients and healthy controls. As ALS and MMN are rare diseases, matching 
of these two groups is challenging. This was further complicated by the fact that 
we could only include a selection of ALS patients, who were able to lie still in prone 
position for a relatively long time. However, mean age, standard deviations and 
95% confidence interval of ALS patients was similar to those of patients with MMN 
and healthy controls. 
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In line with previous studies we found no differences in diffusion parameters 
between left and right arms (42). DTI has not been used extensively to investigate 
forearm nerves and there are few comparable studies of peripheral nerves of the 
arm in healthy controls (16) or patients with polyneuropathy (43,44). Comparison 
of previous results with our findings is further complicated by differences in MRI 
settings (e.g. smaller voxel size and higher b-value), the difference in threshold 
settings used for tractography (higher FA threshold results in higher FA values (25)), 
and patient characteristics (43).

Partial volume effects have to be considered when interpreting DTI results in small 
nerves (45). Partial volume effects are caused by the voxels located on the edges 
of the nerves and thus partially contain muscle tissue signal, which has a lower AD, 
and a higher RD than the nerve. As a consequence, partial volume effects would 
lower the AD and increase the RD values (19). However, partial volume effects 
cannot explain the current findings of lower AD values as nerves of MMN patients 
had a larger CSA and consequently lower partial volume effects (45). Partial volume 
effects could influence the RD values and provide an alternative explanation for 
the differences found in RD between patients with MMN and controls.

In conclusion, this study shows that MRI and DTI can detect lowered AD and 
enlarged CSA in patients with MMN compared to ALS and to healthy controls. 
These results can help to provide insight into pathological mechanisms of MMN. 
Future studies would be facilitated by improving patient comfort, for example 
through the use of dedicated arm coils and placing patients in supine position, 
which could reduce motion artifacts and thus improve data quality. As a result 
less data needs to be rejected due to artifacts. Comparative DTI studies of patients 
with MMN and other demyelinating peripheral nerve disorders, such as chronic 
inflammatory demyelinating polyneuropathy and Charcot-Marie-Tooth type 1A, 
could help to further clarify the etiology of MMN.
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Supplemental information

Supplementary table 1: Number of tracts (NT) for the entire tract and segments 1, 2, and 3 in 
patients with multifocal motor neuropathy (MMN), amyotrophic lateral sclerosis (ALS), and healthy 
controls (HC) (represented as 95% quantile).

NT (number of tracts) MMN ALS HC

   Entire nerve 320* 326* 779*

   Segment 1 9283 7205 7172 

   Segment 2 2920 1713 4561 

   Segment 3 1075 1138 1618 

*Significant difference in NT between entire nerve and segment 1, 2 and 3.
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Abstract
Objective
In this study we investigated the potential value of magnetic resonance imaging 
(MRI) and diffusion tensor imaging (DTI) in characterizing changes in the cervical 
spinal cord and peripheral nerve roots in vivo in patients with spinal muscular 
atrophy (SMA). 

Methods
We developed an MRI protocol with 4 sequences to investigate the cervical 
spinal cord and nerve roots on a 3 Tesla MRI system. We used 2 anatomical MRI 
sequences to investigate cross-sectional area (CSA) at each spinal segment and the 
diameter of ventral and dorsal nerve roots, and two diffusion tensor imaging (DTI) 
techniques to estimate the fractional anisotropy (FA), mean (MD), axial (AD) and 
radial diffusivity (RD) in 10 SMA patients and 20 healthy controls. 

Results
There were no significant differences in CSA (p>0.1), although an 8.5% reduction 
of CSA in patients compared to healthy controls was apparent at segment C7. DTI 
data showed a higher AD in grey matter of patients compared to healthy controls 
(p=0.033). Significantly lower MD, AD and RD values were found in rostral nerve 
roots (C3-C5) in patients (p<0.045). 

Interpretation
We showed feasibility of 4 MRI sequences that allowed differences to be determined 
between patients and healthy controls, confirming the potential of this technique 
to assess pathological mechanisms in SMA. These techniques may be used to study 
disease course of SMA in vivo, and evaluate response to survival motor neuron 
(SMN) augmenting therapy.
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Introduction
Hereditary proximal spinal muscular atrophy (SMA) is characterized by dysfunction 
and degeneration of motor neurons in the anterior horn of the spinal cord and is 
caused by survival motor neuron (SMN) protein deficiency due to a homozygous 
loss of function of the SMN1 gene (1). The SMN protein has generic and tissue-
specific functions, including pre-mRNA splicing (2) and axonal transport (3,4) of 
mRNA. 

Alterations in the anatomy of the spinal cord and nerve roots of patients with SMA 
were part of the earliest description of SMA, but have only been documented 
post-mortem and therefore represent late-stage disease phenomena (5,6). Animal 
models of SMA have allowed insight into the development of pathology (7,8). 
However, additional techniques are needed to elucidate the mechanisms in vivo 
that underlie SMA pathogenesis and which can monitor the response to recently 
introduced SMN protein augmenting therapies at an early stage (9,10) as the 
execution of clinical trials in SMA is complicated by the lack of sensitive outcome 
measures (11).

Magnetic resonance imaging (MRI) can provide potential biomarkers for SMA. It 
has been used to assess muscle volume and fat fraction of the upper and lower 
extremities (12–14) and spinal cord atrophy (15). Diffusion tensor imaging (DTI), 
an MRI technique that is sensitive to the random motion of water molecules, can 
provide additional information on the microstructural organization and status of 
nervous tissue. DTI has previously been applied in the brain (16), muscle structures 
(17,18), peripheral nerves (19) and the spinal cord (20) in neuromuscular diseases, 
but never in SMA. In this study we investigated the potential value of MRI and DTI 
in characterizing changes in the cervical spinal cord and peripheral nerve roots 
in vivo in SMA patients. We hypothesize that due to pathological changes in SMA 
there will be a change in the cross-sectional area (CSA) and DTI parameters of the 
cervical spinal cord and nerve roots. 

Methods
Participants
We recruited 10 patients with a genetically confirmed diagnosis of SMA type 2 
or 3, aged 12 years and older from the national SMA registry at the University 
Medical Center Utrecht in the Netherlands, a tertiary referral center for SMA. We 
used the definition of SMA type established by the 1992 SMA consortium meeting 
(21) (i.e. type 2: onset between 6 and 18 months, never able to walk; type 3: onset 
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between 18 months and 30 years, able to walk at some stage in life) with a further 
delineation of SMA type 3a and 3b based on age at symptom onset before or after 
3 years of age (22). All eligible patients in the registry were invited to participate to 
minimize bias. For each patient, two age- and gender-matched healthy controls 
were included without history of neuropathy or neuromuscular complaints. 
Exclusion criteria were: signs of nocturnal hypoventilation (i.e. recurrent morning 
headaches, night sweats, orthopnea), tracheostomy, any type of (non-)invasive 
ventilation, pronounced swallowing disorders, a postural change of >15% in forced 
vital capacity between sitting and supine position, previous trauma or surgery of 
the (cervical) spinal cord, and any contra-indication for MRI.

Standard Protocol Approvals, Registration and Patient Consent
The Medical Ethics Review Committee (MERC) of the University Medical Center 
Utrecht approved the study protocol. Informed consent was obtained from all 
participants and from parents or legal guardians of participants younger than 18 
years. 

Clinical outcome measures 
We used the Medical Research Council (MRC) scale to assess strength of muscles 
innervated by C5-C8 roots (23). We examined the biceps, triceps, infra- and 
supraspinatus, pectoralis major, deltoid muscles, wrist flexors and extensors and 
finger flexors, extensors and abductors. Motor function was evaluated using the 
Hammersmith Functional Motor Scale Expanded (HFMSE), a 33-item test of motor 
function developed to evaluate motor performance in patients with SMA types 
2 and 3 (24). We recorded the participant’s weight and height, since this could 
potentially influence anatomical measures of the spinal cord. We determined SMN2 
copy numbers using Multiplex Ligation-dependent Probe Amplification (MLPA) 
analysis (SALSA MLPA kit P060 version B2; www.mlpa.com; www.mrcholland.com) 
(25).

MRI protocol and data acquisition
All subjects were scanned on a 3 Tesla MRI system (Ingenia, Philips Healthcare, 
Best, the Netherlands) with a neurovascular 15-channel surface coil. Two different 
areas in the cervical spine were evaluated using 4 different MRI sequences: 1) the 
cervical spinal cord (spinal segments C4-C8) with a multi-echo steady state free 
precession (mFFE) sequence and a “high in-plane” resolution DTI scan, and 2) the 
cervical peripheral nerves (spinal segments C3-C8) with a reversed steady state free 
precession (T2-FFE) sequence and an “isotropic” resolution DTI scan. Both DTI scans 
were obtained using b = 100 s/mm2 (b100) and b = 800 s/mm2 (b800) to decrease 
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the influence of cerebral spinal fluid. Table 1 displays the acquisition parameters of 
the MRI sequences.

Table 1: MRI acquisition parameters

Sequence name DTI in-plane mFFE DTI isotropic T2-FFE

Plane Axial Axial Coronal Axial

TE (ms) 96 TE1=7.8 (ΔTE=9) 62 6

TR (ms) 1657 700 6441 12

NSA 10 2 1 1

Field of view (mm2) 240 × 240 160×160 280 × 280 200 × 200

Acquisition matrix 256 × 256 560 × 560 112 × 112 432 × 432

Voxel size (mm3) 0.94×0.94×5.0 0.29×0.29×5.0 2.5×2.5×2.5 0.46 × 0.46 × 0.5

Slices 10 17 30 160

b-value (s/mm2) 100, 800 - 100, 800 -

Number of gradient directions 10, 10 - 3, 10 -

Acquisition time 5:50 5:47 10:05 5:46

Abbreviations: MRI: magnetic resonance imaging; DTI: diffusion tensor imaging; mFFE: multi-echo 
fast field echo; T2-FFE: reversed steady state free precession; TE: echo time; TR: repetition time; NSA: 
number of signal averages

Data processing
Before processing, all data were inspected visually for overall image quality and 
artifacts (26). Both DTI acquisitions were processed identically using ExploreDTI 
(www.ExploreDTI.com) (27) consisting of the following steps. First the b100 
images were registered, then the b800 images were registered to the mean of 
the registered b100. Images were corrected for eddy current induced distortions, 
subject motion, and susceptibility artifacts (28,29). Next, tensors were fitted with 
the iteratively weighted linear least squares procedure (30). To visualize the nerves 
and extract the diffusion properties, fiber tractography (FT) was used. Fiber tracts 
were reconstructed by applying whole volume FT with a fractional anisotropy 
(FA) threshold of 0.1, minimum fiber length of 15 mm, and maximum fiber angle 
change per 1 mm step of 30° for both DTI scans. Average diffusion values for each 
nerve segment were calculated using a tract-based analysis with manually drawn 
regions of interest (ROIs) to select the appropriate nerve segments.
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Spinal cord 

Cross-sectional area of the cervical spinal cord
Figure 1B shows an example of how we delineated CSA of the whole spinal cord 
(spinal segments C4-C8) and grey matter (spinal segments C5-C7) at each segment 
where the nerve root branched with the spinal cord on the mFFE scan. The white 
matter CSA was calculated by subtracting the grey matter from the whole spinal 
cord CSA. We calculated spinal cord atrophy at each segment by expressing the 
mean difference of CSA between patients and matched controls (controls – 
patients) as a percentage of the mean of the control. 

Figure 1: Data acquisition. A) The dotted lines on the reversed steady state free precession (T2-FFE) scan 
indicate where the diameter of the nerves is measured perpendicular to the nerve. The green line is 
positioned on the dorsal and the red line on the ventral nerve root. B) Delineation of the grey (orange 
line) and white matter (yellow line) on the multi-echo fast field echo (mFFE) and C) on the “high in-
plane” resolution diffusion tensor imaging (DTI) scan. D) Fiber tractography of the cervical nerve roots 
from the “isotropic” resolution DTI scan showing two ‘AND’ ROIs indicating the segment that was used 
for analysis. 
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Microstructural properties of the cervical spinal cord
In the “high in-plane” resolution DTI scan we manually segmented the grey matter, 
white matter, and whole spinal cord at spinal segments C5-C7 (Fig 1C). We used 
4 diffusion parameters to investigate the microstructural properties of nervous 
tissue: the FA which approaches 1 when diffusion is predominantly oriented in 
one direction, the mean diffusion (MD) which is the average of three eigenvalues 
(i.e. the length of the diffusion in a specific orientation), the axial diffusivity (AD) 
which is equal to the largest eigenvalue, and the radial diffusivity (RD) which is the 
average of the second and third eigenvalues (Figure 2). Estimates for the FA, MD, AD 
and RD were calculated for the grey matter, white matter, and whole spinal cord. 

Figure 2: Schematic explanation of diffusion 
tensor parameters. The main diffusion 
parameters are calculated from the three 
eigenvalues λ

1
, λ

2, 
and λ

3
: The mean diffusivity 

(MD) is the average of λ
1
 , λ

2
, and λ

3
.The 

largest eigenvalue, λ
1, 

is the axial diffusivity 
(AD) which represents the diffusivity along 
the main axis. The diffusion perpendicular 
to the nerve is the radial diffusivity (RD), 
which is the average of λ

2
 and λ

3
. Fractional 

anisotropy (FA) represents the degree in 
which diffusion is oriented in one direction. 
‘A’ represents the axon. (“Haakma W. 
Advances in forensic imaging - CT angiography 
and diffusion MRI of the nervous system. 2017”)

Cervical nerve roots 

Thickness of the ventral and dorsal nerve roots
We measured the diameter of the ventral and dorsal nerve roots on both sides on 
the T2-FFE, halfway between where the ventral and dorsal nerve roots branch with 
the spinal cord and where they merge, as displayed in Figure 1A.

Microstructural properties of the cervical peripheral nerve roots
We reconstructed the nerves at spinal segments C3-C8 with the data obtained 
with the “isotropic” resolution DTI scan. Segments of 3 cm of C3-C8 nerve roots 
were selected where the nerve branched with the spinal cord, as described by 
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Haakma et al (31). In short, ‘SEED’, ‘AND’, and ‘NOT’ ROIs were used to reconstruct the 
fiber tracts. For each segment, estimates for the FA MD, AD, and RD were computed 
(Figure 1D). 

Data analysis
Statistical analyses of the obtained parameters were performed in IBM SPSS Statistics 
(version 24; IBM Corp., Armonk, N.Y., USA). We used a mixed analysis of covariance 
(ANCOVA) with random intercept for the outcome measure as dependent variable 
and ‘segment’, ‘gender’, and ‘participant group’ as covariates. Fixed effects for the 
analyses of outcome measures of the “high in-plane” resolution DTI scan and mFFE 
scan were ‘segment’, ‘gender’, ‘participant group’ and the interaction of ‘segment’ 
and ‘participant group’. For the outcome measures of the “isotropic” resolution 
DTI scan the variable ‘side’ was added to the model as a covariate and fixed effect. 
Distribution was tested with a Kolmogorov-Smirnov test. We assessed correlations 
between MRI parameters and clinical scores with Spearman’s rank correlation 
coefficient. We exclusively performed analyses of correlation with clinical scores in 
patients and only for MRI parameters that were found to be significantly different 
between patients and controls. For all statistical analyses we considered a p-value 
of <0.05 to be significant.

Results
Participants
Initially, we included 10 patients with SMA and 20 gender- and age-matched 
healthy controls. After visual inspection of the imaging data, 2 patients were 
excluded because of low image quality due to motion artifacts, which made 
the entire MRI dataset unusable for analysis. We therefore recruited 2 additional 
patients. Participant characteristics are summarized in Table 2.

Spinal cord

Cross-sectional area of the cervical spinal cord
We were able to measure CSA of the whole spinal cord (white and grey matter 
combined) successfully at segments C4 in 8 patients and 16 controls, at C5 in 5 
patients and 18 controls, at C6 in 5 patients and 18 controls, at C7 in 5 patients and 
17 controls, and at C8 in 4 patients and 13 controls. Missing values were mainly 
caused by motion artifacts. We could distinguish grey matter CSA from white 
matter CSA in 4 patients and 12 controls at C4, in 4 patients and 13 controls at C5, in 
4 patients and 14 controls at C6, in 1 patient and 7 controls at C7, and in none at C8. 
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The mean CSA of the whole spinal cord was smaller in patients, although this was 
not statistically significant (p>0.1). The largest difference was found at segment C7 
(mean difference: 8.3 mm2) (Figure 3A). There were no significant differences in the 
grey or white matter CSA between patients and controls (p>0.1) (Figure 3C-D). Spinal 
cord atrophy of the whole spinal cord ranged from 2.7% at segment C8 to 8.5% at 
segment C7 (Figure 3B). 

Figure 3: Cross-sectional area of the cervical spinal cord. Group results for SMA patients and healthy 
controls of CSA per spinal segment for the grey and white matter combined, A). B) Atrophy in SMA 
patients per spinal segment: The mean difference between patients and controls is depicted as a 
percentage of the control mean. CSA results of C) grey matter and D) white matter. Abbreviations: 
CSA=cross-sectional area; C=cervical
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Microstructural properties of the cervical spinal cord
DTI scans had sufficient data quality and did not contain artifacts that could 
interfere with the analysis. Grey matter AD was significantly higher in patients 
compared to controls (p=0.03). The largest difference was found at segment 
C7 (mean difference -0.125 *10−3 mm2/s) (Figure 4). There were no significant 
differences between patients and controls in FA, MD and RD (p>0.08). There were 
no correlations between grey matter AD and HFMSE scores.

Figure 4: Axial diffusivity values of the cervical spinal cord. AD results per segment for SMA patients 
and healthy controls, in A) grey and white matter combined, B) grey matter and C) white matter.. 
Abbreviations: AD=axial diffusivity, C=cervical

Cervical nerve roots

Thickness of the ventral and dorsal nerve roots
Mean thickness of ventral nerve roots (C4-C8) was 0.93±0.13 mm in patients 
and 1.05±0.27 mm in controls. Mean thickness of dorsal nerve roots overall, was 
1.03±0.22 mm in patients and 1.12±0.35 mm in controls. Missing data (patients: 
62.5%; controls: 45.5%) precluded meaningful statistical analysis.

Microstructural properties of the cervical peripheral nerve roots
DTI scans had sufficient data quality and did not contain artifacts that interfered 
with the analysis. Cervical nerve roots could be reconstructed with FT in 357 of 
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360 nerve roots. FT images of 5 SMA patients and 5 healthy controls are depicted 
in Figure 5. Figure 6 shows the diffusion parameters per segment for both patients 
and controls. At spinal segments C4-C8, FA was slightly lower in patients compared 
to controls (p>0.09) and overall (spinal segments C3-C8) MD, AD and RD were 
significantly lower in patients (p=0.044, p=0.042 and p=0.039 respectively). 

Figure 5: Fiber tractography Fiber tractography images of five randomly chosen SMA patients (B, G, H, 
I, J) and five healthy controls (A, C, D, E, F). 
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The largest differences were found at segments C3-C5: with mean differences for 
MD of 0.117 *10−3 mm2/s (C3), 0.099 *10−3 mm2/s (C4) and 0.133 *10−3 mm2/s (C5); 
for AD of 0.145 *10−3 mm2/s (C3), 0.154 *10−3 mm2/s (C4) and 0.207 *10−3 mm2/s 
(C5); and for RD of 0.102 *10−3 mm2/s (C3), 0.072 *10−3 mm2/s (C4) and 0.096 *10−3 
mm2/s (C5). There were no correlations of any of the significant parameters with 
HFMSE score.

Figure 6: Microstructural properties of the cervical peripheral nerve roots. Group results for SMA patients 
and healthy controls of the DTI parameters A) fractional anisotropy (FA), B) mean (MD), C) axial (AD) and 
D) radial diffusivity (RD) for nerve roots at each cervical spinal segment
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Discussion
In this study we investigated the feasibility of various innovative MRI techniques to 
image the cervical spinal cord and nerve roots in SMA. We developed and applied 
2 anatomical MRI sequences, which seem promising for future use. Additionally, 
we developed and applied 2 DTI sequences to investigate changes in the cervical 
spinal cord and nerve roots for the first time in SMA patients. We show that DTI 
parameters can provide important new insights into the pathology of the spinal 
cord and nerve roots in vivo and could potentially be used as a unique biomarker 
to identify and monitor disease progression.

Spinal cord
The mFFE scan showed a smaller cervical spinal cord CSA in patients compared to 
controls, with the largest difference at spinal segment C7. The maximal atrophy at 
segment C7 corresponds to the clinical finding of severe weakness of the triceps 
in SMA, which are innervated by this segment (23,32,33). The smaller CSA in 
patients, is in line with the expected motor neuron degeneration, especially since 
our results indicate that the difference was mainly caused by a difference in grey 
matter CSA. Furthermore it is in consonance with previous findings which show 
up to 23% atrophy of the spinal cord in SMA (15). The spinal cord and grey matter 
were manually delineated to determine CSA, which may induce bias. Automatic 
segmentation methods may reduce this bias. However, the application of DTI 
remains challenging, especially at the caudal part of the cervical spinal cord (C7-
C8) (34). In some scans, artifacts, for example due to motion, precluded reliable 
segmentation of grey and white matter. Motion artifacts were more common in 
patients and may reflect the common symptom of polymyoclonus/ tremor (35). 
In the caudal segments, there were susceptibility artifacts due to the air in lung 
tissue. Future studies should focus on developing dedicated methods with less 
sensitivity to motion artifacts for instance by reducing scan time. Together with 
findings provided by a study among ALS patients, in whom CSA changed over 
time and correlated with clinical scores (36), we expect that the mFFE is a promising 
technique to evaluate the spinal cord in SMA. 

We expected to detect a lower FA with the “high in-plane” resolution DTI scan in 
patients compared to healthy controls, as depletion of motor neurons may lead 
to an increase in extracellular space and therefore in RD, resulting in a lower FA. 
Instead, we detected a difference in AD, which was higher in patients compared to 
controls. With the mFFE scan we found that the CSA of the grey matter is smaller 
in SMA patients than in healthy controls. As the resolution of the “high in-plane” 
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resolution DTI scan is only 1 × 1 mm2 in plane, partial volume effects are likely to 
influence the results. Moreover, smaller CSA will be more prone to these partial 
volume effects (37). The diffusion properties of the grey matter are in this case 
more influenced by the surrounding white matter, which could explain the higher 
AD values in patients compared to controls. This is further supported by the fact 
that the difference in AD is largest at segment C7, which is the segment where 
the CSA reduction suggested atrophy is most pronounced. Future research should 
therefore aim at developing MRI protocols with a higher in-plane resolution, 
preferably <0.5 × 0.5 mm2. 

Cervical nerve roots
The T2-FFE scan allowed us to investigate the ventral and dorsal nerve roots. 
Although the patient sample size was relatively small, we observed differences in 
size between the ventral and dorsal nerve roots in SMA patients and healthy controls, 
which indicates the potential value of this technique as a biomarker in SMA in vivo. 
However, missing data were common, for both patients and healthy controls. 
Multiple artifacts, including local artifacts, e.g. the interference of cerebrospinal fluid 
at the nerve root, motion artifacts and other MR related artifacts (e.g. susceptibility 
artifacts), reduced scan quality. In some cases we were not able to detect the nerve 
despite the scan quality being otherwise good. This may occasionally be caused 
by reduction of the nerve root size in SMA, e.g. because of axonal abnormalities 
(3,5–7,38). However, there were also missing data in healthy controls. Future MRI 
protocol development should focus on reducing these artifacts. 

We could reconstruct nearly all nerve roots with FT and calculate DTI parameters 
with the “isotropic” resolution DTI scan, which was in line with previous findings 
(39). Although DTI parameters were lower in patients compared to controls at 
nearly all segments (C3-C8), differences in MD, AD and RD were most pronounced 
at the more rostral segments (C3-C5). This finding is in line with the characteristic 
pattern of muscle weakness in SMA, i.e. proximal muscles are usually more affected 
than distal muscles (40), and with previously described selective vulnerability of 
motor neurons and findings of cervical nerve root pathology in SMA mice (7). 
Abnormal DTI values can be explained by a range of SMA-associated anatomical 
and functional changes. Lower AD values may be associated with reduced 
diffusion in the length of the axon (41), such as lowered axonal transport in SMA 
(3,4). Reduced RD may be explained by glial bundles that are frequently described 
in nerve root pathology in SMA, since they might restrict diffusion perpendicular 
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to the axon (42,43). Gliosis in the brain has been found associated with increased 
RD, but this may be explained by a more pronounced glial response (i.e. more cell 
bodies) in contrast to the presence of more fibrous glial bundles in the nerve roots 
in SMA (44). In the same study, an increased FA is reported, which supports the 
restriction of RD by gliosis (44). In addition, compaction of remaining axons in the 
thinner ventral nerve roots of SMA patients (38) may represent another cause of 
reduced RD. As a consequence of decreased AD and RD, MD is also reduced. 

The diffusion measures of the cervical nerve roots in healthy controls were lower 
than previously reported (45,46). A factor known to influence FA is the signal-to-
noise ratio (SNR), as with lower SNR levels, lower FA values are usually overestimated 
(47,48). A factor influencing MD is the partial volume effects of surrounding 
muscular tissue and cerebral spinal fluid. These structures have a higher MD than 
nervous tissue which may result in the undesirable effect of higher MD estimates in 
nervous tissue (49). From this, we infer that the lower FA and MD levels found in this 
study suggest that the data quality was good. The “isotropic” resolution DTI scan 
allowed the distinction between patients and controls. We believe this represents 
a promising method to evaluate in vivo (changes in) nerve microstructure in SMA.

An obvious limitation of this study is the small sample size, which affects its power. 
It is clear that additional, longitudinal research in larger groups is necessary to 
confirm our findings and to evaluate biomarker potential. In the future, it would 
be interesting also to investigate the lumbar spinal cord with DTI, since lower limbs 
are usually more affected than upper limbs in SMA. However, the application of 
DTI in the lower thoracic and higher lumbar spinal cord to investigate grey and 
white matter is currently still challenging due to several technical issues, such as 
the presence of susceptibility artifacts caused by the air in lung tissue.

To summarize, we have developed 4 MRI sequences that provide measures of 
both anatomical and structural changes in SMA. The results suggest that MRI and 
DTI might provide unique anatomical and functional biomarkers to monitor SMA 
progression and treatment effects. 
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Abstract

A cochlear implant (CI) can restore hearing in patients with profound sensorineural 
hearing loss by direct electrical stimulation of the auditory nerve. Therefore, the 
viability of the auditory nerve is vitally important in successful hearing recovery. 
However, the nerve typically degenerates following cochlear hair cell loss, and the 
amount of degeneration may considerably differ between the two ears, also in 
patients with bilateral deafness. A measure that reflects the nerve’s condition would 
help to assess the best of both nerves and decide accordingly which ear should be 
implanted for optimal benefit from a CI. Diffusion tensor MRI (DTI) may provide such 
a measure, by allowing noninvasive investigations of the nerve’s microstructure. In 
this pilot study, we show the first use of DTI to image the auditory nerve in five 
normal-hearing subjects and five patients with long-term profound single-sided 
sensorineural hearing loss. A specialized acquisition protocol was designed for a 
3T MRI scanner to image the small nerve bundle. The nerve was reconstructed 
using fiber tractography and DTI metrics - which reflect the nerve’s microstructural 
properties - were computed per tract. Comparing DTI metrics from the deaf-sided 
with the healthy-sided nerves in patients showed no significant differences. There 
was a small but significant reduction in fractional anisotropy in both auditory 
nerves in patients compared with normal-hearing controls. These results are the 
first evidence of possible changes in the microstructure of the bilateral auditory 
nerves as a result of single-sided deafness. Our results also indicate that it is too 
early to assess the degenerative status of the auditory nerve of a subject-specific 
basis.
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Introduction
In patients with severe or profound hearing loss, hearing can be restored by 
a cochlear implant (CI). One of the crucial aspects in the successful hearing 
restoration following CI is thought to be the state of the auditory nerve (1,2), which 
connects the cochlea to the central nuclei of the auditory system. Typically, the 
nerve progressively degenerates following cochlear deafness as demonstrated 
in humans (2–5) and in animal models of deafness (3,6,7). Because the extent of 
hearing loss may differ between the two sides, the condition of the nerves may 
differ as well (2). Since unilateral CI is the common treatment, particularly in adults, 
the CI should be placed in the ear that would provide the highest yield in terms 
of hearing recovery, which is expected to be the ear with the nerve in the best 
condition. A direct measure of the nerve’s viability is its ability to conduct electrical 
impulses and although there are methods to measure this (e.g., electrically evoked 
compound action potentials), these methods are only available after implantation 
(8) and are therefore of no use in choosing which side to implant.

Magnetic resonance imaging (MRI) is a suitable candidate to non-invasively 
investigate the auditory nerve. Diffusion MRI in particular would be ideal because 
of its ability to probe the neuronal tissue on a microstructural level. Diffusion 
MRI is a non-invasive MRI technique that can provide information about tissue 
microstructure and the directional organization of neural tissue in vivo by 
measuring the self-diffusion of water molecules (9,10). In healthy neural fiber 
bundles, diffusion of water is less hindered along than perpendicular to axons, 
making the local diffusion dependent on microstructure (11,12). Diffusion tensor 
MRI (DTI) is a way to describe and quantify the magnitude and orientation of 
the estimated diffusion (13). Microstructural damage, e.g., axonal or myelin loss, 
typically reduces the hindrance and restriction that diffusing water molecules 
experience, which affects DTI parameters such as the fractional anisotropy (FA) and 
mean diffusivity (MD). Following the assumption that diffusion is largest parallel 
to axons, the main orientation of diffusion as obtained from the diffusion tensor 
can be used to virtually reconstruct neural fiber pathways, a process called fiber 
tractography (FT, (14)). DTI parameters have been shown to reveal pathological 
changes in the brain and predict the development of lesions before they are visible 
on more conventional MR images (15).

In the auditory system DTI has for instance been used to investigate aging in 
Heschl’s gyrus (16), tracts between the inferior colliculus and auditory cortex 
and connections to non-auditory areas in tinnitus patients (17), and subcortical 



| 122

Chapter 7

connections in patients with auditory nerve deficiencies (18). DTI has also been 
used to examine the brain’s microstructure in patients scheduled for CI. Chang  
et al have shown that in children, FA of central elements of the auditory system – 
specifically the medial geniculate, genu of the corpus callosum, and Broca’s area 
– correlates with auditory performance after implantation (19). This is important 
information, highlighting which areas should function properly to have optimal 
use of a CI. These areas, however, are all upstream of the brainstem from where 
the laterality of the auditory information is obscured. Thus, investigations of those 
regions do not reveal which ear would be the ideal candidate for implantation in 
bilaterally deaf patients. Our intention is to investigate the one neural fiber structure 
that contains the unilateral information, aiming to find a predictor of which side to 
implant in bilaterally deaf patients.

In this pilot study, we will show the first explorations of using DTI and fiber 
tractography to reconstruct the auditory nerve and to investigate its microstructural 
properties in vivo. Using a group of patients with long-term single-sided deafness 
and a group of healthy controls, we will examine whether DTI can be used to detect 
laterality differences in the auditory nerves between a patient’s deaf and healthy ear, 
and whether these are distinguishable from the auditory nerve in healthy subjects. 
The nerve of the deafened ear is expected to be considerably degenerated (2,20). 
Since degeneration includes loss of neurons, and demyelination and shrinkage 
of surviving neurons (3,21,22), which all affect diffusion, we hypothesize that DTI 
measures of the auditory nerve differ between the deafened and control ears.

Materials and methods
DTI background
DTI is a method to quantify and analyze a collection of diffusion-weighted MR 
images. Diffusion-weighted MRI (DWI) creates an imaging contrast based on the 
diffusion of water molecules in tissue. In a medium such as water, water molecules 
are able to diffuse freely, and diffusion is equal in all directions, isotropic. In tissue, 
diffusing molecules are limited in their motion by the cellular microstructure, 
including the cell membrane and cell nucleus. In neural tissue, diffusion of water 
molecules is rather unrestricted along the elongated structure of axons but 
restricted perpendicular to the axes of axons, resulting in very anisotropic diffusion. 
This enables us to reconstruct the three-dimensional architecture of neuronal 
tissue. Diffusion-weighting in MRI is typically achieved by applying a magnetic 
gradient, next to all the normal gradients and pulses required to make an MR 
image (9). Such a diffusion-weighting gradient is applied along a certain axis and 
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will only be affected by diffusion along that axis. Given that diffusion in neural 
tissue is anisotropic, applying diffusion-weighting gradients along different axes 
allows us to measure this anisotropic diffusion in neural tissue in vivo (11,12).

DTI is a method that takes one conventional T2-weighted image and multiple 
diffusion-weighted images from at least six different gradient orientations and 
models the measured diffusion signal at each imaged voxel as a tensor (13). 
Conceptually, a tensor can be visualized as an ellipsoid where its surface represents 
the surface of equal probability of finding a molecule that has diffused for a given 
time from the ellipsoid’s center (Figure 1A). The diffusion tensor can be redefined as 
having three perpendicular vectors, called eigenvectors (ε

1, 
ε

2
, and ε

3
), each with 

a given magnitude of diffusion along these eigenvectors, called eigenvalues (λ
1, 

λ
2
, and λ

3
). Here, the first eigenvalue denotes the highest diffusion coefficient, 

and consequently the first eigenvector denotes the orientation along which the 
diffusion is highest (Figure 1C). Assuming that this dominant diffusion orientation 
is parallel to the fiber pathways, ε

1
 reflects the main axis of these fiber trajectories 

(14,23).

Figure 1: The diffusion tensor can be visualized as an ellipsoid (a). The eigenvectors (ε
1
 – ε

3
) and 

eigenvalues (λ
1 
– λ

3
) describe the principal diffusion directions and their magnitudes, respectively. The 

mean diffusivity (b) and fractional anisotropy (c) values can be computed from the tensor’s eigenvalues 
and are often used to quantify diffusion magnitude and anisotropy, respectively. The directionally-
encoded-color map is a fractional anisotropy map color-encoded by the direction of largest diffusion 
(d). As indicated by the color index sphere in the top right corner, green indicates anterior-posterior, red 
means left-right, and blue is inferior-superior. 
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The two main quantitative values that can be derived from the tensor are the mean 
diffusivity (MD) and the fractional anisotropy (FA, (24,25)). The MD quantifies the 
amount of diffusion, calculated by the average of the eigenvalues. The FA value is 
a measure of the degree of anisotropy with which diffusion occurs, and essentially 
represents the standard deviation of the eigenvalues, scaled between 0, isotropic, 
and 1, totally anisotropic (24). Example images of these two DTI metrics are shown 
in Figure 1B and C. The local fiber orientation can be visualized in a directionally-
encoded color (DEC) map, where the FA image is color-encoded based on the 
orientation of largest diffusion, ε

1
 (Figure 1D). Since the magnitude and anisotropy of 

diffusion (quantified by the MD and FA, respectively) are influenced by the neural 
microstructure, changes in FA and MD as a result of various pathologies have been 
detected, for instance in Alzheimer’s disease (26), multiple sclerosis (27), and spina 
bifida (28). For a more detailed introduction into DTI, please see (29) and (30).

Subject population
Five patients with single-sided deafness and five healthy normal-hearing subjects 
were included. All control subjects had normal middle ear function, with no acute 
middle ear infection or tympanic membrane perforations and an air-bone gap 
<10 dB. Here, normal-hearing subjects were defined as having a hearing threshold 
≤20 dB hearing level (HL) for individual frequencies of 0.5, 1, 2, and 4 kHz, with an 
average over these four frequencies ≤15 dB HL. Patients were included only if one 
ear had hearing thresholds ≥70 dB HL and the other ear had thresholds ≤30 dB HL 
for each of these four frequencies. Subject demographics and hearing thresholds 
are shown in Table 1. All subjects gave written informed consent to participate in 
this study under a protocol approved by the University Medical Center Utrecht 
ethics committee.

Data acquisition
DTI data were acquired from all subjects on a 3.0 T Philips Achieva MRI system 
(Philips Healthcare, Best, the Netherlands) using a single-shot spin echo echo-
planar imaging (EPI) sequence with an 8-channel head coil. To maximize the 
spatial resolution the acquisition had a limited field-of-view (FOV) of 79 mm in 
the anterior-posterior direction using fold-over suppression. The FOV of 79 × 
230 mm2 (AP × LR) was imaged with a 44 × 128 matrix, and 20 axial slices with 
thickness 1.8 mm were acquired without gap, resulting in an isotropic resolution 
of 1.8 mm3. SENSE-acceleration by a factor of 2.1 was applied in the AP-direction, 
resulting in a TE of 58 ms and a TR of 3215 ms, and a band-width of 48.3 Hz/pixel. A 
single non-diffusion-weighted image was acquired (6 number of signal averages, 
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NSA) along with 22 gradient directions (3 NSA) with a b-value of 1000 s/mm2 (δ/∆: 
12.4/28.3 ms) (31). This set of 23 images was acquired twice to improve the signal-
to-noise ratio, for a total acquisition time of 7:49 minutes. Additionally, an axial 3D 
T2-weighted TSE image with DRIVE (DRIVen Equilibrium) was acquired with a FOV 
of 130 × 130 × 25 mm3 (AP × LR × IS) with an acquisition matrix of 276 × 276 × 25 
and a reconstructed voxel size of 0.25 × 0.25 × 0.50 mm3. TE and TR were 200 and 
2000 ms, respectively, for an acquisition time of 4:32 minutes.

Image processing
Prior to data analysis, the acquired diffusion MRI data were corrected for signal drift 
(32) and corrected for eddy current induced geometric distortions and subject 
motion by realigning all diffusion-weighted images (DWIs) to the b=0-images 
(non-diffusion weighted images) with elastix (33) using an affine coregistration 
technique (12 degrees of freedom). In this procedure, the diffusion gradients were 
adjusted with the proper b-matrix-rotation as described by (34). The diffusion 
tensor was fitted using the iterative weighted linear least squares approach (35). All 
processing was performed in ExploreDTI (www.exploreDTI.com) (36).

Tractography
Compared to the large white matter fiber bundles in the brain typically 
reconstructed with tractography, the auditory nerve is a very small structure, and 
thus heavily influenced by partial voluming with the surrounding cerebrospinal 

Table 1: Subject characteristics

Subject Age (y) Gender Hearing threshold  
[0/5, 1, 2, 4 kHz] (dB)

Age at first 
symptoms (y)

Left Right

Patient 1 36 male [95 90 95 100] [10 10 5 10] 21

Patient 2 34 female [– 120 – 115]* [0 0 0 0] 5

Patient 3 67 female [80 120 120 115] [20 15 30 30] 13

Patient 4 52 male [5 10 10 20] [– 120 – 110]* 6

Patient 5 64 male [10 0 5 20] [115 120 120 115] Early childhood

Control 1 36 male [10 5 0 20] [10 5 5 10] -

Control 2 29 male [5 5 5 10] [5 5 5 10] -

Control 3 51 male [10 5 0 10] [10 5 5 15] -

Control 4 30 female [5 0 5 5] [0 5 10 5] -

Control 5 57 female [0 10 15 15] [5 5 10 15] -

* The hearing loss values at 1 and 4 kHz lie on the edge of the measurable range. The loss at 0.5 and 2 
kHz is therefore not measured.
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fluid. It therefore has relatively low FA values. To select the accurate starting point for 
fiber tractography, the cochlea was manually outlined on the 3D T2-weighted image 
(Figure 2A). On the same image, the mid-sagittal plane was determined using a global 
symmetry-based method (37). The 3D T2 image was then rigidly registered to the 
DTI data and the cochlea segmentations and mid-sagittal plane were transformed 
accordingly. The registered cochlea segmentations (approximately 150 mm3) 
were used to seed the fiber tractography. The registered mid-sagittal plane was 
translated 10 voxels (18 mm) to the left and right and used as termination points 
for the tractography to select the left and right auditory nerves, respectively (Figure 
2B and C). Because of the small cross-section of the auditory nerve, it is quickly lost 
in the complex architecture of the brainstem (38). For this reason, a tract segment 
was extracted that terminated 18 mm lateral of the mid-sagittal plane – roughly 
upon entering the brainstem. Tractography step size was 0.5 mm, and tracking was 
stopped if the angle between two subsequent points was larger than 20˚.

Figure 2: Example of the anatomical 3D T2-weighted (a) and non-diffusion-weighted (b, c) images. The 
T2 image (a) is used to delineate the cochlea on both sides (shown for the right cochlea in the inset). 
The mid-sagittal plane that best divides the two hemispheres is also determined on this image (red 
line). The mid-sagittal plane is transformed onto the non-diffusion-weighted image (red row of voxels 
in b and c). This is transposed 10 voxels to either side to generate the tract bundle selecting regions 
of interest (green and blue lines for the right and left regions, respectively). The segmented cochlear 
volumes are also transformed onto the DWI data (green and blue volumes for the right and left volumes, 
respectively). Tracts are seeded from this volume and will terminate upon reaching the bundle selecting 
regions (c).
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The whole processing procedure was performed twice, to evaluate the 
reproducibility of the analysis. For both repeats of the obtained bundles, mean 
FA and MD values per bundle segment were calculated. This allows for evaluation 
of reproducibility both in terms of the obtained tractography results as well as 
diffusion metrics.

Statistical evaluation
Overall group analysis consists of two steps. First, average FA and MD per bundle 
segment will be compared using paired t-tests to investigate laterality differences 
in FA and MD. In healthy controls this is done between the tracts from the left 
and right hemisphere, in the patient group between tracts from the healthy 
and deaf hemispheres. Secondly, the values from the healthy subjects’ tracts are 
compared separately against the values from the patients’ deaf ears and healthy 
ears to determine whether either of these deviates from the normal range of 
values. All statistical tests were performed on only the first of the two repeats of the 
tractography analyses, not both.

To look at the diffusion properties on a more local scale, we will also investigate the 
FA and MD along the tract as in (39).

Results
Bundle-average analysis
Reconstructed fiber tract bundles of the auditory nerve are shown for two healthy 
controls and two patients for both repeats of the tractography analysis in Figure 3. The 
reconstructed tracts between the two repeats are very similar, with only one clear 
change in the number of tracts (Fig. 3E) and minor differences in tract endpoints 
(Figure 3B). For all tractography results, DTI values were quantified for each subject 
and shown in Table 2.

Statistical analyses were performed on the first set of FA and MD values from Table 2. 
In healthy subjects, no laterality differences were observed, neither in FA (p=0.73) 
nor in MD (p=0.77). Similarly for patients, no differences were detected between 
diffusion values from the tracts in the deaf and healthy sides (FA: p=0.95; MD: 
p=0.82).

Comparison of the diffusion values in the tracts of patients to the healthy controls 
showed a significantly lower FA in the patients’ tracts, both in the healthy-sided 
(p=0.013) and the deaf-sided tracts (p=0.030). No differences in MD were detected, 
neither when comparing the controls to the patients’ healthy-sided (p=0.09) 
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Figure 3: Tractography results for four subjects for the two repeats of the analysis (a and b, c and d, e 
and f, and g and h). The fiber tract segments are shown as streamtubes with a 1 mm thickness over an 
axial slice of the b = 0-image and the directionally-encoded color map. Panels a&b and c&d show two 
healthy controls (1 and 2, respectively); e&f and g&h show results of two patients (1 and 5, respectively). 
A clear difference in the number of tracts can be seen between panels e) and f ), as indicated by the 
arrows. This is the largest and only clear difference in tractography results from all ten subjects. A few 
minor change appear in the tract endpoints, as indicated by the arrows in panels a) and b). The asterisks 
in e-h indicate the deafened sides.

nor deaf-sided (p=0.27) tracts. The apparent higher significance in the patients’ 
healthy tracts compared to the patients’ deaf-sided tracts appears to be caused 
by a larger standard deviation of FA and MD values in the deaf side rather than 
a larger difference in mean (Table 2). Because no differences between the left and 
right tracts of healthy controls were observed, these tests were performed using 
values averaged over the left and right segments for each control subject.

Along-tract analysis
Results from the along-tract analysis are shown for all subjects in Figures 4 and 5. All 
tracts from each bundle segment (corresponding to the left column of Figure 3) were 
averaged into one average tract to facilitate visualization of the FA and MD values 
along the tract. Mean FA and MD values are shown as a function of distance from 
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the brainstem. Along-tract variability in DTI values along the tract is pronounced, 
with the FA and MD showing strong dependence on the distance from the 
brainstem (starting 18 mm from the mid-sagittal plane).

Table 2: Diffusion tensor measures for all subjects (mean ± standard deviation over all points of all 
tracts in fiber bundle) as well as per group (mean ± standard deviation over subjects within the 
group) for both repeats of the tractography analysis.

Subject Fractional anisotropy Mean diffusivity (10-3 mm2/s)

Deaf Healthy Deaf Healthy

Patient 1 repeat 1 0.09 ± 0.04 0.12 ± 0.03 1.27 ± 0.52 1.48 ± 0.31

repeat 2 0.09 ± 0.04 0.10 ± 0.03 1.32 ± 0.51 1.37 ± 0.38

Patient 2 repeat 1 0.14 ± 0.06 0.10 ± 0.04 1.41 ± 0.42 1.67 ± 0.40

repeat 2 0.14 ± 0.06 0.11 ± 0.04 1.40 ± 0.42 1.63 ± 0.43

Patient 3 repeat 1 0.09 ± 0.03 0.08 ± 0.03 1.63 ± 0.40 1.41 ± 0.43

repeat 2 0.10 ± 0.03 0.08 ± 0.03 1.62 ± 0.40 1.41 ± 0.43

Patient 4 repeat 1 0.11 ± 0.03 0.07 ± 0.02 1.48 ± 0.36 1.65 ± 0.40

repeat 2 0.11 ± 0.03 0.07 ± 0.02 1.48 ± 0.36 1.65 ± 0.40

Patient 5 repeat 1 0.06 ± 0.02 0.11 ± 0.03 1.71 ± 0.42 1.42 ± 0.46

repeat 2 0.06 ± 0.02 0.11 ± 0.03 1.71 ± 0.42 1.42 ± 0.46

Mean repeat 1 0.10 ± 0.03 0.10 ± 0.02 1.50 ± 0.17 1.53 ± 0.12

repeat 2 0.10 ± 0.03 0.09 ± 0.02 1.51 ± 0.16 1.50 ± 0.13

Left Right Left Right

Control 1 repeat 1 0.14 ± 0.05 0.14 ± 0.06 1.23 ± 0.26 1.27 ± 0.31

repeat 2 0.14 ± 0.05 0.14 ± 0.06 1.23 ± 0.26 1.27 ± 0.31

Control 2 repeat 1 0.12 ± 0.03 0.13 ± 0.05 1.40 ± 0.28 1.30 ± 0.30

repeat 2 0.12 ± 0.03 0.13 ± 0.05 1.40 ± 0.28 1.30 ± 0.30

Control 3 repeat 1 0.15 ± 0.07 0.13 ± 0.07 1.26 ± 0.30 1.54 ± 0.41

repeat 2 0.15 ± 0.07 0.13 ± 0.07 1.26 ± 0.29 1.52 ± 0.40

Control 4 repeat 1 0.12 ± 0.04 0.14 ± 0.05 1.52 ± 0.24 1.45 ± 0.33

repeat 2 0.12 ± 0.04 0.14 ± 0.05 1.55 ± 0.24 1.45 ± 0.33

Control 5 repeat 1 0.13 ± 0.04 0.11 ± 0.05 1.63 ± 0.41 1.32 ± 0.39

repeat 2 0.13 ± 0.04 0.11 ± 0.05 1.63 ± 0.41 1.31 ± 0.38

Mean repeat 1 0.13 ± 0.01 0.13 ± 0.01 1.41 ± 0.17 1.38 ± 0.11

repeat 2 0.13 ± 0.02 0.13 ± 0.01 1.42 ± 0.17 1.37 ± 0.11
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Figure 4: Fractional anisotropy (FA) values shown as a function of distance from the tract-selecting region 
of interest in the brainstem, where the blue and green lines indicate values from the left and right tracts, 
respectively. The left column of panels shows values from the five healthy controls, the right from the 
patients. For the patients, the profiles from the deaf-sided tract are indicated by the asterisk.

Discussion
In this work we have used diffusion tensor-based fiber tractography to reconstruct 
the auditory nerve and investigate its microstructural properties. We found a 
significantly lower FA in the auditory nerves in patients with long-term single-sided 
deafness compared to healthy controls. This reduction in FA was present in both 
the patients’ healthy-sided fiber bundles and the deaf-sided bundles (Table 2). No 
differences were observed between the tracts from the deaf ears and from the 
healthy ears.

From Figure 3 one can see that the vast majority of the reconstructed bundle 
segments is identical when the analysis is repeated. This high reproducibility is a 
result of a clearly visible cochlea on the 3D T2-weighted image – making it easy to 
delineate – and because the automatic mid-sagittal plane estimation is very robust 
(37).
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Figure 5: Mean diffusivity (MD, 10-3 mm2/s) values shown as a function of distance from the tract-selecting 
region of interest in the brainstem, where the blue and green lines indicate values from the left and right 
tracts, respectively. The left column of panels shows values from the five healthy controls, the right from 
the patients. For the patients, the profiles from the deaf-sided tract are indicated by the asterisk.

All patients had lost hearing in one ear 15 or more years ago, and normal (4 patients) 
and near-normal (1 patient) hearing in their healthy ear. After such a long period 
of deafness the human auditory nerve has typically substantially degenerated with 
10-50% survival as indicated by studies in bilaterally deaf subjects (2,4,5) and in 
unilateral deafness (20). Our results, albeit in a small subject group, do not show 
any FA reduction between tracts from the healthy ear and the deaf ear. Rather, 
FA decreases were observed in both auditory nerves from the patients compared 
to controls, indicating bilateral differences in microstructure of the auditory 
nerve in unilaterally deaf subjects. These results are the first to show a change in 
microstructure of the auditory nerve in patients with single-sided deafness.

In the entire auditory system, from the initial innervation of the auditory nerve 
to the brain areas that process sound, only the auditory nerve contains unilateral 
auditory information. Upon reaching the brainstem, the nerve impulses enter a 
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system of binaural processing, including the olivary nuclei and the inferior and 
superior colliculi, after which the information from one ear is transferred to the 
bilateral auditory cortices (40–42). If any fiber structure within the auditory system 
should be indicative of unilateral deafness, the auditory nerve would logically 
be that structure. Our results, indicating a bilateral decrease in FA in single-sided 
deafness patients, appear to contrast with that theory. Although remote, one 
possibility of the contralateral nerve to be affected by the deaf ear resides in the 
small population of efferent fibers in the auditory nerve, which run from the olivary 
complex in the brainstem (43). Effects of deafness on the efferent system are not 
well known, but cannot be excluded. For instance, since the olivary complex is 
affected by unilateral deafness (44), this may in turn have an effect on the efferent 
axons in the bundle on both sides.

Along-tract analysis
More specific along-tract investigations of DTI metrics in the auditory nerve did 
not reveal more subtle differences that whole-tract investigations would miss. In 
some patients similarities could be observed while in others such similarities are 
not present (Figures 4 and 5). The patterns of FA and MD as a function of distance 
from the brainstem varied too much between subjects to provide any valuable 
local information. Given the short length of the auditory nerve segment, roughly 2 
cm, less gain is expected by using this along-tract analysis compared to the major 
white matter fiber bundles of over 10 cm in length (39).

Limitations
Note that the auditory nerve after leaving the cochlea joins with the vestibular 
nerve to form the vestibulocochlear nerve (or eighth cranial nerve), which then 
runs along near the facial nerve (45). DTI will not distinguish the different parts of 
the vestibulocochlear nerve and facial nerve, making our results less specific but 
nonetheless very informative. The facial and vestibular nerves are small compared 
to the auditory nerve, making the expected effect on the information captured 
using DTI rather small. Furthermore, it is more likely that the observed FA differences 
between deaf and normal-hearing subjects originate from changes in the auditory 
nerve than from the facial or vestibular nerves.

Imaging the auditory nerve
The cochlea and auditory nerves are located in between the inferior temporal 
poles and the brainstem, and this region is very prone to susceptibility-induced 
artefacts caused by air-bone-tissue interfaces. Standard clinical DTI, being an EPI-
based technique, is especially sensitive to this, and the magnetic susceptibility 
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differences between air, bone, and soft tissue can cause pronounced geometric 
distortions (i.e., that the image is distorted and no longer represents the anatomy, 
(46)). The DTI acquisition was therefore optimized to minimize the distortions by 
limiting the FOV in the phase-encoding (AP) direction to 79 mm. This reduced the 
distortions to a level significantly lower than for standard neuroscientific (factor 2.5 
compared to e.g. (47) and standard clinical protocols (factor 1.5 compared to e.g. 
(48)), even for the higher spatial resolution of our data.

The cross-sectional size of the auditory nerve, on the order of half a millimeter, is 
as yet beyond the resolution of DTI on clinical MRI scanners (typically 2 mm) to 
resolve. To more specifically image the auditory nerve, e.g., to distinguish it from 
the facial nerve, higher resolution DTI data is required. Increasing the resolution of 
the DTI scan, however, decreases the signal-to-noise ratio, and more importantly 
increases the geometric distortions of the standard EPI-based sequences (in-plane 
resolution only). This suggests that DTI acquisition methods should be considered 
with inherently lower geometric distortions, such as PROPELLER or readout-
segmented EPI – both of which require longer acquisitions (49,50).

Analysis of diffusion
The diffusion tensor model was used in this study to investigate the auditory 
nerve. The FA and MD, derived from the tensor, are known to be affected by 
partial-voluming with cerebrospinal fluid (e.g. (51,52)). More advanced diffusion 
MRI methods, such as diffusion kurtosis imaging (DKI) and apparent fiber density 
(AFD), are theoretically less affected by this (53,54). Both DKI and AFD give a more 
direct indication of intra-cellular diffusion which may inform more specifically on 
the axons than the MD does (53). These methods, however, require acquisitions 
that are more demanding than the protocol used in this work (including a higher 
maximum b-value).

Study population
The sample size in this study, consisting of five patients and five controls, is 
relatively small. Nevertheless, a small but significant difference was observed in 
FA values in the auditory nerves between patients and controls. If any differences 
in microstructure are present in the tracts from each patient’s healthy and deaf 
ear, our population size was not sufficient to detect this. Histological studies 
show strong evidence that such a difference can be expected (2–5), and future 
studies will investigate the auditory nerve’s microstructure in a larger population to 
determine if these expected effects can be found.
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Conclusions
In this work we have used DTI and tractography to show reduced FA values in 
both auditory nerves in patients with single-sided deafness compared to normal-
hearing controls. Although the patients had normal and near-normal hearing in 
their healthy ear, the reduction in FA was bilateral. No differences in FA were found 
in the auditory nerves of the healthy and deaf side in patients. This means that, 
currently, DTI of an individual patient cannot be used to assess the condition of 
the nerve.
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Summary
The peripheral nervous system is a network of nerves which transmits signals from 
the central nervous system to the body and vice versa. It regulates and controls 
body functions and activity. In the nerves, sensory neurons transmit the signal from 
the sensory receptors in the peripheral nervous system back to the central nervous 
system. Motor neurons transmit signal from the central nervous system back to the 
effectors. Damage to (part of ) the nerves may cause distortion in transmission of 
the signal from the central nervous system to the innervated area and vice versa, 
which in turn may lead to muscle weakness or muscle wasting.

The underlying pathophysiological processes leading to nerve degeneration are 
not always evident. New insights regarding these processes are needed to better 
understand disease mechanisms. Furthermore, there is a need for non-invasive 
imaging modalities that can diagnose and monitor disease progression, or 
therapeutic effects in neurological disorders. 

A non-invasive imaging technique that allows for the visualization of nerve tissue 
is magnetic resonance imaging (MRI). MRI has many different ways of generating 
contrast. Diffusion tensor imaging (DTI) is an MRI technique which is sensitive to 
the random motion of water molecules and can be used to measure the diffusion 
of water molecules in tissue. In nerve tissue this diffusion is more oriented along 
the nerve than perpendicular to it (anisotropic diffusion). This makes it a potential 
valuable method to investigate peripheral nerve tissue in neurological disorders. In 
this thesis MRI and DTI are applied in different neurological disorders to explore its 
potential value in a clinical setting.

In chapter 2, the reproducibility of DTI in the lumbosacral nerves was investigated. 
DTI was found to be reproducible and can therefore be reliably used in cross-
sectional studies in a clinical setting. Small differences in inter-week comparison 
highlight that one needs to be careful when interpreting diffusion measures in 
longitudinal studies, since small differences can also be caused by factors other 
than disease progression or therapy response. 

In chapter 3, the application of DTI in the lumbosacral plexus in spina bifida patients 
is demonstrated. The asymmetry and disorganization of the nerves, especially at 
the level of the myelomeningocele, indicate that the sacral plexus in these patients 
is different from healthy controls. Differences in diffusion values demonstrated 
nerve abnormalities in these patients, and could be indicative for reduced intrinsic 
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diffusion in the intra-axonal space due to cytoskeletal breakdown. Although spina 
bifida is a complex pathology, we expect that abnormal diffusion parameters can 
be indicative for affected or dysfunctional nerves.

To determine the clinical value of fiber tractography and diffusion parameters, we 
assessed the applicability in compressed nerves of lumbar disc herniated patients in 
chapter 4. We found differences in the fractional anisotropy (FA) and radial diffusivity 
(RD) between the affected nerves in patients and healthy controls. However, 
we did not observe differences when comparing the compressed side with the 
contralateral side in the same patient. Additionally, we showed that the location 
of sampling is important since diffusion values are different along the nerve roots, 
with lower FA and higher mean diffusivity (MD), axial diffusivity (AD) and RD values 
proximal than distal. This is an important aspect which needs to be considered in 
the study design of DTI experiments. 

In chapter 5 we determined the added value of MRI and DTI to distinguish multifocal 
motor neuropathy (MMN) patients from amyotrophic lateral sclerosis (ALS) 
patients and healthy controls. In the nerves of the forearm, we found differences in 
AD and enlarged cross-sectional areas in MMN patients compared to ALS patients 
and healthy controls. Although future studies should focus on improving patient 
comfort, we expect that the application of MRI and DTI may become relevant 
in distinguishing between these diseases and can help to provide insight into 
pathological mechanisms. 

In chapter 6 we investigated the application of MRI and DTI in spinal muscular 
atrophy (SMA) patients in the cervical spinal cord and the nerve roots at the spinal 
cord level of C3-C8. Cross-sectional area measurements of the cervical spinal cord 
segments were consistently smaller in SMA patients compared to healthy controls. 
Additionally, diffusion in the cervical nerve roots in patients was lower compared to 
healthy controls. Based on these findings we expect that MRI and DTI are promising 
techniques to monitor SMA progression and treatment effects. 

In chapter 7 we demonstrate the application of DTI in the auditory nerve. We showed 
a reduction in FA in both auditory nerves in patients with single-sided deafness 
compared to healthy controls. No differences in FA were found between the 
auditory nerves of the healthy and deaf side in patients. This means that, currently, 
DTI cannot be used to assess the condition of the nerve in an individual patient.



| 144

Chapter 8

In conclusion, the various studies in this thesis show that MRI and DTI are promising 
techniques in the evaluation of peripheral nerve tissue in neurological disorders. 
The evaluated methods may contribute to the improvement of diagnosis and 
prognosis of different neurological disorders. However, in some patient groups 
the hypothesized intra-subject differences were not found. Furthermore, in the 
longitudinal follow-up of patients, one should be careful with the interpretation, 
since differences in diffusion values may also be caused by other factors than 
disease progression or therapeutic effects. 
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General discussion
This thesis focusses on the application and validation of DTI in clinical practice 
to determine the added value of DTI as a tool to evaluate neurological disorders. 
One of the aims of this thesis was to develop reliable acquisition and post-
processing methods that enable DTI to be used in a clinical setting. Furthermore, 
we investigated the feasibility and robustness of DTI in peripheral nerve tissue in 
various neurological disorders and anatomical locations. Based on our findings we 
expect that MRI and DTI will be of added value in the diagnosis, monitoring, or 
investigation of pathophysiological processes in peripheral nerve tissue affected 
by neurological disorders. 

The application of DTI to investigate peripheral nerve tissue is not straightforward. 
Currently, there are no standardized protocols for the acquisition and post-
processing which makes the application in clinical practice challenging. In this 
section different technical and practical considerations for the application of DTI in 
clinical practice are reviewed. Additionally, we discuss the future of DTI as a clinical 
application in neurological disorders.

Setting up a DTI experiment for clinical applications
When setting up DTI sequences for diagnostic purposes, the sequences should be 
robust, reliable, and the data obtained from these sequences should contain all the 
relevant and essential anatomical detail. More specifically, it is desirable to have DTI 
data with a high resolution and high signal-to-noise ratio (SNR) within a short scan 
time to reduce patient discomfort. Unfortunately each of these factors will come at 
the cost of the other (1). This means that there is a tradeoff between resolution, SNR, 
and scan time. Scan time in clinical practice is limited and is often also restricted 
to what a patient can handle. Especially for patients with neurological disorders 
it can be very challenging to lie still for a longer period of time, since body parts 
can be very stiff and patients can be affected by pain associated with the disease. 
In the study where we scanned participants in prone position with their arm 
above the head, we experienced much discomfort among patients, and to a lesser 
extent also among healthy controls. But also in the study where were investigated 
spinal muscular atrophy patients, which were positioned in supine position, we 
experienced that some of the patients had difficulties with lying still. This was also 
related to the tremor these patients typically have (2). In general, the entire scan 
MRI protocol should be limited to 35 minutes, to reduce patient discomfort and 
motion artifacts affecting the images. It is crucial to have a sufficient SNR, as DTI is 
very sensitive to the effects of noise, which may affect the eigenvalues estimation 
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(3) and reliability of tractography (1). Peripheral nerves are typically between 2-10 
mm in diameter (4). Depending on the anatomy and size of the specific nerves 
of interest, a minimally required resolution should be determined. To visualize the 
lumbosacral plexus we used a voxel size of 3 × 3 × 3 mm3, where the diameter of 
the lumbar nerve roots is around 2.8 mm (5). For the forearm we used a voxel size 
of 1.5 × 1.5 × 4 mm3, where the diameter of the median nerve is around 3 mm 
and the ulnar nerve is around 2.6 mm (6). In the case of nerves with a high level 
of curvature, such as in the lumbosacral and cervical region, one should aim at 
developing a protocol with isotropic resolution. In the case where the trajectory of 
the nerves is quite straight such as in the forearm, the isotropic protocols are not 
essential and the slice thickness along the nerve can be increased, which leads to 
shorter scan time and/or higher in plane resolution.

Practical considerations
In clinical practice, one should be aware of unforeseen difficulties while scanning 
patients. In the case of scanning the extremities, it is imperative to position the 
extremity as close to the isocenter of the magnet as possible as B0 inhomogeneities 
can increase with increasing distance from the magnet isocenter (4,7). Patients of 
which the forearm is scanned are therefore typically scanned in prone position. 
However, this is very uncomfortable for the patient, and it can be very challenging to 
lie still for the entire duration of the protocol. During the scan, pain associated with 
the disease can make this even more challenging. Since protocol development is 
usually based on healthy controls, one should be aware of patient induced factors 
interfering with the acquisition of high quality data. In some diseases tremor may 
be present, which will induce patient movement and therefore decrease scan 
quality. Furthermore, logistical problems may occur in cases where patients are 
very stiff, such as in SMA patients, and are unable to reposition themselves in such 
a way that they fit in the scanner. In those cases the bore size of the scanner is 
an important aspect to consider. An MRI scanner with a field strength of 3 Tesla 
is strongly preferred over 1.5 Tesla because of increased SNR. Furthermore, coils 
dedicated to the body part under examination should be used (4). Guggenberger 
et al investigated the inter-scanner variability in FA and MD values of the median 
nerve on three different 3 Tesla scanners. They showed small but significant 
differences between the scanners. Although the vendor measurement bias 
was still small enough to detect a difference between normal and pathological 
conditions, they recommend to use the same scanner to examine the patients (8). 
In our studies we therefore used the same scanner for all participants per study. 
For each area of interest and each patient group the development and the setup 
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of the protocol should be specifically designed to obtain the best quality of DTI 
data. In the projects concerning this thesis, a close collaboration between the 
neurology department and the radiology department was established. In this way 
expertise regarding patient group and clinical concerns and expertise regarding 
protocol development and technical considerations for MRI were combined and 
are essential in order to obtain such protocols.

Processing
There are various methods for processing diffusion data. The steps required in 
order to correct for potential artifacts are typically optimized for brain and need 
to be adjusted before use in peripheral nerves. Before continuing with any of the 
processing steps it is important to check the quality of the data. High quality data 
is important and identifying artifacts and issues at an early stage is essential for 
obtaining reliable results. In general DTI parameters are very sensitive and can thus 
easily be affected by artifacts and data quality. More detail regarding artifacts in the 
data is given below. The data quality check can be done by simply ‘eyeballing’ the 
raw data (9). By viewing the data in for example a movie loop, and going through 
the different diffusion-weighted volumes, one can already get an understanding 
of what the quality of the data is and outliers can easily be detected (9). Residual 
maps of the fitting procedure can also be used to identify artefacts caused by for 
example motion or pulsatility in the data (9). When correcting for subject motion, 
the rotations obtained from registering the images, must also be applied to the 
diffusion encoding vectors (10).

When performing fiber tractography, there are different parameters which can be 
used as a threshold in order to obtain only those tracts belonging to the peripheral 
nerves. Such parameters are, for instance, the FA, the turning angle, and the fiber 
length (4). Caution should be taken when selecting these parameters, since 
the choice of setting these parameters depends on the geometry of the nerve 
being studied. When the input of these parameters are set too strict, the tracking 
algorithm may stop too early which may result in unfinished fiber tracts, or when 
parameters are set too tolerant, this can result in the inclusion of false tracts in the 
fiber tractography which do not belong to the nerve tract.

DTI has the disadvantage that it has a relatively low spatial resolution. In the studies 
of this thesis investigating the lumbosacral nerves the spatial resolution was 2.5 to 
3 mm isotropic, whereas the diameter of the nerves in the lumbosacral plexus are 
around the same size or smaller (5). Therefore, partial volume effects are likely to 
occur and can affect the fiber tractography and the diffusion parameters, especially 
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in the smaller nerve roots (5,11). A higher resolution will reduce these effects, but 
will increase scan time and reduce SNR of the data (1). Several more advanced 
sequence designs have been proposed to reduce scan time including parallel 
imaging, and multi-band imaging (12).

Artifacts
Diffusion weighted images are usually based on spin echo sequences with an echo 
planar imaging read-out (SE-EPI). Although these sequences are fast (13), they are 
more prone to artifacts such as eddy-current and magnetic field inhomogeneities 
(14,15). Artifacts in the data may result in distortion of the images. If the artifacts are 
too extensive the data is unusable for further analysis. When the artifacts present in 
the data are insufficient corrected this may lead to incorrect quantitative diffusion 
values. To prevent such artifacts from occurring, artifacts should be resolved 
preferably during the acquisition. This can be done by shimming which improves 
homogeneity of the magnetic field. However, establishing a homogeneous field 
can be difficult in areas with complex anatomy and air-tissue boundaries. Other 
methods have been proposed to reduce susceptibility artefacts such as the DW-
SLICE approach in which the EPI acquisition module is replaced by a single-shot 
turbo spin echo (TSE) module (16). Furthermore, post-processing methods should 
include steps to correct for such artifacts (15). Nevertheless, when abnormalities in 
the fiber tractography and diffusion parameter results are found, one should still 
consider that these can also be caused by deformations or other artifacts present 
in the data (17).

Interpretation of fiber tractography and DTI parameters
While fiber tractography can map the 3D architecture of nerve tissue and can 
provide striking images, the technology has not been used extensively to visualize 
peripheral nerve tissue and the interpretation is not straightforward. One of 
the major questions remains how representative these images are for wat we 
think they present. It is therefore important to consider that abnormalities in 
fiber tractography and diffusion parameters can be associated with the clinical 
characteristics and pathophysiological processes patients present themselves with 
(18), but they can also be due to deformities in the data introduced by the imaging 
technique itself, or limitations of the fiber tractography methods (11,17). 

In human tissue, diffusion processes are mainly influenced by cellular 
microstructures. In nerves, this is based on the composition of the neurological 
tissue, which consists of different barriers and compartments such as the intracellular 
and extracellular space, neurons, axons, and for example myelin (19). Changes in 
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diffusion parameters can be associated with biological processes in the tissue or 
(patho)physiological processes. The diffusion weighted MRI measurement reflects 
the amount of water diffusion that occurs along the axis of the applied diffusion 
gradient, averaged over the voxel (9). As such, conventional DTI acquisition and 
processing methods cannot provide direct information on cellular-level axonal 
connectivity. Axonal structures can be very complex and can merge or branch 
out of one voxel. It is therefore difficult to process and interpret data from voxels 
containing more than one population of axonal tracts with different orientations. 
Another limitation is that the afferent and efferent pathways of axonal tracts cannot 
be distinguished from the direction of water diffusion, as DTI can only identify the 
orientation of the diffusion and not its direction (20). DTI can therefore not directly 
be used to distinguish between sensor and motor involvement. 

In general, the FA and MD are mostly used to represent microstructural properties 
in the tissue. A drop in FA is usually associated with neurological damage. 
However, when interpreting this decrease, there are different explanations: 1) the 
AD is decreased (i.e. largest eigenvalue, λ

1
), 2) RD is increased (i.e. perpendicular 

diffusivity, (λ
2 

+ λ
3 

)/2)), or 3) both happen simultaneously. This may be associated 
with a larger axon diameter, a lower packing density, both of these processes (which 
means fewer barriers to diffusion in a given space), or due to increased membrane 
permeability (9). In animal studies a drop in FA was associated with mechanical 
disruption, tearing of myelin sheaths and fibers, and also Wallerian degeneration 
(21). A change in MD should be evaluated similarly. A decrease of MD can arise 
from a decrease in AD, in RD, or both. It is therefore important to calculate the 
AD and RD in order to determine what the underlying cause of change is (22). In 
earlier research a decrease in AD has been associated with axonal loss, whereas an 
increase in RD has been correlated with demyelination (23–26). However, this does 
not always hold, since axonal loss may lead to a decrease in AD, but a decrease in 
AD does not necessarily mean that there is axonal loss (22). In areas with low FA, 
crossing fibers, or partial volume effected voxels, AD and RD may not always reflect 
the same underlying microstructural characteristics (27), although crossing fibers 
are considered of lesser relevance in peripheral nerves since they are typically 
longitudinally oriented (28).

Implementation in clinical practice
DTI has demonstrated to be a valuable method to visualize the lumbosacral plexus 
and brachial plexus. Conventional ultrasound techniques and electrophysiological 
studies have their limitations, due to the deep location and complex anatomy 
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of these nerves (29). Before DTI can be implemented in clinical practice, the 
reproducibility should be assessed. Earlier studies investigating the use of DTI in 
the brachial plexus and the upper leg showed good reproducibility between test-
retest on the same day (30,31). However, the small but significant differences in 
diffusion values found in the inter-week comparison in chapter 2, suggests that in 
the evaluation of longitudinal studies, one should be careful with the interpretation 
of potential differences in diffusion values and fiber tractography results. 

To determine the exact clinical value of DTI, diffusion parameters should 
be correlated to clinical parameters such as (quantitative) clinical outcome 
measurements, EMG, nerve conduction studies, or ideally to histology (32,33)
However, the latter is difficult to retrieve in vivo studies. We aimed at correlating the 
diffusion parameters to the clinical tests and EMG measurements in chapter 5 and 6. 
However, correlation between these two functional markers and DTI are not always 
present, and interpretation is therefore not straightforward. Several studies have 
investigated the correlation of DTI with clinical assessment in polyneuropathies 
and other peripheral nerve diseases (34,35). Some studies have found a correlation 
between DTI measures and nerve conduction properties or clinical tests (36–40), 
others were not able to find this correlation (40–42). As these studies all used small 
sample sizes, larger sample sizes are needed to investigate the exact origin of the 
variation of this correlation further. 

The diffusion tensor describes the magnitude, the degree of anisotropy, and the 
orientation of diffusion anisotropy (43). Although it is a promising technique to 
quantify microstructural properties of tissue, it is important to know its potential 
value and its pitfalls. Changes in diffusion of water within the tissue, may be 
associated with changes in the tissue microstructures (43). However, to determine 
whether DTI is the best technique to be used for a specific research question, 
knowledge about disease characteristics is needed. When the aim is to investigate 
the anatomical features of the nerves, DTI may not always be the preferable 
method to use.

Future directions
Nowadays, segmentation methods to track the fiber tracts still rely for a large 
part on manual segmentation which is prone to bias and is time-consuming. The 
application and evaluation of DTI as a tool to assess peripheral nerves requires careful 
oversight by both trained scientists and radiologists or clinicians interpreting the 
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data. Future research should focus on the development of dedicated sequences 
and coil design to improve SNR, the spatial resolution and to reduce scan time. 
Automated post-processing techniques, such as atlas based analysis techniques, 
which are already applicable for the brain (44,45), are needed specifically designed 
for peripheral nerve tissue to improve the robustness of this technique and to 
make it clinically applicable on a larger scale (4). These techniques should enable 
automated selection of nerve tissue, which will reduce observer dependent bias 
on the one hand and save a substantial amount of post-processing time for the 
user on the other hand.

Clinical applications
Diffusion MRI has already been proven to play an important role in the detection of 
stroke (46). After this, clinical applications of DTI expanded and DTI together with 
functional MRI have been shown helpful for preoperative planning of brain tumors 
(47,48).

Other purposes for which DTI can be used include post-mortem applications (49). 
An earlier study by Scheurer et al has suggested to use DTI to estimate the time 
span between death and examination. DTI may provide a more objective estimate 
of this interval especially after 30 hours of death (50). In cases where trauma is 
expected but no external sign of violence is present such as in cases of babies who 
have been violently shaken, DTI may also be helpful (51).

DTI has been used to investigate peripheral neuropathies. When this is applied in a 
post-mortem setting, it can be used to better understand pathological mechanisms 
as it can be compared to histology (33). Investigating neurological disorders in a 
post-mortem setting may be helpful to contribute to a better understanding of 
pathogenesis and disease progression.

In light of new therapeutic developments, DTI may also play an important role. 
Recently, the first survival motor neuron therapy for spinal muscular atrophy 
patients has been approved (52,53). In this context the evaluation of this new 
therapy becomes important, since this new therapy is extremely expensive. 
Effectiveness per patient should be evaluated based on sensitive quantitative 
outcome measures to identify whether or not an individual patient will benefit 
from the new treatment and also to reduce costs (54). DTI may be a potential 
candidate for the assessment of these therapeutic effects since it is very sensitive 
to changes in tissue.
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Apart from that, we expect that DTI may also be helpful in the preoperative 
planning of neurofibromatosis patients. In these patients benign tumors grow out 
of the (peripheral) nervous system. It is often difficult to determine what part of the 
peripheral nerves is still functional. Future research should focus on investigating 
what the added value of DTI is as a preoperative tool in which fiber tractography and 
diffusion measures may help to detect what part of the nervous system belongs 
to the functional peripheral nerves and what part is tumor tissue. This information 
can then be used by the surgeon to determine which tissue needs to be dissected.

With some technical improvements for both acquisition and post-processing we 
expect that DTI will become valuable to monitor disease progression or treatment 
effects in peripheral nerve tissue affected by neurological disorders.
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Het perifeer zenuwstelsel bevat alle zenuwen die buiten het centraal zenuwstelsel 
(hersenen en ruggenmerg) liggen. Het geeft signalen door van het centrale 
zenuwstelsel naar de rest van het lichaam en vice versa. Ook reguleert en 
controleert het lichaamsfuncties en activiteit. Als er schade ontstaat aan (delen 
van) de zenuwen kan dit leiden tot verstoring in het doorgeven van signalen van 
het centrale zenuwstelsel naar het door de zenuw aangestuurde gebied en weer 
terug. Als gevolg van dit gebrek aan aansturing kan spierzwakte en uiteindelijk 
zelfs spieruitval ontstaan.

De onderliggende pathofysiologische processen die leiden tot zenuwdegeneratie 
zijn niet altijd eenvoudig te verklaren. Het verkrijgen van meer informatie omtrent 
deze processen is wenselijk om meer inzicht te krijgen in deze ziektemechanismen 
en daarmee de mogelijke behandelingen. Daardoor is er niet alleen een sterke 
behoefte aan non-invasieve methoden om deze ziektebeelden beter te kunnen 
diagnosticeren, maar ook om iets te kunnen zeggen over de progressie van de 
ziekte en om het effect van de gekozen therapie te meten.

Het zenuwstelsel kan non-invasief in beeld worden gebracht met magnetic 
resonance imaging (MRI). Een geschikte kandidaat om afwijkingen aan het 
zenuwstelsel te onderzoeken is diffusion tensor imaging (DTI). DTI is een MRI 
techniek die sensitief is voor de willekeurige beweging van watermoleculen, diffusie, 
en kan gebruikt worden om deze diffusie van watermoleculen te kwantificeren. 
In het zenuwweefsel is diffusie meer georiënteerd in de richting van de zenuw 
dan loodrecht op de zenuw. Deze georiënteerde diffusie wordt anisotrope 
diffusie genoemd. Verstoringen in de (anisotrope) diffusie van de zenuw kunnen 
met DTI worden gemeten en zo mogelijk een beeld geven over de staat van de 
zenuw. In dit proefschrift worden MRI en DTI toegepast in verschillende perifere 
zenuwaandoeningen om zo de waarde van deze technieken in een klinische 
setting te onderzoeken.

In hoofdstuk 2 hebben we de reproduceerbaarheid van DTI in de lumbosacrale 
(onderrug) zenuwen onderzocht. We vonden een hoge reproduceerbaarheid 
van DTI wat betekent dat deze techniek betrouwbaar kan worden toegepast in 
cross-sectioneel onderzoek in een klinische setting. Tussen herhaalde metingen 
gedaan met een week interval vonden we kleine verschillen. Dit toont aan dat 
het belangrijk is om voorzichtig te zijn met de interpretatie van diffusiewaarden 
gemeten in longitudinale studies, omdat kleine verschillen ook kunnen worden 
veroorzaakt door andere factoren dan ziekteprogressie en respons op de therapie.
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In hoofdstuk 3 demonstreerden we de toepassing van DTI in de lumbosacrale 
plexus bij kinderen met spina bifida. We vonden asymmetrie en disorganisatie van 
de zenuwen in spina bifida patiënten, waarbij met name op het niveau van de 
myelomeningocèle een duidelijk verschil te zien was t.o.v. gezonde controles. De 
zenuwen van patiënten hadden lagere diffusiewaarden dan gezonde controles. 
Het mechanisme achter spina bifida is erg complex, waardoor de interpretatie van 
onze bevindingen moeilijk is. Desalniettemin verwachten we dat de abnormale 
diffusiewaarden een indicatie zijn voor aangedane of disfunctionele zenuwen.

Om de klinische waarde van fiber tractografie en diffusie parameters te bepalen, 
hebben we de toepasbaarheid van DTI in gecomprimeerde zenuwen van patiënten 
met een lumbale discus hernia onderzocht in hoofdstuk 4. We vonden verschillen in 
fractionele anisotropie en radiale diffusie tussen aangedane zenuwen van patiënten 
en zenuwen van gezonde controles. We konden echter geen verschil vinden in 
diffusiewaarden tussen de gecomprimeerde zenuwen en de contralaterale zijde in 
dezelfde patiënt. Wel hebben we laten zien dat de locatie waarop gemeten wordt 
een effect heeft op de diffusiewaarden, waarbij een lagere fractionele anisotropie 
en hogere gemiddelde diffusie, axiale diffusie en radiale diffusiewaarden werden 
gevonden in het proximale gedeelte ten opzichte van de rest van de zenuw. In 
toekomstig onderzoek zal dus nauwkeurig moeten worden bepaald op welke 
locatie in de zenuw gemeten zal worden.

In hoofdstuk 5 hebben we onderzocht wat de mogelijke diagnostische waarde 
van MRI en DTI is, waarbij we de zenuwen van multifocale motor neuropathie 
(MMN) patiënten hebben vergeleken met die van amyotrofe laterale sclerosis 
(ALS) patiënten en gezonde controles. We vonden verschillen in axiale diffusie 
en in oppervlakte metingen van de zenuwen in de onderarm tussen patiënten 
met MMN en ALS patiënten en gezonde controles. Tijdens ons onderzoek werd 
duidelijk dat er in toekomstig onderzoek aandacht besteed moet worden aan het 
verbeteren van het comfort van de patiënt tijdens het onderzoek in de scanner. 
Met aanpassingen op dit gebied verwachten we dat de toepasbaarheid van MRI 
en DTI om onderscheid te maken tussen deze verschillende ziektebeelden zeer 
relevant zal worden en dat het bovendien zal helpen om meer inzicht te geven in 
de pathologische mechanismen van deze ziektebeelden.

In hoofdstuk 6 hebben we onderzocht hoe MRI en DTI gebruikt kunnen worden bij 
het in kaart brengen van het cervicale ruggenmerg en de zenuwwortels op het 
niveau van C3-C8 bij patiënten met spinale musculaire atrofie (SMA). Oppervlakte 
metingen in het cervicale ruggenmerg lieten in SMA patiënten een consistent 
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kleiner oppervlakte zien dan in gezonde controles. Diffusiewaarden in de cervicale 
zenuwwortels waren kleiner dan in gezonde controles. We verwachten dat MRI 
en DTI een belangrijke en veelbelovende techniek zal zijn om ziekteprogressie en 
mogelijke therapeutische effecten in SMA patiënten beter te kunnen monitoren.

In hoofdstuk 7 laten we de toepassing van DTI in de gehoorzenuw zien. We zagen 
een verlaging van fractionele anisotropie in beide gehoorzenuwen van patiënten 
die aan één kant doof waren ten opzichte van gezonde controles. We vonden 
echter geen verschillen in fractionele anisotropie tussen de beide gehoorzenuwen 
(gezond versus aangedaan) binnen een individuele patiënt. Dit betekent dat DTI 
op dit moment nog niet gebruikt kan worden om de conditie van de gehoorzenuw 
in de individuele patiënt aan te tonen.

Concluderend kan gesteld worden dat MRI en DTI veelbelovende technieken zijn 
in het onderzoeken van perifere zenuwaandoeningen. MRI en DTI kunnen mogelijk 
het diagnosticeren en het in kaart brengen van de prognose van verschillende 
zenuwaandoeningen verbeteren. De cross-sectionele studies die zijn uitgevoerd 
in dit proefschrift laten verschillen zien in diffusie parameters en fiber tractografie 
tussen patiënten en gezonde controles, wat impliceert dat deze technieken 
waardevol kunnen zijn in het beoordelen van perifere zenuwaandoeningen. In 
sommige patiëntengroepen zagen we deze verschillen in de individuele patiënt 
echter niet terug. In longitudinale studies is het belangrijk dat men voorzichtig 
is met de interpretatie van veranderingen in diffusiewaarden, omdat mogelijke 
verschillen ook kunnen ontstaan door andere factoren dan ziekteprogressie en de 
respons op therapie.
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working on imaging peripheral nerves with diffusion tensor imaging under the 
supervision of Dr. P. Dik. During this internship she visited the University of Aarhus 
to apply this technique in a clinical setting. She received her master degree in 
Technical Medicine in 2013.

Enthusiastic about this imaging technique and its potential applications 
accompanied by her curiosity to work in another institute abroad, she started 
working on a double PhD degree. This was a collaboration between the department 
of radiology at the University Medical Center Utrecht under the supervision of Prof. 
Dr. J. Hendrikse, Prof Dr. P.R. Luijten, Dr. A. Leemans, and Dr. M. Froeling and at the 
forensic department and comparative medicine lab of the University of Aarhus 
in Denmark under the supervision of Prof. Dr. L. Warner Thorup Boel, Prof. Dr. M. 
Pedersen, and Dr. L. Uhrenholt. At Aarhus University she worked on her PhD thesis 
entitled: ‘Advances in forensic imaging – CT angiography and diffusion MRI of the 
nervous system’, which she completed in 2017. At the University Medical Center in 
Utrecht she studied peripheral nerve structures in different neurological disorders 
in vivo of which this thesis is the final result.

She lives with her husband Remy and their two children Jasmijn and Nynke in 
Utrecht.
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